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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
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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

Preface to the Second Edition
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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

Preface to the First Edition



xi

Part I  Mitral Valve Disease

	 1	� Anatomy of the Mitral Apparatus�������������������������������������������������������������     3
Francesca Indorato, Silvio Gianluca Cosentino,  
and Giovanni Bartoloni

	 2	� Mitral Stenosis���������������������������������������������������������������������������������������������   13
Davide Capodanno, Marco Barbanti, and Corrado Tamburino

	 3	� Mitral Regurgitation: Epidemiology, Etiology and  
Physiopathology �����������������������������������������������������������������������������������������   49
Salvatore Scandura, Sarah Mangiafico, and Sandra Giaquinta

	 4	� Mitral Regurgitation: Diagnosis and Timing of Intervention����������������   63
Marta Chiarandà, Sarah Mangiafico, and Salvatore Scandura

	 5	� Computed Tomography Imaging for Mitral Valve Regurgitation��������� 101
Rominder Grover, Philipp Blanke, Shaw-Hua Kueh, Stephanie Sellers, 
and Jonathon A. Leipsic

	 6	� Imaging Modality-Independent Anatomy of the Left Heart������������������� 125
Pascal Thériault-Lauzier and Nicolò Piazza

	 7	� Transcatheter Repair of Mitral Regurgitation:  
Abbott Vascular MitraClip ����������������������������������������������������������������������� 137
Carmelo Grasso, Maria Elena Di Salvo, Salvatore Scandura,  
and Sergio Buccheri

	 8	� Transcatheter Repair of Mitral Regurgitation:  
Edwards Cardioband��������������������������������������������������������������������������������� 161
Carmelo Grasso, Sebastiano Immè, Sarah Mangiafico,  
and Giuseppe Ronsivalle

	 9	� Transcatheter Repair of Mitral Regurgitation: Kardia Carillon����������� 171
Sebastiano Immè, Antonio Popolo Rubbio, Stefano Cannata,  
and Salvatore Scandura

Contents



xii

	10	� Transcatheter Repair of Mitral Regurgitation: Other Devices  
and Novel Concepts������������������������������������������������������������������������������������� 183
Ted Feldman, Mayra Guerrero, Michael H. Salinger,  
and Justin P. Levisay

	11	� Transcatheter Mitral Valve Implantation������������������������������������������������� 205
Adrian Attinger-Toller, Anson Cheung, and John G. Webb

	12	� Transcatheter Therapy for Mitral Regurgitation:  
A Review of the Literature������������������������������������������������������������������������� 223
Sergio Buccheri and Davide Capodanno

Part II  Aortic Valve Disease

	13	� Anatomy of the Aortic Valve ��������������������������������������������������������������������� 239
Francesca Indorato, Silvio Gianluca Cosentino,  
and Giovanni Bartoloni

	14	� Aortic Stenosis: Epidemiology and Pathogenesis������������������������������������� 245
Simona Gulino, Alessio Di Landro, and Antonino Indelicato

	15	� Aortic Stenosis: Diagnosis ������������������������������������������������������������������������� 253
Ines Monte, Rita Sicuso, and Vera Bottari

	16	� Computed Tomography Imaging for Aortic Valve Disease��������������������� 277
Mickaël Ohana, Anthony Shaw, Romi Grover, John Mooney, 
Jonathon Leipsic, and Philipp Blanke

	17	� Echocardiographic Imaging for Transcatheter Aortic  
Valve Replacement ������������������������������������������������������������������������������������� 303
Wanda Deste, Denise Todaro, and Gerlando Pilato

	18	� Vascular Access Management in Transcatheter Aortic  
Valve Implantation������������������������������������������������������������������������������������� 317
Marco Barbanti, Gerlando Pilato, and Carmelo Sgroi

	19	� Preparation for Transcatheter Aortic Valve Implantation��������������������� 347
Marco Barbanti, Claudia Ina Tamburino, and Simona Gulino

	20	� Transcatheter Aortic Valve Implantation: Edwards SAPIEN 3������������� 365
Marco Barbanti, Martina Patanè, and Ketty La Spina

	21	� Transcatheter Aortic Valve Implantation: Medtronic  
CoreValve Evolut R������������������������������������������������������������������������������������� 385
Sebastiano Immè, Denise Todaro, and Alessio La Manna

	22	� Transcatheter Aortic Valve Implantation: Boston Lotus ����������������������� 405
Lennart van Gils and Nicolas M. Van Mieghem

	23	� Transcatheter Aortic Valve Implantation: Boston ACURATE  
and ACURATE-neo TF������������������������������������������������������������������������������� 421
Carmelo Sgroi, Claudia Ina Tamburino, and Gerlando Pilato

Contents



xiii

	24	� Transcatheter Aortic Valve Implantation: Abbott Portico ��������������������� 431
Carmelo Sgroi, Claudia Ina Tamburino, and Martina Patanè

	25	� Transcatheter Aortic Valve Implantation: Other Devices����������������������� 443
Martina Patanè, Ketty la Spina, and Alessio La Manna

	26	� Complications Post-TAVI��������������������������������������������������������������������������� 453
Chekrallah Chamandi and Josep Rodés-Cabau

	27	� TAVI Postprocedural Management����������������������������������������������������������� 483
Piera Capranzano and Corrado Tamburino

	28	� Transcatheter Therapy for Aortic Stenosis: A Review  
of the Literature ����������������������������������������������������������������������������������������� 501
Davide Capodanno and Simona Gulino

	29	� Aortic Regurgitation����������������������������������������������������������������������������������� 521
Piera Capranzano and Corrado Tamburino

Contents



xv

Contributors

Adrian  Attinger-Toller, M.D.  Center for Heart Valve Innovation, St Paul’s 
Hospital, Vancouver, BC, Canada

Marco Barbanti, M.D.  Ferrarotto Hospital, University of Catania, Catania, Italy

Giovanni  Bartoloni, M.D.  Postgraduate School of Cardiology, University of 
Catania, Catania, Italy

Philipp Blanke, M.D.  Department of Radiology, Centre for Heart Valve Innovation 
St Paul’s Hospital, University of British Columbia, Vancouver, BC, Canada

Vera Bottari, M.D.  Ferrarotto Hospital, University of Catania, Catania, Italy

Sergio  Buccheri, M.D.  Department of General Surgery and Medical-Surgical 
Specialties, University of Catania, Catania, Italy

Stefano Cannata, M.D.  Ferrarotto Hospital, University of Catania, Catania, Italy

Davide  Capodanno, M.D.  Ferrarotto Hospital, University of Catania, Catania, 
Italy

Piera Capranzano, M.D.  Ferrarotto Hospital, University of Catania, Catania, Italy

Chekrallah  Chamandi, M.D.  Quebec Heart and Lung Institute, Laval 
University, Quebec City, QC, Canada

Anson  Cheung, M.D.  Center for Heart Valve Innovation, St Paul’s Hospital, 
Vancouver, BC, Canada

Marta Chiarandà, M.D.  Ferrarotto Hospital, University of Catania, Catania, Italy

Silvio  Gianluca  Cosentino, M.D.  Bachelor of Science, University of Catania, 
Catania, Italy

Wanda  Deste, M.D.  Division of Cardiology, Ferrarotto Hospital, University of 
Catania, Catania, Italy

Alessio di Landro, M.D.  Ferrarotto Hospital, University of Catania, Catania, Italy

Maria Elena Di Salvo, M.D.  Ferrarotto Hospital, University of Catania, Catania, 
Italy



xvi

Ted Feldman, MD, FESC, FACC, MSCAI  Cardiology Division, Evanston Hospital, 
Evanston, IL, USA

NorthShore University HealthSystem, Evanston, IL, USA

Sandra Giaquinta, M.D.  Ferrarotto Hospital, University of Catania, Catania, Italy

Carmelo Grasso, M.D.  Cardiology Division, Structural Heart Disease, Coronary 
and Peripheral Intervention Laboratory, Ferrarotto Hospital, Catania, Italy

Romi Grover, M.D.  Department of Radiology, Centre for Heart Valve Innovation  
St Paul’s Hospital, University of British Columbia, Vancouver, BC, Canada

Rominder  Grover, M.B.B.S.  Department of Radiology, University of British 
Columbia, Vancouver, BC, Canada

Mayra Guerrero, M.D., F.A.C.C., F.S.C.A.I.  NorthShore University HealthSystem, 
Evanston, IL, USA

Simona Gulino, M.D.  Ferrarotto Hospital, University of Catania, Catania, Italy

Sebastiano Immè, M.D.  Ferrarotto Hospital, University of Catania, Catania, Italy

Antonino  Indelicato, M.D.  Ferrarotto Hospital, University of Catania, Catania, 
Italy

Francesca Indorato, M.D.  Postgraduate School of Legal Medicine, University of 
Catania, Catania, Italy

Shaw-Hua  Kueh, M.B.Ch.B.  Department of Radiology, University of British 
Columbia, Vancouver, BC, Canada

Alessio La Manna, M.D.  Ferrarotto Hospital, University of Catania, Catania, Italy

Ketty La Spina, M.D.  Ferrarotto Hospital, University of Catania, Catania, Italy

Jonathon  A.  Leipsic, M.D.  Department of Radiology, Centre for Heart Valve 
Innovation St Paul’s Hospital, University of British Columbia, Vancouver, BC, 
Canada

Justin P. Levisay, M.D., F.A.C.C., F.S.C.A.I.  NorthShore University HealthSystem, 
Evanston, IL, USA

Sarah Mangiafico, M.D.  Ferrarotto Hospital, University of Catania, Catania, Italy

Ines Monte, M.D.  Ferrarotto Hospital, University of Catania, Catania, Italy

John  Mooney, M.D.  Department of Radiology, Centre for Heart Valve 
Innovation St Paul’s Hospital, University of British Columbia, Vancouver, 
BC, Canada

Mickaël Ohana, M.D.  Department of Radiology, Centre for Heart Valve Innovation  
St Paul’s Hospital, University of British Columbia, Vancouver, BC, Canada

Martina Patanè, M.D.  Ferrarotto Hospital, University of Catania, Catania, Italy

Contributors



xvii

Nicolò Piazza, M.D., Ph.D.  Interventional Cardiology Department, McGill University 
Health Center, Glen Hospital/Royal Victoria Hospital, Montréal, QC, Canada

Gerlando Pilato, M.D.  Ferrarotto Hospital, University of Catania, Catania, Italy

Josep  Rodés-Cabau, M.D.  Quebec Heart and Lung Institute, Laval University, 
Quebec City, QC, Canada

Giuseppe Ronsivalle, M.D.  Ferrarotto Hospital, University of Catania, Catania, 
Italy

Antonio Popolo Rubbio, M.D.  Ferrarotto Hospital, University of Catania, Catania, 
Italy

Michael  H.  Salinger, M.D., F.A.C.C., F.S.C.A.I.  NorthShore University 
HealthSystem, Evanston, IL, USA

Salvatore  Scandura, M.D.  Ferrarotto Hospital, University of Catania, Catania, 
Italy

Stephanie  Sellers, M.Sc.  Department of Radiology, University of British 
Columbia, Vancouver, BC, Canada

Carmelo Sgroi, M.D.  Ferrarotto Hospital, University of Catania, Catania, Italy

Anthony Shaw, M.D.  Department of Radiology, Centre for Heart Valve Innovation  
St Paul’s Hospital, University of British Columbia, Vancouver, BC, Canada

Rita Sicuso, M.D.  Ferrarotto Hospital, University of Catania, Catania, Italy

Claudia  Ina  Tamburino, M.D.  Ferrarotto Hospital, University of Catania, 
Catania, Italy

Corrado  Tamburino, M.D., Ph.D.  Ferrarotto Hospital, University of Catania, 
Catania, Italy

Pascal  Thériault-Lauzier, M.D.  Interventional Cardiology Department, McGill 
University Health Center, Glen Hospital/Royal Victoria Hospital, Montréal, QC, 
Canada

Denise Todaro, M.D.  Division of Cardiology, Ferrarotto Hospital, University of 
Catania, Catania, Italy

Lennart  van Gils, M.D.  Department of Interventional Cardiology, Thoraxcenter, 
Erasmus Medical Center, Rotterdam, Netherlands

Nicolas M.  Van Mieghem, M.D., Ph.D.  Department of Interventional 
Cardiology, Thoraxcenter, Erasmus Medical Center, Rotterdam, Netherlands

John  G.  Webb, M.D.  Center for Heart Valve Innovation, St Paul’s Hospital, 
Vancouver, BC, Canada

Contributors



Part I

Mitral Valve Disease



3© Springer International Publishing AG 2018
C. Tamburino et al. (eds.), Percutaneous Treatment of Left Side Cardiac Valves, 
https://doi.org/10.1007/978-3-319-59620-4_1

F. Indorato (*) 
Postgraduate School of Legal Medicine, University of Catania, Catania, Italy
e-mail: fra.indorato@gmail.com 

S.G. Cosentino 
University of Catania, Catania, Italy
e-mail: silvio.cosentino@gmail.com 

G. Bartoloni 
Professor of Anatomic Pathology - Postgraduate School of Cardiology,  
University of Catania, Catania, Italy
e-mail: gbartolo@unict.it

1Anatomy 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).

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-59620-4_1&domain=pdf
mailto:fra.indorato@gmail.com
mailto:silvio.cosentino@gmail.com
mailto:gbartolo@unict.it
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Fig. 1.1  Short-axis view 
of the cardiac basis after 
section of atrial cavities 
showing the mitral valve 
(MV), 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)

F. Indorato et al.
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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 cm2, ranging between 5 and 
11 cm2 [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 cm2) and a minimum in late systole (5.2 ± 1.6 cm2), 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

1  Anatomy of the Mitral Apparatus
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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].

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

F. Indorato et al.
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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):

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

•	 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.

Fig. 1.6  Photomicrograph 
of a mitral valve leaflet

1  Anatomy of the Mitral Apparatus
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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 (A1, 
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.

Fig. 1.7  Gross view of the 
posteromedial commissure 
(CPM)

F. Indorato et al.
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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].

Fig. 1.8  An atrial view of 
the mitral valve showing 
the posterior (mural) leaflet 
divided in three scallops 
(P1, P2, P3), the aortic valve 
(Ao) and the aortic leaflet 
(AoL)

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

1  Anatomy of the Mitral Apparatus
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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.

•	 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

F. Indorato et al.
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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.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-59620-4_2&domain=pdf
mailto:mbarbanti83@gmail.com
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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 (S1), 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 (S2)–OS interval and longer duration of diastolic rumble indicate more severe 
MS. An S2–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).

Fig. 2.2  ECG showing the typical signs of left atrial enlargement (mitral P waves)
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The gold standard for MS diagnosis is 2D echocardiography with Doppler [22–25]. 
In MS, echocardiography must define:

•	 The morphology of the valve leaflets and subvalvular apparatus
•	 The severity of the stenosis
•	 The dimensions of the left atrium (LA)
•	 The presence of thrombi in the LA and/or LAA
•	 Pulmonary artery pressure
•	 Associated valve defects
•	 Left and right ventricular function
•	 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].

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
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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 

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

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
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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 = 4v2 [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 

Table 2.1  The Wilkins score

Degree Mobility
Subvalvular 
thickening Leaflet thickening Calcifications

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

Minimal 
thickening below 
mitral leaflets

Leaflets with 
almost normal 
thickness 
(4–5 mm)

Single hyperechogenic 
zone

2 Middle and 
basal portions of 
the leaflets have 
normal structure 
and mobility

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

Normal leaflets in 
central portions, 
considerable 
thickening of 
margins (5–8 mm)

Hyperechogenic multiple 
areas limited to leaflet 
margins

3 Valve continues 
to move forward 
during diastole, 
mainly at its 
base

Thickening 
extending up to 
the distal third of 
the chordae

Thickening 
extending through 
the entire leaflet 
(5–8 mm)

Hyperechogenicity 
extending in the medial 
portion of the leaflets

4 No or minimal 
forward motion 
of the leaflets 
during diastole

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

Major thickening 
of the entire tissue 
of leaflets 
(>8–10 mm)

Intense hyperechogenicity 
covering most of the leaflet 
tissue

Table 2.2  Cormier’s anatomical score

Echocardiography 
group Anatomy of the mitral valve
1 Noncalcified mobile anterior leaflet

Mild subvalvular disease (thin chordae ≥ 10 mm long)
2 Noncalcified mobile anterior leaflet

Severe subvalvular disease (thickened chordae < 0 mm long)
3 Calcification of mitral valve of any extent, as assessed by fluoroscopy, 

whatever the state of the subvalvular apparatus
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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 it is >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 cm2

, moderate when the area ranges between 1.5 and 1 cm2
, and 

severe when it is <1 cm2 [26] (Table 2.4).

Table 2.3  Reid’s score

Degree Score
Leaflet motion: H/L ratioa

  ≥0.45 Mild 0
  0.26–0.44 Moderate 1
  ≤0.25 Severe 2
Leaflet thickening: mitral valve/aortic wall
  1.5–2 Mild 0
  2.1–4.9 Moderate 1
  ≥5 Severe 2
Subvalvular disease
 � Thin, faintly visible chordae tendineae – 0
 � Areas of increased density equal to endocardium – 1
 � Areas denser than endocardium with thickened 

chordae tendineae
– 2

Commissural calcium
 � Homogeneous density of MV orifice – 0
 � Increased density of anterior/posterior 

commissure
– 1

 � Increased density of both commissures – 2
aH (height)/L (length) = anterior leaflet excursion
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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 PHT= 220 / 	

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].

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

Severity of MS
Mean gradient 
(mmHg)

Mitral valve  
area (cm2)

Systolic pulmonary  
artery pressure (mmHg)

Mild <5 >1.5 <30
Moderate 5–10 1.5–1.0 30–50
Severe >10 <1.0 >50
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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 peakaliasing mitral= ( )( ) × °p r V V2 180/ /α 	

Fig. 2.7  Severe MS. Transmitral diastolic flow. Mitral valve area (MVA) measured using the pres-
sure half-time (PHT) method

a b

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
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where r is the hemispherical convergence radius (cm), Valiasing is the aliasing velocity 
(cm/s), peak Vmitral is the peak CW-Doppler of mitral flow velocity (cm/s), and α 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]:

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

•	 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).

•	 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.

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

•	 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 

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
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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).

Fig. 2.12  PW Doppler flow velocity in the left atrial appendage <40 cm/s

Fig. 2.13  Intense 
smokelike effect in the left 
atrium (LA)
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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

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)
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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 0 to 31 points. A total score of mild MV 

a b

c d

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

Method

Influence of 
hemodynamic 
conditions

Acoustic 
window 
needed

Useful after 
valvuloplasty

Invasive 
technique

2D planimetry − ++ + −
PHT ++ ++ − −
PISA + ++ + −
RT3D − ++ ++ −
GORLIN ++ − ++ ++

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

Table 2.6  Three-dimensional echocardiographic score

Anterior leaflet Posterior leaflet
A1 A2 A3 P1 P2 P3

Thickness (0–6)a 0–1 0–1 0–1 0–1 0–1 0–1
Mobility (0–6)b 0–1 0–1 0–1 0–1 0–1 0–1
Calcification (0–10)c 0–2 0–1 0–2 0–2 0–1 0–2

Subvalvular apparatus
Proximal third Middle third Distal third

Thickness (0–3)a 0–1 0–1 0–1
Separation (0–6)d 0, 1, 2 0, 1, 2 0, 1, 2

aThickness: 0 = normal, 1 = thickened
bMobility: 0 = normal, 1 = limited
cCalcification: 0 = no, 1–2 = calcified
dSeparation: 0 = normal, 1 = partial, 2 = no
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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 k P= ×( )( )/

/1 2
	

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:

•	 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.

•	 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.

Fig. 2.19  Three-dimensional transthoracic echocardiography showing a rheumatic stenotic mitral 
valve. AML anterior mitral leaflet, TrV tricuspid valve
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•	 Right ventricular systolic and diastolic pressures for assessing right ventricular 
function.

•	 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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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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2.4	 �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 PMV, 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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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 PMV, the Inoue catheter is used (Toray 
Industries, Japan). This is a special device, with a balloon at one end, which is 

Table 2.7  Classes of indications for percutaneous mitral commissurotomy in patients with MS and 
MVA ≤ 1.5 cm2, according to the 2017 European Guidelines on the Treatment of Valve Diseases

Code
Symptomatic patients with favorable characteristicsa for PMV IB
Symptomatic patients with contraindication or high risk for surgery IC
As initial treatment in symptomatic patients with unfavorable anatomy but otherwise 
favorable clinical characteristicsa

IIaC

Asymptomatic patients with favorable characteristicsa and high thromboembolic risk or 
high risk of hemodynamic decompensation:
•  Previous history of embolism IIaC
•  Dense spontaneous contrast in the LA IIaC
•  Recent or paroxysmal AF IIaC
•  Systolic pulmonary pressure > 50 mmHg at rest IIaC
•  Need for major noncardiac surgery IIaC
•  Desire for pregnancy IIaC

aFavorable 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
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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.

Fig. 2.21  Percutaneous mitral valvuloplasty using double- and single-balloon technique
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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 PMV, 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 

Table 2.8  Reference diameters for Inoue balloon

Cat. no.

Balloon dilation 
available range 
(mm)

Diameter 
maximum (mm)

Patient 
weight (kg)

Patient height 
(cm)

Surface 
area (m2)

PTMC-30 26–30 30 ≥70 ≥180 cm ≥1.9
PTMC-28 24–28 28 45–70 160–180 cm 1.6–1.9
PTMC-26 22–26 26 ≤45 ≤160 ≤1.6
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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 
PMV [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 

Table 2.9  Contraindications 
(absolute/relative) for 
percutaneous mitral 
valvuloplasty

Related to valve
•  Mitral valve area ≥ 1.5 cm2

•  Left atrial thrombus
•  Mitral regurgitation ≥2+
•  Severe or bicommissural calcification
•  Absence of commissural fusion
•  Mild MS
Related to medical center
•  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
•  Severe tricuspid regurgitation
•  Huge right atrium
•  Distorted/displaced atrial septum
•  Femoral-iliac veins obstructed or thrombosed
• � Inferior vena cava, obstructed or thrombosed; drainage 

into azygos vein
•  Severe kyphoscoliosis (thoracic/abdominal)
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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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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 l 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 PMV, 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 

Fig. 2.26  Completion of 
balloon inflation, with 
opening of commissures
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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).

PMV 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 cm2

, 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 cm2

; the procedure fails when there is no increase in MVA or the onset of MR 
≥3/4+. Mortality is very low (<1%) [63].

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)
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2.5.3	 �Complications

The most frequent complication in PMV 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 
[Reference] Patients

Mean age 
(years)

Follow-up 
(months)

Survival 
(%)

Freedom from 
surgery (%)

Palacios [85] 327 54 48 90 79
Cohen [79] 146 59 60 76 51
Pan [86] 350 46 60 94 91
Iung [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 cm2

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

•	 Type I: Normal leaflet motion
•	 Type II: Leaflet prolapse
•	 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 IIIa 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 IIIa 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.

Type I Type II Type IIIa
Type IIIb

Fig. 3.1  Carpentier’s functional classification. Type I defines normal leaflet motion; type II, leaf-
let prolapsed or excessive motion; type III, restricted leaflet motion such as in rheumatic mitral 
valve disease (type IIIa) or ischemic mitral regurgitation (type IIIb). Adapted by Carpentier [10]
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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 
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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.

a b

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

3  Mitral Regurgitation: Epidemiology, Etiology and Physiopathology



56

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 cm2 [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 mm2 is estimated, this value is lower, i.e. >20 mm2, 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
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Fig. 3.3  Vicious circle of 
the dilated cardiomyopathy 
(DCM) and mitral 
regurgitation
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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 cm2 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 rheumatic 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:

•	 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
•	 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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•	 Dilation of the left ventricle (Fig. 4.3)
•	 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)
•	 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

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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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:

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

•	 Tenting area determined by the coaptation gap of the leaflets below the annulus 
plane (normal value 0.8 cm2) (Fig. 4.7)

•	 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).

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
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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

a b

c d

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). (c) 3D transesophageal echocardiogram showing the mitral valve from a ventricular 
view. (d) 3D transesophageal echocardiogram from a lateral view
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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).

Table 4.1  Mechanism 
responsible for mitral 
regurgitation

Origin Direction Mechanism
Anterior Lateral AL prolapse/flail

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
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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.

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
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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 a= ×( )2 2π r V 	

	 EROA Regurgitant flow reg= /V 	

	 Regurgitant volume EROA 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).

Table 4.2  Color Doppler parameters to assess the grade of mitral regurgitation

Parameters
Extent of mitral regurgitation
Mild Moderate Medium Severe

Extension of regurgitant 
jet/LA (%)

<20 Variable Variable >40

Vena contracta (mm) <3 Variable Variable >7
PISA radius (cm) Variable Variable Variable >1
ERO (cm2) <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 

inversion
Bilateral systolic 
inversion

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

LA left atrium, PISA proximal isovelocity surface area, ERO effective regurgitation orifice
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•	 Containment of the convergence area by adjacent structures hindering its free 
spatial development (typical of mitral prolapse).

•	 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 

a

b

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
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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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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 cm2 (absolute value).
•	 The jet area/LA area ratio is <20%.

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
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Regurgitation is considered moderate when:

•	 The color jet is visible up to the middle of the LA (moderately wide jet).
•	 The absolute area is between 4 and 8 cm2 (Fig. 4.20).
•	 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.
•	 The absolute area is >8 cm2 (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.

Fig. 4.19  Transthoracic echocardiogram. Apical four-chamber view with and without color. Mild 
mitral regurgitation
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Parameters not derived from regurgitation jet: The ideal approach to assessing 
MR comprises other parameters as well:

•	 Regurgitant fraction
•	 Pulmonary venous flow
•	 Transmitral diastolic flow

Fig. 4.20  Transthoracic 
echocardiogram. Apical 
four-chamber view. 
Moderate mitral 
regurgitation (planimetric 
jet area of 4.58 cm2)

Fig. 4.21  Transthoracic echocardiogram. Apical four-chamber view. Severe mitral regurgitation 
(planimetric jet area of 15.90 cm2)
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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]:

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

•	 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. 

Fig. 4.22  Transthoracic echocardiogram of left ventricular outflow tract, profile and density of 
the jet at CW Doppler
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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 

Fig. 4.23  Pulmonary venous reversal flow in a case of severe mitral regurgitation. PW Doppler in 
50° transesophageal two-chamber view
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Fig. 4.24  Pulmonary venous reversal flow in a case of severe mitral regurgitation. PW Doppler in 
50° transesophageal two-chamber view

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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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 mm2) 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 

Table 4.3  Echocardiography methods to assess the degree of regurgitation

2D echo Color Pulsed wave Doppler Continuous wave Doppler
Mitral valve 
morphology

Jet area Regurgitant volume Jet spectral analysis

Left atrium volume Vena contracta Regurgitant fraction Systolic pulmonary artery 
pressure

Left ventricle 
dimension

Convergence area ERO area

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

PISA proximal isovelocity surface area, ERO effective regurgitation orifice
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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 (A1, A2, A3, 
P1, 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. 4.28  Zoom 3D atrial view shows mitral valve

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

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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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 

Fig. 4.32  Zoom 3D showing the mitral annulus
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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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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 

Fig. 4.35  3D Color 
Doppler (Zoom 3D). Note 
the extensive valve 
regurgitation along the 
entire coaptation orifice 
(A1, A2, P1, P2)

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

Fig. 4.39  3D calculation of the VCA
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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 O2 saturation in the pulmonary artery and aorta, which allow us to 
calculate cardiac output using the Fick method [35].

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 
hypertrophic obstructive 
cardiomyopathy

Signal defacing in left ventricle outflow tract; posterior 
jet of mitral regurgitation; signal of myocardial fibrosis 
on CMR

CT computed tomography, CMR cardiac magnetic resonance

Table 4.5  Mitral regurgita-
tion grading according to 
regurgitant volume and 
regurgitant fraction

Regurgitant  
volume (mL/beat)

Regurgitant  
fraction (%)

Mild <30 <30
Moderate 30–59 30–49
Severe >60 >50
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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).

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
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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 opacify 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 
severe)

Left atrium completely opacified and equal opacification with the left 
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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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.

Table 4.7  Quantitative 
estimate of regurgitant 
fraction by angiographic 
assessment

Angiographic measurement Formula
Ventricular stroke volume (VSV) EDV − ESV
Regurgitant stroke volume (RSV) VSV − FSV
Regurgitant fraction (RF) RSV/VSV

EDV end-diastolic left ventricular volume, ESV end-systolic 
left ventricular volumes, FSV forward stroke volume
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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 IIa).

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/m2 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 IIa).

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-à-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

	3.	 The role of MDCT in determination of TMVI feasibility and safety
	4.	 MDCT assessment of prosthetic heart valves, valvular masses, and infective 

endocarditis
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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 × 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 
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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	 �Iodine 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/1.73m2) 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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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, 

a b

c d

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)
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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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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 

a
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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)
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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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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)
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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 

a b

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).

a b

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

Fig. 5.5  En face projection 
of the D shaped mitral 
annulus (TT Trigone 
-Trigone line);  
(IC Intercommissural 
distance); SL Septal to 
lateral distance;  
P. Pe Posterior Perimeter
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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 cm2 [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 cm2 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. 5.3c).

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 TMVI 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 TMVI 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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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. 5.7  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-lvot. 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
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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 TMVI 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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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
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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 

TT-View En Face View

CT MPR

Fluoroscopy

Optimal Projection
Angles (yellow dot)

Compromise-View

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
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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

PHV 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 
PHV 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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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 

a b

c d

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
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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 TMVI.

References

	 1.	Nkomo VT, Gardin JM, Skelton TN, Gottdiener JS, Scott CG, Enriquez-Sarano M. Burden of 
valvular heart diseases: a population-based study. Lancet. 2006;368:1005–11.

	 2.	 Iung B, Baron G, Butchart EG, Delahaye F, GohlkeBärwolf C, Levang OW, Tornos P, 
Vanoverschelde JL, Vermeer F, Boersma E, Ravaud P, Vahanian A.  A prospective survey 
of patients with valvular heart disease in Europe: the Euro Heart Survey on Valvular Heart 
Disease. Eur Heart J. 2003;24:1231–43.

	 3.	Mehta RH, Eagle KA, Coombs LP, Peterson ED, Edwards FH, Pagani FD, Deeb GM, Bolling 
SF, Prager RL, Society of Thoracic Surgeons National Cardiac Registry. Influence of age on 
outcomes in patients undergoing mitral valve replacement. Ann Thorac Surg. 2002;74:1459–67.

	 4.	Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP 3rd, Guyton RA, O’Gara PT, 
Ruiz CE, Skubas NJ, Sorajja P, Sundt TM 3rd, Thomas JD, ACC/AHA Task Force Members. 
2014 AHA/ACC Guideline for the Management of Patients with Valvular Heart Disease: a 
report of the American College of Cardiology/American Heart Association Task Force on 
Practice Guidelines. Circulation. 2014;129:e521–643.

	 5.	Leon MB, Smith CR, Mack M, et al. Transcatheter aortic-valve implantation for aortic stenosis 
in patients who cannot undergo surgery. N Engl J Med. 2010;363:1597–607.

	 6.	Acker MA, Parides MK, Perrault LP, Moskowitz AJ, Gelijns AC, Voisine P, et  al. Mitral-
valve repair versus replacement for severe ischemic mitral regurgitation. N Engl J Med. 
2014;370:23–32.

	 7.	Feldman T, Young A. Percutaneous approaches to valve repair for mitral regurgitation. J Am 
Coll Cardiol. 2014;63:2057–68.

	 8.	Herrmann HC, Maisano F.  Transcatheter therapy of mitral regurgitation. Circulation. 
2014;130:1712–22.

	 9.	Moat N, Duncan A, Lindsay AC, et al. Transcatheter mitral valve implantation for the treat-
ment of mitral regurgitation: in hospital outcomes of first-in-man experience with an apically 
tethered device. J Am Coll Cardiol. 2015;2;65(21):2352–3. doi: 10.1016/j.jacc.2015.01.066.

	10.	Cheung A, Webb J, Verheye S, et al. Short-term results of transapical transcatheter mitral valve 
implantation for mitral regurgitation. J Am Coll Cardiol. 2014;64:1814–9.

	11.	Bapat V, Buellesfeld L, Peterson MD, et al. Transcatheter mitral valve implantation (TMVI) 
using the Edwards FORTIS device. EuroIntervention. 2014;10 Suppl U:U120–8.

5  Computed Tomography Imaging for Mitral Valve Regurgitation

https://doi.org/10.1016/j.jacc.2015.01.066


122

	12.	Sondergaard L, Brooks M, Ihlemann N, et  al. Transcatheter mitral valve implantation via 
transapical approach: an early experience. Eur J Cardiothorac Surg. 2015;48(6):873–7.

	13.	Schoenhagen P, Numburi U, Halliburton SS.  Three-dimensional imaging in the context of 
minimally invasive and transcatheter cardiovascular interventions using multi-detector com-
puted tomography: from pre-operative planning to intra-operative guidance. Eur Heart J. 
2010;31:2727–40.

	14.	Blanke P, Naoum C, Webb J, Dvir D, Hahn R, Grayburn P, Moss R, Reisman M, Piazza 
N, Leipsic J.  Multimodality imaging in the context of transcatheter mitral valve replace-
ment: establishing consensus among modalities and disciplines. JACC Cardiovasc Imaging. 
2015;8:1191–208.

	15.	Natarajan N, Patel P, Bartel T, et  al. Peri-procedural imaging for transcatheter mitral valve 
replacement. Cardiovasc Diagn Ther. 2016;6(2):144–59.

	16.	Abbara S, Arbab-Zadeh A, Callister TQ, et  al. SCCT guidelines for performance of coro-
nary computed tomographic angiography: a report of the Society of Cardiovascular Computed 
Tomography Guidelines Committee. J Cardiovasc Comput Tomogr. 2009;3(3):190–204.

	17.	Machida H, Tanaka I, Fukui R, et  al. Current and novel imaging techniques in coronary 
CT. Radiographics. 2015;35(4):991–1010. A review publication of the Radiological Society 
of North America, Inc.

	18.	Halliburton SS, Abbara S, Chen MY, et  al. SCCT guidelines on radiation dose and dose-
optimization strategies in cardiovascular CT.  J Cardiovasc Comput Tomogr. 2011;5(4): 
198–224.

	19.	Feuchtner G.  Imaging of cardiac valves by computed tomography. Scientifica (Cairo). 
2013;2013:270579.

	20.	Van de Heyning CM, Magne J, Vrints CJ, Piérard L, Lancellotti P. The role of multi-imaging 
modality in primary mitral regurgitation. Eur Heart J Cardiovasc Imaging. 2012;13:139–51.

	21.	Alkadhi H, Wildermuth S, Bettex DA, et al. Mitral regurgitation: quantification with 16-detector 
row CT—initial experience. Radiology. 2006;238:463.

	22.	Vural M, Ucar O, Celebi OO, et al. Evaluation of effective regurgitant orifice area of mitral 
valvular regurgitation by multislice cardiac computed tomography. J Cardiol. 2010;56:236–9.

	23.	Shanks M, Delgado V, Ng AC, et al. Mitral valve morphology assessment: three-dimensional 
transesophageal echocardiography versus computed tomography. Ann Thorac Surg. 
2010;90:1922–9.

	24.	Guo YK, Yang ZG, Ning G, et  al. Isolated mitral regurgitation: quantitative assessment 
with 64-section multidetector CT—comparison with MR imaging and echocardiography. 
Radiology. 2009;252(2):369–76.

	25.	Killeen RP, Arnous S, Martos R, Abbara S, Quinn M, Dodd JD. Chronic mitral regurgitation 
detected on cardiac MDCT: differentiation between functional and valvular aetiologies. Eur 
Radiol. 2010;20:1886–95.

	26.	Feuchtner GM, Alkadhi H, Karlo C, et al. Cardiac CT angiography for the diagnosis of mitral 
valve prolapse: comparison with echocardiography. Radiology. 2010;254(2):374–83.

	27.	Delgado V, Tops LF, Schuijf JD, et al. Assessment of mitral valve anatomy and geometry with 
multislice computed tomography. JACC Cardiovasc Imaging. 2009;2:556–65.

	28.	Beaudoin J, Thai WT, Wai B, et al. Assessment of mitral valve adaptation with gated cardiac 
computed tomography: validation with three-dimensional echocardiography and mechanistic 
insight to functional mitral regurgitation. Circ Cardiovasc Imaging. 2013;6:784–9.

	29.	Blanke P, Dvir D, Cheung A, et  al. A simplified D-shaped model of the mitral annulus to 
facilitate CT-based sizing before transcatheter mitral valve implantation. J Cardiovasc Comput 
Tomogr. 2014;8:459–67.

	30.	Blanke P, Dvir D, Cheung A, et  al. Mitral annular evaluation with computed tomogra-
phy in the context of transcatheter mitral valve implantation. JACC Cardiovasc Imaging. 
2015;8(5):612–5.

	31.	Ormiston JA, Shah PM, Tei C, Wong M. Size and motion of the mitral valve annulus in man. 
I. A two-dimensional echocardiographic method and findings in normal subjects. Circulation. 
1981;64:113–20.

R. Grover et al.



123

	32.	Flachskampf FA, Chandra S, Gaddipatti A, et al. Analysis of shape and motion of the mitral 
annulus in subjects with and without cardiomyopathy by echocardiographic 3-dimensional 
reconstruction. J Am Soc Echocardiogr. 2000;13:277–87.

	33.	Mihaila S, Muraru D, Piasentini E, et al. Quantitative analysis of mitral annular geometry and 
function in healthy volunteers using transthoracic three-dimensional echocardiography. J Am 
Soc Echocardiogr. 2014;27:846–57.

	34.	Sonne C, Sugeng L, Watanabe N, et  al. Age and body surface area dependency of mitral 
valve and papillary apparatus parameters: assessment by real-time three-dimensional echo-
cardiography. Eur J Echocardiogr. 2009;10:287–94. The journal of the Working Group on 
Echocardiography of the European Society of Cardiology.

	35.	Alkadhi H, Desbiolles L, Stolzmann P, et al. Mitral annular shape, size, and motion in normals 
and in patients with cardiomyopathy: evaluation with computed tomography. Invest Radiol. 
2009;44:218–25.

	36.	Gordic S, Nguyen-Kim TD, Manka R, et  al. Sizing the mitral annulus in healthy subjects 
and patients with mitral regurgitation: 2D versus 3D measurements from cardiac CT.  Int J 
Cardiovasc Imaging. 2014;30:389–98.

	37.	Naoum C, Leipsic J, Cheung A, et al. Mitral annular dimensions and geometry in patients with 
functional mitral regurgitation and mitral valve prolapse: implications for transcatheter mitral 
valve implantation. JACC Cardiovasc Imaging. 2016;9(3):269–80.

	38.	Carmo P, Andrade MJ, Aguiar C, Rodrigues R, Gouveia R, Silva JA. Mitral annular disjunc-
tion in myxomatous mitral valve disease: a relevant abnormality recognizable by transthoracic 
echocardiography. Cardiovasc Ultrasound. 2010;8:53.

	39.	Hutchins GM, Moore GW, Skoog DK. The association of floppy mitral valve with disjunction 
of the mitral annulus fibrosus. N Engl J Med. 1986;314:535–40.

	40.	Grewal J, Suri R, Mankad S, et al. Mitral annular dynamics in myxomatous valve disease: new 
insights with real-time 3-dimensional echocardiography. Circulation. 2010;121:1423–31.

	41.	Levack MM, Jassar AS, Shang EK, et  al. Three-dimensional echocardiographic analysis 
of mitral annular dynamics: implication for annuloplasty selection. Circulation. 2012;126: 
S183–8.

	42.	Kaplan SR, Bashein G, Sheehan FH, et al. Three-dimensional echocardiographic assessment 
of annular shape changes in the normal and regurgitant mitral valve. Am Heart J. 2000;139: 
378–87.

	43.	Clavel MA, Mantovani F, Malouf J, et al. Dynamic phenotypes of degenerative myxomatous 
mitral valve disease: quantitative 3-dimensional echocardiographic study. Circ Cardiovasc 
Imaging. 2015;8(5). pii: e002989. doi: 10.1161/CIRCIMAGING.114.002989. PMID: 25956922.

	44.	Savage DD, Garrison RJ, Castelli WP, et  al. Prevalence of submitral (anular) calcium and 
its correlates in a general population-based sample (the Framingham Study). Am J Cardiol. 
1983;51:1375–8.

	45.	Fox CS, Vasan RS, Parise H, et al. Mitral annular calcification predicts cardiovascular morbid-
ity and mortality: the Framingham Heart Study. Circulation. 2003;107:1492–6.

	46.	Maher ER, Young G, Smyth-Walsh B, Pugh S, Curtis JR. Aortic and mitral valve calcification 
in patients with end-stage renal disease. Lancet. 1987;2:875–7.

	47.	Deluca G, Correale M, Ieva R, Del Salvatore B, Gramenzi S, Di Biase M. The incidence and 
clinical course of caseous calcification of the mitral annulus: a prospective echocardiographic 
study. J Am Soc Echocardiogr. 2008;21:828–33.

	48.	Plank F, Al-Hassan D, Nguyen G, et al. Caseous calcification of the mitral annulus. Cardiovasc 
Diagn Ther. 2013;3:E1–3.

	49.	Lutter G, Lozonschi L, Ebner A, et  al. First-in-human off-pump transcatheter mitral valve 
replacement. JACC Cardiovasc Interv. 2014;7:1077–8.

	50.	Blanke P, Naoum C, Dvir D, et al. Predicting LVOT obstruction in transcatheter mitral valve 
implantation: concept of the neo-LVOT. JACC Cardiovasc Imaging. 2017;10(4):482–5.

	51.	Blanke P, Dvir D, Naoum C, et al. Prediction of fluoroscopic angulation and coronary sinus 
location by CT in the context of transcatheter mitral valve implantation. J Cardiovasc Comput 
Tomogr. 2015;9:183–92.

5  Computed Tomography Imaging for Mitral Valve Regurgitation

https://doi.org/10.1161/CIRCIMAGING.114.002989


124

	52.	Ewe SH, Klautz RJ, Schalij MJ, Delgado V. Role of computed tomography imaging for trans-
catheter valvular repair/insertion. Int J Cardiovasc Imaging. 2011;27:1179–93.

	53.	Tops LF, Van de Veire NR, Schuijf JD, et al. Noninvasive evaluation of coronary sinus anatomy 
and its relation to the mitral valve annulus: implications for percutaneous mitral annuloplasty. 
Circulation. 2007;115:1426–32.

	54.	Habets J, Mali WP, Budde RP. Multidetector CT angiography in evaluation of prosthetic heart 
valve dysfunction. Radiographics. 2012;32:1893–905.

	55.	Tsai I-C, Lin Y-K, Chang Y, et  al. Correctness of multidetector-row computed tomography 
for diagnosing mechanical prosthetic heart valve disorders using operative findings as a gold 
standard. Eur Radiol. 2009;19:857–67.

	56.	Feuchtner G, Plank F, Mueller S, et al. Cardiac computed tomography angiography for evalu-
ation of prosthetic valve dysfunction: a multicenter study in comparison with surgery. Abstract 
presented at European Society of Cardiology Annual Scientific Meeting. 2016.

	57.	Taylor AJ, Cerqueira M, Hodgson JM. ACCF/SCCT/ACR/AHA/ASE/ASNC/NASCI/SCAI/
SCMR 2010 appropriate use criteria for cardiac computed tomography: a report of the 
American College of Cardiology Foundation Appropriate Use Criteria Task Force, the Society 
of Cardiovascular Computed Tomography, the American College of Radiology, the American 
Heart Association, the American Society of Echocardiography, the American Society of 
Nuclear Cardiology, the North American Society for Cardiovascular Imaging, the Society for 
Cardiovascular Angiography and Interventions, and the Society for Cardiovascular Magnetic 
Resonance. J Am Coll Cardiol. 2011;56:1864–94.

	58.	Feuchtner GM, Stolzmann P, Dichtl W, et al. Multislice computed tomography in infective 
endocarditis. Comparison with transesophageal echocardiography and intraoperative findings. 
J Am Coll Cardiol. 2009;53:436–44.

R. Grover et al.



125© Springer International Publishing AG 2018
C. Tamburino et al. (eds.), Percutaneous Treatment of Left Side Cardiac Valves, 
https://doi.org/10.1007/978-3-319-59620-4_6

P. Thériault-Lauzier • N. Piazza, M.D., Ph.D. (*) 
Interventional Cardiology Department, McGill University Health Center, Glen Hospital/
Royal Victoria Hospital, 1001 Boulevard Décarie, Montréal, QC, Canada, H4A 3J1
e-mail: nicolopiazza@mac.com

6Imaging Modality-Independent 
Anatomy of the Left Heart

Pascal Thériault-Lauzier and Nicolò 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	 �Cardiac Imaging 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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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 

Fig. 6.2  Short-axis view 
of the heart at the level of 
the mitral annulus. 
Overlaid on the image are 
the orientations of the 
two-, three-, and four-
chamber views of the heart

a b

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 A1 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
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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 

a b

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.

a b

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.

a b

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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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.

Table 6.1  Summary of anatomical structures in different views

Three-chamber view Two-chamber view Four-chamber view Short-axis view
• �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

• �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

• �Left atrial 
appendage 
separated from left 
superior 
pulmonary vein

• �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

• �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

• �Left ventricular 
outflow tract is 
severely foreshortened

• �Left atrial appendage 
overlap with left 
superior pulmonary 
vein
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7Transcatheter Repair of Mitral 
Regurgitation: Abbott Vascular MitraClip

Carmelo Grasso, Maria Elena Di Salvo, Salvatore Scandura, 
and Sergio Buccheri

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].

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-59620-4_7&domain=pdf
mailto:melfat@tiscali.it
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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 

a

b

Fig. 7.1  The MitraClip system. Panel A shows the triaxial system. Panel B shows the MitraClip 
device
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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, 

Fig. 7.2  The steerable 
guide catheter with tapered 
dilator

a

b

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
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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:

•	 Confirmation of severity of MR
•	 Assessment of symptoms
•	 Analysis of surgical risk, life expectancy, and quality of life
•	 Assessment of procedure feasibility and evaluation of any contraindications for 

percutaneous treatment

Table 7.1  Principal maneuvers during implant

Desired arms 
position Maneuvers
Clip arms 
opening

�Rotate the lock lever outward and fully retract the lever until the mark on 
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 
arms

Unlock the clip by fully retracting the lock lever
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
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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:

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

•	 Frailty (geriatric status scale; ADL/IADL score)
•	 Liver cirrhosis (Child Pugh A-B/hyperbilirubinemia)
•	 Morbid obesity (BMI > 40 Kg/m2), severe cachexia (<18 Kg/m2)
•	 Severe respiratory deficit (VEMS/FCV < 70%, VEMS < 60%)
•	 Chronic kidney failure (VGF < 90)/dialysis
•	 Left ventricular failure (EF < 30%)
•	 Right ventricular failure (TAPSE 14)
•	 Pulmonary hypertension (sPAP > 55 mmHg)
•	 Prior endocarditis on electrocatheters
•	 Chronic degenerative disease of the CNS

Fig. 7.4  Changes in grasping angle with MitraClip NT
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•	 Autoimmune diseases or other diseases requiring prolonged immunosuppressive 
and cortisone therapy

•	 Advanced age (>80 years)
•	 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  cm2 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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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 

Fig. 7.5  Transesophageal intercommissural view (~60°). LA left atrium, LV left ventricle

Area MV 6.38 cm2

a b

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

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

•	 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 

a b

c d

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
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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.

a b

c d

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
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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.

Table 7.2  Suitability by echo criteria and center experience

Optimal Limited suitability Inappropriate
Pathology in segment 2 Pathology in segment 1 or 3 Leaflet perforation or cleft
No calcification – � Slight calcification outside the 

grasping area
Severe calcification

– � Ring calcification
– � Annuloplasty with ring

Valve area >4 cm2 Valve area >3 cm2 and good leaflet 
mobility

Mitral stenosis (<3cm2, 
gradient >5 mmHg)

Length of the posterior 
leaflet >10 mm

Length of the posterior leaflet 
7–10 mm

Length of the posterior 
leaflet <7 mm

Coaptation depth <11 mm Coaptation depth >11 mm
Normal thickness and 
mobility of the leaflets

Restriction (Carpentier IIIB) Rheumatic thickening and 
restriction (Carpentier IIIA)

MR with prolapse Flail size >15 mm only with large 
mitral annulus and option for more 
than 1 clip

Barlow’s disease
– � Flail size <15 mm
– � Flail gap <10 mm
Start-up centers Intermediate centers High-volume centers
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	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.

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
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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).

a b c

d e f

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
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.

	5.	 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).

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

•	 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:

	1.	 Performance of transseptal puncture
	2.	 Axial orientation of the system
	3.	 Grasping of leaflets
	4.	 Post-grasping assessment
	5.	 Clip release

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 

C. Grasso et al.



153

a b

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

a b

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

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, IVC inferior vena cava

C. Grasso et al.



155

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:

•	 LVOT long-axis view, allowing anterior-to-posterior clip orientation
•	 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 

Fig. 7.17  3D 
echocardiography to guide 
optimal positioning of the 
clip with respect to the 
mitral valve

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, 

Posteriormedial commissure, 
Scallops P3-A2-P1

Mediolateral

Mid-esophageal long 
axis (LVOT)

~120°–150° Scallops A2-P2, aortic bulb 
and part of ascending aorta

Anteroposterior

Transgastric short 
axis

~0°–30° Mitral valve short axis Perpendicularity to 
coaptation line; 
mediolateral

Abbreviations: IC inter-commissural, LVOT left ventricle outflow tract
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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).

a

c

b

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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created 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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8Transcatheter Repair of Mitral 
Regurgitation: Edwards Cardioband

Carmelo Grasso, Sebastiano Immè, 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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	1.	 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.

	2.	 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.

Transseptal steerable sheath

Adjustment
mechanism

SAT leading
wire

Radiopaque
markers

Guide catheter

Implant catheter
Anchor

12 mm 8 mm

a

b

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
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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–IV, 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 perform 
TEE, patients allergic to nickel, patients allergic or intolerant to treatment with anti-
coagulants or antiplatelet agents, and patients with severe reaction to contrast agent 
who cannot be properly pretreated.

Other clinical and instrumental criteria that represent important contraindications 
(relative contraindications), evaluated from time to time in the individual patients, 
are prior coronary or carotid artery percutaneous revascularization in the previous 
30  days or revascularization or carotid endarterectomy in the 3  months prior to 
implant, past stroke, or transient ischemic attack within the previous 6 months, with 
evidence of significant carotid artery stenosis (>70%, at color Doppler ultrasonogra-
phy of the SAT), kidney failure treated with dialysis, history of bleeding or blood 
clotting disorders, and severe pulmonary hypertension (sPAP > 70 mmHg).

8.4	 �Procedure

The procedure is performed under general anesthesia and fluoroscopic and 2D and 
3D TEE guidance. A simulation of the entire procedure is carried out at the core lab 
using the cardiac CT of the patient to identify the correct points and angles for the 
deployment of the anchors. Implantation starts from the anterolateral commissure 
and ends at the posteromedial commissure after fastening the anchors spaced at a 
distance of 8 mm along the entire posterior annulus.

Femoral vein access is obtained. Following echo-guided transseptal puncture, 
systemic heparinization is performed to achieve an activated clotting time between 
250 and 300 s.

The TSS is then placed in the left atrium. The IDS is then advanced through the 
TSS and guided so that the tip of the IC is placed above the anterolateral commis-
sure. This maneuver can be facilitated by using an Iron Man guidewire in the left 
ventricle through the anterolateral commissure. Once the ideal location for the 
delivery of the first anchor is identified under fluoroscopy (LAO and RAO predeter-
mined by CT) and 2D and 3D TEE, it is screwed and released after checking proper 
anchoring with push-and-pull testing under fluoroscopy. The first three anchors are 
implanted in the first 12 mm to give greater stability and pulling strength to the 
implant. The next anchors are spaced apart every 8 mm.

The sequence for positioning and delivering each anchor is the following:

	1.	 Navigation under ultrasound guidance using the 3D en face reconstruction (sur-
gical view) and fluoroscopic guidance in LAO-CAU view
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	2.	 Check of the entry angle and proximity to the hinge point by 2D ultrasound with 
X-plane

	3.	 Insertion of the anchor under fluoroscopic guidance in RAO-CRA view
	4.	 Push-and-pull test to check secure deployment of the anchor under 2D 

ultrasound
	5.	 Release of the anchor and passage to the next deployment site

It is very important to carefully check the positioning of the first anchor because 
a good result of the implant depends on its correct positioning.

Once the last anchor is positioned, the implant is released from the IDS, which is 
then removed.

The SAT is then inserted through the TSS, over the implant guidewire, until its 
distal end reaches the adjustment spool of the implant. After SAT connection, the 
implant is contracted by clockwise rotation of the adjustment roller. This maneuver 
is carried out progressively, reaching the various degrees of shortening at intervals 
of 5 min to allow the cardiac tissue to adapt and to avoid excessive tension.

The degree of residual regurgitation, size of the annulus, and transmitral gradient 
are measured at each step. When the appropriate size of the system is reached, the 
SAT detaches from the adjusting spool, leaving the implant with the degree of con-
traction obtained (Fig. 8.2).

8.5	 �Echocardiographic Guidance

As already mentioned, patients who can potentially benefit from treatment with 
Cardioband are those with functional mitral regurgitation. This form is secondary to 
left ventricular dilation and systolic dysfunction, in which the individual compo-
nents of the valve (papillary muscles, chordae tendineae, valve leaflets) are ana-
tomically healthy, and essentially the left ventricular disease is the real cause of the 
valve defect.

A distinction can be made between two categories of patients with functional 
mitral regurgitation, i.e., ischemic and nonischemic functional mitral regurgitation, 
both of which are eligible for repair with Cardioband.

In the ischemic form, in which the valve failure is linked to an alteration of the 
limited regional kinetics (often inferior and/or posterior), left ventricular dysfunc-
tion will be mild or moderate in severity, and there will be a displacement of the 
posteromedial papillary muscle, tethering of the posterior leaflet (associated or not 
with pseudoprolapse), and often eccentric regurgitant jet. These patients do not 
appear to be the ideal candidates for this type of percutaneous repair.

In ischemic functional mitral regurgitation with significant left ventricular dys-
function, instead, it is often possible to observe remodeling of the ventricular cavity 
into a spherical shape and subsequent downward and outward displacement of both 
the anterolateral and posteromedial papillary muscles, with traction on the chordae 
tendineae and the leaflets, thus making the coaptation point lower inside left ven-
tricle. In extreme cases, even a coaptation gap will be observed.
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Along with the displacement of the papillary muscles, there is often the dilation 
of the annulus, which often involves an increase in the septolateral or anteroposte-
rior diameter, thus making the annulus to develop a circular shape (loss of annular 
contraction).

The gradual expansion of the annulus leads to a loss of the typical saddle shape, 
and this will result in further stress on the valve leaflets. To quantify annular dila-
tion, the anteroposterior or septolateral diameter (SL) and the intercommissural 
diameter (CC) need to be measured by echocardiography. Since the annulus tends 
to develop a spherical shape, the measurements will tend to be similar in advanced 
forms.

Potentially, these patients can be the ideal candidates for percutaneous repair by 
Cardioband.

A substantially superimposable mechanism is present in the case of nonischemic 
functional mitral regurgitation, often defined as idiopathic, in which the displace-
ment of the papillary muscles, annular dilation, and intraventricular pressure are 
decisive in the onset of regurgitation, as in advanced ischemic forms.

In the echocardiographic assessment of patients, careful attention needs to be 
paid to the assessment of the left ventricle by acquiring the following measurements 
under transthoracic echocardiography:

–– End-diastolic diameter (EDD) and end-systolic diameter (ESD) in parasternal 
long axis view in M-mode and 2D (always acquire a parasternal short axis view 
to assess regional and annulus kinetics)

–– Left ventricular end-systolic and end-diastolic volume in apical four-chamber 
and apical two-chamber view

–– Left ventricular sphericity index, also in apical four-chamber view

Optimal evaluation of the annulus certainly requires measuring (TTE) the septo-
lateral diameter in the apical three-chamber view and the intercommissural diame-
ter in the apical two-chamber view in systole and diastole.

A morphological characteristic of functional mitral regurgitation is certainly 
tenting of the valve leaflets, which tend to have a lower coaptation point inside the 
left ventricle.

There are several parameters to assess and estimate tenting, some of which are 
absolutely indispensable:

–– Coaptation depth, i.e., the vertical distance between the ideal coaptation plane of 
the leaflets at the level of the annulus and the actual coaptation point

–– Coaptation length or residual coaptation surface
–– Tenting area, which measures the tent area by tracing the area between the line 

of the ideal coaptation point at the level of the annulus and the actual coaptation 
point

Evaluation of the extent of regurgitation is certainly the most important aspect in 
both TTE and TEE.
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We should always keep in mind that there is no absolutely reliable method for the 
estimation of mitral regurgitation (quantitative, semiquantitative, invasive, and non-
invasive methods), that there are continuous variations in the extent depending on 
hemodynamic conditions, and that the extent of regurgitation calls for a clinical 
instrumental counterpart to make an accurate assessment.

However, many methods are described in the literature for the evaluation of 
mitral valve regurgitation, and there are studies in progress on many others.

We will describe some that we have selected for potential accuracy, reproduc-
ibility, ease of acquisition, and immediate use.

We start by evaluating the morphology of the valve, with particular attention to 
the leaflets and to the possible presence of calcifications of the annulus that could 
make the implantation of Cardioband cumbersome.

Semiquantitative methods include color Doppler, which allows us to estimate the 
area of the regurgitant jet in the left atrium.

We can thus identify:

–– The convergence zone, i.e., the zone immediately before the valve where the flow 
converges and accelerates before entering the regurgitation orifice.
–– Using the proximal isovelocity surface area (PISA) method and imagining it 

as a hemisphere, we can calculate the amount of flow passing through this 
surface. Therefore, this gives us an estimate of the effective regurgitant orifice 
area (EROA).

–– With the advent of three-dimensional (3D) echocardiography, it is possible to 
directly measure the effective regurgitant orifice area without having to resort 
to PISA.

–– Vena contracta (VC), i.e., the area in which the regurgitant jet reaches its smallest 
dimensions immediately after the regurgitation orifice. The use of the VC as a 
parameter for assessing the extent of regurgitation is based on the principle that 
the width of the jet is correlated with the size of the anatomical orifice.
–– It is necessary to carry out the measurement perpendicular to the commissural 

line and, hence, in parasternal or apical long axis view, and in transesophageal 
long axis view. Since the measurement is just of a few millimeters, a zoom 
with a good degree of resolution is needed.

–– Turbulence zone in the post-orifice left atrium: this evaluation allows the estima-
tion of the regurgitation fraction (compared with the size of the left atrium) and 
the regurgitant volume. The 3D color echocardiography allows the visualization 
of the regurgitant jet, and the direct measurement is more accurate than the diam-
eter of the regurgitation orifice.

Other methods that can be used to complete a thorough examination to estimate 
mitral regurgitation include:
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–– The intensity of the continuous-wave Doppler signal.
–– The pattern of the pulmonary venous flow obtained by pulsed Doppler, which 

will give two peak velocities, systolic and diastolic, and a small reverse wave, 
which is the expression of atrial contraction. The increase in pressure in the left 
atrium due to severe mitral regurgitation determines a reduction in systolic 
velocity.

–– The E-wave velocity (quick filling) of the transmitral flow is a simple and repro-
ducible parameter. It is the expression of the pressures in the left atrium; in the 
absence of mitral stenosis, the finding of an E/A ratio > 1.5 and an E-wave veloc-
ity > 2 m/s are qualitative indices of hemodynamically significant regurgitation.

–– The estimate of the dimensions of the left atrium and of sPAP is an indirect 
parameter for the evaluation of the degree of severity of mitral regurgitation.

3D echocardiography is certainly the method of choice for the evaluation of 
many valve diseases. It provides optimal evaluation of valve leaflets and of the 
annulus and subvalvular apparatus. Moreover, 3D visualization of TEE surely rep-
resents an indispensable part for guiding the interventional procedure of Cardioband.
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9Transcatheter Repair of Mitral 
Regurgitation: Kardia Carillon

Sebastiano Immè, Antonio Popolo Rubbio, 
Stefano Cannata, and Salvatore Scandura

9.1	 �Description of the Device

The CARILLON™ Mitral Contour System™ Model XE2 (Cardiac Dimension® 
Inc., Kirkland, WA, USA) is a device designed for indirect percutaneous mitral 
valve (MV) annuloplasty through the coronary sinus (CS). It received the CE mark 
in August 2011 for use in [1, 2].

The device consists of a proprietary implant, designed for permanent implanta-
tion in the CS to reshape the mitral annulus (MA), and a catheter-based delivery 
system, which consists of a delivery catheter and the so-called handle assembly [3].

The implant features a wire-shaping ribbon (connector), positioned between two 
interwoven anchors to form a figure-of-eight or semi-helical shape. The shaping 
ribbon, made of nickel and titanium, is designed to be deployed, tensioned, and 
fastened inside the CS (Fig. 9.1). The characteristic arc shape of the ribbon allows 
orientation of the implant to facilitate release in the CS.  Indirect annuloplasty 
exploits the strategic anatomical position of the CS [1, 4], which runs parallel to the 
posterolateral MA, thus embracing about two thirds of the circumference of the 
annulus. The CS is separated from the MA by nonfibrous myocardial tissue. Its 
shortening, therefore, allows creation of a tension that is exerted on the posterior 
part of the peri-annular tissue, thus causing an anterior deflection of the posterior 
MA, with consequent reduction of the area of the MA.

The ends of the implant comprise the distal and proximal crimp tube, where the 
respective anchors in nitinol are located (Fig. 9.2). The distal anchor, which is smaller, 
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is positioned in the great cardiac vein (GCV), while the proximal anchor, which is 
larger, is positioned in the proximal CS, contiguous to the anterior commissure of the 
MV. As regards anatomical variability between individuals, there are up to 37 differ-
ent combinations of implant sizes that take into account the length of the ribbon (60, 
70, 80 mm) and various diameters for the proximal anchor (12–20 mm) and distal 
anchor (7–14 mm) [5]. To determine the most appropriate measure, a thorough pre-
procedure study phase is needed; it takes into account the geometry of the CS, as well 
as its length and diameter and its anatomic relationships with the coronary arteries.

The delivery catheter (Fig. 9.3) is a custom catheter composed of a metal braid 
reinforced polymer sheath with a Luer Y-connector. At the distal end, the catheter 
curves and features a radiopaque tip. The catheter has an actual length of 70 cm, 
with an outer diameter of 9 Fr (3.0 mm) and an inner diameter of 7.5 Fr (2.5 mm), 
and is able to accommodate a 0.035″ guidewire or a flexible diagnostic catheter with 
an outer diameter of 7 Fr.

The second element of the delivery system is the handle assembly (Fig. 9.4), com-
posed of the cartridge, the sheath-pusher assembly, and the handle. In its packaging, the 

Distal anchor
(in great cardiac vein, GCV)

Crimp tube

Crimp tube

Proximal anchor
(at ostium of CS)

Lock
bump

Fig. 9.1  CARILLON™. Depiction of the implant

Fig. 9.2  Anchor 
architecture
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implant, folded in unlocked position, is loaded into the cartridge. The male Luer, which 
represents the distal portion of the cartridge, is connected to the straight port of the proxi-
mal end of the delivery catheter. The sheath-pusher assembly is composed of a pusher, 
lock wire, tether wire, and a polymeric sheath for locking the proximal anchor. It allows 
the placement, deployment, and decoupling of the implant from the handle assembly.

The handle will also consist of rotating knobs that allow the operator to maneu-
ver the deployment, locking, decoupling, and removal of the implant, thus provid-
ing a safe release mechanism.

All system components are for single use only.

Luer cap Radiopoque tip

Outer jacket

broid

Inner liner

Y connector

Strain relef

Fig. 9.3  Delivery catheter, composed of a lateral port that can be used to inject contrast medium, and 
a straight port for advancement and removal of a measuring device and for implant introduction

Male luer

Sheath/pusher

Control knob

Sheath knob

Release knob

Release safety

Handle

Cartridge window

Cartridge (Implant folded inside)

Fig. 9.4  Handle assembly
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9.2	 �Patient Selection

Today, a number of MV percutaneous repair techniques are available for interven-
tional cardiologists. Obviously, the most suitable percutaneous treatment options 
vary from patient to patient. Therefore, the Heart Team plays a crucial role in the 
case-by-case assessment and in correctly determining the procedure indication and 
surgical risk.

The target population for percutaneous treatment with the CARILLON™ system 
includes patients with dilated cardiomyopathy and symptomatic heart failure who, 
despite optimal medical therapy, continue to be in NYHA class III/IV, suffering from 
moderate-to-severe functional (ischemic or nonischemic) mitral regurgitation (MR).

Apart from the manufacturer’s indications, the main inclusion and exclusion cri-
teria for this procedure are the result of real-life clinical practice and of pilot studies 
on the device, such as the AMADEUS (CARILLON Mitral Annuloplasty Device 
European Union Study), a prospective multicenter singlearm feasibility study, which 
was one of the first to assess the safety and efficacy of the CARILLON™ system in 
patients with functional MR [6], followed by the TITAN trial (The Transcatheter 
Implantation of the CARILLON Mitral Annuloplasty Device), a prospective, non-
randomized study that evaluated the second generation of the device [7].

These criteria for inclusion and exclusion are listed in Table 9.1.

Table 9.1  Major inclusion and exclusion criteria

Inclusion criteria
 � Age over 18 years
 � Ischemic or nonischemic dilated cardiomyopathy with systolic HF
 � Moderate-to-severe or severe chronic FMR, symptomatic in NYHA class III-IV, or 

asymptomatic, but with LVEF ≤40%, LVEDD ≥55 mm
 � Patients at high surgical risk, including patients with CABG or prior heart surgery
 � Functional capacity estimated at 6-min walking test, with distance comprised at least 

between 150 and 450 m
 � Insufficient optimal medical therapy (β-blocker plus ACE inhibitors or sartans, with stable 

dose for at least 1 month and an adjustable dose of diuretic for at least 3 months)
Exclusion criteria
 � Evidence of a history of myocardial infarction or CABG or unstable angina in the previous 

3 months
 � PCI in the previous 30 days
 � Mild or moderate FMR, in symptomatic patient in NYHA class II or in non-optimized 

pharmacological treatment
 � DMR
 � Need for heart surgery within 1 year for other reason or need for emergency heart surgery
 � Pacing involving the CS (e.g., in the case of CRT) or other catheters or devices inside the CS
 � Pathologies of the mitral valve of organic and degenerative nature, e.g., rheumatic valve, 

myxomatous valve, structural abnormalities of leaflets, severe calcification of the mitral 
annulus, or prior surgical annuloplasty by prosthetic ring or valve replacement

 � Allergy to nickel, titanium, or nickel/titanium (NITINOL) as a relative contraindication
 � Contraindications to TEE

HF heart failure, FMR functional mitral regurgitation, NYHA New York Heart Association, LVEF left 
ventricular ejection fraction, LVEDD left ventricular end-diastolic diameter, CABG coronary artery 
bypass graft, PCI percutaneous coronary intervention, DMR degenerative mitral regurgitation, CS 
coronary sinus, CRT cardiac resynchronization therapy, TEE transesophageal echocardiography
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9.3	 �Procedural and Technical Aspects

The procedure is carried out in the cath lab under guidance with fluoroscopy and 
transesophageal echocardiography (TEE). It can be performed either under deep 
sedation or general anesthesia. General anesthesia is generally preferred consider-
ing the discomfort that TEE can cause in patients during a procedure, the length of 
which, according to the data reported in the literature, is about 40 min on average 
and varies depending on the experience of the operator and the learning curve.

The procedure requires several clinicians: an interventional cardiologist, an 
echocardiographic cardiologist, an anesthesiologist, a nurse, and a cath lab techni-
cian. The cath lab should have emergency surgical back-up in case of complications 
requiring a change from a percutaneous to open-chest procedure.

Patient preparation involves a first phase for the assessment of blood tests, 
including standard exams such as a complete blood count and renal function and 
blood coagulation tests. In patients with history of chronic kidney disease or high 
levels of creatinine, it may be necessary to deliver liquids IV in the run-up to the 
procedure in order to avoid contrast-induced nephropathy. The CARILLON™ 
implantation procedure does not, in itself, require the administration of a significant 
amount of contrast medium, but it can be used during the angiographic assessment 
of the CS or adjacent coronary arteries. Therefore, good hydration or the use of 
other means to protect against contrast-induced nephropathy may be necessary. 
Cases of contrast-induced nephropathy after the implantation of the CARILLON™ 
have been documented [6, 7]. Any vitamin K antagonist oral anticoagulants must be 
discontinued approximately 3 days prior to the procedure and replaced with low-
molecular-weight heparin to achieve an international normalized ratio (INR) of 
<1.7 or, better, of <1.5. In patients under treatment with new oral anticoagulants, it 
is necessary to suspend anticoagulant treatment 24–48  h before the procedure, 
depending on the molecule and on the renal function of the patient. For prophylactic 
purposes, all patients also receive a single IV dose of broad-spectrum antibiotic with 
a long half-life. In view of the procedure, a preliminary anesthesia consult should be 
carried out in addition to a chest X-ray as basic imaging to identify any contraindi-
cations to patient intubation.

Once in the cath lab, the patient receives deep sedation or general anesthesia. In 
the latter case, the patient is intubated and vital signs are monitored. During the 
procedure, constant measurement of systemic blood pressure and of oxygen satura-
tion and ECG monitoring are carried out. If necessary, intra-procedure inotropes, 
such as dobutamine, dopamine, or adrenaline, can be administered depending on the 
hemodynamics of the patient and on the evaluation of the anesthesiologist. The 
patient is heparinized, and activated clotting time (ACT) is monitored at set inter-
vals to maintain an ACT of >200 s. Through ACT monitoring every 30 min, it is 
possible to decide whether to administer heparin again during the procedure to 
ensure adequate patient anticoagulation.

The CARILLON™ system is implanted according to standard catheterization 
techniques. Unlike other MV percutaneous repair techniques like the MitraClip sys-
tem or direct annuloplasty, there is no need to puncture the interatrial septum. The 
procedure provides for the preparation of the right internal jugular venous access to 
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cannulate the CS and of an arterial access for invasive monitoring of blood pressure, 
as well as for assessments by coronary angiography at the start of the procedure and 
just before the release of the device, given the contiguity of the CS with the coro-
nary arteries. A diagonal or ramus branch can be found between the CS and MA in 
16% of patients [4]. The relationship between the CS and the left circumflex artery 
(LCA), which runs between the CS and the MA, is more significant, accounting for 
a percentage ranging between 64 and 80% of cases [8–10]. In the latter case, the 
LCA could be compressed frequently due to extrinsic compression [11]. In addi-
tion, the obtuse marginal branches originating from the LCA may be potentially 
involved [12]. For the same reason, the CARILLON™ should not be released at a 
site where the compression of the CS on a coronary artery can compromise the 
integrity of a previously implanted stent.

The first step of the procedure consists in a coronary angiography to assess a 
possible coronary disease, the anatomy, and the coronary flow at baseline, and espe-
cially of the LCA, and to locate the CS ostium during the venous injection of the 
contrast medium.

The second step is the cannulation of the CS. The puncture of the right internal 
jugular vein is made by standard technique with a 9 Fr introducer, which is capable 
of lodging a 6 or 7 Fr multipurpose diagnostic catheter and a 0.035″ (0.89 mm) 
hydrophilic guidewire. The angled catheter, together with the delivery catheter, is 
advanced along the guidewire toward the CS.  The shape of the angled catheter 
allows the cannulation of the anterior interventricular branch of the GCV, which is 
the anatomical landmark for insertion in the CS. Once the CS is cannulated, the 
guidewire, together with the delivery catheter, is advanced up to the distal portion of 
the vein. Under fluoroscopy it can be observed that the delivery catheter is correctly 
positioned at the distal end of the CS. The guidewire and angled catheter are then 
removed, and the delivery catheter is carefully de-aired. A catheter with radiopaque 
marker (e.g., a 5 Fr) is then advanced through the delivery catheter to its end. 
Another coronary angiogram is done, this time by moving the image intensifier to 
an oblique right anterior view with caudal angulation. The specific reason for this 
step is to analyze the contiguity relationship between the LCA and GCV which will 
be marked by the delivery catheter and the radiopaque marker. The anatomical 
assessment of the venous structures is then completed by venography of the GCV/
CS system. The image intensifier will then be moved to an oblique left anterior 
projection with caudal angulation, and another coronary angiogram of the left coro-
nary artery is done, followed by venography.

The marker catheter, besides being a point of reference, will be used as a cali-
bration system to assess the length and diameter of the venous system and the 
appropriate site for the anchoring of the implant in the CS. This step also includes 
an assessment of any torsion in the venous system, of any individual anatomical 
variants, and of the presence of satellite branches, as well as the relationship with 
the LCA.  If the vein that can be used for implantation is not long enough, the 
marker catheter is then removed, and the guidewire and angled catheter are rein-
serted to make the delivery catheter advance further to the anterior interventricu-
lar vein to make sure that there is sufficient space for the release of the implant. 
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Once the anatomical assessments are completed, it is necessary to choose the size 
of the most appropriate implant. In order to generate a tension of at least 3 cm 
(preferably 4–5 cm), a vein length of at least 9 cm (preferably 11 cm) is needed, 
using a device with connector at least 60 mm long. In case of longer veins, you 
will need to opt for a device length of 80 mm, which is the maximum allowed. 
Once you have assessed the appropriate device measures, the marker catheter can 
be removed.

The next step is the introduction of the device and the release of the distal anchor 
in the distal part of the GCV. When positioning the distal anchor, pull the delivery 
system slightly to allow a passive expansion of the nitinol meshes [6] and then 
advance the delivery catheter to allow reaching the maximum diameter of the 
anchors (Fig. 9.5).

Once the distal anchor is positioned in the CS with the control knob and after 
checking by coronary angiography that the distal release does not compromise the 
arterial flow of the LCA, the device is pulled gradually by hand to generate an ade-
quate tension to indirectly create a fold in the tissue around the annulus and hence 
reduce the coaptation gap between the two valve leaflets. The ultimate result is a 
reduction in MR.  TEE at this stage will allow assessment of the degree of MR 

Fig. 9.5  The different steps of the procedure, with the advancement of the distal and proximal 
anchor and mesh opening
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reduction. Once the procedure is completed, another assessment by coronary angi-
ography may be needed to reevaluate any extrinsic compressions on the arterial 
system that could compromise the technical success of the procedure. A venogram 
will determine whether the venous system has been damaged. If technical success 
has been achieved, also place the proximal anchor and check the final result in terms 
of residual MR by TEE [13–15].

After positioning the CARILLON™, any other potential procedure can be carried 
out, including edge-to-edge percutaneous repair [16]. It has also been demonstrated 
that in patients in need of cardiac resynchronization therapy devices following 
implantation, the CARILLON™ system leaves enough space to implant another 
catheter in the CS [17, 18] but no earlier than 3–6 months after the procedure to 
ensure complete encapsulation of the implant. The system also does not prevent any 
conversion of the procedure to a conventional surgical approach (Fig. 9.6).

Intra- and post-procedure complications [6, 7, 13, 19] can include cases of per-
foration or dissection of the CS, which in some cases may have a self-limiting 
course or lead to pericardial effusion requiring pericardiocentesis. Data in the litera-
ture shows that these complications related to the cannulation of the CS are also 
correlated with the learning curve, as demonstrated by those observed in early car-
diac resynchronization studies, which similarly required an approach with CS can-
nulation [20]. The first generation of the device showed cases of slippage of the 
distal anchor, which prevented the final release of the implant, but this issue was 
solved by modifying the shape of the anchors which are now twisted at the apex to 
increase rigidity. One of the other complications can be the reduced strength of the 
metal, which can result in failure of the device. In this case as well, reengineering of 
the device, as shown in the TITAN study [7], has led to a reduction in the number of 
cases of device failure, with an improvement in the general outcome. Other possible 
events of device failure can be related to an inadequate MR reduction or compres-
sion of the coronary arteries. In the event of arterial compression or inadequate MR 
reduction, or of inappropriate placement of the device inside the CS, the 
CARILLON™ system can be retrieved through a specific capture system and safely 
repositioned [21] (Fig. 9.7). The position of the implant can thus be modified, or, if 

Fig. 9.6  Final placement 
of the CARILLON™ 
device in the coronary 
sinus
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necessary, the implant attached to the handle assembly can be removed and the 
procedure abandoned. Particular attention must be paid to this stage, since the 
implant can no longer be retrieved once it is decoupled from the handle assembly. 
This is undoubtedly an advantage of the CARILLON™ system compared with 
other devices for indirect annuloplasty. The first generation of the device, in fact, 
had problems in the anchoring process [6], but this drawback was promptly solved 
by following generations of the device. In addition, it should be borne in mind that 
the components of the CARILLON™ system are for single use. Therefore, if an 
additional implant attempt is planned, the procedure must be repeated entirely, with 
a new implant and a new delivery system.

Once the procedure is completed, the patient is awakened and extubated. While 
still in the cath lab, particular attention at this stage will be paid to the onset of 
alterations in pressure and/or cardiac rhythm, desaturation, and bleeding.

The patient is then transferred and monitored in the cardiac ICU for close monitor-
ing of vital signs and laboratory tests. The post-procedure management of the patient 
includes the assessment of the onset of fever, hemodynamic or cardiac rhythm altera-
tions, desaturation, and fluid balance alterations or late bleedings linked to major or 
minor vascular complications at the access site, which may or may not require con-
centrated red blood cell transfusions. The laboratory tests requiring special attention 
are therefore the CBC, hemoglobin, BUN, creatinine, and electrolytes, as well as 
myocardium-specific enzymes, and especially creatine kinase MB. Considering that 
patients receiving this procedure are patients with functional MR and a history of 
systolic heart failure, NT-proBNP should be monitored as a laboratory indicator of 
decompensation. Before discharge, we recommend assessing technical success by 
follow-up transthoracic echocardiogram to identify any residual MR or to rule out the 
presence of pericardial effusion.

9.4	 �Echocardiographic Assessment

Intra-procedure TEE represents a key element of the procedure, since the MV and 
its components cannot be viewable with X-rays by fluoroscopy alone [22]. 3D 
reconstruction of the TEE also allows us to better determine the anatomical features 
of the MA [23], the saddle or hyperbolic paraboloid shape of which cannot be 
assessed by 2D imaging alone, because it tends to greatly simplify the anatomy of 
the MA, presenting it as a planar ring [24, 25]. TEE provides vital information in 
guiding the procedure and will be used to evaluate the degree of intra- and post-
procedure MR until completion of the procedure. In light of this, a unified protocol 
for image acquisition is needed [26]. A multiplanar probe must be used; in addition 

Fig. 9.7  Recapture system attached to the handle assembly allows recompression and optimiza-
tion of final position in the coronary sinus or recapture of the device prior to decoupling from the 
handle assembly
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to standard 2D assessment, 3D assessment with full-volume, real-time, and zoom 
3D imaging is also needed. The anatomy of the MA is best viewed using 3D full 
volume and 3D zoom formats.

Echocardiographic monitoring is started after inducing general anesthesia. The 
assessment of the MV before implant provides for standard assessments, including 
a mid-esophageal view at 0°–180° to have an initial assessment of the left atrium 
and left atrial appendage and to view the outflow of the pulmonary veins, and then 
follows the assessment of the mitral leaflets to rule out any degeneration of the MV, 
such as the presence of major calcifications that may compromise the effectiveness 
of the device in indirectly reducing the MA [8, 9]. It should be borne in mind that 
these assessments, both by transthoracic echocardiography and TEE, in compliance 
with the guidelines of the American Society of Echocardiography [27], are part of 
the pre-procedure assessment phase, but at this phase they are used as further con-
firmation. The projections at 0°, 30°, 60°, 90°, and 120° are used to assess the sur-
face area of the left atrium, the dimensions of the MA, and the MR jet area. 
Projections at 30° and 120° are used to assess the vena contracta, the effective regur-
gitant orifice, and regurgitant volume, while flow and the diameter of the left ven-
tricle outflow tract can be viewed at 0° and 120°.

To view the CS, the probe must be run through the distal esophagus. During the 
procedure, this view allows you to display the proximal anchor of the device. In 
addition to monitoring proper implantation, TEE also identifies any complications 
related, for example, to the acute formation of thrombi, perforation of the CS with 
cardiac tamponade, or excessive tension on the MV generating mitral stenosis.

At the end of the procedure, if there are no complications and residual MR, the 
device is permanently released and the procedure is concluded.
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10Transcatheter Repair of Mitral 
Regurgitation: Other Devices 
and Novel Concepts

Ted Feldman, Mayra Guerrero, Michael H. Salinger, 
and Justin P. Levisay

10.1	 �Introduction

For many years percutaneous mitral repair was synonymous with the MitraClip 
device, since no other repair therapies were available. Over the past 2 years, three 
additional repair technologies have received EC approval. These four devices, 
MitraClip, Cardiac Dimensions Carillon, Valtech Cardioband, and Mitralign, are 
described in the preceding chapters. Numerous other repair devices and concepts 
have been described. The great challenges for mitral regurgitation (MR) repair 
devices are reflected in the fact that many novel device approaches for MR treat-
ment have already fallen by the wayside. A variety of new device approaches are in 
the early stages of development. The typical sequence of development includes 
bench and preclinical animal testing, first in human intraoperative testing and finally 
percutaneous delivery for clinical use. The many other devices in the development 
pathway are in the earliest stages at the time of this writing. Many have been used 
only in preclinical or surgical applications.

The usual classification for percutaneous mitral repair devices includes leaflet 
repair, direct and indirect annuloplasty, chamber remodeling, and neochordal 
implantation. This classification includes some overlap. For example, some of the 
annuloplasty devices are implanted into the ventricular side of the mitral valve 
annulus and subannular myocardium and, therefore, may also contribute to some 
degree of chamber remodeling.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-59620-4_10&domain=pdf
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In addition to the complexity of creating MR repair devices that can be implanted 
percutaneously and also reduce MR, the appropriate patient population must be 
defined. Devices and approaches that may be suitable for degenerative MR may or 
may not also be used for functional MR. While the MitraClip device was initially 
intended for degenerative MR, we have found its largest application in functional 
MR. Neochordal implantation will clearly be used for degenerative MR. Functional 
MR poses a special problem since no prior surgical therapies have demonstrated 
important survival benefit in this population, and even the clinical impact of surgical 
repair for functional MR remains unclear.

This review will describe many of the devices in this area of development, some 
at only the concept stages, others with open surgical approaches, and some with 
early human transapical or percutaneous experience.

10.2	 �Leaflet Repair

The first mitral repair device with significant use in patients is the MitraClip, based 
on the Alfieri edge-to-edge or double-orifice surgical repair. Surgical leaflet repair 
has historically been used for degenerative MR, but the widespread use of MitraClip 
for functional MR makes it possible to consider leaflet repair devices more broadly. 
One leaflet approach that used a suture to create an edge-to-edge repair, the Edwards 
Mobius (Edwards Lifesciences, Irvine, CA) leaflet repair system, was used in a 
small number of patients before the effort was discontinued [1].

Cardica Mitral Repair: Edge-to-edge repair, Cardica Inc. (Redwood City, CA), 
sells automated stapling or anastomosis systems [2]. They have developed a concept 
for edge-to-edge mitral repair using a staple-like implant delivered with a transsep-
tal catheter system (Fig. 10.1). The guide catheter has mechanisms for centering and 
stabilizing the delivery system. The guide catheter includes a clip channel, at least 
one hook channel, and at least one sling channel and a clip applier, which is mov-
able within the clip channel. The hook and sling channels are alternately positioned 
and evenly spaced around the perimeter of the guide catheter. The clip or staple has 
at least three tines and is used to approximate or fasten the anterior and posterior 
mitral leaflets.

Cardiosolutions MitraSpacer: The MitraSpacer (West Bridgewater, MA) is a 
hydraulically inflated balloon that is anchored in the left ventricular apex and 
positioned in the regurgitant mitral orifice [3]. The device fills the space of 
the regurgitant orifice or malcoapting segments (Fig. 10.2). The balloon is about 
the size of a small chili pepper. The balloon is connected to a port just below the 
patient’s skin and can be inflated or deflated over time depending on the patient’s 
condition. A compassionate use first in human surgical implant was successfully 
performed in March 2015 at King’s College Hospital in London, and the results 
were presented at the EuroPCRLondon Valves meeting in 2015. This patient 
developed recurrence of MR and underwent successful addition of 2.5 mL fluid 
to the balloon injected through the subcutaneous port, resulting in improvement 
of MR.
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Middle Peak Medical: The Middle Peak (Palo Alto, California) device is an 
implant that functions as a posterior mitral leaflet replacement (Figs. 10.3 and 10.4). 
This neo-leaflet is made of dual layer ePTFE. The device is implanted directly over 
the existing posterior leaflet. It provides a new surface onto which the anterior leaf-
let can coapt. This serves several functions, including annuloplasty, by diminishing 
the annular area, a direct leaflet repair, and chordal support. It is intended for either 

Fig. 10.1  Cardiac edge-to-edge mitral repair using a staple-like implant delivered with a trans-
septal catheter system. Drawing from US Patent 8,888,794, filed July 26, 2013

Fig. 10.2  Cardiosolutions 
MitraSpacer is a hydraulic 
balloon that is anchored in 
the left ventricular apex 
and positioned in the 
regurgitant mitral orifice. 
The balloon, the volume of 
which is adjustable, fills 
the space of the regurgitant 
orifice or malcoapting 
segment
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surgical or transseptal delivery. Surgical implants have been performed in humans, 
and the transcatheter option is under development.

MitraFlex: The TransCardiac Therapeutics MitraFlex (Atlanta, GA) artificial 
chords and leaflet plication device are designed for a direct thorascopic approach 
through the apex of a beating heart [4]. MitraFlex fulfills several functions, includ-
ing stabilizing and centering the leaflets, automating the capture and connection of 
the approximate midpoint of the leaflets, implanting artificial chordae tendineae, 
and reducing the annulus. Figure 10.5 shows a patent drawing. There are no pub-
lished reports on the use of this system.

Normal coaptation Functional MR Degenerative MR

Fig. 10.3  The Middle Peak device is an implant that functions as a posterior mitral leaflet replace-
ment. It provides a new surface onto which the anterior leaflet can coapt

Fig. 10.4  Intraoperative photos of Middle Peak device implantation. The Middle Peak device is 
implanted directly over the existing posterior leaflet. This provides several functions, including 
annuloplasty by diminishing the annular area, a direct leaflet repair, and chordal support. This neo-
leaflet is made of dual layer ePTFE
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10.3	 �Indirect Annuloplasty

The only indirect annuloplasty device with EC approval and clinical use is the 
Cardiac Dimensions Carillon coronary sinus implant. Two indirect annuloplasty 
systems have previously failed, due to device fracture or coronary sinus erosion. 
The Edwards Monarc device (Edwards Lifesciences, Irvine, CA) used a springlike 
contraction band anchored with self-expanding stents at either end. The connection 
between the band and the stents fractured in several cases. The Viacor PTMA sys-
tem (Viacor, Inc., Wilmington, MA) used nitinol rods to compress the posterior 
mitral annuls from within the coronary sinus, and device fractures resulted in coro-
nary sinus perforation.

Arto-MVRx: The Arto System, by MVRx, Inc. (Belmont, California), is a perma-
nent implantable device comprised of two anchors, deployed in the lateral wall of the 
left atrium and the atrial septum, respectively [5]. This was previously known as the 
PS3 system. A bridge between the two anchors provides a means for reduction of the 
minor axis of the mitral valve (Fig. 10.6). The procedure is performed under general 
anesthesia and fluoroscopic and transesophageal echocardiographic guidance. Using 
magnetically linked catheters and routine catheter exchanges, a coronary sinus 

Fig. 10.5  The TransCardiac Therapeutics MitraFlex artificial chords and leaflet plication device 
fulfills several functions, including stabilizing and centering the leaflets, automating the capture 
and connection of the approximate midpoint of the leaflets, implanting artificial chordae tendineae, 
and reducing the annulus
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anchor (T-bar) is placed and connected by an adjustable length suture to the atrial 
septal anchor. The suture is tensioned to indirectly decrease the anteroposterior (AP) 
diameter of the mitral annulus, which results in reduction of MR. Since the implant 
is atrial, there is no hemodynamic instability or ventricular arrhythmias. Device effi-
cacy is seen immediately at the time of implantation. The Arto system is adjusted 
with tensioning or relaxing the suture prior to lock and release of the device. The 
system is recapturable and retrievable during the deployment.

Clinical data from 11 patients implanted with the Arto system has been published 
in the MitrAl ValvE Repair Clinical Trial (MAVERIC Trial, clinicaltrials.gov 

a b c

d e f

Fig. 10.6  The Arto System implantation procedure. (a) Great cardiac vein (GCV) and left atrial 
(LA) MagneCaths in position and magnetically linked behind the P2 segment of the posterior 
mitral leaflet. (b) Close-up of magnetically linked LA and GCV MagneCaths. Each magnetic 
catheter has a specific shape and lumen to direct and receive the crossing wire. (c) The crossing 
wire (arrow) is pushed from the GCV into the LA MagneCath. The MagneCaths are aligned to 
direct the wire safely from the GCV to the LA through the atrial wall. (d) After using an exchange 
catheter, the loop guidewire in place across left atrium. This guidewire directs the placement of the 
GCV anchor (T-bar) and septal anchor. (e) The MVRx System in place before tensioning. T-Bar, 
single arrow; septal anchor, double arrow. (f) Tensioning of the bridge results in precise shortening 
of the mitral annulus anteroposterior diameter (arrows) and elimination of FMR; once the final 
position is attained, the suture is cut and secured with a suture lock
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identifier NCT02302872) [6]. All patients were deemed to be at high surgical risk 
by the heart team and were symptomatic, with most in NYHA Class III or IV. There 
were no procedural safety events and two clinical events within the 30-day follow-
up period. One patient underwent uncomplicated surgical drainage of pericardial 
effusion without recurrence, and one patient had asymptomatic dislocation of the 
coronary sinus T-bar and underwent successful elective surgical MV replacement. 
At 6 months, MR grade, LV volumes, mitral annular dimensions, and functional 
status all improved. Pre-procedure FMR was grade 3–4+ in 90% and at 6 months 
was grade 1–2+ in 80%. EROA by PISA at baseline was 30.3 ± 11.1, decreasing at 
6 months to 13.7 ± 8.6 mm2. Regurgitant volumes decreased from 45.4 ± 15.0 to 
19.9 ± 11.6 mL. LVESVi decreased from 77.5 ± 24.3 to 68.2 ± 28.2 mL/m2 and 
LVEDVi 118.7 ± 28.6 to 104.9 ± 30.2 mL/m2 at 6 months. Mitral annular anteropos-
terior diameter decreased from 45.0 ± 3.3 to 38.9 ± 2.7 mm. Functional status was 
NYHA Class III or IV in 81.8% and Class I/II in 18.2% at baseline, improving at 
6 months to 50% Class III and 50% Class I/II. Enrollment of up to 20 additional 
patients at three sites (Riga, Latvia, Massy, France and London, United Kingdom) 
is underway in Phase II of the MAVERIC trial.

10.4	 �Direct Annuloplasty

There are two EC-approved percutaneous direct annuloplasty devices, the Valtech 
Cardioband (Valtech Cardio, Or Yehuda, Israel) and the Mitralign system (Mitralign, 
Inc., Tewksbury, MA). The Cardioband most closely resembles a surgical annulo-
plasty, while the Mitralign system uses pledgets to plicate the mitral annulus, simi-
lar to some established surgical suture annuloplasty procedures [7, 8]. Indirect 
annuloplasty has the potential to be simpler than direct annuloplasty, but direct 
approaches have the advantage of closer approximation of established surgical 
annuloplasty. Several other novel annuloplasty devices have been employed pre-
clinically, used with surgical implants, or are in early human use.

Cerclage annuloplasty: This is a creative method for mitral annuloplasty. A wire 
loop is created encompassing the coronary sinus, basal myocardium, and right 
atrial chamber (Fig. 10.7) [9]. Annular tension is introduced through a “cerclage” 
suture that traverses the coronary sinus and basal septal myocardium and is secured 
within the right atrium. Circumferential tension is intended to reduce annular dila-
tion and enhance mitral leaflet coaptation by introducing radial force uniformly, 
independent of the rotational orientation of the commissures. For cerclage, 9Fr 
introducer sheaths are placed percutaneously into the right jugular and femoral 
veins and 6Fr introducer sheaths into a femoral artery. A guidewire loop is created 
around the mitral annulus and LV outflow tract and then exchanged for a suture. 
The guidewire traverses the coronary sinus and the proximal great cardiac vein into 
the first septal perforator vein toward the basal interventricular septum. It is then 
directed across a short segment of myocardium to reenter a right heart chamber 
where it is snared and exchanged for a suture and tension fixation device. To con-
duct cerclage, a transjugular balloon-tipped guiding catheter is introduced into the 
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coronary sinus, the occlusion balloon inflated, and a retrograde coronary contrast 
venogram opacifies the great cardiac vein and septal perforator veins. A stiff 0.014″ 
guidewire is steered into the first basal septal perforator vein. Once a right heart 
chamber is entered, the guidewire is snared and replaced with a braided nonabsorb-
able tension suture.

A unique feature of the cerclage procedure incorporates the use of circumflex 
coronary artery protection. The coronary sinus frequently crosses over the circum-
flex or one of its branches. The cerclage procedure utilizes a relatively rigid spacer 
device, shaped somewhat like a piece of elbow macaroni. This spacer protects the 
coronary from compression by the cerclage loop.

A single-center feasibility study is being conducted in Korea (ClinicalTrials.gov 
identifier NCT02471664). Inclusion criteria include NYHA Class III–IV with 
symptomatic severe functional MR despite optimal medical treatment. Optimal 
medical therapy includes an ACE inhibitor or angiotensin receptor blocker, 
β-blocker, and aldosterone antagonists for at least 3 months unless the patient is 
contraindicated or intolerant. Key exclusion criteria include LV ejection fraction 
lower than 25%, anomalies of the coronary sinus, or preexisting coronary sinus 
devices such as implantable cardioverter defibrillator or pacemaker, or 2:1 or higher 
grade AV block. Several patients have been treated successfully.

Aorta
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Fig. 10.7  Cerclage annuloplasty. A guidewire is placed via the coronary sinus and then into a 
coronary vein. It is passed through the septal myocardium into the right ventricular outflow tract or 
right atrium to encircle the mitral annulus. CS coronary sinus, LV left ventricle, MV mitral valve, 
PA pulmonary artery, PV pulmonic valve, RA right atrium, RV right ventricle, TV tricuspid valve
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Micardia Encor adjustable surgical annuloplasty ring: This is currently a surgi-
cal annuloplasty ring with a percutaneous adjustment mechanism (R&D Surgical 
Ltd, UK) [10]. The concept is that late postoperative adjustment of the ring could be 
an advantage. The ring is deformable, nickel–titanium based. It is heated for 45 s, 
which induces a change of geometry to a preformed reduced anterior–posterior 
diameter.

In a clinical trial of 94 patients, a smaller ring size was implanted in patients with 
ischemic mitral regurgitation to “downsize” the mitral annulus [11]. A permanent 
lead was attached to the ring in the P2/P3 region. It was routed through the atrial 
wall to a subcutaneous pocket. If an adjustment was required, the lead was accessed 
by a small incision and connected to a generator. The ring adjusted its form during 
the activation procedure to a preformed shape with a reduced anterior–posterior 
diameter. The median age was 71 (range 64–75) years with EuroSCORE II 6.7 ± 6.3. 
Two-thirds were male, 48% had ischemic MR, 37% had dilated cardiomyopathy, 
and 15% degenerative disease. Operative mortality was 1%, and the 1-year survival 
was 93%. Ring adjustment was attempted in 12 patients at a mean interval of 
9 ± 6 months after surgery. In three of these attempts, a technical failure occurred. 
In one patient, mitral regurgitation was reduced two grades, in two patients mitral 
regurgitation was reduced one grade, and in six patients mitral regurgitation did not 
change significantly. The mean grade of mitral regurgitation changed from 2.9 ± 0.9 
to 2.1 ± 0.7 (P = 0.02). Five patients were reoperated after 11 ± 9 months (ring 
dehiscence, 2; failed adjustment, 3). Based on this early experience, the authors 
concluded that an adjustable ring may provide an additional option for recurrent 
MR. A percutaneous version, enCorTC, is under development.

Millipede: This is an annuloplasty ring that is anchored to the mitral (or tricus-
pid) annulus using screws and is then mechanically cinched to reduce the mitral 
annular circumference (Fig. 10.8). It is a complete ring (Millipede, LLC, Ann Arbor, 
MI) [12]. The cinching or adjustment is done in real time with echo guidance to 
optimize the reduction of MR. Several patients have had operative implants. A cath-
eter system for percutaneous delivery is under development. An international trial, 
Annular Reshaping of the Mitral Valve for MR Using the Millipede IRIS System, 

#1 Placement #2 Annular attachment #3 Annular reduction

Fig. 10.8  Millipede annuloplasty ring is a complete ring that is anchored in the mitral or tricuspid 
annulus using screws and is then mechanically cinched to reduce the mitral annular circumference. 
The cinching or adjustment is done in real time with echo guidance to optimize the reduction of MR
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for symptomatic severe MR (effective regurgitant orifice (ERO) ≥0.2 cm2 for sec-
ondary MR, ERO ≥0.4 cm2, for primary MR) is registered with ClinicalTrials.gov 
Identifier NCT02607527 anticipating enrollment of approximately ten patients 
beginning March 2016.

Mitral bridge: This is a novel surgical annular repair device. Rather than encir-
cling the mitral annulus with a ring, a nitinol bridge is sutured from the septal to the 
lateral annulus (Fig. 10.9). It is placed between A2 and P2 at annular level with 
standard sutures. It is available in five sizes from 22 to 30 mm. Thirty-four patients 
have been treated in an EC-approved trial. Three-quarters had Type I MR with 
annular dilatation, and one-quarter had Type III-b ischemic MR. Chronic AF was 
present in 88%. All 34 successful implants resulted in a decrease of MR to <1+. One 
patient developed a paravalvular leak and required reoperation at 7  months post 
implantation, and one developed a paravalvular leak and required catheter closure 
after 18 months. The device is unique in that it reduces and stabilizes the anteropos-
terior annular dimension without the use of annular trigone-to-trigone anchoring. It 
has been hypothesized that part of the mechanism of action for MitraClip is antero-
posterior annular stabilization by the tissue bridge that develops after edge-to-edge 
repair [13].

Anchoring pad

Silicon-nitinol

Bridge

P2

A2

Fig. 10.9  Mitral bridge is a novel surgical annular repair device that is sutured from the septal to 
the lateral annulus. It is placed between A2 and P2 at annular level with standard sutures
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MitraSpan TASRA: The TASRA technique (Belmont, MA), Transapical 
Segmental Reduction Annuloplasty, is based on the experimental concept of sep-
tal–lateral annular cinching (SLAC). The SLAC concept was first described in 
adult sheep with acute ischemic MR produced by circumflex occlusion. A suture 
is placed from the mid-anterior annulus to the posterior LV wall (Fig. 10.10). This 
resulted in an anteroposterior reduction of 22% [14]. Subsequent studies found 
MR elimination in a chronic ischemic sheep model, with preservation of both 
leaflet mobility and the normal saddle shape of the mitral annulus [15, 16]. The 
feasibility of suture implants is generally established by the precedents of the 
components of the procedure, including neochordal implants, the Myocor device 
[17], and suture annuloplasty. There is some evidence of trigone anchoring as the 
most secure.

The device system is transapical and low profile (12 F or 9 + 5 F). It allows for a 
direct approach to the critical locations for device implantation using short tools. 
Tissue crossing uses a 0.018″ wire. There are pledgeted anchors on the LV side and 
by the trigones. The procedure is TEE-guided, with pre-procedure planning with 
multi-slice CT.

The safety of implants and biocompatibility of the polyester suture and stainless 
steel anchors have been demonstrated in preclinical studies of 60 acute and chronic 
porcine implants with up to 12 weeks pathology and in 18 consecutive chronic ani-
mal implants out to 30 days. In these preclinical studies, efficacy to reduce annular 
diameter by 20–40% was confirmed.
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Fig. 10.10  Transapical segmental reduction annuloplasty (TASRA) is based on the experimental 
concept of septal–lateral annular cinching. A suture is placed from mid-anterior annulus to the 
posterior LV wall to accomplish annular cinching
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A human feasibility study of the MitraSpan device (SPARE-MR) has been initi-
ated outside the USA. The major inclusion criteria include moderate–severe, symp-
tomatic, secondary MR with LVEF 20–50%. An IDE early feasibility study has 
been approved by the FDA. The long-term goal is to develop nearly percutaneous 
LV access with a procedure that could include both a subvalvular/papillary displace-
ment component and an annular correction.

QuantumCor: The QuantumCor (QuantumCor, Inc., Lake Forest, CA) system 
uses a radiofrequency system to shrink collagen, resulting in remodeling of the 
annulus. The RF energy is administered with electrodes that are delivered transsep-
tally. In preclinical work described in 2008, the device was evaluated in 16 animals 
[18]. Acutely, all responded appropriately with a mean septal–lateral reduction of 
21.7%. Seven animals survived for 4–180 days, in which the mean septal–lateral 
reduction was 26.5%, with some expectation that additional remodeling might 
occur as the collagen matrix heals.

Valcare AMEND: Valcare (Herzliya Pituach, Israel) has developed a minimally 
invasive D-shaped ring technology, the AMEND device, which emulates a surgical 
closed, semirigid D-shaped annuloplasty ring (Fig.  10.11) [20]. The system is 

a b

c d

Fig. 10.11  The Valcare AMEND device emulates a closed surgical semirigid D-shaped annulo-
plasty ring. (a) The system is delivered via apical LV access into the mitral annulus in a linear 
configuration through a catheter to the target site. (b) As it is advanced, it changes geometry above 
the annulus using a series of remotely activated mechanisms [19]. (c) The result is a complete 
D-shaped ring. (d) A series of 12 anchors in four zones that are independently deployed attach the 
ring to the annulus
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delivered via apical LV access into the mitral annulus. The implant is delivered 
under fluoroscopic and echo guidance in a linear configuration through a catheter to 
the target site, and as it is advanced from the guide catheter system, it changes 
geometry above the annulus using a series of remotely activated mechanisms. The 
result is a complete D-shaped ring. A series of 12 anchors in four zones that are 
independently deployed attach the ring into the annulus. The posterior anchors are 
placed first and then pulled toward the anterior side to reduce the anteroposterior 
dimension, thus reducing the septal–lateral dimension and mitral circumference. 
This technology creates an opportunity to use it as a platform for mitral valve 
replacement, possibly using valve prosthesis proven in aortic position. The system 
has been tested in preclinical models.

10.5	 �Chamber and Annular Remodeling

It has been recognized for many years that direct surgical annuloplasty is effective 
at reducing MR severity in functional MR but that recurrence rates are as high as 
almost 60% in the first 2 years after annuloplasty [21] and that annuloplasty has no 
direct effect on LV function, which is at the root of functional MR. Only one device 
has ever shown a survival advantage compared to annuloplasty for functional MR in 
a randomized trial, the Myocor Coapsys system (Myocor, Maple Grove, MN). This 
device remodeled both the mitral annulus and the LV, but unfortunately the manu-
facturer lost funding and went out of business in 2008. Other devices have effects 
on both annular and LV remodeling.

Guided Delivery Systems: The Accucinch System (Guided Delivery Systems, 
Santa Clara, CA) implants multiple anchors in the mitral basal annular myocar-
dium. A tether connects the anchors, and tension of the catheter diminishes the 
mitral annular circumference (Fig. 10.12). This approach results in both diminution 
of the annular circumference and, at the same time, stabilization or remodeling of 
the basal LV myocardium. The concept is thus a combination of LV remodeling and 
annuloplasty.

The Guided Delivery Systems Accucinch device places a delivery system below 
the posterior mitral leaflet on the ventricular side, through which between 10 and 20 
nitinol anchors are delivered. Thus, the base of the LV is remodeled at the same time 
as the annulus. These anchors are tethered by a drawstring, which is tensioned to 
reduce the mitral annulus. An incomplete ring approach has some precedents in 
surgery. Surgical annular plication without placement of an annular ring has shown 
some efficacy in reducing MR.

Several patients have been treated over the last few years as the system has 
evolved, but there is no published experience. A Feasibility Study Using the 
Accucinch System in the Left Ventricular Reshaping of the Mitral Apparatus to 
Reduce Functional Mitral Regurgitation and Improve Left Ventricular Function 
Trial (LV RECOVER, ClinicalTrials.gov identifier NCT02153892) has been 
designed. The inclusion criteria include patients with severe symptomatic func-
tional MR of ≥3+ secondary to LV or annular remodeling, as measured in 
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accordance with the current ASE guidelines and suitable for treatment in accor-
dance with the current AHA/ACC guidelines with LVEF ≥20% and ≤40%, stable 
cardiac medical regimen for heart failure for at least 1 month, and stable NYHA 
Classification (Class III and above) for at least 1  month. A second study, 
Percutaneous Left Ventricular Reshaping to Reduce Functional Mitral 
Regurgitation and Improve LV Function (LVRESTORESA), is also listed on the 
ClinicalTrials.gov web site (identifier NCT01899573). This second investigation 
is being conducted in Medellin, Colombia. When updated to December 1, 2015, 
there were ten patients enrolled in the two trials. A third study, Safety and 
Performance of the Accucinch System NCT02624960, apparently planned in 

Fig. 10.12  The Guided Delivery Systems Accucinch device is delivered through retrograde cath-
eterization of the LV (a). The arrows highlight the separation of the leaflet edges, which define the 
regurgitant orifice. Anchors are placed in the posterior mitral annulus and connected with a “draw-
string” to cinch the annular circumference. When the cord is tightened, the basilar myocardium 
and annulus draw the mitral leaflets together to decrease the regurgitant orifice (b); artwork by 
Craig Skaggs. From Feldman T, Young A.  Percutaneous approaches to valve repair for mitral 
regurgitation. J Am Coll Cardiol. 2014;63: 2057–68
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Germany and the UK, is a single-arm, multicenter, open-label controlled study 
that will assess the safety and performance of the Accucinch System to induce left 
ventricular reverse remodeling and reduce the severity of functional mitral regur-
gitation in symptomatic adult patients with mitral regurgitation and left ventricu-
lar remodeling due to dilated cardiomyopathy (ischemic or nonischemic etiology) 
and who are at high operative risk. Enrollment has not been reported and targeted 
completion is set for 2019.

Mardil extracardiac annuloplasty: BACE (Basal Annuloplasty of the Cardia 
Externally, Mardil, Inc. Minneapolis, MN) is a tension band with inflatable silicone 
chambers that is wrapped around a section of the heart and is thus an extra-cardiac 
device (Fig. 10.13). BACE does not require open-heart surgery. The company is 
developing a tool to implant the BACE device through a small incision, as a mini-
mally invasive procedure. After the device is sutured to the heart, the chambers are 
filled with saline via tubing connected to subcutaneous ports. The saline applies 
pressure at the basal LV to approximate the mitral leaflets. The saline levels can be 
adjusted during or after the procedure to provide the appropriate pressure needed to 
minimize functional MR. The pilot clinical study enrolled 11 patients at medical 
centers in India and showed clinical efficacy and no device-related safety concerns. 
Results in five patients have been published [22]. All five patients were male, NYHA 
Class III, with LVEF of 20–40%. Epicardial application and adjustment of the 
BACE device was performed on a beating heart with effective reduction in FMR to 
grade <1. All five patients also had three bypass grafts. Reduction in MR was sus-
tained for at least 6  months, and there were no unanticipated or device-related 

Fig. 10.13  BACE (Basal 
Annuloplasty of the Cardia 
Externally) is a tension 
band with inflatable 
silicone chambers that is 
wrapped around a section 
of the heart and is thus an 
extra-cardiac device. After 
the device is sutured to the 
heart, the chambers are 
filled with saline via tubing 
connected to subcutaneous 
ports. The saline applies 
pressure at the basal LV to 
approximate the mitral 
leaflets. The saline levels 
can be adjusted during or 
after the procedure to 
provide the appropriate 
pressure needed to 
minimize functional MR
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adverse events. The system is being further studied in a 14-patient trial, the 
Evaluation of the Minimally Invasive VenTouch System in the Treatment of 
Functional MR (ClinicalTrials.gov Identifier NCT02671799), with centers recruit-
ing in France and Malaysia and additional centers planned in Canada, the Czech 
Republic, and the Netherlands. There is also progress in a CE Mark study with 30 
implants performed worldwide out of a total enrollment of 50.

10.6	 �Chordal Repair

The use of artificial chordae tendineae is an established repair method for degenera-
tive MR.  Methods for implanting neo-chordae via transapical beating-heart 
approaches have been developed and commercialized, and percutaneous approaches 
are under development.

Harpoon: This is another transapical system for placement of ePTFE neochords. 
The system uses echo guidance for real-time titration of the chordal length 
(Fig. 10.14). The delivery system is 6F. The chords have a preformed ePTFE knot 
that is formed on the atrial surface of the leaflet, which securely anchors the suture. 
The anchoring is equivalent to that accomplished with surgical chord placement. 
Normal chords have a pull-out force of 0.1–0.3 N. Conventional surgical chords 
have a pull-out force of 8.34 ± 3.29 N, while for Harpoon chords the pull-out force 
measured 8.58 ± 3.34 N, tested in 11 hearts during bench testing.

An early feasibility study was done in ten patients, in 2015, in Warsaw [23]. The 
population was at low risk, with normal LVEF, a mean age of 66 years, and a mean STS 
risk of 1.26%. Preoperative MR grade by core laboratory was severe in all patients. 
There was 100% procedural success. A mean of 3.6 chords per patient was placed. The 
introducer time was 36 min, and skin-to-skin time was 107 min. At 30-day follow-up 
echo, the MR grade was none or trace in most and moderate in two of the seven who 
had reached that time point. There was no perioperative mortality, stroke, or blood 
transfusion. There were two reoperations for delayed tamponade on postoperative days 
5 and 13 and one late reoperation for recurrent MR on postoperative day 72.

MISTRAL: The MISTRAL Chordal repair (Mitralix Ltd, Jerusalem) uses a trans-
septally delivered 3D nitinol spiral-shaped atraumatic wire implant for grasping the 
chordae tendineae from both mitral valve leaflets in order to bring them closer 
together (Fig. 10.15). When the spiral is rotated, the chordae become closer, the gap 
between the leaflets is decreased, and coaptation is significantly improved. The sys-
tem relies on a 12F off-the-shelf guide catheter (Agilis, St. Jude Medical, St. Paul, 
MN). The delivery system is 7.5F. By transseptal percutaneous approach, the 12F 
guiding catheter is delivered into the left atrium and steered towards the mitral 
valve, and the applicator catheter end is advanced into the left ventricle. The 
MISTRAL ventricular spiral is released, and by echo guidance, the spiral is turned 
to capture anterior and posterior leaflet chordae. The spiral is turned back and forth, 
and the regurgitant jet is measured by echo until the desired outcome is achieved. 
The applicator catheter is then drawn back to the atrium, and the atrial spiral is 
released. Some implants have been done in an acute porcine model, and one 
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procedure was done, in January 2016, in a patient with tricuspid valve regurgitation, 
under compassionate use.

Mitralis: Mitralis (Norwell, MA) has described a system for degenerative mitral 
regurgitation with a leaflet restraint, still in the concept stage (Fig. 10.16). This sys-
tem uses an annular anchor and extensions anchored in the LV and so is not dis-
tinctly either an annuloplasty or a chordal device. An annuloplasty device is placed 
along the mitral annulus, and an anchor is then embedded into tissue in the left 
ventricle. A restraining matrix is extended between the annuloplasty member and 
the LV anchor such that the restraining matrix is draped over a leaflet of the mitral 
valve. Adjustment of the restraining matrix is performed to correct one or more 
prolapsing segments of the leaflet.

Fig. 10.14  Harpoon is another transapical system for placement of ePTFE neochords. The deliv-
ery system is 6F. The chords have a preformed ePTFE knot that is formed on the atrial surface of 
the leaflet, which securely anchors the suture. The anchoring is equivalent to that accomplished 
with surgical chord placement. The system uses echo guidance for real-time titration of the chordal 
length
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Fig. 10.15  The MISTRAL chordal repair uses a transseptally delivered 3D nitinol spiral-shaped 
wire implant for grasping the chordae tendineae from both mitral valve leaflets in order to bring 
them closer together. When the spiral is rotated, the chordae become closer, the gap between the 
leaflets is decreased, and coaptation is significantly improved

Fig. 10.16  Mitralis has described a system for degenerative MR, still in the concept stage. This 
system uses an annular anchor and extensions anchored in the LV, so it is not distinctly either an 
annuloplasty or a chordal device. An annuloplasty device is placed along the mitral annulus, and 
an anchor is then embedded into tissue in the left ventricle. A restraining matrix is extended 
between the annuloplasty member and the LV anchor such that the restraining matrix is draped 
over a leaflet of the mitral valve. Adjusting the restraining matrix is done to correct one or more 
prolapsing segments of the leaflet
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NeoChord: The transapical off-pump mitral valve intervention with neochord 
implantation (TOP-MINI) is performed using the NeoChord DS1000 system 
(NeoChord, Inc., Eden Prairie, MN) under 2D and 3D transesophageal echocardiog-
raphy guidance for both implantation and tension adjustment of the neochordae [24, 
25]. The Transapical Artificial Chordae Tendineae (TACT) trial showed that the pro-
cedure is feasible and reproducible, with low rate of complications [26]. A recent 
registry confirmed the acute safety of the procedure, with improved clinical outcomes 
compared with previous published reports [27]. Further outcomes have been reported 
at 3 months [28]. Forty-nine patients with severe symptomatic degenerative MR were 
treated. Median age was 72 years (IQR 58–78) and median Euroscore-I was 3.26% 
(IQR 0.88–8.15); 89.8% presented with posterior leaflet prolapse, 8.2% with anterior 
prolapsed, and 2% with bileaflet prolapse. Acute procedure success, defined as suc-
cessful placement of at least three neochords with residual MR less than 2+, was 
achieved in all patients. In-hospital mortality was 2%. At 30  days, major adverse 
events included one AMI (2%) successfully treated percutaneously and one case of 
sepsis (2%), with no stroke or bleeding events. At 3 months, overall survival was 98%. 
MR was absent in 33.4%, grade 1+ in 31.2%, and grade 2+ in 25%; 10.4% developed 
recurrent severe MR due to anterior native chord rupture. Four of these were success-
fully reoperated. At 3 months follow-up, freedom from reoperation was 91.7 ± 4%.

Valtech V-Chordal: Degenerative MR frequently (84%) involves ruptured or 
elongated chordae. Conventional surgical procedures involve creation of neochor-
dae using Gore-tex suture anchored in the papillary muscle and are technically chal-
lenging. Estimation of proper length is made on a flaccid heart. Improper chordal 
length contributes to residual MR.  The V Chordal Adjustable Artificial Chordae 
System (Or Yehuda, Israel) proposes accurate and reliable fixation to the head of the 
papillary muscle using beating-heart procedures. Fine-tuning of the leaflet coapta-
tion length and depth is possible with millimeter resolution, and off-pump adjust-
ment of chordal length is done under physiological loading conditions. In animal 
models there is an excellent tissue ingrowth. Surgical feasibility has been shown in 
six patients in a European study. Four patients completed 1 year of follow-up. The 
accumulated implant time was about 10  years, with one death, which was not 
device-related, 3 months post procedure.

A conceptual transfemoral V Chordal procedure has several steps. Reaching the 
papillary muscle is accomplished by placing a wire through the mitral valve, insert-
ing a chordae-capturing device over it, and advancing the capturing device to the 
papillary muscle. Anchoring to the papillary muscle is done using the chordae-
capturing device for advancement of an anchor to the papillary muscle. The captur-
ing device is removed, leaving the anchor in place. A guide wire exits from the 
anchor. Grasping of the leaflets is accomplished by advancing a grasping device 
over the wire that extends from the anchor. The clip is positioned at the location of 
the prolapse. The clip is attached to the leaflet, connecting the adjustment element 
to the anchor. Length adjustment is made with an adjustment tool over the wire to 
minimize MR, with further adjustment as needed before detaching the system and 
leaving the implant in place. Each of the component steps is based on existing capa-
bilities from other device developments.
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�Conclusions
There are a remarkable number and spectrum of devices under development for 
percutaneous mitral repair. The slow development of catheter mitral replacement 
systems and the growing positive international experience with the EC- and 
US-approved repair devices suggest there will be a role for percutaneous mitral 
repair for at least the near future, if not indefinitely.
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11Transcatheter Mitral Valve Implantation

Adrian Attinger-Toller, Anson Cheung, and John G. Webb

11.1	 �Introduction

Mitral regurgitation (MR) is the most common cardiac valve pathology in 
Western countries. The estimated prevalence of moderate and severe MR in the 
USA is 2–2.5 million [1], and its presence may contribute to an impaired prog-
nosis [2–7]. Furthermore, MR is the second most frequent valve disease requir-
ing surgery in Europe [8]. In degenerative MR, surgical treatment by 
reconstruction rather than replacement is well established based on excellent 
long-term outcomes and effective reduction of MR [9]. For functional MR, 
however, isolated mitral valve (MV) surgery is less well established due to less 
favorable surgical results and the lack of evidence for the benefit of surgery over 
medical therapy [10].

Though surgery remains the gold standard treatment for significant MR, many 
patients, regardless of MR etiology, are declined surgery due to their high operative 
risk [11]. The Euro Heart Survey revealed that up to 50% of patients hospitalized 
with symptomatic severe MR are not referred for MV surgery, mainly because of 
advanced age, comorbidities, and left ventricular (LV) dysfunction [8]. The desire 
for less invasive approaches has led to the development of a variety of percutaneous 
approaches for treating MR. This chapter aims to introduce five transcatheter MV 
implantation (TMVI) devices, which are the only MV valves currently being used 
in human trials.
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11.1.1	 �Transcatheter MV Repair

Several percutaneous transcatheter MV repair technologies have recently emerged as 
possible alternatives to open heart surgery for high-risk patients. The MitraClip™ 
system was one of the first transcatheter devices to be commercialized and is now 
widely available [12–14]. Other transcatheter devices using the concepts of annulo-
plasty, chordal implantation, and LV remodeling are undergoing evaluation 
[15–17].

11.1.2	 �Transcatheter MV Implantation

Like transcatheter aortic valve replacement, transcatheter mitral valve implantation 
(TMVI) may have the potential to become an alternative to surgery in high-risk 
patients with severe MR. In contrast to repair, TMVI has the potential to reduce MR 
to a similar extent as that achieved with surgery, with the potential for reducing 
invasiveness and procedural risk. Importantly, TMVI may offer wider applicability 
across patients and disease variations compared with repair.

The first experimental off-pump TMVI via the left atrium was reported in 2005 
[17], and the first-in-human percutaneous TMVI was performed in June, 2012, with 
the CardiAQ valve system. Since then, several medical device companies have been 
competing to bring suitable transcatheter valves to the market.

11.2	 �Challenges for TMVI Devices

Device design faces a variety of challenges in targeting the most complex of the 
heart’s four valves. In contrast to the aortic valve, the MV has a larger and noncir-
cular saddle-shaped annulus and a complex subvalvular apparatus. Due to the close 
anatomical relationship between the MV and the left ventricular outflow tract 
(LVOT), implantation of a prosthetic MV has the potential for LVOT obstruction. 
These attributes, together with the absence of calcification in MR, and high mitral 
transvalvular systolic gradients, have made development of a transcatheter MV 
device more difficult. Table 11.1 lists anatomical, hemodynamical, and technical 
challenges of TMVI devices.

11.3	 �Patient Selection

There remains a great deal to learn about which patients may benefit from TMVI. As 
with other valve procedures, patient selection is determined by anatomical and clin-
ical criteria. Discussion of patients by a heart team and detailed imaging are impera-
tive for patient selection and preprocedural planning. Because the technique is still 
evolving, only patients who pose a high risk for surgery due to comorbidities have 
been treated. Anatomical selection criteria are discussed below.

A. Attinger-Toller et al.
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11.4	 �Preprocedural Imaging

Preprocedural imaging is pivotal for determining patient eligibility and device siz-
ing. Transthoracic echocardiography (TTE) remains the first imaging technique for 
diagnosing and quantifying MV pathology. However, preprocedural three-
dimensional (3D) transesophageal echocardiography (TEE) improves morphologi-
cal and functional MV evaluation. Multislice computed tomography (CT) with its 
high spatial resolution and 3D data may be the modality of choice for morphologi-
cal and geometrical evaluation of the MV and surrounding structures. Though less 

Table 11.1  Challenges of TMVI devices

Valve position Truly percutaneous, transfemoral access to MV challenging
− �Multidimensional, highly curved catheter course
Possible access routes: transapical, transseptal, transatrial

Valve anatomy − �Asymmetrical saddle-shaped mitral annulus
− �Complex subvalvular apparatus composed of leaflets, annulus, 

chordae tendineae, and papillary muscles
− �Mandatory to preserve LV geometry
− �Irregular geometry of the mitral leaflets
− �No stable calcified structure for anchoring in most casesa

Dynamic environment Dynamic changes in mitral annular geometry (shape/size) during the 
cardiac cycle:
− �Overall reduction of annular area up to 30%
− �Reduction of annular circumference up to 15%
High dislodgment forces:
− �Displacement or migration of device during continuous cyclic 

movements of the annulus and LV base
− �High transvalvular gradients

Device requirements − �Balanced radial stiffness:
 �   To resist dynamic environment and avoid frame fracture
 � �  At the same time: no perforation of adjacent structures due to 

device stiffness
− �Durable valve materials to withstand the loads generated
− �No LVOT obstruction, occlusion of circumflex coronary artery, 

compression of coronary sinus, or disruption of major conduction 
system

− �Large delivery systems due to large annular size
Hemodynamic 
performance

PVL should be minimized:
− �Regurgitation poorly tolerated in the mitral position as a result of 

the higher pressure gradient across the valve
− �PVL may result in hemolysis.

Other issues − �Thrombogenicity in the setting of a dilated LA and atrial 
fibrillation

− �Possibility of reoperation or TMVI-in-TMVI still unclear

Adapted from Ole De Backer et al. Circ Cardiovasc Interv. 2014 Jun;7(3):400–9
LA left atrium, LV left ventricle, LVOT left ventricular outflow tract, MV mitral valve, PVL paraval-
vular leak, TMVI transcatheter mitral valve implantation
aIn some patients with MV stenosis, it is possible to anchor the device in the severely calcified 
mitral annulus
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often used in clinical practice, cardiac magnetic resonance permits accurate assess-
ment of anatomy and function of the MV and can be helpful in some cases [18].

11.4.1	 �Determining TMVI Feasibility and Preprocedural Planning

Given the variability of anchoring mechanisms and dimensions, relevant anatomy 
for determining TMVI feasibility depends on which device is being used. For all 
TMVI devices, proper sizing of the mitral annulus (MA), as well as a detailed char-
acterization of the landing zone and adjacent structures, is required. Due to dynamic 
variability, dimensions should be assessed at multiple phases throughout the cardiac 
cycle. Calcification of cardiac structures needs to be assessed in detail, because 
excessive mitral annular, valvular, or subvalvular calcification can interfere with 
proper seating and fixation of the bioprosthetic valve. Finally, assessment of LV size 
is important, because small LV cavities with hyperdynamic function may not allow 
room for the TMVI frame [19].

11.4.1.1	 �Mitral Annulus
The annulus is defined by the junction of the left atrium, left ventricle, and mitral 
leaflets, resulting in a 3D saddle-shaped configuration with anterior and posterior 
peaks. The posterior annulus is formed by a well-defined, distinct fibrous struc-
ture consisting of the junction of the left atrium, the left ventricle, and insertion of 
the posterior mitral leaflet. Due to the continuous transition of the anterior mitral 
leaflet into the intervalvular fibrosa (aortomitral “curtain” or “continuity”), the 
anterior annulus is more difficult to define. Though the annulus can be visualized 
by echocardiography and CT, two-dimensional (2D) measurements incompletely 
describe the complex 3D geometry, and yielded values are strongly dependent on 
their exact orientation. 3D annular segmentation on echocardiography and CT 
overcomes these measurement limitations, permitting assessment of area, perim-
eter, and other measurements. Simplified, the so-called method of “least squares 
planes” provides 2D measurements from the 3D contour by projecting the 3D 
contour onto a 2D plane and thus provides valuable information needed to choose 
a prosthetic valve size [19]. This method also permits definition of an axis that is 
oriented perpendicularly to the 2D plane while transecting the centroid (Figs. 11.1 
and 11.2) [19].

11.4.1.2	 �Mitral Leaflets, Chords, and Papillary Muscles
Leaflet anatomy, length, thickness, and calcification can be important for device 
anchoring. An adequate gap between the papillary muscle and the mitral leaflet may 
be necessary for devices that anchor behind the leaflets. Insertion of a papillary 
muscle directly into a leaflet can interfere with device anchoring [19]. In some 
cases, specific chordal anatomies can interfere with positioning and fixation.

11.4.1.3	 �Annular Calcification
Mitral annular calcification (MAC) is a common degenerative process of the fibrous 
annulus and is associated with advancing age and end-stage renal disease. MAC is 
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Fig. 11.1  Projection of 3D mitral annulus onto a 2D plane. The 2D mitral annular area is assessed 
using the method of least squares, similar to projecting the contour onto a plane. Orientation of the 
plane and annular trajectory are obtained by the least squares plane calculation. The actual 2D annular 
plane has the identical orientation as the projection but transects through the geometrical centroid
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Fig. 11.2  3D mitral annular segmentation on CT. Annular segmentation is performed by generat-
ing a cubic spline interpolation of manually placed seeding points along the 3D annular contour. 
This segmentation results in a saddle-shaped mitral annular contour with an anterior/aortic peak 
and nadirs at the fibrous trigones (a). The contour is truncated at a virtual line connecting both 
trigones, excluding the aortic peak, resulting in a D-shape contour (b). Important measurements 
are the projected area septal-to-lateral (SL) and intercommissural distances; the latter is oriented 
perpendicularly to SL while transecting through the centroid (c and d)
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present in approximately 6% of the general older population and presents a concern 
for patients undergoing surgery, as well as TMVI [19].

11.4.1.4	 �Predicting LVOT Obstruction
TMVI devices consist of circumferentially covered stent frames, which can signifi-
cantly protrude into the LV cavity or displace the anterior mitral leaflet, and poten-
tially encroach upon the LVOT.  Because of this protrusion, a “neo-LVOT” is 
created by the device, the anterior mitral leaflet, and the interventricular septum. 
Predisposing factors for LVOT obstruction include anatomical- and device-related 
factors. LVOT anatomy is influenced mainly by the configuration of the interven-
tricular septum, LV size, and the aortomitral angulation. Furthermore, extensive 
device protrusion into the left ventricle and device flaring can lead to LVOT 
obstruction (Table 11.2).

Though limited, virtual CT TMVI simulation can predict neo-LVOT geometry 
by embedding a cylindrical or device-specific contour into the CT dataset (Fig. 11.3). 
However, to date there are no established cutoff values for minimal neo-LVOT area 
that indicate an increased risk of LVOT obstruction [19].

11.4.1.5	 �Access Location and Prediction of Fluoroscopic 
Angulation

Post-processing of CT data allows identification of the ideal LV access point, which 
is commonly located laterally or anteriorly to the true apex. To facilitate coaxial 
device deployment, coplanar fluoroscopic projections are used during TMVI. Mitral 
annular plane segmentation on CT can provide these projection angulations for 
intraprocedural fluoroscopy.

11.5	 �Transcatheter Mitral Valve Implantation

Currently, all devices are deployed transapically (Table 11.3). The CardiAQ TMVI 
system is unique at this time in also being compatible with transseptal implantation. 
Procedures are performed under general anesthesia, with hemodynamic monitoring 
in an operating room.

Table 11.2  Risk factors for LVOT obstruction

Aortomitral angulation Angle between the MA trajectorya and the
LVOT long axis:
− �Low risk if parallel
− �High risk if perpendicular

LV size Small LV cavity
Interventricular septum − �Basal, septal bulging

− �Basal hypertrophy (>15 mm)
Device-related factors Extension of device protrusion into the LV and device flaring

LVOT left ventricular outflow tract, MA mitral annulus
aAxis that is oriented perpendicularly to the 2D plane while transecting the geometrical center of 
the MA
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Generally, in transapical procedures, the ventricular apex is approached through 
a left lateral thoracotomy, and the apex is punctured lateral to the ventricular apex. 
A soft J-tip guidewire is advanced through the left ventricle and, retrograde, through 
the mitral valve into the left atrium. The transcatheter valve delivery catheter is typi-
cally advanced over the wire into position. Coaxial positioning can be achieved by 
direct manipulation of the apical delivery system and evaluated by 2D and 3D TEE.

In transfemoral procedures, percutaneous access is obtained in a femoral vein, 
and a transseptal puncture is made. Typically, the puncture site is high or midway up 
on the posterior aspect of the interatrial septum to facilitate crossing the mitral 
valve. An exchange length guidewire is advanced through the mitral valve and into 
the left ventricle. If necessary, the guidewire can be passed out of the LVOT into the 
aorta or even snared and exteriorized from a femoral artery, forming a venoarterial 
loop. Subsequently, the delivery catheter is advanced across the septum into the left 
ventricle. Coaxial alignment of the valve can be achieved by active flexion of the 
delivery catheter or alternatively by advancing or retracting either the delivery sys-
tem or the wire.

For both antegrade and retrograde approaches, it is very important to ensure that 
the ventricular wire does not pass under chords that might be damaged or interfere 

Neo-LVOT center-
line

Neo-LVOT
planimetry 

a

b

Fig. 11.3  Prediction of 
neo-LVOT dimensions. 
End-systolic CT datasets 
of a patient with prior 
bioprosthetic valve 
replacement. Three-
chamber (a) and LVOT 
short-axis (b) views 
showing a simulated 
cylindrical device 
(23 mm), oriented 
perpendicularly to the 
annular plane
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with delivery catheter passage or device fixation. A J-tip guidewire is less likely to 
pass under a chord than a straight wire. A typical maneuver is to pass an inflated 
balloon over the wire and verify that this passes freely through the left ventricle to 
the valve.

11.5.1	 �Intraprocedural Imaging

Intraprocedural imaging is done with TEE and fluoroscopy. By compressing the left 
ventricle with a finger epicardially or epicardial ultrasound, the location of the ven-
tricular puncture can be confirmed. To determine the correct placement of the guide-
wire across the MA, and to position the guidewire in the roof of the LA, continuous 
imaging is performed using fluoroscopy and TEE.  The delivery system is 

Table 11.3  Overview of TMVI devices

Device

CardiAQ 
TMVI 
system

Tiara 
transcatheter 
heart valve

FORTIS 
transcatheter 
mitral valve

Tendyne 
TMVI 
system

Intrepid 
transcatheter 
mitral valve

Manufacturer Edwards 
Lifesciences 
Inc.

Neovasc Inc. Edwards 
Lifesciences 
Inc.

Abbott Inc. Medtronic 
Inc.

Human implants + + + + +
Access TA/TS TA TA TA TA
Nitinol frame + + + + +
Pericardial leaflet 
tissue type

Bovine Bovine Bovine Porcine Bovine

Trileaflet valve + + + + +
Symmetric leaflets + − + + +
Implant shape Circular D-shaped Circular D-shaped Circular
Seal Pericardial Synthetic Synthetic Synthetic Synthetic
Fixation:
 � Atrial flange + + + + +
 � Apical tether − − − + −
 � Barbs/tines + − − − +
 � Clips/tabs/paddles + + + − −
 � Radial force − − − − −
 � Requires normal 

PML
− − + − −

 � Requires posterior 
ridge

− + − − −

 � Requires normal 
AML

− − + − −

Recapture/retrieval − − − Retrievable Retrievable
Suitable for
 � Functional MR + + + + +
 � Degenerative MR ± + − + +
Sheath size 36 Fr 32 Fr 42 Fr 32 Fr 35 Fr

AML anterior mitral leaflet, MR mitral regurgitation, PML posterior mitral leaflet, TA transapical, 
TS transseptal, TMVI transcatheter mitral valve implantation
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introduced, and the device is deployed under both fluoroscopic and TEE guidance 
(Fig. 11.4), thus confirming free passage from the apex to the left atrium and ensur-
ing alignment of the flat portion of D-shaped devices or specific anchoring mecha-
nism with the mitral apparatus. Immediately following deployment, 2D and 3D 
imaging confirm appropriate seating, stability, radial orientation, relationship to the 
captured leaflets, and prosthetic valve function (Fig. 11.5).

Follow-up imaging is done most conveniently by TTE to assess valve function 
(MV orifice area; central or paravalvular mitral regurgitation) [19].

11.6	 �Transcatheter MV Systems

To date, the following five transcatheter MV systems have been implanted in 
humans:

–– CardiAQ TMVI System (Edwards Lifesciences Inc., USA)
–– Tiara transcatheter valve (Neovasc Inc., Canada)

1 2 3

1 2 3

a

b

Fig. 11.4  Deployment sequence of a CardiAQ valve under fluoroscopic guidance. Transseptal (a) 
and transapical approach (b): (1) leaflet capture; (2) valve expansion; (3) valve release
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–– FORTIS transcatheter mitral valve (Edwards Lifesciences, USA)
–– Tendyne TMVI System (Abbott Inc., USA)
–– Intrepid transcatheter mitral valve (Medtronic Inc., USA).

Each of these systems offers innovative design solutions to overcome the chal-
lenging anatomy of the MV complex. All current devices incorporate a self-
expandable nitinol frame, three pericardial leaflets, and a synthetic fabric or 
pericardial seal (Fig.  11.6). Table  11.3 provides an overview of their specific 
characteristics.

11.6.1	 �CardiAQ TMVI System

11.6.1.1	 Device�
The CardiAQ bioprosthesis (Edwards Lifesciences Inc., USA) consists of a self-
expanding nitinol frame, which carries three leaflets of bovine pericardial tissue 
(Fig.  11.7). The device does not rely on radial force for fixation to the annulus. 

a b

c d

Fig. 11.5  Echocardiographic images after deployment of a FORTIS valve. (a and b) Evaluation 
after TMVI showing an accurate and stable position of the bioprosthetic valve and only trace para-
valvular regurgitation. (c and d) Three-dimensional images showing the bioprosthesis during dias-
tole and systole
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a d

eb

c

Fig. 11.6  Overview of the five transcatheter mitral valve systems that have been implanted in 
humans. (a) CardiAQ valve. (b) Tiara valve. (c) FORTIS. (d) Tendyne valve. (e) Intrepid valve

Tapered outflow

Bovine pericardial leaflets 

Left ventricular
anchors

Left atrial anchors

Intra-annular
sealing skirt

Open frame cells 

Fig. 11.7  CardiAQ valve. The valve consists of a self-expanding nitinol frame that carries three 
leaflets of bovine pericardial tissue. The anchoring mechanism of the CardiAQ valve preserves 
chords and utilizes native leaflets to secure the position. Also, load distribution among annulus, 
leaflets, and chords is promoted. The valve is designed to promote physiological flow and elimi-
nate mitral regurgitation. The supra-annular position and the tapered outflow of the device mini-
mize the risk of LVOT obstruction. The intra-annular sealing skirt is designed to minimize 
paravalvular leak. The frame cells of the inflow section are open to ensure atrial flow
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Sealing and anchoring are achieved by two sets of opposing anchors which grasp 
the mitral leaflets from the left atrial and LV side. Additionally, foreshortening of 
the frame creates a clamping action that anchors the valve above and below the 
annulus, preserving the chordae and papillary apparatus. The frame is covered by a 
polyester fabric seal to reduce paraprosthetic leaks. To ensure accurate placement, 
the different steps of valve deployment are controllable, and the valve is reposition-
able before the final deployment. The device can either be inserted truly percutane-
ously through the femoral vein using a transseptal access to the left atrium 
(antegrade) or transapically (retrograde) [20].

11.6.1.2	 �Clinical Experience
In June, 2012, the first-in-human TMVI was done in Copenhagen, Denmark in a 
high-risk patient with severe, symptomatic MR. Despite successful antegrade trans-
septal implantation of the first-generation, porcine pericardial CardiAQ valve, with 
stable position and hemodynamics, the patient died 3 days post-procedure of multi-
organ failure. The second-generation CardiAQ valve was first implanted in 2014, 
using a transapical delivery system [21]. Subsequently 14 patients were treated 
under compassionate use protocols (Table  11.4). Two procedural deaths were 
reported (TVT Chicago 2016), one due to entrapment in the mechanical aortic valve 
and one as a result of malpositioning due to sub-leaflet calcification. Currently, 
patients are being enrolled in a US early feasibility study and a CE Mark trial, utiliz-
ing both transapical and transseptal accesses.

11.6.2	 �Tiara Transcatheter Valve

11.6.2.1	 Device�
The Tiara valve (Neovasc Inc., Canada) is a self-expanding bioprosthesis with 
cross-linked bovine pericardial tissue leaflets mounted inside a metal alloy frame 
(Fig. 11.8). The atrial portion of the valve is anatomically shaped to fit the asym-
metric and D-shaped mitral annulus and to prevent impingement of the LVOT. The 
ventricular portion of the device has a covered skirt to prevent paravalvular leakage, 
as well as three anchoring tabs, which firmly secure the Tiara valve onto the fibrous 
trigones and the posterior shelf of the annulus. These features prevent retrograde 
dislodgement during systole. The Tiara valve can be resheathable, repositionable, 
and retrievable until the final step of ventricular deployment. The device is implanted 

Table 11.4  Clinical outcome after TMVI

Device

CardiAQ 
TMVI 
system

Tiara 
transcatheter 
heart valve

FORTIS 
transcatheter 
mitral valve

Tendyne 
TMVI 
system

Intrepid 
transcatheter 
mitral valve

Patients treated (n) 14 17 13 37 17
Procedural success 9/11 (82%) 14 (82%) 10/13 (77%) 26/28 (93%) 15 (88%)
Early mortality 6/12 (50%) 3 (18%) 5/13 (39%) 1/23 (4%) 4 (24%)

Adapted from Gregg W. Stone, TVT Chicago 2016
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transapically using a 32 French (F) delivery catheter for the 35 mm and a 36 F cath-
eter for the 40 mm device.
The Tiara valve can be used for both functional and degenerative mitral regurgita-
tion. Relative anatomical exclusions include very large annular dimensions and 
severe mitral and subvalvular calcification [22].

11.6.2.2	 �Clinical Experience
The first two cases of human Tiara valve implantation were in 2014, in Vancouver, 
Canada. Both patients had severe ischemic cardiomyopathies with poor LV func-
tions, severe functional MR, and prohibitive comorbidities. Device implantation 
was successful, with good results. Repeat TTEs at 4 weeks showed normal valve 
function with no relevant paravalvular leak, normal transmitral gradients, and no 
LVOT obstruction. The first patient, however, had persistent symptoms related to 
congestive heart failure and chronic renal failure leading to death 69  days post-
procedure. The second patient remained well at 2.5 years, with a significant clinical 
improvement [22]. At TVT Chicago 2016, implantation of the Tiara valve system 
was reported in 17 high-risk patients (Table 11.4). In 14 patients, Tiara was success-
fully implanted as intended, resulting in a stable and well-anchored prosthetic valve, 
without paravalvular leakage. There were no procedural deaths, though three 
patients required conversion to surgical valve replacement due to valve malposition. 
Two patients with preprocedural severe MR and low EF (20%) are alive and well 
2 years post implant, with no recurrent MR or PVL and well-functioning Tiara on 
TTE follow-up.

11.6.3	 �FORTIS Transcatheter Mitral Valve

11.6.3.1	 �Device
The Edwards FORTIS valve is made of a self-expanding nitinol stent with three 
bovine pericardial leaflets (Fig. 11.9). The valve consists of a cylindrical central valve 

Posterior
anchor

Atrial skirt

Anterior
anchor

Atrial skirt

Bovine pericardial
leaflets 

Fig. 11.8  Tiara valve. The anatomical D-shape of the valve, the atrial skirt that engages the atrial 
aspect of the mitral annulus, one posterior and two anterior anchors as well as the saddle-shaped 
valve are clearly seen
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body, two paddles, and an atrial flange. The central valve harbors the three leaflets. 
The outside of the stent is cloth covered to prevent mitral leaflet injury and provide a 
platform for tissue ingrowth after implantation. The paddles are located in the outflow 
of the central valve body. The paddles anchor the FORTIS device by capturing the 
mitral leaflets in such a way that the native leaflets are secured between the valve body 
and the paddles. The atrial flange is positioned at the inflow portion of the valve body 
and is made of multiple nitinol struts covered with cloth. Two of the struts are more 
flexible than the rest to prevent interference with the aortic valve function. The atrial 
flange rests on the base of the left atrium and allows tissue endothelialization.

The FORTIS valve is loaded into a 42 F transapical delivery system. The delivery 
system allows stepwise release of the valve as well as recapturability and reposition-
ability to a certain point during deployment (Fig. 11.10). Multiple radiopaque mark-
ers on the delivery system facilitate positioning and deployment of the device under 
fluoroscopy and echocardiography [23].

11.6.3.2	 �Clinical Experience
In February 2014, the first patient was treated with the FORTIS valve. So far, there 
are reports of 20 high-risk patients who underwent implantation of the FORTIS 
valve. From the ongoing feasibility trial protocol in the USA, results for 13 of these 
patients are available [23]. Implantation of the device was successful in ten patients 
(Table 11.4). Two patients had to be converted to surgery due to malposition of the 
device and chordal entanglement of the balloon before device implantation. One 
patient had partial migration of the device 4 days after the procedure because of 
incomplete posterior leaflet capture. Valve thrombosis was documented in isolated 
cases, leading to recommendations for more aggressive anticoagulation. The lon-
gest survival of the patients treated with the FORTIS valve was in Vancouver, 
Canada, and was 2 years. Recently the Edwards FORTIS and the CardiAQ valve 
programs have been merged.

Flange

Paddle

Circular valve and
cylindrical frame

2 flexible arms Fig. 11.9  FORTIS valve. 
Two flexible arms respect 
the aortomitral anatomy 
and prevent aortic sinus 
impingement; the 
adaptable flange flexes to 
D-shape in patient anatomy 
as needed; the circular 
valve with symmetric 
leaflets minimizes leaflet 
closing stress under high 
ventricular pressures; the 
cylindrical frame ensures 
optimal laminar flow, and 
wide paddles capture the 
native leaflets for secure 
anchoring
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11.6.4	 �Tendyne TMVI System Device

11.6.4.1	 Device�
The Tendyne valve (Abbott Inc., USA) is a trileaflet porcine, pericardial valve (Fig. 11.11). 
The device consists of an atrial flange, a ventricular body made of two self-expanding 
nitinol stents that house the valve leaflets, and a ventricular fixation system composed of 
a tether attached to the stent. The atrial flange offers atrial sealing and anchoring. The 
inner stent is one size and circular to maintain a consistent, large, effective orifice area 
(>3.0 cm2); the outer stent is D-shaped, which helps seat the valve. The prosthetic valve 
is delivered transapically through a 32 F sheath and is secured via a tether (neochordae) 
near the LV apex using a pad that sits on the epicardium. The device is designed to be 
fully retrievable, and can be repositioned, even after full deployment [24].

11.6.4.2	 �Clinical Experience
Initial experience with the Tendyne valve was with patients undergoing planned 
surgical MV replacement in Asuncion, Paraguay (2013). Two patients received a 
Tendyne implant and were monitored for 2 h post implant prior to planned removal 
and conventional surgical MV repair. After the valve implantation, good valve func-
tion was documented, with no coronary artery restriction, LVOT obstruction, or 
systolic anterior motion of the MV in either patient [24]. Following this, the bio-
prosthetic device has been implanted in 37 patients (32 EFS implants, 5 compas-
sionate use implants) worldwide (Table 11.4). Outcomes of 23 patients were shown 
at TVT 2016 in Chicago. At 30 days, one patient died of sepsis. Function of the 

a b c

Fig. 11.10  Deployment sequence of a FORTIS valve. (a) Leaflet capture; (b) flange release; (c) 
valve release
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Tendyne valve was reported to be good, with only mild MR in 4 patients and no MR 
in 15 patients.

11.6.5	 �Intrepid Transcatheter Mitral Valve

11.6.5.1	 Device�
The Intrepid (Medtronic Inc., USA) valve is a trileaflet pericardial valve sewn onto a 
self-expanding nitinol frame (Fig.  11.12). The bioprosthetic valve features a large 
inflow atrial portion that is responsible for sealing and a short outflow ventricular por-
tion to avoid LVOT obstruction. The bioprosthesis does not rely on outward radial 
forces for anchoring. Instead, it uses the native mitral apparatus for axial fixation. 
Attached to the outflow section of the frame, the device has support arms that function 
to capture the anterior and posterior MV leaflets and engage the submitral apparatus.
Leaflet capture also minimizes the risk of systolic anterior motion. The valve is 
designed to be fully retrievable, and it is possible to refold and withdraw the valve 
via a catheter in case a bailout procedure is needed. Similar to a minimally invasive 
MV repair, the current device is delivered transatrially to avoid further damage to 
the LV wall. A transseptal delivery system is under development [25].

11.6.5.2	 �Clinical Experience
At TVT Chicago, outcomes of 17 patients were presented. Successful implantation 
of the Intrepid valve has been reported in 15 patients, with an early mortality of 24% 
(Table 11.4).

Apical tether

Outer stent

Inner stent

Fig. 11.11  Tendyne valve. Adapted from Neal Moat, TVT Chicago 2016. The valve consists of 
an atrial flange, a ventricular body made of two self-expanding nitinol frames (inner stent circular; 
outer stent D-shaped) that house the porcine pericardial valve leaflets and a ventricular fixation 
system composed of tethering strings attached to the stent. The Tendyne valve has a large valve 
size matrix with multiple outer frame sizes, whereas there is only one size for the inner stent ensur-
ing a large effective orifice area
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�Conclusion
Due to the large number of high-risk patients with significant mitral valve dis-
ease, transcatheter options will be of increasing importance. TMVI offers great 
potential to expand treatment options for these patients. However, multiple tech-
nical challenges still have to be overcome before TMVI for native mitral valve 
disease becomes an option in daily practice.
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12Transcatheter Therapy for Mitral 
Regurgitation: A Review 
of the Literature

Sergio Buccheri and Davide Capodanno

Growing evidence in the literature testifies to the clinical safety and efficacy of the per-
cutaneous treatment of mitral regurgitation (MR) [1, 2]. The available data are mainly 
from multicenter registries or from case studies collected prospectively in individual 
centers. Data from randomized trials is rather limited [3]. Among the different tech-
niques available for interventional treatment of the mitral valve, percutaneous repair 
with the MitraClip System (Abbott Vascular, Santa Clara, CA) has definitely been the 
most studied technique, and the one with the most data currently available, though the 
feasibility and safety data for other percutaneous techniques (Cardioband, Mitralign, 
Carillon, transcatheter implantable mitral valve) have recently been published [4, 5].

12.1	 �The EVEREST Studies: From the Initial Stage 
to the Randomized Study

The first data on the efficacy and safety of the MitraClip System were reported by 
EVEREST (Endovascular Valve Edge-to-Edge Repair Study) I and pre-
randomization EVEREST II “start-up experience” studies [6, 7]. These studies were 
designed as prospective multicenter studies to evaluate the safety and initial feasi-
bility of percutaneous MR repair with the MitraClip System. The EVEREST studies 
enrolled a total of 107 patients, of whom 62% were over the age of 65, and 21% had 
functional MR. The mean left ventricular ejection fraction (EF) in the population 
was 62%. The acute success of the procedure, defined as a reduction of the degree 
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of MR ≤ 2+, was obtained in 74% of patients, and 64% of the enrolled patients were 
discharged with an MR ≤ 1+. The procedure was ineffective in 11 patients, of whom 
8 for inability to reduce MR and 3 due to complications during transseptal puncture. 
There were no cases of intraoperative death. In the group of treated patients, there 
was no case of device embolization, while a partial clip detachment from a single 
leaflet was reported in ten (9%) patients. At 30 days of follow-up, ten patients (9%) 
had experienced a major adverse event, including a non-procedural death in a patient 
who had not received MitraClip. Analysis of the follow-up showed that freedom 
from death at 3 years was 90%, while freedom from surgery was 76%. The primary 
efficacy end point (composite of freedom from MR > 2+, cardiac surgery for valve 
dysfunction and death) was reached in 66% of cases at 1 year, in 65% at 2 years, and 
in 63% at 3 years. Superimposable results in the acute and in the medium term were 
also reported in patients with functional MR. In a period of 3.2 years, however, 32 
patients (30%) needed subsequent surgery to treat recurrent MR. An analysis of 65 
patients also showed a significant improvement in the functional class and symp-
toms reported by the patients after MitraClip implantation (92% in NYHA func-
tional class I–II at 12 months). In aggregate, EVEREST showed that the MitraClip 
System is safe and feasible, with a good percentage of success in patients consid-
ered at high surgical risk. These studies have laid the foundations, and supported the 
design, of the randomized EVEREST study (EVEREST II) [3].

The EVEREST II trial randomized a total of 279 patients suffering from MR for 
treatment with MitraClip or surgery and had a ratio of 2:1, respectively. All the 
enrolled patients had MR ≥ 3+ and were eligible for both types of treatment. A total 
of 73% of the patients in the MitraClip group had degenerative MR. The safety end 
point set for the study was defined as the composite of death, myocardial infarction, 
stroke, reoperation, transfusions, and renal failure, while the primary composite end 
point for efficacy was freedom from death and from surgery for MR repair/replace-
ment and improvement of MR by a grade.

The EVEREST trial has provided several results of great interest. In the 
intention-to-treat analysis, the efficacy end point was reached in 55% of patients 
treated with MitraClip compared with 78% of patients treated with surgery 
(p = 0.007), while the rate of major adverse events was significantly higher in the 
surgical group as a result of the higher number of postoperative transfusions 
needed. The specific analysis concerning the improvement in the grade of MR 
showed that 41 patients, i.e., about a quarter of the population assigned to treat-
ment with MitraClip, were discharged with residual MR grades of 3+/4+, and, 
among them, 28 patients required subsequent surgical treatment. All patients 
treated surgically were discharged with a residual grade of MR of <2+. Treatment 
with MitraClip reached the non-inferiority margin, compared with surgery, for the 
primary efficacy end point. In the follow-up at 2 years, there were no significant 
differences in mortality between the two groups. Echocardiographic evaluations 
showed that both treatments accounted for significant reductions in end-diastolic 
and end-systolic volumes and an increase in left ventricular EF at 12  months. 
Surgical treatment, however, resulted in a greater reduction of the end-diastolic 
volume and a greater increase in EF, compared with treatment with MitraClip 
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(p = 0.004 and p = 0.005, respectively). A significant improvement in the quality of 
life in both groups was found, with a transient decrease in the quality of life at 
30 days in patients treated surgically. In the exploratory analysis of subgroups of 
the study, the benefits of surgery were attenuated in patients aged 70 years and 
over, with an EF of <60%, and with functional MR.

The long-term results of the EVEREST trial [8] showed a substantial stability of 
the results in 210 patients analyzed at 5 years of follow-up. Interestingly, though 
treatment with MitraClip had led to a greater need for reoperation due to early 
recurrence of MR, between 6 months and 5 years, the efficacy in reducing the degree 
of MR was maintained in both groups. In addition, there appeared to be no differ-
ences in mortality in the long-term follow-up.

12.2	 �Data from the Real World: An Analysis of Registries

The data derived from the EVEREST randomized trial highlighted the feasibility 
and procedural safety of percutaneous repair with MitraClip, thus encouraging a 
broader use of the device. Numerous experiences published in the literature [9–12] 
have reported data on procedural success and on the clinical impact of MitraClip 
implantation in non-select patients. Interesting evidence confirming the efficacy of 
the device has also been found in the real world.

Two large US registries, EVEREST II HRR (Endovascular Valve Edge-to-Edge 
REpair STudy High-Risk registry) and REALISM, have provided the first results 
after MitraClip implantation in the real world [9]. The enrolled patients were elderly 
(mean age 76 ± 11 years), and in 70% of cases had severe functional MR. The com-
bined analysis of the two registries, for a total of 351 patients, of whom 327 with 
follow-up available at 12 months, found a procedural success (MR ≤ 2+) in 86% of 
cases. In the follow-up, 84% patients maintained the procedural results in terms of 
improvement in the grade of MR. Compared with the pre-procedural clinical condi-
tions, a significant reduction was found in the percentage of patients in NYHA class 
III–IV, as was an improvement in the quality of life. The annualized rate of heart 
failure hospitalizations was significantly reduced (from 0.79% to 0.41%). The esti-
mated survival rate at 12 months, using the Kaplan-Meier method, was 77.2%.

ACCESS-EU (a two-phase observational study of the MitraClip System in 
Europe), a large European multicenter registry, substantially confirmed the results 
of previous experiences [10]. A total of 567 patients treated with MitraClip in 14 
European centers were enrolled in the registry. The enrolled patients were elderly, 
at high surgical risk (mean logistic EuroSCORE of 23.0%), and with an EF ≤ 40% 
in 52.7% of cases. At 1 year, the mean survival and the rate of patients with MR ≤ 2+ 
were 81.8% and 78.9%, respectively. A total of 36 patients required re-surgery at 12 
months.

Similarly, the European Sentinel Registry reported the procedural data and clini-
cal outcomes of 628 patients treated with MitraClip in 25 European centers (8 coun-
tries) [11]. In this case, as well, the treated patients were elderly, at high surgical risk 
(logistic EuroSCORE of 20.4%), and 72% of cases were affected with functional 
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MR. The acute procedural success rate was 95.2%. Intrahospital mortality was low 
(2.9%), while mortality in the follow-up at 1 year was 15.3%.

One of the largest currently available body of cases is the Transcatheter Mitral 
Valve Interventions (TRAMI) multicenter registry [12]. The TRAMI registry ana-
lyzed the data of 828 patients treated with MitraClip in Germany. In this registry, 
too, the patients enrolled in the analysis were elderly and at high surgical risk (mean 
age of 76 years and with mean logistic EuroSCORE of 20.0%). In the follow-up at 
12 months, a significant improvement was recorded in the quality of life (10 points 
on the EuroQuol visual analogue scale) and in the NYHA functional class (63.3% 
of patients in NYHA functional class I compared with 11% at the baseline evalua-
tion). The mortality rate at 1  year in this large cohort was 20.3%. Interestingly, 
among the independent predictors of mortality, the highest risk (hazard ratio [HR] 
4.36, p < 0.0001) was associated with procedural failure, defined as residual severe 
MR, conversion to open heart surgery, or procedural failure of the operator.

The prognostic impact of acute procedural success was confirmed by the Italian 
multicenter registry GRASP-IT (Getting Reduction of mitrAl inSufficiency by 
Percutaneous clip implantation in ITaly) [13]. The GRASP-IT registry analyzed the 
clinical outcomes in 304 patients enrolled in four centers in Italy. The patients suf-
fered from functional MR in 79% of cases, and 63% of patients were in NYHA 
functional class III–IV. Acute procedural success was determined in 92% of patients. 
In the GRASP-IT registry, mortality at 30 days and 1 year was 3.4% and 10.8%, 
respectively. The independent predictors of mortality in this group of patients were 
procedural success (HR 0.18, 95% confidence interval [CI] 0.06–0.51), functional/
ischemic etiology (HR 2.12, 95% CI 1.15-3.91), and clinical presentation in NYHA 
functional class IV (HR 3.38, 95% CI 1.71–6.66).

Sorajja et al. [14] recently reported the short-term clinical outcome (30 days) in 
patients who received a MitraClip implant in the post-approval commercial experi-
ence with the device in the United States (Society of Thoracic Surgeons/American 
College of Cardiology Transcatheter Valve Therapy Registry). The 563 patients 
included in the analysis were at high surgical risk (mean STS score for the estimated 
mortality rate of 7.9%) and had degenerative MR in 90.8% of cases. This registry 
also recorded high percentages of acute procedural success (93%), with low intra-
hospital and 30-day mortality (2.3% and 5.8%, respectively).

Finally, there are other national and multinational registries, with smaller patient 
populations (the Mitra-Swiss and Asia-Pacific registries) [15, 16]. The safety and 
efficacy outcomes of the MitraClip System have been confirmed in these smaller 
cohorts, as well. Table 12.1 summarizes the main clinical characteristics, the proce-
dural success, and survival in the various registries hitherto analyzed.

12.3	 �Meta-analyses in the Literature

Meta-analyses represent the highest level of evidence in the literature because they 
condense the results of individual studies with appropriate statistical techniques 
and, thus, make it possible to analyze larger samples and to investigate the pres-
ence and sources of heterogeneity among the published studies.

S. Buccheri and D. Capodanno
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Vakil et al. [17] analyzed the safety and efficacy data of the device reported in 
16 studies (total of 2980 patients). The mean estimated procedural success was 
91.4%, with intra-procedural and 30-day mortality of 0.1% and 4.2%, respectively. 
Adverse procedural events were infrequent and often related to the need for 
transfusions.

Wan et al. [18], instead, conducted a meta-analysis of studies, showing the com-
parative results of the treatment of MR with the MitraClip device or surgery. Though 
this analysis was limited by the small number of studies included (n = 4355 patients 
in the MitraClip group and 288 in the surgical group), no significant differences in 
mortality were found between the different modes of treatment at 30 days (1.7% vs. 
3.5%; OR, 0.66; 95% CI: 0.17–2.52; p = 0.54) and at 12 months (7.4% vs. 7.3%; 
OR, 1.18; 95% CI: 0.56–2.48; p  =  0.66) despite a higher mean EuroSCORE in 
patients treated with MitraClip. The presence of residual post-procedural MR of >2 
was significantly more frequent in the MitraClip group (17.2% vs. 0.4%; OR, 20.72; 
95% CI: 4.91–87.44; p < 0.0001). The rate of neurological adverse events was simi-
lar between the two groups (0.85% vs. 1.74%; OR, 0.58; 95% CI: 0.15–2.23; 
p = 0.43).

Finally, D’Ascenzo et al. [19] reported the main clinical outcomes in functional 
MR patients treated with MitraClip. The analysis included a total of nine studies 
(875 patients). At a mean follow-up of 9 months, the mortality “pooled across stud-
ies” was 15% (78 events), and 11% of patients showed residual moderate-to-severe 
MR. In addition, 78% of patients were in NYHA class I/II at follow-up, and this 
data was associated with a significant improvement in the distance covered during 
the 6-min walking test (average increase of 100  m compared with the baseline 
value).

12.4	 �MitraClip: Future Research Areas

The US guidelines recommend treatment with MitraClip in inoperable patients, 
with primitive etiology, and with reasonable life expectancy (evidence class IIb, 
level B) [20]. The European guidelines consider the MitraClip therapy option in 
functional MR; however, they stress the absence of randomized data with support-
ing data solely from registries [21]. Along this line, the principal research effort is 
aimed at supporting the use of MitraClip in patients with functional MR (whether 
ischemic or nonischemic). The design of future randomized studies is shown in 
Table 12.2. The recent publication of international standardized criteria (MVARC 
criteria) for the evaluation and the “reporting” of the main safety and clinical 
efficacy outcomes in patients treated with MitraClip will allow a clearer interpre-
tation of the results from these studies [22, 23]. The MVARC criteria will also be 
useful for conducting aggregated analyses at study level to increase the statistical 
power and to assess the consistency of the results in larger samples. The timeline 
of the main studies (published and expected) is shown in Fig. 12.1.

S. Buccheri and D. Capodanno



229

Ta
bl

e 
12

.2
 

M
ai

n 
ch

ar
ac

te
ri

st
ic

s 
of

 f
ut

ur
e 

ra
nd

om
iz

ed
 s

tu
di

es

T
ri

al
In

cl
us

io
n 

cr
ite

ri
a

Ta
rg

et
 

pa
tie

nt
s 

nu
m

be
r

C
on

tr
ol

 a
rm

Fo
llo

w
-u

p
Pr

im
ar

y 
en

d 
po

in
t

E
xp

ec
te

d 
co

m
pl

et
io

n 
da

te
C

O
A

PT
Sy

m
pt

om
at

ic
 f

un
ct

io
na

l M
R

 
(≥

3+
) 

du
e 

to
 c

ar
di

om
yo

pa
th

y 
of

 
ei

th
er

 is
ch

em
ic

 o
r 

no
ni

sc
he

m
ic

 
et

io
lo

gy
; L

V
E

F 
≥

20
%

 a
nd

 ≤
50

%

55
5

Pa
tie

nt
s 

m
an

ag
ed

 
no

ns
ur

gi
ca

lly
 

ba
se

d 
on

 
st

an
da

rd
 

ho
sp

ita
l 

cl
in

ic
al

 
pr

ac
tic

e

12
 a

nd
 2

4 
m

on
th

s 
(s

af
et

y 
an

d 
ef

fic
ac

y 
en

dp
oi

nt
s,

 
re

sp
ec

tiv
el

y)

Sa
fe

ty
: C

om
po

si
te

 o
f 

Si
ng

le
 L

ea
fle

t 
D

ev
ic

e 
A

tta
ch

m
en

t, 
de

vi
ce

 e
m

bo
liz

at
io

ns
, 

en
do

ca
rd

iti
s 

re
qu

ir
in

g 
su

rg
er

y,
 m

itr
al

 
st

en
os

is
 r

eq
ui

ri
ng

 s
ur

ge
ry

, L
V

A
D

 im
pl

an
t, 

he
ar

t t
ra

ns
pl

an
t, 

an
d 

an
y 

de
vi

ce
-r

el
at

ed
 

co
m

pl
ic

at
io

ns
 r

eq
ui

ri
ng

 s
ur

ge
ry

.
E

ffi
ca

cy
: R

ec
ur

re
nt

 h
ea

rt
 f

ai
lu

re
 (

H
F)

 
ho

sp
ita

liz
at

io
ns

Ju
ly

 2
01

8 
(p

ri
m

ar
y 

ou
tc

om
e 

m
ea

su
re

s)

M
A

T
T

E
R

H
O

R
N

Pa
tie

nt
s 

w
ith

 m
od

er
at

e-
to

-s
ev

er
e 

m
itr

al
 r

eg
ur

gi
ta

tio
n 

(M
R

) 
of

 
fu

nc
tio

na
l p

at
ho

lo
gy

 a
nd

 r
ed

uc
ed

 
le

ft
 v

en
tr

ic
ul

ar
 f

un
ct

io
n 

(L
V

E
F 

≥
20

%
 a

nd
 ≤

45
%

) 
co

ns
id

er
ed

 to
 

be
 a

t h
ig

h 
su

rg
ic

al
 r

is
k

21
0

R
ec

on
st

ru
ct

iv
e 

m
itr

al
 v

al
ve

 
su

rg
er

y

12
 m

on
th

s
C

om
po

si
te

 o
f 

de
at

h,
 r

eh
os

pi
ta

liz
at

io
n 

fo
r 

he
ar

t f
ai

lu
re

, r
ei

nt
er

ve
nt

io
n 

(r
ep

ea
t 

op
er

at
io

n 
or

 r
ep

ea
t i

nt
er

ve
nt

io
n)

, a
ss

is
t 

de
vi

ce
 im

pl
an

ta
tio

n,
 a

nd
 s

tr
ok

e 
(w

ha
te

ve
r 

is
 fi

rs
t)

D
ec

em
be

r 
20

17

M
IT

R
A

-F
R

Se
ve

re
 s

ec
on

da
ry

 m
itr

al
 

re
gu

rg
ita

tio
n 

w
ith

 L
V

E
F 

be
tw

ee
n 

15
 a

nd
 4

0%
, N

Y
H

A
 f

un
ct

io
na

l 
cl

as
s 
≥

2;
 M

in
im

um
 o

f 
1 

ho
sp

ita
liz

at
io

n 
fo

r 
he

ar
t f

ai
lu

re
 

w
ith

in
 1

2 
m

on
th

s

28
8

O
pt

im
al

 
m

ed
ic

al
 

th
er

ap
y

12
 m

on
th

s 
(2

4 
m

on
th

s 
fo

r c
os

t-
 

ef
fe

ct
iv

en
es

s 
an

al
ys

is
)

C
om

po
si

te
 o

f 
al

l-
ca

us
e 

m
or

ta
lit

y 
an

d 
un

pl
an

ne
d 

ho
sp

ita
liz

at
io

ns
 f

or
 h

ea
rt

 
fa

ilu
re

O
ct

ob
er

 2
01

7

12  Transcatheter Therapy for Mitral Regurgitation: A Review of the Literature



230

Fi
g.

 1
2.

1 
T

im
el

in
e 

of
 p

ri
nc

ip
al

 s
tu

di
es

 in
ve

st
ig

at
in

g 
th

e 
M

itr
aC

lip
 r

ep
ai

r 
sy

st
em

S. Buccheri and D. Capodanno



231

12.5	 �Percutaneous Annuloplasty: Additional Targets 
in Interventional Treatment of the Mitral Valve

The main limit in the percutaneous treatment of MR has been the absence of alter-
native strategies for repairing the leaflets. In fact, the duration of valve repair 
becomes questionable in the absence of additional repair strategies for other ana-
tomical components of the mitral apparatus (e.g., the mitral annulus). Along this 
line, different techniques have been developed, and are currently available to per-
form mitral valve percutaneous annuloplasty. The first device to obtain the CE mark 
(2011) was the “CARILLON” indirect annuloplasty system.

The initial data on the feasibility of implantation were obtained with AMADEUS 
(CARILLON Mitral Annuloplasty Device European Union Study) (Table  12.3) 
[24]. In this study, implantation success and the acute reduction of MR were 
obtained in 30 of 48 patients (62.5%) with severe functional MR. The rate of major 
adverse events at 30 days was 13%. In the follow-up at 6 months, the implantation 
of the device resulted in a significant improvement in quality of life and the dis-
tance covered during the 6-min walking test. The TITAN study [25] later con-
firmed the initial results obtained with the implantation of the device and compared 
the clinical results with those of a cohort of non-implanted patients. After 
12 months, 36 patients who were implanted with the device had a reduction in the 
grade of MR, with an improvement of at least one NYHA class in 80% of patients 
(p < 0.001). The rate of major adverse events at 30 days was 1.9%. In both studies, 
one of the main limitations of implantation of the device was the course and the 
potential risk of compressing the circumflex artery. In addition, fracturing of the 
nitinol structure of the device often occurred. In order to overcome this limit, the 
TITAN II study [26] evaluated the safety and procedural efficacy of a modified 
version of the device. The study was carried out in 36 patients and substantially 
confirmed the previous results and clinical outcomes. There were no fractures of 
the device. The randomized study entitled REDUCE FMR (CARILLON Mitral 
Contour System for Reducing Functional Mitral Regurgitation, NCT02325830) is 
currently recruiting patients. It will assess the efficacy of the Carillon implant in 
patients with severe functional MR compared with patients treated with medical 
therapy.

The first feasibility results for devices suitable for direct percutaneous annulo-
plasty (Cardioband and Mitralign) were recently obtained by Maisano et al. [4], 
who reported encouraging data on the use of the Cardioband. Implantation feasi-
bility in 31 patients was 100%, resulting in a significant reduction of the septolat-
eral dimensions of the left ventricle (from 36.8 ± 4.8 to 29 ± 5.5 mm after the 
procedure, p < 0.01). None of the patients experienced severe MR after implanta-
tion, and in the follow-up at 30 days, 88% of the patients showed a grade of resid-
ual MR ≤2+. There were no cases of procedural death. A similar procedural safety 
profile, though with a lesser degree of implantation feasibility, was found with the 
Mitralign device [5]. In fact, implantation was effective in 50 of 74 candidates for 
implantation, with no cases of intra-procedural death. However, there were four 
cases of cardiac tamponade. The follow-up echocardiographic analysis at 6 months 
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showed an average 1.3 reduction in the grade of MR, with significant valvular 
remodeling (reduction of the septolateral and anteroposterior diameter, reduction 
of the tenting area, and increase in the coaptation length) and ventricular remodel-
ing (reduction of the ventricular end-diastolic diameters and volumes). There was 
also a reduction in the percentage of patients in NYHA functional class III/IV at 
follow-up.

12.6	 �Transcatheter Implantable Mitral Valve:  
A Glimpse into the Future

The first clinical experiences with implants in humans of devices for MR transcath-
eter implantation have recently been reported. Various devices will make their clini-
cal debut in the near future, including Tendyne (Abbott Vascular, Santa Clara, 
California), CardiAQ (Edwards Lifesciences, Irvine, California), Tiara (Neovasc, 
Richmond, British Columbia, Canada), Twelve (Medtronic, Minneapolis, 
Minnesota), NaviGate (NaviGate Cardiac Structures, Lake Forest, California), 
HighLife (HighLife Inc., Paris, France), and the MValve (MValve Technologies, 
San Diego, California) [27–29]. Future fields of research concerning patient selec-
tion, technical and procedural optimization, and the study of post-implant clinical 
outcomes will probably be among the most important and active areas of research 
in structural interventional cardiology.
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13Anatomy of the Aortic Valve

Francesca Indorato, Silvio Gianluca Cosentino, 
and Giovanni Bartoloni

The earliest documented interest in the anatomy of the aortic valvar complex stems 
from the Renaissance, with the description and drawings by Leonardo da Vinci 
(1513). Today, the need for accurate knowledge of the aortic valvar complex is 
imperative, especially for percutaneous therapies of the aortic valve.

The substantial changes in size and shape of the valve cusps and leaflets that 
occur during the cardiac cycle are facilitated by a highly complex internal microar-
chitecture. The layered structure of the aortic valve is formed by a dense collage-
nous layer close to the outflow surface, which provides the primary strength 
component, a central core of loose connective tissue, and an elastin layer below the 
inflow surface [1].

The aortic valve should be considered within the wider context of its anatomical 
and functional unit, namely, the aortic root. The latter is the connection between the 
left ventricle and the ascending aorta, and is located on the right, posteriorly to the 
subpulmonary infundibulum; its posterior margin is wedged between the mitral 
valve orifice and the muscular portion of the interventricular septum. The aortic root 
goes from the basal plane where the aortic valve leaflets enter the left ventricle to 
the peripheral point where they enter the sinotubular junction (Fig. 13.1) [2]. About 
two-thirds of the circumference of the lower part of the aortic root are connected to 
the muscular portion of the interventricular septum.
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The remaining one-third is in continuity with the aortic leaflet of the mitral valve 
(Fig. 13.2). Its components include the annulus, valve leaflets, commissures, sinuses 
of Valsalva, sinotubular junction, and interleaflet triangles.

13.1	 �The Annulus

The aortic root contains at least three circular rings and one crown-like ring [3]. The 
valvular leaflets are attached throughout the length of the root. The three-dimensional 
arrangement of the leaflets takes the form of a three-pointed crown, with the hinges 
from the supporting ventricular structures forming the crown-like ring. The base of 

Fig. 13.1  Long axis showing the aortic root between the aortic annulus (AoA) and the sinotubular 
junction (STJ). SV sinus of Valsalva, black arrows margins of aortic annulus, MV mitral valve

Fig. 13.2  Short-axis view of the cardiac basis: about two-thirds of the circumference of the lower 
part of the aortic root are connected to the muscular portion of the interventricular septum (black 
dotted line). The remaining one-third is in continuity with the anterior aortic leaflet (red line). AoR 
aortic root, MV mitral valve, PV pulmonary valve, TV tricuspid valve
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the crown is a virtual ring, commonly known as the “annulus,” formed by the plane 
joining the basal points where the leaflets enter the left ventricle. The crown’s upper 
part is a true ring, called the sinotubular junction, forming the point where the aortic 
root opens into the ascending aorta. The semilunar lines of attachment cross another 
true ring, the anatomic ventriculo-aortic junction. Though there have been generic 
descriptions of the annulus, in the aortic valve it can be said that the annulus takes 
on the cylindrical shape of the aortic root, in which the valve leaflets are supported 
by a crown-shaped structure [2].

The diameter of the aortic annulus in a normal adult usually ranges between 21 
and 24 mm [4].

13.2	 �The Leaflets

The aortic valve is normally tricuspid. The valve’s proper functioning depends on 
the correct relationship between the leaflets inside the aortic root. The leaflets con-
sist of a core of fibrous tissue inside an endothelial sheath on both the arterial and 
ventricular side. The locus where they originate from the supporting ventricular 
structures gives way to the fibroelastic walls of the aortic valvar sinuses and marks 
off the anatomic ventriculo-aortic junction.

Each leaflet is composed of an attachment, body, coaptation surface, and lunule with 
the nodules of Arantii. The nodules of Arantii are located halfway on the free margin of 
the coaptation surface. On both sides of this nodule, there is a thin portion called a 
“lunule”; it consists of a margin, which is thin at its free end and continues into the coap-
tation area where the three leaflets meet and allow for complete valve closing. The lunules 
are attached to the wall of the aortic root in the area of the commissures. The main part of 
each leaflet is called “body.” As specified above, the attachment is the area where the 
leaflet joins the aortic root [5]. Considering the size of the leaflets, it can be said that the 
non-coronary leaflet tends to be larger, followed by the left coronary leaflet, and the right 
coronary leaflet, though these differences are not significant (Fig. 13.3) [4, 6, 7].

Fig. 13.3  Aortic view 
showing the left (L), right 
(R), and non-coronary 
(NC) cusps

13  Anatomy of the Aortic Valve
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13.3	 �The Commissures

The top of the crown-shaped structure in the area where the lunules of two leaflets 
are attached to the aortic wall at the sinotubular junctions is called the commissure 
(Fig. 13.4).

There are three commissures. The commissure between the right and left leaflets is 
located anteriorly, more or less in front of the matching commissure of the pulmonary 
valve. The one between the right and non-coronary leaflets is located anteriorly to the 
right, and the one between the left and non-coronary leaflets is usually located on the 
posterior face of the aortic root. The commissures have a fibrous structure and support 
the valvular leaflets located above the three triangular areas called interleaflet triangles.

13.4	 �The Interleaflet Triangles

As a result of the semilunar attachment of the aortic valvular leaflets, there are three 
triangular extensions of the left ventricular outflow tract that reach to the level of the 
sinotubular junction [8]. These triangles are formed not of ventricular myocardium 
but of the thinned fibrous walls of the aorta between the expanded sinuses of Valsalva.

The triangle between the right and left sinuses is located in front of the pulmo-
nary valve. The triangle between the right and non-coronary sinuses is located in 
front of the right atrium and is proximally in continuity with the membranous sep-
tum. This is the area where the conduction system is closely linked to the aortic root. 
This has major implications, allowing for the introduction of alterations in conduc-
tion following percutaneous aortic valve replacement. The bundle of His is an ante-
rior extension of the atrioventricular node. It penetrates through the central fibrous 
portion just below the lower margin of the membranous ventricular septum at the 
ridge of the muscular ventricular septum right below this triangle, which is closely 
interconnected with the septal leaflet of the tricuspid valve.

Fig. 13.4  The commissure between the right (R) and non-coronary (NC) leaflets
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Finally, the triangle between the left and non-coronary sinuses is inferiorly in 
direct continuity with the aortic or anterior leaflet of the mitral valve. These trian-
gles separate and mark off the three sinuses in a normal valve (Fig. 13.5) [3, 9].

13.5	 �The Sinuses of Valsalva

The sinuses of Valsalva are defined as expanses separating the ventricle and aorta 
(Figs. 13.1 and 13.6).

Fig. 13.5  Interleaf triangles. L left coronary ostium, LAM anterior mitral leaflet, R right coronary 
ostium

Fig. 13.6  Gross view of the left ventricular outlet: the posterior sinus of Valsalva wedged between 
the orifice of the anterior mitral leaflet (LAM) and the muscular ventricular septum (MVS). AoR 
aortic root

13  Anatomy of the Aortic Valve
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They border superiorly or distally with the sinotubular junction, and inferiorly or 
proximally with the valvar leaflet attachments. Each sinus takes its name from the 
coronary cusp it originates from (right, left, or non-coronary) [10] (Fig. 13.3).

The coronary orifices normally originate from the two anterior right and left 
sinuses of Valsalva, usually right below the sinotubular junction. Their origin may 
vary from patient to patient. The distance from the annular plane can vary greatly, 
and there are some congenital anatomic variants, which are very often associated 
with the bicuspid aortic valve [11]. Knowledge of the precise position of the coro-
nary, ostia, and accurate measurement of the distance from the annulus is of the 
utmost importance during the screening of patients undergoing percutaneous aortic 
valve replacement. If this distance is too small, there is a risk of coronary occlusion 
by the aortic leaflets displaced by the device.

13.6	 �The Sinotubular Junction

The sinotubular junction marks the transition from the aortic root to the ascending 
aorta, and also the upper part of the attachment of each valve leaflet (Fig. 13.1). The 
mean diameter of the sinotubular junction ranges between 22 and 26  mm [4]. 
Dilation of the aortic root at this point has been associated with the onset of aortic 
failure.
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Aortic Stenosis: Epidemiology 
and Pathogenesis

Simona Gulino, Alessio Di Landro, and Antonino Indelicato

Aortic (valve) stenosis (AS) is an obstruction to blood ejection from the left ven-
tricle (LV) due to a fixed or dynamic stenosis located in the aortic valve, either over 
(supravalvular) or below it (subvalvular) [1]. AS is the most frequent form and 
accounts for the majority of congenital forms and for all of the acquired forms. AS 
is also the most frequent valvular heart disease in Western countries. In the 
Cardiovascular Health Study (5201 men and women over the age of 65), 26% of 
study participants had a thickening of the valve or calcification without significant 
obstruction, with a slight predominance of the disorder noted in men; 2% of all 
patients had frank AS [2]. Prevalence of aortic sclerosis increases with age: 20% in 
patients aged 65–75, 35% in those aged 75–85, and 48% in patients older than 85, 
while frank AS for the same age groups was 1–3%, 2–4%, and 4%, respectively. 
The most common cause is degenerative calcific valvular disease, with an incidence 
of 2–7% in the population over the age of 65 [3]. The mechanism by which a tricus-
pid aortic valve becomes stenotic is judged to be similar to that of atherosclerosis, 
as the initial plaque of AS is like that in coronary artery disease [4]. Risk factors 
commonly associated with coronary artery disease—including age, male gender, 
hyperlipidemia, evidence of active inflammation—seem to play a role in the devel-
opment of AS, and both diseases are often present in the same individual [5–7]. 
Though debated, the use of statins is thought to slow the early progression of AS, 
while it is ineffective in the late course of the disease [8–11]. The initial and further 
evolution of AS usually occurs in the sixth, seventh, and eighth decades of life. The 
characteristic morphological appearance of the calcific AS consists in the presence 
of fibrous and calcific tissue on thickened cusps, preventing valve opening during 
outflow (Fig. 14.1). Calcific AS is determined mainly by solid calcium deposits in 
the valve cusps rather than fusion of the commissures, and calcification starts in the 
fibrous part of the valve. The stratified microscopic structure is usually preserved. 
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The process of calcific aortic valve degeneration is secondary to inflammatory and 
proliferative changes, with accumulation of lipids, hyperactivity of angiotensin-
converting enzymes, and infiltration of macrophages and T lymphocytes [12, 13]. 
These lesions involve the typical early chronic inflammatory cell infiltrates (macro-
phages and T lymphocytes) as the first ultrastructural changes, and lipid deposits 
and fibrotic thickening with collagen and elastin [14, 15].

Between 1 and 2% of children (mostly males) have a bicuspid aortic valve, at 
times associated with aortic coarctation (Fig. 14.2, Table 14.1). The epidemiologi-
cal contribution of a bicuspid aortic valve to AS is greater than that of calcific tricus-
pid aortic valve [16, 17]. The pathogenic process underlying bicuspid AS is similar 
to that of the tricuspid aortic valve. Nonetheless, the onset of bicuspid AS occurs 
two decades earlier compared with tricuspid AS. This earlier onset is probably due 
to the unfavorable hemodynamic conditions of the bicuspid aortic valve. In most 
cases the cusps have different dimensions, and a median raphe is often present due 

Fig. 14.1  Calcific aortic 
stenosis. Calcium deposits 
are present on cusps 
without fusion of 
commissures

Fig. 14.2  Bicuspid aortic valve. AL anterior leaflet, LS left sinus, PL posterior leaflet, r raphe, RS 
right sinus
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to their incomplete splitting. At birth, bicuspid aortic valves are not usually stenotic 
but are predisposed to gradually becoming so, owing to sclerosis and calcifications 
of mechanical origin, the processes of which lead to AS. Usually, calcifications 
develop in the raphe site (Fig. 14.3).

14.1	 �Congenital AS

Most cases of congenital AS are diagnosed and treated in early childhood and ado-
lescence; a first diagnosis in adult age occurs in few cases. Anatomically, congenital 
AS presents with a unicuspid unicommissural valve, and is never associated with 
survival in adult age. Less frequently, the disease is attributable to a bicuspid aortic 
valve [16]. Its natural history is characterized by death during childhood, or symp-
toms that lead to valve replacement. Sudden death in asymptomatic individuals is 
common, while angina and heart failure are infrequent [18]. The absence of symp-
toms related to heart failure is due in part to the compensation mechanisms of the 
left ventricle, consisting in concentric hypertrophy in response to pressure overload, 
followed by an increase in the ejection fraction and reduced wall stress [19].

0 raphe - Type 0
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2. subcategory:
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6 (2)

lat
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ap
7 (2)

L-R
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L-R/R - N
14 (5)

1 (0.3) 79 (26)
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6 (2)

6 (2)

2 (1)
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7 (2)

1 (0.3)
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1 (0.3)

7 (2)

B (I + S)
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V
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L
V
U
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A
R

F
U
N
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T
I
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N

Main
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number of

raphes

1.subcategory:
spatial position

of cusps in Type 0
and raphes in
Types 1 and 2

1 raphe - Type 1 2 raphes - Type 2

Table 14.1  Sievers bicuspid aortic classification

The main category (types 0, 1, 2) indicates the presence of 0, 1, or 2 raphe. First subcategory 
defines the cusps spatial disposition (type 0) and different raphe distribution patterns (type 1, 2): 
type 0 accounts for anteroposterior and latero-lateral patterns; L-R, R-N, and N-L display the rela-
tion between the cusps involved in fusion in type 1 and L-R/R-N in type 2 (R = right coronary cusp, 
L =  left coronary cusp, N = noncoronary cusp). The second subcategory indicates aortic valve 
functional status (I for insufficiency, S for stenosis, B for steno-insufficiency, and No for normal 
functioning)
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AS of rheumatic origin is the rarest form, though it is the most common cause in 
developing countries, almost always associated with mitral valve disease such as 
sequelae of rheumatic fever. It is the result of adhesion and fusion of commissures 
and cusps, causing retraction and stiffening of their free edges; calcified nodules 
develop on both surfaces and the orifice is reduced to a small round or triangular 
opening (Fig. 14.4). Functionally, a rheumatic aortic valve is often insufficient as 
well as stenotic.

Fig. 14.3  Stenotic 
bicuspid aortic valve

Fig. 14.4  Rheumatic 
aortic valve with 
characteristic fusion of 
commissures
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14.2	 �Pathophysiology

The aortic valve area (AVA) in adults is about 3.0 cm2 and varies within a range of 
2.5–5 cm2 depending on body surface area. In males, a transvalvular pressure gradi-
ent can be measured when the AVA is reduced by at least 50% below normal [20, 
21]. Aortic stenosis exerts a resistance to ventricular outflow, and in order to main-
tain its outflow, the LV develops a higher systolic pressure. Pressure overload leads 
to concentric hypertrophy of the ventricular walls, namely, the heart’s main com-
pensation mechanism to cope with LV outflow obstruction. As a result of hypertro-
phy, left ventricular diastolic compliance tends to reduce, while end-diastolic 
pressure rises without necessarily giving rise to ventricular decompensation [22]. 
Left atrial contraction plays an important role in ensuring adequate filling pressure 
in the LV. In these patients, the loss of synchronous and vigorous pump function, as 
in the case of atrial fibrillation or atrioventricular dissociation, can cause rapid func-
tional and clinical deterioration [23]. With a further rise in afterload, the LV adopts 
additional compensatory mechanisms, such as an increase in preload and myocar-
dial contractility. Both of these expedients maintain normal left ventricular systolic 
pump function. When the preload reserve limit is reached (afterload mismatch) 
[24], or myocardial contractility is reduced, left ventricular systolic pump function 
becomes abnormal. Clinically, manifest heart failure is usually the result of this 
alteration in pump function. In these cases it is difficult to distinguish whether low 
left ventricular ejection fraction is secondary to reduced contractility or to an exces-
sive increase in afterload [25]. Left ventricular systolic dysfunction can result from 
myocardial ischemia, even in the presence of normal epicardial coronary arteries. 
The increase in myocardial muscle mass due to left ventricular hypertrophy leads to 
an increase of myocardial oxygen demand, which exceeds oxygen supply. 
Myocardial ischemia is the result of (1) increased diastolic filling pressure of the left 
ventricle, which exceeds the coronary perfusion pressure, especially at a subendo-
cardial level; (2) reduced diastolic coronary filling time due to tachycardia (i.e., 
during exercise); and (3) reduced myocardial capillary density [26–28].

The onset of the typical triad of symptoms of AS (angina, syncope, and heart 
failure) is a crucial moment in the natural history of the disease [29]. The mortality 
rate of an individual with symptoms rises to 25% per year (Fig. 14.5).

The narrowing of the aortic orifice by half determines a mild obstruction of car-
diac output, thus generating a small pressure gradient across the valve. However, 
further reductions in valve area progressively produce a greater left ventricular pres-
sure overload. Though still the subject of debate, many researchers consider ven-
tricular hypertrophy to be a compensatory mechanism in response to pressure 
overload of the left ventricle, and to the increase in the afterload [30–33]. Afterload 
is generally quantified as wall stress, according to Laplace’s law (=pr/2th). The 
increased pressure (p) is compensated by the increase in wall thickness (th) to keep a 
normal level of stress on the wall. The normalization of the afterload through the 
compensation of left ventricular hypertrophy is essential to preserve ejection fraction 
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and stroke volume. However, ventricular hypertrophy also implies a reduced coro-
nary reserve and is associated with diastolic dysfunction and increased mortality [28, 
34–39]. One of the causes of reduced coronary reserve is the reduced growth of 
capillaries in the hypertrophic wall of the left ventricle, and the consequent increase 
in intercapillary distance. The increased filling pressure needed to stretch the thick-
ened ventricular walls also exerts compression on the endocardium, further reducing 
the coronary reserve. The onset of angina is, however, correlated with the extent of 
valve obstruction and with diastolic filling time. The onset of dyspnea is the warning 
sign of the worst scenario for patients with AS.  While concentric hypertrophy 
increases cardiac output on the one hand, on the other it is associated with diastolic 
dysfunction. During the active relaxation of the myocardial fibers, intracellular cal-
cium is sequestered again by the sarcoplasmic reticulum and is hence not available 
for actomyosin contractility. In concentric hypertrophy, this mechanism is delayed 
and, in turn, delays the passive filling of the left ventricle, thus reducing the time for 
blood to pass from the atrium to the ventricle. Moreover, the increased wall thickness 
requires a greater filling pressure to reach an adequate diastolic volume [40]. This 
increase of the diastolic pressure results in pulmonary edema and dyspnea.

Concentric hypertrophy is not compensatory in all cases. The failure to normal-
ize the excessive afterload results in reduced systolic performance and cardiac out-
put [41]. Finally, the reduced contractility further reduces the ejection fraction [25].

Syncope is one of the most dangerous symptoms in AS. Its mechanisms are not 
completely known. Usually, syncope develops during physical exercise, when the 
peripheral resistance forces of the circulatory system are reduced and the increase 
in cardiac output is, unlike in healthy individuals, insufficient to increase blood 
pressure due to the reduced stroke volume through the narrow aortic orifice. 
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A  significant reduction in blood pressure is therefore observed during physical 
activity that leads to syncope [42]. Exercise-induced ischemia can also generate 
ventricular arrhythmias, which are, in turn, the cause of syncope.
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15Aortic Stenosis: Diagnosis

Ines Monte, Rita Sicuso, and Vera Bottari

15.1	 �Non-Invasive Diagnosis

The diagnosis of aortic stenosis (AS) is reached through clinical and instrumental assess-
ment of patients [1]. The symptomatic forms are characterized by angina, dyspnea, and 
syncope, but the diagnostic suspicion can be supported by the presence of typical physi-
cal signs, such as harsh diamond-shaped systolic murmur, often matched by a more 
intense fremitus along the right upper sternal margin and irradiated to the neck, parvus 
et tardus pulse, fourth sound, and attenuation or disappearance of the aortic component 
of the second sound. A complete picture of heart failure can be found where a systolic 
murmur is often faint or lacking. In asymptomatic forms, physical findings can be the 
only evidence of aortic valve (AV) disease. With regard to instrumental examinations, 
standard electrocardiogram (ECG) can highlight signs of left ventricular hypertrophy. 
However, even in the more severe forms of AS, ECG may not show any alteration.

Chest X-ray commonly shows a normal cardiac picture, with dilatation of the 
proximal ascending aorta (post-stenotic) and valve calcification in the lateral views. 
The increase in cardiac area and signs of pulmonary edema can be seen in the case 
of heart failure. When heart failure happens because of an afterload mismatch, the 
heart volume is generally normal.

The staple examination for noninvasive diagnosis of AS is transthoracic bidi-
mensional echocardiography (TTE) with Doppler examination (2D Doppler) [2–4]. 
This method allows clinicians to:

•	 Assess the presence, etiology, and severity of valve stenosis
•	 Quantify the degree of heart function impairment
•	 Identify associated valve diseases
•	 Assess valve apparatus anatomy
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TTE gives very accurate morphological and functional information on the aortic 
valve, identifying the number of cusps, the thickening pattern, and the motility. It 
allows for the detection of some anatomical features of the valve apparatus, which 
can guide the diagnosis, such as the presence of a bicuspid aortic valve, and marked 
calcifications, which are predictors of rapidly progressing valve disease or commis-
sural fusion, typical of the rheumatic form. Leaflet motility may help to estimate the 
severity of the valve disease. Severe AS is unlikely if at least a cusp opens well and 
the other two are stiff, while a calcified and immobile aortic valve is the sign of a 
severe stenosis (Fig. 15.1).

Doppler assessment allows estimation of the severity of AS by considering the 
following parameters:

•	 Peak velocity of the antegrade aortic systolic jet (Vmax)
•	 Transvalvular maximum (ΔPmax) and mean (ΔPmean) gradients
•	 Valve area by means of the continuity equation (CE-AVA)

The shape of the Doppler velocity curve allows assessment of the severity of AS, as 
the maximum peak is later and the curve has a rounded shape in the more severe obstruc-
tions. In addition, it can be useful in distinguishing fixed from dynamic obstructions, as 
the latter have a late peak, often with a concave curve at the beginning of the systole.

Vmax through a narrow aortic valve is measured by continuous wave Doppler 
(CWD), aligning the ultrasound beam as best as possible with the jet direction 
through various acoustic windows: apical, suprasternal, right parasternal, and, on 
rare occasions, subcostal. Vmax is defined as the highest velocity signal obtained 
from any acoustic window (Fig. 15.2).

ΔPmax is calculated from Vmax using the simplified Bernoulli equation as ΔPmax = 4 
V2

max, while ΔPmean is calculated by tracing the outer edge of the dark “envelope” of 
the velocity curve. A function included in most clinical instrument measurement 
package averages is the instantaneous gradient over the ejection period. The veloc-
ity/time integral (VTI) is calculated at the same time.

a b

Fig. 15.1  (a) Transthoracic echocardiogram, long-axis view, showing a calcified and stenotic 
aortic valve. (b) M-mode image in parasternal long-axis view: reduced opening of aortic leaflets 
during systolic phase. Ao aorta, LA left atrium, LV left ventricle
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Of course, an underestimated Vmax gives a proportionally greater underestimation 
of the gradients, considering the squared relationship that exists between velocity 
and pressure gradient. Underestimated Doppler gradients are usually the result of 
inadequate signal recording or inaccurate alignment of the ultrasound beam, while 
overestimation can be secondary to a high cardiac output and associated subvalvular 
stenosis. In the case of high cardiac output, it must be borne in mind that the simpli-
fied Bernoulli equation assumes that the proximal velocity (Vprox) can be ignored, a 
reasonable assumption if it is <1 m/s. Otherwise, Vprox should be included in the 
Bernoulli equation so that ΔPmax = 4 (V2

max − V2
prox) when calculating maximum 

gradients, in order to avoid overestimation. It is more problematic to include proxi-
mal velocity in mean gradient calculations, and this approach is not clinically used. 
In this situation, maximum velocity and gradient should be used to grade stenosis 
severity (a Vmax of 4.0 m/s corresponds to a ΔPmax of 64 mmHg).

AVA is calculated based on the continuity equation, except that the SV ejected 
through the LV outflow tract (LVOT) all passes through the stenotic orifice and thus 
the SV is equal at both sites: AVA = ALVOT x VTILVOT/VTIAV.

Calculation of CE-AVA requires three measurements: the velocity-time integral 
of the antegrade aortic systolic jet (VTIAV) recorded by CWD; the velocity-time 
integral of the flow in the LVOT (VTILVOT), recorded by pulsed Doppler (PWD), 
with the sample volume moved apically 0.5–1.0 cm from the annulus to obtain a 
laminar flow curve without spectral dispersion (Fig. 15.3); and LVOT diameter for 
calculation of a circular cross-sectional area (CSA) at this site. LVOT diameter 

Fig. 15.2  Continuous wave (CW) Doppler recordings at the level of a stenotic aortic orifice in 
five-chamber apical view. Peak velocity (AV Vmax) is more than 4 m/s and the mean gradient (AV 
media PG), obtained when tracking the velocity wave, is about 40 mmHg
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should be calculated on 2D images, using the distance between the inner margin of 
the septal endocardium and the inner margin of the anterior mitral leaflet during 
systole in the parasternal long-axis view (Fig. 15.4). This measurement is the main 
source of errors in calculating the continuity equation (squared relationship). 
Therefore, when it is not possible to obtain an adequate image at TTE, transesopha-
geal echocardiogram (TEE) is recommended.

The CE measures the effective AVA that is smaller than the anatomic AVA, due 
to contraction of the flow stream in the orifice. Though the difference between effec-
tive and anatomic AVA may account for some of the discrepancies between Doppler 
and catheterization, there now are ample clinical outcome data validating the use of 
the continuity equation. The weight of the evidence now supports the concept that 
effective, not anatomic, AVA is the primary predictor of clinical outcome.

Moreover, it must be borne in mind that the CE is affected by flow changes, with 
minimal effects in the case of AS and normal LV function, but more evident in the 
case of low-flow conditions. LV dysfunction can result in decreased cusp opening 
and a small effective orifice area even though severe stenosis is not present.

There is a simplified CE, using peak velocities instead of mean velocities, con-
sidering that the systolic ejection time and morphology of the velocity curves in the 
LVOT and at the stenotic AV are very similar.

Fig. 15.3  Pulsed wave (PW) Doppler recording on the left ventricle outflow tract, obtained in five 
chambers apical view, with sample volume placed about 0.5 cm below the aortic valve
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The velocity ratio (VR) has been introduced in order to reduce errors due to the 
calculated LVOT diameter. It consists of the relationship between PWD velocity in 
the LVOT and CWD velocity through the AV. In the absence of stenosis, the VR is 
around one.

Direct planimetry of the AVA is not routinely performed since, especially in the 
case of an extremely calcified aortic valve, orifice identification is difficult (Fig. 15.5).

In the global assessment of a patient, it is necessary to check for associated valve 
and/or heart diseases, for both therapeutic and prognostic purposes. Mitral regurgi-
tation (MR) should be carefully assessed. MR can often be overestimated due to 
high left ventricular pressures secondary to AS. On the other hand, a severe MR, by 

Fig. 15.4  Measurement of 
the diameter of the left 
ventricle outflow tract in 
parasternal long-axis view, 
done in midsystole, within 
0.5–1.0 cm of the valve 
orifice

Fig. 15.5  Planimetry of 
the aortic orifice, 
transthoracic 
echocardiogram, short-axis 
view
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reducing the transaortic flow, can lead to underestimation of AS. Aortic regurgita-
tion (AR) is present in about 80% of patients with AS, but in most cases, it is either 
mild or moderate. Severe AR, by causing a high transaortic flow, can lead to over-
estimation of the ΔPmean and AS.

The morphological and functional assessment of the left and right chambers 
(diameters, wall thickness, volumes, ventricular contractile function) provides 
information on AS severity, left ventricular hypertrophy, and systolic and diastolic 
function, with obvious prognostic and therapeutic implications (Fig. 15.6). Similar 
considerations apply to estimation of the pulmonary pressure and the resulting over-
load affecting the right ventricle (Fig. 15.7).

a

b

Fig. 15.6  (a) M-mode echocardiogram in a patient with severe aortic stenosis who has developed 
moderate ventricular hypertrophy. LV left ventricle, PW posterior wall, VS ventricular septum. (b) 2D 
echocardiogram, short-axis view, showing concentric left ventricular hypertrophy. LV left ventricle
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The 2014 AHA/ACC guidelines for the management of patients with valvu-
lar heart disease [5] have provided a classification of the valvular AS stages, 
defined by valve anatomy, hemodynamics, and patient’s symptoms 
(Table 15.1).

The most recent European Guidelines are consistent with the US Guidelines 
regarding the hemodynamic definition of severe AS [6].

The most typical form of severe AS is high-gradient AS (HGAS). In this setting, 
LVEF is generally preserved. However, some patients can present with HGAS and 
reduced LVEF, though asymptomatic.

Nevertheless, a severe AS may exist in the presence of low gradients and veloci-
ties, when the transvalvular flow is reduced (SVI ≤ 35 mL/m2). This happens mainly 
when LVEF is reduced, as in the classical low-flow, low-gradient AS (LFLGAS). 
There is a subset of patients who present with severe AS and low gradients and 
velocity, despite a preserved LVEF (≥50%). This subset has been termed as “para-
doxical” low-flow, low-gradient AS (PLFLGAS) [6–10].

Clinicians must appreciate that AS is not a simple obstruction but involves a 
complex pathological interaction among LV, AV, and peripheral circulation.

Distinctive features of PLFLGAS are (Table 15.2):

•	 Reduced SVI ≤ 35 mL/m2 and preserved LVEF ≥50%.
•	 Higher valvuloarterial impedance. Zva = SAP + ΔPmean/SVI (the ratio of the LV 

systolic pressure to the SVI, where SAP is the systolic arterial pressure measured 
at the time of echocardiography).

•	 More pronounced concentric remodeling, mainly due to reduced size of left ven-
tricular cavity.

•	 Increased intrinsic left ventricular systolic dysfunction.

Fig. 15.7  CW Doppler recording showing the tricuspid regurgitant jet velocity
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Thus, a greater afterload characterizes the hemodynamic picture where the val-
vular stenosis is at least as severe as in normal-flow patients and systemic arterial 
compliance is markedly lower. The chronic exposure to a high level of afterload 
eventually exceeds the limit of LV compensatory mechanisms and leads to an intrin-
sic impairment of myocardial function, as evidenced by lower values of mid-wall 
fractional shortening (MWFS) and a decrease in cardiac output.

In this context, LVEF turns out to be a quite rough tool and may not be able to 
detect a low-flow condition. LVEF normally tends to be higher according to the 
degree of concentric remodeling, so that such patients usually display a hypernor-
mal LVEF (>70%). Thus, an LVEF >50% cannot exclude the presence of intrinsic 
myocardial dysfunction and shortening.

Table 15.1  Stages of valvular AS

Stage Definition Hemodynamics
A At risk of AS Vmax <2 m/s

(previous congenital, flogistic or sclerotic 
anomalies)

B Progressive AS Mild AS
Vmax <2 m/s or
Δpmean <20 mm Hg
Moderate AS
Vmax 3.0–3.9 mm Hg or
Δpmean 20–39 mm Hg

C Asymptomatic 
severe AS

C1
Normal LVEF

Vmax ≥4 m/s or
Δpmean ≥40 mm Hg
AVA ≤1.0 cm2 (or AVAi ≤0.6 cm2/m2)

C2
Reduced LVEF <50%

Very severe AS
Vmax ≥5 m/s or
Δpmean ≥60 mm Hg

D Symptomatic 
severe AS

D1
High-gradient

Vmax ≥4 m/s or
Δpmean ≥40 mm Hg
AVA ≤1.0 cm2 (or AVAi ≤0.6 cm2/m2)

D2
Low-flow/low-gradient with 
reduced LVEF

Vmax <4 m/s or
Δpmean <40 mm Hg

D3
Low-flow/low-gradient with 
preserved LVEF >50%
(Paradoxical)

AVA ≤1.0 cm2 (or AVAi ≤0.6 cm2/m2)
Svi <35 mL/m2

Adapted from 2014 AHA/ACC Guidelines for the Management of Patients with Valvular Heart 
Disease [5]

Table 15.2  “Paradoxical” 
low flow-low gradient aortic 
stenosis distinctive features

• � Reduced indexed stroke volume ≤35 mL/m2, preserved 
LVEF ≥50%

• � Higher valvuloarterial impedance. Zva = SAP + ΔPmean/SVI
•  More pronounced concentric remodelling
•  Increased intrinsic left ventricular systolic dysfunction
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Moreover, under the same LVEF, the smaller the chamber, the smaller is the 
produced SV.

The specific role of diastolic dysfunction is probably limited in this setting, since 
no meaningful differences have been found between NF and PLF patients regarding 
the presence and the severity of this hemodynamic element.

PLFLGAS can frequently be misdiagnosed and inappropriately treated, even if 
symptomatic.

However, this subset of AS patients remains challenging. Few studies have con-
cluded that they are likely at an advanced stage of their disease due to a long-
standing exposition to it and have a poor prognosis if managed medically, while 
others have proposed that they may frequently have just moderate stenosis or, in any 
case, a similar outcome to the one usual for this condition [7, 8, 11–13].

Many reasons could account for these considerable discrepancies. First, calcula-
tion errors in determining SV and VA by Doppler echocardiography have to be 
considered. Moreover, Doppler measurements tend to underestimate flow, resulting 
in eventual underestimation of VA and erroneous assumption of low-flow condi-
tions. Blood pressure can indirectly affect the assessment of AS severity through 
concomitant changes in transvalvular flow. The response of these hemodynamic 
parameters in individual patients is both variable and unpredictable, so AS severity 
should be assessed in a normotensive state. Most patients in this setting are elderly 
and female, with a small body size, so the valve area should be indexed to body size 
because an apparently small valve area may be only moderate AS in this context. 
Finally, an inconsistency in the definition of severe AS by current guidelines should 
be considered. While peak velocity cutoffs and mean gradient are usually consis-
tent, the corresponding valve area cutoff is usually closer to 0.8 cm2. In fact, a cutoff 
of 1 cm2, though highly sensitive for severe AS, yields a low specificity for either 
peak velocity >4 m/s or mean gradient >40 mmHg. The majority of AS patients who 
are symptomatic have a valve area  <  0.75  cm2, with many fewer symptomatic 
patients needing intervention in the 0.75–1  cm2 cohort. A cutoff valve area for 
severe AS ≤0.8  cm2 (0.45  cm2/m2) would appropriately reclassify some patients 
with “severe” AS into moderate severity, with implications for defining severe AS in 
low-flow states.

Unfortunately, excluding a pseudo-severe AS in a low-flow setting remains a 
challenge.

In the presence of LFLGAS, a dobutamine stress test can be conclusive [14, 15]. 
Infusion of low-dose dobutamine at gradually increasing doses (starting from 5 μg/
kg/min with 5 μg/kg/min increases every 3–5 min until a maximum dose of 20 μg/
kg/min), by increasing cardiac output, can increase the pressure gradient, leaving 
the AVA unaltered and so confirming a truly severe AS (Vmax ≥ 4 m/s with a VA 
≤1.0 cm2 at any point during the test protocol). On the other hand, in the case of an 
aortic pseudostenosis, where a weak LV is not able to generate sufficient contractile 
strength to fully open the valve, the increase in cardiac output increases the AVA, 
with a minimal change in gradient. In cases in which there is no increase in EF or 
cardiac output (lack of contractile reserve, usually defined as an increase in 
SV < 20%), this test cannot distinguish between the two conditions. However, this 
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finding is of outmost prognostic importance, as predictive of adverse outcomes and 
high operating risk. In the evaluation of a PLFLGAS, a low-dose dobutamine test 
can be administered, but its role in this setting is not well established [6].

Moreover, the pressure recovery (PR) phenomenon may be responsible for 
Doppler gradients that are substantially higher and a valve area that is substantially 
lower than those determined invasively. When blood accelerates across a restrictive 
orifice, pressure energy, proximal to the stenosis, is converted to kinetic energy, 
whereas, distal to the stenosis, blood decelerates again. Kinetic energy gained dur-
ing flow acceleration must be converted to another form of energy during flow 
deceleration. Kinetic energy dissipates into heat due to turbulences and viscous 
losses in the case of a dilated ascending aorta; instead, kinetic energy is recon-
verted into potential energy, with a corresponding increase in pressure (so-called 
PR) in the case of laminar transvalvular flow and a normal caliber of the proximal 
ascending aorta. However, in most adults with native AS, the magnitude of pres-
sure recovery is small and can be ignored as long as the diameter of the aorta is 
>30 mm [6, 7].

Careful evaluation of symptoms, measuring of neurohormones, evaluation of 
valve area, degree of calcification, amount of myocardial scar by transesophageal 
echocardiography (TEE), multislice computed tomography (MSCT), and/or cardio-
vascular magnetic resonance (CMR) and catheterization can play an important role 
in a low-flow condition. Measurement of global longitudinal strain (GLS) by 2D 
speckle tracking method, at rest and during dobutamine stress, can be helpful in 
enhancing diagnosis and risk stratification in LFLGAS [16].

The tomographic nature of 2D echo, the inability to view the entire AV valve 
apparatus (valve, root, and ascending aorta) in order to understand the spatial rela-
tionships among its components, and the need for geometrical assumptions about 
the morphology of the structures of the valve apparatus limit the utility of 2DE for 
the selection of patients who may benefit from percutaneous/surgical replacement. 
Dynamic stereoscopic visualization of the aortic valve with three-dimensional 
echocardiography (3DE) improves the diagnostic potential of ultrasound in AV dis-
ease [17–20].

Three-dimensional data volumes that contain the aortic valve apparatus can be 
subsequently split and rotated to obtain a dynamic and anatomically oriented view 
of the aortic valve, which can be viewed from different perspectives: from the aortic 
root, the ventricular outflow tract, as well as from any plane, either longitudinal or 
oblique, as may be needed. Valve visualization from the aortic root perspective is 
the most favorable to assess its morphology (Fig. 15.8), while the view from the 
ventricular outflow tract is the most suitable to visualize tumors, vegetations, and 
subvalvular obstructions. In 3DE, there are no limits to the alignment of the cross-
sectional plane, regardless of the orientation in space of the aortic root, overcoming 
the problems derived from the longitudinal movement of the heart during the entire 
cardiac cycle.

Calibration of the gains and filters allows an accurate delineation of anatomical 
details of the valve, while the addition of colored tissue maps increases the percep-
tion of depth in 3D. The transesophageal approach with scans from the mid-upper 
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portion of the esophagus affords a better spatial resolution and, therefore, a better 
image quality for a 3D evaluation of the aortic valve.

The addition of color Doppler imaging can help to overcome the inaccuracy of 
spectral Doppler ultrasound for SV calculation. By providing a direct measure of 
the actual flow, color 3DE does not need nonsimultaneous measurements of the 
time-velocity integral and cross-sectional area of the LV outflow tract, thereby 
reducing the potential for errors. The measurement of stroke volume with color 3DE 
has proven to be more accurate than the two-dimensional continuity equation, even 
in situations with altered geometry of the outflow tract, such as in basal septum 
hypertrophy in the elderly.

Another method for the 3D calculation of LV stroke volume is that derived from 
3D volume calculation, by subtracting the end-systolic volume from end-diastolic 
volume and adding the result to the numerator of the usual CE.

3DE allows better identification of the minimum orifice, especially in the case of 
commissural fusion or a valve with dome-shaped appearance. The planimetric area, 
measured by transesophageal 3D (3D TEE), has been shown to have a high correla-
tion with the AVA derived from the continuity equation or calculated with Gorlin 
formula at catheterization. Furthermore, direct planimetry at 3D TEE has shown a 
higher accuracy compared with 2D TEE, which significantly overestimates the 
AVA. The superior ability of 3D TEE to better outline aortic valve morphology and 
measure the contours of cusps and commissures is the real advantage to 3D TEE 
over 2D TEE imaging. Nevertheless, the presence of calcification may make it dif-
ficult to trace the planimetry of the orifice area, due to masking phenomena and 
glare caused by calcification. In addition, as for 2DE, planimetry can overestimate 
the severity of aortic stenosis in patients with low stroke volume, due to reduced 
opening of the valve’s anatomic area.

An exercise test is contraindicated in symptomatic patients with AS owing to a 
high risk of complications, including syncope, ventricular tachycardia, and death. In 
asymptomatic patients, it can be performed under close monitoring and has great 
prognostic value [21, 22]. Reduced tolerance to effort, onset of symptoms, and 
abnormal blood pressure response, such as an increase of less than 20 mmHg or a 

a b

Fig. 15.8  Three-dimensional transesophageal echocardiography showing (a) normal aortic valve 
in diastole from aortic view and (b) calcific aortic stenosis (aortic view). MV mitral valve
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fall below baseline, are associated with an unfavorable outcome, so these patients 
should be considered symptomatic. In these cases, aortic valve replacement seems 
to be associated with a better outcome compared with medical treatment. ST seg-
ment depression is commonly seen and is nonspecific for CAD.  Exercise stress 
echocardiography is challenging and seldom necessary. However, it may provide 
prognostic information in asymptomatic severe AS by assessing the increase in 
mean pressure gradient and the systolic pulmonary arterial pressure and change in 
LV function [23–25].

Multislice computed tomography (MSCT) and Cardiac magnetic resonance 
(CMR) imaging are increasingly used in patients with AS and can complement echo-
cardiography in the diagnostic evaluation and monitoring of patients with asymp-
tomatic severe AS, affecting treatment decisions. Both techniques provide detailed 
information of valve, aortic root, and aortic morphology and are useful for preproce-
dural assessment before surgical or transcatheter AV replacement (SAVR or TAVI).

MSCT has the capability of quantifying the degree and severity of aortic valve 
calcification (AVC) (Fig. 15.9). AVC is expressed in Agatston units (AU). The cal-
cium score correlates strongly with actual aortic valve calcium weight, as measured 
postmortem, with the echocardiographic hemodynamic severity of AS (Vmax and 
AVA), and with clinical outcomes. Recent studies have shown that a calcium score 
<800 AU excluded severe AS with a high negative predictive value, while a score 
>1600 AU suggested severe AS. A threshold of 1651 AU provided the best combina-
tion of sensitivity and specificity, particularly for patients with depressed EF. However, 
a steeper slope of AS severity increase, with any given AVC load increase, in women 
than in men has been demonstrated. Hence, for diagnostic purposes, the AVC load 
linked to severe AS should be lower for women (severe AS very likely: men≥3000; 
women≥1600; severe AS likely: men≥2000; women≥1200) [4, 26–30].

MSCT measurement of the elliptical LVOT can bring incremental value to 2D 
echocardiography and improve AS severity assessment; however, given that CT 
measures a larger LVOT cross-sectional area compared with 2D echocardiography, 
larger cut-point values of AVA (<1.2 vs. 1.0 cm2) should be used to identify severe 
AS and predict adverse events if a “hybrid CT-echocardiography method” is used to 
estimate AVA [31]. CT has gained prominence recently in the treatment of AS with 
the use of TAVI.

CMR is an effective tool in assessing cardiac anatomy and function [4, 32–34]. 
It allows a careful measuring of end-systolic and end-diastolic LV chamber volumes 
and resulting SV, which is of the outmost importance in the presence of suspected 
low-flow conditions, unless associated. SV measured by CMR can be used in the 
calculation of the CE-AVA, overcoming the limits of the 2D Doppler method. The 
AVA calculated from CMR-derived SV is often larger than traditional 2D Doppler 
CE-AVA. Moreover, CMR can quantify the degree of interstitial fibrosis, as detected 
with late gadolinium enhancement. Interstitial fibrosis is an important feature of the 
pathological hypertrophic remodeling that the LV undergoes in response to the ele-
vated afterload in severe AS. A silent myocardial infarction can also be detected. 
These findings have been associated with a worse prognosis in general and after 
AVR [35, 36].
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Nonetheless, the lack of thorough clinical validation of these modalities, paired 
with economic considerations, has slowed their widespread use in the detection and 
risk stratification of AS.

15.2	 �Invasive Diagnosis

At present, the principal role of cardiac catheterization in AS patients consists of 
determining whether there is concurrent coronary artery disease to be treated surgi-
cally or percutaneously for valve disease. The modern catheterization laboratory 

a b

c d

e f

Fig. 15.9  Images illustrating the aortic valve calcium score of three patients with increasing cal-
cification grades. (a, b) Mild calcification, (c, d) intermediate calcification, and (e, f) severe calci-
fication, involving also the LVOT
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has become the place to solve the difficult diagnostic challenges that arise in patients 
with structural heart diseases when answers are not apparent through the clinical 
examination and noninvasive testing. Thus, the remaining questions are complex 
and pose difficult diagnostic dilemmas. Careful hemodynamic study to determine 
the severity of AS is indicated when echocardiography data leave doubts or are of 
nonoptimal quality, when there is a discrepancy between clinical information and 
echocardiographic findings, and when AS is associated with low cardiac output or 
altered LV function [4, 37, 38].

Assessment of AS relies on measurement of the valve gradient and calculation of 
valve area.

The optimal technique to assess aortic valve gradient is to record simultaneously 
left ventricular and ascending aortic pressures (Fig. 15.10). The peak-to-peak gradi-
ent has been the conventional measurement in the past. However, it is a nonphysi-
ological parameter. Instead, it is recommended that the mean aortic valve gradient 
be used, which is the integrated gradient throughout the entire systolic ejection 
period and the optimal indicator of severity of obstruction. Most catheterization 
laboratories can now use computer analysis of the mean gradient, facilitating attain-
ment of this measurement.

Assessment of AVA relies on the Gorlin formula, in which cardiac output is 
determined by the Fick principle. Most laboratories now use thermodilution (a deri-
vation of the Fick principle) to measure cardiac output. In low-output conditions 
(cardiac output <2.5 L/min), the Gorlin equation overestimates the severity of valve 
stenosis. In these cases, the hemodynamic assessment of AS severity at rest and dur-
ing maneuvers to increase the flow through the aortic valve (e.g., by infusing dobu-
tamine) can provide crucial information [15]. The simplified Hakki method (valve 
area = cardiac output/square root of the gradient) differs from the Gorlin method by 
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Fig. 15.10  Simultaneous left ventricular (LV) and central aortic (Ao) pressures in a patient with 
aortic stenosis. The peak-to-peak gradient is the difference between the peak left ventricular and 
peak aortic pressures. The mean pressure gradient is the integrated gradient between the left ven-
tricular and aortic pressure throughout the entire systolic ejection period

I. Monte et al.



267

18 ± 13% in patients with bradycardia (<65/m) or tachycardia (>100/m) [37, 39]. It 
can be used to ensure that the more complex Gorlin equation has been calculated 
with the proper data input. In the growing population of patients who have 
PLFLGAS, further evaluation may be indicated, perhaps with vasodilators, such as 
nitroprusside, to lower the high additional afterload resulting from a noncompliant 
aortic system. Patients with true severe AS may be able to be identified by demon-
strating an increase in aortic valve gradient and a fixed valve area [37].

However, despite their proven effectiveness, AVA measurements have both prac-
tical and theoretical limits. The area is a planar measurement, which does not con-
sider mitral inflow with its funnel shape or aortic outflow with a tubular shape. AVA 
calculation is based on a laminar flow of a noncompressible fluid. Turbulence is 
hence not considered. As a result, valve areas <0.7 cm2 are almost always associated 
with clinical symptoms, and areas >1.1 cm2 are not usually associated with symp-
toms, but the intermediate areas are in a gray zone. Another hemodynamic param-
eter that has proven its clinical utility is the calculation of valve resistance, though 
it is a complementary index that cannot be used instead of valve area assessment. 
Based on these considerations, according to current guidelines, hemodynamic 
assessment of AS on a routine basis is not necessary.

15.3	 �Timing of Interventions

AS is a disease with a variable and unpredictable rate of hemodynamic progression. 
The average annual increase in aortic jet velocity and AVA has been estimated to be 
0.3 m/s and 0.1 cm2, respectively [40]. Advanced age, male gender, and the presence 
of risk factors of atherosclerotic disease have been reported as predictors of a rapid 
progression, but to what extent these factors contribute to AS progression is 
unknown.

As many as 50% of patients with severe AS report no symptoms at the time of 
diagnosis. Patients with asymptomatic severe AS have a better prognosis than those 
with symptomatic severe AS. In patients with asymptomatic severe AS, 1-year and 
5-year survival rates have been reported to range from 67% to 97% and 38% to 
83%, respectively. The risk of sudden death has been reported to be approximately 
1–1.5% per year. The median time to symptom onset, AVR, or death ranges between 
1 and 4 and 5 years, respectively, after receiving the diagnosis. Approximately two-
thirds of conservatively managed patients with asymptomatic AS will develop 
symptoms. As soon as even mild symptoms occur, the prognosis of severe AS is 
dismal, with survival rates of only 15–50% at 5 years. As many as 3% of patients 
can die suddenly—within 3–6  months—and as many as 6.5% of symptomatic 
patients can die while awaiting AVR. Importantly, ~70% of sudden deaths in patients 
with asymptomatic severe AS are not preceded by any of the classical AS symptoms 
[5, 6, 40–46].

A comparative summary of the intervention timing reported in the new guide-
lines for the management of patients with valvular heart disease issued by AHA/
ACC and ESC/EACTS [5, 6] is given in Table 15.3.
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In the absence of serious comorbid conditions that limit life expectancy or qual-
ity of life, aortic valve replacement (SAVR or TAVI) is indicated in virtually all 
symptomatic patients with severe AS and should be performed promptly after onset 
of symptoms. Age alone is not a contraindication for surgery. As long as the ΔPmean 
remains >40 mmHg, there is virtually no lower EF limit for surgery [5, 6].

The management of patients with classical LFLGAS is more difficult. If 
depressed EF is predominantly caused by afterload mismatch, LV function usually 
improves after surgery. In this setting, the evidence of flow reserve is predictive of 
a better long-term outcome after AVR in most patients. Conversely, improvement 
in LV function after AVR is uncertain if the primary cause is scarring due to exten-
sive myocardial infarction or cardiomyopathy. The outcome of patients without 
flow reserve is subject to a higher operative mortality. However, AVR can still 
improve EF, clinical status, and long-term survival in select patients [5, 6, 47–49]. 
The newly recognized entity of PLFLGAS requires special attention because of the 
limited amount of data on the natural history and outcome after surgery [5–14, 50]. 
In such cases, surgery should be performed only after a comprehensive 
evaluation.

Management of asymptomatic severe AS remains controversial. An active sur-
veillance strategy (watchful waiting) is adopted for the vast majority of cases, with 
the unquestionable exception of patients with symptoms or abnormal findings on 
exercise test (who should be basically considered as symptomatic), patients still 

Table 15.3  Comparative summary of the intervention timing according to AHA/ACC and ESC/
EACTS guidelines

Timing of intervention in aortic stenosis ESC AHA/ACC
Severe AS and any related symptoms by history IB IB
Severe AS and any related symptoms on exercise testing IC IB
Asymptomatic severe AS and LVEF <50% not due to another cause IC IB
Asymptomatic severe AS when undergoing other cardiac surgery IC IB
Asymptomatic severe AS and decreased exercise tolerance or abnormal 
blood pressure response (fall or <20 mm Hg increase)

IIaB IIaB

Symptomatic severe low-flow/low gradient AS with reduced LVEF 
confirmed by low-dose dobutamine stress test

IIaC IIaB

Moderate AS when undergoing other cardiac surgery IIaC IIaC
Symptomatic severe low-flow/low-gradient AS with normal LVEF only 
after careful evaluation

IIaC IIaC

Asymptomatic very severe AS with peak velocity ≥5.0–5.5 m/s when 
surgical risk is low

IIaC IIaB

Asymptomatic severe AS with severe calcification and fast peak velocity 
progression ≥0.3 m/s/year when surgical risk is low

IIaC IIbC

Symptomatic severe LF/LG AS with reduced LVEF without evidence of 
flow reserve by low dose dobutamine stress test

IIbC N/A

Asymptomatic severe AS and one or more of the following findings, 
when surgical risk is low
– markedly elevated natriuretic peptides levels without other explanations
– increase of mean pressure gradient with exercise by ≥20 mmHg
– excessive LV hypertrophy in the absence of hypertension

IIbC N/A
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asymptomatic in spite of the presence of an LV dysfunction, and patients who need 
to undergo other cardiac surgery [5, 6, 21–25]. Given the current low periprocedural 
mortality rates for isolated SAVR and TAVI, earlier intervention has been increas-
ingly advocated in asymptomatic severe AS patients in order to overcome the practi-
cal challenges of the watchful waiting strategy: interpreting symptoms or the lack 
thereof is notoriously difficult, particularly in elderly sedentary patients. Because 
AS progression is highly variable and unpredictable, rapid deterioration can occur. 
A standardized algorithm for active surveillance has not been defined or validated; 
approximately 15% of patients will not be able to perform an exercise test, a propor-
tion that increases with age. Adherence to surveillance can be poor; late symptom 
reporting can result in irreversible myocardial damage, with worsened prognosis, 
despite AVR. Operative risk increases with patient age and LV dysfunction; the risk 
of sudden death is low but not negligible, and sudden death can be the first symptom 
of the disease.

A limited amount of data shows a better long-term outcome with an initial AVR 
strategy than with a watchful waiting strategy. Nonetheless, such a strategy could 
expose a number of patients to an unnecessary, expensive procedure and to its long-
term complications [51–58].

Many attempts have been made to select patients in the pool of truly asymptom-
atic severe AS at higher risk for early symptoms onset and events and with greater 
prospect of improvement after an initial AVR.

Several specific predictors have been reported and already acknowledged by the 
new guidelines, mainly in Europe [5, 6]:

•	 Fast disease progression: increase in Vmax ≥0.3 m/s/year [59]
•	 Severe AS: Vmax ≥5.0 or 5.5 cm/s [57, 60, 61]
•	 Increase in ΔPmean > 20 mmHg or systolic pulmonary arterial pressure > 60 mmHg 

with exercise [23–25]
•	 Severe aortic valve calcification by MSCT [26–30]
•	 Excessive LV hypertrophy in the absence of hypertension [62]
•	 BNP level at rest or during exercise (no standardized data available, but out-

comes progressively correlated with BNP ratio at rest and ΔBNP with exercise) 
[63–65]

Indexed left atrial area [52], Zva [8, 52, 53, 66], and global longitudinal strain by 
speckle tracking [52, 53, 67–69] are other predictors that could in the near future 
refine the management of asymptomatic severe AS patients.

In general, surgical replacement allows for a marked improvement in clinical 
symptoms and in long-term survival in most patients, with an intraoperative mortal-
ity of 2–5% for patients below 70 years of age undergoing aortic valve replacement 
alone for the first time; this percentage rises to 5–15% in patients older than 70 [70].

The risk of operative mortality is increased by the following factors: advanced 
age, comorbidities, female gender, advanced New York Heart Association (NYHA) 
functional class, LV dysfunction, pulmonary hypertension, coronary artery disease, 
and prior cardiac surgery.
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The predictors of intraoperative mortality have been identified based on a long 
series of cardiac surgery patients and have been correlated with cardiac diseases, 
patient age, comorbidity, and type of surgical procedure [71].

In this regard, there are two main models utilized to evaluate surgical risk, the 
Society of Thoracic Surgery Predicted Risk of Mortality (STS-PROM) [72] and the 
European System for Cardiac Operative Risk Evaluation (EuroSCORE) [73], 
recently updated to version II [74]. These systems are based on the assessment of 
cardiac and extracardiac factors. Though these represent the sole objective methods 
to estimate short-term mortality after surgical aortic valve replacement, they have 
several limitations. Nevertheless, the STS-PROM seems to reproduce more closely 
the operative and 30-day mortality for the highest-risk patients having AV replace-
ment. These score systems are not specifically designed for AS and tend to overes-
timate or sometimes underestimate the real risk. Also, they are not widely applicable, 
as it is now well accepted that the risk is also related to the particular surgical team. 
Moreover, there are a series of clinical conditions (porcelain aorta, previous chest 
wall radiation, liver failure, chest wall malformation, frailty, active endocarditis, 
active cancer, low-flow low-gradient AS) that have not been taken into account in 
these risk scores but which very often are a contraindication or make surgery par-
ticularly risky. In addition, there are also conditions that can increase surgical risk 
for various reasons, such as left ventricular hypertrophy, left ventricular dilation, 
diastolic dysfunction, preoperative 6-min walking test, hypoalbuminemia/poor 
nutritional status, anemia, morbid obesity, and right ventricular dysfunction [75].

Nevertheless some authors have identified specific predictors with TAVI of early 
mortality and have developed simple scores using preprocedural variables, such as 
age >90  years, frailty, assisted living, NYHA class IV, pulmonary hypertension, 
diabetes mellitus, glomerular filtration rate  <  45  mL/min, or dialysis, to predict 
30-day or in-hospital mortality after TAVI. These simple scoring systems may facil-
itate identifying particularly high-risk patients who may require more intensive 
screening by a heart team [76–78].

In clinical practice, there is a tendency to consider patients over 80 years of age 
as inoperable tout court. The EuroHeart Survey [79], a prospective study, published 
in 2001 and carried out in over 5000 patients affected with moderate-to-severe valve 
diseases enrolled in 92 centers in 25 European countries, showed that while there is 
general agreement between the decision to intervene surgically and existing guide-
lines on the treatment of symptomatic patients, recourse to surgery in patients with 
serious symptoms is less frequent for several, often groundless, reasons. In the 
EuroHeart Survey, at least one-third of the elderly patients with comorbidities and 
AS were not considered operable. The reasons for nonintervention were, in 31% of 
patients with only severely diseased aortic valve, patient refusal to undergo surgery, 
regression of symptoms with medical therapy (about 39%) and end-stage disease in 
18%, and symptoms ascribed to a concurrent coronary artery pathology (14%) with 
recent myocardial infarction in 7%.

Alongside the cardiac causes, the presence of at least one extracardiac condition 
was considered a contraindication for surgery in 55.3% of cases. The most frequent 
reasons reported were advanced age (27.6%, sole reason in 1.3% of cases), chronic 
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obstructive pulmonary disease (13.6%), kidney failure (6.1%), patient refusal 
(16%), and low life expectancy (19.3%).

Clearly, the use of the EuroSCORE and STS score to quantify surgical risk is just 
one of the means of assessing the therapeutic approach; it must be corroborated by 
other essential elements, such as the patient’s life expectancy and quality of life, as 
well as requests and expectations of patients and their families.

It has been proven that, despite high surgical risk, patients over 80 years of 
age have a much better prognosis after surgery compared with medical therapy 
alone.

Therefore, the development of a less invasive treatment to reduce the cardiovas-
cular complications due to general anesthesia, thoracotomy, and extracorporeal cir-
culation, to a minimum, has become essential for elderly patients affected with 
severe AS associated with comorbidities, who, without adequate treatment, would 
inevitably die in just a few months.

Therefore, given the complexity of patients affected with AS, in the patient selec-
tion phase, the European Working Group recommends that all “currently available 
risk scores should not be used as an isolated decision tool but as part of an integrated 
approach, which includes complete clinical evaluation, reference to local resources 
and surgical results, and the preferences of the patient and their family. Risk scores 
are not a substitute for clinical experience in the management of patients with val-
vular heart disease” [75].
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Transthoracic echocardiography remains the first-line modality when assessing 
aortic valve disease: its high temporal resolution and the hemodynamic data made 
available by the Doppler analysis are essential for an accurate diagnosis, risk strati-
fication, and follow-up of these pathologies. However, in the context of a compre-
hensive imaging work-up before an aortic valve percutaneous intervention, a 
precise, 3D and, above all, reproducible morphological characterization of the aor-
tic valve and the aortic root anatomy is needed [1].

Extensive research on the place of computed tomography (CT) in this interven-
tional cardiology setting has been done in recent years, particularly with the rise of 
transcatheter aortic valve implantation (TAVI), and the literature has established 
computed tomography angiography (CTA) as the reference imaging modality to 
screen these patients and plan their procedures, with a direct benefit in terms of 
reduction of adverse effects [2]. All the expertise gained with these procedures has 
also brought new insights into the initial diagnosis, as well as the evaluation of ste-
nosis severity, and risk stratification of the congenital and acquired aortic valve 
diseases. Consequently, CTA increasingly appears to be a comprehensive imaging 
examination able to diagnose, classify, and help plan the interventional procedure in 
simple, as well as in the more complex, cases.

In this chapter, and after a practical review of the technical aspects of aortic valve 
CTA, we will describe the CT imaging characteristics of the main aortic valve dis-
eases, with emphasis on the key components of patient screening and procedural 
planning.
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16.1	 �Aortic Valve CTA Technique

Acquisition protocols of straightforward examinations, such as non-contrast head 
CT, aortoiliac CTA, or CT pulmonary angiography, are largely standardized across 
vendors and institutions, so as to offer a constant and reliable image quality. On the 
contrary, acquisition protocols of complex examinations vary quite significantly 
among vendors and centers [3]. Cardiac CT is the most complicated of CT acquisi-
tions, in which scanning equipment, technological choices, operator training, and 
patient characteristics directly influence the outcome [4]. The expertise gained from 
the wider use of coronary CTA has been translated into valve CT imaging, and the 
technology can actually be considered robust, if this modality is carried out by a 
dedicated cardiac imaging team.

16.1.1	 �CT Acquisition

Acquisition is a critical step in CTA, since it determines the image quality and, 
therefore, the reliability of the examination [5]. Besides advanced technical adjust-
ments such as tube potential, tube current, reconstruction algorithm, or temporal 
enhancement software, physicians supervising and interpreting cardiac CT for valve 
disease must be experts in both data acquisition and interpretation.

16.1.1.1	 �ECG Synchronization
In order to freeze cardiac motion and obtain a clear depiction of the aortic valve 
anatomy, a synchronization of the acquisition with the cardiac cycle is mandatory. 
As for coronary CTA, this is achieved though electrocardiogram (ECG) triggering 
and requires a 64-row scanner.

Two major synchronization modes [6] are available (Fig. 16.1):

–– Prospective triggering, in which only a single portion of the cardiac cycle, usu-
ally either end diastole or end systole, is acquired. In this mode, the scanner 
focuses on a specific part of the cardiac cycle, and X-rays are triggered only dur-
ing this predetermined period of interest. The major strength of this mode is its 
low radiation dosage; the disadvantages lies in its susceptibility to cardiac 
arrhythmia and high heart rates, the misalignment artifacts on 64- and 128-row 
scanners (Fig. 16.2), and in the static aspect of the images, as only one phase of 
the cardiac cycle is obtained.

–– Retrospective ECG synchronized acquisitions, in which the entire cardiac cycle 
is acquired. In this mode, X-rays are emitted continuously over a certain number 
of heart beats (one to ten, depending on the scanner model and on the patient’s 
heart rate), and any cardiac cycle time point can be reconstructed later. The main 
advantages of this mode are the possibility of studying valve motion via cine 
images, since the whole cycle is available for review, and a relative insensitivity 
to cardiac arrhythmia with ECG editing possibilities; the negative point is a sig-
nificantly increased radiation dose.
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a

b

Fig. 16.1  Cardiac CT acquisition. In prospective (a) ECG-triggered mode, one sequential acqui-
sition (blue bar) is made every other heartbeat in the same cardiac phase, with table movement 
(green arrows) in between. Based on the number of rows, the coverage of each stack varies 
between 2.5 and 16  cm, meaning that 1–7 piles are required to cover the entire heart and the 
ascending aorta. They are subsequently merged (orange arrows) to form the volume of interest. In 
retrospective (b) ECG synchronized mode, the RX emission is constant over a definite number of 
heartbeats, and the table moves continuously

a

b

Fig. 16.2  Misalignment 
artifacts on a cardiac CTA 
acquired with a 64-row 
scanner. (a) The 
misalignment is minimal; 
the piles can be 
differentiated only by the 
intensity of the blood pool 
enhancement. (b) The 
misalignment is severe, 
and that drastically limits 
the evaluation of the right 
coronary artery
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With a prospective acquisition, only a single phase is obtained, while in a retro-
spective acquisition any phase can be reconstructed a posteriori. The reconstruc-
tion of the cardiac images with respect to the cardiac cycle follows a standardized 
rule: each cardiac cycle begins with an R wave and ends with an R wave, as detected 
by the scanner on the patient’s ECG. A time point in the cardiac cycle is designated 
by its relative position in the R-R interval, expressed in percentage of the whole 
interval (Fig.  16.3). Usually, examinations acquired in retrospective mode are 
reconstructed from 0 to 90% every 10%, with ten phases covering the entire heart 
cycle.

16.1.1.2	 �Iodine Contrast Injection
Adequate luminal enhancement is essential in clearly depicting the valve morphol-
ogy and requires a high concentration of iodine within the arterial lumen at the time 
of acquisition. This is obtained through

–– The use of a high concentration iodine contrast media, equal to or above 320 mg/
mL, with about 60–100 mL needed for an examination. Usual contraindications 
are renal failure, with an eGFR lower than 30 mL/min, and proven allergy to 
iodine contrast media.

–– A high injection rate (4–6 mL/s) using an automatic power injector with saline 
flush; this requires a good caliber IV line.

–– A bolus tracking technique to monitor the arrival of contrast media using serial 
axial slices repeated through the ascending aorta to follow, in real time, the pro-
gressive arterial uptake, until a predefined threshold (100–250 Hounsfield units) 
is reached and triggers the acquisition.

20%

0% 100%

50% 70%

Fig. 16.3  Reconstruction of phases after CT acquisition. R-R interval is by convention labeled 
from 0 to 100%. In this example, reconstructions were made at 20% (systole), 50% and 70% (dias-
tole). Note how the right coronary artery is blurred at 20% and clear at 70%
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The arterial phase, in which the arterial luminal enhancement is maximum, is 
mandatory. Other phases such as the non-contrast or the late venous are optional. 
The non-contrast phase is used for measuring the burden of aortic valve calcifica-
tion (i.e., calcium scoring), while the late venous phase is helpful when assessing 
the contrast uptake of a lesion.

16.1.1.3	 �Field of View and Slice Thickness
A coronary CTA always encompasses the aortic valve, but does not include the 
ascending aorta and the aortic arch. Dedicated aortic valve imaging should, in addi-
tion to the entire heart, routinely include the tubular portion of the aorta, as valvular 
pathologies (e.g., aortic stenosis, bicuspid valve) or originate (e.g., aortic dissec-
tion) from it.

In the axial plane, the field of view must be narrowed so as to center the image 
on the heart (Fig. 16.4) and gain some spatial resolution.

Slice thickness may vary among vendors, but must remain below 1 mm (usually 
between 0.5 and 0.625 mm) so as to obtain isotropic volumes suitable for the tridi-
mensional posttreatment [7].

16.1.2	 �CT Posttreatment

Once the acquisition has been carried out, a first quality check is done to ensure the 
diagnostic quality of the examination, before releasing the patient from the CT 
scanner.

512px512px
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Fig. 16.4  Field of view. In a chest CT, the field of view is large, so as to encompass the entire 
chest (left): 36 cm are fitted in the 512 pixels of the image matrix. In a valve CT, the field of view 
must be limited to the area of interest (right): only 25 cm are fitted in 512 pixels, consequently 
increasing the spatial resolution
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c

Fig. 16.5  Valve CT image quality criteria. (a) The field of view is inadequate, with default of 
coverage of the aortic root. (b) The arterial enhancement is insufficient, with a density of only 
237 HU in the ascending aorta. (c) Major misalignment artifacts hinder the proper evaluation of the 
annulus in this 64-row acquisition

On a dedicated aortic valve CTA, one has to make sure that the following condi-
tions are fulfilled (Fig. 16.5):

–– Coverage of the left ventricular outflow tract (LVOT), the aortic sinus and the 
initial part of the ascending aorta

–– Sufficient arterial enhancement, with a luminal density above 250  HU in the 
ascending aorta

–– Absent or minimal motion artifacts and misregistration artifacts between the 
annulus and the sinus
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16.1.2.1	 �Qualitative Analysis
Even though the axial slices remain at the basis of the radiological interpretation, 
standard and advanced image post processing [3] are needed to accurately depict the 
valve anatomy.

Multiplanar reconstructions (MPRs) are the most useful tool. Because images 
are isotropic, reconstructions in other planes, i.e., coronal, sagittal, or oblique, can 
be achieved while keeping the exact same image quality. Double obliquity allows 
the reader to simultaneously tilt a plane in reference to two perpendicular slices and 
is of paramount importance in achieving adequate measurements of vessels and 
other structures.

MPR views can be combined, in examinations acquired in retrospective mode, 
with a cine mode review of the different reconstructed phases covering the entire 
heart cycle. This allows a 4D navigation of the dataset, where the user can scroll 
between the phases (i.e., between systole and diastole) and the acquired 
volume.

Maximum intensity projection (MIP) reconstructions are obtained by summing 
the densest voxels over a pre-definite thickness, usually 3–10 mm. In CTA, brighter 
voxels correspond to iodine contrast, calcifications, and bones: raw MIP reconstruc-
tions will therefore bring out these structures, and the reader can adjust the MIP 
thickness so as to keep the bony structures out.

Volume rendering (VR) is another post-processing method based on voxel den-
sity using a specific 3D shading algorithm to create an impression of volume. 
Dedicated cardiac VR requires the suppression of the surrounding structures, such 
as the ribs, the lungs, or the abdominal organs, which can be time consuming. 
Limitations of MIP and VR are encountered with highly calcified structures and 
with stents, where the dense materials hinder the evaluation of the underlying opaci-
fied lumen. Ultimately, one has to keep in mind that VR and MIP are only recon-
structions, and as such are prone to various computer and user generated artifacts. 
Consequently, any lesion detected over the VR or the MIP images has to be verified 
on the MPR slices.

16.1.2.2	 �Quantitative Analysis
Distance measurements can be obtained in two different ways on a dedicated work-
station (Fig. 16.6):

–– Linear measurements are the base and are made on a strictly perpendicular-to-
the-flow axial view (utility of double obliquity MPR). When measuring a vessel, 
the smallest and largest diameters are drawn from lumen to lumen.

–– Double oblique transverse imaging along the center line of any vascular structure 
is essential to ensure accurate measurements. This can be done semiautomati-
cally with secondary manual adjustments. A contour-smoothing algorithm is 
used to flatten the small irregularities. Once the lumen is segmented, a perimeter 
and a surface are obtained, from which a mean diameter can be computed. The 
surface-based mean diameter is the most reproducible one. This tool is also used 
to measure the surface of the valve opening/closing.
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16.1.3	 �Radiation Dose

A retrospective CTA for an aortic valve study delivers from 5 up to 15 mSv, depend-
ing on the scanner used (the more recent, the less the dose) and on the patient (the 
more thin and the more bradycardic, the less the dose) [8], which is reasonable 
when compared to a diagnostic coronary catheter angiogram (around 5 mSv) or to 
the mean annual natural radiation dose (around 2.5 mSv per year).

16.2	 �Aortic Stenosis

16.2.1	 �CT Diagnosis

Diagnosis of AS using CT takes advantage of the high spatial resolution and of the 
excellent calcium depiction of the technique [9]. AS displays fairly classic imaging 
findings on CT, including leaflet thickening, leaflet calcifications (typically involv-
ing the noncoronary cusp in priority), and restricted leaflet motion on the cine 
images with decreased opening of the valve, and can be accompanied with ascend-
ing aorta dilatation and concentric left ventricular hypertrophy [10].

A non-contrast ECG-gated phase can be used to accurately quantify the burden 
of calcification of the aortic valve in a fashion similar to that done for scoring of 
calcium in the coronary arteries. The aortic valve score obtained (Agatston) is a 
reproducible marker of the severity of the calcification and has been shown to cor-
relate well with the severity of AS. A threshold of 1651 has been proposed [11] to 
differentiate non-severe from severe AS, with a 82% sensitivity and a 80% 

a b

Fig. 16.6  CT distance measurements. (a) Linear measurements are drawn by the reader from 
lumen to lumen. (b) The lumen contour is semiautomatically segmented, with a 5 mm smoothing 
to flatten the small irregularities, and the minimum diameter, maximum diameter, area, and area-
based diameter and perimeter are automatically computed. Note the variation in the maximum 
diameter between both types of measures
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specificity, and appears robust even when the left ventricular ejection fraction is 
severely decreased. It has also been suggested that different thresholds should be 
used for women (>1274) and men (>2065) [12]. Interestingly, an Agatston score of 
less than 700 excludes severe AS, with a high negative predictive value.

The high spatial resolution of CT is also efficient in measuring the geometric 
orifice area of a stenotic aortic valve, which is the area formed by the free sides of 
the aortic valve leaflets at peak systole. This requires a retrospective acquisition, 
with careful review of all available phases in order to determine the phase in which 
the valve opening seems to be the largest (usually end systole, i.e., between 20 and 
40%). Once the correct phase is selected, the annulus plane is determined using 
MPR (cf. TAVI work-up below) and is shifted up to the valve to encompass the free 
sides of the leaflets. A freehand segmentation tool is then used to draw the valvular 
orifice, with exclusion of calcium and leaflet thickening, to obtain an aortic valve 
area expressed in square centimeters (Fig. 16.7). It is commonly recommended that 
minimum intensity projection reconstruction (minIP) be used to help mitigate the 
impact of calcification on the planimetric assessment of the geometric valve area. 
This measure is systematically larger than the one derived from echocardiography 
data, with an overall difference between 0.12 [13] and 0.6 cm2 [14]. This can be 
explained by the fact that echocardiography relies on gradient and therefore calcu-
lates an effective valve area, while CT relies on morphology and gives an anatomic/
geometric valve area [15]. Aortic valve area thresholds to differentiate severe AS 
vary among authors [13, 16, 17]; however, 1.2  cm2 is an accepted cutoff. 
Consequently, CT can be helpful particularly when Doppler estimation of the aortic 
valve gradient is unreliable.

16.2.2	 �Before Transcatheter Aortic Valve Implantation

CT plays a central role in the selection of patients suitable for TAVI and is the 
reference method [2] for the aortic annulus and aortic root sizing, assessing the 
coronary ostia position, and predicting the appropriate angiography projection 
angles [18, 19]. CTA is also essential in defining iliac vessels tortuosity, stenosis, 
and severity of calcified atherosclerosis, in order to plan the safest access route and 
minimize vascular complications [20]. Using a 64- or 128-row single source scan-
ner, a comprehensive TAVI planning protocol often requires two consecutive steps: 
first, a retrospectively ECG-gated aortic root CTA followed by an ungated aortoilio-
femoral CTA [21] (Fig. 16.8).

Prosthesis selection relies on the measurement of the virtual basal ring of the 
aortic valve ventricular plane, which determines the aortic annulus. This is defined 
as the ring formed by the junction of the hinge point of each cusp. The measure-
ments need to be done in end systole, in which the annulus size is the greater [22]; 
this usually corresponds to the 20–40% phases. Once the correct phase is identified 
and selected, a double-oblique MPR is used to align all three hinge points of the 
aortic cusps: one can begin with aligning the crosshair on the right coronary cusp on 
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Fig. 16.7  Aortic valve 
area CT measurement. The 
opening surface of the 
aortic valve is segmented 
manually, with careful 
exclusion of the calcium 
and the leaflet thickening. 
(a) We have an example of 
a valve area measured at 
1.57 cm2, indicating a 
moderate stenosis. (b, c) 
One can see the positive 
effect of thick-slice minIP 
reconstruction (b) on the 
leaflet free sides, 
conspicuity, compared with 
the MIP image (c), where 
the valve calcifications can 
render an accurate 
delineation of the orifice 
difficult
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an axial view, then rotate the sagittal oblique axis to align with the left coronary 
cusp, and finally rotate the coronal oblique to align with the noncoronary cusp 
(Fig. 16.9). Once the annulus plane is defined, one can position the crosshair in the 
middle of it, and rotate either the sagittal oblique or the coronal oblique in a turn-
around fashion to ensure that the hinge point of each cusp is indeed in plane.

With the annular plane defined, the following measurements (Fig. 16.10) can be 
made:

–– Annulus size: Various CT measurements have been used to help guide annulus 
sizing and device selection, with reliance now being almost exclusively on annu-
lar area and perimeter. Area was initially favored owing to the fact that it was 
highly reproducible across workstation platforms. Perimeter is now commonly 
used as well, particularly for self-expandable devices, as all CT workstations 
have now begun to integrate perimeter smoothing algorithms to improve repro-
ducibility [23]. At present, area remains the measurement of choice for balloon-
expandable prostheses. This is likely wise as it is a more conservative 
measurement than perimeter: the aortic annulus is commonly noncircular and the 
perimeter of a noncircular structure is always greater than the perimeter of a 
circular structure of the same size. Sizing algorithms have been developed on the 
basis of both of these measurements of the annulus, with the most common goal 
being to place a transcatheter heart valve larger than the native annulus by a pre-
specified percentage of either the annular area or perimeter. The self-expandable 
devices with lower radial forces need greater degrees of oversizing to reduce the 

Fig. 16.8  Classical TAVI planning CTA acquisition protocol. First, the aortic valve and the aortic 
root are acquired with ECG synchronization, and then the CAP aorta CTA is acquired
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Fig. 16.9  Annulus definition using CTA. First, one has to align the MPR crosshair on the right 
coronary cusp hinge point (a—red circle), then align one of the sagittal oblique plane on the left 
coronary cusp plane (a—red arrow). Second, the axial plane is tilted (b—red arrow) so as to align 
with the hinge point of the left cusp (b—red circle). Third, the noncoronary cusp is aligned (c) and 
the axial plane is again tilted (d—red arrow) to attain the hinge point of the last cusp (d—red cir-
cle). Finally, a turnaround check is done (e—red arrow) to confirm the alignment of the hinge 
points (e—red circles)

a

b
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c

d

Fig. 16.9  (continued)
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risk of paravalvular leak compared with balloon-expandable prostheses, for 
which annular rupture is a risk with excessive oversizing.

–– Coronary ostial height: the orthogonal distance between the annulus plane and 
the ostium of the left main and the right coronary artery is measured on the sagit-
tal or the coronal oblique plane.

–– Coplanar projection angle: fluoroscopy arm positioning for optimal annulus 
alignment can be derived from the CT, providing that the software used has this 
specific capability.

Other required measures are:

–– Sinus of Valsalva: three diameters, from the bottom of the cusp to the opposite 
commissure

–– The minimal luminal diameter of the iliac arteries for sheath accessibility

16.2.3	 �Before Open Surgery

The role of CT before open aortic valve surgery is limited to the search for extensive 
ascending aorta wall calcifications (“porcelain aorta”) (Fig. 16.11) that could render 
impossible its cannulation [24], and the prediction of suitable anatomy for a mini-
invasive procedure [25].

e

Fig. 16.9  (continued)
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Fig. 16.10  Measurements for TAVI work-up. Once the annulus plane is defined, its area and 
perimeter are measured by segmentation (a). The coronary ostial height is measured as the orthog-
onal distance between the ostium and the annulus plane (b—left main, c—right coronary artery)

a

b
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16.3	 �Aortic Regurgitation

The role of CT in the diagnosis of aortic regurgitation is less well established, 
though the technique and the posttreatment are quite similar. When aortic regurgita-
tion is secondary to an intrinsic valve disease, CT can show retraction of the leaflets, 

Fig. 16.11  Porcelain aorta. Almost circumferential ascending aortic wall calcifications (left), 
which are well depicted on the VR (middle) and MIP (right) reconstructions

c

Fig. 16.10  (continued)
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and thickening and/or calcifications. On the contrary, when aortic regurgitation is 
passive, leaflet anatomy is normal, and the main role of CT is to precisely measure 
the aortic root.

Visual assessment of the valve residual opening in end diastole has shown a good 
correlation with echocardiography for grading the severity of the regurgitation [26]. 
Indeed, a normal coaptation of the leaflets in end diastole is sufficient to rule out a 
moderate or severe regurgitation. However, mild aortic regurgitation can exhibit 
normal CT leaflet coaptation and therefore be missed. This is a particular issue in 
the setting of aortic valve calcification because the more the valve is calcified, the 
more the visualization of the regurgitant orifice can be easily obscured. It has been 
suggested that when the valve calcium scoring is greater than 937, the risk of false 
negatives with CT is high [27].

To measure the regurgitant orifice area, one has to select the correct CT phase 
corresponding to end diastole. It is important to recognize that this does not corre-
spond to a pre-specified percentage of the R-R interval and requires adjudication 
through interrogation of the mitral valve. In practice, we select the phase immedi-
ately before the closure of the mitral valve. Once selected, the annulus plane is 
determined and is shifted up to the valve at the level of the leaflets to best visualize 
the leaflet malcoaptation. A freehand tool is then used to obtain the planimetry of 
the regurgitant orifice. In a large study, moderate aortic regurgitation had a valve 
area of about 0.37 cm2, while severe patients had an area of 0.81 cm2, though with 
some overlap between groups [27]. It has been proposed to use a threshold of 
0.25 cm2 valve opening for moderate AR, and 0.75cm2 for severe AR [28].

16.4	 �Leaflet Anomalies

CT is an excellent tool for a positive diagnosis and classification of leaflet anoma-
lies, particularly the bicuspid aortic valve (BAV). Identification of the various BAV 
phenotypes with CT is more reliable than with echocardiography [29], yielding a 
sensitivity of 94% and a specificity of 100%, compared with 71% and 71% for 
ultrasound [30]. Identification of BAV is of paramount importance in a pre-TAVI 
work-up, as this affects the device selection, the procedure, and the prognosis [31], 
though the 30-day mortality, the rate of paravalvular leak, and the incidence of 
annular rupture have been shown to be somewhat comparable between BAV and 
tricuspid AV [29].

The normal tricuspid appearance is essentially defined by the presence of three 
commissures, each located between the free sides of two AV cusps, and giving the 
orifice a triangular appearance in peak systole.

There are several classifications of BAV morphology, and are of various com-
plexity; they have historically relied on either pathology or echocardiography [32]. 
The most common classification system used clinically is one proposed by Sievers, 
in 2007 [33]. In this seminal work, a classification system was proposed after exam-
ination of 304 surgically excised bicuspid aortic valves. Three factors were defined 
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as essential for the diagnosis. The two less emphasized elements referenced were 
the spatial location of the raphe and the functional status of the aortic valve. The 
most important characterizing feature was the number of raphes—designating three 
“types”: a Type 0 BAV with no raphe, a Type 1 BAV with a single raphe, and a Type 
2 BAV with two raphes. The location of the valve opening in a Type 0 valve is either 
anterior-posterior or lateral, while in Type 1 or 2 BAVs the raphe is located between 
the left (L) and right (R) cusps (L-R, 71%), between the right and noncoronary 
cusps (N) (R-N, 15%), or between the left and noncoronary cusps (N-L, 3%). These 
anatomical findings described by Sievers are easily characterized on CT, given its 
strong spatial resolution and its multiplanar imaging capabilities.

More recently, it has become increasingly clear that MDCT can provide insight 
into the morphological changes that exist across the spectrum of bicuspid valve 
disease. A new MDCT-based classification (Fig.  16.12) has been proposed by 
Jilaihawi et al. [34], with the advantage of being anatomically based and designed 
to be relevant in the era of TAVI. In this classification, an entity known as a tricom-
missural bicuspid valve, which was previously referred to as a functional or acquired 
bicuspid valve, is described. There is increasing data in the pathology literature 
suggesting that this subtype is congenital in nature, but manifests later in life. To 
make this diagnosis with CT, the first step of the analysis should be to define the 
annulus plane, bearing in mind that in BAV patients the virtual basal ring is com-
monly located higher in position. Once in the annulus plane, the second step is to 
count the number of hinge points to determine if there are two or three points. When 
three points are encountered, it is a tricommissural BAV, and a bicommissural if 
only two points are present.

Fig. 16.12  Bicuspid valve classification
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The tricommissural type accounts for 23% of cases. In this morphology, the 
bicuspid aspect is secondary to a complete fusion of two cusps at the commissural 
level. This fusion can occur either between the coronary cusps (62% of cases) or 
either between a coronary cusp and the noncoronary (38% of cases). Of impor-
tance, this fusion exhibits the same cephalad extent as the two other 
commissures.

The bicommissural type, in which only two hinge points are present, can be 
found with (56%) or without (21%) a raphe. When a raphe is present, two cusps are 
fused by a fibrous or calcified ridge, which however does not reach the height of 
the commissure fusion. In bicommissural BAV, the valve opening can be made 
between the coronary cusps (mixed cusp fusion, accounting for 12% of cases in the 
raphe type, and 79% of cases in the non-raphe type) or between the coronary and 
the noncoronary cusps (88% of cases for the raphe type, and 21% for the non-raphe 
type).

16.5	 �Infective Endocarditis

Evidence of endocardial involvement with echocardiography (valve vegetation, 
perivalvular abscess, new dehiscence of a prosthetic valve) is one of the major cri-
teria for a positive diagnosis of infective endocarditis [35]. However, vegetations as 
well as perivalvular abscesses can be difficult to detect even with TEE, with a sen-
sitivity ranging between 48 and 100% [36]. ECG-gated CTA has demonstrated an 
overall 97% sensitivity and 88% specificity for the detection of valvular lesions, 
with a 96% sensitivity and 97% specificity for >4 mm vegetations, and a 100% 
sensitivity and specificity for the abscesses/pseudoaneurysms [37].

On CT, vegetations are seen as irregularly shaped hypodense masses (Fig. 16.13) 
that are oscillating and adherent to the endocardium. Abscesses are heterogeneous 
paravalvular masses typically located in the paravalvular space, but which can also 
extend to the myocardium. A pseudoaneurysm is a lesion filled with contrast media, 
with a direct continuity with the aortic root or the cardiac chambers; CT appears to 
be superior to TEE for showing the perivalvular extent of these lesions, particularly 
the annulus involvement.

In addition to these direct findings, cardiac CTA has also the advantage of show-
ing the coronary artery anatomy, which could be useful in ruling out coronary artery 
disease before surgery and/or anticipating potential surgical difficulties when septic 
lesions are close to the coronary arteries [37].

16.6	 �Tumors

The most common valve tumor is the papillary fibroelastoma, which is a benign 
lesion involving predominantly the aortic valve, and is usually discovered inciden-
tally or secondary to distal embolization [38]. Papillary fibroelastomas are small 
tumors, usually <1 cm and ranging from 0.2 to 5 cm [39], and are seen on CT as 
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well-circumscribed round or oval hypodense lesions. They are attached to the valve 
more frequently in its upstream side, commonly through a pedicle.

Other aortic valve primary tumors are extremely rare, and the major differential 
is an infective endocarditis vegetation, which usually destroys the valve anatomy 
and exhibits a different clinical presentation [40].

a

c

b

Fig. 16.13  Infective endocarditis. CTA example (a, b, red arrows) of a vegetation in an 
infective aortic endocarditis in a 62-year-old man, and correlation with transesophageal echo-
cardiography (c)
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16.7	 �Postoperative Follow-Up and Complications

16.7.1	 �After Surgical Aortic Valve Replacement

Complications after surgical AV replacement can be, in some cases, diagnosed with 
CT [41].

Valvular regurgitation is defined by an abnormal regurgitant volume and can 
affect biological or mechanical prosthetic valves, provided an impingement of the 
leaflet/disk closure is present.

This can be secondary to infective endocarditis, the CT appearance of which is 
similar to that on the native valve (i.e., small round hypodense lesions), and are usu-
ally located on the ventricular surface of the prosthesis.

Thrombosis and pannus can also cause valvular destruction and regurgitation/
obstruction. Pannus usually develops on the ventricular side of the valve; on the 
contrary, thrombus tends to develop on the aortic side. Pannus is seen on CT as a 
hypodense structure extending from the ventricular wall to the valve surface, and 
the attenuation of which is similar to that of the ventricular septum; CT can help in 
identifying a resulting flow limitation [42]. Thrombus is also seen as an hypodense 
structure [43], but usually less dense than the ventricular septum.

Structural failure can also be at the origin of valvular regurgitation. For biologi-
cal valves, CT can help in identifying insufficient leaflet coaptation, with measure-
ment of the valve residual opening area in end systole [44], and identification of 
leaflet thickening or leaflet calcifications. Indeed, cusp calcifications has been linked 
to bioprosthetic valve failure, and can also be quantified with a calcium score [45], 
as for native valves. Cine CT of prosthetic valves, provided a retrospective ECG-
gated acquisition has been used, can detect prosthetic valve dysfunction [46], such 
as incorrect leaflet opening.

Paravalvular regurgitation is defined by an abnormal retrograde blood flow 
around the valve between the prosthesis and the annulus. It can be directly recog-
nized on CT as an enhancing structure adjacent to the valve and linking the LVOT 
with the ascending aorta. Differential with valve dehiscence is difficult. Valve dehis-
cence is secondary to suture breakdown and is favored by infective endocarditis, 
ascending aorta dilatation, and native valve calcifications. On CT, dehiscence is 
seen as a complete gap between the margin of the prosthetic valve and the annulus, 
with leakage of contrast flowing from the LVOT to the aortic sinus. It is usually big-
ger and larger than a simple paravalvular regurgitation.

16.7.2	 �After TAVI

CT follow-up of TAVI patients is only done in cases of new onset of symptoms sug-
gestive of valve dysfunction, or in cases of discordant/equivocal echocardiography 
findings [21]. Normal post-deployment appearance varies between valve models; 
one must ascertain a good positioning (i.e., a lower part of the prosthesis located in 
the LVOT below the annulus plane, and an upper part located in the aortic root 
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beyond the distal portion of the native cusps), and a good expansion with displace-
ment of the native leaflets up in the aortic sinus.

CT is the reference modality for a diagnosis of acute post-procedural complica-
tions: aortic dissection, annular and aortic root rupture, cardiac tamponade, con-
tained rupture with pseudoaneurysm formation, and valve thrombosis (Fig. 16.14a) 
[47]. Valve migration, as well as valve integrity, can also be analyzed with CT: 
aspect of the stent and the prosthetic leaflets can reveal stent fracture or leaflet 
degeneration. More recently, a new entity described as early hypo-attenuated leaflet 
thickening (HALT), and corresponding to a hypodense thickening of the prosthetic 
leaflets (Fig. 16.14b) combined with reduced valve motion, has been described [48, 
49]. This finding has recently been shown to resolve after oral anticoagulation, and 
not seen in those on anticoagulation, suggesting that it relates to subclinical valve 
thrombus formation. However, the importance of this finding is unknown.

a

b

Fig. 16.14  TAVI complications. Follow-up CTA performed 40 days after TAVI in a patient with 
progressively increasing mean transaortic gradient. (a) Low-attenuation thickening of the right coro-
nary leaflet (red arrows) consistent with thrombus. Follow-up CTA done 30 days after TAVI in an 
asymptomatic patient. (b) Hypodense thickening of the prosthetic leaflets corresponding to HALT
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�Conclusion
Thanks to its high spatial resolution and its excellent calcium depiction, CT is 
particularly suited for the exploration of calcified AS, mainly for the pre-TAVI 
work-up, and for a positive diagnosis and grading in patients in whom echocar-
diography is non-conclusive. Other CT applications for aortic valve pathologies 
are emerging, but for now remain a second-line option, limited to specific indica-
tions and patients.
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17Echocardiographic Imaging 
for Transcatheter Aortic Valve 
Replacement
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Echocardiography plays an important role in the percutaneous procedure of 
transcatheter aortic valve replacement (TAVR), starting with pre-implant screening, 
choosing the correct size of the valve device, in the case of complications during 
implantation, and in post-implant and follow-up assessment.

17.1	 �Pre-implant Screening and Evaluation

In patients with aortic stenosis (AS), transthoracic echocardiography (TTE) allows 
an overall assessment of morphology and valve function, as well as left ventricular 
functionality, in terms of the wall thickness, cavitary volumes, and overall contrac-
tility. In addition to conventional parameters to be assessed in AS patients set out by 
the guidelines of the American Society of Echocardiography (Table 17.1) [1, 2], in 
the case of patients undergoing TAVR, particular attention is to be paid to some 
additional parameters, which are peculiar to the procedure.

The aortic valve complex comprises the left ventricular outflow tract (LVOT), 
which is composed of the basal septum of the ventricle and the mitral-aortic junc-
tion, the aortic annulus, the aortic cusps, the sinuses of Valsalva, and the sinotubular 
junction (Fig. 17.1).

Correct sizing of the annulus, as well as a correct characterization of periannular 
region (cusps, LVOT, and proximal aortic ring), will allow the correct choice of the 
transcatheter heart valve (THV), and to anticipate and prevent possible complica-
tions, such as perivalvular regurgitation, occlusion of the coronary ostia, or rupture 
of the annulus [3–6].
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Table 17.1  Pre-procedural transthoracic assessment

Pre-procedural echocardiographic imaging
Aortic valve and root
    • Aortic valve morphology
    • Bicuspid versus tricuspid
    • Degree and location of calcium
Annular dimensions
    • Minimum and maximum diameters
    • Perimeter
    • Area
Aortic valve hemodynamics
    • Aortic valve gradients and area
    • Stroke volume
    • Impedance
Left ventricular outflow tract
    • Extent and distribution of calcium
    • Presence of sigmoid septum
Aortic root dimensions and calcification
    • Sinus of Valsalva diameter
    • Sinotubular junction diameter and calcification
    • Location of coronary ostia and risk of obstruction
Mitral valve
    • Severity of mitral regurgitation
    • Presence of mitral stenosis
    • Severity of ectopic calcification
    • Anterior leaflet calcification
Left ventricular size and function
    • Wall motion assessment/exclude intracardiac thrombus
    • Left ventricular mass/hypertrophy and septal morphology
    • Assessments of function: ejection fraction, strain and torsion, diastolic function
Right heart
    • Right ventricular size and function
    • Tricuspid valve morphology and function
    • Estimate of pulmonary artery pressures

Fig. 17.1  The aortic valve 
complex: aortic annulus; 
SV, sinuses of Valsalva; 
STJ, sinotubular junction 
(parasternal long-axis TTE 
view)
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17.1.1	 �Aortic Annulus

The most important measure currently used for the choice of the prosthesis is the 
annulus, i.e., the virtual plane at the level of the hinge point, i.e., the lowest attach-
ment site of the three aortic cusps [7].

The measurement of the diameter of this virtual ring is difficult because the 
annulus is often asymmetric and oval, with a larger annular diameter on the coronal 
plane and a smaller diameter on the sagittal plane [8–10]. In addition, in the case of 
the tricuspid valve, any plane passing through the bisector of a cusp at the level of 
the hinge point on one side does not project on the hinge point of the other side but 
in a region of fibrous tissue between the valve leaflets (Fig. 17.2).

a b c

Fig. 17.2  Measurement of the aortic annulus. (a) Correct: centrally positioned diameter and cen-
tral closure of leaflets. (b) Incorrect: eccentric annular measurement. The hinge points are slightly 
displaced upward and do not correspond to the nadir of the cusp attachments, with incomplete 
opening and closing of leaflets. (c) Incorrect: oblique annular measurement. Thin lines correspond 
to the long axis of the ascending aorta and, orthogonally, correct orientation of the annular diam-
eter. In the image below echo views of incorrect measurement

17  Echocardiographic Imaging for Transcatheter Aortic Valve Replacement
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Conventionally, this diameter is measured in long axis (sagittal plane) during sys-
tole, and though it is no longer indicated for sizing, this measurement can be consid-
ered valid in most cases, provided that an appropriate algorithm for oversizing is used 
[6]. It is also important that this measurement is carried out in systole since at this stage 
the annulus is less elliptical, due to the dynamic nature of the shape of the annulus [11], 
thus making it possible to obtain greater measures compared with diastole (Fig. 17.3). 
The correct long-axis window should divide the maximum diameter of the aorta in two, 
and simultaneous use of 3D multislice technology will allow imaging of both the short 
axis and long axis, thus ensuring the imaging of the correct annular plane. In this condi-
tion, the hinge point of the right coronary cusp is displayed anteriorly and the fibrous 
trigone posteriorly. Since there are no anatomical markers for the virtual annular plane 
within the fibrous trigone, the correct annular diameter is calculated assuming that the 
virtual annulus is perpendicular to the long axis of the aorta, taking care not to mistake 
the calcifications of the attachment of the valve leaflets inside of the sinuses of Valsalva 
for the hinge point of the aortic cusp. This measurement certainly cannot be the only 
one used for sizing, but it can be used as an initial confirmation of the size of the pros-
thesis, as it represents the shorter diameter of the oval annulus. Moreover, it remains 
relevant to optimize the measurements of the LVOT used in the continuity equation.

For a more correct measurement of the aortic annulus, 3D transesophageal echo-
cardiography (TEE) is useful (Fig. 17.4). As shown by numerous studies, it provides 
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accurate and highly reproducible measurements that are comparable to those 
obtained by standard multislice computed tomography (MSCT) [12–19]. Altiok 
et al. [10] found a high correspondence between 3D TTE and MSCT for the coronal 
and sagittal diameters, the perimeter of the annulus, and area. The advantages of 3D 
technology include real-time imaging of the hinge points and elimination of errors 
due to manual tracing of the planes. Nevertheless, 3D TTE too is unable to over-
come the physical limitations of ultrasounds, which create blooming and artifacts in 
the lateral lobe, as well as acoustic drops.

The measurement of the annulus by 3D TTE is possible in two modes: direct 
planimetry and indirect planimetry.

Direct planimetry employs commercial software that manipulates the 3D volume 
using a multislice approach. The transverse annular plane (short axis) is obtained 
using the orthogonal views to the long axis (sagittal and coronal) as a guide, thus 
allowing the direct measurement of the annulus (by manual tracing), and of the 
maximum and minimum diameters [20]. With this method, Jilaihawi et  al. [18] 
found that 3D TEE significantly underestimates MSCT measurements of the aortic 
annulus, while still outperforming 2D TTE in predicting significant paravalvular 
regurgitation (PVR).

Indirect planimetry, instead, avoids the direct planimetry of the transverse 
plane, eliminating errors due to manual tracing. By means of specific software 
originally designed for the mitral valve [12], it employs the planes of the long 
axis and identifies the annulus by means of neighboring anatomical structures, 
such as the mitral flaps, the aortic root, and the septum. In this way, the arti-
facts due to the lateral lobes are identifiable on the axis and are not mistaken 
with the annulus. Acoustic shadows can be managed using the annular plane of 
the short axis as a reference, while being sure to take the annular points consis-
tently with the neighboring points, and reflecting the shape of the virtual annu-
lus. Validations of this method have been described in studies, which found no 
significant differences in the measurement of the area and perimeter compared 
with MSCT [19].

Echocardiography offers several advantages with respect to MSCT. The first 
and foremost is certainly the absence of the use of contrast agent, which allows it 
to be used also in patients with chronic kidney failure. In addition, the analysis of 
a large number of cardiac cycles, of which an average is calculated, allows use in 
patients with significant arrhythmias. In these cases, MSCT, which creates a com-
posite image of multiple cardiac cycles, is limited by the generation of jump or 
movement artifacts. Echo 3D provides real-time imaging of the hinge points, 
eliminating errors due to manual tracing of the direct planimetry of the annulus by 
MSCT. Though echocardiographic imaging (both 2D and 3D) can be limited by 
blooming and lateral lobe artifacts, as well as by the acoustic drop, MSCT is also 
affected by artifacts generated from calcification of the annulus and valve. Finally, 
new software packages are being developed that are able to further automate 
acquisition and reduce operator-dependent variability in the measurement of the 
aortic annulus.

W. Deste et al.
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17.1.2	 �LVOT

The calculation of the aortic valve effective orifice area (EOA) with the continuity 
equation requires the measurement of the diameter of the LVOT at the same level of 
pulsed Doppler of the velocity-time integral (VTI), since both are combined to cal-
culate the stroke volume.

In patients with aortic stenosis, the LVOT sample volume must be taken apically 
to the flow convergence region, and the LVOT systolic diameter must be measured 
at maximum 5 mm from the aortic annulus (between 1 and 2 mm of the annular 
plane), avoiding excessively apical measurements and, in particular, those at the 
level of the sigmoid septum (Fig. 17.5). In this way the systolic diameter of the 
LVOT should be 1 or 2 mm smaller than the annular diameter, and a difference of 
>2  mm should point to an error in the measurement of the LVOT or annulus. 
Moreover, the hypertrophy of the basal septum can be found in about 25% of 
patients with aortic stenosis and impairs the measurement of the LVOT.  In these 
patients, the measurement of the LVOT should be carried out closer to the annulus 
to prevent the projection of the septum. Numerous studies have shown that the 
LVOT is often elliptical [21–23] if observed at the level of the long axis (sagittal), 
thus determining an underestimation of its actual area. In addition, comparative 
studies between standard 2D measurements (TTE or TEE) and the 3D planimetry of 
the LVOT area have shown that cardiac output [24] or EOA [25, 26] is underesti-
mated by 10–23% using the 2D.

Despite these results, an EOA of <1  cm2 calculated with the conventional 
method is associated with a higher mortality (risk ratio 1.78%, 95% confidence 
interval: 1.33-2.35, p < 0.001) even in the absence of symptoms (risk ratio 1.65; 

Fig. 17.5  LVOT measurement (parasternal long-axis TTE view)
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95% confidence interval: 1.05–2.47; p = 0.02) [27]. The 2014 guidelines of the 
American Heart Association/American College of Cardiology [28] continue to 
recommend the use of standard measurements for the assessment of the severity 
of AS [1].

In addition to the diameter of the LVOT, in the pre-TAVR evaluation, a key role 
is played by the qualitative characteristics of the LVOT and by the geometry of the 
septum. Marked septal hypertrophy could indeed make it difficult to position and 
implant the THV because of the sharp angle of the LVOT and the difficulty of main-
taining a coaxial alignment of the guide and the delivery system. This may be par-
ticularly evident during the transapical approach, in which the position of the apical 
cannula is fixed. A hypertrophic and hyperdynamic septum could also result in an 
upward displacement of the prosthesis during implantation. In contrast, a particu-
larly thin membranous septum with dystrophic calcifications may involve other 
complications, such as an interventricular defect [29]. Calcium at the level of the 
LVOT is also an important predictor of paravalvular leaks [30, 33] and rupture of the 
annulus.

17.1.3	 �Aortic Valve

Valve anatomy, the severity and localization of calcifications, and the symmetrical 
opening of the valve must be carefully assessed.

The extent and distribution of calcification is correlated with an excessive move-
ment of the THV during implantation [32] and with paravalvular regurgitation [31, 
33–35]. It also increases the risk of embolization of calcified nodules in the coro-
nary ostia, ruptures of the annulus, perforations of the root, periaortic hematomas, 
and aortic dissection [3, 36, 37].

The valvular opening must be evaluated to identify any asymmetries that would 
make the alignment of the THV difficult during the release and onset of PVR. One 
extreme example of asymmetry in valve opening is a bicuspid aortic valve. Despite 
two TAVR reports in a series of patients with bicuspid aortic valve have shown 
results comparable with patients with tricuspid aortic valve in terms of acute proce-
dural success, valve hemodynamics, and short-term survival [29, 38], many case 
reports of THV implanted in patients with congenital abnormalities of the aortic 
valve have limited their use in this population since significant residual aortic regur-
gitation or suboptimal flow characteristics have been reported [39–41].

The most recent retrospective multicenter analysis of 139 patients has shown a 
mortality rate of 3.9%, with a rate of embolization of the prosthesis and conversion 
in cardiac surgery in 2.2%. In this case, procedural mortality is higher than that 
reported in TAVR in tricuspid valves with balloon-expandable prostheses (0.9%), 
although the embolization rate of the prosthesis and the rate of conversion to an 
open surgical procedure are comparable [42]. A greater incidence of periprosthetic 
regurgitation has also been reported in bicuspid valves ≥2: 28.4% in total, 17.4% 
when sizing was done by MSCT. There are no differences in terms of PVR between 
the self-expanding valve and balloon-expandable valve (p = 0.99).
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Applying the classification of Sievers et al. [43] for the bicuspid aortic valve, an 
increased rate of post-implant residual aortic regurgitation can also be noted in 
patients with bicuspid aortic valve type 1 (with single raphe) compared to those 
with type 0 (no raphe) (34.2% vs. 13.3%, respectively, p = 0.03) [44]. This may be 
related to the thick calcification often along the raphe that hinders adequate stent 
implantation at the level of the LVOT.

17.1.4	 �Aortic Root

Safe and successful implantation of the THV finally requires an overall assessment of 
the “neighboring zone”: the diastolic diameter of the sinuses of Valsalva and their 
height, the diastolic diameter of the sinotubular junction, and the height of the coro-
nary ostia can affect the choice of the THV size and the decisions concerning valve 
implantation.

The localization of the coronary ostia is of primary importance since their occlu-
sion can determine a catastrophic ventricular dysfunction. In particular, the compli-
cations related to the occlusion of the ostium of the right coronary artery are 
significantly less frequent than those of the occlusion of the left coronary artery. A 
meta-analysis of 18 studies showed that coronary obstruction is the result of the 
displacement of the calcified left coronary cusp and not of the THV stent and that 
the factors typically associated with the obstruction of the coronary ostia include 
female gender, small aortic root diameter (mean diameter 27.8  ±  2.8  mm), and 
height of the left coronary ostium (mean height 10.3 ± 1.6 mm) [5].

Though MSCT is often employed for these measurements [45, 46], 3D TTE 
allows the rapid acquisition of the coronary plane for the measurement of the dis-
tance between the annulus and the ostium of the left coronary artery, as well as of the 
length of the coronary cusp during the procedure. The comparison of the measure-
ments of the implantation height of the left coronary artery obtained by 3D TTE and 
MSCT has shown a great degree of concordance (13.47  ±  1.67  mm vs. 
13.64 ± 1.82 mm) with a better correlation than between angiography and MSCT 
[10]. In addition, real-time imaging of the ostium of the left coronary artery during 
valvuloplasty or during TAVR can help to predict and prevent coronary obstruction.

17.2	 �Follow-Up

Together with clinical medicine, TTE plays a leading role in post-TAVI medium- 
and long-term follow-up, allowing the assessment of the outcome of the procedure, 
with early detection of restenosis or residual regurgitation.

The evaluation of stenosis of the prosthetic valve is a process composed of vari-
ous assessment parameters and is the result of their integration. The conventional 
parameters used to determine aortic stenosis of prosthetic valves are those published 
in guidelines, which take into account flow-dependent and flow-independent param-
eters [47] (Table 17.2).
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The limit of flow-dependent parameters, such as the peak velocity and mean 
gradient, is inherent in the variability of this measurement in relation to the preload 
at that given moment. The flow-independent parameters, i.e., the EOA and the 
Doppler velocity index (DVI), have limits: the EOA does not take into account the 
cardiac output in relation to the body surface of the patient (there are several cutoffs 
of stenosis severity for patients with BSA > 1.6 m2 and those with BSA < 1.6 m2), 
and DVI is dependent on the size of the LVOT, which, as seen above, may be subject 
to measurement errors. In particular, the measurement of LVOT velocity must be 
measured at the level of the apical margin of the prosthesis. In the case of a stent 
protruding from the LVOT into ventricle, it must be measured at the level of the 
proximal portion of the stent [48].

According to the Valve Academic Research Consortium (VARC)-2 criteria, it is 
necessary to consider initially a flow-dependent parameter (mean gradient) and a 
flow-independent parameter (EOA). If these parameters are discordant, the calcula-
tion of the DVI is advised. If it is abnormal, one can assume that there is valve 
dysfunction; if it is normal, possible LVOT calculation errors or a mismatch should 
be taken into consideration. Furthermore, it is not recommended to use acceleration 
time, a parameter that depends on ventricular function and heart rate [49].

The evaluation of post-TAVI aortic regurgitation is extremely important, and sev-
eral studies have confirmed the association between moderate and/or severe aortic 
regurgitation and mortality [50]. Moreover, aortic regurgitation is one of the 
VARC-2 criteria to determine prosthetic dysfunction (Fig. 17.6).

The conventional evaluation parameters mentioned in the guidelines include 
both quantitative and semiquantitative criteria (Table 17.3). Though all echocardio-
graphic projections are useful for an overview of aortic regurgitation, the short-axis 
parasternal view is instrumental in locating the leak and distinguishing intrapros-
thetic from periprosthetic aortic regurgitation [51].

One of the semiquantitative methods employed to quantity regurgitation is based 
on the percentage of color of the jet that covers the circumference between the stent 
of the prosthesis and the native valve. A value of less than 10% indicates mild regur-
gitation; a value between 10 and 20% moderate regurgitation; and a value of over 
20% severe regurgitation. The vena contracta, which is an estimate of the effective 
regurgitant orifice area, is not one of the evaluation parameters for post-TAVI regur-
gitation because it often features multiple and eccentric jets.

Table 17.2  Doppler echocardiographic evaluation of prosthetic aortic valves

Parameter Normal Possible stenosis
Suggest significant 
stenosis

Peak velocity (m/s) <3 3–4 >4
Mean gradient (mmHg) >20 >35
Contour of the jet velocity Triangular, early 

peaking
Triangular to 
intermediate

Rounded, symmetrical 
contour

DVI ≥0.30 <0.25
EOA (cm2) >1.2 1.2–0.8 <0.8
AT (ms) <80 80–100 >100

DVI Doppler velocity index, EOA effective orifice area, AT acceleration time
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18Vascular Access Management in  
Transcatheter Aortic Valve Implantation

Marco Barbanti, Gerlando Pilato, and Carmelo Sgroi

Though transcatheter aortic valve implantation (TAVI) has given ample proof of 
being a safe procedure, it is not devoid of complications. Peripheral vascular com-
plications and bleeding at the access site are still among the problems most fre-
quently associated with transfemoral TAVI. The transfemoral route is the access of 
first choice, and the improvement of TAVI devices has made it possible to reduce the 
size of introducers and delivery systems from the initial 22–24 Fr of the early 
devices to 18 Fr, first, and now to the 14–16 Fr of many new-generation devices. 
This has made it possible to broaden the range of indications treated with the trans-
femoral approach to serve a larger number of patients.

Vascular access management involves a comprehensive approach that includes 
the assessment of vascular anatomy through different imaging tools (angiography, 
computed tomographic angiography, magnetic resonance imaging, and ultrasound) 
and knowledge of materials and techniques designed to reduce the risk of vascular 
complications to a minimum (Tables 18.1 and 18.2).

18.1	 �Screening

18.1.1	 �Anatomy of the Iliofemoral Axis

The abdominal aorta bifurcates into the right and left common iliac artery, which in 
turn bifurcates into the external and internal iliac arteries. Once it crosses the inguinal 
ligament, the external iliac artery takes the name of common femoral artery. 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-59620-4_18&domain=pdf
mailto:mbarbanti83@gmail.com


318

The common femoral artery bifurcates again into the superficial and deep femoral 
artery (Figs. 18.1 and 18.2).

18.1.2	 �Pre-TAVI Assessment of the Femoral-Iliac Axis

In the overall assessment of the iliofemoral axes of a transfemoral TAVI candidate, 
three main factors need to be considered:

–– Lumen diameter
–– Wall plaques
–– Vessel tortuosity

Ideally, the minimum lumen diameter should be greater than the diameter of 
the introducer that will be used. This will be measured at the puncture site (com-
mon femoral artery), at the external iliac artery, and at the common iliac artery 

Table 18.1  Valve Academic Research Consortium (VARC)-2 classification of vascular access 
site and access-related complications

Major vascular complications
 � Any aortic dissection, aortic rupture, annulus rupture, left ventricle perforation, or new apical 

aneurysm/pseudoaneurysm OR
 � Access site or access-related vascular injury (dissection, stenosis, perforation, rupture, 

arteriovenous fistula, pseudoaneurysm, hematoma, irreversible nerve injury, compartment 
syndrome, percutaneous closure device failure) leading to death, life-threatening or major 
bleeding, visceral ischemia, or neurological impairment OR

 � Distal embolization (non-cerebral) from a vascular source requiring surgery or resulting in 
amputation or irreversible end-organ damage OR

 � The use of unplanned endovascular or surgical intervention associated with death, major 
bleeding, visceral ischemia, or neurological impairment OR

 � Any new ipsilateral lower extremity ischemia documented by patient symptoms, physical 
exam, and/or decreased or absent blood flow on lower extremity angiogram OR

 � Surgery for access site-related nerve injury OR
 � Permanent access site-related nerve injury
Minor vascular complications
 � Access site or access-related vascular injury (dissection, stenosis, perforation, rupture, 

arteriovenous fistula, pseudoaneurysms, hematomas, percutaneous closure device failure) not 
leading to death, life-threatening or major bleeding, visceral ischemia, or neurological 
impairment OR

 � Distal embolization treated with embolectomy and/or thrombectomy and not resulting in 
amputation or irreversible end-organ damage OR

 � Any unplanned endovascular stenting or unplanned surgical intervention not meeting the 
criteria for a major vascular complication OR

 � Vascular repair or the need for vascular repair (via surgery, ultrasound-guided compression, 
transcatheter embolization, or stent graft)

 � Percutaneous closure device failure
 � Failure of a closure device to achieve hemostasis at the arteriotomy site, leading to 

alternative treatment (other than manual compression or adjunctive endovascular ballooning)
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(Fig. 18.3). The presence of vascular sections with a diameter smaller than the 
outer diameter of the introducer is a contraindication to the procedure via the 
transfemoral route. In fact, a sheath/femoral artery ratio of 1.05 or higher has 
proven to predict both vascular complications and 30-day mortality. However, in 
the case of short stenotic segments without calcification, balloon angioplasty 
before inserting the introducer is a valid and safe alternative (Fig. 18.4). It should 
be noted however that in the absence of severe calcification, bulky atheromatous 
burden, or severe tortuosity, short segments of relatively compliant artery can be 
up to 1 mm smaller in diameter than the intended sheath, allowing it to be safely 
cannulated.

During the screening phase, the assessment of the degree of calcification and 
vessel tortuosity requires a great deal of attention by operators. An important feature 
of calcification is its distribution around the perimeter of the artery; calcification of 
the vessel is commonly defined as concentric if it spans beyond 270° around the 
circumference of the artery. This is the most adverse condition in the transfemoral 
approach, especially when vessel diameter is borderline. In these cases, the artery is 
not distensible, and it can be difficult or, at times, even impossible to advance the 
introducer. Another aspect to be considered is when a plaque is present at the punc-
ture site. On the one hand, the presence of calcification on the anterior wall of the 

Table 18.2  Comparison between transfemoral and transapical aortic valve implantation

Transfemoral (TF) Transapical (TA)
Access Femoral artery Left ventricular apex
Access mode Retrograde Antegrade
Incision length [cm] 1–2 ~5
Distance to aortic 
valve [cm]

~70–100 ~7–10

Wire insertion Through the aortic arch, 
retrograde

Through the aortic arch, antegrade

Wire positioning Arbitrary, across iliac vessels 
and aortic arch, irregularities, 
slack

Coaxial, straight

Valve insertion Through the aortic arch, 
retrograde

Does not touch aorta

Valve orientation Arbitrary Commissural (anatomical) alignment 
possible

Valve implantation Some mobility during 
implantation

Little mobility, stepwise and controlled 
implantation usually feasible

Application system 
retrieval

Across the aortic arch, 
relatively long distance

Direct and straight

Access closure Complication rates as high as 
10%

Very low complication rate, ~1%

Perspectives Smaller systems will become 
available

Allows access to almost any diameter 
of the devices—this may lead to 
potentially better tissue longevity

Future developments Improved vascular closure 
systems

Percutaneous access and closure 
systems
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Fig. 18.1  3D CT reconstruction of the 
iliofemoral axis. CIA common iliac 
artery, IIA internal iliac artery, EIA 
external iliac artery, CFA common 
femoral artery, SFA superficial femoral 
artery, DFA deep femoral artery

Fig. 18.2  Illustration of the iliofemoral axis (left). Angiographic view of the iliofemoral axis 
(right): EIA external iliac artery, CFA common femoral artery, SFA superficial femoral artery, DFA 
deep femoral artery

M. Barbanti et al.



321

a b c

Fig. 18.3  CT reconstruction of the right iliofemoral artery with curved multiplanar reformats. 
Measurement (green line) of the common iliac artery (a) of the external iliac artery (b) and com-
mon femoral artery (c)

Fig. 18.4  Treatment of severe right common iliac stenosis in a patient indicated for transfemoral 
TAVR. After pre-dilatation with a 5.0 mm balloon catheter, a 9.0 × 25-mm balloon-expandable 
Express stent (Boston Scientific, Natick, MA) was deployed with good final result. Eight days later 
patients underwent transfemoral TAVR uneventfully
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common femoral artery (Fig. 18.5) could compromise the effectiveness of the per-
cutaneous closure systems (Prostar or ProGlide), and it may be necessary to surgi-
cally isolate the femoral artery. On the other, the presence of plaques located solely 
on the posterior wall generally has a marginal impact on the effectiveness of the 
closure systems (Fig. 18.6).

Fig. 18.5  CT image of the 
common femoral artery 
with calcification of the 
anterior wall (red arrow). 
The posterior section 
shows mild calcification 
(blue arrow)

Fig. 18.6  CT image of the 
common femoral artery 
with calcification of the 
posterior wall (red arrow)
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Vessel tortuosity is not generally a concern when it is not associated with wall 
calcification, since simply introducing a guidewire is enough to straighten the ves-
sel. When, instead, major wall calcifications are present, the iliofemoral axis is 
stiffer and the insertion of the introducer may be unsafe.

There are various classifications of the degree of calcification and tortuosity of 
the iliofemoral axis. Those most frequently adopted are the following: calcifications 
are broadly defined as 0, no calcifications; 1, mild calcifications; 2, moderate calci-
fications; and 3, severe calcifications (Fig. 18.7).

Tortuosity is defined as follows: 0, no tortuosity; 1, mild tortuosity (angles from 
30 to 60°); 2, moderate tortuosity (angles from 61 to 90°); and 3, severe tortuosity 
(angles >90°) (Figs. 18.8 and 18.9).

18.1.3	 �Angiography

Pre-procedure screening of patients often starts with conventional angiography. 
Angiography provides a basic assessment of luminal size but offers a very limited 
evaluation of the presence of atherosclerosis and plaque burden, as well as of the 
degree of vessel tortuosity.

A calibrated pigtail catheter is placed in the abdominal aorta just above the iliac 
bifurcation. Both the iliac and femoral arteries are visualized by injecting 20–35 mL 
of contrast medium. The common femoral artery and the level of the femoral bifurca-
tion compared with the head of the femur are to be assessed. The diameter of the 
lumen of the iliac and femoral arteries can be measured with the calibration device of 
the catheter. The advantages of angiography are high spatial resolution and the pos-
sibility of assessing the course of the vessel and plaque burden. A limited movement 
of the vessel may indicate a stiffer and more calcified artery. Angiography provides 

a b c

Fig. 18.7  3D CT reconstruction with mild (a), moderate (b), and severe (c) calcifications
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Fig. 18.9  3D CT reconstruction of the iliofemoral axis with moderate tortuosity (left) and severe 
tortuosity (right)

Fig. 18.8  3D CT reconstruction of the iliofemoral axis with no tortuosity (left) and mild tortuosity 
(right)

M. Barbanti et al.



325

only a limited assessment of the degree of atherosclerosis and of tortuosity. Digital 
subtraction angiography (DSA) is still considered the gold standard because of its 
higher spatial resolution. However, both angiography and DSA show arterial anatomy 
in 2D. It follows that a stenosis that is visible only in 3D cannot be viewed [1].

18.1.4	 �Multidetector Computed Tomography

Because of the limitations of angiography, multidetector computed tomography 
(MDCT) has become the single most important imaging modality for the examina-
tion of the abdominal and iliofemoral arteries. There are major differences among 
protocols in terms of radiation dose and the amount of contrast medium adminis-
tered. The latter is particularly important considering the possible risk of contrast-
induced nephropathy (CIN) in the TAVI population.

Zemedkun M. et al. studied the feasibility and reproducibility of an MDCT proto-
col that involved the administration of low doses of contrast medium. The low-dose 
patients (n = 16) received 80% less contrast in volume than those studied with the 
standard protocol (n = 17) (23 ± 10 vs. 125 ± 23 mL, p < 0.001). There were no sig-
nificant differences in terms of quality of the obtained image (3.8 ± 0.4 vs. 3.9 ± 0.3, 
p  =  0.76) and of interpretability (100% for each P  =  1.0) between the groups of 
patients who received the lower dose of contrast medium and those who received the 
normal protocol. There were no significant differences in terms of CIN rates after 
MDCT between the standard protocol and low-dose groups [2] (10% vs. 3%; p = 0.55).

Other studies have shown that 10% of elderly patients with aortic stenosis who 
received a pre-TAVI CT scan develop acute kidney injury (AKI). It has also been 
found that intravenous administration of <90 mL of contrast medium reduces this 
risk in patients with and without kidney injury. However, in the majority of patients, 
kidney function is recovered prior to TAVI.

A standardized approach reduces morbidity and mortality rates from vascular 
injury and includes a number of reconstructions, including three-dimensional (3D) 
rendered volume imaging, curved multiplanar reformats, and maximum intensity 
projection images [3]. Employing a centerline approach to elongate the vessel 
image, multiple luminal measurements should be made in a plane orthogonal to the 
vessel rather than in the transverse axial plane. With this approach, MDCT can 
evaluate vessel size, degree of calcification, minimal luminal diameter, plaque bur-
den, and vessel tortuosity and also identify high-risk pathologies, including dissec-
tions and complex atheroma (Fig. 18.10).

18.1.5	 �Intravascular Ultrasound

In the evaluation process of the iliofemoral axes prior to TAVI, intravascular ultra-
sound (IVUS) can be a valid alternative. It has the advantage of high resolution and 
affords 3D vision. It also allows analysis of the composition and thickness of plaque, 
avoiding artifacts due to calcifications, which at times reduce the quality of MDCT. 
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It is also possible to distinguish between concentric and nonconcentric plaques. In 
a study comparing IVUS and angiography, there were no significant differences in 
terms of evaluation of the diameter of the lumen and the extent of stenosis [4]. The 
limits are the invasiveness and cost of ultrasound probes.

18.1.6	 �Magnetic Resonance Imaging

As regards the evaluation of aortic anatomy, magnetic resonance imaging (MRI) is 
a valid option. It has the advantage of vascular screening with a low risk of nephro-
toxicity, though the resolution is lower than that of CT imaging. A recent meta-
analysis has shown that MRI is very accurate in detecting stenosis of over 50%, with 
a median sensitivity of 95% and a median specificity of 97%. MRI without contrast 
agent may be a promising alternative, especially in those patients with renal insuf-
ficiency of stage 6 kidney failure (GFR < 30 mL/min), to help reduce the potential 
risk of terminal AKI/dialysis. A recent study has shown that MRI without contrast 
agent correlates well with MRI with contrast agent in the measurement of the aortic 
annulus [5] (MR image of the iliofemoral axes, Fig. 18.11).

18.2	 �Vascular Access Management

18.2.1	 �Puncture

Ideally, a femoral arterial puncture should be above the most inferior border of the 
inferior epigastric artery and above the femoral bifurcation (Fig.  18.12), on the 

Fig. 18.10  CT image of 
the aorta with severe 
atheroma and presence of 
circumferential 
calcifications
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vessel’s anterior wall, with an angle of 45–60° compared with the plane of the ves-
sel wall to minimize the path between the skin and the artery wall and facilitate 
percutaneous closure. A number of techniques can be used to ensure an optimal 
puncture.

The puncture can be made under angiographic guidance (anteroposterior view at 
0°) with injections of contrast agent through a pigtail catheter positioned just above 
the iliac crest. Alternatively, dye injection can be administered with a Judkins right 
catheter (preferably 5 Fr), inserted in a crossover fashion from the contralateral 
artery and placed a few centimeters above the site puncture. On occasion, it may be 
helpful to place a contralateral catheter and use this as a fluoroscopic landmark, 
aiming at an eyelet of the pigtail. This can facilitate extremely accurate anterior wall 

Fig. 18.11  2D MRI 
reconstruction of the 
iliofemoral axis. CIA common 
iliac artery, IIA internal iliac 
artery, EIA external 
iliac artery, CFA common 
femoral artery, SFA superficial 
femoral artery, DFA 
deep femoral artery
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puncture without contrast, even in obese patients (Fig. 18.13). Ultrasound guidance 
with a sterile, packed 5–10 MHz linear array transducer can also be extremely help-
ful in assuring accurate front wall puncture and avoiding plaque.

Before placing the sutures with Prostar or ProGlide, a 0.018” hydrophilic wire 
(V-18 Control Wire Guide Wire, Boston Scientific Corporation) guidewire can be 
positioned at the periphery of the superficial femoral artery, advanced in crossover 
from the contralateral femoral artery, and kept in place until the end of the proce-
dure, so as to be ready to intervene in case of dissection and/or rupture of the com-
mon femoral artery where the large-bore introducer is inserted. Alternatively, 
particularly in the case of difficult crossover approach, the superficial femoral 
artery can be cannulated with a 4 Fr sheath, and a 0.018” wire can be placed in 
ascending aorta.

Fig. 18.12  Angiography of the femoral 
artery. The space between the white line above 
and the white line below indicates the ideal 
puncture site of the artery. EIA external iliac 
artery, CFA common femoral artery, SFA 
superficial femoral artery, PFA profunda 
femoris artery
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18.2.2	 �Surgical Isolation and Closure Systems

18.2.2.1	 �Surgical Cutdown
During early experiences with TAVI via the transfemoral route, due to the large size 
of the introducers, surgical cutdown and isolation of the common femoral artery 
was the standard approach [6]. Surgical cutdown can be performed at the beginning 
of the procedure to allow visualization and selection of the ideal puncture site and 
control of the artery above and below the puncture site. Alternatively, the artery is 
exposed only for closure after the percutaneous puncture. Though most transfemo-
ral procedures are now performed percutaneously, surgical cutdown is useful in 
very obese patients, and when a high puncture is needed due to a high femoral 
bifurcation [7], or in the case of lengthy calcifications along the anterior wall of the 
common femoral artery.

18.2.3	 �Percutaneous Closure Systems

There are no available percutaneous devices specifically intended for large vessel 
closure. However, preclosure with either the Prostar XL 10 Fr device or two 
ProGlide 6 Fr devices is commonly used for this purpose.

Fig. 18.13  Useful techniques to guide the femoral puncture. To determine the exact puncture site, 
a radiopaque object can be placed over the femoral head (left). Alternatively, a catheter can be 
introduced through the contralateral femoral artery and used as a target or for contrast injections to 
facilitate puncture under fluoroscopy (right)
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18.2.3.1	 �Perclose ProGlide
Introduced in 1997, the Perclose device was the first suture-based vascular closure 
device on the market. The 6 Fr device, intended for use with 5–8 Fr sheaths and 
routinely used for femoral access site closure after coronary angiography and inter-
vention, places a suture through the arterial wall like a stapler (i.e., from the outside 
in) and uses a pre-tied self-locking surgical sliding knot for hemostasis. Initially, a 
braided polyester suture was used but has been replaced in the current device gen-
eration by a monofilament polypropylene suture, which provides more tensile 
strength and elicits less inflammatory tissue response. The current generation 
Perclose ProGlide device is composed of a plunger, handle, guide, and sheath. The 
Perclose ProGlide tracks over a standard 0.038” (or smaller) guidewire. A hemosta-
sis valve restricts the blood flow through the sheath with or without the guidewire in 
place. The guide houses the needles, and the foot, and precisely controls the place-
ment of these needles around the puncture site. The handle is used to stabilize the 
device during use. The plunger advances the needles and is used to retrieve the 
suture. A marker lumen is contained within the guide, with the intraluminal port of 
the lumen positioned at the distal end of the guide. Proximally, the marker lumen 
exits from the body of the device. The marker lumen allows a pathway for back 
bleeding (obtaining mark) from the femoral artery to ensure proper device position-
ing. Knot pusher and/or suture trimmer are included and are designed to position the 
tied suture knot to the top of the arteriotomy.

Percutaneous closure with two ProGlides is depicted in Fig. 18.14. Usually, the 
femoral artery is punctured and dilated with a standard arterial 6 Fr sheath, as 
described above. The ProGlide device is then advanced over a 0.035″ guidewire, 
and the first suture is deployed slightly angulated at 10 o’clock. Guidewire access is 
maintained, and a second ProGlide device is inserted and deployed at 2 o’clock. 
After this device is removed, a larger dilator is inserted. The regular 0.035″ J-tip 
wire is now exchanged to a stiffer wire, and the large sheath is advanced under fluo-
roscopy. After conclusion of the procedure, the introducer sheath is slowly removed, 
but the stiff wire is left to maintain access. The sutures are tightened. In the case of 
sufficient hemostasis, the wire can be removed, and the sutures further tightened 
using the knot pusher to ensure approximation of the knot to the vessel wall. Should 
hemostasis fail, it is possible to implant a third (or even more) ProGlide over the 
guidewire. Recently, Kahlert et al. reported a series of 94 TAVI patients in whom 
preclosure of the arterial access site was accomplished with a single 6 Fr ProGlide; 
an efficient hemostasis with cessation of any bleeding within 10 min of final knot 
tying was obtained in 83 of the 94 patients, and there was only one closure failure, 
with continuous bleeding despite prolonged manual compression requiring endo-
vascular treatment [8].

18.2.3.2	 �Prostar
The first cases of percutaneous closure using the Prostar device were reported in 
1996. Later, in order to reduce the invasiveness of endovascular aortic aneurysm 
repair, the Prostar and Perclose devices were utilized off-label to preclose the femo-
ral artery. This was initially done with surgical exposure and direct visualization of 

M. Barbanti et al.



331

Fi
g.

 1
8.

14
 

St
ep

s 
of

 p
er

cu
ta

ne
ou

s 
cl

os
ur

e 
w

ith
 tw

o 
Pr

oG
lid

es
. A

ft
er

 a
 r

eg
ul

ar
 7

-F
 is

 in
tr

od
uc

ed
 (

St
ep

 1
),

 s
ut

ur
es

 a
re

 d
ep

lo
ye

d 
at

 1
0 

an
d 

2 
o’

cl
oc

k 
(S

te
ps

 2
 a

nd
 

3)
. A

ft
er

 th
e 

16
-F

 d
ila

to
r 

is
 in

se
rt

ed
, a

 r
eg

ul
ar

 J
 w

ir
e 

is
 e

xc
ha

ng
ed

 f
or

 a
 s

tif
fe

r 
w

ir
e,

 a
nd

 th
e 

la
rg

e 
sh

ea
th

 is
 in

se
rt

ed
 u

nd
er

 fl
uo

ro
sc

op
y 

(S
te

p 
4)

. A
ft

er
 im

pl
an

ta
-

tio
n 

of
 th

e 
va

lv
e,

 th
e 

sh
ea

th
 is

 r
et

ri
ev

ed
 (

St
ep

 5
) 

an
d 

th
e 

su
tu

re
s 

ar
e 

tig
ht

en
ed

 (
St

ep
 6

).
 T

he
 w

ir
e 

is
 r

em
ov

ed
 if

 s
uf

fic
ie

nt
 h

em
os

ta
si

s 
is

 a
ch

ie
ve

d 
an

d 
th

e 
su

tu
re

s 
ar

e 
fu

rt
he

r 
tig

ht
en

ed
 u

si
ng

 th
e 

kn
ot

 p
us

he
r 

(S
te

p 
6)

18  Vascular Access Management in Transcatheter Aortic Valve Implantation



332

the femoral artery using two Prostar devices and later without a cutdown, resulting 
in totally percutaneous aortic aneurysm repair. Totally percutaneous endovascular 
aneurysm repair was found to be associated with a lower rate of late groin complica-
tions, shorter procedure time, and less severe scar tissue formation.

Compared with the ProGlide, the Prostar device requires a few minor proce-
dures: a transversal incision at the puncture site with a length 8–10 mm is necessary; 
the subcutaneous tissue should be also separated with forceps with rounded tips 
both above and below the introducer, mounting the dilator and guidewire, or by 
using a finger. The latter maneuver may be preferred because it is less traumatic and 
allows optimal subcutaneous tissue separation around the femoral artery. When 
inserting the Prostar, it is important to ensure that the tip of the device does not 
engage the renal artery. Therefore, this maneuver should be performed under fluo-
roscopy guidance. Once the Prostar is inserted, and also during needle extraction, 
make sure that the blood jet exiting the posterior straight cannula is pulsatile 
(Fig. 18.15). Optimal subcutaneous preparation is confirmed by obtaining a good 
pulsatile flow without forcing the insertion of the device within the artery. It is rec-
ommended to make sure that the system rests against the artery wall using your left 
hand and slowly pulling back the four needles with your right hand. A nonpulsatile 
flow can be caused by:

	1.	 The occlusion of the lumen of the cannula by clots or debris of subcutis tissue; 
in this case the Prostar should be retrieved and the cannula flushed with saline to 
ascertain the patency of the cannula.

	2.	 The anterior hole of the cannula located in the shaft of the device is not in the 
lumen; at this point it is extremely important to recognize whether the Prostar 
has passed through the posterior wall of the artery or is still confined proximally 
the anterior wall.

	3.	 Less likely, low flow is caused by the presence of an obstructive lesion localized 
proximally in the iliofemoral artery or systemic low cardiac output.

After needle deployment, if one or more needles do not come out, it means that 
they are deflected into the subcutis (Fig. 18.16). This situation often occurs when 
not all the components of the device are correctly aligned or in the presence of 
heavy calcifications. In such cases the needles should be repositioned in the Prostar 
device. This can be done with the aid of a surgical needle holder, taking care not to 
bend the needles (Fig. 18.17).

18.2.3.3	 �MANTA
The MANTA vascular closure device (VCD) (Essential Medical Inc., Malvern, PA, 
USA) is a novel collagen-based closure device that specifically targets arterioto-
mies. The MANTA VCD has a closure unit, a delivery system, and a dedicated 
sheath with introducer. There is also a separate 8 Fr puncture location dilator 
(Fig. 18.18). The puncture location dilator and the MANTA sheath both have a vis-
ible metric ruler for assessing the adequate depth. The closure unit comprises the 
following components: a resorbable polymer (poly-lactic-co-glycolic acid) 
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intra-arterial toggle, an extravascular hemostatic bovine collagen pad, a connecting 
non-resorbable polyester suture, and a stainless steel suture lock (Fig. 18.2). The 
delivery system has a tube containing the closure unit and a device handle with a 
tension gauge to release the closure unit from the tube. The MANTA system comes 
in a 14 Fr or 18 Fr size. The 14 Fr MANTA VCD is indicated for closing punctures 
of 10–14 Fr and the 18 Fr MANTA VCD for punctures of 15–22 Fr.

Fig. 18.15  Prostar insertion. After dissecting the subcutaneous upper and lower part of the intro-
ducer (white arrow) (Step 1), the Prostar is inserted until a pulsatile blood flow comes out of the 
straight tube (white arrow) (Step 2), maintaining the position with the left hand (Step 3*) and using 
the right hand to pull out the needles (Step 4), and, once removed, the suture lines are cut (Step 5). 
At this point, the Prostar is pulled out, and the guidewire is reinserted, with repositioning of the 9-F 
introducer (Step 6)
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a b

Fig. 18.16  Maneuver to retract the needle of the 10-F Prostar XL showing the correct position of 
the four needles. The image to the right (a) shows a deviation of one of the medial needles located 
in the subcutaneous tissue. Needle deviation during extraction (b). One of the needles can be devi-
ated by calcification or an incorrect position of the Prostar. The first maneuver is to reinsert all the 
needles with the help of a Klemmer to retract the entire system

Fig. 18.17  Needle deviation during extraction. One of the needles can be deviated by calcifica-
tion or an incorrect position of the Prostar. The first maneuver is to reinsert all the needles with the 
help of a Klemmer to retract the entire system
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After a 0.035″ guidewire and 6 Fr sheath are introduced into the common femoral 
artery, the sheath is exchanged for the 8 Fr puncture location dilator to measure the 
length of the subcutaneous track from the skin to the endovascular lumen. Pulsatile 
blood emerges when the dilator tip is in the arterial vessel. The dilator is then pulled 
back until the blood flow ceases and the depth of the vessel lumen can be read from 
the metric ruler. Empirically 2 cm is added to assure endoluminal deployment of the 
toggle during the actual MANTA delivery. The arterial access is then upscaled to the 
proper sheath size to perform the index procedure. At the end of the index procedure, 
significant subcutaneous blood collection should be excluded before using the 
MANTA VCD because significant hematoma could alter the puncture depth relative 
to the state at baseline. The procedural sheath is exchanged over a 0.035″ guidewire 
for the dedicated MANTA sheath. The sheath introducer is removed and the MANTA 
closure unit is advanced over the wire into the sheath until the MANTA delivery hub 
snaps the sheath hub and a clicking sound will be heard. The MANTA sheath closure 
unit assembly is then slowly withdrawn at a 45° angle with the right hand while pro-
viding slight left hand counter push to the skin level to avoid skin tenting. At the 
predetermined deployment level, the toggle is released by rotating the lever of the 
MANTA delivery handle in a clockwise direction. The assembly is then slowly and 
gently withdrawn from the patient. Pulling force can be monitored by a color code. 
When excessive force is applied, the color code will switch from green to red, accom-
panied by an audible “click.” As the MANTA sheath clears the skin layer, a blue 
tamper tube emerges from the deployment tube. Digital left hand pressure around the 
puncture site is released to advance the tamper tube down along the suture line and 
secure the stainless steel lock onto the vessel to compact the collagen pad further. 
The black suture marker becomes visible to indicate full compaction of the collagen. 
At this point, the arterial wall is sandwiched between toggle and collagen. Tension on 
the assembly is released, and the tamper is slid up the suture line out of the puncture 
tract. When hemostasis is confirmed, the guidewire is removed. If needed, a final 
tamp with tension on the handle and monitored pressure on the tamper (green color 
at tension gauge) can be performed to ensure complete hemostasis. The suture is cut 
above the blue tamper and at skin level.

Fig. 18.18  Graphical 
representation of the Manta 
closure device (Essential 
Medical Inc., Malvern, PA, 
USA)
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18.2.4	 �Introducers

In the presence of very calcified arteries, expandable introducers are an instrument 
to be taken into consideration to decrease the number of vascular complications. 
Two types of expandable introducers are most commonly used. One is the Edwards 
eSheath introducer, which provides a mechanism for the mechanical expansion that 
allows the temporary expansion of the introducer when it is inserted into the valve. 
Once the release system passes through the introducer, it returns to its initial diam-
eter. Expansion reduces the force needed to insert and move the release system to a 
minimum compared with non-expandable introducers. It also reduces the time dur-
ing which the artery is expanded, thus minimizing the risk of vascular trauma.

Then there is the 14 Fr SoloPath® introducer (Terumo Corporation, Tokyo, 
Japan). It is an expandable device with a central balloon on which the introducer is 
mounted. Its end is reinforced and has a smaller diameter to allow the passage also 
through calcified and tortuous arteries. Once it is inserted into the femoral artery 
and reaches the abdominal aorta, the balloon is inflated for 60 s and then deflated 
and removed leaving a central lumen that reaches 21 Fr [9].

18.2.5	 �Large Caliber Sheath Management

Large sheaths should always be advanced while being observed fluoroscopically 
with the support of a stiff guidewire, such as the Amplatz Extra or Super Stiff wire. 
When there is extreme tortuosity, even stiffer wires, such as the Meier wire (Boston 
Scientific, Natick, MA) or the Lunderquist wire (Cook Medical Inc., Bloomington, 
IN), can be helpful.

The bulk of experience with transfemoral TAVI has been with the balloon-
expandable Edwards-type valves (Edwards Lifesciences, Irvine, CA) and the self-
expanding CoreValve (Medtronic, Minneapolis, MN). Over time, the delivery 
profile of both valve systems has been modified dramatically. The Edwards SAPIEN 
valve required a 22/24 Fr sheath, while the newer Edwards SAPIEN XT valves can 
be introduced through 18/19 Fr sheaths and even smaller expandable sheaths. The 
last-generation Edwards SAPIEN 3 valve is delivered through a 14 Fr expandable 
sheath. Similarly, the Medtronic CoreValve saw a gradual decrease in sheath size 
from 25 Fr (first generation) to 18 Fr (third generation). The last-generation Evolut 
R (Medtronic Inc., Galway, Ireland) is delivered through a 14 Fr delivery system.

Early procedures utilized large sheaths originally designed for endovascular aor-
tic procedures. Currently the 18 Fr Cook introducer is currently used for implanta-
tion of the CoreValve device and many of the newer valves from other manufacturers. 
Several manufacturers are developing new and improved sheath systems compatible 
with their delivery catheters, while others are incorporating sheaths into the delivery 
system itself.

The expandable Edwards eSheath features a dynamic expansion mechanism that 
allows for transient sheath expansion during valve delivery. The trauma of dilatation 
during sheath insertion is greatly reduced. Immediately after the transcatheter heart 
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valve passes, the sheath returns to a low profile diameter. This reduces the time the 
access vessel is expanded, thereby hypothetically minimizing the risk of vascular 
trauma (Fig. 18.19). Since the sheath transiently expands and then contracts, there 
is the possibility of incomplete arterial sealing. To avoid this it is best to advance the 
sheath all the way into the patient, where the larger and non-expandable strain relief 
portion of the sheath provides reliable sealing.

The SoloPath sheath (Terumo, Japan) has been widely used with CoreValve and 
Symetis ACURATE neo implantation devices, though a SAPIEN XT compatible 
system has also been available. This introducer consists of a flexible, reinforced 
polymer sheath mounted over a central balloon dilatation catheter (the expander). 
The folded distal region of the sheath is 14 Fr in diameter, facilitating passage 
through small-diameter and tortuous arteries. Once inserted through the femoral 
artery and into the abdominal aorta, the SoloPath expander is briefly inflated, 
deflated, and then removed, leaving a large central lumen (up to 21 Fr) (Fig. 18.20).

Though sheath diameters continue to become smaller, femoral access may still 
be limited by atherosclerotic stenosis. Balloon angioplasty can often facilitate 
sheath insertion, though stent implantation can be problematic if these are not ade-
quately sized and expanded. Alternatively, direct surgical access to the iliac artery is 
often a reasonable option.

After sheath removal, it is prudent to leave a guidewire in place until hemostasis 
is confirmed. Should this fail, a sheath can be reinserted, or an occlusion balloon 
advanced proximal to the bleeding site to allow surgical closure. Blood pressure 

Fig. 18.19  Selective 
angiography of the right 
femoral artery with 
spreading of contrast 
medium (red arrow) in the 
common femoral artery
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should be monitored for rapid detection of signs of perforation, such as hypotension 
and/or tachycardia. Once the sheath is removed, the ProGlide or Prostar sutures are 
tightened. If hemostasis is achieved, the wire is removed and the sutures are further 
tightened. Completion angiography from the contralateral side can be done to rule 
out residual internal leaks or stenosis.

As long as wire access to the access artery is maintained, problematic bleeding 
can be managed with reinsertion of the sheath. Alternatively, placement of a dedi-
cated occlusion balloon proximal to the perforation from the ipsilateral or contralat-
eral artery can provide reliable temporary hemostasis and hemodynamic stability 
while the bleeding site is appropriately managed. Some groups have advocated rou-
tine use of a balloon advanced to the external femoral artery and inflated in order to 
block the blood flow down to the in situ puncture and avoid bleeding during knot 
tightening. On occasion, substitution of heparin with protamine can be helpful, par-
ticularly if there is persistent oozing. However, this is not generally necessary and 
can increase the risk of femoral artery thrombosis, particularly when femoral com-
pression is also utilized.

18.3	 �Alternatives to the Transfemoral Approach

Today, the retrograde transfemoral route is the standard approach for most biologi-
cal devices that have been developed for TAVI, as it is less invasive, feasible under 
mild sedation, and completely percutaneous. Despite the significantly smaller pro-
file of the delivery systems of new-generation TAVI devices, the transfemoral 
approach is still contraindicated when the minimum diameter of the vessel is less 

Hydrophilic coating
enhances access

Low profile tip reduces
insertion force

Fig. 18.20  SoloPath expandable sheath (left). On the right, the unexpanded sheath is advanced 
over a stiff wire (1). The sheath is then expanded (2–4). The self-expanding CoreValve prosthesis 
can easily navigate through the expanded sheath (5, 6)
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than 5.5 mm and in the case of tortuosity or severe calcifications of the femoral or 
iliac arteries or of the distal aorta [10–12]. In addition, the transfemoral approach 
should be considered with caution in patients with aneurysms at the level of the 
thoracic and/or abdominal aorta. It is for this reason that over the years alternative 
approaches have been developed. The most used today are:

•	 Subclavian approach
•	 Transapical approach
•	 Transaortic approach

18.3.1	 �Subclavian Approach (Fig. 18.21)

In the trans-subclavian approach, the presence of a vascular surgeon is essential to 
isolate the subclavian artery and insert the dedicated introducer (usually the punc-
ture site is slightly lateral to the outer edge of the first rib, i.e., where the subclavian 
artery becomes the axillary artery).

Routinely, this approach is well tolerated with local anesthesia and mild seda-
tion. The conventional Seldinger technique is the most used for the puncture of the 

Right common
carotid artery

Brachiocephalic
artery

Right subclavian
artery

Aorta First rib (cut)

Clavicle (cut)

Left subclavian
artery

Left common
carotid artery

Sterncleidomastoid
muscle (cut)

Hyoid bone

Fig. 18.21  Representation of the arterial system (ascending aorta, brachiocephalic trunk, left 
carotid artery, and left subclavian artery) and of the venous system (superior vena cava, brachioce-
phalic trunk, and left subclavian vein) of the large vessels in the upper chest. The image on the 
right shows the delivery system whose tip is directed toward the access site in the left subclavian 
artery. The black arrow indicates the course of the device inside the arterial system to the aortic 
valve
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artery after preparing a tobacco pouch. However, some operators prefer an arteri-
otomy or positioning a graft. At this point, the standard introducer used for the 
transfemoral approach is advanced on a stiff guidewire through the subclavian 
artery in the aortic arch and then in the ascending aorta, blocking it just below the 
origin of the brachiocephalic artery. From this point on, TAVI is performed with 
the same technique used for the transfemoral approach. At the end of the proce-
dure, hemostasis is obtained simply by tightening the tobacco-pouch sutures, and 
the layers of the skin are sutured conventionally; a drainage tube is seldom needed. 
During the procedure, the activated clotting time must be kept between 200 and 
250 s.

The insertion of the large introducer into the subclavian artery may seem puz-
zling since it is often considered more fragile than the common femoral artery, and 
its anatomical position makes the management of bleeding in the event of a vessel 
rupture challenging. Moreover, the subclavian artery in elderly patients is often the 
site of calcifications and tortuosity. In this respect, attentive pre-procedure screen-
ing of the anatomy of the artery in terms of vessel diameter, degree of tortuosity, and 
the presence and extent of calcification is imperative [13, 14].

One particular condition is the presence of the left internal mammary artery graft 
to the left anterior descendent coronary artery, since the introduction of the large 
caliber introducer could put the patency of the vessel at risk and cause ischemia 
[15]. In order to avoid this, screening by imaging should be carried out before the 
procedure to ensure that the minimum diameter is sufficient to accommodate the 
introducer, and that there are no areas of atherosclerosis around the grafts, or severe 
tortuosity. Once the introducer is inserted, an injection of contrast agent should be 
given to ensure that it is not occlusive. Moreover, immediately after the release of 
the valve, the introducer should be withdrawn to avoid covering the ostium of the 
graft before being removed.

Access via the subclavian route is also feasible in patients with a pacemaker 
permanently positioned in the axillary region. In fact, surgical cutdown to access the 
subclavian artery is usually quite medial compared with the pacemaker pouch and 
does not interfere with the pulse generator and the electrode catheters.

The left subclavian artery is preferable to the right subclavian artery for TAVI 
because it generally allows a more axial orientation of the device with the aortic root 
and annulus. However, the right subclavian access can be feasible in select cases 
and only if the vascular anatomy allows it.

18.3.2	 �Transapical Approach (Figs. 18.22 and 18.23)

The transapical approach is used for TAVR and provides for a surgical minithoraco-
tomic incision at the apex of the heart. This technique should be avoided in patients 
who have undergone prior cardiac surgery due to the increased risk of bleeding from 
previous adhesions. It is contraindicated in patients with a recent history of throm-
bus at the apex of the left ventricle and with large-sized aneurysm of the cardiac 
apex.

M. Barbanti et al.



341

Fig. 18.22  Representation 
of the transapical access. 
The image shows the 
Sapien (balloon-
expandable valve) at the 
time of balloon inflation 
and release of the 
prosthesis. On the tip of 
the heart it is possible to 
see tobacco pouch which is 
used to close the breach at 
the entry point of the 
device in the heart

Fig. 18.23  Photo taken 
during the transapical 
TAVI procedure. The 
retractor allows the 
operator to expose a 
greater surface area
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18.3.3	 �Imaging: Procedural Planning and Guidance

The transthoracic or transesophageal echocardiogram is useful both to locate the 
cardiac apex before incision and to monitor any pericardial effusions. CT is useful 
in pre-procedure screening especially to the 3D volume-rendered reconstructions 
that allow the identification of the extension of the pulmonary tissue above the car-
diac apex, location of the cardiac apex and coronary arteries, and even the anatomy 
of the papillary muscles. The distance from the skin to the LV apex, optimal inter-
costal space, and appropriate angle for entry can all be obtained from the CTA [16].

18.3.4	 �Transapical Left Ventricular Access Technique

The procedures are carried out in a hybrid cath lab room under general anesthesia, 
with a surgical team on standby. The patient should be prepped and draped in a sterile 
fashion from the clavicles to the groin, in case emergent thoracotomy is needed. 
Once the transapical puncture site has been selected, left anterolateral thoracotomy 
is performed first. In general, it is best to perform a lower incision rather than a 
higher one, since the apex can be pulled down by traction on the pericardial sutures. 
The pericardium is opened longitudinally, and the placement of stable sutures pro-
vides good exposure of the apex. The next step is to identify the location of the left 
anterior descending artery. Two tobacco-pouch sutures are placed (Prolene 2-0, large 
needle with interrupted Teflon pledgets; Ethicon Inc., Somerville, NJ, USA) deep 
enough in the myocardial wall, without penetrating the left ventricular cavity, near 
the apex, and laterally to the left anterior descending artery. The apex is then pierced 
with a needle, and a soft guidewire is inserted and advanced through the native aortic 
valve in the antegrade direction. Once the implantation procedure is completed, both 
the catheter and stiff guidewire are withdrawn simultaneously. The apex is closed 
with the sutures previously implanted. Sometimes more sutures can be needed (usu-
ally for reinforcement in Teflon; Ethicon Inc) to achieve complete hemostasis. 
Sutures are also applied to close the pericardium, and a drainage tube is positioned.

18.3.5	 �Transaortic Approach (Figs. 18.24 and 18.25)

The transaortic approach was initially utilized as an alternative when conventional 
approaches were not possible. With increasing experience in many centers, it is now 
being used as a preferred approach in non-transfemoral patients.

18.3.6	 �Patient Selection

Two important points when considering suitability of the approach for a patient are:

	1.	 Access point: This represents the area where tobacco pouch is made and through 
which the introducer is advanced. This area should be free of calcifications and 
allow an optimal alignment of the release system with the aortic annulus for 
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Fig. 18.24  Representation 
of transaortic access with 
the entry site of the 
delivery system at the level 
of the ascending aorta. The 
image shows the Sapien 
delivery system (balloon-
expandable valve) at the 
time of balloon inflation 
and release of the 
prosthesis

Fig. 18.25  Photo taken during the transaortic TAVI procedure. The image on the left shows the 
exposure of the post-ministernotomy ascending aorta. The image on the right shows the site
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correct positioning of the valve. Considering the elderly age of patients undergo-
ing TAVI, the presence of calcifications is a fairly common event, though these 
often spare the ideal area for the transaortic approach access. Also in porcelain 
aortas, transaortic TAVI is feasible provided that the access point is free of calci-
fications. For this purpose, CT and its reconstructions are of fundamental impor-
tance to identify calcifications and the correct puncture site so that it is aligned 
as best as possible with the aortic annulus.

	2.	 Reoperation: In the case of cardiac surgery reoperation, CT and angiography 
are of great support in preventing possible complications, e.g., damage to the 
grafts implanted in the aorta or damage to structures such as the brachioce-
phalic artery and the aorta, which can have an unconventional anatomy after 
the closure of the previous sternotomy. Depending on the position taken after 
the procedure, it is necessary to consider whether to choose the approach with 
ministernotomy or right anterior thoracotomy in the case of structures adher-
ing to the sternum.

In the case of prior CABG, the course of the graft must be thoroughly investi-
gated both in the case of implantation of the left internal mammary artery for the left 
anterior descending artery and in the case of the right internal mammary artery. In 
these cases, the safest approach is right anterior thoracotomy to avoid damaging the 
grafts.

18.3.7	 �Options for the Transaortic Approach

Exposure of the ascending aorta can be carried out either through a ministernotomy 
or a right anterior thoracotomy:

	1.	 Ministernotomy can be performed either with a J-shaped incision through the 
second or third intercostal space or with a T-shaped incision through the second 
intercostal space. The advantages of ministernotomy are that it is a more famil-
iar technique to cardiac surgeons and does not require opening the pleura. It 
allows a rapid conversion to conventional open sternotomy in case of complica-
tions. Usually it is better tolerated by patients in terms of post-procedure 
recovery.

	2.	 Right anterior thoracotomy is carried out through the second intercostal space 
but can also be performed through the first intercostal space. This technique does 
not provide for the incision of the bone and is the approach of choice in patients 
with aortocoronary bypass.

In general, the approach with right anterior thoracotomy is preferable if the aorta is 
on the right side of the median line and not very far from the rib cage or in the case of 
prior bypass. Ministernotomy is preferred if the aorta is on the median line or deeper.
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19Preparation for Transcatheter Aortic 
Valve Implantation

Marco Barbanti, Claudia Ina Tamburino, 
and Simona Gulino

19.1	 �Finding the Optimal Coplanar View

Finding the optimal coplanar view of the aortic annulus is of paramount importance 
when performing transcatheter aortic valve implantation (TAVI). During TAVI, the 
aortic root and the prosthetic valve delivery catheter should both be visualized in an 
optimal angulation. Planar structures, such as the aortic annular plane, and the tip of 
the delivery catheter, are optimally visualized when they are perpendicular to the 
source-to-detector direction.

The valve apparatus is a three-dimensional (3D) anatomic structure, which limits 
angiographic capabilities to find the ideal alignment between cusps properly.

In a given patient, there are infinite fluoroscopic projections in which the three 
aortic cusps are located on the same plane. These projections follow a sigmoid (line 
of perpendicularity) in which the layout of the cusps at angiography is different: 
toward the right anterior oblique (RAO), the three cusps will be arranged with the 
non-coronary cusp to the left and the right and left coronary cusps superimposed to 
the right; in anteroposterior projections (~RAO 10°, left anterior oblique [LAO] 10°), 
the non-coronary cusp will be located on the left, the right coronary cusp at the 
center, and the left coronary cusp to the left; in the left anterior oblique (LAO) 
projections, the non-coronary and right coronary cusps will be overlapped on the left 
and the left cusp on the right (Fig. 19.1).

Different strategies to accomplish this key step during TAVI have been 
proposed:

•	 Fluoroscopy/angiography-based approach (“follow the right cusp”) [1]
•	 Angiographic 3D reconstruction
•	 Multidetector computed tomography (MDCT)-based approach

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-59620-4_19&domain=pdf
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19.2	 �Fluoroscopy/Angiography-Based Approach

In the case of TAVI patients with normal anatomy of the aortic root, the first step is 
to identify the right coronary cusp, which will serve as a landmark. If the right cusp 
is positioned below the non-coronary cusp or left cusp, the C-arm must be rotated to 
a RAO or LAO angulation, respectively.

If the right cusp appears to be higher or lower than the ideal intercept plane with 
the other cusps, the X-ray beam should be angulated cranially (CRA) or caudally 
(CAU), respectively. In general, the angle change on a single plane (RAO-LAO or 
CRA-CAU) generates, at an angiographic level, a shift of the right cusp on both 
planes by following these rules:

•	 By rotating the C-arm in the LAO direction, the right cusp will tend to move to 
the left (in the direction of the non-coronary cusp) and upward (Fig. 19.2).

•	 By rotating the C-arm in the RAO direction, the right cusp will tend to move to 
the right (in the direction of the left cusp) and downward (Fig. 19.2).

•	 By rotating the C-arm in the CRA direction, the right cusp will tend to move to 
the left (in the direction of the non-coronary cusp) and downward (Fig. 19.2).

•	 By rotating the C-arm in the CAU direction, the right cusp will tend to move to 
the right (in the direction of the left cusp) and upward (Fig. 19.2).

A step-by-step approach would be as follows: a pigtail catheter is placed in the 
right cusp as a reference and an aortogram anteroposterior view (0°–0°). If the right 
cusp is located on the “right” side behind the non-coronary cusp, the C-arm must be 

Fig. 19.1  Fluoroscopy of the aortography in left anterior oblique projection. The dotted line indi-
cates the aotic cusps aligned in the same plane. Ao aorta
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Fig. 19.2  Schematic illustration of the “follow the right cusp” rule pointing to the proper align-
ment in the case of normal aortic root anatomy (Adapted from Kasel AM, et al.)

led to a RAO projection in order to follow the right cusp. After the projection view 
has been changed, the right cusp will appear in the middle, but still deeper than the 
other cusps. Once again, follow the right cusp by turning the C-arm clockwise to the 
CAU direction. After alignment is obtained, providing that the most caudal attach-
ments of all three of the aortic leaflets result in one axial image, a final angiogram 
can be performed to confirm the working projection.

19.3	 �Angiographic 3D Reconstruction

Before being applied in the field of TAVI, 3D angiographic reconstructions of the 
aortic root captured from rotational C-arm fluoroscopic images were evaluated in 
different interventional settings, for example, in endovascular aortic aneurysm 
repair [2] and catheter ablation procedures [3].

3D angiographic reconstructions are generated from images of a C-arm rota-
tional aortic root angiography (220°). Radiographic contrast is injected through a 
pigtail catheter placed in the non-coronary cusp (32 mL at 8 mL/s or 20 mL diluted 
with 40  mL normal saline injected at 15  mL/s). Immediately before and during 
contrast injection, rapid ventricular pacing must be instituted at a rate of 160–180 
beats per minute. In the case of general anesthesia and endotracheal intubation, a 
ventilator breath-hold can be also used during the injection to reduce respiratory 
motion. Acquisition is achieved in approximately 4 s, and the volume set is recon-
structed on a commercially available, dedicated workstation. After automatic depic-
tion of the aortic valve cusps, a circle is generated indicating the aortic valve plane. 
The reconstruction is then rotated until the circle appears as a straight line, indicat-
ing a view perpendicular to the valve (Fig. 19.3).
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19.4	 �MDCT-Based Approach

The technique that is most widely used today for determining the release projection 
involves the use of MDCT (Fig. 19.4). Assuming that the patient will take the same 
position on the table of the MDCT and in the cath lab, it is in fact possible to calcu-
late the projection that allows viewing the three aortic cusps on the same plane in an 
extremely accurate manner.

MDCT imaging in double-oblique position allows identification of the three aor-
tic cusps. By rotating the axis on sagittal and coronal views, one is able to obtain the 
perfect position of the aortic virtual ring, with the nadir of the three cusps on the 
same plane. Points are then placed at the most inferior aspects of the valve cusps, 
and angles are determined by manually rotating the 3D aortic reconstructions to 
discern the appropriate projection.

Even when the coplanar view has been identified on MDCT scan, a check during 
the index procedure before proceeding with valve implantation is recommended.

19.5	 �Crossing of the Stenotic Aortic Valve

There are various techniques for crossing the aortic valve, each depending on the 
experience of the operator. The preferred technique is the one that allows optimal 
orientation of the catheter tip in order to direct the guide wire toward the aortic 
orifice.

The most frequently used materials are the soft tip straight standard guide and 
the Amplatz catheter (AL-1/AL-2) for the left coronary artery. The AL-1 is prefer-
able in case of small or vertical aorta and the AL-2 in the case of aortic ectasia and 
horizontal aorta (Fig. 19.5). Other catheters that can be used for this purpose are 
standard pigtail (or angled pigtail in case of dilated aorta), the Judkin catheter (JR) 
for right coronary artery or small aorta, or a multipurpose catheter (MP) (Fig. 19.6).

Choosing the guide wire is also important, since it can facilitate the procedure. 
Hydrophilic guides or Teflon-coated straight-tipped guide wires are available. 
Among these, the straight-tipped guide wire (PTFE Guidewire Medtronic, Medtronic 
Vascular, Danvers, Massachusetts, USA) is usually preferred because it is easily 

Fig. 19.3  Three-
dimensional aortic root 
reconstruction. The red 
circle below the annular 
plane, becoming a straight 
line, indicates that the 
projection is perpendicular 
to the valve
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Fig. 19.4  Identify aortic cusps and place points on them. Step 1: by rotating the axis on sagittal and 
coronal views, one is able to obtain the perfect position of the aortic virtual ring with the nadir of the 
three cusps on the same plane. Step 2: place a point on each cusp in double oblique view. Step 3: find 
the widest dimension of aortic root in the coronal view and increase. Step 4: rotate both sagittal and 
double oblique axis tool until the three points appear aligned with equal distances between them in 
the coronal oblique view. This is the optimal position of the aortic cusps. Step 5: finally, in order to 
determine C-arm angles, we use the sagittal oblique view for cranial-caudal, and the double oblique 
view for lateral positioning of C-arm. Note that angles formed below and above the horizontal refer-
ence line in the sagittal oblique view indicate, respectively, caudal and cranial angulations of the 
C-arm, while in the double oblique view they indicate right and left angulations, respectively

maneuverable; also, the hydrophilic properties of the Terumo guide wire (Radiofocus, 
Terumo, Tokyo, Japan) do not facilitate its handling.

Before starting crossing maneuvers, it is necessary to make sure that the patient 
is properly decoagulated, and 50 UI/Kg of unfractionated heparin should be admin-
istered to achieve an activated clotting time of 200 s.

The first step consists of finding the best view. This is usually obtained with com-
puted tomography. However, when this is not available, operators often use the 
anteroposterior view, or a left-anterior oblique view (20°–40°), with the tip of the 
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a b

c d

e f

Fig. 19.5  Fluoroscopy showing all the steps in aortic valve crossing using a 6-Fr Amplatz Left curve 
2 (AL-2) catheter and the straight guidewire. The dotted line indicates the edge of the aortic root

catheter directed toward the left main. The distribution of the cusp calcifications 
should be assessed in order to locate, or at least hint at, where the valve opens. An 
orthogonal view helps to guide the catheter, especially in bicuspid valves. Aortography 
(contrast flow 15 mL/s, volume 20–30 mL, injection pressure 900–1000 psi) can 
come in handy in identifying the latter.
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When the AL catheter and the straight-tipped guide wire are used, the catheter is 
then withdrawn slowly with the left hand by slightly rotating it clockwise so that the 
tip of the catheter is pointed to the center of the valvular plane, while the guide wire 
is advanced and pulled back in sequence for no more than 3 cm using the right hand, 
in order to probe the aortic plane until you manage to cross the orifice. The length 
of the soft tip can be adjusted, depending on the operator’s choice or based on the 
grade of calcification of the valve. The straight guide with mobile core is used to 
adjust the system’s stiffness and to change direction of the catheter.

a b

c d

Fig. 19.6  Catheters 
commonly used to cross 
the aortic valve; (a) 
Amplatz Left curve 1 or 2; 
(b) Pig tail catheter; (c) 
Judkins right (JR) 6-Fr 
catheter; (d) multi purpose 
catheter (MP)
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Another technique for crossing the native aortic valve provides for positioning 
the catheter (AL, JR, or MP) at the level of the ascending aorta and using a straight-
tipped hydrophilic wire, which is gently advanced and pulled back in sequence until 
crossing of the aortic valve.

When performing this maneuver, the operators need to be careful not to enter the 
left main with the guide wire and, also, not to puncture the cusps because this can 
lead to complications while delivering the prosthesis and to its under-expansion.

Once the AL catheter crosses through the valve and enters the left ventricle (LV), 
a right-anterior oblique view must be gained to follow the path of the catheter 
through the LV and to check for its optimal positioning, close to the apex of the 
ventricle, and to position the stiff guide wire. The change in view is intended to 
reduce the risk of injuring the LV free wall (Fig. 19.7).

In some cases, the AL can be trapped among mitral chordae tendineae; this is a 
suboptimal position, and it is suggested to either reposition the catheter or to recross 
the valve in order to avoid the chordae.

It is good practice to measure the LV pressure, once the catheter is inserted, both 
to confirm the transvalvular pressure gradient and to register protodiastolic and 

a

c

b

Fig. 19.7  Fluoroscopy showing the placement of an Amplatz Super Stiff (ASS) guidewire with 
the 6-Fr Amplatz Left curve 2 (AL-2) catheter
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telediastolic pressure of the LV. This information is important, especially compared 
with the transvalvular pressure at the end of the procedure, after valve release, to 
assess whether the implantation is hemodynamically effective.

When the Amplatz super stiff is used, a small curve is formed on the soft distal 
part (1 or 3 cm) of the guide wire; alternatively, the pre-shaped Safari™ (Boston 
Scientific) or Confida (Medtronic) (Fig. 19.8) can be used and is positioned at the 
apex of the LV.

In experienced hands, this step has a low incidence of complications; the most 
frequent are:

–– Ventricular arrhythmias; these can be due to the mechanical stimulation by the 
catheter or the guide wire.

–– Coronary artery dissection while probing the valvular plane with the straight-
tipped or hydrophilic guide wire.

–– Cardiac perforation, which can occur during the positioning of the guide wire in 
the LV.

–– Cerebral embolization of calcium fragments; this can be a consequence of prob-
ing the valvular plane with the straight-tipped or hydrophilic guide wire.

a b

c d

Fig. 19.8  Most frequently used guidewires to cross the aortic valve; (a) Confida (Medtronic); (b) 
Safari (Boston Scinetific); (c) Amplatz Super Stiff (Boston Scinetific) straight tip or (d) with man-
ually curved tip
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19.6	 �Balloon Valvuloplasty

Percutaneous balloon valvuloplasty (BAV) was first described in 1984 by Lababidi 
and Neuhaus [4] and was reported for the treatment of congenital aortic stenosis 
(AS) in children and young adults. In 1986, Cribier was the first to perform BAV in 
adults with calcific AS [5]. The procedure was so successful so that it led to the birth 
of registries [6, 7] for the analysis of the results.

Aortic valvuloplasty proved to be a simple procedure, but with a high occurrence 
of restenosis at 6 and 12 months and with a limited effect on disease progression and 
survival [8, 9]. Therefore, this procedure was selectively used as a palliative remedy, 
in cases of patients with severe AS deemed inoperable. Nowadays it is also used as 
a bridge to TAVI.

Balloon dilatation creates a modest and temporary improvement of valvular func-
tion, symptoms, and outcomes. Aortic valve area increases by an average 0.3–0.4 cm2 
and results in a reduction of the average gradient of about 50% [8–10]. Early experi-
ence with this technique had a 30% rate of in-hospital complications and, though pro-
cedural mortality was only about 3%, mortality at 30 days was about 14% [9]. Most 
recent series have shown a reduction in acute mortality and complications. Ben-Dor 
et al. [11], in a cohort of 262 patients who underwent a total of 301 BAV procedures, 
found that serious adverse events occurred in 15.6% (47) of patients, intraprocedural 
death in 1.6% (5), stroke in 1.99% (6), coronary occlusion in 0.66% (2), severe aortic 
regurgitation (AR) in 1.3% (4), resuscitation/cardioversion in 1.6% (5), cardiac tam-
ponade in 0.33% (1), and permanent pacemaker implantation in 0.99% (3).

At present, BAV is not considered the standard of care for AS, but, as mentioned, 
is increasingly being used in patients affected with degenerative valve disease that 
present with severe comorbidities and a severely impaired hemodynamic clinical 
picture as a bridge to surgical [12] or transcatheter valve replacement [13–17].

In patients with low flow-low gradient AS and low LV ejection fraction, BAV can 
also have a diagnostic/prognostic role in assessing improvement in LV function 
after the reduction of the transaortic gradient [15]. In patients with severe functional 
mitral regurgitation or pulmonary hypertension, BAV has the potential of reducing 
the degree of mitral regurgitation and pulmonary pressure with the possibility of 
improving procedural and short-term outcomes.

Based on the up-to-date data available, the best candidates for BAV are elderly 
patients, those with severe LV impairment, as a bridge to TAVI, extremely ill patients in 
whom even TAVI could be futile or an overtreatment, due to the short life expectancy.

19.7	 �Mechanism of Dilatation and Restenosis

BAV acts on calcific aortic valve and AS by increasing leaflet mobility and enlarg-
ing the valve orifice. The predominant mechanism of dilatation is the fracture of 
calcified nodules and elastic expansion of the aorta [18]. Other possible mecha-
nisms include the separation of fused commissures in rheumatic valve disease and 
microfractures along stromal cleavage planes. Restenosis has been correlated, 
instead, with remodeling, with fibrotic scarring of the fissures created by the balloon 
on calcified nodules, with a mechanism of heterotopic ossification, and with the 
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elastic rebound of the previously dilated aortic annulus. Histopathological studies 
have found the presence of immature scar tissue composed of fibroblasts, capillar-
ies, and inflammatory infiltrate, inside small torn areas in the collagenous stroma or 
in fractures in calcified nodules [18–20].

19.8	 �Description of Procedure

The procedure can be performed using the retrograde or antegrade approach, with 
single- or double-balloon technique (the latter being less frequently used). The 
approach most commonly used is the retrograde, performed through the left or 
right femoral artery, in which a sheath is placed. The size of the sheath varies from 
8 to 12 Fr, depending on the balloon used (Table 19.1, Fig. 19.9). The procedure 

Table 19.1  Most frequently used balloons for aortic balloon valvuloplasty and corresponding sheaths

Balloon
Size  
(diameter in mm) Length (mm)

Sheath  
diameter (Fr)

NuMED 
NuCLEUS™

16 (pediatric) 30–40–50–60 9
18 40 10
20, 22, 25, and 28 40 12
28 and 30 40 14
22 and 25 50 12

NuMED Tyshak II™ 16 and 17 All from 20 to 60 7
18, 20, and 22 All from 20 to 60 8
23 and 25 All from 20 to 60 9
30 All from 20 to 60 10

NuMED Z-MED 16 30, 40, and 60 7
17 30 and 60 7
18 20, 30, 40, and 60 10
19 60 11
20 and 22 30, 40, 50, 60, and 80 12
23 20, 30, 40, and 50 12
24 20, 40 12
25 30, 40, 50, 60, and 80 12
26 20, 30, and 40 12
28 20, 30, and 40 12
30 20, 30, 40, 60, and 80 14

Edwards 
Lifesciences

20, 23, and 25 40 12

V8™ InterValve 17, 19, 21, 23 mm at waist
22, 24, 25.5, 27.5 mm at 
bulbous segments

66, 68, 70, and 70 
respectively

12

True dilatation™ 
Endotech

20 45 11
22 and 24 45 12
26 45 13

Osypka VACS II 16 and 17 All from 30 to 60 mm 7
18, 20, and 22 All from 30 to 60 mm 8
24 and 26 All from 30 to 60 mm 9
28 and 30 All from 30 to 60 mm 10

Cristal Balloon 18 40 7
20 45 7
23 45 9
25, 28, and 30 50 9
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can be also performed without a sheath. After the sheath placement and the cross-
ing of the valve (see section above), the stiff guide wire is placed in the LV, and the 
balloon is advanced and placed across the aortic valve, at the level of the aortic 
annulus.

The balloon size of choice is usually dependent on the native valve area and 
perimeter, which can be accurately calculated if an angio-CT scan is done, or 
can be approximately decided based on aortography (Table 1). When palliative 
BAV is performed, the size of the balloon is usually small (e.g., 18 mm diame-
ter) in order to avoid possible complications such as severe aortic regurgitation 
or annulus rupture.

The balloon is then inflated, with a solution of normal saline water and con-
trast medium with a 4:1 ratio, and left inflated for a few seconds (3–5 s usually) 
in order to crush the cusps against the walls of the aorta (Fig.  19.10). When 
performing BAV during the TAVI procedure, it can be useful to inject some 
contrast medium (contrast flow 10  mL/s, volume 10  mL, injection pressure 
400 psi) with a pigtail placed above the inflated balloon [21]. This can show if 
the balloon makes a perfect sealing or if there are leaks and in this case of what 
degree; this step can help to confirm once again the size of the prosthesis chosen 
(Fig. 19.11).

When performing the retrograde approach, which is the most frequently used, 
operators can encounter some difficulties, especially in crossing severely stenotic 
valves, and, though rarely, it can result in vascular complications at the insertion site 
of large-gauge catheters [9].

More recently, the use of an antegrade approach through femoral vein access has 
been described, even if the rate of performance of this technique is not high. In 
detail, after performing a standard transseptal puncture with a Brockenbrough 

a

b

c

d

Fig. 19.9  Balloons used to 
perform aortic valvuloplasty. 
(a) NuMED NuCLEUS™; 
(b) NuMED Tyshak II™; 
(c) NuMED Z-MED™; 
(d) V8™ InterValve; 
(e) True dilatation™ 
Endotech; (f) Opsyka VACS 
II; (g) Cristal balloon
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needle (St. Jude Medical, Sylmar, CA, USA) advanced through an 8 Fr catheter for 
transseptal approach, a floating balloon catheter is advanced in the left atrium, LV, 
and aorta, and a stiff guide wire is inserted until it reaches the descending aorta. 
Using a goose neck catheter (Amplatz Goose Neck Snare, ev3 Endovascular Inc., 
Plymouth, MN, USA) inserted though the right or left femoral artery, the guide wire 
in descending aorta is snared and pulled out on the arterial side to stabilize the sys-
tem. The balloon is then advanced from the venous side, positioned at the calcific 
aortic valve, and inflated [18].

Fig. 19.10  Standard aortic vslvuloplasty performed with low profile Tyshak II balloon (NuMed, 
Ca, USA) without right ventricular rapid pacing. Ao aorta; LV left ventricle; ASS Amplatz Super 
Stiff

Fig. 19.11  Balloon aortic 
valvuloplasty with 
simultaneous aortography 
performed during rapid 
pacing
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Antegrade BAV can be done with a conventional or Inoue balloon (Toray, Japan), 
which is typically used for mitral valvuloplasty, and is geometrically well suited for 
the anatomy of the aortic valve and sinuses of Valsalva. It also has a faster “inflation-
deflation” kinetic compared with conventional balloons, thus reducing the risk of 
hemodynamic instability during the procedure. The antegrade approach is techni-
cally more complex, but has the considerable advantage of eliminating the arterial 
puncture in the large arteries, using larger balloons, allowing greater balloon stabil-
ity, and reducing the risk of peripheral embolization [11, 18].

In order to obtain a more stable balloon position and prevent its movement during 
inflation, rapid pacing of the right ventricle can be performed at a frequency between 
180 and 220 bpm during the balloon inflation phase. This is a very important step since 
ventricular systole, especially in patients with preserved contractile function, can lead 
to a rapid and uncontrollable movement of the balloon during its inflation if rapid pac-
ing is not performed. High-frequency pacing drastically reduces LV stroke volume and 
allows to optimally and to stably position the balloon prior to its inflation. In doing so, 
smaller balloons can be used, thus reducing the time of “inflation-deflation” [18].

Potential complications of BAV are generally aortic regurgitation, in most cases 
mild, and the onset of ventricular arrhythmias, such as atrioventricular block or left 
bundle branch block. For this reason, in addition to technical reasons, the use of 
temporary pacemaker in the right ventricle is important during the procedure. Other 
serious complications include vascular access site lesions, cardiac perforation and 
tamponade, coronary artery dissection, cerebrovascular events and systemic embo-
lization, and, most frequently when performing the retrograde approach, damage to 
the mitral valve [11–17].

19.9	 �Echocardiographic Guidance During TAVI

Echocardiography is an integral part of every aspect of the TAVI procedure. TEE 
can be used pre-procedurally for 3D annular sizing, as well as for the assessment of 
risk for complications. Intra-procedural TEE can assist in wire placement and heart 
valve position. Finally, the rapid assessment of cardiac and valvular function fol-
lowing implantation can improve response time in critical but treatable hemody-
namic emergencies (Table 19.2).

Consensus papers and guidelines confirm these important aims of echocardiog-
raphy. However, as TAVI has become standardized, with high procedural success 
and reduced complications, the focus has shifted toward a “minimalist” strategy, 
with conscious sedation and without routine use of intraprocedural TEE guidance 
[21–23]. The role of TEE, however, is not negligible.

The use of 3D TEE has significantly improved the accuracy of valve assessment, 
particularly the measurement of the aortic annular area and perimeter, as well as the 
coronary ostial height, helping in the prosthesis choice and size. This assessment is 
useful for all patients with kidney failure for which a CT evaluation is not available. 
Moreover, the assessment of the transcatheter heart valve landing zone (including 
the left ventricular outflow tract, the aortic annulus, aortic cusps, and sinuses of 
Valsalva, coronary ostia, and sinotubular junction) is extremely useful, particularly 

M. Barbanti et al.



361

for patients deemed at high risk of coronary occlusion and annulus rupture, in order 
to clarify the treatment plans or help the operator in the correct valve sizing in prob-
lematic cases.

Secondly, the significant advantage of real-time TEE imaging is the continuous 
monitoring of all aspects of the procedure. Instead of limiting procedural assess-
ment to bursts of fluoroscopic visualization or injection of contrast, TEE allows a 
safe, continuous imaging of all cardiac structures, as well as the aorta. In cases 
without adequate radiographic imaging, TEE has been successfully used with 
equivalent short- and midterm outcomes, with reduced contrast media use.

Table 19.2  Intraprocedural TEE recommendations

• Improve the accuracy of valve assessment, particularly in patients with renal insufficience for whom MDTC 
evaluation is not available

• Allow assessment of the THV landing zone, particularly in patients at risk for coronary occlusion or anulus 
rupture

THV choice and sizing

• Guide the position of pacing wire in the right ventricle and ensure stable position of stiff wire in the apex 
without entanglement in mitral apparatus/worsening mitral regurgitation.

• Exclude perforation and pericardial effusion.

Wire placement (pacing wire and left ventricular stiff wire) 

• Detect uncommon complications such as valve rupture and severe aortic regurgitation
• Predict coronary occlusion
• Size the annulus

BAV

• Confirm the ideal location within the aortic landing zone 
• Rapid assessment of  fully-repositionable THV position

Positioning of THV

• Assess THV positioning, shape, and leaflet motion; perform comprehensive hemodynamic measurement
• Assess paravalvular regurgitation relying on short-axis images of the LVOT just apical to the inflow edge of the 

THV (and gastric views for confirmation)
• Assess  coronary  artery  patency  and  ventricular  function
• Assess mitral valve morphology and function.
• Assess TR velocities and estimate pulmonary artery pressures.
• Exclude perforation and pericardial effusion.

Post-implant assessment of THV

• Reduce contrast media use
• Consente la diagnosi immediata delle complicanze

Continuous monitoring of all aspects of the procedure

• Avoid right ventricular or interventricular septal perforation

Optimal transapical cannulation site 

Complications of TAVR causing hemodynamic instability, assessed by TEE
Severe transvalvular or paravalvular aortic regurgitation
Severe mitral regurgitation
Pericardial effusion and possible etiology
Aortic rupture or dissection
Complications related to BAV (severe AR, periaortic hematoma, aortic dissection, or rupture)
Ventricular dysfunction
Suicide ventricle
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Once the pre-implant assessment is complete, intra-procedural imaging of wire 
placement (pacing wire and left ventricular stiff wire) and balloon aortic valvulo-
plasty are also performed. Wire and cannulation position and complications can 
easily be evaluated, avoiding incorrect stiff wire placement in the left ventricle, 
which is responsible for acute mitral regurgitation or instability/mal-positioning of 
the THV. Ideal pacemaker tip location in the right ventricle should be confirmed. 
Excluding entanglement of wires in the mitral apparatus may prevent acute mitral 
regurgitation. Optimal transapical cannulation site should be routinely assessed 
(either from mid-esophageal views or transgastric views). Optimal position will 
avoid the right ventricle and be angulated away from the interventricular septum.

Imaging of the balloon aortic valvuloplasty procedure can rapidly detect uncom-
mon complications, such as severe aortic regurgitation, but can also be used diagnosti-
cally to size the annulus or predict coronary occlusion. Checking valve position during 
the pacing run can be particularly useful in avoiding malpositioning of the valve.

During the percutaneous aortic valve implantation procedure, live 3D (narrow 
sector) can be useful in positioning the bioprosthesis across the annulus. The 2D 
TEE long-axis view (about 120°) is usually sufficient to guide proper placement of 
the percutaneous valve (figure), but at times the presence of severe calcification of 
the native valve and anterior mitral leaflet can be made for significant acoustic shad-
owing that interferes with precise echocardiographic visualization of the biopros-
thesis, thus making it difficult to distinguish between the valve and balloon. 
However, live 3D imaging increases the field of view and frequently improves local-
ization of the crimped valve margins within the aortic valve apparatus. The biplane 
orthogonal view (x-plane), which provides complementary 2D planes, can also be 
useful in monitoring valve positioning and deployment.

The commercially available self-expanding valve has in the past been performed 
under fluoroscopic guidance with little need for TEE assistance; however, the second-
generation, fully repositionable valves can be most efficiently implanted using echo-
cardiographic guidance. Because of the curvature of the aorta, the self-expanding 
valve will initially be non-coaxial with the long axis of the aorta, the tip pointing 
posteriorly and to the left. Because of the posterolateral orientation of the valve, when 
initial deployment begins, the posterior edge of the THV is “higher” (more aortic) 
than the anterior edge. Imaging should confirm that this edge is at least 4 mm (but 
typically not more than 10 mm) below the annulus for the first-generation valve and 
3–5 mm below the annulus for the second-generation valve. As the valve is deployed, 
it will typically “pivot” on the posterior end, causing the anterior edge of the THV to 
move more superiorly; this is the justification for positioning the valve initially based 
on the location of this posterior THV edge. Because the second-generation valve is 
fully repositionable, a rapid assessment of position and paravalvular aortic regurgita-
tion (PAR) can be made with TEE imaging. Moreover, valve positioning with the 
assistance of TEE imaging can reduce contrast load or fluoroscopic time.

Post-implant assessment of valve size, shape, and function can be performed 
rapidly using the orthogonal biplane view with color Doppler ultrasound, which 
provides a quick and accurate assessment of the final result, thanks to the simultane-
ous presence of a long-axis and short-axis view (Fig. 19.12).
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Finally, the 3D color Doppler volume obtained from a deep gastric and/or mid-
esophageal view enables direct planimetric determination of any regurgitant orifices 
in the case of residual aortic insufficiency. At the end of the procedure, it is also impor-
tant to confirm that all the device cusps move well, that the valve stent has a circular 
shape derived from a proper expansion of the device, and that there is no interference 
with other adjacent structures, above all the anterior leaflet of the mitral valve.

When assessing for PAR using TEE, color Doppler evaluation should be per-
formed just below the lower border of the transcatheter valve (within the left ven-
tricular outflow tract) and should not be confused with flow within the sinus of 
Valsalva. The latter flow is frequently between the sinus and the native cusps and 
does not typically communicate with the ventricle. In addition, some paravalvular 
leaks fail to reach the left ventricular outflow tract because of the fabric skirt seal at 
the lower border of the THV. Central regurgitation should be evaluated at the coap-
tation point of the leaflets.

The causes of hemodynamic collapse, such as annular or ventricular rupture, 
severe aortic regurgitation, or many other intra-procedural complications 
(Table 19.2), can be diagnosed within seconds, allowing quick and likely lifesaving 
intervention, thus adding safety to the TAVR procedure.
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20Transcatheter Aortic Valve Implantation: 
Edwards SAPIEN 3

Marco Barbanti, Martina Patanè, and Ketty La Spina

20.1	 �Introduction

Transcatheter aortic valve implantation (TAVI) has been accepted as a treat-
ment option for symptomatic severe aortic stenosis in inoperable patients [1, 2] 
and a reasonable alternative to conventional surgical aortic valve replacement 
in intermediate and high surgical risk patients [3–7]. After the first in-human 
TAVI more than 10  years ago [8], this technology continues to be developed 
and refined. One of the latest generations of the transcatheter heart valve (THV) 
is the Edwards SAPIEN 3 (Edwards Lifesciences, Irvine, CA, USA), a new 
balloon-expandable THV, which incorporates features to reduce vascular com-
plications and paravalvular regurgitation (PVR) and to improve precise and easy 
positioning.

20.2	 �Evolution of Balloon-Expandable Transcatheter 
Heart Valves

The clinical experience with balloon-expandable T   he deployment balloon was 
incorporated in a deflectable  guiding catheter. Subsequent improvements in the 
valve and delivery system resulted in the second-generation balloon-expandable 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-59620-4_20&domain=pdf
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THV, the Edwards SAPIEN THV (Edwards Lifesciences, Irvine, CA, USA) 
(Fig. 20.1). The stent remained basically unchanged, though the leaflets were made 
of bovine pericardial tissue, which is pretreated to decrease valve calcification. 
Moreover, the fabric skirt, which is made of polyethylene terephthalate (PET), 
extends further to improve sealing and potentially reduce PVR.  Together with 
improvements in the valve design, several modifications were also made to the 
delivery systems, i.e., the tip of the balloon catheter (nose cone), the system profile, 
and controllability. The SAPIEN XT valve (Edwards Lifesciences, Irvine, CA, 
USA) is the third-generation balloon-expandable THV and also consists of treated 
bovine pericardial leaflets; however, the stent material was changed to cobalt-chro-
mium (Fig. 20.1). Changes in the design as well as the materials have led to low-
profile THVs, which further reduced the risk of vascular complications [9]. While 
the 23 mm and 26 mm Cribier-Edwards and Edwards SAPIEN valves required 22 
Fr and 24 Fr sheaths, respectively, the SAPIEN XT valve is implanted via the trans-
femoral approach using the NovaFlex delivery system (Edwards Lifesciences, 
Irvine, CA, USA), which is delivered through 16 Fr (20, 23 mm valves), 18 Fr 
(26 mm valve), or 20 Fr (29 mm valve) expandable sheaths (eSheath, Edwards 
Lifesciences).

Prosthetic material

Crimped profile

Frame height (expanded)

Frame height (crimped)

Frame shortening
(deployment)

Delivery system

Sheath model

Recommended minimum
artery diameter

Sheath ID (unexpanded)

Sheath OD (unexpanded)

Sheath OD (expanded)

Stainless steel

8.3 mm

16.1 mm

18.1 mm

2 mm

RetroFlex3

Retroflex 24 Fr

7 mm

7.9 mm

9.2 mm

8.9 mm

7.2 mm

6.5 mm

2.9 mm

20.1 mm

17.2 mm

8.0 mm

Cobalt-Chromium Cobalt-Chromium

6.7 mm

20 mm

28 mm

8 mm

6 mm

NovaFlex+

eSheath 18 Fr eSheath 14 Fr

5.5 mm

4.7 mm

6 mm

8 mm

Commander

Edwards-SAPIEN (26 mm) SAPIEN XT (26 mm) SAPIEN 3 (26 mm)

Fig. 20.1  Comparison of the balloon-expandable 26 mm SAPIEN valves, the delivery system, 
and the sheath sizes. Edwards SAPIEN, SAPIEN XT, and SAPIEN 3 valves. ID internal diameter, 
OD outer diameter
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20.3	 �SAPIEN 3

The S3 THV incorporates a unique stent and leaflet design that allows a further 
lower profile compared with the SAPIEN XT valve.

The device consists of seven components:

•	 Percutaneous aortic valve device (Fig. 20.2)
•	 Commander delivery system consisting of a flexible catheter (Fig. 20.3)
•	 Z-MED II balloon (NuMed, Inc., Hopkinton, New York, USA) (16 x 40 mm for 

the 20 mm devices, 20 × 40 mm for 23 mm devices, 23 × 40 mm for 26 mm 
devices, 25 × 40 mm for the 29 mm device) (Fig. 20.4)

•	 Two inflation devices (Fig. 20.5)
•	 14/16 Fr eSheath introducer for the transfemoral approach (Fig. 20.6) and 18/21 

Fr for the transapical and transaortic approaches
•	 Device loading system (“Crimper”) (Fig. 20.7)
•	 Device protective sponge (“Qualcrimp”) (Fig. 20.8)

Four rows and columns between
commissures for high radial
strength

Polyethylene terephthalate (PET)
outer skirt designed to minimize PVR

Large cells on outflow side
for coronary access

For reduced crimp profile

Small cells on inflow side to
accommodate outer skirt

Frame material and wide strut
angles provide fatigue resistance
and high radial strength for
circularity

Outer skirt

Frame construction

Enhanced frame geometry

Wide strut angles

Enhanced frame geometry

Cobalt chromium alloy frame

Fig. 20.2  The SAPIEN 3 transcatheter heart valve and the frame design. The SAPIEN 3 
(Edwards Lifesciences, Irvine, CA, USA) is composed of a trileaflet bovine pericardial tissue 
valve with a balloon-expandable, radiopaque, cobalt-chromium frame, and inner and outer PET 
fabric. The inflow of the valve is covered by an outer PET cuff, which enhances paravalvular 
sealing. The cobalt-chromium alloy frame and wide strut angles provide fatigue resistance and 
high radial strength for circularity, while large cells on the outflow side make for easy coronary 
access
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Flex catheter

THV

Nose cone

Flex wheel

Flush port

Flex
indicator

Balloon
catheter

Balloon
inflation port

Guidewire lumen

Volume indicator

Fig. 20.3  Features of the Commander delivery system: the handle contains a flexion indicator 
(rotating the blue wheel creates flexion), depicting to what degree or not the catheter is flexed, a 
fine adjustment wheel for fine adjustment of the transcatheter heart valve during valve alignment 
(black wheel) (red arrow), and a balloon lock knob (white wheel) to secure the balloon catheter 
to the flex catheter. Once the native valve is crossed, alignment of the crimped transcatheter valve 
in the aortic annulus is achieved by rotating the fine adjustment wheel at the back of the handle 
(white arrows on black wheel). Before deployment, the position of the valve can be precisely 
changed millimeter by millimeter more aortic or ventricular without having to push or pull the 
catheter

Balloon inflation port

Inflation volume

Balloon working
lenght and diameter

Guidewire
lumen port

Guidewire
compatibility

Edwards Balloon Catheter
for Predilation

Guidewire Compatibility Minimum
eSheath Size

Nominal
Volume

Rated Burst
Pressure

THV Size

23 mm

20 mm

26 mm

29 mm

20 mm x 4 cm x 130 cm

16 mm x 4 cm x 130 cm

23 mm x 4 cm x 130 cm

25 mm x 4 cm x 130 cm

0.035”

0.035”

0.035”

0.035”

14 Fr

14 Fr

14 Fr

16 mL

10 mL

21 mL

26 mL

6 atm

6 atm

6 atm

6 atm16 Fr

Fig. 20.4  Z-MED II valvuloplasty balloon catheter for pre-dilation of the native stenotic valve
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Atrion QL2530 Atrion QL38

23 mm and 26 mm THV systems 29 mm THV system
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Fig. 20.5  Atrion QL 
inflation devices

36 cm

Fully expandable
(26.5 cm)

57 cm

Partially expandable
(9.5 cm)

The Dynamic Expansion Mechanism
(DEM) is designed to reduce

vascular trauma

The DEM allows for valve
retrievability

Unexpanded

Expanded

Reduced

Fig. 20.6  Edwards eSheath introducer set. For 20, 23 and 26 mm THV, no color coding for 14 Fr 
eSheath. For 29 mm THV, 16 Fr eSheath is color coded either green or no color. Sheath sizes are 
labeled on the sheath handle. The dynamic expansion mechanism (DEM) is designed to reduce 
vascular trauma, allowing for transient sheath expansion during delivery system passage and 
reducing the time the access vessel is expanded
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Crimp stopper Crimper

26 mm 29 mm23 mm

Fig. 20.7  Crimper system: the Crimper is the same for all THV sizes and is packaged separately. Color-
coded two-piece crimp stopper is used during crimping and is packaged with the delivery system

Fig. 20.8  The Qualcrimp 
crimping accessory is 
designed to protect the 
THV leaflets when 
crimping to a low profile, 
and is packaged with the 
delivery system

20.4	 �Transcatheter Heart Valve

Compared with the previous generation SAPIEN XT, the design of the SAPIEN 3 frame 
has been modified to enhance the geometry for ultralow delivery profile while maintain-
ing the high radial strength for circularity and optimal hemodynamics (Fig. 20.2).

The frame has large cells on the outflow side for coronary access and small cells 
on the inflow side.

The height of the SAPIEN 3 valves is 3–4 mm longer than previous generation 
balloon-expandable valves; the 23, 26, and 29 mm SAPIEN 3 valves have expanded 
heights of 18, 20, and 22.5 mm, respectively (Table 20.1). As with earlier devices, 
the inflow of the SAPIEN 3 is covered by an internal PET skirt. In addition, the 
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outer one-third of the valve is covered by PET skirt in order to reduce PVR. Three 
sizes, 23, 26, and 29 mm, are currently available and are implanted via transfemoral, 
trans-subclavian, transapical, and transaortic approaches.

20.5	 �Delivery Systems

The transfemoral Commander delivery system (Edwards Lifesciences), which is 
advanced through 14 Fr (20, 23 mm valves) and 16 Fr (29 mm valve) expandable 
eSheaths, incorporates a nose-cone-tipped inner balloon catheter on which the pros-
thesis is crimped and an outer deflectable flex catheter (Fig. 20.3). It has the follow-
ing features:

	1.	 Improved distal flexing which enables crossing the aortic valve in challenging 
anatomies and controlled coaxial alignment (Fig. 20.9)

	2.	 Precise positioning of the THV within the native valve (Fig. 20.10)
	3.	 Decreased tapered tip length compared to the SAPIEN XT system

Fig. 20.9  The Commander system ensures improved bending, thus allowing navigation, the 
crossing of the native aortic valve, and optimal alignment even in challenging anatomies. The 
panels on the left show an example of implantation of SAPIEN 3 26 mm prosthesis in a patient 
with horizontal aorta

Table 20.1  SAPIEN 3 THV frame characteristics dimensions

20 mm 23 mm 26 mm 29 mm
Tissue Bovine pericardium, ThermaFix tissue treatment
Frame Cobalt-chromium alloy
Crimped height 21 24.5 27 31
Expanded height 15.5 18 20 22.5
Foreshortening 5.5 6.5 7 8.5
Inner skirt height 7.9 9.3 10.2 11.6
Outer skirt height 5.2 6.6 7.0 8.1
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The balloon catheter has radiopaque valve alignment markers defining the valve 
position and the working length of the balloon. A central radiopaque marker in the 
balloon assists in valve positioning (Fig. 20.11). The outer deflectable flex catheter is 
attached to the handle, which includes a wheel to deflect the flex catheter tip, a flex 
indicator that shows the degree of tip flexion, a fine adjustment wheel for fine align-
ment of the THV during valve positioning, and a balloon lock knob to secure the bal-
loon catheter to the flex catheter (Fig. 20.3). Rotating the fine alignment wheel allows 
the operator to advance or retract the balloon, which carries the valve several millime-
ters up or down within the annulus without pushing or pulling on the entire delivery 

Ventricular

Aortic

Fig. 20.10  Rotating the fine alignment wheel allows the operator to advance or retract the bal-
loon, which carries the valve several millimeters up or down within the annulus without pushing or 
pulling on the entire delivery system

Tapered
tip

Valve alignment markers

Central
marker

Triple
marker

Fig. 20.11  Fluoroscopic view of the Commander delivery system. The central radiopaque marker 
indicates the middle of the deployment balloon. The valve is flanked by two small markers, which 
assist in aligning the valve on the balloon. The three radiopaque markers (in a row) proximal to the 
valve indicate to where the flex catheter has to be pulled back to fully expose the deployment balloon
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system. The transapical/direct aortic Certitude (Edwards Lifesciences) delivery sys-
tem has also been downsized to 18 Fr for 20, 23 and 26 mm valves and 21 Fr for a 
29 mm valve.

20.6	 �Sizing of the SAPIEN 3

Paravalvular regurgitation (PVR) and aortic root injury are important complications 
during TAVI. Appropriate sizing of the THV is crucial to reduce the incidence of 
PVR, which has been shown to be associated with mortality [10, 11]. Multidetector 
computed tomography (MDCT) has been shown to be predictive of PVR due to its 
three-dimensional capabilities and better visualization of the noncircular annular 
geometry [12–14]. Indeed, integration of an MDCT annulus area sizing algorithm 
reduced PVR in patients who underwent TAVI with the SAPIEN XT in a prospec-
tive multicenter study [15].

The SAPIEN 3 THV is currently available with labeled diameters of 20, 23, 26, 
and 29 mm. When fully expanded with an appropriately sized balloon, these THVs 
have predicted diameters of 19.75, 22.75, 25.71, and 28.75 mm, with external valve 
areas of 314, 409, 519, and 649 mm2, respectively (Fig. 20.5). Sizing recommenda-
tions were based on annular area measurements, with the percentage of oversizing 
(positive percentage) or undersizing (negative percentage) calculated using the for-
mula: % oversizing =  (THV nominal area/MDCT annular area −  1) × 100. It is 
important to select the appropriate size of THV based on the degree of oversizing 
since aggressive oversizing is strongly associated with an increased risk of aortic 
root rupture [16]. For the SAPIEN XT THV, 5–10% area oversizing was considered 
optimal; however, most patients would not meet this optimal zone due to the large 
increments among manufactured prosthesis sizes. Therefore, a range from 1 to 15% 
(20% in the absence of adverse root features, which includes more than minimal left 
ventricular outflow tract calcification, and shallow sinuses of Valsalva) was consid-
ered acceptable, with the integration of intentional balloon underfilling in those 
cases of calculated oversizing by area of more than 20% [17].

Because of the presence of the outer skirt, a lesser degree of area oversizing might 
be acceptable for the SAPIEN 3 THV than the previously recommended value for the 
SAPIEN XT THV (Table  20.1). This minimal area oversizing provides the great 
advantage of a lower risk of annulus injury, without an increased risk of PVR [18].

Looking at the sizing chart of the SAPIEN 3 THV, there are locations where two 
sizes are potentially indicated. In fact, either the smaller or the larger THV can be 
implanted (Table 20.2). In general, a larger THV should be preferred in consideration 
of better aortic valve orifice area. However, it may not always be possible to implant 
the larger THV size in borderline annulus diameters. In fact, the smaller THV size is 
recommended for borderline annulus diameters in special situations:

•	 Severe annulus calcification: use of a larger THV size can result in annular rupture.
•	 Left ventricular outflow tract and/or mitral annular calcification: use of a larger 

THV size can result in annular rupture.
•	 Narrow sinotubular junction: use of a larger THV size can result in ventricular 

shift of THV during deployment, or annular rupture.
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Table 20.2  Sizing guidance for the SAPIEN 3 transcatheter heart valve on the basis of 3-dimen-
tional computed tomography measurements

Area oversizing *%
CT dimension THV
3D area-derived diameter (mm) 3D annular area (mm2) 20 mm 23 mm 26 mm 29 mm
18.0 254 29.1
18.2 260 26.2
18.5 270 21.5
18.6 273 20.1
18.9 280 17.1
19.0 283 15.9
19.2 290 13.1
19.6 300   9.3
19.9 310   5.8
20.0 314   4.5 29.3
20.2 320   2.5 26.9
20.5 330 −0.6 23.0
20.7 338 −3.0 20.1
21.0 346 −4.9 17.3
21.1 350 −6.3 16.0
21.4 360 −8.9 12.8
21.7 370   9.7
22.0 380   6.8
22.3 390   4.1
22.6 400   1.5 29.8
22.8 410 −1.0 26.6
23.0 415 −2.2 25.1
23.1 420 −3.3 23.6
23.4 430 −5.6 20.7
23.7 440 −7.7 18.0
23.9 450 −9.8 15.3
24.0 452 14.8
24.2 460 12.8
24.5 470 10.4
24.7 480   8.1
25.0 490   5.9
25.2 500   3.8 29.8
25.5 510   1.8 27.3
25.7 520 −0.2 24.8
26.0 530 −2.1 22.5
26.2 540 −3.9 20.2
26.4 546 −4.9 18.9
26.5 550 −5.6 18.0
26.7 560 −7.3 15.9
26.9 570 −8.9 13.9
27.2 580 11.9
27.4 590 10.0
27.6 600   8.2
27.9 610   6.4
28.0 615   5.5
28.1 620   4.7
28.3 630   3.0
28.5 640   1.4
28.8 650 −0.2
29.0 660 −1.7
29.2 670 −3.1

M. Barbanti et al.



375

•	 Porcelain aorta: use of a larger THV size can result in aortic rupture of dissection.
•	 Narrow root and low coronary ostia: use of a larger THV size can impair coro-

nary flow obstruction.
•	 Bulky leaflet and low coronary ostia: use of a larger THV size can impair coro-

nary flow or obstruction.

Finally, it should be emphasized that the technique of underfilling the balloon 
used to implant the SAPIEN XT is not advisable for the SAPIEN 3 device due to the 
asymmetrical expansion of the frame during implantation. Reduced frame expan-
sion results in the failure of the ventricular portion of the device to shorten, with 
potential negative consequences in terms of valve performance, and the develop-
ment of conduction disorders.

20.7	 �Procedural Overview

20.7.1	 �Transfemoral Approach

The first steps of the TAVI procedure have been described in the previous chapters.
After valvuloplasty, the balloon is withdrawn and the Commander (in default 

position) is advanced with the device crimped on its distal end up into the descend-
ing aorta (Fig. 20.12). Under fluoroscopic guidance, the balloon, distally positioned 
and delimited by two radiopaque markers, is aligned inside the valve with two 

Fig. 20.12  Framing of 
Commander delivery 
catheter after being 
inserted through the 
eSheath introducer

Area oversizing *%
CT dimension THV
3D area-derived diameter (mm) 3D annular area (mm2) 20 mm 23 mm 26 mm 29 mm
29.4 680 −4.6
29.5 683 −5.0
29.6 690 −5.9
29.9 700 −7.3

The percentage of over or under sizing can be determined based on a known annulus area. The 
recommended ranges for individual valves are highlighted. *% annular area over (+) or under (–) 
sizing as estimated by computed tomography (CT)

Table 20.2  (continued)
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Fig. 20.13  Maneuvers of balloon alignment inside the crimped prosthesis (see text for details)

Fig. 20.14  Pictures of the Commander delivery system while advancing through the aortic arch

maneuvers: withdrawing the shaft with the right hand while holding the delivery 
body with the left hand and ensuring that the stiff guidewire remains still into the 
left ventricle (Fig. 20.13) and then rotating the proximal knob of the delivery system 
to optimize alignment (fine tuning) (Fig. 20.13). Once this position is obtained, the 
Commander is advanced through the aortic arch by flexing it with the distal knob 
and placed on the aortic annulus (Fig. 20.14). Under fluoroscopic guidance, while 
holding the position of the shaft with the right hand, the Commander is withdrawn 
with the left hand to the right until the catheter reaches the two radiopaque markers 
(Fig.  20.15). At this point the device is placed at the right height and oriented 
orthogonally to the valve plane. By means of very short pacing intervals (few sec-
onds) and injections of contrast medium, it is possible to check that the entire sys-
tem is stable before inflation and that pacing is effective.

Once satisfied with the position, it is possible to proceed with implantation in 
four quick steps (Fig. 20.16):
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	1.	 Pacing: typically 180–220 bpm, but in any case it must be sufficient to obtain a 
systolic pressure of <30 mmHg.

	2.	 Angiography: makes it possible to check that the device is positioned correctly 
(central marker slightly above the annular plane). If the operator is not satisfied 
the height, it can be finely adjusted by rotating (clockwise or counterclockwise) 
the tuning knob (Fig. 20.10).

	3.	 Inflation: the balloon should be inflated gently and progressively, injecting the 
entire volume present in the inflation device; the balloon is kept inflated for 5 s 
(Fig. 20.16b–e).

	4.	 Deflation and end of pacing: the balloon is deflated and then, only once you are 
sure that it is completely deflated, pacing should be ended (Fig. 20.16f). It is 
important to point out that pacing must begin a few seconds before inflation and 
stop about 3 s after the balloon is completely deflated so as to minimize the risk 
of malpositioning. The Commander is removed from the left ventricle and 
realigned by returning it to the default position (Fig. 20.17).

20.7.2	 �Transapical Approach

If the arterial accesses are not deemed suitable (small vessels, major tortuosity, steno-
sis, or severe circumferential calcifications), the transcatheter apical approach is used. 
In this case, inserting the device requires the Certitude transapical delivery system 
(Edwards Lifesciences) (Fig.  20.18). The procedure is performed in the operating 
room with a beating heart, under general anesthesia and orotracheal intubation. The 
technique of the transapical approach has been detailed previously. Once the apex is 
pierced with a needle, and a soft guidewire is inserted and advanced through the native 

Fig. 20.15  The Edwards SAPIEN 3 prosthesis is placed across the aortic annulus. And the flex 
catheter is pulled back to the middle of the triple marker. Particularly in patients with small ven-
tricles, verify that the guidewire is properly looped in the ventricle prior to native valve crossing to 
avoid ventricular perforations. The stiff portion of the guidewire should extend beyond the distal 
end of the delivery system at all times
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aortic valve in the antegrade direction, a 7–8 Fr introducer is inserted through the 
aortic valve and then exchanged with a 260 cm × 0.035″ J-tip guidewire (Amplatz 
Super Stiff, Boston Scientific, Natick, MA), which is advanced through the aortic arch 
and into the descending aorta (Fig. 20.19b). The Edwards eSheath is then introduced 
(Fig. 20.19c). Depending on the size of the chosen valve (Z-Med II, Inc. Numed), a 16 
x 40 mm, 20 × 40 mm, 23 × 40 mm, or 26 × 40 mm balloon is positioned over the 
stenotic valve. In this case as well, valvuloplasty is performed during pacing at 180–
220 bpm; during the dilatation, blood pressure must be kept above 60 mmHg to avoid 
a hemodynamic worsening (valvuloplasty must not be performed if the pressure 
recorded before inflation is <100 mmHg). Once the balloon is withdrawn, the intro-
ducer is inserted and positioned 4–5 cm below the aortic annulus (Fig. 20.19d).

The prosthetic valve is then inserted and positioned through the annulus, and the 
pusher is withdrawn inside the introducer (Fig. 20.19e). Once the device is perfectly 

a b c

d e f

II 2.56
1.28
0.00

–1.28
–2.56

160.00

1 sec

ABP

Fig. 20.16  The balloon-mounted prosthetic valve is positioned adjacent to native valve calcifica-
tion; position is checked with aortography; and under rapid pacing (180–220 bpm) the deployment 
balloon is inflated and deflated after 5 s. Pacing is then stopped once the balloon is completely 
deflated. THV transcatheter heart valve
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aligned, pacing and inflation of the balloon inside the device are done according to 
the technique described above (Fig. 20.19f–h). Once the device is implanted and the 
balloon is deflated, pacing is stopped, and the balloon withdrawn; aortography is 
usually performed to make sure that there are no periprosthetic leaks and that the 
coronary ostia are preserved (Fig. 20.19i).

Once the implantation procedure is completed, both the catheter and stiff guide-
wire are withdrawn simultaneously. The apex is closed with the sutures previously 
implanted. Sometimes more sutures can be needed (usually for reinforcement in 
Teflon; Ethicon Inc.) to achieve complete hemostasis. Sutures are also applied to 
close the pericardium, and a drainage tube is positioned.

Fig. 20.17  Angiographic check of the implantation height, aortic regurgitation, and patency of 
coronary ostia (red arrow)

Integrated pusher

Articulation feature

Ergonomically designed handle

Fig. 20.18  Edwards 
Certitude transapical/
transaortic delivery system
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20.8	 �Procedural Details

In terms of implant technique, there are four main aspects of the SAPIEN 3 THV 
that should be underlined:

	1.	 Pre-implant balloon dilation
	2.	 Central marker positioning before THV deployment
	3.	 The foreshortening of the frame
	4.	 Balloon inflation technique

In the early years of TAVI, pre-dilation of the native aortic valve was a necessary 
step before implanting the device. This allowed crushing the calcified cusps to make 
the delivery system advance more easily and to obtain a better seal of the prosthetic 
valve. Today, an increasing number of operators prefer skipping this step. 
Considering the sharp reduction in the size of the crimped valve and of the release 
system, crossing the valve is no longer a challenge. When implanting the SAPIEN 

a b c

d e f

g h i

Fig. 20.19  Example of the SAPIEN 3 transapical heart valve implantation
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3 valve, valvuloplasty is limited increasingly to those cases in which balloon sizing 
is needed (contrasting or unreliable CT or echocardiographic measurements) or in 
the case of extremely calcified valves in which difficult guidance of the delivery 
system through the aortic valve is expected [19].

At the beginning of the experience with the SAPIEN 3, it was suggested to pro-
ceed with valve deployment once this central marker has been aligned at the level of 
the annulus. This strategy usually resulted in around a 40/60 ventricular/aortic ratio. 
More recently, small modifications of the implantation technique have been adopted: 
indeed, before valve deployment, it is now indicated to place the bottom of the cen-
tral marker of the crimped THV at the ideal line crossing the base of the cusps or 
slightly above, thus aiming at a higher implant (30/70 or 20/80 ventricular/aortic 
ratio) (Fig. 20.17 and 20.20). This new positioning guidance has been reported to 
further reduce the incidence of PVR and conduction disturbances [20].

As previously mentioned, the design of the SAPIEN 3 is asymmetrical, with 
large cells on the outflow side and small cells on the inflow side, in order to enable 
ultralow delivery profile. This particular frame conformation produces an asym-
metrical shortening of the frame during implantation, which is much more pro-
nounced at the ventricular side than the aortic side (Fig. 20.20).

Optimal Initial
Center Marker Zone

Landing
Zone

Initial FIM/CE Trial
Recommendation

Pre Deployment Post Deployment

Sinotubular junction

Annular plane

Fig. 20.20  Edwards SAPIEN 3 valve foreshortening and recommended pre-deployment valve 
positioning. The upper panels depict the basal foreshortening of the SAPIEN 3 prosthesis after 
complete deployment (blue arrows). The lower figure represents the initial positioning guidance 
used in FIM & CE trial, based on SAPIEN XT experience and the current indication with the bot-
tom of center marker position 1–3 mm higher than the base of cusps
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Finally, balloon inflation has to be performed in a very slow and progressive 
manner in order to have a very stable system and predictable implant. Slow inflation 
has been established as the standard approach.

20.9	 �Device Preparation

It should be noted that the materials marked with the pink strip belong to the kit for 
the 20 mm valve, the green strip is part of the kit for the 23 mm valve, the purple 
strip is part of the kit for the 26 mm valve, while the orange strip is part of the kit for 
the 29 mm valve.

Balloon Preparation
	 1.	 Flush the guidewire lumen with heparinized saline.
	 2.	 Connect the inflation device filled with contrast mixture to the balloon valve 

and lumen.
	 3.	 Fill the 50 mL Luer syringe with approximately 10 mL of contrast agent.
	 4.	 Turn the valve to attach the syringe and balloon, excluding the inflation device.
	 5.	 Draw air from the balloon by pulling the plunger to the end.
	 6.	 Gently release the plunger in order to replace the air with the mixture.
	 7.	 Eliminate the air trapped in the syringe and, if necessary, add contrast mixture.
	 8.	 Repeat several times until air is no longer aspirated. The balloon is now prop-

erly debubbled.
	 9.	 Turn the valve to exclude the balloon and connect the syringe and inflation 

device.
	10.	 Eliminate any air in the inflation device by drawing it into the syringe.
	11.	 If necessary, replenish the missing contrast mixture in the inflation device.
	12.	 Once the inflation device is filled with the proper volume of contrast mixture 

(16 mL for the 20 mm balloon, 21 mL for the 23 mm balloon, and 61 mL for 
the 25 mm balloon), turn the valve to exclude the syringe, and connect the bal-
loon and inflation device.

	13.	 Lock the inflation device.

20.10	 �Commander Preparation and Valve Crimping

After thoroughly flushing the delivery lumen with heparinized saline, remove the 
“peel-away” balloon cover by pulling it on the blue portion of the catheter. The 
Commander is placed in the default position, and the proximal part of the loader is 
inserted from the distal end of the catheter. It must then be verified that the cathe-
ter’s flex mechanism works properly. The balloon should be prepared following the 
same steps described for the valvuloplasty balloon; in this case, the 20 mm, 23 mm, 
26 mm, and 29 mm device balloons should be filled with 11, 17, 23, and 33 mL, 
respectively, of saline and contrast medium mixture. In order to ensure that the sys-
tem is debubbled well, the balloon can be inflated up to about 20% of its diameter, 
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causing the bubbles to rise in its proximal portion, and then aspirated again. Once 
balloon preparation is completed, the device is then crimped. After rinsing the valve 
in three basins of nonheparinized saline solution (1 min per basin), crimp for the 
first time to reduce the diameter by about 20–30%. Place the valve in the Qualcrimp, 
ensuring to maintain the orientation (green stitching facing the ventricular side) and 
coaxiality, and perform a second crimping, by pushing the Crimper knob to the end. 
The Qualcrimp is removed, and other crimping operations are performed only when 
the operator is ready for implantation (the valve can be left completely crimped for 
no more than 15 min). Once the crimping phase is completed, the device is returned 
to the default position again, making sure that the catheter is in contact with the 
valve and that the valve is covered with the distal portion of the loader.
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21Transcatheter Aortic Valve Implantation: 
Medtronic CoreValve Evolut R

Sebastiano Immè, Denise Todaro, and Alessio La Manna

21.1	 �Characteristics of the Device vs. CoreValve®

The Evolut® R valve (Medtronic, Inc., Minneapolis, Minnesota, USA) represents 
the latest generation of Medtronic self-expanding aortic valve devices. It consists of 
a trileaflet valve made of porcine pericardial tissue and sutured in a supra-annular 
position on a compressible and self-expandable nitinol frame. The high radial force 
of the stent allows the self-expansion and the exclusion of native-calcified valve 
leaflets, which are pressed against the wall of the aortic root, while preventing the 
device from collapsing on itself (Fig. 21.1).

Over the years, the device has undergone several changes, which have increased 
efficiency and, at the same time, facilitated implantation. The first-generation device 
used bovine pericardial tissue and was implanted with the aid of 24 Fr guiding cathe-
ters [1]. The second generation of implants, consisting of porcine pericardial tissue, had 
a small profile so that they could be implanted using 21 Fr catheters and allow access 
through a vascular bed with a smaller diameter. Moreover, this device was character-
ized by a wider upper segment for more secure fastening to the wall of the ascending 
aorta to allow implantation even in patients with an ascending aortic diameter of over 
45 mm. The implantation of this device was performed under general anesthesia, with 
extracorporeal support, using the retrograde approach. The third-generation device, the 
CoreValve ReValving System, further reduced the size of the guiding catheter to an 18 
Fr device, allowing for a truly percutaneous approach for aortic valve replacement.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-59620-4_21&domain=pdf
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The introduction of the fourth-generation device, the Medtronic CoreValve 
Evolut R (Medtronic), provides several refinements to improve anatomical fit, annu-
lar sealing, and durability. In particular, the device is designed to enable recaptur-
ability and repositionability [2].

21.1.1  �Transcatheter Valve

The Medtronic CoreValve Evolut R System is composed of the Evolut R valve and 
the EnVeo R Delivery Catheter System (DCS) with the InLine sheath (Fig. 21.2).

The trileaflet Evolut® R was created by suturing the three valve leaflets obtained 
from a single sheet of porcine pericardium, which is 50% thinner than bovine peri-
cardium, on the Nitinol support, with the addition of a “skirt,” which facilitates 
closure and is shaped to achieve better fluid dynamics.

The Evolut R frame is tailored to reduce the overall height, approximately 10% 
shorter than the original CoreValve® frame, while preserving the height of the pericar-
dial skirt (12 mm) with an extended skirt of the inflow tract to provide a seal against 

Fig. 21.1  The Evolut® R 
valve (Medtronic, Inc., 
Minneapolis, Minnesota)
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paravalvular leakage (Fig. 21.3). The shortened valve height is designed to optimize 
fit, particularly in angulated anatomy. The Evolut R maintains the cell geometry of the 
recent CoreValve prosthesis to optimize frame conformance to the native aortic annu-
lus, especially in patients with noncircular or asymmetrically calcified annulus [2].

The self-expanding Nitinol stent with a diamond-shaped pattern has thermal 
memory characteristics, and its radiopacity allows the correct positioning of the 
bioprosthesis. Designed to have three levels of radial force, in particular in the left 
ventricular outflow tract, it allows the valve to adapt to the native annulus of the 
patient, to reduce paravalvular leaks, and to avoid the migration of the prosthesis.

The Evolut R valve maintains the supra-annular valve design of the CoreValve plat-
form: the multilevel design of the stent allows intra-annular anchoring with supraval-
vular action to improve hemodynamic performance by maintaining leaflet functionality, 
which is not affected by the shape and size of the original annulus (Fig.  21.4). 
Furthermore, it delivers a constant radial force to mitigate the possible paravalvular 
regurgitation and to be the least invasive as possible on the conducting tissues. 

Catheter Delivery System

Transcatheter
Valve

Loading
System

Fig. 21.2  The Medtronic CoreValve® Evolut® R System (Medtronic, Inc., Minneapolis, 
Minnesota, USA): the Evolut R valve, the EnVeo R Delivery Catheter System (DCS), the InLine 
sheath

Tailored
height

Extended
skirt

Fig. 21.3  Design 
modifications of the new 
Medtronic CoreValve 
Evolut R
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The valve is fixed in a glutaraldehyde solution containing isopropyl acid. The 
bioprosthesis is also treated with alpha amino oleic acid, derived from oleic acid, a 
natural long-chain fatty acid that has an anticalcifying action that is able to reduce 
both early and late valve degeneration.

21.1.2  �Delivery System

The Evolut R is delivered with the EnVeo R delivery system (Medtronic). This next-
generation delivery system is designed to have a stable and predictable deployment, 
with proper implantation depth, and, especially when the valve is “flowering,” will 
be more predictable through the EnVeo handle 1:1 response and an improved valve 
release mechanism.

The EnVeo R DCS with the InLine sheath enables the valve to be fully 
repositionable and recapturable before full deployment and allows for the whole 
system to be inserted into a patient without the need for a separate access sheath, 
reducing the overall profile of the system, equivalent to the outer diameter of a 
14 Fr sheath, the lowest profile on the market for transarterial delivery. This 
improves access and reduces risk of major vascular complications. Furthermore, 
positioning accuracy is meant to reduce procedural complications, including 
reduced rates of paravalvular leak, valve malposition, and conduction distur-
bances [3, 4].

Patient 1 Patient 2 Patient 3

Supra-
annular
valve

Annulus

Fig. 21.4  The supra-annular valve design of the Evolut R valve
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21.2	 �Patient Selection and Sizing

The CoreValve Evolut R prosthesis is available in four sizes: 23, 26, 29, and 34 mm 
(Fig. 21.5). In choosing the right bioprosthesis, a preliminary multislice computed 
tomography scan is recommended. It provides an accurate and reproducible assess-
ment of the valve annulus (maximum and minimum diameter, perimeter), sinus of 
Valsalva, and minimum diameter of the vascular accesses. It also allows the opera-
tor to determine the angle of the aortic annulus in order to choose the most suitable 
vascular access (transfemoral, subclavian, or direct aortic) (Fig. 21.6, Table 21.1).

Size 23 mm 26 mm 29 mm 34 mm

Annulus Diameter

Annulus Perimeter π x
Diameter

Sinus of Valsalve (Mean)

SOV Height (Mean)

18 - 20 mm

56.5 - 62.5
mm

62.8 - 72.3
mm

72.3 - 81.7
mm

81.7 - 94.2
mm

≥25 mm ≥27 mm ≥29 mm

≥15 mm ≥16 mm

≥31 mm

≥15 mm≥15 mm

20 - 23 mm 23 - 26 mm 26 - 30 mm

Fig. 21.5  Valve size selection

CT
Image

Measure

Double oblique
axial slice at the
level of the
nadirs of all 3
leaflets (aortic
annulus plane)

Double oblique
axial slice at the
level of the
nadirs of all 3
leaflets (aortic
annulus plane)

Double-oblique axial
slice at widest
portion of the
sinuses

Double-oblique axial
image at aortic annulus:

Oblique coronal image
at 30 mm from aortic
annulusLC & NC: oblique

coronal image
RC: oblique sagittal
image

Preferred:
perimeter
derived diameter

Alternate:
Calculated mean
of major and
minor diameters

Linear distance
of tracing
around the
aortic annulus

Average Diameters
from each
commissure through
the center to the
opposite sinus

Average SoV height
measured from annular
plane to STJ

Maximum and
orthogonal ascending
aorta diameters on
orthogonal image

Aortic Annulus Sinus of Valsalva Ascending Aorta
Diameter

•

•

Fig. 21.6  Multislice computed tomography anatomical measures
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Specifically:

–– Evolut R 23 mm is indicated in the case of an annulus with a perimeter ranging 
from 56.5 to 62.8 mm and sinuses of Valsalva with a mean diameter >25 mm.

–– Evolut R 26 mm is indicated in the case of an annulus with a perimeter ranging 
from 62.8 to 72.3 mm and sinuses of Valsalva with a mean diameter >27 mm.

–– Evolut R 29 mm is indicated in the case of an annulus with a perimeter ranging 
from 72.3 to 81.7 mm and sinuses of Valsalva with a mean diameter >29 mm.

–– Evolut R 34 mm is indicated in the case of an annulus with a perimeter ranging 
from 81.7 to 94.2 mm and sinuses of Valsalva with a mean diameter >31 mm.

The height of the sinuses of Valsalva must be at least 15 mm (16 mm for the 
Evolut R 34 mm), and the minimum diameter of the vascular access must not be less 
than 5 mm (5.5 mm for the Evolut R 34 mm).

21.3	 �Evolut R System Loading Preparation

Once the right valve prosthesis has been chosen, it is possible to mount the valve on 
the delivery system, as instructed in the valve loading procedure [5].

The packaging of the delivery system can be used as a tray to mount the valve. The 
package also features a tray with three compartments for washing the prosthesis.

21.3.1  �Step 1

By positioning the delivery system handle to the right, and removing the blue lock-
ing tabs that connect the distal to the proximal portion, the distal part of the tray can 
be rotated clockwise by 180° (Fig. 21.7a). During this operation, make sure that the 
stylet is fully inserted in the guidewire lumen of the nose cone (the stylet protects 
the catheter shaft within the capsule and must remain in the delivery system until 
loading of the valves is complete).

Table 21.1  Access considerations

Access consideration by MSCT IFU guidance by MSCT
Minimum transarterial access vessel 
diameter

≥5.0 mm (5.5 mm for Evolut R 34 mm)

Aortic root angulation, femoral access Not recommended if >70°
Aortic root angulation, left subclavian Not recommended if >70°
Aortic root angulation, right subclavian Not recommended if >30°
Vascular access location, direct aortic 
access

Ascending aorta access site ≥60 mm from basal 
plane
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21.3.2  �Step 2

Fill the bowl integrated into the tray up to the rim with cold sterile saline solution 
(between 0 and 8 °C [32 and 46 °F]) and the mounting trays with sterile saline solu-
tion at room temperature, i.e., between 15 and 25 °C (59 and 25 °F).

21.3.3  �Step 3

The prosthesis is preserved in a glutaraldehyde solution; remove it from its con-
tainer using round-tip tweezers, making sure not to touch the tissue part of valve. 
Check that the serial number on the container matches that on the label of the valve; 
remove the label and then wash the prosthesis.

21.3.4  �Step 4

Rinse the prosthesis in the first of the washing bowls by gently stirring the prosthesis 
for 15 s to remove the glutaraldehyde. Then repeat for another 15 s in the second bowl, 
and then leave the prosthesis immersed in the third bowl up to the time of mounting.

21.3.5  �Step 5

Wash the capsule: connect a 10-mL syringe full of cold saline solution to the cap-
sule flush port at the proximal end of the handle. Gently lift the capsule in a vertical 
position and rotate the handle to expose the paddle attachment. Then wash slowly 

a

b

Fig. 21.7  Evolut® R 
System loading 
preparation. (a) Initial 
positioning, (b) washing of 
the capsule
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using the syringe, waiting for the saline solution to come out of the capsule, and 
then delicately immerse the capsule in the cold water bowl before the syringe is 
completely empty. Fasten the tip of the device with the locking clip to ensure com-
plete immersion up to the complete mounting of the valve in order to prevent intro-
ducing air into the capsule (Fig. 21.7b).

21.3.6  �Step 6

The EnVeo R system (Fig. 21.8) will allow easy and accurate assembly of the Evolut 
R TAV. A system of cones and tubes allows crimping the prosthesis (like the process 
for mounting the CoreValve).

Immerse the bioprosthesis and all the components of the mounting system in the 
incorporated bowl filled with cold water to prevent air from penetrating inside the 
capsule.

Ensure that the capsule of the delivery system is fully retracted and that the stylet 
is fully inserted into the guidewire lumen (to avoid damaging the catheter shaft dur-
ing loading), and pull the capsule guide tube over the catheter shaft toward the 
handle until its elastic tip is completely proximal to the paddle attachment, without 
advancing flexible elastic tip over the capsule (Fig. 21.9a).

21.3.7  �Step 7

Ensure that the backplate has been inserted into the inflow cone and the exposed part 
of the backplate is facing up. Insert the inflow portion of the bioprosthesis frame into 
the inflow cone, ensuring that the “C” paddle is facing up and is aligned with the 
paddle attachment pockets. Do not “hand crimp” or “pre-crimp” the TAV (Fig. 21.9b).

Secure the outflow cone onto the inflow cone until it locks, and ensure that all 
outflow crowns are captured by the outflow cone when attaching to the inflow cone. 

Outflow
Cone

Capsule Guide Tube

Inflow cone

Backplate

Tip Guide Tube

Fig. 21.8  Loading system 
components
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Then insert the catheter tip guide tube completely into the distal end of the inflow 
cone until the blue tip contacts the inflow cone. Inspect the outflow crowns of the 
TAV, and, if needed, manually move the outflow crowns so they are evenly spaced 
and the paddles are across from one another. Use the mirror in the bath to ensure that 
the underside paddle is positioned 180° from the top paddle.

21.3.8  �Step 8

Position the TAV and loading system over the catheter tip of the delivery system, 
and advance until the TAV paddles align with the paddle attachment pockets, and 
then retract the tip guide tube to the belly region of the valve so that the paddles lay 
down into the pockets of the paddle attachment.

The paddles must be properly seated in the pockets of the paddle attachment 
before continuing (Fig. 21.9c, d). At this stage, a misload is an improperly loaded 
bioprosthesis, which can result in damage to the valve, delivery system, or both, and 
can negatively impact deployment and performance of the valve if not recognized. 
Due to a nitinol capsule within the delivery system, direct visual detection of mis-
loads within the capsule is not possible; however, misloads can typically be identified 
through higher than normal force required to move the capsule forward, “pops” or 
sudden movement of TAV frame or delivery system, observing the delivery system 
move toward one side in the loading bath when advancing the capsule, or observing 
a bent, curved, or discolored capsule. In any event, a final inspection under fluoros-
copy must be made prior to implantation to verify that the valve is properly loaded.

Paddles not properly seated increase loaded valve profile beyond inner capsule 
diameter specifications, require greater force to deploy or recapture, and can possi-
bly contribute to delivery system failure or suboptimal deployment performance. To 

a

c d

b
Paddle Attachment

Backplate

Capsule Guide Tube

“C” paddle up

Fig. 21.9  Evolut® R System loading preparation. (a) Step 6: paddle attachment and capsule guide 
tube. (b) Step 7: the “C” paddle. (c) Step 8. (d) Properly seated paddles
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prevent this, ensure that the top and bottom paddles are completely seated within the 
paddle pockets, as indicated by a spade-shaped outline around the paddle and 
“stem,” and ensure that the outflow crowns are straight and evenly spaced and do not 
interfere with the paddle “stems” from seating within the pocket. View from multi-
ple angles to verify position (Fig. 21.10).

21.3.9  �Step 9

Rotate the handle to advance the capsule guide tube so that the flexible section cov-
ers the paddle attachment pockets; stop when the paddles are covered by the elastic 
tip of the capsule guide tube. Carefully watch for any movement of the valve when 
advancing the capsule, as this can indicate the paddles have come out the paddle 
attachment pockets. Use the mirror to visually inspect both paddles, and ensure that 
they are correctly seated in the pockets of the paddle attachment before advancing 
to the next step because advancing the capsule before the paddles are fully seated 
could damage the capsule and result in emboli.

21.3.10  �Step 10

Continue advancing the capsule to further secure the paddles to the paddle attach-
ment, stopping when the tips of the outflow crowns are in the elastic portion of the 
sheath guide tube and the capsule covers the top portion of the paddles. Carefully 
watch for any movement of the valve when advancing the capsule as this can indi-
cate the paddles have come out the paddle attachment pockets. Ensure that both 
paddles and all outflow crowns are captured within the capsule and sheath guide 
tube before advancing to the next step (Fig. 21.11).

21.3.11  �Step 11

Continue to advance the capsule forward, and stop when “tactile indicator” feed-
back is felt (approximately when the distal edge of the capsule covers the top of the 

a b c

Fig. 21.10  Paddle seating. (a) Correct: paddle and stem fully within pocket; (b) top-down view: 
paddles appear seated within the pocket, though adjacent crowns may be overlapping; (c) oblique 
angle view: overlapping crowns prevent the paddle stem from seating within the paddle pocket
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commissure pads). Stop advancing the capsule at any point if excess force is noticed 
when closing the capsule or if the capsule angles toward the loading bath sides 
(Fig. 21.12a).

21.3.12  �Step 12

Remove the backplate and the tip guide tube from the inflow cone, and gently 
agitate the loading tool while keeping it submerged in the bath to free any bubbles 
from the valve. Holding the capsule guide tube stationary, push the inflow cone 
in one uninterrupted movement toward the capsule until the entire inflow portion 
of the valve is compressed within the inflow cone. Ensure “on-axis” advancement 
of the inflow cone to ensure that all inflow crowns are captured evenly 
(Fig. 21.12b).

21.3.13  �Step 13

Continue to advance the capsule over the TAV by rotating the deployment knob, and 
stop when the capsule edge is within 5 mm of the catheter tip. Remove the outflow 
cone, inflow cone, and capsule guide tube to provide better visualization of the 

a b

Fig. 21.11  The paddle in the paddle attachment pockets. (a) Correct: crowns captured under the 
capsule guide tube. (b) Incorrect: crown outside capsule guide tube

a b

Fig. 21.12  (a) Step 12. (b) Step 13: properly seated tip
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distal edge of the capsule, and resume capsule closure until the distal edge of the 
capsule meets the shelf of the tip. This may require use of the overdrive feature to 
advance the capsule beyond its standard range of motion. Once the capsule meets 
the shelf of the tip, rotate the deployment knob in the opposite direction until it can 
move back and forth freely to relieve the force built up in the system.

21.3.14  �Step 14

Visually and tactilely examine the capsule to verify that the valve was loaded prop-
erly. A misload can typically be identified by the presence of a bump or protrusion, 
especially around the paddle attachment area, discoloration in the capsule, and/or a 
kinked or bent capsule (Fig. 21.13).

In case of misload detected before the capsule reaches the top of the commissure pads, 
retract the capsule to unsheathe the valve, and reload (up to this point, the TAV will not 
have potentially damaged the integrity of the crimped portion of the capsule), expanding 
the TAV in the third rinse bath at room temperature, if necessary, before reloading.

Instead, if the misload occurred after the capsule reaches the top of the commis-
sure pads, unsheathe the valve, remove from the DCS, and expand the TAV using 
the third rinsing bath with sterile saline at room temperature, examining the frame 
for permanent deformation, frayed sutures, or valve damage. If no problems are 
found, the TAV an attempt to be loaded a second time can be made; however, the 
loader must replace the delivery system, and utilize new loading bath and bath 
water. Additionally, examine the compression loading system for scratches or per-
manent deformation, and replace if problems are found.

21.3.15  �Step 15

Provided no misload is detected, remove the stylet and flush the remaining three 
flush ports for the guidewire, stability layer, and InLine sheath (Fig. 21.14). Leave 
the THV submerged until implantation.

a b

c d

Fig. 21.13  Loaded capsules. (a) Correctly loaded capsule; (b) misload, bump with white discol-
oration; (c) white discoloration running length of capsule; (d) capsule kinked or bent
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21.4	 �Pre-procedure

21.4.1	 �Fluoro Load Inspection

Prior to inserting the system in the patient, conduct a fluoroscopic inspection of the 
loaded delivery system to ensure it is properly loaded. In this case, the DCS will 
appear as a straight and smooth capsule, with the paddles seated symmetrically 
within the paddle attachment (Fig. 21.15a, b).

To ensure an accurate load assessment, using an anteroposterior imaging projec-
tion, hold the flush ports to the side (3:00/9:00), and rotate a few degrees in either 
direction until both paddles are visible simultaneously. Use high resolution cine (30 
FPS) and magnification for best visibility. Rest capsule flat on patient or table for 
stability so radiopaque marker band appears as a straight line.

Focus inspection on the following areas to confirm characteristics of a good load 
(Fig. 21.15c):

	1.	 Paddles: same height within the pockets and equidistant from paddle attachment
	2.	 Outflow crowns: aligned straight and parallel to the distal end of the paddle 

attachment
	3.	 Capsule: straight and free of any bends or curves with node bands appearing 

straight and uniform

Fig. 21.14  Final flush
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Misloads under fluoroscopic inspection will appear as any large gap between a 
paddle and pocket, asymmetrical position of paddles within pockets (i.e., one 
higher/lower than the other), outflow crowns not in a straight line parallel to pad-
dle attachment edge, bent or angled capsule, misaligned node bands (not perpen-
dicular to the capsule), and shadow or outline present, indicating a bent outflow 
strut.

If any indication of a misload is identified, the delivery system has to be replaced 
with a new system, and the valve can be reloaded if no damage is noticed upon 
inspection.

21.4.2  �End Cap Safety Mechanism

The end cap is a component connecting the tip retrieval mechanism to the delivery 
system handle, held in place by two plastic tabs and slots. It can separate if the sys-
tem experiences higher than expected deployment forces, similar to those generated 
by deploying a misloaded valve. If the end cap separates, the valve can be recap-
tured, but cannot be further deployed (Fig. 21.16).

Fig. 21.15  Fluoro load inspection: properly loaded valve. Focus inspection on the following areas 
to confirm characteristics of a good load: (1) paddles, same height within the pockets and equidis-
tant from paddle attachment; (2) outflow crowns, aligned straight and parallel to the distal end of 
the paddle attachment; and (3) capsule, straight and free of any bends or curves, with node bands 
appearing straight and uniform
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21.5	 �Procedure

After balloon valvuloplasty, the catheter is loaded onto the guidewire, with the flush 
ports pointing up. Under fluoroscopic guidance, the catheter is advanced over the 
guidewire to the aortic annulus, allowing the system to orient itself to the anatomy 
as it is advanced.

Before starting the deployment, the operator must find the coplanar image pro-
jection of the aortic cusps, and then adjust to see radiopaque marker as a straight 
line. If both cannot be achieved together, radiopaque marker alignment is preferred. 
Target implant depth is 3–5 mm, midway between node 0 (inflow edge of frame) 
and node 1 to just below node: due to minor valve frame length differences, the 
operator must assess valve position from frame inflow (node 0) and not the edge of 
the marker band (Fig. 21.17a, b).

Once the target implant depth is obtained, the second operator starts the deploy-
ment (consider controlled pacing (90–130 BPM) during deployment in patients 
with aortic regurgitation and/or large anatomies).

The first 1/3 of the bioprosthesis is deployed by rotating the actuator very 
slowly and in short increments in the direction of the marked arrows. Anticipate 
1:1 capsule response after approximately two turns of the deployment knob. 
Valve position is assessed on fluoroscopy throughout deployment, and adjust-
ment of position as necessary can be obtained until annular contact of the frame 
(Fig. 21.18a, b).

If satisfied with valve position at annular contact, the operator continues to 
deploy the valve until just before the “point of no recapture.” Once blood pressure 
drops (because cardiac output is temporarily occluded by the deploying valve), the 
deployment must be quicker until blood pressure recovers, making sure not to 
advance past the point of no recapture. The tactile indicator provides feedback to 
indicate that the capsule is nearing the point of no recapture.

Before the point of no recapture, valve position and performance must be care-
fully evaluated, adjusting imaging projection to remove parallax in shell inflow to 
precisely determine valve position and assess hemodynamic angiography and 
echo.

If satisfied with valve position and performance, the valve can be fully 
deployed. To reduce potential for valve movement, it is advisable to release ten-
sion in the system just before final release by retracting the guidewire, slightly 
pushing on delivery system, and turning deployment knob very slowly to allow 

Tab and Slot

End Cap

Fig. 21.16  End cap safety 
mechanism
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3-5 mm 6 mm
Node 1

Node 0

23 mm 26 mm 29 mm

a bFig. 21.17  (a) Visual 
markers to assess the 
implant depth. (b) Due to 
minor valve frame length 
differences, make sure to 
assess valve position from 
frame inflow (node 0) and 
not the edge of the marker 
band

CoreValve Evolut R

Marker Band &
Capsule Edge

Marker band

Capsule
Flare Edge

Marker Band & 
Capsule Edge

Marker Band

Capsule
Flare Edge

a

b

Fig. 21.18  Deployment considerations: appreciate the visual landmark differences between 
Evolut® R and CoreValve when determining deployment depth. (a) Visual landmarks at 1/3 deploy-
ment, (b) visual landmarks at 2/3 deployment
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the paddles to detach one at a time. Eventually the operator must confirm detach-
ment of frame paddles under fluoroscopy, and center the nose cone before with-
drawing the device.

Prior to withdrawing the system to the descending aorta, the operator must ensure 
that the catheter tip is coaxial with the inflow portion of the bioprosthesis, and 
release tension on the guidewire to center if not coaxial.

The system is withdrawn to the descending aorta, and the device is closed and 
locked using the “gray to blue” method (slide back the deployment knob trigger and 
retract the gray handrest to the blue deployment knob (gray to blue)). Prior to 
removing the device, verify that the catheter is locked by pulling on the deployment 
knob and tip retrieval mechanism to ensure they are locked in position. Then stabi-
lize the InLine sheath, and withdraw the system until the capsule contacts the InLine 
sheath, verifying under fluoroscopy that the tip is not over- or under-captured prior 
to removal, and withdraw the catheter and EnVeo InLine sheath as a single unit. If 
experiencing excessive force, verify that the capsule tip is not over- or under-
captured (Fig. 21.19).

When using the InLine sheath only, immediately replace with a separate 14 Fr 
vessel introducer sheath upon removal to maintain hemostasis. The introducer can 
be used for advancing a balloon, in case prosthesis post-dilatation is required [6].

21.5.1  �Recapture

The valve can be partially or fully recaptured at any time prior to the point of no 
recapture by rotating the deployment knob in the opposite direction of the 
arrows.

a b

Fig. 21.19  Look for what appears like a small gap between the capsule and nose cone under fluo-
roscopy, and use the deployment knob to advance or retract the capsule as necessary. (a) Properly 
captured tip. (b) Over-captured tip
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Decision to recapture is typically made at two points in the procedure: 1/3 
deployment (upon annular contact) and just before reaching the point of no recap-
ture. Prior to the point of no recapture, the valve can be recaptured three times: the 
first two attempts to reposition and redeploy the valve. A third attempt must be a 
complete recapture for retrieval from the patient (Fig. 21.20).

If the valve is too low, recapture and reposition when frame is no longer in con-
tact with the native leaflets. Remember that the valve will occlude cardiac output 
between 2/3 and 1/3 recapture. In case of too high valve positioning or pop-out, 
ensure that the inflow portion of the valve is above the native leaflets as it is recap-
tured, and fully recapture the bioprosthesis before readvancing through the native 
valve. Recapture/resheathing should be viewed as a safety net for suboptimal valve 
implantation; if the valve is deployed at an acceptable depth with good hemody-
namic results, it may not be necessary to recapture or resheathe. (Table 21.2) sum-
marizes all procedural steps.

21.6	 The Evolut PRO

The CoreValve Evolut PRO valve is the latest generation Medtronic transcatheter 
aortic valve. The device obtained the FDA approval in March 2017 and the CE mark 
in July 2017. The Evolut PRO device follows the platform of the recapturable 
CoreValve Evolut R System, with the integration of an outer porcine pericardial tis-
sue wrap that adds surface area contact between the valve and the native aortic 
annulus to further advance valve sealing performance (Fig. 21.21). The device is 
currently available in the 23 mm, 26 mm and 29 mm sizes (the 34 mm size will be 
also available in the next future). The Evolut PRO system is delivered through the 
16F equivalent EnVeo R Delivery Catheter System and is indicated for vessels down 
to 5.5 mm.

a b c

Fig. 21.20  (a) Initial position. (b) Annular contact. (c) 2/3 deployment
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Table 21.2  Procedure step

Sizing
   – Follow IFU sizing matrix utilizing MSCT measurements
Vascular access
   – �Choose appropriate access approach and sheath selection (e.g., InLine sheath, 18 Fr 

introducer sheath)
   – �Ensure access vessel is sufficiently dilated before inserting InLine sheath
Guidewire placement
   – Place a 6 Fr straight pigtail catheter in the NCC
   – Advance a second pigtail catheter into the ventricle to assess pre-implant hemodynamics
   – �Shape guidewire with a curve (or use pre-shaped wire like Medtronic Confida™ guidewire) 

and position at apex of left ventricle
   – Maintain strict fluoroscopic surveillance of guidewire throughout procedure
Load inspection
   – �Inspect the loaded Evolut R TAV using fluoroscopy to ensure proper loading
BAV
   – If using InLine sheath, use 14 Fr introducer for BAV
   – Balloon size based on current recommendations
Device insertion
   – Ensure InLine sheath is flush with the capsule during device insertion
   – �Ensure flush ports point up and hold loosely to allow system to orient to anatomy as 

inserted within patient
Imaging projection and alignment
   – Adjust imaging projection to achieve a coplanar view of aortic cusps
   – Adjust view to remove parallax in radiopaque marker band
   – �Use radiopaque marker alignment if coplanar view and marker band alignment cannot be 

achieved together
   – �Allow system to align itself within the native annulus and maintain contact with the top of 

the aortic arch for maximum stability
Deployment
   – Start deployment at a target implantation depth of 3–5 mm
   – Anticipate a 1:1 catheter response after 1 to 2 turns
   – Consider controlled pacing (90–130 bpm)
   – Slowly deploy first 1/3 and reposition as necessary until annular contact
   – �Assess valve position/PVL using angiography and echo between tactile indicator and point 

of no recapture
   – �Release tension prior to valve release by retracting the guidewire, pushing on the delivery 

system, and slowly turning the deployment knob
Recapture/Resheathe
   – �Recapture up to three times, as appropriate, when the valve is deployed in a suboptimal 

position
   – Fully recapture and retrieve delivery system if recaptured a third time
EnVeo R DCS retrieval
   – Center the nose cone before withdrawing the delivery system
   – �Close capsule and lock system by moving the gray front grip to the deployment knob, and 

confirm nosecone is flush against capsule
   – �Withdraw capsule until flush against the InLine sheath, and check for over-capture prior to 

withdrawing
   – �When using the InLine sheath, immediately close or replace with a 14 Fr vessel introducer 

sheath upon removal
Post assessment
   – Wait 10 min to assess the hemodynamics, using echo-, angio-, and hemodynamics
   – Intervene on any moderate and above PVL
   – Follow post-dilatation balloon sizing guidance as applicable
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22Transcatheter Aortic Valve Implantation: 
Boston Lotus

Lennart van Gils and Nicolas M. Van Mieghem

22.1	 �Description of the Valve and Delivery System

The Lotus valve system (Boston Scientific, Marlborough, MA, USA) consists of a 
trileaflet bovine pericardial valve supported on a braided nitinol frame (Fig. 22.1). 
A central radiopaque marker facilitates positioning of the prosthesis within the aor-
tic root. The frame is covered with an Adaptive Seal at the inflow segment that 
adapts to aortic root irregularities and minimizes paravalvular leak (Fig. 22.2). This 
transcatheter heart valve is currently available in three sizes—23, 25, and 27 mm 
(Fig.  22.3)—covering a range of annulus diameters from 19 to 27  mm. In fully 
deployed state, all sizes have a frame height of 19 mm. The 23 mm model can be 
delivered through an 18 Fr sheath (small), while the 25 and 27 mm valves require a 
20 Fr (large) sheath. Lotus is typically inserted with a transfemoral approach, 
though direct aortic and trans-axillary alternative access is possible. Implantation of 
a Lotus valve requires the following components:

–– A support guidewire: either a manually curved Super/Extra Stiff 0.035″ guide-
wire (260 cm for 23 mm and 275 for 25 and 27 mm) or a pre-shaped Safari2 
guidewire with an extra-small, small, or large curve (Fig. 22.4).

–– Lotus introducer—small for 23 mm and large for 25 and 27 mm (Fig. 22.5).
–– Lotus valve delivery system, with pre-mounted Lotus valve—103 cm for 23 and 

113 cm for 25 and 27 mm (Fig. 22.6). The pre-shaped angulated delivery system 
should help negotiate the thoracic aorta.

–– Prostar or double Perclose ProGlide (Abbott Vascular, Abbot Park, Illinois, 
USA) suture-based closure for transfemoral access (Fig. 22.7).

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-59620-4_22&domain=pdf
mailto:n.vanmieghem@erasmusmc.nl
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Fig. 22.1  The Lotus valve 
(Courtesy of Boston 
Scientific Corporation)

Fig. 22.2  The Adaptive 
Seal technology covers the 
inflow segment of the 
Lotus valve frame and 
adapts to aortic root 
irregularities and, hence, 
minimizes paravalvular 
leak (Courtesy of Boston 
Scientific Corporation)

23 mm 25 mm 27 mm

Fig. 22.3  The three 
available Lotus valve 
sizes—23, 25, and 
27 mm—accommodating 
annulus diameters ranging 
from 20 to 27 mm 
(Courtesy of Boston 
Scientific Corporation)
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Extra small Small Large

Fig. 22.4  The pre-curved Safari2 wire comes in three curve sizes to facilitate stability for valve 
implantation in small and large ventricles

Fig. 22.5  Lotus 
introducer (small). The 
light blue 18 Fr Lotus 
introducer accommodates 
transfemoral access for the 
small Lotus delivery 
system (23 mm valve)
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The bioprosthesis is coupled to the delivery system with three coupling fingers 
(Fig. 22.8). The three fingers hatch with the buckles at the top of the frame. Initially 
the frame expands during unsheathing. The unique feature of Lotus is the locking 
mechanism that follows after the frame is fully unsheathed but still elongated. The 
locking mechanism implies connecting the buckles (top of the frame) with the posts 
(level of valve leaflets), similar to fastening a seatbelt. The valve shortens and 
expands radially during the locking process (Fig. 22.9). After locking, the valve is 
fully deployed, and its position relative to the coronary ostia and presence of para-
valvular aortic regurgitation can be assessed. Still, at this stage, the bioprosthesis 
can be repositioned or retrieved. The delivery handle of the delivery system is ergo-
nomic and intuitive (Fig. 22.6). A large blue control knob regulates unsheathing and 
locking by rotating counterclockwise. Clockwise rotation will lead to re-sheathing. 
The release cover proximal to the blue control knob can be slid forward to release 
the valve from the catheter.

22.2	 �Prosthesis Loading

The loading procedure for the 23, 25, and 27 mm valves is identical. When removed 
from the package, the valve is sealed within a bottle stopcock at the distal end of the 
delivery system. The stopcock contains glutaraldehyde for valve conservation:

Fig. 22.6  Lotus delivery system. Top, the pre-mounted Lotus valve; bottom, the intuitive delivery 
handle with the blue control knob for unsheathing/re-sheathing and locking and the black release 
cover for release of the valve (Courtesy of Boston Scientific Corporation)

Fig. 22.7  Double Perclose 
ProGlide systems. 
ProGlide provides 
percutaneous suture-based 
closure of femoral access 
arteriotomies, ranging from 
5 Fr to 21 Fr

L. van Gils and N.M. Van Mieghem
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	 1.	 Remove the Luer cap from the bottle stopcock, and attach it to the waste bag to 
drain the glutaraldehyde solution.

	 2.	 Flush the guidewire port at the distal end of the delivery system.
	 3.	 Remove the valve from the stopcock (Fig. 22.10).
	 4.	 Visually inspect the valve for abnormalities (catheter tip and finger connection, 

collar and buckle interaction, sheathing aids, nosecone, valve leaflets), and 
flush the system (Fig. 22.11).

	 5.	 Lock the valve by turning the blue control knob counterclockwise, to ensure 
post and buckles engage without a gap and there is no twisting (Fig. 22.12).

	 6.	 Turn the blue control knob clockwise to ensure post and buckles disengage 
symmetrically.

	 7.	 Rinse the valve with agitation 2 × 60 s.
	 8.	 Insert a stylet in the nosecone and flush the system with saline.

Fig. 22.8  Three fingers 
connect the Lotus valve to 
the delivery system 
throughout the entire 
implantation process. The 
fingers are attached to the 
buckles on the frame and 
can be released when the 
result after complete 
locking is satisfactory 
(Courtesy of Boston 
Scientific Corporation)
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Fig. 22.9  When fully sheathed, the Lotus valve frame has a height of 70 mm. During unsheathing 
the height of the valve frame shrinks to 35 mm, while the diameter of the valve increases. During 
the locking process, the frame shrinks to a height of 19 mm and reaches its final configuration with 
maximal sealing of the annulus

Fig. 22.10  The pre-
mounted Lotus valve is 
conserved in a bottle 
stopcock containing 
glutaraldehyde (Courtesy 
of Boston Scientific 
Corporation)
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	 9.	 Remove air bubbles from the leaflets by agitating the valve.
	10.	 Submerge the valve in saline, and wait until the valve can be delivered.
	11.	 Once the valve can be delivered, gently start sheathing the valve by turning the 

blue control knob clockwise.
	12.	 Remove the stylet and inspect the catheter tip. The delivery system is ready.

22.3	 �Typical Transfemoral Implantation Procedure

22.3.1	 �Obtaining Vascular Access

	 1.	 Obtain controlled access to the left and right common femoral arteries, prefer-
ably under fluoroscopy or ultrasound guidance (Fig. 22.13).

	 2.	 Obtain venous access for a temporary right ventricular pacing wire.
	 3.	 Position the temporary pacing wire in the apex of the right ventricle, and test 

the pacemaker.

Fig. 22.11  Before 
delivery, the valve is 
visually screened for 
abnormalities by checking 
the catheter tip and finger 
connection, collar and 
buckle interaction, 
sheathing aids, nosecone, 
and valve leaflets, followed 
by flushing of the system 
(Courtesy of Boston 
Scientific Corporation)

Fig. 22.12  The blue 
control knob on the 
delivery handle facilitates 
unsheathing/locking of the 
Lotus valve (rotating 
counterclockwise) and 
re-sheathing (rotating 
clockwise). This 
mechanism is checked 
before valve delivery
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	 4.	 Insert a pigtail catheter through the left femoral artery, and position at the level 
of the noncoronary cusp; confirm a coaxial C-arm projection with a contrast 
injection to have all cusps in one plane (Fig. 22.14).

	 5.	 Preclosure with two 6 F Perclose ProGlide systems (or 1 Prostar) in the right 
femoral artery.

	 6.	 Insert the 18 F introducer (small) or 20 F (large), depending on the bioprosthe-
sis size (Fig. 22.5).

Fig. 22.13  Echo-guided 
puncture of the right 
common femoral artery. 
On an axial plane the 
location of the vessel can 
be accurately determined

Fig. 22.14  Angiogram of 
the aortic valve in a 
perpendicular plane with 
all cusps aligned (NCC-
RCC-LCC). An optimal 
working projection 
contributes to an accurate 
valve implantation

L. van Gils and N.M. Van Mieghem
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	 7.	 Cross the aortic valve with a 0.035 straight tip wire, and advance a catheter in 
the left ventricle.

	 8.	 Confirm ventricular pressures and transaortic gradient.
	 9.	 Exchange for a Safari wire (Figs. 22.4 and 22.15). Ensure the pre-shaped curve 

of the Safari wire is positioned in the apex, and the soft part of the wire is 
entirely curled in the ventricle. This will provide enough safe migration space 
for the nosecone (see below).

	10.	 Decide whether to perform balloon predilatation. In our practice, balloon pre-
dilatation is performed only exceptionally.

22.3.2	 �Valve Delivery

	1.	 Hold the pre-shaped delivery system in an S-curve, and insert over the Safari 
wire into the body (Fig. 22.16a).

	2.	 Advance the assembly gently, under fluoroscopic guidance, keeping guidewire 
control and checking proper orientation along the descending aorta (Fig. 22.16b). 
The radiopaque marker should be facing the right side of the delivery system on 
an AP fluoroscopic view before entering the aortic arch (Fig. 22.17).

	3.	 Smoothly advance the system along the aortic arch (Figs. 22.16b and 22.17).
	4.	 Cross the native aortic valve and ensure the nitinol braid is below the aortic annu-

lus (Fig. 22.18a1).
	5.	 Determine the final landing zone of the radiopaque marker.
	6.	 Start unsheathing the valve by turning the blue control knob counterclockwise 

(Figs. 22.16c and 22.18a2/a3/a4).
	7.	 Avoid excessive device migration into the left ventricle. The Lotus valve func-

tions early during deployment; there should be no hemodynamic compromise.
	8.	 As the valve deployment evolves, a waist will appear, and the radiopaque marker 

is displaced toward the ventricle.
	9.	 The framework shortens from 70 to 35 mm upon unsheathing.

Fig. 22.15  Animation of a 
Safari2 wire positioned in 
the left ventricle (Courtesy 
of Boston Scientific 
Corporation)
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22.3.3	 �Locking

The next step is locking the valve by connecting the buckles (cranial) and posts 
(caudal).

	1.	 Before initiating the final locking process, confirm that the fluoroscopy projec-
tions show all three buckles and posts (Fig. 22.18b1).

	2.	 Gently turn the blue control knob counterclockwise while confirming that the 
buckles and posts approach symmetrically. During this process, the frame height 
will shrink from 35 to 19 mm (Fig. 22.18b2).

a b

c d

e f

Fig. 22.16  Stepwise Lotus valve implantation: (a) delivery system is held in the pre-shaped 
S-curve before introduction; (b) delivery system is smoothly advanced by pushing forward through 
the Lotus introducer; (c) when the tip of the delivery system is in the correct position (with the 
nitinol braid below the native annulus), the valve can be unsheathed and locked by turning the blue 
knob counterclockwise; (d) release cover is slid toward the patient and turned clockwise to release 
the valve; (e) blue control knob is turned counterclockwise to re-sheath the disconnected fingers 
and nosecone; (f) delivery system is pulled back gently through the introducer

L. van Gils and N.M. Van Mieghem
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	3.	 The valve is completely locked, resistance is felt, and a force limiter is tripped. 
An audible sound is heard.

	4.	 Final valve positioning relies on the confirmation that the distal braid is below 
the annulus (this may allow for a high position) or by landing the radiopaque 
marker at its predetermined location.

Fig. 22.17  During crossing of the aortic arch (in approximately 8 s), the delivery system is care-
fully monitored to ensure that the radiopaque marker follows the outer curve of the arch

Unsheath

Lock

Release

a1 a2 a3 a4

b1 b2 b3

c1 c2 c3

Fig. 22.18  Unsheathing: (a1) fully sheathed Lotus valve (frame height 70 mm) with the distal tip 
of the nitinol frame below the native annulus; (a2/3) unsheathing of the valve. The valve functions 
early during deployment; (a4) fully unsheathed valve (frame height 35 mm). Locking: (b1) locking 
of the frame in a correct fluoroscopic image with all buckles and posts visible; (b2) fully locked 
frame (frame height shrinks to 19 mm); (b3) angiogram to confirm correct positioning after lock-
ing and absence of significant paravalvular regurgitation. At this stage, the valve is still fully repo-
sitionable and re-sheathable. Release: (c1/2) disconnecting the fingers from the frame buckles; (c3) 
final angiogram to evaluate position and paravalvular regurgitation
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	5.	 After locking the valve, a contrast injection may help confirm valve positioning 
in terms of implantation depth, position relative to the coronary ostia, and para-
valvular regurgitation (Figs. 22.19 and 22.18b3).

22.3.4	 �Release

	1.	 Slide the release cover (located distal to the blue knob) in the direction of the 
patient (Fig. 22.16d).

	2.	 Turn the release cover clockwise. The release pin moves upward. The valve is 
released (Fig. 22.18c1/2).

	3.	 When the valve is completely released, start re-sheathing the fingers and nosec-
one by turning the blue control knob clockwise. Gently pull the nosecone back 
into the descending aorta and fully re-sheath.

	4.	 The final position of the Lotus valve can be properly visualized by transthoracic 
or transesophageal echocardiography (Fig. 22.20) and on fluoroscopy (Fig. 22.21).

22.3.5	 �Repositioning

The repositionability/retrievability feature allows for precise valve delivery even in 
complex anatomies (e.g., horizontal aorta (Fig.  22.22)) and readjustment when 
paravalvular regurgitation is present (Figs. 22.23 and 22.24). The Lotus bioprosthe-
sis is fully repositionable and retrievable until the valve is fully locked and the 
release pin is removed. Re-sheathing is done by turning the blue control knob 
clockwise.

a b

Fig. 22.19  Fully locked Lotus valve before release on fluoroscopy (a) and reconstructed (b). The 
valve can be repositioned at this stage

L. van Gils and N.M. Van Mieghem
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Fig. 22.20  Long-axis 
transesophageal 
echocardiographic view of 
the Lotus valve after final 
release

a b c

Fig. 22.21  The Lotus valve after final locking and release: (a) lotus valve with central radiopaque 
marker and Adaptive Seal; (b) reconstruction of a Lotus valve in the correct anatomical position; 
(c) fluoroscopic image of the Lotus valve

Fig. 22.22  Fluoroscopic 
image of a fully locked 
Lotus valve in an 
extremely horizontal aorta 
with an angle of 72°
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Pre-repositioning Post-repositioning Final

a1

a2

b1

b2

c

Fig. 22.23  Repositioning of the Lotus valve on fluoroscopy: (a1) aortic angiogram pre-
repositioning, moderate paravalvular aortic regurgitation; (b1) aortic angiogram post-repositioning, 
no aortic regurgitation. (a2/b2) Angle and depth measurements before and after implantation con-
firming a slight tilting of the frame between pre- and post-repositioning, with a similar depth of 
implantation; (c) final aortic angiogram with no aortic regurgitation

Before
repositioning

-
mild PVL

After
repositioning

-
No PVL

Fig. 22.24  Repositioning of the Lotus valve on transesophageal echocardiography: there was a 
mild paravalvular leak (at 11 o’clock on short axis), which was resolved after repositioning

L. van Gils and N.M. Van Mieghem
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22.4	 �Procedure and Sizing Tips and Tricks

The Lotus delivery system requires a minimum arterial vessel diameter of 6 mm. 
The Lotus valve can be implanted in a wide range of native valve diameters (19–
27 mm). Figure 22.25 illustrates the sizing matrix. The 23 mm Lotus fits annulus 
and LVOT diameters ranging from 20 to 23  mm, the 25  mm Lotus from 23 to 
25 mm, and the 27 mm Lotus from 25 to 27 mm. The Adaptive Seal of the Lotus 
valve can help eliminate the incidence of paravalvular regurgitation. In our opinion, 
the left ventricular outflow tract dimensions are equally important for Lotus sizing. 
Excessive oversizing relative to the LVOT and overall depth of implantation may 
affect the occurrence of conduction disorders and need for pacemakers. It is impor-
tant to bear in mind that the bioprosthesis will dominate the anatomy, suggesting a 
more circular final geometry. Coronary obstructions can be avoided by pre-
procedure MSCT planning and by checking the Lotus position before release. The 
bioprosthesis can be repositioned when needed.

CT Measurements
for Patient Screening

23 mm 25 mm 27 mm

Diameter (mm)

Diameter (mm)

Perimeter (mm)

Perimeter (mm)

Area (mm2)

Area (mm2)

Diameter (mm)

Perimeter (mm)

Area (mm2)

Area too small (mm2)

Ideal Area (mm2)

Area too large (mm2)

Unsuitable area (mm2)

Height (mm)

Annulus

LVOT

SOV

Burden of Calcium

23

72.3

415.5

20 ≤ ideal ≤ 23 23 ≤ ideal ≤ 25 25 ≤ ideal ≤ 27

78.5 ≤ ideal ≤ 84.8

490.9 ≤ ideal ≤ 572.6

25 ≤ ideal ≤ 27

78.5 ≤ ideal ≤ 84.8

490.9 ≤ ideal ≤ 572.6

72.3 ≤ ideal ≤ 78.5

415.5 ≤ ideal ≤ 490.9

23 ≤ ideal ≤ 25

72.3 ≤ ideal ≤ 78.5

415.5 ≤ ideal ≤ 490.9

62.8 ≤ ideal ≤ 72.3

314 ≤ ideal ≤ 415.5

20 ≤ ideal ≤ 23

62.8 ≤ ideal ≤ 72.3

314 ≤ ideal ≤ 415.5

< 280

< 540

> 600

> 1100 > 1200

> 700 > 800

> 1300

< 595

< 330 < 390

< 650

25

78.5

490.9

27

84.8

572.6

Caution if < 10 mm; need to also consider sinus area

SMALLER

MORE CALCIUM

LARGER

LESS CALCIUM

Choosing
Between

the Margin of
the Valve Sizes

Annulus to
Coronary

Height

SOV2

LVOT1

Annulus

Actual
Lotus Valve

Sizing Guidelines

Valve System
TM

Lotus

Fig. 22.25  Lotus valve sizing guidelines (Courtesy of Boston Scientific Corporation)
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23Transcatheter Aortic Valve Implantation: 
Boston ACURATE and ACURATE-neo TF

Carmelo Sgroi, Claudia Ina Tamburino, 
and Gerlando Pilato

The Boston ACURATE platform is designed for all transcatheter aortic valve 
implantation (TAVI) access routes: transfemoral, transapical, and transaortic. These 
bioprostheses are based on a unique, self-seating, and self-sealing design that allows 
for optimal positioning of the valve.

23.1	 �The ACURATE TA and the ACURATE-neo™ Aortic 
Bioprostheses

23.1.1	 �Device Description

There are two types of aortic bioprostheses on the market: The first, the ACURATE, 
is currently implanted solely via transapical access. It was followed by the second-
generation ACURATE-neo, which is implanted, instead, with a transfemoral approach. 
Both devices do not allow for re-sheathing, but repositioning is always possible.

The ACURATE TA™ transapical aortic bioprosthesis (Boston Scienti c, 
Marlborough, MA, USA) is composed of a radiopaque, Nitinol self-expandable 
support structure (stent), an integrated tri-leaflet biological tissue valve, and a poly-
ethylene terephthalate (PET) fabric skirt. The biological valve is manufactured from 
three non-coronary porcine leaflets. The device has three stabilization arches for 
axial alignment, an upper crown for capping the aortic annulus, and a lower crown 
that is opened for full deployment over the native valve [1] (Fig. 23.1).

The ACURATE TA transapical delivery consists of a 33-Fr delivery catheter. 
This transapical delivery system is designed for a simple two-step deployment and 
stable positioning within the native annulus.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-59620-4_23&domain=pdf
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The transfemoral TAVI device (Boston Scienti c, Marlborough, MA, USA) 
consists of the ACURATE-neo™ aortic bioprosthesis and the ACURATE-TF™ 
transfemoral delivery system [2]. The ACURATE-neo™ aortic bioprosthesis is a 
second-generation transcatheter aortic valve composed of a porcine pericardial 
tissue valve sewn into a self-expanding Nitinol stent covered on the inside and 
outside, with an anti-leak porcine pericardial skirt. As for the first-generation 
ACURATE TA, the device has three stabilization arches for axial alignment and 
upper crown for capping the aortic annulus and a lower crown that is opened for full 
deployment over the native valve (Fig. 23.2). The design gives it a supra-annular 
position. The ACURATE-TF™ transfemoral delivery consists of a true 18-Fr flexi-
ble delivery catheter (Fig. 23.2). This transfemoral delivery system is designed for 
a simple two-step deployment and stable positioning within the native annulus.

23.1.2	 �Transfemoral Procedure (Figs. 23.3 and 23.4)

The implantation of the ACURATE-neo™ aortic bioprosthesis follows an intuitive 
controlled procedure. After the insertion of an 18–19-Fr transfemoral introducer 
sheath (Gore, SoloPath, or 19-Fr Cook), the ACURATE-TF™ flexible delivery cath-
eter is advanced up to the aortic root. The native aortic valve is then crossed, and the 
prosthesis loader is usually placed 4–6 mm below the aortic annulus (Fig. 23.3a). 
The upper crown is opened to capture the native aortic leaflets, deflecting them 
downward away from the coronary ostia (Fig.  23.3b). With the pigtail catheter 
placed in the non-coronary or right cusp, an aortography confirms the accurate posi-
tion. The stabilization arches are released to contact the aortic root (Fig. 23.3b), fol-
lowed by self-deployment of the lower crown, obtained by rotating the second knob 
of the delivery catheter handle (Fig. 23.3c).

Importantly, unlike other self-expanding devices, the ACURATE-neo™ is ini-
tially released from the aorta rather than from the left ventricle outflow tract, with 
subsequent deployment of the sub-annular portion. This enables stability during 

Fig. 23.1  (A) STABILIZATION ARCHES for self-alignment of bioprosthesis; (B) UPPER 
CROWN for supra-annular anchoring and tactile feedback; (C) PET SKIRT allowing low inci-
dence of paravalvular leak; (D) SELF-EXPANDING NITINOL for an anatomic conformability to 
the native annular shape; (E) WAIST to capture calcified leaflets; (F) LOWER CROWN allows 
minimal stent protrusion into the left ventricle and low risk of conduction system interference. (1) 
RADIOPAQUE TIP with sheathless, atraumatic insertion; (2) TRANSPARENT RADIOPAQUE 
HOUSING for greater visibility; (3) FLEXIBLE ISODIAMETRIC SHAFT to easily introduce 
through angled apical access; (4) ROTATION KNOB allows single operator deployment; (5) 
RADIOPAQUE MARKERS are a reference for correct bioprosthesis positioning; (6) SAFETY 
BUTTON allows controlled release, avoiding premature deployment of bioprosthesis

C. Sgroi et al.
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valve positioning, as well as minimizes hemodynamic compromise during deploy-
ment. Indeed, the V shape of the device with the upper crown and stabilizers 
opened (Fig. 23.3b) avoids obstruction of antegrade blood flow during the posi-
tioning and self-deployment steps, thereby protecting against uncontrolled device 
movements and/or embolization. During the release steps of the device, it is impor-
tant to keep the system tensioned toward the ventricle. If the operator is not satis-
fied with the position of the prosthesis (too low) before releasing the anchors, it is 

Fig. 23.2  (a) The ACURATE-neo™ aortic bioprosthesis. The ACURATE-neo™ device has 
three stabilizer arches for axial alignment and a porcine pericardial tissue valve sewn into a self- 
expanding Nitinol stent. The upper crown and waist capture aortic leaflets centrally toward the 
aortic annulus, thereby minimizing coronary ostia obstruction. The lower crown is covered with 
an inner and outer anti-leak porcine pericardial skirt. The ACURATE-TF delivery system. True 
18-Fr outer diameter delivery catheter. Knob 1: opens upper crown and sta- bilization arches. 
Knob 2: opens lower crown for valve self-deployment. Adapted from Symetis with permission 
©Symetis 2016

Stabilization arches
Axial self-alignment of
the bioprosthesis

Upper crown
Supra-annular anchoring

Waist
Captures calcified leaflets

Lower crown
Minimal protrusion into LVOT
Low risk of counduction system
interference

Compatible with 15F balloon-expandable
and 18F rigid sheaths.
Reduced risk of vascular Complications

Top-down deployment
mechanism
Predictable and stable valve release

Radiopaque stent holder
Reference for positioning

2 rotation knobs
Allows for an uncomplicated
3-step implantation

Safety button
Prevents premature
implantation

Flexible shaft
Easy tracking through aortio arch

Inner and outer anti-PVL skirts
Sealing against paravalvular leak

Supra-annular valve
Low gradients
Porcine pericardium leaflets
BioFix

TM
 anticalcification process
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a

b

c

Fig. 23.3  Transcatheter ACURATE-neo™ aortic valve implantation procedure. (a) Fluoroscopic 
alignment is obtained by placing the radiopaque marker (arrowhead) of the stent at the level of the 
aortic annulus (white line), with an implantation depth between 4 and 6 mm below the annulus. (b) 
Subsequently, opening of the stabilizer arches placed in the ascending aorta for axial self-
alignment. The upper crown (arrows) captures the leaflets of the native aortic valve caudal away 
from the left main. Importantly, the ACURATE-neo™ is initially released from the aortic side, 
rather than from the left ventricular outflow tract, thereby obtaining stability during valve position-
ing/deployment, as well as minimizing hemodynamic compromise during deployment. Indeed, the 
V shape of the device with the upper crown and stabilizers opened protects against uncontrolled 
movements of the valve, as well as the obstruction of antegrade blood flow. (c) Fluoroscopic aspect 
of the implanted ACURATE-neo™ aortic bioprosthesis. Left panel schematic images are adapted 
from Symetis with permission Symetis 2016
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advisable to pull the delivery system out of the ventricle and repeat the maneuver 
of crossing the native aortic valve. This needs to be done to avoid deploying the 
bioprosthesis with the tensioned system toward the aorta. There are two ways to 
ensure that the right tension is being applied on the system: (1) before and after 
releasing the anchoring, with left lateral fluoroscopic view, the system is posi-
tioned against the aortic lateral wall; (2) when the device is released completely, 
the nosecone of the delivery catheter releases tension, tending to migrate slightly 
inside the ventricle.

23.1.3	 �Transapical Procedure (Figs. 23.5 and 23.6)

The access side is prepared for a transapical procedure in a standard fashion, and the 
balloon aortic valvuloplasty is then performed. The crimped ACURATE TA is 
inserted through the left ventricle and is advanced to cross the native valve. Two 
radiopaque markers aid correct positioning. The knob of the delivery is then rotated 
for a commissural alignment. The partial release begins with the rotation of the 
knob until there is an intermediate stop created by the safety button on the delivery 
system. The stabilization arches and the upper crown are released. The upper crown 
engages the cusps of the native leaflets. The final release begins with the removal of 
the safety button and with the complete rotation of the knob. The valve detaches 
from the delivery system, leaving the lower crown fully expanded.

1 2 3

4 5 6

Fig. 23.4  Transcatheter ACURATE-neo™ aortic valve implantation procedure: (1) aortogram 
showing the alignment of the coronary cusps for correct positioning of the valve (the yellow line 
indicates the virtual ring plane); (2) preimplantation valvuloplasty; (3) device placed inside the 
aortic valve. The red arrow indicates the radiopaque marker, which must be positioned in the 
annulus before starting the release of the device; (4) release of the stabilization arches (blue arrow); 
(5) release of the lower crown; (6) final post-TAVI control aortogram

23  Transcatheter Aortic Valve Implantation: Boston ACURATE and ACURATE-neo TF
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23.1.4	 �Patient Selection

ACURATE and ACURATE-neo are available in three sizes: S, M, and L. In choos-
ing the right bioprosthesis, a preliminary multislice computed tomography scan is 
recommended. It provides an accurate and reproducible assessment of the valve 
annulus (maximum and minimum diameter, perimeter), sinuses of Valsalva, and 
minimum diameter of the vascular accesses. It also allows the operator to determine 
the angle of the aortic annulus in order to choose the most suitable vascular access 
(transfemoral or direct aortic) (Table 23.1).

1 2

3 4

Fig. 23.5  Transapical implantation of the Symetis device: (1) angiographic alignment, (2) pre-
dilatation, (3) insertion, (4) commissural alignment

C. Sgroi et al.
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Specifically, ACURATE S is indicated for an annulus with a perimeter measuring 
66–72 mm; ACURATE M is indicated for an annulus with a perimeter measuring 
72–79 mm; and ACURATE L is indicated for an annulus with a perimeter measur-
ing 79–85 mm.

5 6

7 8

Fig. 23.6  Transapical implantation of the Symetis device: (5) partial release, (6) full release, (7) 
retrieval of delivery system, (8) final angiography

Table 23.1  The self-expandable ACURATE and ACURATE-neo THVs are available in three 
sizes, small “S,” medium “M,” and large “L,” to fit into aortic annuluses between 21 and 27 mm

Annulus size S M L
Annulus size diameter (mm) 21 ≤ ø < 23 23 ≤ ø < 25 25 ≤ ø < 27
Annulus size perimeter (mm) 66–72 72–79 79–85
Annulus size area (mm2) 346–415 415–491 491–573

23  Transcatheter Aortic Valve Implantation: Boston ACURATE and ACURATE-neo TF
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According to the technical data sheet, the minimum distance required for the 
height of the coronaries is 8 mm. An 18-Fr introducer (compatible with the device) 
requires a minimum artery diameter of 6 mm. Self-expanding introducers can be 
used as well and require a minimum diameter of 5.5 mm.

23.1.5	 �Clinical Outcomes

The first-in-human use of the devices was in January 2012, in three patients. These 
patients have returned for a 12-month follow-up in good health and with good 
functioning of the device, without significant residual stenosis or paravalvular 
leakage.

The first-in-human trial (TF20) enrolled 20 patients between February and 
August 2012. In the TF20 trial, patients had a mean age of 84.8 ± 4.5 years and 
presented with a logistic EuroSCORE of 26.5 ± 8.0 (STS score 7.0 ± 5.2). The 
intended implantation could be performed in all patients. The procedural success 
was very high, at 95% (n = 19); only one patient had to be treated with a valve in 
valve due to too low initial placement. One patient had a grade 2 paravalvular leak, 
while all other patients had zero or trace leaks. The effective orifice area improved 
from 0.7 to 1.8 cm2. The pacemaker rate was low, at 10% (n = 2). At 30 days, there 
was one stroke and one re-intervention (due to a ventricular septal defect at day 
17). Importantly, there was no myocardial infarction and no death at 30 days of 
follow-up. In addition, there was a significant improvement in NYHA class in all 
patients.

The second study was carried out to obtain the CE Mark and enrolled 89 
patients from January 2012 to October 2013. The mean age of the patients was 
83.7 years ±4.4, with a logistic EuroSCORE of 26.6 ± 7.7 (STS score 7.5 ± 8.2). 
The device was successfully implanted in 94.4% of patients. The pacemaker 
implantation rate was 9%. Mortality at 30 days was 3.4%. There were two cases 
of stroke (2.2%), four cases of moderate post-TAVI aortic regurgitation (4.9%), 
and no case of aortic regurgitation worse than moderate. There were no cases of 
myocardial infarction.

The data at 30 days of the Symetis ACURATE Neo™ Valve Implantation Using 
Transfemoral Access (SAVI TF) Registry were presented at the 2016 EuroPCR. A 
total of 1000 patients were enrolled from October 2015 to April 2016 at 25 
European centers. The mean age of the patients was 81.1 years ±5.2, with a logis-
tic EuroSCORE of 18.1 ± 12.5 (STS score 6 ± 5.6). The pacemaker implantation 
rate was 8.2%. Mortality at 30 days was 1.3%. There were 19 (1.9%) cases of 
stroke, 39 (4%) cases of moderate post-TAVI aortic regurgitation, and no case of 
aortic regurgitation worse than moderate. There were no cases of myocardial 
infarction.

A Symetis S was implanted in 26.2% of cases, Symetis M in 43%, and Symetis 
L in 30.8% (Table 23.2).

C. Sgroi et al.
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Table 23.2  Symetis SAVI 
TF Registry presented by 
Prof. Moellmann at EuroPCR 
2016, LBCT, May 17, 2016

Patients 1000
Permanent pacemaker 8.2%
Paravalvular leak at 7 days 4.1%
All-cause mortality 1.3%

23  Transcatheter Aortic Valve Implantation: Boston ACURATE and ACURATE-neo TF



431© Springer International Publishing AG 2018
C. Tamburino et al. (eds.), Percutaneous Treatment of Left Side Cardiac Valves, 
https://doi.org/10.1007/978-3-319-59620-4_24

C. Sgroi (*) • C.I. Tamburino • M. Patanè 
Ferrarotto Hospital, University of Catania, Catania, Italy
e-mail: carmelo_sgroi@hotmail.com

24Transcatheter Aortic Valve  
Implantation: Abbott Portico

Carmelo Sgroi, Claudia Ina Tamburino, and Martina Patanè

24.1	 �Device Description

The Portico (Abbott Vascular) valve (Fig. 24.1a) is a self-expanding transcatheter 
aortic prosthesis that was clinically evaluated in the Portico CE trial. In this pro-
spective, multicenter study, safety, and performance of the Portico system (23 and 
25 mm valves delivered through 18 Fr transfemoral resheathable delivery system) 
were tested on 100 patients with severe symptomatic aortic stenosis, 50 for each 
valve size. The results through 12 months showed that the Portico system produces 
clinically significant and sustained improvements in patient outcomes. Additionally, 
this study establishes an excellent safety profile at 30 days with the Portico system 
in terms of mortality, permanent pacemaker rate, moderate/severe paravalvular leak 
(PVL), major stroke rate, and major vascular complications. The good hemody-
namic results were sustained up to 12 months, with the mean aortic gradient con-
stantly stable at about 9.9 mmHg and valve area at 1.6 cm2. The functional NYHA 
class remained improved and remained stable at follow-up [1].

In January 2016, results at 30 days from the “Multicentre Clinical Study 
Evaluating a Novel Self-Expanding and Resheathable Transcatheter Aortic Valve 
System” were presented, confirming the data previously obtained by the Portico 
CE trial.

The Portico valve (Fig. 24.1a) is a self-expanding stent, made of super-elastic 
nitinol, with shape memory, and a preset finish temperature, set below body tem-
perature, to ensure that the valve fully opens to the annulus diameter on deployment, 
and has sufficient radial force to seal and anchor.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-59620-4_24&domain=pdf
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This stent design and its proprietary manufacturing process also optimize the 
stent’s radial forces. The two components of stent radial force—radial resistive 
force (RRF) and chronic outward force (COF)—are both augmented for perfor-
mance. The RRF is optimized to allow for room temperature loading of the Portico 
valve and resheathability at body temperature. Additionally, the COF is enhanced to 
ensure optimal valve anchoring and apposition within the native annulus [2].

The stent design has two primary sections: (1) annulus, with a higher cell density 
that provides support for the valve and has higher radial force for optimal anchor-
ing, apposition, and sealing, and (2) aortic, with lower cell density and lower stent 
radial force, which ensures optimal valve alignment and conformability within the 
ascending aorta [2].

The stent has an open cell design (Fig. 24.1b), which reduces the overall metal 
content and allows the valve to conform around calcific nodules in the annulus 
anatomy. In addition, this allows for coronary access post implant with a 15.8 F 
catheter [2]. The Portico valve has also been implanted via the transapical approach.

The Portico valve is designed to be fully resheathable and repositionable at the 
implant site and retrievable, if needed. All options are available until the valve is fully 
deployed. Short valve height allows for sealing without the valve extending deep into 
the left ventricular outflow tract (LVOT)—to help mitigate conduction system distur-
bances while maintaining access to the coronary ostia (Fig. 24.2). More precisely, the 
Portico valve is designed to be implanted at the annular level, extending no more than 
5 mm into the LVOT, hence, as mentioned, potentially minimizing conduction defects. 
Also, large stent cells (Fig. 24.1b) in the annulus section of the stent allow for con-
formability and provide annular sealing to help minimize PVL and facilitate engage-
ment of the coronary ostia postimplantation. Moreover, the contoured leaflet design 
allows for optimal leaflet coaptation in round and elliptical annulus configurations.

Aortic
section

Annulus
section

Large stent cell
geometry

Fig. 24.1  Portico (St. Jude Medical) valve; left, overview of the prosthesis; right, details of the 
nitinol prosthesis
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The bovine leaflets and porcine pericardial sealing cuff are equipped with Linx™ 
anticalcification treatment, which is also performed in the Trifecta™, Epic™, and 
Epic Supra surgical valve designs. This treatment reduces free aldehydes [3, 4], 
extracts lipids [5], minimizes uptake of cholesterol, and stabilizes leaflet collagen 
[6]. Of note, there is no clinical data currently available that evaluates the long-term 
impact of anticalcification tissue treatment in humans.

The prosthesis comes in four different sizes, allowing treatment of the annulus 
ranging from 19 to 27 mm (Fig. 24.3).

24.2	 �Packaging

The valve is supplied sterile and non-pyrogenic, packaged in a formaldehyde stor-
age solution, and supplied on a disposable holder. The transfemoral three-
component system includes the valve, the loading system, and the delivery system 
(Fig. 24.4); no specialized accessories or ancillary products are required. The valve 
requires rinsing for a total time of 20  s (twice: 10  s each time in two different 
bowls).

Portico valve size (mm) Leaflet/cuff height (mm) Total height (mm)

23

25

27

29

26

28

28

29

50

53

49

50

Fig. 24.2  Portico valve technical dimensions

23 mm 25 mm 27 mm 29 mm

19 20 21 22 23 24 25 26 27

23 25 27 29

Patient annulus (mm)

Use range (mm)

Fig. 24.3  Portico valve size chart
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The 24 Fr delivery system used for the transapical approach is composed of a 
tapered nose cone, a capsule containing the compressed valve, and a handle with a 
thumbwheel that allows the release or resheathing of the valve while rotating clock-
wise or counterclockwise, respectively. The inner shaft contains a radiopaque 
marker that provides a reference point and contributes, as does the curved shape of 
the capsule, to a better valve alignment in the aortic annulus.

24.3	 �Patient Selection and Sizing

The Portico TAVI system is currently available as a 23, 25, 27, and 29 mm device, 
covering annulus diameters ranging from 19 to 27 mm (Fig. 24.3).

Careful evaluation of the aortic root and vascular access site is mandatory for 
patient selection and prosthesis size choice. Multislice computed tomography 
(MSCT) is the gold standard for evaluating anatomy before a TAVI procedure.

The Portico 23 and 25 mm valves are loaded on an 18 Fr delivery system, while 
the Portico 27 and 29 mm valves are loaded on a 19 Fr delivery system. Minimum 
access diameter is therefore 6 mm for the two smaller sizes and 6.5 mm for the two 
bigger sizes. Key measurements for a correct valve size include annulus diameter, 
area and perimeter, sinus of Valsalva width and height, and ascending aorta diame-
ter (Fig. 24.5). Also, a minimum to maximum annulus axis ratio measurement of 
≥0.7 is recommended, since the Portico valve is an annular-functioning valve, and 
thus severe eccentric annulus anatomy could affect its function.

Refer to Table 24.1 for further patient selection characteristics.

Fig. 24.4  Portico valve (a) 
loading system: (1) loading 
tube; (2) loading funnel; (3) 
base insert; (4) loading base; 
(5) leaflet testers; (b) delivery 
system

1

2 3

4

5

a

b
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Portico valve
size

Annulus
range (mm)

Ascending
aorta

diameter
(mm)

Area (mm2)*
Perimeter

(mm)*

23 mm

25 mm

27 mm

29 mm

19–21

21–23

23–25

25–27

26–36

28–38

30–40

32–42

277–346

338–415

405–491

479–573 79–85

72–79

66–73

60–66

Fig. 24.5  Portico valve sizing specific according to  instructions for use labeling. (Asterisk) 
Recommendation based on circular or elliptical geometry (≥0.73 ratio)

Table 24.1  Patient selection guide

Characteristic
Selection criteria
Required per IFU Off label per IFU

Vasc access diameter for 18 F 
delivery system

≥6 mm <6 mm

Vasc access diameter for 19 F 
delivery system

≥6.5 mm <6.5 mm

Recommended Not recommended
Atrial or ventricular thrombus Not present Present
Aortic and vascular conditions Normal Stenosis, tortuosity, severe 

calcification
Mitral regurgitation ≤Grade 3 >Grade 3
Annulus eccentricity Minor/major axis 

ratio ≥ 0.73
Minor/major axis ratio < 0.73

LV ejection fraction ≥20% <20%
≥27 (23 and 25 mm 
valves)

<27 mm (23 and 25 mm 
valves)

Sinus of Valsalva width ≥29 mm (27 mm valve) <29 mm (27 mm valve)
≥31 mm (29 mm valve) <31 mm (29 mm valve)

Sinus of Valsalva height ≥15 mm <15 mm
Sub-aortic stenosis Not present Present
Annulus to brachiocephalic (TAo) ≥80 mm <80 mm
LV depth—apex to annulus (TA) ≥4.5 cm <4.5 cm
Coronary artery disease Not clinically significant Untreated; clinically 

significant
Recommended Moderate-high risk

LV hypertrophy Normal to mild 
(0.6–1.8 cm)

Severe (≥1.8 cm)

Aortic arch angulation Large radius turn High angulation or sharp bend
Annulus to aorta angle (TF, TA, 
left sub)

≤70 ° >70 °

Annulus to aorta angle (right SC) ≤30 ° >30 °
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24.4	 �Preparation and Loading Procedure  
(Courtesy of St. Jude Medical)

24.4.1	 �Handling

	1.	 Review the temperature indicator on the valve packaging to ensure it has 
remained within the required temperature range.

	2.	 Examine the valve and container carefully, and do not use if there is any sign of 
leaking, damage, or deterioration.

	3.	 Open the container by breaking the plastic seal and removing the screw top lid. 
Leave the valve and holder in the jar and solution until ready to use (Fig. 24.6a).

	4.	 Carefully grasp the valve holder and remove the valve from the jar (Fig. 24.6b).
	5.	 Remove the valve from the valve holder by carefully compressing the valve stent 

circumferentially (Fig. 24.6c).

24.4.2	 �Rinsing

	1.	 Within the sterile field, prepare two sterile basins each with 500 mL of sterile 
isotonic saline at room temperature.

	2.	 Holding the aortic (non-leaflet) end of the valve, fully immerse the valve in the 
sterile isotonic saline solution in the first basin (Fig. 24.7a).

	3.	 Continually rinse the valve for 10 s, using a gentle back-and-forth motion.

a b c

Fig. 24.6  Preparation and loading procedure. Handling (courtesy of St. Jude Medical)

a b c

Fig. 24.7  Preparation and loading procedure. Rising (courtesy of St. Jude Medical)
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	4.	 Repeat steps (2) and (3) in the second basin (Fig. 24.7b).
	5.	 After rinsing, leave the valve immersed in the second basin. Do not allow the 

tissue to dry.
	6.	 Within the sterile field, prepare a separate sterile basin with 500 mL of sterile 

isotonic saline at room temperature, and immerse the loading base, base insert, 
loading funnel, and loading tube (Fig. 24.7c).

24.4.3	 �Preparing

	 1.	 Confirm valve size to be implanted. For the 23 mm valve, place the green base 
insert into the loading base.

	 2.	 Place the annulus end of the valve onto the loading base on top of the green 
insert (Fig. 24.8a).

	 3.	 Wet the loading funnel with sterile saline and place over the aortic end of the 
valve (Fig. 24.8b).

	 4.	 Gently push the loading funnel down over the valve, rotating the loading funnel 
slightly until it locks into the loading base.

	 5.	 Look through the underside of the loading base to ensure there is an opening 
through the leaflets. If necessary, use the leaflet tester to gently push the leaflets 
toward the stent frame (Fig. 24.8c).

	 6.	 Wet a 4″  ×  4″ gauze with sterile saline and wipe the shaft of the delivery 
system.

	 7.	 Slide the loading tube over the protective sheath, advancing to just below the 
distal tip of the protective sheath (Fig. 24.8d).

	 8.	 Advance the locking buttons to the forward position and slide the 80% release 
lever to the right (Fig. 24.8e).

a

b

c

d

e

f

g

h

Fig. 24.8  Preparation and loading procedure. Preparing (courtesy of St. Jude Medical)
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	 9.	 Fully retract the sliding mechanism to expose the retainer receptacle (Fig. 24.8f).
	10.	 Fill a 20 cc syringe with sterile saline and attach to the sheath flush port with a 

stopcock (Fig. 24.8g).
	11.	 Holding the distal tip of the delivery system upright, de-air the system by inject-

ing 15–20 cc of saline into the sheath flush port and tapping the loading tube to 
dislodge air bubbles (Fig. 24.8h).

24.4.4	 �Loading

	 1.	 Compress the loading funnel and base to slightly actuate the aortic end of the 
valve (Fig. 24.9a).

	 2.	 Carefully thread the radiopaque tip of the delivery system through the loading 
funnel and base assembly, ensuring that the tip passes through the center of the 
valve to avoid leaflet damage (Fig. 24.9b).

	 3.	 Engage the three retainer tabs onto the retainer receptacle by releasing com-
pression (inset).

	 4.	 Retract the locking buttons, and turn the deployment/resheath wheel opposite 
the direction of the arrow on the handle to encapsulate the retainer tabs within 
the protective sheath.

	 5.	 Advance the loading tube and align the black indicator line on the loading tool 
with the distal end of the protective sheath (Fig. 24.9c).

	 6.	 Turn the deployment/resheath wheel opposite the direction of the arrow until 
the funnel is fully seated in the loading tube.

	 7.	 Unlock and remove the loading base from the loading funnel (Fig. 24.9d).
	 8.	 Gently inject saline into the loading funnel to cover the valve, and tap the deliv-

ery system radiopaque tip to remove air bubbles from the inner shaft.

a b c d

e f g h

Fig. 24.9  Preparation and loading procedure. Loading (courtesy of St. Jude Medical)
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	 9.	 Slide the leaflet tester from top to bottom of each leaflet to remove any remain-
ing air bubbles, and ensure no leaflet tissue is trapped between stent struts 
(Fig. 24.9e).

	10.	 Fully encapsulate the valve in the sheath using the deployment/resheath wheel 
(Fig. 24.9f).

	11.	 Massage the delivery system shaft from the proximal end to the distal end to 
close any gap between the sheath and the radiopaque tip.

	12.	 Pour saline out of the loading funnel, and slide the loading funnel and loading 
tube off the distal end of the delivery system (Fig. 24.9g).

	13.	 Slide the delivery system 80% release lever to the LEFT (opposite direction of 
the arrow on the delivery system handle) (Fig. 24.9h).

	14.	 Flush the lumen with sterile isotonic saline.

24.5	 �Procedural and Deployment Characteristics

The Portico valve is currently available as a 23, 25, 27, and 29  mm device, 
accommodating annulus diameters ranging from 19 to 27 mm. The Portico valve 
can be delivered by transfemoral, transaxillary, transaortic, or transapical access. 
For retrograde access, a standard 18 Fr introducer is recommended for the 23 mm 
and the 25 mm valve prosthesis, and a 19 Fr introducer is recommended for the 
larger size valve prosthesis. A minimum vascular access diameter of 6 mm is 
required for the 18 Fr delivery system and of 6.5 mm for the 19 Fr delivery sys-
tem. For the anterograde approach, a 24 Fr sheathless dedicated delivery system 
is needed.

The procedure is performed in a standard fashion. Once the preferred vascular 
approach and closure are chosen, an 18 or 19  Fr introducer (according to valve 
prosthesis size) is advanced, the aortic valve is crossed, and a stiff guidewire is 
accommodated into the left ventricle apex. The use of an extra-stiff wire is not rec-
ommended. Balloon aortic valvuloplasty with rapid ventricular pacing is suggested 
before valve implantation (size according to native valve annulus diameter). A pig-
tail previously inserted from the contralateral side and positioned at the inferior 
bottom of the non-coronary cusp serves as a landmark and for performing a small 
aortogram. At this point, the deployment projection should be assessed (having the 
three cusps aligned). The valve is then advanced with the delivery system through 
the annulus, and the inner member marker band (Fig.  24.10) must be aligned 
with the native aortic valve annulus plane, and, if needed, the releasing projection 
should be changed in order to align the annulus end of the frame to a straight line 
(Fig. 24.12a).

Deployment of the valve can then start by turning the deployment wheel clock-
wise on the handle of the delivery system. The valve is gradually released, with no 
rush, as the valve is fully functioning at initial deployment, and no rapid ventricular 
pacing is needed (Figs. 24.11 and 24.12).
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Fig. 24.11  Portico valve deployment steps. The valve is fully functioning at initial deployment 
ensuring a hemodynamic stability and giving time to operator to calmly assess placement before 
full release (courtesy of St. Jude Medical)

Fig. 24.10  Inner marker band must be aligned to native valve annulus plan (courtesy of St. Jude 
Medical)

Target placement is 3 mm, keeping in mind that half stent cell height is 7 mm for 
the 23 and 25 mm valves and 8 mm for the 27 mm and the 29 mm valves (accept-
able ranges are 1–9 mm for 23 mm and 25 mm valves and 1–10 for 27 mm and 
29 mm valves). In heavy calcification a deeper implantation is recommended, with 
a target of 5 mm in the LVOT, since in the bench test a lower implantation showed 
a more uniform expansion and better apposition of the prosthesis (Fig. 24.13). It is 
important to maintain a neutral delivery system throughout tracking and deploy-
ment and to wait for the valve to respond to wheel turns before making any adjust-
ment to the catheter position. If the position is correct, deployment should be 
continued until the safety release lever is engaged (a red lever on the handle of the 
delivery system) (Fig. 24.4b), which corresponds to 80% release of the prosthesis 
(Fig. 24.12c). This is the point of no return. In fact, until this point the valve can 
be easily be resheathed if the position is not satisfactory. The degree of resheathing 
can be tailored depending on need. If the valve is a bit too high, partial resheathing 
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will allow repositioning, while if the prosthesis valve has migrated in the ascending 
aorta, complete resheathing is needed to recross the native valve. This is also the 
case if the implantation is too deep. Due to the fact that nitinol can lose its radial 
force after resheathing, it is recommended to change the prosthesis with a new one 

a b c

d e f

Fig. 24.12  Implanting procedure (referred to the text for step-by-step explanation)

a b

Fig. 24.13  Bench testing simulating heavy calcification on native annulus. (a) A higher implanta-
tion may create under-expansion and malapposition, (b) a deeper deployment (~5 mm) creates a 
more uniform expansion and better apposition (courtesy of St. Jude Medical)
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if there are more than two resheathings. If satisfied with the valve position, the 
release lever can be pushed, and the valve can be fully deployed (Fig. 24.12d, e). 
Before final release of the prosthesis, an aortogram should be done to reapprove the 
position. After complete deployment of the valve, attention must be paid to the three 
valve anchor tabs attached to the delivery system (Fig. 24.12e). They all have to be 
released prior to withdrawing the catheter in order to prevent valve embolization. It 
is recommended that their release is confirmed in at least two differing views. If one 
of the tabs seems to be still attached to the system, a slight rotation of the system 
(45–90 °) should be performed, and the guidewire should be gently pulled back in 
order to change the angulation with the delivery system. After complete deployment 
of the valve, the delivery system should be gently pulled back in the descending 
aorta. In order to prevent valve embolization due to nosecone interference with the 
prosthesis, the guidewire should be slightly pulled so the nosecone is in the middle 
of the valve instead of the side. After retreating the system on the descending aorta, 
the delivery system must be closed by pulling the handle away from the sliding 
mechanism instead of advancing the sliding mechanism.

After deployment, valve function should be assessed using standard methods 
(Fig. 24.12f), and if post-dilatation is needed, it can be done. In this case, a rapid 
ventricular pacing is recommended in order to minimize the risk of embolization of 
the valve [7].
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25Transcatheter Aortic Valve Implantation: 
Other Devices

Martina Patanè, Ketty la Spina, and Alessio La Manna

Supported by favorable data from first-generation devices, TAVI has undergone 
rapid technological advancements. The focus on these innovations was on limiting 
complications found with early TAVI devices such as paravalvular regurgitation, 
conduction disturbances, valve malpositioning, and the impossibility of reposi-
tioning and retrieving the prosthesis. Innovations were achieved both on device 
designs and on delivery system technologies. Some second-generation devices have 
already received the CE Mark (Sapien 3, Edwards Lifesciences; CoreValve Evolut 
R, Medtronic; Portico™, St. Jude Medical, St. Paul, MN, USA; ACURATE neo™, 
Symetis, Ecublens, Switzerland; Lotus™, Boston Scientific, Marlborough, MA, 
USA), while other devices are in early clinical evaluation but have yet to receive 
the CE Mark.

Current second-generation devices have already been deeply discussed in pre-
ceding chapters. In this chapter, we provide a brief overview of non-CE Mark 
second-generation devices.

25.1	 �BIOVALVE (Biotronik AG, Bülach, Switzerland)

BIOVALVE (Biotronik AG, Bülach, Switzerland) (Fig. 25.1) is a resheathable por-
cine pericardial valve consisting of a skirt and three leaflets mounted on a nitinol 
stent and is delivered through an 18 Fr delivery system (Fig. 25.2). The prosthesis 
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has a supra-annular valve design to allow a large effective orifice area. The length of 
the rhombi that constitute the nitinol frame varies over the length of the stent. 
Different rhombi lengths correlate with different radial forces. The inflow end has 
the shortest cells and, thus, the highest radial force, allowing a correct anchoring of 
the prosthesis in the initial phase of the release. The outflow end has the longest 
cells and the least amount of radial force in order to provide flexibility in the stent 
to follow the ascending aorta curve. The larger cell size in the outflow tract also 
allows unrestricted access to the coronary arteries.

The prosthesis is currently available in size M (29 mm) accommodating annulus 
diameters from 23 to 26 mm (Table 25.1). Additional sizes are under development.

The BIOVALVE can be implanted through a transfemoral approach with a dedi-
cated 18 Fr 360° flexible delivery system. The implantation is controlled by an ergo-
nomic handle, which provides 1:1 response between handle and valve deployment. 
Target implantation depth is 6 mm below the annulus. A safety release button ensures 
a controlled deployment up to the resheathing limit (80% of full release). At this 

Fig. 25.1  BIOVALVE 
prosthesis (courtesy of 
Biotronik AG, Bülach, 
Switzerland)

Fig. 25.2  BIOVALVE 
delivery system (courtesy 
of Biotronik AG, Bülach, 
Switzerland)

Table 25.1  BIOVALVE M 
(29 mm) characteristics

Annulus diameter 23–26 mm
Inflow diameter 29 mm
Outflow diameter 42 mm
Height without eyelets 49 mm
Cells over circumference 12
Cells over length 3
Height of cell/rhombus 12 mm
Valve position Supra-annular
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point, the valve is fully functioning, and positioning can be calmly assessed. If not 
satisfactory, the valve can be resheathed, repositioned, and redeployed. Final release 
starts by pressing the safety buttons and fully releasing the valve.

Feasibility and safety of this second-generation device were assessed in the 
BIOVALVE-I study [1]. In this first-in-human study, 13 patients were enrolled. 
Thirty-day early safety for VARC-2 was observed in two patients (15.4%), and 
device success was obtained in nine patients (69.2%). One patient (7.7%) had at 
least moderate aortic regurgitation, and three (23.1%) patients received a permanent 
pacemaker (PM) implantation.

25.2	 �CENTERA Valve

The CENTERA valve (Edwards Lifesciences) (Fig.  25.3) is a self-expanding, 
repositionable valve composed of a nitinol frame, a trileaflet bovine pericardial 
tissue valve (at annular level), and a polyethylene terephthalate skirt. The stent 
frame is shorter than other self-expanding valves (~20  mm), and the ventricu-
lar edge is flared and covered with a polyethylene terephthalate skirt. This, on 

Fig. 25.3  CENTERA 
valve (courtesy of Edwards 
Lifesciences)

CENTERA Valve Size

Native Valve Annulus Size (CT)
Area Derived Diameter

23 mm

18-21 mm

26 mm

21-24 mm 24-26 mm

29 mm

Fig. 25.4  CENTERA valve size
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the one hand, minimizes prosthesis protrusion in the ventricular side and, on the 
other, reduces paravalvular leak. The CENTERA valve is available as a 23, 26, and 
29 mm valve, covering annular sizes between 18 and 26 mm (Fig. 25.4). Thanks to 
its low profile, the CENTERA valve is deployed through a 14 Fr delivery system 
with a transfemoral or subclavian approach (Fig. 25.5). This delivery system con-
sists of a delivery catheter and a detachable, motorized handle that allows accurate 
valve placement and repositioning by a single operator. The handle has two but-
tons, allowing for either valve deployment (large button) or valve loading (small 
button). The catheter incorporates a deflection mechanism to assist in traversing 
the aortic arch and facilitate coaxial positioning with the native valve. TAVI with 
the CENTERA system is implanted with a standard technique. After crossing 
the valve with the delivery system, deployment should be started, in a coaxial 
view, with the motorized handle. The ventricular edge of the prosthesis should 
be positioned around 2–4 mm below the annulus (Fig. 25.6a). Once the operator 
is satisfied with the prosthesis position, full position should be achieved by con-
tinuing to press the deployment button on the handle (Fig. 25.6b). Otherwise, the 
recapture button should be pressed to retract and reposition the prosthesis. It is 
important to note that the valve can be recaptured and repositioned prior to 70% 
of its deployment. Operators should also bear in mind that this prosthesis obstructs 

Fig. 25.5  CENTERA 
valve motorized delivery 
system (courtesy of 
Edwards Lifesciences)

a b c d

Fig. 25.6  CENTERA implantation procedure
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left ventricle outflow tract at 50% of its deployment, so rapid ventricular pacing 
is recommended during the final deployment stage. After checking final position 
of the prosthesis (Fig. 25.6c), detachment of the valve from the delivery system 
should be achieved by using the valve release mechanism located at the bottom 
of the handle.

A next-generation CENTERA system, fully repositionable and with an enhanced 
delivery system articulation, is currently under development.

In human clinical experience [2], the procedure has been found to be feasible and 
safe. Device success was obtained in all 15 patients (100%), paravalvular leak at 
30 days was none/trivial in 3 patients (23%), mild in 9 (69%), and moderate in 1 
(8%). A permanent PM was implanted in four patients (27%). Survival was 87% at 
30 days and 80% at 1-year follow-up.

25.3	 �JenaValve

The JenaValve (JenaValve Technology GmbH, Munich, Germany) (Fig. 25.7) is a 
native porcine aortic valve mounted on a self-expanding nitinol support, with a por-
cine pericardial skirt to prevent paravalvular leak. JenaValve features a unique clip 
fixing mechanism of the native aortic valve leaflet that offers secure anchorage of 
the prosthesis even in the absence of calcifications. Thanks to this characteristic and 
to the promising results, the JenaValve is the only TAVI system worldwide for aor-
tic regurgitation with the CE Mark. The JenaValve covers annuli ranging from 21 to 

Native porcine
root valve

Porcine
pericardial skirt
to prevent PVL

Lower stent part
clips valve onto

the native leaflets

Feelers with
Tantalum

markers

Crown

EyeletsFig. 25.7  JenaValve 
(courtesy of JenaValve 
Technology GmbH, 
Munich, Germany)

Fig. 25.8  JenaValve transapical delivery system (courtesy of JenaValve Technology GmbH, 
Munich, Germany)
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27 mm. Three sizes are available (23, 25, and 27 mm). The JenaValve is implanted 
through a sheathless 32 Fr delivery system with a transapical approach (Fig. 25.8).

After punction of the left ventricle apex, a soft guidewire is advanced into 
the descending aorta and exchanged with a stiff wire. At this point, if necessary, 
a balloon aortic valvuloplasty (BAV) should be performed. After eventual BAV, 
the 32 Fr delivery system is advanced over the wire through the native valve. At 
this point, valve deployment should start with the easy three-step implantation: 
(step 1) release of position feelers, (step 2) clipping of aortic cusps, and (step 3) 
full deployment (Fig. 25.9).

The post-market registry (JUPITER [3]) recently showed promising 1-year 
results. A total of 180 patients were enrolled. Procedure success was 95% (n = 171); 
conversion to surgical aortic valve replacement (SAVR) was necessary in five 
patients (2.8%). All-cause mortality at 30 days was 11.1%, all-cause mortality after 
30 days was 13.1%, and combined efficacy at 1 year was 80.8%. At 1-year follow-
up, paravalvular leak was none/trace in 49 patients (82.4%), mild in 12 patients 
(19.0%), and moderate in 2 patients (3.2%).

Fig. 25.9  JenaValve three-step implantation
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The next-generation JenaValve Pericardial TAVI System (Fig. 25.10) is currently 
under clinical evaluation with both transapical (22 Fr) and transfemoral (19 Fr) 
delivery systems.

25.4	 �Valve Medical

Recently an ultralow profile (12 Fr) TAVI system is under evaluation: the Valve 
Medical. This newer valve device is of a modular design (Fig. 25.11). In fact, the 
frame and the valve are separate and are assembled in the ascending aorta during 
TAVI implantation. The stent is made of a nitinol self-expanding frame module 
inserted in an optimal annular location. The valve is made of a single piece of peri-
cardium fixed on a mandrel, with fewer stiches than other TAVI devices, which 
should improve manufacturability and durability. The valve is not crimped but 
folded, and all sizes are delivered by the same ultralow profile 12 Fr delivery 

Fig. 25.10  JenaValve 
Pericardial TAVI System
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Fig. 25.11  Valve Medical. Ultralow profile TAVI system

Fig. 25.12  Medical valve 
temporary parachute 
descending aorta valve
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catheter. The valve is meant to be implanted with a transfemoral approach. During 
implantation, a temporary mono-leaflet, polymeric valve is inserted in the descend-
ing aorta for safety reasons (Fig. 25.12). The stent frame is then advanced through 
the native valve, and after its releasing, the valve module is opened in the ascending 
aorta and docked to the frame.

25.5	 �TRISKELE UCL-TAV

Recently, a new-generation TAVI was developed by the University College London: 
the TRISKELE UCL-TAV (Fig.  25.13). This novel device is made of a self-
expandable nitinol stent and a trileaflet valve made of a novel polymer nanocom-
posite. The polymer is also used to create a sealing skirt, reducing paravalvular 
regurgitation. This polymer has enhanced physiochemical properties and resistance 
to calcification and thrombosis, with superior in vivo biostability. It has demon-
strated superior mechanical properties compared with porcine and bovine pericar-
dial tissues [4]. The TRISKELE UCL-TAV is currently under preclinical evaluation.

Fig. 25.13  TRISKELE 
UCL-TAV

25  Transcatheter Aortic Valve Implantation: Other Devices



452

References

	1.	 Treede H, Lubos E, Conradi L, Deuschl F, Asch FM, Weissman NJ, Schofer N, Schirmer J, 
Koschyk D, Blankenberg S, Reichenspurner H, Schaefer U.  Thirty-day VARC-2 and per-
formance data of a new self-expanding transcatheter aortic heart valve. EuroIntervention. 
2015;11(7):785–92; [Epub ahead of print].

	2.	 Binder RK, Schäfer U, Kuck KH, Wood DA, Moss R, Leipsic J, Toggweiler S, Freeman M, 
Ostry AJ, Frerker C, Willson AB, Webb JG.  Transcatheter aortic valve replacement with a 
new self-expanding transcatheter heart valve and motorized delivery system. JACC Cardiovasc 
Interv. 2013;6:301–7.

	3.	 Silaschi M, Treede H, Rastan AJ, Baumbach H, Beyersdorf F, Kappert U, Eichinger W, Rüter F, 
de Kroon TL, Lange R, Ensminger S, Wendler O. The JUPITER registry: 1-year results of trans-
apical aortic valve implantation using a second-generation transcatheter heart valve in patients 
with aortic stenosis. Eur J Cardiothorac Surg. 2016;50(5):874–81; [Epub ahead of print].

	4.	 Rahmani B, Burriesci G, Mullen M, Seifalian A, Tzamtzis S, Yap J.  A new generation 
transcatheter heart valve with a novel nanocomposite material and fully retrievable design. 
J Am Coll Cardiol Intv. 2013;60(17):B34.

M. Patanè et al.



453© Springer International Publishing AG 2018
C. Tamburino et al. (eds.), Percutaneous Treatment of Left Side Cardiac Valves, 
https://doi.org/10.1007/978-3-319-59620-4_26

C. Chamandi, M.D. • J. Rodés-Cabau, M.D. (*) 
Quebec Heart and Lung Institute, Laval University, Quebec City, QC, Canada
e-mail: Josep.Rodes@criucpq.ulaval.ca

26Complications Post-TAVI

Chekrallah Chamandi and Josep Rodés-Cabau

Transcatheter aortic valve replacement (TAVR) has become the standard of care 
for inoperable patients with symptomatic severe aortic stenosis [1] and a good 
alternative to surgical aortic valve replacement for patients at high surgical risk 
[2]. Worldwide, two types of transcatheter heart valves (THVs) have been most 
used to date: the balloon-expandable Edwards valve (Cribier-Edwards, Edwards 
SAPIEN, SAPIEN XT, and SAPIEN 3; Edwards Lifesciences, Irvine, CA) and 
the self-expandable CoreValve system (CoreValve, Evolut, Evolut R; Medtronic, 
Minneapolis, MN). In the past few years, other transcatheter valves have also 
received CE mark approval and are now commonly used (e.g., Direct Flow, Lotus 
Valve, Portico, JenaValve, Symetis). Despite significant progress in the technology 
of transcatheter valves over the last decade, several complications remain associ-
ated with this less-invasive procedure. This chapter seeks to review the major sig-
nificant complications following TAVR. Methods of prevention and treatment of 
those hurdles will also be appraised.

26.1	 �Paravalvular Leak

Paravalvular leak (PVL) is a complication of aortic valve prostheses and is seen 
more frequently after TAVR than after SAVR (Table 26.1) [3–14]. The incidence of 
moderate or severe PVL after TAVR has been reported to be 12–21%, which is 
approximately sixfold higher than that after SAVR [15]. Residual moderate-to-
severe AR is clinically relevant and has been associated with an increased risk of 
all-cause mortality.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-59620-4_26&domain=pdf
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According to the Valve Academic Research Consortium (VARC)-2 criteria [16], 
the criteria for severe PVLs include a regurgitant volume ≥ 60 mL, a regurgitant 
fraction ≥50%, an effective regurgitant orifice area ≥ 0.3 cm2, and a holosystolic 
diastolic flow reversal in the descending aorta and a circumferential extent of 
PVL > 30%. On the other hand, mild PVL is determined by a regurgitant volume of 
<30  mL, a regurgitant fraction of <30%, an effective regurgitant orifice area of 
<0.1 cm2, and the absence of diastolic flow reversal in the descending aorta and a 
circumferential extent of the PVL less than 10%. The rates of mild, moderate, and 
severe PVL following TAVR range from 7.8 to 40.8%, 5 to 37.9%, and 0.5 to 13.6%, 
respectively [17]. Indeed, in a weighted meta-analysis of 12,926 patients from 45 
studies, the pooled incidence rate of moderate or severe PVL was 11.7% [18]. This 
large variation in PVL rate might be explained by the lack of standardization across 
medical institutions in the procedure and differences in valve types and sizes, com-
bined with the various imaging modalities used and the numerous challenges in 
grading PVL.

Several observational studies have shown a higher rate of moderate–severe PVL 
associated with the CoreValve system compared with the balloon-expandable 
Edwards valve [9, 19]. These observations were confirmed by the CHOICE ran-
domized controlled trial, which compared the valve performance and clinical out-
comes associated with the Edwards SAPIEN XT valve vs. the CoreValve system. 
The main results showed a lower number of patients in the balloon-expandable 

Table 26.1  Incidence of AR after TAVR in major registries and randomized trials

Study No patients Type of THV
Moderate-
severe AR (%)

PARTNER cohort B (3) 179 100% Edwards SAPIEN 13.2
PARTNER cohort A (4) 348 100% Edwards SAPIEN 10.6
SOURCE Registry (5) 1038 100% Edwards SAPIEN 1.9
FRANCE 2 (6) 3195 70% Edwards SAPIEN, 30% 

CoreValve
16.5

Canadian Registry (7) 339 18% Cribier-Edwards, 82% 
Edwards SAPIEN

10

GARY (8) 3876 53% Edwards SAPIEN, 42% 
CoreValve, 5% other

6.2

UK-TAVI Registry (9) 870 48% Edwards SAPIEN, 52% 
CoreValve

13.6

PRAGMATIC Plus Registry (10) 793 43% Edwards SAPIEN, 57% 
CoreValve

1.9

TAVI Sentinel Pilot Registry (11) 4571 57% Edwards SAPIEN, 43% 
CoreValve

9

STS/ACC TVT Registry (12) 7710 100% Edwards SAPIEN 8.5
ADVANCE Registry (13) 1015 100% CoreValve 15.6
CHOICE trial (14) 241 50% Edwards SAPIEN, 50% 

CoreValve
3.7

ACC American College of Cardiology, AR aortic regurgitation, GARY German Aortic Valve 
Registry, PARTNER Placement of AoRTic TraNscathetER Valve trial, STS Society of Thoracic 
Surgeons, TAVR transcatheter aortic valve replacement, THV transcatheter heart valve
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group with more than mild AR compared with the self-expandable valve cohort 
(4.1% vs. 18.3%; RR, 0.23; p < 0.001) [14].

The progression of PVL over time is still a matter of debate. Data from the 
PARTNER trial reported that PVL had increased by ≥1 grade in 22.4% of 80 
patients, remained the same in 46.2%, and amended by ≥1 grade in 31.5% of 
patients [4]. On the other hand, studies reporting the PVL incidence over several 
time points found diminishing rates of moderate or severe PVL with the self-
expanding CoreValve system. In the cohort of patients deemed at extreme risk for 
surgery in the CoreValve US trial, the frequency of moderate or severe paravalvular 
AR was lower at 12 months post-TAVR (4.2%) than at hospital discharge (10.7%; 
p  < 0.004 for paired analysis) [20]. Similarly, in the high-risk population of the 
CoreValve US trial, 76.2% of patients with moderate or severe PVL at discharge 
had mild or no regurgitation at 1 year [21]. This finding could be attributed not only 
to the use of computed tomography assessment for valve size selection, higher 
placement of the valve within the annulus, and sustained expansion of the nitinol 
frame and geometric remodeling of the annular–bioprosthesis interface but also to 
the death of patients with higher-grade PVL [2, 4, 21]. In addition, 2 years after 
TAVR with a self-expandable CoreValve, the proportion of patients with moderate-
to-severe PVL remained stable [22].

26.1.1	 �Impact of PVL on Mortality

Two large meta-analyses showed that moderate or severe AR post-TAVR is associ-
ated with 2.12- and 2.27-fold of overall 1-year mortality, respectively [15, 18]. In 
the Italian registry [23], data on 663 patients who underwent TAVR with a self-
expandable CoreValve system showed that PVL ≥ 2 was not associated with early 
30-day mortality. Nonetheless, multivariable analysis indicated a hazard ratio (HR) 
of 3.79 for late mortality beyond 30 days (p = 0.003). In the FRANCE-2 registry, 
post-procedural AR ≥ grade 2 was a strong independent predictor of 1-year mortal-
ity for both balloon-expandable (HR  =  2.50; p  <  0.001) and self-expandable 
(HR = 2.11; p < 0.001) THV. Post-procedural AR ≥ grade 2 was well endured in 
individuals with AR ≥ grade 2 at baseline (1-year mortality = 7%) but was associ-
ated with high mortality in many other subgroups: renal failure (43%), AR < grade 
2 at baseline (31%), low transaortic gradient (35%), or non-femoral delivery (45%) 
[24]. Moreover, Miyazaki et al. [25] recently found that moderate-to-severe PVL 
was associated with increased 2-year estimated mortality in the cohort of patients 
with a baseline ejection fraction of <40%, while there was no difference in the 
group of patients with a baseline ejection fraction ≥40%. Therefore, operators 
should probably be even more careful to avoid PVL in the subgroup of patients with 
reduced baseline left ventricular function. In the extreme risk cohort of the CoreValve 
US trial, 1-year mortality was associated with total severe AR at the time of dis-
charge [20]. The same trial randomized high-risk patients to TAVR versus 
SAVR. The rates of moderate or severe PVL were higher following TAVR but did 
not appear to have an adverse effect on overall survival [21]. Interestingly, results 
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from the cohort A of the PARTNER trial demonstrated that with balloon-expandable 
THV, even mild PVL was associated with a worse survival at 2 years and at 5 years 
[4, 26]. The explanation for the relationship between mild PVL and mortality still 
needs to be clarified. In a study by Jerez-Valero et al. looking at 1735 patients under-
going TAVR with a balloon-expandable transcatheter heart valve (THV) or a self-
expandable valve, it was shown that the acuteness of AR impacts the clinical 
outcomes [27]. Indeed, acute moderate-to-severe AR was independently associated 
with increased risk of mortality, compared with none/trace/mild AR (adjusted HR: 
2.37; p < 0.001) and chronic moderate-to-severe AR (adjusted HR: 2.24; p < 0.015). 
There were no significant differences in survival rates between patients with chronic 
moderate-to-severe and none/trace/mild AR (p > 0.50).

26.1.2	 �Mechanisms and Predictors of PVL

TAVR is a less-invasive procedure and requires preprocedural imaging to analyze 
the degree of calcification and the dimensions of the aortic valve and the aortic root. 
The procedure involves the implantation under fluoroscopy and echocardiography 
of a circular bioprosthesis in a usually oval-shaped native aortic annulus. The three 
main mechanisms of PVL are incomplete apposition of the THV against the native 
annulus due to significant calcification [28–30], undersizing of the valve [31, 32], 
and malpositioning of the device [33]. Table 26.2 summarizes the numerous predic-
tors of PVL identified in the literature according to valve type.

A recent study showed that a point-of-care hemostatic test, the CT-ADP, 
was predictive of the presence or absence of paravalvular aortic regurgitation 
after TAVR. The test was also predictive of the rate of death 1 year after the 
procedure [34].

Table 26.2  Predictors of 
PVL after TAVR according to 
valve type

Edwards Older age
Male gender
NYHA IV
Annular size—larger aortic annulus
Transfemoral approach
Calcification of the aortic valve
Area cover indexa

Low cover indexb

Operator’s experience
CoreValve Peripheral vascular disease

History of heart failure
Chronic renal insufficiency
Prosthesis mismatch
Low implantation
Larger aortic annulus
Increased angle of LVOT to ascending aorta

LVOT left ventricular outflow tract
aArea cover index: (1-annulus area/prosthesis nominal area)
bCover index: (100 × [prosthesis diameter − TEE annulus diam-
eter/prosthesis diameter])
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26.1.3	 �Role of Imaging to Prevent PVL

Multidetector computed tomography (MDCT) plays an important role in the workup 
of patients who are candidates for TAVR, as well as in the evaluation of patients with 
PVL (Figs. 26.1 and 26.2). The 3D image reconstruction of the aortic annulus allows 
multiplanar measurements of annular diameter, area, and perimeter. Willson et  al. 
showed that in 109 patients who underwent MDCT assessment pre-TAVR with a 
balloon-expandable device, MDCT-derived 3D measurements were predictive of 
PVL following TAVR [35]. Transcatheter bioprostheses that were oversized relative to 
the MDCT mean annular diameter by at least 1 mm and annular area by at least 10% 
had a reduced risk of moderate or severe PVL. Yet, device oversizing is associated 
with a greater risk of coronary occlusion, annular rupture, and bradyrhythmias. In a 
study by Mylotte et al., adherence to MDCT-based oversizing was associated with a 
reduced incidence of PVL, while adherence to a bidimensional transesophageal echo-
cardiogram (TEE)-based sizing was not [36]. Indeed, in a retrospective analysis of 
157 patients who underwent CoreValve implantation, THV oversizing was 20.1% 
when the measurements were made on TEE, while oversizing was only 10.4% when 
computed tomography diameters were retrospectively used. Thus, the MDCT analy-
sis posited that up to 50% of patients had received an inappropriate CoreValve size. 
When MDCT-based sizing criteria were met, there was a 21% decrease in the inci-
dence of PVL (14% vs. 35%; p < 0.003). In a recent study by Jilaihawi et al. including 
256 patients, it was shown that cross-sectional 3D echocardiographic sizing of the 
aortic annulus dimension provides discrimination of post-TAVR paravalvular aortic 

Fig. 26.1  Determination of aortic annulus dimensions in CT.  After an appropriate plane that 
exactly contains the three lowest insertion points of the coronary cusps has been created, three dif-
ferent methods of determining aortic annulus size have been proposed. The long and short diam-
eter can be measured to calculate the mean diameter. The area can be measured, and the diameter 
can be deducted under the assumption that this area changes to a circle when a valve is implanted. 
Finally, it can be assumed that the circumference will stay constant during the implantation and the 
diameter can be derived from the circumference, again assuming that the annulus will achieve a 
perfectly circular shape. The more eccentric the aortic annulus, the more these three measurements 
will differ from one another, with the circumference-based method yielding the largest results. 
Taken from SCCT expert consensus document on computed tomography imaging before trans-
catheter aortic valve implantation (TAVI)/transcatheter aortic valve replacement (TAVR) Stephan 
Achenbach, MD, FSCCTa,*, Victoria Delgado, MDb, Jorg Hausleiter, MDc, Paul Schoenhagen, 
MDd, James K.  Min, FSCCTe, Jonathon A.  Leipsic, MD, FSCCT.  Journal of Cardiovascular 
Computed Tomography (2012) 6, 366–380
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a

b

Fig. 26.2  Pathophysiological factors determining paravalvular aortic regurgitation. (a) Example 
of a patient with mild paravalvular aortic regurgitation at the level of the hinge point, with the 
membranous interventricular septum (arrow). Multidetector-row computed tomography shows a 
bulky calcification at this level (arrow). The short-axis view shows mild paravalvular aortic regur-
gitation at the level of the left coronary cusp. Note on the multidetector-row computed tomography 
the presence of calcifications at this level surrounding the prosthetic frame (arrow). (b) Deep 
implantation of a self-expandable transcatheter aortic valve, causing significant paravalvular aortic 
regurgitation (arrow). Multidetector-row computed tomography allows accurate assessment of the 
deployment of the valve. In addition, there is a paravalvular regurgitant jet originating at the level 
of the right coronary cusp. Multidetector-row computed tomography shows the presence of a bulky 
calcified right coronary cusp pushed away following valve deployment (arrow). Taken from open 
issues in transcatheter aortic valve implantation. Part 2: procedural issues and outcomes after trans-
catheter aortic valve implantation. Jeroen J.  Bax, Victoria Delgado, Vinayak Bapat, Helmut 
Baumgartner, Jean P.  Collet, Raimund Erbel, Christian Hamm, Arie P.  Kappetein, Jonathon 
Leipsic, Martin B. Leon, Philip MacCarthy, Nicolo Piazza, Philippe Pibarot,William C. Roberts, 
Josep Rodés-Cabau, PatrickW.  Serruys, Martyn Thomas, Alec Vahanian, JohnWebb, Jose Luis 
Zamorano, and StephanWindecke. European Heart Journal (2014) 35, 2639–2654 doi:10.1093/
eurheartj/ehu257
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regurgitation that is significantly superior to that of 2D-TEE [37]. Therefore, if MDCT 
data are unavailable for TAVR sizing, cross-sectional data from 3D-TEE should be 
obtained. In another study, individuals with severe symptomatic aortic stenosis who 
had both contrast MDCT and 3D-TEE for annulus assessment before balloon-expand-
able TAVR were assessed [38]. This study used a new method for analyzing 3D-TEE 
image-generated annulus measurements that closely approximated those of 
MDCT. Moreover, the two 3D modalities predicted mild or greater PVL with similar 
accuracy. In conclusion, it seems clear that at present, a 3D imaging modality, either 
MDCT or 3D-TEE, should be used for THV sizing.

26.1.4	 �Treatment of PVL

There is no clear algorithm for the management of PVL after TAVR. Careful posi-
tioning of the THV is important to avoid PVL. Real-time echocardiogram, 3D angi-
ographic reconstruction with rotational aortogram, and careful selection of the best 
coplanar fluoroscopic view can facilitate the appropriate positioning of the THV 
and may theoretically lead to less frequent PVL.

When the transcatheter valve is implanted in a very calcified aortic valve with 
bulky calcifications that prevent complete expansion of the frame, balloon post-
dilatation can reduce paravalvular AR, ensuring full expansion of the frame and 
improving the sealing of the aortic annulus, though there is still risk of annulus 
rupture [39]. In a single-center trial, Daneault et al. reported that post-dilatation was 
performed in 41% of cases to reduce PVL in patients with greater than mild PVL 
after balloon-expandable TAVR [39]. Factors associated with a higher risk for bal-
loon post-dilatation were a larger annulus, smaller cover index, transfemoral 
approach, and a larger transcatheter valve size. Of note, there was a tendency toward 
a higher incidence of cerebrovascular events in the post-dilatation group. However, 
there were no significant disparities in major aortic injury, THV embolization, rup-
ture of the membranous septum, trauma to the conduction system, and permanent 
pacemaker implantation rates between groups.

In another study on post-dilatation, by Nombela-Franco et  al., post-dilatation 
was performed in 28% of patients [40]. Post-dilatation reduced PVL by at least one 
grade in 71% of patients, with residual AR of <2  in about half of the patients. 
Transfemoral approach and degree of valve calcification were identified as predic-
tors of the need for post-dilatation. Post-dilatation was also linked to a higher inci-
dence of cerebrovascular events at 1  month (11.9% vs. 2.0%; p  =  0.006). The 
influence of post-dilatation on mortality after TAVR has yet to be determined.

In patients with too shallow or too deep implantation of the transcatheter valve, 
transcatheter valve in valve can be an effective technique for reducing a significant 
PVL. This technique can also be used in patients with moderate-to-severe transvalvu-
lar AR. In a cohort of 2554 patients included in the PARTNER trial, a valve-in-valve 
procedure was performed in 63 patients (2.5%) [41]. In 36.1% of these patients, valve 
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in valve was done because of severe PVL, and in half of the cases, it was performed 
because of severe central aortic regurgitation due to malpositioning of the THV or 
leaflet dysfunction. Patients who required a second valve had higher 1-year mortality 
(HR: 1.86; p = 0.041) compared with those with single valve implantation.

A multicenter international registry sought to evaluate the outcomes of percuta-
neous closure of post-TAVR PVL [42]. In this study, transcatheter implantations of 
a closure device were performed in 24 patients (Fig. 26.3). The most frequently 
used device (80% of the cases) was the Amplatzer Vascular Plug (St. Jude Medical, 
St. Paul, MN, USA), and 89% of the procedures were technically successful (defined 
as the successful deployment of a device, with immediate reduction of PVR to a 
final grade ≤ 2 as assessed by echocardiography). The 1-, 6-, and 12-month survival 
rates were 83.3%, 66.7%, and 61.5%, respectively. The majority of the deaths were 
attributable to a noncardiac etiology.

26.1.5	 �New TAVR Systems

There are several new TAVR systems with enhanced anti-PVL properties that have 
been associated with very low rates of PVL following the procedure, much lower 
than those reported with the older-generation transcatheter valves (Fig. 26.4).

The SAPIEN 3 system (Edwards Lifesciences) incorporates an optimized cobalt 
chromium alloy frame (which allows for an extremely low-crimped profile, with high 
radial strength), pericardial leaflets, and an outer sealing skirt surrounding the bottom 
of the valve with the objective of reducing PVL. Several studies have shown lower rates 
of ≥ mild PVLs compared with those observed with the older-generation balloon-
expandable valve [50, 51]. Recently, the 1-year follow-up results of the PARTNER II 
SAPIEN 3 High Risk Cohort showed that no or trace PVL was present in 68.1% of 
patients, mild PVL was seen in 29.1%, moderate PVL was present in 2.7%, and no 
patient had severe PVL [43]. A recent meta-analysis found that the S3 valve was asso-
ciated with significantly less moderate-to-severe PVR compared with the XT valve 
(1.6% vs. 6.9%, respectively, OR: 0.28, 95% CI 0.15–0.51, p < 0.0001) [52].

The Medtronic Evolut R valve offers the option of fully recapturing and reposi-
tioning the valve to obtain optimal valve positioning. These new features, combined 

Fig. 26.3  Treatment of significant paravalvular aortic regurgitation after transcatheter aortic valve 
implantation. Implantation of an AMPLATZER Vascular Plug III closure device to seal a severe 
paravalvular aortic regurgitation as observed in the parasternal short-axis view, with a circumfer-
ential extent 0.20% (a). The device is inserted between the native aortic root and the prosthetic 
frame (arrows) (b), resulting in significant reduction of the paravalvular regurgitant jet (c). Taken 
from open issues in transcatheter aortic valve implantation. Part 2: procedural issues and outcomes 
after transcatheter aortic valve implantation. Jeroen J.  Bax, Victoria Delgado, Vinayak Bapat, 
Helmut Baumgartner, Jean P. Collet, Raimund Erbel, Christian Hamm, Arie P. Kappetein, Jonathon 
Leipsic, Martin B. Leon, Philip MacCarthy, Nicolo Piazza, Philippe Pibarot, William C. Roberts, 
Josep Rodés-Cabau, PatrickW.  Serruys, Martyn Thomas, Alec Vahanian, JohnWebb, Jose Luis 
Zamorano, and StephanWindecke. European Heart Journal (2014) 35, 2639–2654 doi:10.1093/
eurheartj/ehu257
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with an extended sealing skirt, were designed to reduce PVL. Thirty-day results 
showed a moderate-to-severe PVL rate of 3.4% [44].

The Lotus Valve (Boston Scientific) is a second-generation self-expanding valve 
with a bovine pericardial tissue valve incorporated in a nitinol stent. This stent 
frame minimizes the risk of paravalvular AR with its new-age sealing system (ure-
thane membrane), which adapts to the irregular surface of the ring (Fig.  26.4). 
Results of the REPRISE II trial indicated that 86.4% of patients had no paravalvular 
regurgitation at 1 year and 2.3% had only a trace of regurgitation. No patient had 
moderate or severe paravalvular regurgitation at 1 year [45].

The Direct Flow valve (Direct Flow Medical) consists of a nonmetallic percuta-
neous bovine pericardial valve with an expandable Dacron polyester double-ring 
design containing noncompliant angioplasty balloon technology (Fig.  26.4). The 
upper (aortic) and lower (ventricular) ring balloons, interconnected by a tubular 
bridging system, can be pressurized independently through position-fill lumens. A 
multicenter registry including 100 patients showed a rate of mild or moderate PVL 
of 28% and 1%, respectively, with no cases of severe PVL at 30 days [46]. At 1 year, 
PVL was none or trace in 79% of the patients. Total aortic regurgitation was none or 
trace in 68% and mild or less in 100% of the patients [53].

The Portico self-expandable valve (St. Jude) is an annular functioning, tri-
leaflet bovine pericardial valve, mounted on a self-expanding nitinol frame. The 
skirt is made from porcine pericardium and works synergistically with the 

a b c d

e f g

Fig. 26.4  Newer-generation valves. (a) SAPIEN 3, (b) Evolut R, (c) Lotus Valve, and (d) Direct 
Flow valve, (e) Portico, (f) JenaValve, (g) Symetis ACURATE. Taken from Expert Rev. Cardiovasc 
Ther. 2015 Nov;13(11):1251–62. doi: 10.1586/14779072.2015.1096778. Reducing periprocedural 
complications in transcatheter aortic valve replacement: review of paravalvular leaks, stroke and 
vascular complications. Paradis JM, Altisent OA, Rodés-Cabau J
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widely spaced conformable nitinol frame to seal the native annulus and mitigate 
PVL. It is fully re-sheathable. To date, there have been no reports of severe aor-
tic valve regurgitation at 30 days based on site-reported echocardiographic anal-
ysis [47, 54].

The JenaValve™ (JenaValve Technology GmbH) is a second-generation THV, 
designed to ease correct positioning and to reduce the incidence of paravalvular regur-
gitation and complete heart block. It enables calcium-independent annular fixation by 
engaging the native aortic cusps through an active clipping mechanism for fixation, 
with tactile feedback during implantation. Allowing for anatomically aligned posi-
tioning, without the need for rapid ventricular pacing during implantation, it is also 
fully repositionable during the first step of implantation. Data at 1 year showed a rate 
of significant PVL of 3.5% [48].

The ACURATE platform (Symetis) is based on a self-seating and self-sealing 
design that allows for optimal positioning of the THV, which could potentially 
reduce PVL. Initial experience with this new device showed a rate of mild PVL of 
25.1%, none/trace PVL of 72.6%, and relevant (≥2) PVL of 2.3% [49].

26.2	 �Conduction Disturbances

The occurrence of conduction disturbances and the need for permanent pacemaker 
implantation (PPI) after TAVR remain a concern. The close proximity of the con-
duction system to the aortic annulus can lead to a mechanical interaction between 
the stent frame of the transcatheter valve prosthesis and the left bundle branch, 
which in turn can translate into the occurrence of a left bundle branch block (LBBB) 
and eventually into a high-grade or complete atrioventricular block (AVB).

The rate of new-onset LBBB post-TAVI is ~27% (ranging from 4 to 57%) [55], 
and the rate of PPI is ~17% (from 2 to 51%) [56]. Wide variations have been 
reported across studies and according to valve type, and rates of new PPI are also 
reportedly higher with certain newer-generation transcatheter valve systems 
(Tables 26.3 and 26.4). Overall, the incidence of both new-onset LBBB and PPI is 
higher following use of the self-expanding CoreValve system (~48% and 28%, 
respectively) compared with the balloon-expandable Edwards SAPIEN/SAPIEN 
XT valve (~14% and 6%, respectively) [55, 56, 64]. Indeed, the increased risk of 
PPI associated with the CoreValve prosthesis compared with the Edwards SAPIEN/
SAPIEN XT valve was confirmed in a randomized trial (37.6% vs. 17.3%, 
p < 0.001) [14]. A slow but significant reduction in the rate of conduction abnor-
malities and need for PPI associated with both transcatheter valve types has been 
observed over time [55, 65]. This may be related to improvements in delivery sys-
tems, increased experience with, and knowledge of, the factors associated with 
conduction disturbances post-TAVI, in addition to the implementation of more 
restrictive indications for PPI [65].

However, early results show a lack of reduction or even an increase in the rate 
of conduction system disturbances associated with these so-called 
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Table 26.4  Incidence of new LBBB in major studies

Study Valve type (%) Sample size (no.) Age (mean) New LBBB (%)
Carrabba et al. [57] MCRS (100) 92 81 37
Schymik et al. [58] ESV (81) 634 82 31.1

MCRS (19)
Urena et al. [59] ESV (100) 668 79 11.8
Houthuizen et al. [60] ESV (53) 476 81 28.7

MCRS (47)
Nazif et al. [61] ESV (100) 1151 84 10.5
Franzoni et al. [62] ESV (63) 238 79 26.5

MCRS (37)
Testa et al. [63] MCRS (100) 818 82 22.5

Table 26.3  PPM incidence in major registries (according to valve type)

Edwards Author’s name No.
30-day mortality 
(no.)

Incidence of 
PPM (%)

Belgium1 Bosmans et al. 187 6 5
France2 Eltchaninof et al. 166 20 5.4
France II3 Gilard et al. 2107 195 11.5
PARTNER EU4 Lefevre et al. 130 13 2.3
Source XT5 Wendler et al. 2688 216 9.5
PARTNER I A6 Smith et al. 348 12 3.8
PARTNER I B7 Leon et al. 179 9 3.4
PARNER II B8 Webb et al. 276 14 5.9
PARTNER II B (XT)8 Webb et al. 284 10 6.8
PARTNER II – IR9 Leon et al. 1011 62 8.5
Spain10 Sabaté et al. 809 78 4.8
Multicenter11 Wendler et al. 120 5 12.5
French12 Watanabe et al. 170 14 4.8
Suisse TAVI13 Binde et al. 445 20 11
CoreValve
Belgium1 Bosmans et al. 141 3 22
France2 Eltchaninof et al. 78 11 25.6
France II3 Gilard et al. 1043 91 24.2
CoreValve Pivotal14 Buellesfeld et al. 126 19 26.2
Italy15 Barbanti et al. 1326 56 24
Australia16 Meredith et al. 506 21 28.4
Spain10 Sabaté et al. 610 44 17
French12 Watanabe et al. 150 15 19.3
US CoreValve (high risk)17 Adams et al. 390 13 19.8
US CoreValve (extreme 
risk)18

Popma et al. 489 41 21.6

ADVANCE trial19 Linke et al. 1015 45 26.4
New-generation valves
SAPIEN S3 Herrmann et al. [43] 583 15 13.3
Evolut R Manoharan et al. 

[44]
60 0 11.7

Lotus Meredith et al. [45] 120 5 28.6
Direct flow Schofer et al. [46] 100 1 17
Portico Manoharan [47] 100 3 9.8
JenaValve Silaschi et al. [48] 180 20 14.4
Symetis Kempfert el al [49] 250 17 10
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new-generation valves [66]. Specifically, an increased rate of PPI has been 
reported with the use of the third-generation balloon-expandable Edwards valve 
compared with previous generations of the Edwards valve. This finding has been 
attributed to the incorporation of an external fabric cuff in the inferior part of the 
valve intended to minimize paravalvular leak. A higher (more aortic) valve depth 
implantation of this new-generation valve might help in preventing the higher 
risk of PPI [67].

Clinical predictors of an increased risk of new-onset LBBB include, in addition 
to valve prosthesis type, depth of implantation, presence of preexisting conduc-
tion abnormalities (longer baseline QRS duration), and TAVI within the native 
aortic valve (as opposed to valve-in-valve procedures). Also, baseline characteris-
tics such as male gender, absence of prior valve surgery, the presence of porcelain 
aorta, and preexisting conduction abnormalities (mainly preexisting right bundle 
branch block, left anterior hemiblock, and first-degree AV block) have been iden-
tified as independent predictors of the need for PPI post-TAVI [55]. Similarly, 
intraprocedural AV block, implantation depth, use of the CoreValve system, and 
balloon predilatation are independently associated with an increased likelihood of 
PPI [55, 56, 64].

The main reason for pacemaker implantation following TAVI is the occurrence 
of a high-grade or complete AVB followed by sick sinus syndrome and severe 
symptomatic bradycardia. However, new-onset persistent LBBB following TAVI 
has been considered by some centers to be an indication for prophylactic pacemaker 
implantation, and this may partially explain the differences between centers/studies 
regarding the pacemaker implantation rate.

The onset of conduction disturbances after TAVR can vary, with the majority of 
cases being periprocedural or occurring within the first week of the procedure [68]. 
Delayed high-degree AVB (up to 8 days) is rarer and is reported to occur more fre-
quently in men and in patients with conduction disorders in the ECG-recorded post-
TAVR. Thus, most authors suggest continuous electrocardiographic monitoring for 
at least 48 h is needed in such patients [55, 68].

Data on the clinical impact of new conduction disturbances post-TAVR remain 
controversial. A recent meta-analysis by Regueiro et  al. showed that new-onset 
LBBB is significantly associated with higher risk of cardiac death (RR of 1.39; 95% 
CI, 1.04–1.86; p = 0.03) and need for PPI at 1-year follow-up (RR, 2.18; 95% CI, 
1.28–3.70; p < 0.01), while periprocedural PPI seemed not to be associated with an 
increased risk of death (global or cardiac) within a year of TAVR [69].

26.3	 �Vascular Complications

Preventing vascular complications is a major issue in TAVR.  The use of large-
diameter catheters and the high-risk profile of the TAVR population are the two 
main reasons for the high rate of vascular complications. In a meta-analysis of 3519 
patients, the pooled incidence rate of major vascular complications was 11.9% [70]. 
Rates can vary considerably depending on the access route, valve type and size, and 
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definitions used to report vascular complications. In the TF cohort of the PARTNER 
trial, the 30-day major and minor vascular complication rates were of 15.3% and 
11.9%, respectively [71]. The most frequent vascular complications were vascular 
dissection (62.8%), vascular perforation (31.3%), access site hematoma (22.9%), 
and retroperitoneal bleeding (9.5%).

In the FRANCE-2 registry, the overall rate of major vascular complications was 
4.7%, as defined by the VARC-1 criteria. More complications were reported in the 
CoreValve group compared with the Edwards THV patients (4.5% vs. 2.7%, 
respectively) [6]. No significant difference was found when comparing patients 
who received a CoreValve to those who had an Edwards THV (9.3% vs. 12.3%; 
HR: 0.735; p = 0.34) in the PRAGMATIC PLUS initiative, after a propensity score 
matching for sheath size [10]. Two large meta-analyses found that the overall rates 
of major vascular complications were higher in the transarterial (mainly trans-
femoral) compared with the transapical approach [72, 73]. Nonetheless, interpreta-
tion of the data on vascular complications is difficult since the studies published 
before the VARC era used different and arbitrary definitions. The implementation 
of the VARC-2 criteria may have resulted in a higher rate of reported major VC 
after TAVI compared with VARC-1 criteria, mainly by the inclusion of major 
bleeding events [74].

The occurrence of major vascular complications has been linked to a higher 
1-month and 1-year all-cause and cardiovascular mortality in numerous studies [5, 
10, 71, 74]. On the other hand, the occurrence of minor vascular complications has 
no impact on mortality.

26.3.1	 �Predictors of Vascular Complications

The main determinants of vascular complications after transfemoral TAVR are 
small vessel diameter, severe atherosclerotic disease, bulky calcification, and tortu-
osity of the iliofemoral axis [75]. By multivariable analysis in 127 patients undergo-
ing transfemoral TAVR, the independent predictors of VARC-1 major vascular 
complications were sheath-to-femoral artery ratio (SFAR) (HR: 186.2; p = 0.006), 
early center experience (HR: 3.66; p = 0.023), and femoral artery calcium score 
(HR: 3.44; p = 0.026). Neither the type of device nor the diameter of the introducer 
sheath predicted major vascular complications [76].

Peripheral vascular disease and a sheath external diameter greater than the mini-
mal artery diameter have been shown to be other predictors of vascular complica-
tions in an analysis of 137 TAVR patients [77]. In the multivariable analysis of the 
PRAGMATIC initiative, determinants of major vascular complications included 
sheath size and female gender [78]. In the PARTNER trial, female gender was also 
recognized as a strong, independent predictor of major vascular complications (HR: 
2.31; p = 0.03) [71]. Table 26.5 summarizes main predictors of major vascular com-
plications after TAVR.
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26.3.2	 �Reducing the Risk of Vascular Complications

Since the introduction of percutaneous closure devices, this technique has been 
employed in the vast majority of centers for transfemoral access, replacing the con-
ventional surgical cutdown. The results of percutaneous closure have been similar 
to those of surgical cutdown, and it has the advantage of facilitating recovery and 
discharge. The fully percutaneous technique is, however, associated with a learning 
curve process and improved results, and progressively lowering rates of vascular 
complications are expected with increasing experience [77, 78].

The most commonly used vascular closure devices are the Prostar XL percuta-
neous vascular surgical system (Abbott Vascular, Abbott Park, IL, USA) and the 
Perclose ProGlide suture-mediated closure system (Abbott Vascular) (Fig. 26.5). 
The CLOsure device iN TRansfemoral aOrtic vaLve implantation (CONTROL) 
multicenter study recently found that after propensity score matching, the rate of 
major vascular complications was higher in the group of patients undergoing per-
cutaneous TAVR with the Prostar device compared with those undergoing TAVR 

a b

Fig. 26.5  (a) Prostar XL Percutaneous Vascular System (Abbott Vascular, Abbott Park, IL, USA) 
and (b) Perclose ProGlide Suture-Mediated Closure System (Abbott Vascular, Abbott Park, IL, 
USA). Taken from Expert Rev. Cardiovasc Ther. 2015 Nov;13(11):1251–62. doi: 
10.1586/14779072.2015.1096778. Reducing periprocedural complications in transcatheter aortic 
valve replacement: review of paravalvular leaks, stroke and vascular complications. Paradis JM, 
Altisent OA, Rodés-Cabau J

Table 26.5  Predictors of vascular complications 
in TAVR

Peripheral vascular disease
Female gender
Early center experience
Sheath external diameter
SFAR > 1.05
SFAAR > 1.35
Sheath size > 20 Fr

SFAAR sheath-to-femoral artery area ratio, 
SFAR sheath-to-femoral artery ratio
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with the Perclose ProGlide system (7.4% vs. 1.9%; p = 0.001). Nevertheless, the 
rate of in-hospital mortality was similar with both the devices (4.9% vs. 3.5%; 
p = 0.2) [79].

In addition to improving the valve platform characteristics, some of the newer-
generation valve systems have incorporated lower profile delivery systems that have 
translated into a significant reduction in vascular complications. This is the case of 
the SAPIEN 3 valve and the Commander delivery catheter (Edwards Lifesciences), 
which can be advanced through a 14 Fr expandable sheath [43, 52], and the last 
generation of the CoreValve system (Evolut R; Medtronic, Minnesota, MN, USA), 
which can be introduced through a 14 Fr sheath (true 18 Fr outer diameter) [44].

26.4	 �Stroke

26.4.1	 �Incidence of Cerebrovascular Events

The occurrence of cerebrovascular events (CVE) is associated with significant mor-
bidity and mortality and remains one of the most worrisome complications associ-
ated with TAVR, especially with the tendency toward treating lower surgical risk 
patients as in the recently published PARTNER-2 (Placement of AoRTic 
TraNscathetER-2) trial [80].

However, recent studies [80–82] have suggested a decrease in CVE over time, 
down to rates of 2.5–3% compared with earlier TAVR appraisals [83].

In a large meta-analysis of 64 studies involving 72,318 patients, the overall rate 
of CVE was 3.3% (range 1–11%) at 30 days, with no significant differences between 
single and multicenter studies, or according to CVE adjudication availability [84]. 
In the high-risk cohort of the randomized PARTNER trial, in which TAVR was 
compared with SAVR, the rates of stroke and transient ischemic attack were higher 
after TAVR at both 1 month (5.5% TAVR vs. 2.4% SAVR; p = 0.04) and 1 year 
(8.3% TAVR vs. 4.3% SAVR; p = 0.04) [2]. However, this early risk diminished 
over time, with similar stroke incidences at 2 years (11.2% TAVR vs. 6.5% SAVR; 
p = 0.05) [11] and 5 years (15.9% TAVR vs. 14.7% SAVR; p = 0.35) [26].

No significant difference in stroke rate was found between TAVR and SAVR in 
the randomized US CoreValve trial, at 1 month and 1 year [20].

On the other hand, clinically silent cerebral embolism has been associated with 
more lingering neurological impairment, most importantly a decline in neurocogni-
tive function, and deterioration of dementia [85]. Mechanistic studies using 
diffusion-weighted cerebral MRI have found new cerebral lesions in 68–91% of 
patients after TAVR irrespective of the valve type and approach (transfemoral or 
transapical) [86, 87]. These lesions were usually multiple and dispersed in both 
hemispheres in a pattern suggesting cerebral embolization. Despite the high fre-
quency of new cerebral lesions on MRI in these series, the long-term clinical signifi-
cance of these cerebral lesions remains unknown.

The definition of stroke varied across the studies, and, usually, there was no inde-
pendent adjudication of the event. In an effort to make TAVR studies more rigorous 
and to avoid a clinical data conundrum that may render comprehensive evaluation of 
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the data very complex and the comparison of inter-study results challenging, VARC 
proposed standardized definitions for numerous end points, including stroke [16]. 
According to VARC-2, a stroke can be defined as an acute episode of a focal or global 
neurological deficit with at least one of the following: change in the level of con-
sciousness, hemiplegia, hemiparesis, numbness or sensory loss affecting one side of 
the body, dysphasia or aphasia, hemianopia, amaurosis fugax, or other neurological 
signs or symptoms consistent with stroke. Also, the duration of a focal or global neu-
rological deficit should be >24 or <24 h if there is available neuroimaging evidence of 
a new hemorrhage or infarct or if the neurological deficit results in death. A stroke can 
also be categorized as ischemic if it is an acute episode of focal cerebral, spinal or reti-
nal dysfunction caused by infarction of the central nervous system tissue, or hemor-
rhagic if it is an acute episode of focal or global cerebral or spinal dysfunction caused 
by intraparenchymal, intraventricular, or subarachnoid hemorrhage. A stroke can be 
classified as undetermined if there is insufficient information to allow categorization 
as ischemic or hemorrhagic. Finally, a stroke can be called disabling if the modified 
Rankin score is 2 or more at 90 days and there is an increase in at least one modified 
Rankin score category from an individual’s pre-stroke baseline.

26.4.2	 �Risk Factors and Predictors of Neurological Events

Numerous variables have been described as potential predictors of CVE after TAVR. It 
is known that most of the procedural cerebral embolic events during TAVR occur dur-
ing balloon valvuloplasty, manipulation of catheters across the aortic valve, and THV 
deployment [88]. However, it has been shown that about 50% of the CVE may occur 
more than 24 h after TAVR [89]. Those neurological events likely have a thrombo-
genic origin and may reflect the highly comorbid profile of TAVR candidates.

In a large meta-analysis of 64 studies, Auffret et al. showed that men were at 
lower risk for CVE (RR, 0.82; p = 0.02), while chronic kidney disease (RR, 1.29; 
p = 0.03), new-onset atrial fibrillation post-TAVR (RR, 1.85; p = 0.005), and proce-
dures performed within the first half of a center’s experience (RR, 1.55; p = 0.003) 
were associated with an increased risk. Balloon post-dilation tended to be associ-
ated with a higher risk of CVE (RR, 1.43; p = 0.07). Valve type (balloon expandable 
vs. self-expandable, p  =  0.26) and approach (transfemoral vs. non-transfemoral, 
p = 0.81) did not predict CVE [84].

Likewise, another meta-analysis of 25 multicenter registries and 33 single-center 
studies failed to show a significant difference in stroke rates between valve type and 
approach [90].

In a subanalysis of the PARTNER trial, having a smaller aortic valve area was 
correlated with an increased risk of early stroke, probably because tight stenotic 
valves have more calcification that could embolize during TAVR [89]. On the other 
hand, being a non-TF candidate, having a history of stroke or transient ischemic 
attack, and more advanced functional disability were recognized as the risk factors 
for late neurological events. In this subanalysis, preoperative rhythm was not associ-
ated with post-TAVR neurologic events. Table 26.6 summarizes the main mecha-
nisms of cerebrovascular events following TAVR.
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26.4.3	 �Impact of Cerebrovascular Events on Mortality After TAVR

In the previously mentioned meta-analysis by Eggebrecht et al. [83], stroke follow-
ing TAVR was associated with a 3.5-fold increased mortality within the first 30 days. 
CVE was also found to be associated with higher rates of mortality in the Italian 
registry (CoreValve system) and in the PARTNER trial (Edwards THV) [23, 89]. In 
the multicenter study by Nombela-Franco et al. [91], the influence of cerebrovascu-
lar events on mortality was determined by the severity of the neurological event. 
Indeed, only the events leaving permanent sequelae were associated with lower sur-
vival at 30 days and 1 year.

26.4.4	 �Prevention of Stroke

Several cerebral protection devices have been developed with the objective of reduc-
ing CVE that occur primarily during or immediately after TAVR [92]. These protec-
tion devices work by filtering or deflecting the debris away from the cerebral 
circulation while allowing ongoing cerebral perfusion.

The Embrella Embolic Deflector (EED) device (Edwards Lifesciences, Irvine, 
CA, USA) (Fig. 26.6) is a percutaneous 6 Fr compatible embolic protection device 
made of an oval-shaped nitinol frame with a porous polyurethane membrane cover-
ing, which is attached to a 110-cm-long nitinol shaft. Once deployed, the petals 
extend and cover the ostium of the innominate artery as well as the origin of the left 
common carotid artery. In the feasibility and exploratory efficacy PROTAVI-C 
study [93], EED was deployed in 41 patients. It did not prevent the incidence of 
cerebral microemboli during TAVR or new transient ischemic lesions on magnetic 
resonance imaging. However, compared with the control group, there was a reduc-
tion in cerebral lesion volume when EED was used.

Table 26.6  Mechanisms of 
CVE following TAVR

Procedural
Manipulation of the catheter, wire, and THV within the aorta and 
across the aortic valve
Balloon aortic valvuloplasty
Balloon post-dilatation
Valve embolization, need for second valve
Air embolism
Thromboembolism
Hypotension
Hypertension following TAVR
Non-procedural
Female gender
Chronic kidney disease
Atrial fibrillation
Diabetes
Prior stroke
Atherosclerosis burden
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The TriGuard HDH embolic deflection device (Keystone Heart Ltd., Caesarea, 
IL, USA) (Fig. 26.6) is a temporary, biocompatible filter made of fine nitinol wires, 
which is delivered via a 9 Fr transfemoral introducer sheath placed in the aortic arch 
and secured in position by an atraumatic stabilizer in the ostium of the innominate 
artery. All three major cerebral arteries in the aortic arch (innominate, left common 
carotid, and subclavian arteries) are covered by the filter portion, which maintains 
blood flow to the cerebral vessels through 130  mm pores while deflecting larger 
emboli to the descending aorta. An antithrombotic coating is present to reduce the 
formation of thrombus at the surface of the device. In the recently published 
DEFLECT III study [94], 85 patients undergoing TAVR were randomized to 
TriGuard protection or to no protection. TriGuard was associated with a lower rate of 
new ischemic brain lesions (11.5% vs. 26.9%), fewer new neurologic deficits detected 
by the National Institutes of Health Stroke Scale (3.1% vs. 15.4%; p  =  0.16), 
improved Montreal Cognitive Assessment scores, better performance on a delayed 
memory task (p = 0.028) at discharge, and a greater than twofold increase in recovery 
of normal cognitive function (Montreal Cognitive Assessment score > 26) at 30 days. 
More data are expected from the ongoing REFLECT randomized trial.

a b

c

Fig. 26.6  Examples of embolic protection devices. (a) Embrella™ embolic deflector device. (b) 
TriGuard™ cerebral protection device. (c) Claret Montage ™ dual filter embolic protection device. 
Taken from Expert Rev. Cardiovasc Ther. 2015 Nov;13(11):1251–62. doi: 
10.1586/14779072.2015.1096778. Reducing periprocedural complications in transcatheter aortic 
valve replacement: review of paravalvular leaks, stroke and vascular complications. Paradis JM, 
Altisent OA, Rodés-Cabau J
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The Claret Montage embolic protection device is a 6 Fr compatible catheter 
delivered over a standard coronary guidewire and delivers two filters (Fig. 26.6). 
To protect the right carotid artery, the first filter is deployed in the brachiocephalic 
trunk. Then, the second filter is positioned in the left common carotid artery. Of a 
total of 40 patients who underwent TAVR with the use of this device, 75% had 
macroscopic material captured in the device filter baskets, consisting of throm-
botic material and tissue fragments compatible with aortic valve leaflet [95]. 
These findings substantiate the urgent need to decrease cerebrovascular emboliza-
tion during TAVR.

26.5	 �Coronary Occlusion

Symptomatic coronary obstruction following TAVR is also a rare (<1%) but life-
threatening complication, most often caused by the displacement of the calcified 
native cusp over the coronary ostium, mainly of the LCA (Fig. 26.7). It has been 
shown to occur more frequently in women, in patients receiving a balloon-expandable 

Fig. 26.7  Autopsy showing a self-expandable valve (Portico) occluding the ostium of the right 
coronary artery. (Left) LM obstruction after deployment of a second balloon-expandable valve 
(SAPIEN), successfully treated with angioplasty and stent implantation (Right). Images acquired 
at our institute
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valve, and in those with a previous surgical bioprosthesis. Lower-lying coronary 
ostium (<12 mm) and shallow sinus of Valsalva (<30 mm) were associated anatomic 
factors [96].

Because acute and late mortality remains very high (8.3%) despite successful 
treatment, it is essential to try to anticipate and prevent the occurrence of this com-
plication. Therefore, pre-interventional imaging with computed tomography and/or 
transesophageal echography should be used to gather information on this issue, 
since some potential problems can be anticipated and thus prevented. In these cases, 
a type of valve with a lower risk of coronary obstructions should be used, or conven-
tional surgical valve replacement considered the potentially better option.

The vast majority of patients will present with rapid hemodynamic deterioration 
and persistent severe hypotension, significant ST changes, or procedural ventricular 
arrhythmias. Hemodynamic support and percutaneous treatment are successful in 
most cases as long as the revascularization efforts are effective within a few min-
utes. In difficult cases, it may be helpful to initiate a temporary extracorporeal cir-
culation and convert to open-heart surgery.

26.6	 �Annular Rupture and Free Wall Perforation

Aortic annular rupture is a rare, life-threatening complication of TAVR that occurs 
at a rate of 1.1% [97]. It has been shown that moderate or severe LVOT/subannular 
calcification and significantly oversized prostheses (≥20% area oversizing) are the 
most important risk factors associated with aortic root rupture. Smaller annular size 
or sinotubular junction, bulky calcification, implantation of a balloon-expandable 
device, and aggressive balloon pre- or post-dilation should also be considered as 
potential predictors [98] (Fig. 26.8).

The rupture can occur at the annular level, sinus of Valsalva, LVOT, or sinotubu-
lar junction. While uncontained aortic root rupture is associated with very high mor-
bidity and mortality (48%), it seems that contained periaortic rupture/hematoma has 
better prognoses [98, 99].

This complication is very hard to predict. Preprocedural CT analysis is crucial in 
detecting unfavorable anatomy (LVOT calcifications), and aggressive oversizing 
with regard to the LVOT diameter should be avoided, especially in fragile elderly 
patients. Emergent conversion to an open-heart surgery, pericardial drainage, and 
comfort care are the existing management options.

Cardiac tamponade has been described as occurring in 0.2–4.3% of cases, with 
a higher probability in retrograde transvascular techniques than with transapical 
access [100]. The major mechanisms leading to this complication include annular or 
aortic root rupture, perforation of the right ventricle (RV) caused by the temporary 
pacing lead, and perforation of the LV by a guidewire. Once diagnosed, perforations 
from the venous (i.e., RV) side can often be treated effectively by pericardiocente-
sis with reinfusion of the blood into the femoral vein, while arterial perforations 
(i.e., LV perforations or annular rupture) frequently require immediate surgical 
interventions.
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26.7	 �Long-Term Valve-Related Complications:  
Thrombosis and Degeneration

Though THV thrombosis is a rare complication (1.2%), little is known about its real 
incidence, clinical implications, and predisposing factors. Results among studies 
vary according to valve type, clinical/imaging diagnostic criteria, timing of follow-
up, and antithrombotic/anticoagulation regimen. It is known that a majority of 
patients present with worsening dyspnea and increased THV gradients. It has been 
shown that most cases of THV thrombosis occur within a year of TAVI (median 
time of onset of 6 months) and a preponderance following balloon-expandable valve 
implantation [101]. Latib et al. reported an incidence of THV thrombosis of 0.61% 
in a multicenter retrospective registry of >4000 patients, based mainly on TTE. All 
cases were detected within 2 years of TAVR (median of 180 days) [102]. No asso-
ciation with valve type or other predisposing factors was noted.

In a large multicenter study, involving 10 centers and 2418 patients, Del Trigo 
et al. found that the overall incidence of VHD, defined as an absolute increase in 
mean transprosthetic gradient ≥10  mmHg (on TTE) between discharge and last 
follow-up, was 4.5% [103]; 2.8% occurred within the first year. Independent associ-
ated factors were lack of anticoagulation therapy, a valve-in-valve procedure, use of 
an ≤23 mm transcatheter valve, and a greater BMI. No difference with valve type 
was noted.

However, recent reports have found that conventional TTE follow-up post-TAVR 
is inferior for the detection of THV thrombosis compared to contrast-enhanced 

a b

Fig. 26.8  Annular rupture: (a) After implantation of a balloon-expandable prosthesis, final angi-
ography shows a rupture of the aortic root, with leakage of contrast agent into the pericardium 
(white arrow). (b) Operative site of a ruptured annulus that has been successfully repaired with a 
patch (white arrow). Taken from Complications of transcatheter aortic valve implantation (TAVI): 
how to avoid and treat them. Möllmann H, Kim WK, Kempfert J, Walther T, Hamm C. Heart. 2015 
Jun;101(11):900–8. doi: 10.1136/heartjnl-2013-304708
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multidetector computed tomography (MDCT). Indeed, it has the ability to detect 
THV thrombosis in asymptomatic patients with no evidence of THV obstruction on 
TTE and can potentially lead to increased risk of stroke, THV obstruction with heart 
failure, or reduced long-term THV durability [104, 105].

Similarly, Hansson et al. employed MDCT in addition to TTE and TEE, in 460 
consecutive patients undergoing TAVR with the Edwards SAPIEN XT or SAPIEN 
3 valves, at 1- to 3-month follow-up. The incidence of overall thrombosis was 7%, 
of which only 18% were clinically overt obstructive THV thrombosis. On multivari-
able analysis, larger THV (29 mm) and no post-TAVR warfarin treatment indepen-
dently predicted THV thrombosis [106]. Twenty-five percent of patients were on 
aspirin alone.

The most commonly used treatment regimen for THV thrombosis is anticoagula-
tion, which has proven to be efficacious in more than 80% of patients [102, 106]. In 
other cases, percutaneous TAVR in TAVR or open-heart surgery can be considered. 
However, a significant concern regards the antithrombotic regimen that should be 
used post-TAVR, its duration, and whether anticoagulation is indicated or not 
(Table 26.7) [107, 108]. Currently, dual antiplatelet therapy (ASA + clopidogrel) is 
recommended and used in most centers, but the duration of clopidogrel varies 
widely. Future studies, such as the ongoing ARTE (Aspirin Versus Aspirin + 
Clopidogrel Following Transcatheter Aortic Valve Implantation) pilot trial 
(NCT01559298) should provide key data to inform future large-scale, clinical trials. 
On the other hand, data on the protective effect of anticoagulant therapy is expected 
to be provided with ongoing randomized trials, such as the GALILEO trial 
(NCT02556203) and the POPular-TAVI trial (NCT02247128).

�Conclusions

In this chapter, the most common complications following TAVR have been 
briefly reviewed. Despite major advances in TAVR, PVLs, stroke, conduction 
disturbances, and vascular complications are still significant complications asso-
ciated with this less-invasive procedure. The presence of moderate-to-severe 
PVL following TAVR is definitely associated with decreased survival. New or 
emerging THV devices may reduce this hurdle by allowing controlled deploy-
ment, repositioning, or even retrieval of the valve and by better annular sealing. 
Post-procedural stroke is also associated with worse survival post-TAVR and is 

Table 26.7  Current 
guidelines for antithrombotic 
therapy post-TAVR

American Heart Association/American College of Cardiology/
Society of Thoracic Surgeons
1. Aspirin should be used indefinitely
2. Concomitant clopidogrel for 3–6 months
3. �If vitamin K antagonist is indicated, no concomitant 

clopidogrel
European Society of Cardiology
1. Aspirin or clopidogrel indefinitely
2. Combination of aspirin and clopidogrel early after TAVI
3. If vitamin K antagonist is indicated, no antiplatelet therapy
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still one of the most feared complications by both the patient and operator. The 
use of newer, smaller, less-traumatic catheters, improved technique, increased 
operator’s experience, and the use of embolic protection devices could eventu-
ally contribute to lowering the risk of cerebrovascular events associated with 
TAVR. Conduction disturbances and the need for PPI are the most frequent com-
plications of TAVR, and its occurrence has seemingly increased with some of the 
newer-generation transcatheter valves. Finally, for vascular complications, thor-
ough assessment of the iliofemoral arteries with MDCT, careful patient selec-
tion, improved experience, and the use of alternate access routes (transapical, 
transaortic, subclavian, carotid, transcaval) can sometimes be necessary to avoid 
major vascular complications. Moreover, lower sheath profile, fully percutane-
ous access, and echocardiographic-guided access also represent technological 
advances that can potentially reduce the occurrence of vascular complications in 
the setting of TAVR.

As the use of TAVR expands to include lower-risk populations, it is manda-
tory to develop new technologies that will reduce the rate of complications fol-
lowing TAVR and will therefore ensure a favorable risk–benefit ratio for both the 
existing and the new, less-comorbid patient populations.
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27TAVI Postprocedural Management

Piera Capranzano and Corrado Tamburino

27.1	 �Antithrombotic Therapy

27.1.1	 �Background and Rationale

Despite recent progresses in technology and operator experience and high procedural 
success rates, the transcatheter aortic valve implantation (TAVI) is associated with 
a non-negligible risk of thrombotic events, especially ischemic stroke. This risk of 
stroke is particularly high in the periprocedural period, but it steadily maintains 
during follow-up [1, 2]. Multiple factors can contribute to stroke in TAVI patients, 
including the following: introduction and manipulation of large valve systems in 
calcified arteries; exposition of tissue factor or arterial embolization of thrombo-
genic and inflammatory material subsequent to the important tissue injury caused 
by the positioning and implantation of the prosthesis valve when crushing the native 
valve; thrombi generated in areas of turbulent flow or blood stasis created by the 
new device overlying the native valve, especially in the case of small valve areas; 
tissue injury of the aortic wall triggering the thrombus formation; thromboembo-
lism from bioprosthetic leaflets; peripheral vascular disease; and atrial fibrillation. 
This latter arrhythmia, in particular, is an important contributing factor, as it is pres-
ent before the procedure in a relevant proportion (about 30%) of patients undergo-
ing TAVI. In addition, it can develop newly after TAVI during follow-up in about 
20% of patients who were on sinus rhythm at the time of the procedure [3]. Of 
importance, the advanced age and large burden of comorbidities typical of TAVI 
patients lead to a frequently high CHA2DS2-VASC score associated with a high 
annual risk of stroke.
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Few cases of leaflet thrombosis in transcatheter bioprosthetic aortic valves have 
been reported [4]. In particular, symptomatic transcatheter aortic valve thrombosis 
is rare, occurring within the first 2  years after TAVI in <1% of cases [4]. 
Echocardiographic findings of leaflet thrombosis cases include a markedly elevated 
mean aortic valve pressure gradient, presence of thickened leaflets or thrombotic 
apposition of leaflets in 77%, and a thrombotic mass on the leaflets in the remain-
ing 23% of patients [4]. The most common clinical presentation is exertional dys-
pnea (65%), while 31% of patients have no worsening symptoms, and the valve 
thrombosis is detected on routine follow-up echocardiography [4]. Of note, in most 
patients (88%), anticoagulation therapy results in a significant decrease in the aor-
tic valve pressure gradient within 2 months [4]. However, due to absent or mild 
clinical manifestations, the frequency of valve thrombosis may be underestimated 
if early echocardiographic assessment is not systematically done. This was high-
lighted in a recent study in which subclinical reduced leaflet motion, likely due to 
thrombosis, was not uncommon in three different small cohorts [5]. Therapeutic 
anticoagulation with warfarin was associated with significantly lower rates of 
reduced leaflet motion than was dual antiplatelet therapy (DAPT) [5]. In a recent 
study, among 405 consecutive patients undergoing TAVI with the Edwards SAPIEN 
XT or SAPIEN 3, the contrast-enhanced multidetector computed tomography 
(MDCT) showed hypo-attenuated leaflet thickening, indicating valve thrombosis 
in 28 (7%) patients [6]. A total of 23 (5.7%) patients had subclinical valve throm-
bosis, while 5 (1.2%) patients experienced clinically overt obstructive thrombosis. 
The risk of valve thrombosis in patients not receiving warfarin was higher com-
pared with patients receiving warfarin, 10.7% vs. 1.8% [6]. Treatment with warfa-
rin effectively reverted thrombosis and normalized valve function in 85% of 
patients as documented by follow-up transesophageal echocardiography and 
MDCT [6]. However, the clinical impact of subclinical reduced leaflet motion 
remains undetermined.

The risks of stroke and valve thrombosis in TAVI patients established the ratio-
nale for antithrombotic therapy, antiplatelet (single or DAPT), and/or anticoagulant. 
The possible predominant pathogenetic role of thrombin over platelets in the cere-
brovascular events occurring after TAVI, non-infrequent new-onset atrial fibrilla-
tion, and possible bioprosthesis thrombosis suggests the greater potential usefulness 
of anticoagulant with respect to antiplatelet therapy, even in patients with no spe-
cific concomitant indications for anticoagulation. However, in selecting antithrom-
botic therapy, it should be considered that patients undergoing TAVI are at high risk 
of bleeding. Bleedings are frequent complications of TAVI during the periproce-
dural phase occurring in about 15–30% of patients [2, 7]. Also late major bleedings, 
in which the antithrombotic therapy plays a role, are common and are known to 
have a negative prognostic impact [7]. For this reason, in patients undergoing TAVI, 
it is crucial to identify the antithrombotic regimen that can be effective but also 
safe. Indeed the risk of bleeding related to the use of specific antithrombotic drugs 
may not counterbalance the risk of stroke or that of prosthesis valve thrombosis. 
However, the optimal antithrombotic therapy for TAVI patients is still a matter of 
debate, and though little evidence is available, it is currently under investigation in 
several studies.
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27.1.1.1	 �Current Evidence and Practical Recommendations
During the procedure, the most used antithrombotic strategy is unfractionated 
heparin (UFH) administered as an initial intravenous bolus of 5000 IU plus eventual 
additional bolus to achieve an activated clotting time ≥ 250 s for the entire proce-
dure. Reversal of UFH with protamine at the end of the procedure is usually consid-
ered standard local institutional practice. This common antithrombotic strategy 
during the TAVI procedure is corroborated by a recent randomized study (BRAVO-3) 
assessing UFH vs. bivalirudin in 802 patients undergoing transfemoral TAVI [8]. 
Compared with UFH, bivalirudin did not significantly reduce rates of major bleed-
ing at 48 h or net adverse cardiovascular events at 30 days, though the non-inferior-
ity for the latter end point was met [8]. Thus, considering the cost of heparin and the 
lack of an antidote for bivalirudin, according to the results of the BRAVO-3 trial, 
UFH should remain the standard of care.

Evidence on the antithrombotic treatment after TAVI is scant, and thus the optimal 
regimen has yet to be established. Empirically, in patients without a specific indica-
tion for oral anticoagulation, antiplatelet drugs are commonly used after TAVI.  In 
particular, the general consensus is to prescribe DAPT with aspirin and clopidogrel 
for 3–6 months and aspirin in single chronic therapy thereafter. However, the use of 
DAPT has not been evidence based. Four studies have compared aspirin in mono-
therapy versus DAPT after TAVI, concluding that aspirin alone tended to reduce 
major bleeding, with no increase in ischemic stroke [9–12]. These studies were small, 
including 672 patients overall, and only 2 were randomized, not allowing for definite 
conclusions on the superior net clinical benefit of single therapy versus DAPT after 
TAVI. However, the consistency and biological plausibility of overall safety results 
suggest that a therapy with a single antiplatelet may be a viable strategy for patients 
with a relative higher risk of bleeding. Considering that most cases of ischemic stroke 
occur during the first 30 days after TAVI, a reasonable antithrombotic regimen could 
consist in prescribing DAPT for at least one month and, thereafter, continuing with 
aspirin only. The latter strategy was adopted in the PARTNER 2A trial [13], where 
the absolute increase of ischemic stroke between 30 days and 1 year was lower (about 
half) than that of life-threatening or disabling bleeding. These findings would appear 
to argue against the use of prolonged regimens of DAPT after TAVI. The ongoing 
ARTE (aspirin vs. aspirin +  clopidogrel following TAVI pilot trial) and POPular-
TAVI (antiplatelet therapy for patients undergoing TAVI) studies will help to define 
the role of DAPT compared with aspirin in monotherapy after TAVI.

Finally, it is still unknown whether anticoagulation would be better for TAVI 
patients with no specific indication compared with the antiplatelet therapy. This 
issue has being addressed in two large randomized studies. The GALILEO (Global 
multicenter, open-label, randomized, event-driven, active-controlled study compar-
ing a rivAroxaban-based antithrombotic strategy with an antipLatelet-based strat-
egy after transcatheter aortIc vaLve rEplacement to Optimize clinical outcomes) 
trial randomized TAVI patients with no atrial fibrillation or other indications for oral 
anticoagulation to rivaroxaban 10 mg daily for long-term plus aspirin 75–100 mg for 
the first 3 months or to aspirin 75–100 mg for long-term plus clopidogrel for the first 
3 months). The ATLANTIS (Anti-Thrombotic Strategy to Lower All Cardiovascular 
and Neurologic Ischemic and Hemorrhagic Events after Trans-Aortic Valve 
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Implantation for Aortic Stenosis) trial compared apixaban 5 mg bid (2.5 mg bid 
in specific subgroups) with antiplatelet therapy or warfarin in patients without oral 
anticoagulation indications. Until the results of these studies are available, oral anti-
coagulation cannot be routinely used in TAVI patients without other concomitant 
specific indications (e.g., atrial fibrillation, venous thromboembolism). However, a 
strict monitoring at follow-up is needed to detect new-onset atrial fibrillation and 
a subclinical valve prosthesis dysfunction likely due to thrombosis, which would 
require oral anticoagulation alone.

27.1.2	 �In-Hospital Care

27.1.2.1	 �ICU Care
After the procedure, a short period of observation (about 48 h) is needed in an inten-
sive care unit (ICU). Careful monitoring of vital signs and an accurate clinical 
examination are absolutely necessary to detect, early on, the onset of complications 
and to diagnose or rule out any states of heart failure or neurological impairment 
(Table 27.1). For example, the sudden onset of hypotension and signs of peripheral 

Table 27.1  Postprocedural management

After 
procedure 
(until 
discharge)

Vital signs (temperature, heart rate, systolic blood pressure, and respiratory rate)
Cardiovascular and neurological evaluation
Laboratory work: CBC, creatinine, blood urea nitrogen, CK, CK-MB, liver 
enzymes, clotting parameters, electrolytes
Pulse-oximetry oxygen saturation
Monitoring of central venous pressure and input/output: fluid infusion for AK1 
or dehydration
Check of vascular accesses and color Doppler in case of suspicion of hematoma
12-lead ECG
Removal of temporary pacemaker within 24 h and implantation of permanent 
pacemaker, if necessary (complete atrioventricular block)
Holter ECG
TTE
Prophylactic antibiotic therapy

30 days after 
hospital 
discharge

Brief physical examination, including vital signs
Cardiac health status, including NYHA functional status CBC, creatinine, blood 
urea nitrogen
TTE
12-lead ECG
Quality of life measure
Endocarditis prophylaxis
Documentation of adverse events

3 months; 6, 
12, 18, and 
24 months; 
and yearly 
after 
24 months

Brief physical examination, including vital signs
Cardiac health status, including NYHA functional status
CBC, creatinine, blood urea nitrogen
TTE
12-lead ECG
Quality of life measure (at 12-month follow-up only)
Endocarditis prophylaxis
DoD documentation of adverse events
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hypoperfusion can point toward a diagnosis of cardiogenic shock secondary to valve 
malfunction, ventricular dysfunction, cardiac tamponade, retroperitoneal hema-
toma, arrhythmia, or myocardial infarction; signs of neurological impairment, such 
as aphasia, hyposthenia, confusion, or memory deficit, point instead to a suspicion 
of brain ischemia, which must be carefully investigated by complete neurological 
examination and a brain computed tomography scan.

Special attention must also be paid to (Table 27.1):

•	 Laboratory tests
•	 Renal function and fluid balance
•	 Vascular access
•	 Rhythm control
•	 Transthoracic echocardiogram (TTE)

Laboratory Tests
A routine check of laboratory examinations is recommended immediately after the 
procedure and every 24 h. The blood count is useful for the early detection of ane-
mia secondary to occult bleeding, leukocytosis due to infection, and thrombocyto-
penia. Thrombocytopenia is a rare side effect linked to the use of thienopyridines, 
UFH, and low molecular weight heparin (LMWH). The use of a thienopyridine can 
be associated with the onset of thrombotic thrombocytopenic purpura, a condition 
marked by intravascular clotting, thrombocytopenia, and bleeding. In this case, 
platelet transfusion is contraindicated, except for cases of major bleeding, while 
plasmapheresis and fresh plasma administration are useful [14].

If there is a suspicion of thrombocytopenia secondary to the administration of 
heparin (either UFH or LMWH), early detection of the form that arises as a result 
of an immune-type mechanism is necessary; this is known as heparin-induced 
thrombocytopenia (HIT) and is less common than the nonimmune-mediated form 
yet more serious because it is associated with a high risk of thromboembolic events. 
In this case, administration of the drug must be stopped, and non-heparin anticoagu-
lants must be used [15].

Blood urea nitrogen and creatinine values should be monitored to assess kidney 
function and diagnose acute kidney injury (AKI), while careful monitoring of serum 
electrolytes should be performed frequently over the first 48 h or in the presence of 
polyuria for the early detection of a state of depletion and for adequate correction.

Other laboratory examinations include the specific cardiac enzymes CK, 
CK-MB, and troponin-I necessary to diagnose acute myocardial ischemia, which 
may be caused, after TAVI, by embolization of calcific debris, displacement of 
native aortic leaflets, or large bulky calcium deposits over coronary artery ostia. In 
this case, an angiogram should be done to rule out coronary artery obstruction. Liver 
enzymes and clotting parameters should be monitored frequently.

Renal Function and Fluid Balance
In TAVI procedures, AKI is defined as an absolute reduction in kidney function 
occurring within 72 h after the procedure as follows: (1) stage 1, increase in serum 
creatinine to 150–200% (1.5—2.0 × increase compared with baseline) or increase 
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of ≥0.3 mg/dL (≥26.4 mmol/L); (2) stage 2, increase in serum creatinine to 200–
300% (2.0–3.0  ×  increase compared with baseline); and (3) stage 3, increase in 
serum creatinine to 300% (>3 × increase compared with baseline) or serum creati-
nine of ≥4.0 mg/dL (≥354 mmol/L) with an acute increase of at least 0.5 mg/dL 
(44 mmol/L). The TAVI procedure is associated with varying degrees of postpro-
cedural AKI, ranging from 12 to 57% [16]. Preventive intravenous hydration with 
isotonic saline solution is known to decrease the risk of AKI. Some authors have 
shown benefits of the use of N-acetyl-cysteine administered 24 h before the pro-
cedure along with adequate hydration in patients with existing kidney failure [17, 
18]. The recent PROTECT-TAVI (PROphylactic effecT of furosEmide-induCed 
diuresis with matched isotonic intravenous hydraTion in Transcatheter Aortic Valve 
Implantation) study has assessed the impact on AKI prevention after TAVI of the 
RenalGuard System (PLC Medical Systems, Milford, Massachusetts), a device that 
delivers intravenous fluids matched to the urine output [19]. In 112 patients undergo-
ing TAVI, matched isotonic intravenous hydration by the RenalGuard System contin-
ued for 4 h after the procedure was associated with lower AKI rates compared with 
standard saline solution hydration continued for 6 h after the procedure (n = 3 [5.4%] 
vs. n = 14 [25.0%], respectively, p = 0.014], with most cases (94%) being stage 1.

Careful monitoring of the fluid balance and central venous pressure is necessary 
to diagnose depleted intravascular volume states, provide adequate hydration, and 
reduce the risk of AKI. Therefore, a Foley catheter should be retained at least for the 
first 24  h after the procedure to facilitate input/output monitoring. It has been 
observed that after TAVI, a significant number of patients with normal kidney func-
tion develop AKI. It is believed that this condition is almost certainly secondary to 
depleted intravascular volume developing immediately after an intense polyuric 
phase. It has been hypothesized that polyuria is caused by a sudden and significant 
rise in cardiac output after valve implantation followed by kidney hyperperfusion 
[20]. Therapy must be mainly aimed at correcting oliguria secondary to hypovole-
mia, with an adequate supply of fluids. Diuretic therapy can be useful in patients in 
whom oliguria persists, even though normovolemia, hemodynamics, and kidney 
perfusion pressure have been restored.

Vascular Access
Major vascular complications are frequent in transfemoral TAVI (about 9%), and 
many of these are linked to the use of heparin, atheromatosis, calcification, and 
vascular bed tortuosity in these elderly patients and the use of large-gauge introduc-
ers [13]. These complications include hematomas, pseudoaneurysm, arteriovenous 
fistulas, dissections, retroperitoneal bleeding (in the case of transfemoral access), 
stenosis, and distal embolization. The introducer insertion site and distal pulses 
should be checked every 15 min during the first hour after the procedure and then 
every hour, to detect any signs of bleeding, hematomas, ecchymosis, pulsatile 
masses, murmurs, weak pulses, or signs of ischemic damage in the limbs. Patients 
must also be immobilized for 12 h after arterial hemostasis. Small hematomas and 
mild murmurs are frequent and do not require any diagnostic investigation or medi-
cal treatment. Clinical evidence of a large and progressively growing mass should 
lead to suspicion of a hematoma or pseudoaneurysm and hence be assessed by color 
Doppler ultrasound, especially if it is associated with a sudden development of 
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anemia. Color Doppler ultrasound also allows for the diagnosis of arteriovenous 
fistulas, which can cause groin pain or new-onset murmurs. Groin hematomas are 
usually stable and spontaneously vanish without any need for specific treatment. 
Pseudoaneurysms and arteriovenous fistulas require, as a first therapeutic strategy, 
ultrasound-guided compression repair (UGCR): the hematoma and the arterial 
breach should be identified; gradual compression should be applied until the flow 
from the artery to the hematoma stops; it should then be compressed until an echo-
reflecting clot forms inside the hematoma, and then a sturdy compressive medica-
tion applied for at least 24–48 h (Fig. 27.1); if the procedure is ineffective, surgical 
hemostasis is needed [21].

a

b

c

Fig. 27.1  Doppler 
ultrasound showing the 
evolution of a femoral 
artery pseudoaneurysm 
(FAP) after ultrasound-
guided compression repair 
(UGCR) in a patient 
undergoing transfemoral 
implantation of aortic 
device. The first image (a) 
shows FAP and blood 
effusion (white arrow) 
through the left common 
femoral artery (LCFA) 4 h 
after the procedure; the 
second (b) shows the lack 
of communicating tract 
from LCPA after UGCR; 
the third (c) is a 
predischarge check 
showing complete solution 
of the FAP
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The diagnosis of retroperitoneal hematoma is more challenging. It is a dangerous 
complication caused by a high arterial access site, above the inguinal ligament, from 
which blood exudate flows freely into the retroperitoneum, causing abdominal or 
back pain without any evidence of groin hematoma. The signs also include bleeding 
with no apparent origin and no pain, inexplicable hypotension, and recurrent epi-
sodes of vagal crisis. Retroperitoneal hematoma is diagnosed by tomography, which 
should be performed urgently (Fig. 27.2). Most of these cases of bleeding require 
surgery. The gradual or sudden development of anemia following these vascular 
complications requires, in many cases, transfusion with concentrated red blood cells.

Dissection or iliofemoral stenosis cases are generally treated by percutaneous 
angioplasty with balloon and stent implantation, while in the case of peripheral 
embolization, embolectomy or surgery is necessary.

Rhythm Control
Arrhythmias can occur after TAVI, so continuous ECG monitoring by telemetry is 
necessary. Atrioventricular or intraventricular conduction disorders are among the 
most frequent arrhythmic complications in TAVI. Atrial fibrillation secondary to 
alterations in the electrolyte balance can occasionally characterize the postproce-
dural course.

It is known that aortic valvuloplasty is marked by the intraprocedural onset of 
total left bundle branch block (LBBB) or atrioventricular block (AVB) of various 
degrees. In the great majority of cases, conduction disorders spontaneously resolve 
[22, 23]. TAVI has a higher incidence of conduction disorders.

Self-expanding valves are marked by the onset of total AVB in about 10–30% of 
cases [24] versus about 5–7% for balloon-expandable valves [25]. Most of the total 
AVB and all LBBB cases are intraprocedural; however, there is a small percentage 
of patients who can develop symptomatic late total AVB between postprocedure day 
5 and day 30 (Figs. 27.3 and 27.4).

Fig. 27.2  CT scan of the 
abdomen showing 
retroperitoneal bleeding 
originating from the left 
iliac artery (*)
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The predictors of total AVB have not yet been fully defined. Of the risk factors 
involved in cardiac surgery, the following can be considered: pre-existing bundle 
branch block (especially of the right branch), preprocedural aortic regurgitation, 
prior myocardial infarction, pulmonary hypertension, and electrolyte imbalances [26, 
27]. Some authors have suggested, based on the close anatomical relations existing 
between the atrioventricular conduction system and the aortic valve apparatus, that 
the expansion of the device may cause mechanical trauma in the conduction sys-
tem, especially in patients with calcified annulus, worsening pre-existing conduction 
defects or generating of new ones. One study showed that the mean distance from the 
proximal (or ventricular) end of the frame of the CoreValve prosthesis to the lower 

a

b

Fig. 27.3  (a) Baseline ECG recording from a patient prior to transfemoral CoreValve implanta-
tion. (b) A 12-lead ECG recording from the same patient immediately after transfemoral implanta-
tion of a CoreValve prosthesis. The patient developed a new left bundle branch block

27  TAVI Postprocedural Management



492

edge of the noncoronary cusp is significantly greater in patients with new-onset LBBB 
than in patients without new-onset LBBB. Therefore, there exists the possibility of the 
aortic prosthesis overlapping the left bundle branch with mechanical compression.

Furthermore, the low implantation of the device has been identified as an inde-
pendent predictor of post-TAVI pacemaker implantation [28]. Therefore, better 
device placement inside the left ventricular outflow tract may limit the risk of 
developing conduction disorders and, hence, the need for pacemaker implantation 
[24, 29]. Other studies have suggested that potential predictors of permanent pac-
ing requirement consist of left axis deviation at baseline and LBBB with left axis 
deviation, the presence of severe septal hypertrophy, and baseline thickness of the 
native noncoronary cusp [30]. However, it seems that the presence of right bundle 

a

b

Fig. 27.4  (a) Baseline ECG recording from a patient prior to transfemoral CoreValve implanta-
tion. (b) A 12-lead ECG obtained 1 day after implantation of the CoreValve device: identifica-
tion of a symptomatic, third-degree atrioventricular block led to the implantation of a permanent 
pacemaker
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branch block before the procedure is the most powerful predictor of permanent 
pacemaker [24, 28].

In the case of intraprocedural total AVB, a pacemaker must be implanted within 
24 h, both because it seldom resolves spontaneously and because it is recommended 
to remove the temporary pacemaker as soon as possible due to the risk of displace-
ment of the lead inside the right ventricle and hence of perforation and cardiac 
tamponade. If arrhythmias do not occur in the first 24 h, the temporary pacemaker 
should be removed, and rhythm control by telemetry and a periodic ECG is recom-
mended over the next 5 days. In the case of an advanced-degree conduction disorder 
(AVB II type 2 or third degree) within 48 h of the procedure, permanent pacing, 
usually dual chamber, is needed. A recent study of patients implanted with a 
CoreValve device recommends a higher threshold of attention for patients with 
severe septal hypertrophy, who have had periprocedural AVB or in whom a 29 mm 
device has been implanted [31].

Other conduction defects observed within the first 48  h after TAVI include 
LBBB, first-degree AVB, right bundle branch block (RBBB), and atrial fibrillation. 
Of these, LBBB is definitely the most common and does not require any specific 
treatment, solely regular ECG control at follow-up. Holter ECG monitoring, 24 h 
before and 48 h after the procedure, can help predict or detect any major arrhyth-
mias. Ventricular arrhythmias or fibrillation seldom appear after these procedures, 
though they may occur in the presence of ventricular dysfunction, concurrent coro-
nary artery disease, or electrolyte imbalances (e.g., potassium depletion).

Transthoracic Echocardiogram
TTE should be done immediately after TAVI and after 24 h and then, as long as 
there is no clinical worsening, before discharge. The TTE allows assessment of the 
mean transaortic gradient and effective aortic orifice area, the presence and degree 
of aortic and mitral regurgitation, left ventricular contractility, estimated pulmonary 
artery pressure, the position of the temporary pacemaker lead in the right ventricle, 
and pericardial effusion. The assessment of aortic regurgitation is important. Mild 
paravalvular leaks secondary to device expansion have no hemodynamic relevance 
and usually disappear after a few weeks (Fig. 27.5). Multiple or major paravalvular 
leaks are less common, but they must be detected early, as they may cause heart 

Fig. 27.5  Echocardio
graphic parasternal 
short-axis view, showing 
mild periprosthetic leak 
after transfemoral 
implantation of CoreValve 
device
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failure due to volume overload in the left ventricle, especially in the case of reduced 
contractility. The detection of a high pressure gradient or a diastolic pressure below 
50 mmHg can help with recognition of this complication. Aortic regurgitation after 
TAVI is nearly always paravalvular and can be explained by inadequate sizing of the 
valve due to inadequate annulus size measurement before TAVI or lack of sufficient 
ranges of frame sizes, insufficient expansion of the frame due to severe calcification 
of leaflets and aortic root, leaflet malcoaptation, and malposition of the valve [32]. 
In the last case, usually, for the CoreValve Revalving System, the valve is in too low 
a position; the leaks come above the prosthesis skirt, which guarantees the sealing 
of the valve to the annulus; and there are always two jets in symmetrical and oppo-
site locations [33].

In the case of pericardial effusion, it is important to determine whether it is sec-
ondary to left ventricle perforation by the stiff guidewire used during the procedure 
or to right ventricle perforation by the temporary pacemaker (Fig. 27.6). The former 
complication is a dramatic event leading to cardiac tamponade. The latter, which 
occurs after the procedure in most cases, is less serious yet more difficult to diag-
nose. In general, it is marked by the onset of unexpected bradycardia and hypoten-
sion. Pericardial effusion can also be secondary to bleeding of the access site (apex 
of the left ventricle) used during transapical implantation. After diagnosing the pres-
ence of pericardial effusion, fluids must be administered, concentrated red blood 
cells should be transfused, heparin should be reversed if the patient is decoagulated, 
and subxiphoid pericardiocentesis with the positioning of an 8 Fr pigtail should be 
done within a short period of time. If complete hemostasis is not achieved following 
pericardiocentesis, surgical draining and suture are needed. The systolic pulmonary 
artery pressure can be a good indirect hemodynamic parameter and is an index of 
the degree of impairment of left cardiac function and, hence, of the overload on the 
right ventricle.

Fig. 27.6  Echocardiographic subcostal view showing the presence of pericardial effusion second-
ary to puncture of the right ventricle by the temporary pacemaker in a patient undergoing trans-
femoral implantation of aortic valve device. Effusion became evident 4 h after the procedure and 
pericardiocentesis was successfully performed. PE pericardial effusion
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27.1.2.2	 �General Preventive Measures
Prevention of endocarditis includes antibiotic prophylaxis, especially against staph-
ylococci, for 3 days after the procedure, accurate skin disinfection and overall care, 
and early removal of the venous accesses and Foley catheter. In the case of signs of 
infection like leukocytosis or fever, the causes should be thoroughly investigated by 
means of diagnostic examinations such as urine culture to exclude an infection of 
the urinary tract, chest X-ray to detect any pulmonary infections, blood cultures, 
and microbiology examinations of the central catheters. If deemed necessary, tar-
geted antibiotic therapy should be started while taking into due account the possible 
risk of sepsis. Hematological parameters should be monitored for evidence of dis-
seminated intravascular coagulation.

Finally, early patient mobilization should be achieved in order to avoid compli-
cations like muscular atrophy, constipation, bed ulcers, and thrombophlebitis and 
to reduce the length of hospital stay. In some cases, admission to centers special-
izing in cardiac rehabilitation may be recommended for an earlier recovery of motor 
functions.

27.1.2.3	 �Before Hospital Discharge
Before discharge, an accurate assessment of the cardiac and extracardiac status is 
needed and comprises a clinical examination, ECG, TTE, and blood examinations. 
The vascular accesses, in the case of transfemoral/trans-subclavian, and the scar, in 
the case of transapical TAVI, must be accurately examined. Holter ECG monitoring 
can be indicated after TAVI in patients at high risk of developing conduction disorders.

A progressive reduction in the length of hospital stay has been associated with 
increasing experience in post-TAVI management [34]. Early discharge (within 72 h) 
after transfemoral TAVI has shown to be feasible and does not seem to jeopardize 
the early safety of the procedure when performed in a subset of patients selected by 
clinical judgment [34].

27.1.2.4	 �Medium-Term Management (Out of Hospital)
As there is no standard management after TAVI, standard management protocols 
already used in cardiac surgery can be applied (Table 27.1) [35].

The clinical and ECG follow-up should be scheduled, at least in the early phase, 
by the cardiology centers where the procedure is performed. The first cardiology 
visit should be scheduled 4 weeks after discharge if there is no period of cardiac 
rehabilitation. The next visits should be scheduled at 3, 6, and 12 months from the 
procedure and then every 6 months, except for cases in which the visit is urgently 
needed due to a worsening in the patient’s clinical conditions.

The first visit must comprise a thorough clinical examination, an assessment of 
the NYHA functional class and quality of life, an ECG, a check of laboratory exam-
inations, and a TTE to assess ventricular function, valve structure and function, any 
signs of device displacement or interference with adjacent anatomical structures, 
the presence of thrombi or vegetation on the device structures, and signs of peri-
cardial effusion. If there is a suspicion of valve malfunction or in the case of poor 
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transthoracic acoustic window, a transesophageal echocardiogram (TEE) should be 
performed, as it allows better definition of the anatomical structures.

Blood examinations, including plasma lactic dehydrogenase (LDH), haptoglo-
bin, and reticulocyte count, should be monitored for the risk of hemolysis. In the 
case of a suspicion of hemolytic anemia, TEE should be performed to rule out para-
prosthetic leaks [36].

As stated above, the risk of intravalvular thrombosis and thromboembolism in 
the biological valve can be considered low, but it increases in the presence of 
depressed ventricular function, valve deterioration, or device distortion due to poor 
positioning [35]. In any event, in these cases, the clinical suspicion must be con-
firmed by TTE, TEE, or cinefluoroscopy [37]. Occlusive prosthetic thrombosis 
should be treated surgically, though in critical and high-risk patients, thrombolysis 
can be a therapeutic alternative [35, 36].

Thromboembolism can have multifactorial causes: thrombi, vegetation on the 
device, or abnormal flow conditions created by a degenerated prosthesis or other 
sources. Only after a thorough diagnostic pathway is it possible to start appropriate 
treatment. In the case of nonocclusive prosthetic thrombosis and thromboembolic 
events, anticoagulation therapy should be started.

The risk of endocarditis is higher in the first 3–6 months after device implanta-
tion, although it is constantly present [35]. Some cases of endocarditis after TAVI 
have been reported [38–40] (Fig. 27.7). Therefore, antibiotic prophylaxis should be 

a

b

Fig. 27.7  (a) A large 
vegetation arising from the 
prosthetic leaflets of a 
CoreValve is revealed by 
TEE (yellow arrow). (b) 
Severe intraprosthestic 
regurgitation is detected in 
the same patient by 
color-flow Doppler 
imaging. Ao aorta, LA left 
atrium, LV left ventricle
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provided in all conditions at risk, such as dental, endoscopic, and surgical proce-
dures. Antibiotic therapy to prevent endocarditis must be specific to the type of 
procedure the patient is undergoing, according to standard protocols. If there is a 
clinical suspicion of endocarditis, the patient must be admitted to a hospital and 
undergo serial blood cultures and TTE to confirm the diagnostic hypothesis.

The treatment of endocarditis on valve implants requires a multidisciplinary 
approach involving the cardiologist, cardiac surgeon, and infectious disease physi-
cian. If an early diagnosis is reached and there is no indication for surgical treat-
ment, targeted IV antibiotic therapy for at least 4–6 weeks is sufficient.

Surgery is only necessary if appropriate medical therapy is not enough to cure 
the disease (persistent bacteremia, hemodynamic impairment, embolism) [35].
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28Transcatheter Therapy for Aortic 
Stenosis: A Review of the Literature

Davide Capodanno and Simona Gulino

28.1	 �Early Proof of Concept Cases

“Even if the development of transcatheter aortic valve implantation (TAVI) can be 
considered a success story today, it is nothing short of a miracle, as the project 
appeared particularly challenging - not to say totally unrealistic - at its origin in the 
early 1990s.” These are the words that Cribier used to define the history of TAVI as 
a genuine odyssey, which, however, over the years has been increasingly recognized 
as a revolutionary technique in aortic valve stenosis (AS).

The start of all this can be dated back to the early 1980s, when the limits of bal-
loon aortic valvuloplasty (BAV) emerged [1, 2]. The routine observation that high-
pressure balloon inflation could open all calcified aortic valves in a circular fashion 
led to the idea that a balloon-expandable stent with a high radial force might be 
expanded within the native valve to prevent restenosis and a valvular structure might 
be inserted within the stent to mimic native valve function. This combination of 
stent frame and valvular structure opened the way to the replacement of the aortic 
valve by using mini-invasive catheterization techniques. In the years that followed, 
several studies in animals investigated the feasibility of the technique. Henning 
Anderson developed a transluminal catheter technique to implant an artificial aortic 
valve in pigs, in 1992, using a balloon-expandable stent [3]. Philipp Bonhoeffer 
performed the first human percutaneous valve implantation in a 12-year-old boy 
with stenosis and insufficiency of a prosthetic conduit from the right ventricle to the 
pulmonary artery with a bovine jugular valve in 2000 [4]. However, it took up to 
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2002 for TAVI to make its debut on the medical scene, when Alain Cribier performed 
the first human TAVI using a balloon-expandable valve through a transseptal 
approach in a 57-year-old-male with severe AS, cardiogenic shock, and a left 
ventricular ejection fraction of 12% [5]. The first self-expanding valve was implanted 
in a human in 2004, using a bovine pericardial trileaflet nitinol stent in a 73-year-old 
woman with severe, symptomatic AS using a retrograde approach through the com-
mon iliac artery. The first case history, by Cribier in 2004, proved the feasibility of 
this novel technique using balloon-expandable devices [6]; success was achieved in 
five of six patients, with a decrease in transaortic gradient and an increase in valve 
area. In this initial experience, the antegrade approach was used and, as already 
stated, abandoned for the retrograde and transapical approach. These two approaches 
were investigated by a French team, which studied 36 patients [7]; 27 were treated 
with success (75%), 23 with the retrograde approach, and 4 with the transapical 
technique. The incidence of major adverse cardiac and cerebrovascular events 
(MACCEs) at 30 days and at 6 months was 26% (six deaths) and 37% (ten deaths), 
respectively. A series of implants with the retrograde approach performed by Webb 
et al. [8] showed an initial success rate of 78%, which rose to 96% after the first 25 
cases, thus proving the importance of the learning curve [9]. Thirty-day mortality 
was 12% as opposed to the expected 28%. At follow-up there was no evidence of 
valve deterioration, embolization, or intraprosthetic failure. Periprosthetic regurgi-
tation was observed at 1 month in three cases, while in most patients there was a 
slight leak, with no significant hemodynamic consequences.

Commercial TAVI was approved in Europe in 2007, followed by the USA in 2011.

28.2	 �Landmark Single-Arm Multicenter National Registries

28.2.1	 �Investigator-Driven Registry

After the enthusiasm that greeted the first case studies, acceptance and expansion 
of TAVI were significant. In line with statements from the European Association 
of Cardiothoracic Surgery (EACTS) and the European Society of Cardiology 
(ESC) [10], several hundred patients were included in national registries con-
ducted with the two models of valves and using the different approaches 
(Table 28.1). These registries contributed to a better appraisal of patient screening, 
improvements in technical modalities, and better prevention and management of 
complications. The immediate and long-term results kept improving with experi-
ence and advancing technologies; the procedural success rate progressively 
reached more than 95%. Excellent hemodynamic results, comparing favorably 
with the results of surgical aortic valve replacement (SAVR), lasting functional 
improvement, and improved survival were consistently observed. Complications 
were also shown to decrease with experience, reaching an acceptable level in this 
high-risk population, and were similar for both valve models, with the exception 
of a more frequent incidence of conduction disturbances with the CoreValve. 
Overall, the results of TAVI became more predictable.
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First results were available in 2010, when early safety and efficacy of TAVI were 
evaluated in the national FRANCE Registry [11]. Two hundred and forty-four 
high-surgical-risk patients (logistic EuroSCORE ≥20%, STS ≥ 10%, or contraindi-
cation to AVR) underwent TAVI with both Edwards SAPIEN and CoreValve pros-
thesis (68 and 32% of patients, respectively). The preferred approach was 
transarterial (transfemoral, 66%; subclavian, 5%); a transapical approach was used 
in 29% of patients. Device success rate was 98.3%, and 30-day mortality was 
12.7%. Severe complications included stroke (3.6%), tamponade (2%), acute coro-
nary occlusion (1.2%), and vascular complications (7.3%). A pacemaker was 
required in 11.8%. In 2012, the French results were updated in the FRANCE 2 
registry, with a greater number of patients and with follow-up data at 1 year [12]. 
The reported procedural success rate was 96.9% in a total of 3195 patients undergo-
ing TAVI with Edwards SAPIEN (66.9%) and Medtronic CoreValve (33.1%) 
devices. Approaches were either transarterial (transfemoral, 74.6%; subclavian, 
5.8%; and other, 1.8%) or transapical (17.8%). Mortality rates at 30 days and 1 year 
were 9.7% and 24.0%, respectively. At 1 year, the incidence of stroke was 4.1%, and 
the incidence of periprosthetic aortic regurgitation was 64.5%. In a multivariate 
model, a higher logistic risk score, NYHA class III or IV symptoms, the use of a 
transapical TAVI approach, and a higher amount of periprosthetic regurgitation 
were significantly associated with reduced survival.

In 2010, the German Registry reported its results [13]. A total of 697 patients 
were included in the analysis, 666 (95.6%) of whom received a percutaneous 
implant, 26 (3.7%) a transapical implant, and 5 (0.7%) a transaortic implant. Both 
CoreValve (84.4%) and Edwards SAPIEN prostheses (15.6%) were used. Procedural 
success was achieved in 98.4% of cases; the inhospital mortality rate was 8.2%, and 
the 30-day mortality rate was 12.4%. Any residual aortic regurgitation was observed 
in 72.4% of patients, with a significant aortic insufficiency (≥ Grade III) in only 16 
patients (2.3%). Complications included pericardial tamponade in 1.8% and stroke 
in 2.8% of patients. Permanent pacemaker implantation after TAVI became neces-
sary in 39.3% of patients. Recently, TAVI complication rates were evaluated based 
on prospective data from the German Aortic Valve Registry (GARY) [14]. From 
2011 to 2013, a total of 15,964 TAVI procedures were registered. Overall inhospital 
mortality was 5.2%, while severe vital complications occurred in 5.0% of the popu-
lation. Technical complications of the procedures occurred in 4.7% of patients and 
decreased significantly from 2011 to 2013.

In 2011, the Italian Registry investigated the incidence and predictors of early 
mortality at 30 days and late mortality between 30 days and 1 year after TAVI with 
the self-expanding CoreValve prosthesis [15]. In a total of 663 consecutive patients, 
the authors reported a procedural success of 98%. The cumulative incidences of 
mortality were 5.4% and 15% at 30 days and at 1 year, respectively. Predictors of 
late mortality between 30  days and 1  year were correlated with patient baseline 
conditions. In particular, a previous ischemic stroke or pulmonary edema was asso-
ciated with a risk of late mortality of five and two times greater. In 2012, the 3-year 
results of the Italian CoreValve Registry were available on 181 patients [16]. The 
5-year outcomes on 353 patients were available in 2015 [17], reporting an all-cause 
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mortality at 1, 2, 3, 4, and 5 years of 21%, 29%, 38%, 48%, and 55.0%, respectively. 
Cardiovascular mortality was 10%, 14%, 19%, 23%, and 28.0%, respectively. The 
overall neurological event rate at 5 years was 7.5%, of which more than two-thirds 
occurred early after the procedure. During follow-up, there were 241 rehospitaliza-
tions for cardiovascular reasons in 164 (46%) patients. Among all rehospitaliza-
tions, acute heart failure was the most frequently reported (42.7%), followed by the 
need for permanent pacemaker implantation (17.4%). Late prosthesis failure 
occurred in five cases (1.4%); among these, redo TAVI was successfully carried out 
in two patients (0.6%) presenting with symptomatic prosthesis restenosis. The 
remaining three cases of prosthesis failure did not undergo further invasive interven-
tions. Ten patients (2.8%) showed late mild stenosis. Valve thrombosis or late valve 
embolization was not reported.

Initial data from the UK TAVI Registry (United Kingdom Aortic Transcatheter 
Implantation) reported 30-day, 1-year, and 2-year survival rates after TAVI as 
92.9%, 78.6%, and 73.7%, respectively, in 877 patients who underwent TAVI 
between January 1, 2007 and December 31, 2009 [18]. Both devices (Medtronic 
CoreValve = 452; Edwards SAPIEN = 410) and both the transfemoral and non-
transfemoral approach (TF = 599, non-TF = 271) were used. In 2015, the authors 
analyzed long-term outcomes after TAVI and found 3- and 5-year survival rates of 
61.2% and 45.5%, respectively [19]. They found that long-term survival after TAVI 
is largely determined by intrinsic patient factors. Other than stroke, procedural vari-
ables, including paravalvular aortic leak, did not appear to be independent predic-
tors of long-term survival. A significant increase in deaths in the subgroup 
undergoing the non-transfemoral approach (18.5% vs. 22.7% at 1 year and 22.5% 
vs. 36.7% in 2 years) was also registered. The authors also assessed trends in the 
performance of TAVI in the UK from the first case in 2007 to the end of 2012, ana-
lyzing changes in case mix, complications, outcomes to 6 years, and predictors of 
mortality [20]. Overall 30-day mortality was 6.3%. One-year survival was 81.7%, 
falling to 37.3% at 6 years. Discharge by day 5 rose from 16.7% in 2007 and 2008 
to 28% in 2012. The only multivariate pre-procedural predictor of 30-day mortality 
was Logistic EuroSCORE ≥40. During long-term follow-up, multivariate predic-
tors of mortality were pre-procedural atrial fibrillation, chronic obstructive pulmo-
nary disease, creatinine >200 μmol/L, diabetes mellitus, and coronary artery disease. 
The strongest independent procedural predictor of long-term mortality was peripro-
cedural stroke. Non-femoral access and post-procedural aortic regurgitation were 
also significant predictors of adverse outcome.

A national registry (the Society of Thoracic Surgeons/American College of 
Cardiology Transcatheter Valve Therapy [STS/ACC TVT] Registry) was also ini-
tiated in the USA to report the initial commercial experience with TAVI [21]. A 
total of 7710 patients were included. The most common vascular access approach 
was transfemoral (4972 patients [64%]), followed by transapical (2197 patients 
[29%]) and other alternative approaches (536 patients [7%]). Device implantation 
success was achieved in 92% of cases. The overall inhospital mortality rate was 
5.5%, and the stroke rate was 2.0%. Median hospital stay was 6 days (interquartile 
range [IQR], 4–10 days), with 4613 (63%) discharged home. Among patients with 
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available follow-up at 30  days (n  =  3133), the incidence of mortality was 7.6% 
(non-cardiovascular cause, 52%); a stroke had occurred in 2.8% and re-intervention 
in 0.5%. In 2015, the data were updated, including 1-year outcomes, in a total of 
12,182 patients [22]. Thirty-day mortality was 7.0%. In the first year after TAVI, 
patients were alive and out of the hospital for a median of 353 days (IQR, 312–
359  days); 24.4% (n  =  2074) of survivors were rehospitalized once, and 12.5% 
(n = 1525) were rehospitalized twice. At 1 year, the overall mortality rate was 23.7% 
(n = 2450), the stroke rate was 4.1% (n = 455), and the rate of the composite outcome 
of mortality and stroke was 26.0%. Temporal trends between 2012 and 2013 versus 
2014 were also compared in an interim analysis [23], showing a change in procedure 
performance, with an increased use of moderate sedation, and increase in femoral 
access using percutaneous techniques. Vascular complication rates decreased (from 
5.6% to 4.2%), while site-reported stroke rates remained stable at 2.2%.

The Canadian multicenter experience reported by Rodés-Cabau J. et  al., pub-
lished in 2010, reported the results achieved with the use of the Edwards valve 
between January 2005 and June 2009 through the transfemoral and transapical 
approaches in six Canadian centers [24]. Out of a total of 345 procedures (TF, 168; 
TA, 177) performed on 339 patients, procedural success was 93.3%, and 30-day 
mortality was 10.4% (TF, 9.5%; TA, 11.3%). At a median follow-up of 8 months, 
the mortality rate was 22.1%. In 2012, the same group evaluated the long-term out-
comes after TAVI with special focus on the causes and predictors of late mortality 
and valve durability [25]. At a mean follow-up of 42  ±  15  months 188 patients 
(55.5%) had died. The causes of late death (152 patients) were noncardiac (59.2%), 
cardiac (23.0%), and unknown (17.8%). The predictors of late mortality were 
chronic obstructive pulmonary disease (HR, 2.18; 95% CI, 1.53–3.11), chronic kid-
ney disease (HR, 1.08 for each decrease of 10 ml/min in estimated glomerular filtra-
tion rate; 95% CI, 1.01–1.19), chronic atrial fibrillation (HR, 1.44; 95% CI, 
1.02–2.03), and frailty (HR, 1.52; 95% CI, 1.07–2.17). A mild nonclinically signifi-
cant decrease in valve area was found at 2-year follow-up (p < 0.01), but no further 
reduction in valve area was observed up to 4-year follow-up. No changes in residual 
aortic regurgitation and no cases of structural valve failure were observed during the 
follow-up period.

28.2.2	 �Post-marketing Registries

The SOURCE Registry (SAPIEN Aortic Bioprothesis European Outcome) [26] 
described outcomes in a consecutive group of patients treated during the first 
year of commercialization of the Edward SAPIEN prosthesis. It included 2344 
patients divided into two cohorts: the first cohort consisted of 1038 patients 
enrolled in 32 centers during the commercial launch of the Edwards-SAPIEN 
THV device (Edwards Lifesciences); cohort 2 consisted of patients who received 
TAVI in the years following the marketing of the device. Data submitted for 
cohort 1 showed a 30-day mortality of 6.3% in transfemoral patients and 10.3% 
in transapical patients. The 1-year outcomes for cohort 1 of the SOURCE 
Registry were published in 2011 [27]; the Kaplan-Meier survival rates for the 
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entire cohort were 76.1% (72.1% for the transapical approach and 81.1% for the 
femoral approach).

The SOURCE XT Registry (Edwards SAPIEN XT Aortic Bioprosthesis Multi-
Region Outcome Registry) assessed the use and clinical outcomes with the SAPIEN 
XT valve in the real-world setting (2688 patients at 99 sites) [28]. Survival was 
93.7% at 30 days and 80.6% at 1 year. At 30-day follow-up, the stroke rate was 
3.6%, the rate of major vascular complications was 6.5%, the rate of life-threatening 
bleeding was 5.5%, and the rate of new pacemakers was 9.5%. A moderate/severe 
paravalvular leak was seen in 5.5% of patients. Multivariable analysis identified 
non-transfemoral approach, renal insufficiency, liver disease, moderate/severe tri-
cuspid regurgitation, porcelain aorta, and atrial fibrillation as predictors of 1-year 
mortality.

During EuroPCR 2016, data concerning the SOURCE 3 post-approval registry 
were presented [29]. It is currently the largest registry of the SAPIEN 3 THV, 
involving a total of 1950 patients. The reported 30-day mortality was 1.9% and 
4.0% in transfemoral TAVI and non-transfemoral TAVI, respectively, (the lowest 
mortality rate reported in the SOURCE data). Lower profile delivery system resulted 
in increased potential for transfemoral access. SAPIEN 3 provided excellent hemo-
dynamic results, with very low rates of clinically significant PVL (3.1%).

In 2014, the results of the ADVANCE study were published [30]. This study 
evaluated outcomes following implantation of a self-expanding transcatheter aortic 
valve system in a fully monitored, multicenter “real-world” patient population in 
highly experienced centers. A total of 1015 patients were enrolled, showing the 
safety and effectiveness of the CoreValve System, with low mortality and stroke. At 
30 days, the MACCE rate was 8.0%, and all-cause mortality and cardiovascular 
mortality were 4.5 and 3.4%, respectively. The rate of stroke was 3.0%. The life-
threatening or disabling bleeding rate was 4.0% (2.8–6.3%). The 12-month rates of 
MACCE, all-cause mortality, cardiovascular mortality, and stroke were 21.2%, 
17.9%, 11.7%, and 4.5%, respectively. The 12-month rates of all-cause mortality 
were 11.1, 16.5, and 23.6% among patients with a logistic EuroSCORE ≤ 10%, 
EuroSCORE 10–20%, and EuroSCORE ≥20%, respectively.

In the same year, the results of the CoreValve Extreme-Risk Registry were pub-
lished [31]. This study sought to evaluate the safety and efficacy of the CoreValve 
prosthesis for the treatment of severe aortic stenosis in patients at extreme risk for 
surgery. The primary end point was a composite of all-cause mortality or major 
stroke at 12 months, which was compared with a prespecified objective performance 
goal (OPG). Forty-one sites in the USA recruited a total of 506 patients, of whom 
489 underwent TAVI. The rate of all-cause mortality or major stroke at 12 months 
was 26.0% (upper two-sided 95% confidence bound, 29.9%) versus 43.0% with the 
OPG (p < 0.0001). Individual 30-day and 12-month events included all-cause mor-
tality (8.4% and 24.3%, respectively) and major stroke (2.3% and 4.3%, respec-
tively). Procedural events at 30 days included life-threatening/disabling bleeding 
(12.7%), major vascular complications (8.2%), and need for permanent pacemaker 
placement (21.6%). The frequency of moderate or severe paravalvular aortic regur-
gitation was lower 12 months after self-expanding TAVI (4.2%) than at discharge 
(10.7%; p = 0.004 for paired analysis).
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28.3	 �Active-Controlled Multicenter Registries

In 2009, Piazza et  al. reported the first prospective study comparing TAVI with 
CoreValve prosthesis and SAVR, in 1122 patients (TAVI, 114; SAVR, 1008) [32]. 
The crude mortality rate was greater in the TAVI group (9.6% vs. 2.3%; OR 4.57), 
but this population had a higher-risk profile (age, NYHA class III–IV, high logistic 
EuroSCORE, comorbidities). The univariate and multivariate analyses showed that 
these clinical characteristics were significantly correlated with a higher 30-day mor-
tality. The analysis adjusted for propensity scores showed that among patients with 
a sufficient degree of overlapping (propensity score > 0.625) potentially eligible for 
a randomized comparison between TAVI and SAVR, 3/39 (8%) patients undergoing 
TAVI and 22/957 (2.8%) patients undergoing SAVR (adjusted OR ranged from 0.35 
to 3.17) died. In the group with insufficient overlapping (propensity score < 0.625), 
8/75 (10.7%) TAVI patients and 1/51 (2%) patients undergoing surgery died, thereby 
showing a significant increase in the odds ratio (adjusted OR ranged from 5.88 to 
25.7). This result was explained by the authors as the presence of confounding fac-
tors not previously measured (the presence of porcelain aorta, mediastinal irradia-
tion, or patient frailty), which might have affected the comparison between the two 
procedures.

Data of the comparative study of TAVI versus SAVR reported by Tamburino 
et al. were available in 2012 [33]. The study included the enrollment of 618 con-
secutive (218 undergoing TAVI and 400 undergoing isolated SAVR). Inhospital 
MACCE was more frequent in the SAVR group (7.8% vs. 14.0%, p = 0.022). This 
was also confirmed in the statistical adjustments by covariates and/or propensity 
score, with estimates of risk ranging from 2.2 to 2.6 at 30 days, 2.3 to 2.5 at 6 months, 
and 2.0 to 2.2 at 12 months. At 12 months, there was a significant difference in 
MACCE (TAVI vs. SAVR, 14.7% vs. 15.5%, p = 0.894), but an increased risk of late 
deaths from all causes was reported in the TAVI group (12.4% vs. 6.0%, p = 0.007). 
No significant difference was seen, not even in the analyses done after statistical 
adjustment, with regard to death, stroke, and myocardial infarction at any point of 
the follow-up.

In 2013, Piazza et al. compared all-cause mortality in patients at intermediate 
surgical risk undergoing TAVI or SAVR, creating 405 propensity score matched 
pairs of TAVI and SAVR patients with STS scores between 3% and 8% [34]. Of 
matched TAVI patients, 99 (24%) patients STS scores of <3%, 255 (63%) had 
scores between 3% and 8%, and 51 (13%) had scores of >8%. Cumulative all-cause 
mortality at 30 days and 1 year was similar among propensity score matched TAVI 
and SAVR patients at intermediate surgical risk. Among patients with STS scores 
between 3% and 8%, 20 (7.8%) versus 18 (7.1%) patients had died at 30 days (HR, 
1.12; 95% CI, 0.58–2.15; p = 0.74) and 42 (16.5%) versus 43 (16.9%) patients had 
died at 1  year HR, 0.90; 95% CI, 0.57–1.42; p  =  0.64) after TAVI and SAVR, 
respectively.

Another study, by Wenaweser et al., assessing clinical outcomes among patients 
with estimated low or intermediate surgical risk undergoing TAVI was published in 
2013 [35]. A total of 389 consecutive patients undergoing TAVI were categorized 
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according to the STS score into low (STS  <  3%; n  =  41, 10.5%), intermediate 
(STS ≥ 3% and ≤8%, n = 254, 65.3%), and high-risk (STS > 8%; n = 94, 24.2%) 
groups for the purpose of the study. Compared with patients at calculated high risk, 
well-selected patients with STS-defined intermediate or low risk appeared to have 
favorable clinical outcomes. Indeed, significant differences were found between the 
groups for all-cause mortality at 30 days (2.4 vs. 3.9 vs. 14.9%, P < 0.001) and all-
cause mortality at 1 year (10.1 vs. 16.1 vs. 34.5%, P = 0.0003). No differences were 
found with regard to cerebrovascular accidents and myocardial infarction during 
1-year follow-up.

Finally, in 2015, the results of the Italian OBSERVANT (Observational Study of 
Effectiveness of SAVR–TAVI Procedures for Severe Aortic Stenosis Treatment) 
study were published [36]. This analysis aimed to describe 1-year clinical outcomes 
of a large series of propensity-matched patients who underwent SAVR and trans-
femoral TAVI. The matched population had a total of 1300 patients (650 per group). 
The propensity score method generated a low-intermediate risk population (mean 
logistic EuroSCORE 1, 10.2 ± 9.2% vs. 9.5 ± 7.1%, SAVR vs. transfemoral TAVI; 
p = 0.104). The results suggested that SAVR and transfemoral TAVI have compa-
rable mortality, MACCE, and rates of rehospitalization due to cardiac problems at 
1 year. In fact, at 1 year, the rate of death from any cause was 13.6% in the surgical 
group and 13.8% in the transcatheter group (HR, 0.99; 95% CI, 0.72–1.35; 
p = 0.936). Similarly, there were no significant differences in the rates of MACCE, 
which were 17.6% in the surgical group and 18.2% in the transcatheter group (HR, 
1.03; 95% CI, 0.78–1.36; p = 0.831).

In the SAPIEN 3 observational study [37], 1077 intermediate-risk patients were 
assigned to receive TAVI with the SAPIEN 3 valve. The study assessed all-cause 
mortality and incidence of strokes, re-intervention, and aortic valve regurgitation at 
1 year after implantation. These data were compared with those for intermediate-
risk patients treated with surgical valve replacement in the PARTNER 2A trial 
between December 23, 2011 and November 6, 2013, using a prespecified propen-
sity score analysis to account for between-trial differences in baseline characteris-
tics. At 1-year follow-up, TAVI with SAPIEN 3 in intermediate-risk patients with 
severe aortic stenosis was associated with low mortality (7.4%), disabling strokes 
(2%), and moderate or severe paravalvular regurgitation (2%). The propensity score 
analysis indicated a significant superiority (−9.2%, 95% CI −13.0 to −5.4; 
p < 0.0001) for the composite outcome of mortality, strokes, and moderate or severe 
aortic regurgitation with TAVI compared with surgery, suggesting that TAVI might 
be the preferred treatment alternative in intermediate-risk patients.

28.4	 �Randomized Trials

Over the past decade, approximately 15,000 patients have been randomized in clini-
cal trials of TAVI (Table 28.2).

The PARTNER (Placement of Aortic Transcatheter Valves) study was the first 
prospective randomized comparative study between TAVI and traditional medical 

28  Transcatheter Therapy for Aortic Stenosis: A Review of the Literature



510

Ta
bl

e 
28

.2
 

E
ar

ly
 a

nd
 la

te
 o

ut
co

m
es

 o
f 

TA
V

I 
in

 r
an

do
m

iz
ed

 tr
ia

l a
nd

 m
ai

n 
ac

tiv
e-

co
nt

ro
lle

d 
m

ul
tic

en
te

r 
re

gi
st

ry

A
ut

ho
rs

 (
ye

ar
)

Pa
tie

nt
s,

 n
D

ev
ic

e 
su

cc
es

s
30

 d
ay

s 
su

rv
iv

al
1 

ye
ar

  
su

rv
iv

al
2 

ye
ar

s 
su

rv
iv

al
3 

ye
ar

s 
su

rv
iv

al
5 

ye
ar

s 
su

rv
iv

al
R

an
do

m
iz

ed
 tr

ia
l c

om
pa

ri
ng

 T
AV

I 
vs

. S
AV

R
PA

R
T

N
E

R
 A

Sm
ith

 e
t a

l. 
(2

01
1)

69
9

96
.6

%
 v

s.
 

93
.5

%
75

.8
%

 v
s.

 
73

.2
%

K
od

al
i e

t a
l. 

(2
01

2)
66

.1
%

 v
s.

 
65

.0
%

M
ak

ka
r 

et
 a

l. 
(2

01
5)

32
.2

%
 v

s.
 

37
.6

%
PA

R
T

N
E

R
 B

L
eo

n 
et

 a
l. 

(2
01

0)
35

8
95

.0
%

 v
s.

 
97

.2
%

69
.3

%
 v

s.
 

49
.3

%
M

ak
ka

r 
et

 a
l. 

(2
01

2)
56

.7
%

 v
s.

 
32

.0
%

K
ap

ad
ia

 e
t a

l. 
(2

01
5)

29
.2

%
 v

s.
 

6.
4%

PA
R

T
N

E
R

 2
L

eo
n 

et
 a

l. 
(2

01
6)

20
32

93
.9

%
 v

s.
 

92
.0

%
85

.5
%

 v
s.

 
83

.6
%

80
.7

%
 v

s.
 

78
.9

%
C

O
R

E
V

A
LV

E
 U

S
A

da
m

s 
et

 a
l. 

(2
01

4)
79

5
85

.8
%

 v
s.

 
80

.9
%

N
O

T
IO

N
T

hy
re

go
d 

et
 a

l. 
(2

01
5)

28
0

96
.9

%
 v

s.
 

83
.7

%
A

ct
iv

e-
co

nt
ro

ll
ed

 m
ul

ti
ce

nt
er

 r
eg

is
tr

ie
s 

co
m

pa
ri

ng
 T

AV
I 

vs
. S

AV
R

O
B

SE
R

V
A

N
T

Ta
m

bu
ri

no
 e

t a
l. 

(2
01

5)
13

00
86

.2
%

 v
s.

 
86

.4
%

SA
PI

E
N

 3
T

ho
ur

an
i e

t a
l. 

(2
01

6)
17

10
98

.9
%

 v
s.

 
96

.0
%

92
.6

%
 v

s.
 

87
.0

%
R

an
do

m
iz

ed
 tr

ia
l c

om
pa

ri
ng

 b
al

lo
on

-e
xp

an
da

bl
e 

vs
. s

el
f-

ex
pa

nd
ab

le
 v

al
ve

s
C

H
O

IC
E

A
bd

el
-W

ah
ab

 e
t a

l. 
(2

01
4)

12
1

95
.9

%
 v

s.
 

77
.5

%
95

.9
%

 v
s.

 
94

.9
%

D. Capodanno and S. Gulino



511

and surgical therapy. The primary end point was all-cause mortality at 1 year. US 
and Canadian patients were enrolled and divided into two treatment arms:

•	 The first arm (cohort B), of about 350 patients, comparing optimized medical 
therapy and aortic valvuloplasty versus TAVI in patients with absolute contrain-
dication to aortic valve surgery [38]

•	 The second arm (cohort A), of about 700 patients, analyzing equivalence in terms 
of non-inferiority between TAVI and aortic valve surgery and TAVI in high-risk 
surgical patients (STS score > 10%) [39]

The implanted device was the first-generation Edwards SAPIEN valve 
(Edwards Lifesciences, Inc., Irvine, CA, USA) via transfemoral and transapical 
approach. The results of cohort B showed that TAVI in patients with severe AS, 
considered inoperable, can improve survival compared with conventional treat-
ment (medical therapy and/or percutaneous valvuloplasty). In the first 30 days 
of follow-up, stroke and major vascular events were higher, as expected, in 
the TAVI group, but statistically significant only for the major vascular events 
(p  <  0.001). However, at 1  year, the incidence of death from any cause was 
30.7% in the TAVI group, compared with 50.7% in the standard therapy group 
(p  <  0.001). Repeat hospitalization was also much lower in the TAVI group 
(p < 0.001). Among survivors at 1 year, the most advanced NYHA classes were 
lower in the TAVI group. It was also seen that the quality of life, investigated 
using the Kansas City Cardiomyopathy Questionnaire (KCCQ) and the Medical 
Outcomes Study Short Form-12 (SF-12) Health Survey, registered a significant 
increase in scores at 12 months only in the TAVI group while improving sig-
nificantly compared with the baseline in both populations at 1 and 6 months. 
These results were confirmed at 2-year follow-up [40]. At 5  years, 42 (86%) 
of 49 survivors in the TAVI group had NYHA class 1 or 2 symptoms com-
pared with 3 of 5 (60%) in the standard treatment group [41]. Echocardiography 
after TAVI showed durable hemodynamic benefit, with no evidence of structural 
valve deterioration.

Data on cohort A led to the conclusion that TAVI in patients at high operative risk 
is not inferior to surgery (30-day mortality, 3.4% vs. 6.5%, p = 0.07; 1-year mortal-
ity, 24.2% vs. 26.8%; p = 0.44) [39]. At 2-year follow-up, the two treatments were 
similar with respect to mortality (33.9% vs. 35.0% p = 0.78), reduction in symp-
toms, and improved valve hemodynamics, but paravalvular regurgitation was more 
frequent after TAVI and was associated with increased late mortality [42]. In 2015, 
data on 5-year follow-up were published [43]: risk of death was 67.8% in the TAVI 
group compared with 62.4% in the SAVR group (HR, 1.04; 95% CI 0.86–1.24; 
p = 0.76). No structural valve deterioration requiring surgical valve replacement 
was recorded in either group. Moderate or severe aortic regurgitation occurred in 40 
(14%) of 280 patients in the TAVI group and 2 (1%) of 228  in the SAVR group 
(p < 0.0001) and was associated with increased 5-year risk of mortality in the TAVI 
group (72.4% for moderate or severe aortic regurgitation vs. 56.6% for those with 
mild aortic regurgitation or less; p = 0.003).
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The PARTNER 2 trial [44] investigated similar outcomes (primary end point: 
death from any cause or disabling stroke at 2 years) in a cohort of 2032 patients at 
intermediate risk undergoing either SAVR or TAVI with the following generation 
balloon-expandable SAPIEN XT valve (Edwards Lifesciences, Irvine, CA). Results 
have been recently published showing similar rates of death from any cause or dis-
abling stroke. At 2 years, the Kaplan-Meier event rates were 19.3% in the TAVI 
group and 21.1% in the surgery group (HR in the TAVI group, 0.89; 95% CI, 0.73–
1.09; P = 0.25). In the transfemoral-access cohort, TAVI resulted in a lower rate of 
death or disabling stroke than surgery (HR 0.79; 95% CI, 0.62–1.00; P = 0.05), 
while in the transthoracic-access cohort the outcomes were similar between the two 
groups. TAVI resulted in larger aortic valve areas than did surgery and also resulted 
in lower rates of acute kidney injury, severe bleeding, and new-onset atrial fibrilla-
tion. Surgery resulted in fewer major vascular complications and less paravalvular 
aortic regurgitation.

In November 2011, the results of the STACCATO trial [45] were published. It 
was designed as a prospective randomized study among A-TAVI and SAVR in 
elderly operable patients (age ≥ 70 or 75 years). The authors anticipated a surgical 
event rate, defined as a composite of 30-day all-cause mortality, major stroke, and/
or renal failure of 13.5%, and an estimated event rate in the TAVI arm of 2.5%. The 
study began in November 2008, after the randomization of 70 patients (34 patients 
received A-TAVI and 36 SAVR) was prematurely discontinued, in May 2011, due to 
an excess of adverse events in the A-TAVI group, including an increased risk of 
major stroke and severe periprosthetic leakage.

The NOTION (Nordic Aortic Valve Intervention) trial compared TAVI with 
SAVR in an all-comers patient cohort [46]. A total of 280 patients ≥70 years old 
with severe aortic valve stenosis and no significant coronary artery disease were 
randomized 1:1 to TAVI using a self-expanding bioprosthesis versus SAVR. Mean 
age was 79.1 years, and 81.8% were considered low-risk patients. The primary out-
come was the composite rate of death from any cause, stroke, or myocardial infarc-
tion (MI) at 1 year. In the intention-to-treat population, no significant difference in 
the primary end point was found (13.1% vs. 16.3%; p = 0.43 for superiority). The 
result did not change in the as-treated population. No difference in the rates of car-
diovascular death or prosthesis re-intervention was found. Compared with SAVR-
treated patients, TAVI-treated patients had more conduction abnormalities requiring 
pacemaker implantation, larger improvement in effective orifice area, more total 
aortic valve regurgitation, and higher NYHA functional class at 1  year. SAVR-
treated patients had more major or life-threatening bleeding, cardiogenic shock, 
acute kidney injury (stage II or III), and new-onset or worsening atrial fibrillation at 
30 days than did TAVI-treated patients.

The CoreValve High-Risk Study was a randomized trial comparing TAVI with a 
self-expanding transcatheter aortic valve bioprosthesis (CoreValve) with surgical aortic 
valve replacement in patients with severe aortic stenosis and an increased risk of death 
during surgery [47]. A total of 795 patients underwent randomization at 45 centers in 
the USA. In the as-treated analysis, the rate of death from any cause at 1 year was sig-
nificantly lower in the TAVI group than in the surgical group (14.2% vs. 19.1%), with 
an absolute reduction in risk of 4.9 percentage points. The results were similar in the 
intention-to-treat analysis. In a hierarchical testing procedure, TAVI was non-inferior 
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with respect to echocardiographic indexes of valve stenosis, functional status, and 
quality of life. Exploratory analyses suggested a reduction in the rate of major adverse 
cardiovascular and cerebrovascular events and no increase in the risk of stroke.

A randomized comparison of the balloon-expandable and the self-expandable 
device was available in 2014 with the CHOICE randomized clinical trial [48]. One 
hundred twenty-one patients were randomly assigned to receive a balloon-expandable 
valve (Edwards Sapien XT), and 120 were assigned to receive a self-expandable 
valve (Medtronic CoreValve). The use of a balloon-expandable valve resulted in a 
greater rate of device success than the use of a self-expandable valve (95.9% vs. 
77.5%; RR, 1.24; 95% CI, 1.12–1.37; p < 0.001).This was attributed to a significantly 
lower frequency of residual more-than-mild aortic regurgitation (4.1% vs. 18.3%; 
RR, 0.23; 95% CI, 0.09–0.58; p < 0.001) and the less frequent need for implant-
ing more than one valve (0.8% vs. 5.8%,p = 0.03) in the balloon-expandable valve 
group compared with the self-expandable valve group. Cardiovascular mortality at 
30 days was similar in both groups (4.1% vs. 4.3%; RR, 0.97; 95% CI, 0.29–3.25; 
p = 0.99). The combined safety end point at 30 days, including all-cause mortality, 
major stroke, and other serious complications, occurred in 18.2% of those in the bal-
loon-expandable valve group and in 23.1% of the self-expandable valve group (RR, 
0.79; 95% CI, 0.48–1.30; p = 0.42). Placement of a new permanent pacemaker was 
less frequent in the balloon-expandable valve group (17.3% vs. 37.6%, p = 0.001).

Recently, the results of the SURTAVI trial [49] have been published, confirming 
the role of TAVI in patients at intermediate risk. This randomized trial compared 
TAVI (performed with the CoreValve or Evolut R transcatheter heart valve systems) 
with surgical aortic valve replacement in a total of 1660 patients at intermediate risk 
for surgery (Society of Thoracic Surgeons Predicted Risk of Mortality 4.5 ± 1.6%). 
At 24 months, the estimated incidence of the primary end point (composite of death 
from any cause or disabling stroke) was 12.6% in the TAVI group and 14.0% in the 
surgery group (95% credible interval [Bayesian analysis] for difference, −5.2– 
2.3%; posterior probability of non-inferiority, >0.999). Surgery was associated with 
higher rates of acute kidney injury, atrial fibrillation, and transfusion requirements, 
whereas TAVI had higher rates of residual aortic regurgitation and need for pace-
maker implantation. TAVI resulted in lower mean gradients and larger aortic valve 
areas than surgery.

28.5	 �Meta-analysis

The basic tenet of a meta-analysis is that there is a common truth behind all concep-
tually similar scientific studies but which has been measured with a certain error 
within individual studies.

Concerning TAVI, many meta-analyses have explored almost all fields of this 
procedure. The most recent meta-analysis investigating outcomes after TAVI or 
SAVR is that by Gargiulo et al. [50]. Data from this large meta-analysis included 5 
randomized trials and 31 observational matched studies comparing mortality out-
comes after TAVI or SAVR. A total of 16,638 patients were analyzed to compare 
clinical outcomes, including early (≤30-day) and midterm (≤1-year) mortality in 
adults with severe aortic stenosis undergoing either TAVI or SAVR (Fig. 28.1).
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Overall, there was no statistically significant difference in early and midterm all-
cause mortality between TAVI and SAVR. Transfemoral TAVI provided mortality 
benefits over SAVR in trials. Analyses restricted to studies of patients at low to 
intermediate risk showed statistically nonsignificant reductions in early and mid-
term mortality with TAVI. Incidence of periprocedural myocardial infarction, major 
bleeding, acute kidney injury, and new-onset atrial fibrillation was lower with TAVI, 
but risk for pacemaker implantation, vascular complications, and paravalvular leak 
increased. Overall, there was a statistically nonsignificant increased risk in long-
term (2- to 5-year) all-cause mortality with TAVI, while long-term mortality out-
comes in patients at low to intermediate risk were inconclusive, with wide CIs.

28.6	 �Future Perspectives

Randomized studies with the goal of expanding TAVI indications and fill important 
knowledge gaps are increasing and ongoing (Fig. 28.2).

We are moving toward the expansion of clinical indications for intermedi-
ate and low-risk patients. The results of the PARTNER 2A randomized trial, the 
SAPIEN 3i Propensity Score Analysis, and, recently, the SURTAVI trial have 
just contributed to making TAVI a real alternative or preferred treatment option for 
patients at intermediate surgical risk.

Among the upcoming trial, the UK TAVI (ISRCTN57819173) is a multicenter 
randomized controlled trial, including 808 “all-comer” patients, to assess the clini-
cal effectiveness and cost-utility of TAVI with any commercially available device, 
compared with conventional surgical aortic valve replacement in patients with 
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Fig. 28.1  Forest plot for all outcomes of the meta-analysis by Gargiulo et al. [50]. Summary of 
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severe symptomatic aortic stenosis who are at intermediate or high operative risk. 
The study started in August 2013 and will run until July 2016.

Two other non-inferiority trials using balloon-expandable (PARTNER 3, 
NCT02675114) and self-expanding prostheses (Evolut R Low Risk, NCT02701283) 
have recently initiated the recruitment of patients with heart team agreement on 
predicted perioperative mortality of <2% and <3%, respectively. PARTNER 3 will 
randomize transfemoral TAVI with the SAPIEN 3 valve (Edwards Lifesciences, 
Irvine, CA, USA) versus SAVR with a bioprosthetic valve, with a primary compos-
ite end point at 1 year, including all-cause mortality, all strokes, and rehospitaliza-
tion. The Evolut R Low-Risk trial will randomize TAVI with the Evolut R and 
CoreValve prostheses versus SAVR with a bioprosthetic valve, with a primary com-
posite end point at 2 years including all-cause mortality or disabling stroke. Results 
are expected in October 2018 and March 2018, respectively.

Moderate aortic stenosis patients with heart failure is another interesting field to 
be investigated. To address this, the TAVR UNLOAD (Transcatheter Aortic Valve 
Replacement to UNload the Left Ventricle in Patients with ADvanced Heart Failure, 
NCT02661451) is ongoing. A total of 600 patients with moderate aortic stenosis, 
symptomatic heart failure despite optimal medical therapy, and depressed left ven-
tricular ejection fraction (>20% and <50%) will be randomized to TAVI with the 
SAPIEN 3 valve or optimal medical therapy alone. The two strategies will be inves-
tigated with respect to the hierarchical occurrence of all-cause mortality, disabling 
stroke, hospitalizations related to heart failure, or change in the KCCQ at 1 year.

Another expanding field of research regards new devices.

2015–2016
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2010–2014
High risk patients
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1B CHOICE

PARTNER
1 A

NOTION
PARTNER

2S3i

PARTNER
2
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COREVALVE
US HR

COREVALVE
US HR

TAVR UNLOAD
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UK TAVI

Fig. 28.2  Overview of published and selected ongoing studies of transcatheter aortic valve 
implantation
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A great number of new TAVI devices, the so-called second-generation devices, 
have been investigated for a few years and incorporate features to address the limita-
tions of the first-generation devices (i.e., lower profile, easier positioning, reposi-
tionability, and retrievability). Currently, nine TAVI systems are commercially 
available in Europe (Fig. 28.3).

TAVI with SAPIEN 3 in intermediate-risk patients with severe aortic stenosis has 
already been investigated, showing low rates of mortality, strokes, and regurgitation 
at 1 year [37].

Regarding the prosthesis (Medtronic, Minneapolis, Minnesota), the Evolut R CE 
Study found excellent procedural results, with a strong safety profile, exceptional 
outcomes, and strong hemodynamic performance, with the highest ever reported 
survival at 1 year (93.3%) [51]. Primary safety end points were mortality and stroke 
at 30 days. Primary clinical performance end points were device success for the 
VARC-2, and the percentage of patients with mild or less aortic regurgitation 24 h 
to 7 days post procedure. Repositioning was successful when required in all patients, 
with low rates of moderate or severe paravalvular aortic regurgitation and low 
permanent pacemaker implantation (11.7%).

The Symetis prosthesis obtained the CE mark at the end of 2011 and is cur-
rently commercially available in Europe. The first registry results were published 
in 2015 [52]. The registry was collected at 17 sites in Germany, Italy, Switzerland, 
and Argentina to treat 250 high-risk elderly patients. The procedural success rate 
was 98%, with two valve-in-valve procedures and three conversions to conven-
tional surgery. The 30-day mortality rate was 6.8%. Post-implant echocardiogra-
phy revealed a relevant paravalvular leak (moderate 2+) in 2.3% of patients, with 
all other patients showing either no/trace or a 1+ leak. The 30-day stroke rate was 
2.8%. A new pacemaker implantation was required in 10.0% of patients.

The Lotus device is currently being assessed as part of the REPRISE 
(REpositionable Percutaneous Replacement of Stenotic Aortic Valve through 

St. Jude Medical Portico Valve (St. Jude Medical, St. Paul, Minnesota)

JenaValve (JVT Research & Development Corporation, Irvine, California)

Symetis Acurate neo Valve (Symetis, Ecublens VD, Switzerland)

Medtronic CoreValve Evolut R (Medtronic, Minneapolis, Minnesota)

1 2 3 4 5

5

4

3

2

1 Edwards Lifesciences Sapien 3 Valve (Edwards Lifesciences, Irvine, California)

Fig. 28.3  Overview of CE mark-approved TAVI systems
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Implantation of Lotus™ Valve SystEm) clinical trial and of a global post-marketing 
study called RESPOND.

REPRISE I enrolled 11 symptomatic, high-surgical-risk patients undergoing 
TAVI with Lotus THV, supplying initial results to support proof of concept with this 
valve [53].

The REPRISE II [54] trial supported the granting of the CE mark. It presents 
the first report of 1-year outcomes of the 120 patients. All patients were success-
fully implanted with a Lotus valve, and 1-year clinical follow-up was available for 
99.2% of patients. At 1 year of follow-up, the Lotus valve showed excellent valve 
hemodynamics, no moderate or severe paravalvular regurgitation, and significant 
and sustained improvement in NYHA functional class status, with good clinical 
outcomes. The all-cause mortality rate was 10.9%, disabling stroke rate 3.4%, and 
disabling bleeding rate 5.9%, with no repeat procedures for valve-related dysfunc-
tion. A total of 31.9% underwent new permanent pacemaker implantation at 
1 year.

Three active-controlled randomized trials of TAVI devices are underway to gen-
erate efficacy data to support Food and Drug Administration clearance of transcath-
eter heart valves already approved for commercial use in Europe. All of these studies 
will target high- and extreme-risk patients with severe aortic stenosis:

	1.	 PORTICO IDE (N = 908, NCT02000115) is comparing the Portico™ (St. Jude 
Medical, St. Paul, MN, USA) valve and either SAPIEN or CoreValve systems.

	2.	 SALUS (TranScatheter Aortic Valve RepLacement System Pivotal Trial The 
Safety and Effectiveness of the Direct Flow Medical Transcatheter Aortic Valve 
System) (N  =  649, NCT02163850) is comparing the Direct Flow Medical® 
(Direct Flow Medical, Santa Rosa, CA, USA) with the SAPIEN or CoreValve 
systems.

	3.	 REPRISE III (Repositionable Percutaneous Replacement of Stenotic Aortic 
Valve Through Implantation of Lotus™ Valve System) (N = 1032, NCT02202434) 
is a comparison of the Lotus™ (Boston Scientific, Marlborough, MA, USA) and 
CoreValve systems. A small investigator-initiated trial named REBOOT 
(REpositionable Versus BallOOn-expandable Prosthesis for Transcatheter 
Aortic Valve Implantation) (N = 240, NCT02668484) is comparing the Lotus 
and SAPIEN 3 valves with respect to the incidence of new pacemaker implanta-
tion at 30 days. An industry-driven randomized trial of the ACURATE neo™ 
valve (Symetis, Ecublens, Switzerland) versus other TAVI systems is also 
planned.

Other new TAVI systems are in earlier phases of clinical testing as part of 
ongoing single-arm studies. These include:

•	 The Centera valve (Edwards Lifesciences), the safety and performance of which 
are the object of CENTERA-EU (N = 200, NCT02458560)

•	 The JenaValve Pericardial TAVR System (JenaValve, Munich, Germany), which 
will be tested in two feasibility trials of high-risk patients with aortic stenosis 
(N  =  30, NCT02732691) or aortic regurgitation (N  =  30, NCT02732704) in 
Europe and the USA
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29Aortic Regurgitation

Piera Capranzano and Corrado Tamburino

29.1	 �Epidemiology

Aortic regurgitation (AR) is characterized by blood regurgitation from the aorta into 
the left ventricle (LV) due to the failure of the valve leaflets to adequately close dur-
ing the diastolic phase of the cardiac cycle. AR is usually an acquired valve disease, 
while the congenital etiologies, mainly bicuspid morphology, are rarer. Acquired 
AR can be caused by primary disease of the aortic valve leaflets and/or abnormali-
ties of the aortic root. The alterations of the aortic valve leaflets are more often of a 
calcific-degenerative nature, or a result of acute or chronic endocarditic valve pro-
cesses, or due to myxomatous degeneration. There has been a progressive reduction 
in primary valve disease of rheumatic origin, which is now a rare event. Systemic 
arterial hypertension, aortic dissection, and connectivopathies such as Marfan’s 
syndrome, Reiter’s syndrome, Ehlers-Danlos syndrome, or rheumatoid arthritis 
alter the aortic root, leading to dilation and subsequent valve closure dysfunction 
[1]. Pure AR is far less common than aortic stenosis, affecting about 13% of patients 
with isolated, native left-sided valvular heart disease [2].

29.2	 �Pathophysiology

Valve failure can develop progressively (chronic AR), leaving the ventricle time 
to compensate for this defect, or acutely (acute AR) with no adaptation of the LV 
and often representing an emergency. The pathophysiological alterations resulting 
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from AR are correlated to the degree of regurgitation and are different in chronic 
and acute AR. Chronic AR is a progressive condition involving several compensa-
tory mechanisms [3]. In AR the overall systolic output volume comprises the ante-
grade output and the regurgitant volume, and the LV pumps the total volume into 
the aorta against high systemic impedance. The main compensatory mechanism 
is the rise in end-diastolic volume (increase in preload) caused by regurgitation. 
The LV manages to compensate volume overload by progressively dilating. In 
an initial phase, the rise in preload involves an increase in ventricular contractile 
efficiency, according to Starling’s law. On the other hand, according to Laplace’s 
law, LV dilation leads to an increase in systolic wall tension, which is addressed 
by the ventricle, with eccentric hypertrophy of the walls to normalize systolic 
stress. As a consequence, in AR, hypertrophy and dilation are combined. A valve 
defect can be well tolerated for a long time due to the compensatory mechanisms 
implemented.

As the pathology progressively evolves, due to the effects of chronic volume 
overload, hypertrophy can prove to be inadequate to dilation, thus leading to struc-
tural alterations of the ventricular myocardium. This brings about an increase in 
end-diastolic pressure and a reduction in systolic output, thus increasing left atrial 
and pulmonary vein and capillary pressure and eliciting the clinical manifestations 
of heart failure. The worsening in ventricular function is favored by the develop-
ment of ischemic damage secondary to inadequate coronary artery perfusion due to 
reduced aortic diastolic pressure.

In acute AR, most frequently caused by acute infective endocarditis and aortic 
dissection, the inability of the LV to adapt to sudden volume overload leads to a 
rapid increase in ventricular diastolic pressure. This involves a sharp increase in 
atrial and pulmonary vein and capillary pressure, which elicits the clinical manifes-
tations of acute heart failure, such as orthopnea and pulmonary edema [1, 3, 4].

29.3	 �Diagnosis

29.3.1	 �Noninvasive Diagnosis

In chronic AR patients, the symptoms due to reduced cardiac or coronary reserve, 
such as effort dyspnea and angina pectoris, have a late onset. Sudden onset of dys-
pnea at rest and low-flow symptoms characterize the clinical course of acute AR 
patients. Some of the objective signs typical of chronic AR are a wide and fast arte-
rial pulse, increased differential pressure, decreasing aortic diastolic murmur, best 
audible in the third to fourth intercostal space on the left of the sternum in expiratory 
apnea, click and systolic ejection murmur, and end-diastolic murmur of mitral ori-
gin (the so-called Austin Flint murmur). In acute AR, the peripheral signs are miss-
ing, diastolic murmur is usually short, and there is a prevalence of the signs typical 
of low cardiac output and pulmonary venous congestion.

With regard to instrumental examinations, standard ECG can show the signs of 
left ventricular hypertrophy, left ventricular overload, or left bundle branch block 
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(Fig. 29.1); these signs are not present in acute AR, in which sinus tachycardia and 
specific disorders in ventricular repolarization can occur.

Chest x-ray can show an increase in the volume of the LV and, at times, of the 
thoracic aorta, especially in the ascending tract. However, the key examination for 
noninvasive diagnosis of AR is transthoracic echocardiogram (TTE) with color 
Doppler ultrasound.

This method allows the following:

•	 Assessment of the anatomy and structural alterations of the aortic valve appara-
tus and the presence and severity of aortic root dilation

•	 Estimation of the presence and severity of AR
•	 Assessment of the structural adaptations and degree of LV impairment

TTE provides very accurate morphological and functional information on the 
aortic valve and root, identifying, for example, the presence of bicuspid aortic valve 
disease, the thickening and reduced mobility of the cusps in the degenerative or 
postrheumatic forms, thickened and redundant leaflets in myxomatosis, erosion and 
perforation of the cusps in forms secondary to endocarditis, and aortic ectasia in 
Marfan’s syndrome. In addition, AR can also be secondary to degenerative pro-
cesses affecting biological valve devices; in this case, TTE diagnosis uses the tech-
niques applied for native valve disorders with small expedients [5].

M-mode examination can show high-frequency diastolic fluttering of the anterior 
mitral leaflet, inverse diastolic doming of the anterior mitral leaflet, and, in acute 
AR, early diastolic closing of the mitral valve.

The color Doppler technique shows blood regurgitation through the aortic valve 
during diastole and allows estimation of the severity, assessing the following param-
eters [6] (Fig. 29.2):

Fig. 29.1  ECG picture of hypertrophy and left ventricular overload in patient with aortic 
regurgitation
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•	 Width and area of the regurgitant jet cross section
•	 Vena contracta
•	 Effective regurgitant orifice area (EROA) by the proximal isovelocity surface 

area (PISA) method

a b

c

Fig. 29.2  Color Doppler ECG in apical four-chamber view (a and b) and three-chamber view (c) 
showing severe aortic regurgitation
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The width and cross-sectional area of the regurgitant jet must be measured in 
parasternal view, right below the aortic valve (within 1 cm of the valve). The rela-
tionship between the maximum width of the proximal jet and left ventricular out-
flow diameter, measured in parasternal long-axis view, or the relationship between 
the jet cross-sectional area and the LVOT, measured in parasternal short-axis view, 
makes it possible to estimate the severity of regurgitation [7]; AR is defined as 
severe if the relationship between the jet widths is ≥65% or the relationship between 
the jet areas is ≥60% [8] (Table 29.1).

Accurate measurement of the width and area of the regurgitant jet depends on the 
shape of the regurgitant orifice and jet direction; by occupying a small portion of the 
outflow tract, eccentric jets can lead to underestimation of the severity of the valvu-
lopathy, while central jets, by contrast, can overestimate it. Measurement of the 
vena contracta, at the aortic valve, in parasternal long-axis view, makes it possible 
to distinguish between severe forms if it is >0.6 cm and mild forms if <0.3 cm [6, 9] 
(Table 29.1). In order to obtain accurate measurement of the vena contracta, the 
convergence flow, vena contracta, and jet should be clearly visible. The use of this 
parameter, though, is not indicated in the presence of multiple jets.

The PISA method is based on the principle of conservation of mass: according to 
this principle, the quantity of regurgitant flow through the aortic valve is obtained 
from the flow quantity of a proximal surface area with a known flow velocity. This 
method allows the quantitative estimation of the EROA and volume [10].

Imaging of the proximal flow convergence region by TTE is performed from the 
apical and parasternal views or the upper right sternal border. This method cannot 
be used in the case of multiple jets and is less accurate for eccentric jets. In addition, 
the presence of an aneurysm of the ascending aorta, which deforms the valve plane, 
can lead to an underestimation of the degree of AR. AR is defined as severe when 
the EROA is ≥0.30 cm2 [6, 9, 11] (Table 29.1).

Table 29.1  Criteria for the definition of aortic regurgitation severity

Mild Moderate Severe
Doppler parameters
Jet width in LVOT-color flow 
Doppler

Small in central 
jets

Intermediate Large in central jets

Jet deceleration rate (CW) 
(PHT, ms)

>500 500–200 <200

Diastolic flow reversal in 
descending aorta (PW)

Brief, early 
diastolic reversal

Intermediate Holodiastolic 
reversal

Quantitative parameters
Jet width/LVOT width, % <25 25–64 ≥65
Jet CSA/LVOT CSA, % <5 5–59 ≥60
Vena contracta width, cm <0.3 0.3–0.6 ≥0.6
RV, ml/beat <30 30–59 ≥60
RF % <30 30–49 ≥50
EROA, cm2 <0.10 0.10–0.29 ≥0.30
Structural parameters
LV size Normal Normal or dilatated Usually dilatated

LVOT left ventricular outflow tract, CW continuous wave Doppler, PHT pressure half-time, PW 
pulsed wave Doppler, CSA cross-sectional area, RV regurgitant volume, RF regurgitation fraction, 
EROA effective regurgitant orifice area, LV left ventricle
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PW Doppler allows quantification of AR by calculating the regurgitant volume 
(RV) and regurgitant fraction (RF). Aortic RV is obtained by subtracting the systolic 
volume crossing the LVOT from the mitral inflow or pulmonary outflow volume. RF 
is obtained from the equation: RF = (aortic RV/LVOT systolic volume) × 100%.

The EROA can be calculated this way as well, since the flow volume is given by 
the product of the area by the time-velocity integral of the regurgitant jet at CW 
Doppler [12]. This method applies to multiple and eccentric jets, but cannot be used 
in the presence of MR that is worse than mild, except for those cases in which pul-
monary output is used as reference. An RV ≥ 60 ml and EROA ≥0.30 cm2 are con-
sistent with severe AR [6, 9] (Table 29.1).

PW Doppler also allows the observation of a diastolic Doppler signal due to aor-
tic diastolic flow reversal in either the ascending or descending aorta. With increas-
ing AR, the duration and velocity of the reversal increase (Figs. 29.3 and 29.4).

CW color Doppler recording of the flow time-velocity curve of AR with an api-
cal approach is marked by a rapid increase in velocity during isovolumetric relax-
ation, followed by a gradual slowdown during diastole and a sudden drop during 

Fig. 29.3  Transthoracic 
echocardiogram: color 
Doppler image of an aortic 
regurgitation jet recorded 
in the ascending aorta (Asc 
Ao)

Fig. 29.4  Transthoracic 
echocardiogram: PW 
Doppler of the flow in the 
descending aorta in patient 
with aortic regurgitation. 
The reverse diastolic flow 
can be seen during 
diastole. Descending aorta 
(Desc Ao)
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isovolumetric contraction. As the degree of severity of AR worsens, left ventricular 
diastolic pressure rises, and the pressure half-time (PHT) of the regurgitant flow 
and deceleration time of the mitral protodiastolic flow velocity become shorter [13]. 
A PHT > 500 ms is usually compatible with mild AR, whereas a value <200 ms 
is considered consistent with severe AR [6, 9] (Table 29.1) (Fig. 29.5). This tech-
nique has some limitations, though, as it is affected, for instance, by LV compliance, 
which, if reduced, leads to a shortening of PHT, due to the faster rise in LV pressure.

TEE is seldom used in the assessment of AR, but it may be needed if there is a 
poor acoustic window or if accurate assessment of aortic valve anatomy or Doppler 
scan is not possible.

Finally, in the overall assessment of a patient, an assessment of the LV is also 
needed for therapeutic and prognostic purposes; in particular, the increase in its end-
systolic diameter to over 55 mm, without any other causes for volume overload, is 
an indication of severe ventricular function impairment.

The stress test in severe AR patients has not been validated. Cardiac MRI is rec-
ommended when the quality of the echocardiography images is not good or, together 
with multislice CT, for an assessment of the aorta when the echocardiography shows 
that it is dilated.

29.3.2	 �Invasive Diagnosis

The role of invasive diagnosis in AR is rather limited, since TTE and TEE provide 
an extensive and accurate analysis of the degree of regurgitation [9].

Cardiac catheterization may be useful in assessing differential pressure in the 
ascending aorta, but aortography with rapid injection of contrast in the aortic root 
(25–35 ml/s) is particularly successful in quantifying the degree of regurgitation 
(Fig. 29.6). In percutaneous treatment of pure aortic regurgitation, aortography is 
complementary to angio-CT and echocardiography to study the interaction of the 
device with the aortic apparatus and to achieve optimal implantation of the percuta-
neous device.

Fig. 29.5  Transthoracic 
echocardiogram: CW 
Doppler recording in a 
patient with aortic 
regurgitation showing how 
to measure the diastolic 
gradient of the regurgitant 
signal (AR) and the 
pressure half-time (PHT)
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29.4	 �Timing of Interventions

Moderate or severe AR is generally associated with a favorable prognosis for many 
years. Among asymptomatic subjects with severe AR and normal left ventricle ejec-
tion fraction (LVEF), more than 45% of patients maintain this condition and normal 
ventricular function at 10 years [14–16], with a percentage of <6% a year develop-
ing left ventricular dysfunction [9]. The risk of sudden death in these patients is less 
than 0.5% a year. However, as for AS, once the patient becomes symptomatic, there 
is rapid and progressive worsening. Heart failure can occur along with episodes of 
pulmonary edema, or cases of sudden death, usually among previously symptom-
atic patients with major LV dilation. Presurgery data show that death in nonoperated 
patients usually occurs within 4 years of the onset of angina pectoris and within 
2 years of the onset of heart failure [17]. Over the past 20 years, many surgical case 
histories have shown that a low LVEF is one of the most important determinants of 
mortality after valve replacement, especially when ventricular dysfunction is irre-
versible and does not improve after surgery [9].

It is more likely that left ventricular dysfunction is reversible if diagnosed early 
on, before the LVEF becomes so low that the ventricle dilates greatly and develops 
significant symptoms; therefore, surgical intervention is important before these 
alterations become irreversible [6].

When AR has an acute development, urgent surgery is clearly indicated due to 
hemodynamic instability. In the case of chronic AR, considering the excellent prog-
nosis in the short and medium term, surgical repair must be delayed in patients with 

Fig. 29.6  Aortogram in 
LAO view showing major 
regurgitation with contrast 
medium in the left 
ventricle (asterisk). Ao 
aorta, LV left ventricle
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severe AR who are asymptomatic, have a good tolerance to effort, and have an 
LVEF >50% without marked LV dilation (i.e., end-diastolic diameter < 70 mm and 
end-systolic diameter < 50 mm). Similarly, without clear contraindications or asso-
ciated pathologies, surgery is indicated in symptomatic patients with severe AR and 
asymptomatic patients with LVEF <50% and marked left ventricular dilation (end-
diastolic diameter  >  70  mm and end-systolic diameter  >  50  mm). Since serious 
symptoms (NYHA class III or IV) and left ventricular dysfunction with LVEF 
<50% are independent risk factors for a worse postoperative survival, surgery must 
be performed in NYHA class II patients before they develop severe left ventricular 
dysfunction [18] (Table 29.2).

Finally, valve replacement must be performed regardless of the symptoms in 
cases of severe AR in patients who must undergo surgery for other contingent con-
ditions (Table 29.2).

Indications for surgery in patients with severe AR secondary to aortic root dila-
tion are similar to those for patients with primary valve disease. However, progres-
sive expansion of the aortic root and/or a diameter > 50 mm in the case of Marfan’s 
syndrome, greater than 50 mm (in the case of bicuspid valve with additional risk 
factors), and greater than 55 mm (in all other cases) with any other degree of regur-
gitation represent indications for surgery [18] (Table 29.2).

Table 29.2  Indications for valve replacement in aortic regurgitation, adapted from the 2012 
European Guidelines for the treatment of valve diseases

Class of recommendation-
level of evidence

Severe AR
Symptomatic patients (dyspnea; NYHA classes II, III, and IV; or 
angina)

I-B

Asymptomatic patients with resting LVEF ≤50% I-B
Patients undergoing CABG and surgery of the ascending aorta or 
on another valve

I-C

Asymptomatic patients with resting LVEF >50% with severe LV 
dilatation:
 � End-diastolic dimension >70 mm IIa-C
 � End-systolic dimension >50 (or 25 mm/m2 BSA) IIa-C
Whatever the severity of AR
Patients who have aortic root disease with maximal aortic diameter I-C
≥50 mm for patients with Marfan’s syndrome IIa-C
≥45 mm for patients with Marfan’s syndrome with risk factorsa IIa-C
≥50 mm for patients with bicuspid valves with risk factorsb

≥55 mm for other patients IIa-C

AR aortic regurgitation, NYHA New York Heart Association, CABG coronary artery bypass graft-
ing, LV left ventricle, LVEF left ventricular ejection fraction, BSA body surface area
aFamily history of aortic dissection and/or aortic size increase >2 mm/year, severe AR or mitral 
regurgitation, desire for pregnancy
bCoarctation of the aorta, systemic hypertension, family history of dissection, or increase in aortic 
diameter > 2 mm/year
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29.5	 �Percutaneous Therapy

Surgical valve replacement remains the treatment of choice in operable patients with 
native AR [18]. Transcatheter aortic valve replacement (TAVR) has become the stan-
dard of care for patients with aortic valve stenosis who have a prohibitive risk for 
surgical aortic valve replacement and an alternative to surgical aortic valve replace-
ment in patients with aortic valve stenosis deemed at high surgical risk [18]. The role 
of TAVR for native severe AR treatment is rather marginal and currently consists of 
an “off-label” application in patients for whom cardiac surgery is an absolute con-
traindication; indeed the devices used are specifically designed for the treatment of 
aortic stenosis, to be implanted in heavily calcified and degenerated valves.

29.5.1	 �Patient Selection

As stated above, percutaneous treatment of native predominant AR has to be 
restricted only to patients with a prohibitive surgical risk based on the heart team 
assessment. Examples of comorbidities that heart teams considered significant 
enough to make the risk of surgery unacceptable include previous radiotherapy, hos-
tile mediastinum, severe LV dysfunction, previous stroke, severe pulmonary hyper-
tension, and severe pulmonary disease. Percutaneous devices specifically designed 
for native AR are in the development phase. On this background, from a clinical and 
anatomical perspective, patient selection is similar to that of aortic stenosis patients 
undergoing percutaneous replacement. Specifically, TAVR for AR can be attempted 
if the annulus is not at the upper limit for a specific device, and some technical 
issues have to be taken into account. However, it should be pointed out that TAVR in 
pure native AR represents an off-label indication for the majority of TAVR systems.

29.5.2	 �Procedure and Technical Aspects

The percutaneous technique is almost identical to the one used to treat AS, but some 
clarifications need to be made:

•	 Valvuloplasty before implantation is not performed.
•	 In AR of a native valve, there are generally no annulus calcifications (Fig. 29.6), 

while on the one hand, this reduces the incidence of complications due to the 
embolization of the calcium fragments during device expansion, and on the 
other, an important fluoroscopic landmarker to outline the annulus position and 
root anatomy is lost during valve release, which can be made more difficult, lead-
ing to major periprosthetic leaks. For an accurate positioning, some groups have 
advocated the use of two pigtail catheters for improved annular delineation (one 
catheter placed in the noncoronary sinus and the other in the left coronary sinus). 
Alternatively, transesophageal echocardiographic visualization can provide 
additional guidance but requires general anesthesia.
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•	 Valve calcifications are an effective structure on which percutaneous biological 
devices can be anchored with a high radial force, reducing the risk of its migra-
tion and periprosthetic leaks to a minimum. For this reason, the use of rapid pac-
ing is advisable for the deployment of the CoreValve/Evolut R for severe AR in 
order to decrease the regurgitant volume and systolic blood pressure, as well as 
the risk of prosthesis movement. It has been recommended that this be used at 
least from one-third frame deployment to two-thirds frame deployment. Indeed, 
this improves valve stability and reduces sudden movements and risk of valve 
dislocation during the one-third to two-thirds phases.

•	 Oversizing (significant more than 30% by area) of the device is advisable in AR 
without calcification to prevent dislocation and paravalvular regurgitation.

Due to all these technical challenges, valve deployment in an annulus without 
calcification and with a frequent concomitant dilation of the aortic root and/or the 
ascending aorta is more challenging and less predictable and can be complicated by 
supra-annular or ventricular dislocation of the prosthesis, the latter possibly occur-
ring up to several hours after implantation.

The self-expanding Medtronic CoreValve (Medtronic, Minneapolis, Minnesota) 
has been used in the majority of cases due to its self-expanding frame with addi-
tional anchoring by means of support also against the ascending aorta [19]. 
Several newer-generation non-dedicated self-expanding transcatheter pros-
theses, such as the self-expandable and self-positioning ACURATE TA device 
(Symetis SA, Ecublens, Switzerland) and the self-expanding and reposition-
able Lotus Valve System (Boston Scientific, Marlborough, Massachusetts), have 
been investigated for the treatment of pure native AR [20, 21]. The risk of valve 
dislocation due to insufficient anchoring and annular rupture as a consequence 
of excessive oversizing have limited the use of these devices for native AR and 
prompted the development of dedicated devices enabling capture of aortic valve 
leaflets with specific clips to minimize the risk of valve embolization and paraval-
vular leaks. These more specific devices include the transapical, self-expanding 
JenaValve (JenaValve Technology, Munich, Germany) and J-Valve (JC Medical, 
Inc., Redwood City, California) [22, 23]. The JenaValve has three nitinol feelers, 
which facilitate “self-positioning” valve implantation. The three nitinol feelers 
and the frame of the prosthesis are integrated by an unmovable connection: each 
arm of the feelers is brought into the aortic sinuses, and the position of the pros-
thesis can be adjusted. The J-Valve has a self-expanding support frame connected 
movably with a three-prong clasper by three sutures; this movable connection 
allows adjusting the position of the prosthetic valve, while the clasper has already 
been placed in the aortic sinus. Thus, the claspers help in good positioning and 
also reinforce the anchoring of the prosthesis by clamping the native valve leaflets 
between it and the support frame.

In cases with a minimally calcified aortic annulus, the Helio transcatheter aortic 
anchoring device (Edwards Lifesciences) is another transfemoral system designed 
to enable annular fixation of a standard balloon-expandable SAPIEN XT transcath-
eter valve [24]. However, the Helio program has been interrupted.
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29.5.3	 �Results

In 2013, the first and largest multicenter (14 centers) registry was published, 
including a total of 43 inoperable patients undergoing TAVR with the CoreValve 
prosthesis for the treatment of pure native AR [19]. The device success rate was 
74.4%: eight patients required two transcatheter valves (18.6%), and nine patients 
(21%) had residual aortic regurgitation that was more than mild; one patient required 
conversion to open surgery [19]. The 30-day rate of major stroke was 4.7%. The 
all-cause mortality was 9.3% at 30 days and 21.4% at 12 months [19]. There was a 
strong correlation with absent valvular calcification [19]. Indeed, as stated above, 
absent aortic valve calcification may lead to reduced fixation of the lower part of the 
valve frame at the annulus during deployment, resulting in malpositioning. This 
may be exacerbated by enhanced movement of the prosthesis in the regurgitant jet. 
Dilation of the aortic root and ascending aorta, which is common in native AR, may 
also be a contributing factor. These limitations can be overcome by valve designs 
that are fully retrievable and repositionable, and valvular fixation can be improved 
even in the absence of calcifications.

The transapical TAVR with the use of the self-expandable and self-positioning 
ACURATE TA Symetis prosthesis in eight high-risk patients with pure severe AR 
was associated with no intraprocedural complications, with no stroke or deaths at 
30 days, and with post-procedure AR grade I+ or lower in all eight patients [20].

The transapical, self-expanding JenaValve was associated with favorable clinical 
and hemodynamic results after 6 months in 31 patients [25]. Indeed, the implanta-
tion of the JenaValve was successful in 30 of 31 cases (97%); transcatheter heart 
valve dislodgement necessitated valve-in-valve implantation in one patient (3%) 
[25]. Post-procedural aortic regurgitation was none/trace in 28 of 31 (90.3%) and 
mild in 3 of 31 patients (9.7%) [25]. During follow-up, two patients underwent 
valvular reinterventions (surgical aortic valve replacement for endocarditis, valve-
in-valve implantation for increasing paravalvular regurgitation) [25]. All-cause 
mortality was 13% at 30 days and 19% at 6 months [25]. A significant and persistent 
improvement in New York Heart Association class was observed [25].

In a recent report, six inoperable patients with native AR without significant 
valve calcification underwent successful transapical implantation of the J-Valve 
prosthesis [26]. During the follow-up period (from 31 days to 186 days), only one 
patient had trivial prosthetic valve regurgitation, and none of the patients had para-
valvular leak of more than mild grade. There was no major postoperative complica-
tions or mortality [26].
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