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Foreword

When you want to learn a new technique, the first option is to visit one of the centers with
the largest experience and watch their procedures. The second option is to attend focused
congresses or live courses. Both are expensive, time-consuming solutions and have the draw-
back to be highly influenced by the commercial interests of manufacturers, often sponsoring
these events, with few chances to compare pro and cons of various devices. After some more
time you may expect case reports, preliminary series, and review articles to appear in medical
journals. Their focus is most often on science than on education. Books are the last place where
you expect to find an update description of cutting edge techniques and to learn practical aspects
of their application. This book has convinced me that if you find a motivated group of expert
contributors you can timely produce a comprehensive in-depth analysis of the various aspects
of a new technique—a theoretical introduction indispensable to assimilate and understand the
procedural steps observed during live cases. This is the first book exclusively dedicated to
transcatheter aortic valve implantation (TAVI) and mainly focuses on the two devices in current
clinical use but with tips and tricks applicable to new iterations of the existing devices and to
new systems in development.

As expected, you start with the anatomical features making degenerative aortic valve
stenosis potentially treatable with a technique as crude as the displacement of the calcified
cusps and the expansion of a new valve. Postmortem studies give us a clue on what can go
wrong and why, an essential introduction to the following part, the definition of the parameters
required to pose indications, and plan a successful TAVI procedure and handle its possible
complications.

Many of the complications and failures of TAVI are not due to mistakes in their deployment
but to poor handling of frail patients in the perioperative period. A chapter on anesthesia and two
on postoperative care deal with these critical aspects. Elderly patients with degenerative aortic
stenosis are often poor candidates to conventional general anesthesia. They often have coexistent
pathology of the peripheral vessels, requiring pretreatment study of their size and pathology,
and meticulous attention to vascular access and closure aspects are not always familiar to
interventional cardiologists. Seven chapters deal with the practical steps of valve preparation,
insertion, and deployment. The groups with the longest and largest world experience teach
us how to cross the valve, how to perform an effective preparation of the valve with balloon
dilatation, and how to advance the valve and deploy it exactly where required. The authors
correctly focus on the most natural access site, transfemoral—already predominant now and
due to become more frequent with further valve miniaturization. Transapical approach is still
an important niche application of the technique and an important modality for cardiac surgeons
to familiarize with these new devices. Imaging is ubiquitous in the book, from patient selection
and device sizing to optimal positioning and assessment of results.

A quick look at the list of authors tells us a lot on the challenge these procedure repre-
sent for interventional cardiologists. Cardiac surgeons, anesthetists, radiologists, noninvasive
cardiologist specialists in imaging and heart failure are key authors of this book and welcome
newcomers in our catheterization laboratories. Coronary angioplasty is a lonely job: the car-
diologist, surrounded by a handful of nurses and technicians around, is often responsible of
the indications, treatment, and postoperative care. Interventionalists embarking in TAVI must
change their mentality and accept to become members of a multidisciplinary team, sharing
decisions and responsibilities.
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vi Foreword

Interventional cardiologists, however, have pioneered these procedures, overcoming skep-
ticism and criticism when complications were high with the first crude devices, and have man-
aged to demonstrate feasibility and efficacy of these procedures for selected indications in
experienced hands. Education of the hundreds of interventional cardiologists needed to meet
the expected demand for procedures required to treat a frequent pathology, often reserved to
patients with no other options, is a daunting task. This book is an important step forward and
an essential reading for interventional cardiologists and many others, from cardiac surgeons to
noninvasive cardiologists, involved in the care of these difficult patients.

Carlo Di Mario, MD, PhD, FESC, FACC, FSCAI, FRCP
Consultant Cardiologist, Royal Brompton Hospital

Professor of Clinical Cardiology, Imperial College, London
President of the European Association of Percutaneous Cardiovascular Interventions (EAPCI)
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Preface

It is human nature to develop and to evolve, to adapt and to adopt. These features are essen-
tial for the safeguarding of our future in an ever changing world. Transcatheter Aortic Valve
Implantation (TAVI) is an example of such a development and evolution. Even in the absence
of sound clinical data on its safety, efficacy, and durability, it is clear that we have to recognize
its presence to which we must adapt and also assume our responsibility to improve TAVI from
both a technological and clinical point of view.

This starts by a true understanding of all its components that ranges from an in-depth
understanding of patient-related issues such as the anatomy of the aortic root, an in-depth
understanding of the technology itself to the fine points of the procedure that not only include
all facets of positioning and implantation but also the imaging techniques that are needed for
guidance and evaluation, and last but not least, postoperative management of the patient.

The goal of this book is to help readers understand TAVI in its full spectrum and provide
readers with the necessary information to perform a safe and successful transcatheter aortic
valve implantation procedure. The “tips and tricks” captured in this first edition represent the
learning experiences of the pioneers who contributed to the maturation and advancement of
the technology. This textbook was written at the time when approximately 6000 transcatheter
aortic valve implantation procedures were performed worldwide. Despite this, TAVI still is an
experimental treatment since there is still much to learn, to understand, and to improve.

With the use of visual aids (over 200 color figures and 3 hours of DVD material), the
authors attempt to explain, in detail, each step of the procedure. The textbook has been divided
into three parts: (1) preprocedural, (2) intraprocedural, and (3) postprocedural “tips and tricks.”

The initial chapters begin with a detailed description of the anatomy of the aortic valve
that is essential to understand correct placement of the device and potential complications
associated with the procedure. Also unique is a chapter on post-mortem examinations following
transcatheter aortic valve implantation—such information will become crucial to unravel some
of the mysteries of the procedure and causes of death in these individuals.

The second part of this book provides the intraprocedural tips and tricks that have been
acquired through experience and mistakes and covers vascular access, advancement of the
delivery catheter system, device placement and deployment, and acute procedural complica-
tions.

The third part of this book is dedicated to the postprocedural care of the patient and tries
to address issues such as the length of stay in the intensive care unit, the indication and duration
of temporary pacing, complications within the first 48 to 72 hours, antithrombotic/antiplatelet
therapy post-implant.

The last section of the book provides a glimpse into the future for upcoming valve designs
and ideas. Novel transcatheter aortic valve designs will soon enter the market. These devices
will strive for lower profile catheters, durability of the valve prosthesis, and the ability to fully
retrieve and/or reposition the device after assessing its function but before complete valve
deployment.

There remain many unanswered questions with respect to patient selection (e.g., Should
TAVI be restricted to high risk and inoperable patients?), to the selection of the appropriate
valve size, and the etiology of complications that may occur (e.g., conduction abnormalities and
paravalvular aortic regurgitation).

On behalf of all authors we hope that this book will enrich our understanding of TAVI
in all its facets—from patient selection to its execution and postoperative management—and
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viii Preface

that it may inspire us to join forces in a multidisciplinary approach to thoroughly investigate
TAVI from both a biomedical engineering and clinical perspective so that we continue the
development with the ultimate goal of helping more patients in an appropriate way.

Special thanks go to Dr. Nicolo Piazza who was the mid-field in this endeavor. Thanks to
his skills and detailed acquaintance with TAVI; he made sure that chapters of high quality were
submitted in a timely fashion.

Patrick W. Serruys
Nicolo Piazza
Alain Cribier
John G. Webb

Jean-Claude Laborde
Peter de Jaegere
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1 The Anatomy of the Aortic Valvar Complex
Robert H. Anderson
Cardiac Unit, Institute of Child Health, University College, London, U.K.

Anton Becker
Department of Pathology, University of Amsterdam, Academic Medical Center, Amsterdam, The Netherlands

Nicolo Piazza
Department of Interventional Cardiology, Erasmus University Medical Center, Thoraxcenter, Rotterdam,
The Netherlands

INTRODUCTION
Interest in the anatomy of the aortic valvar complex had already arisen at the time of the Renais-
sance, as exemplified by the exquisite description and drawings provided by Leonardo (1). Since
that time, investigations of the anatomy are numerous. Until now, however, little consideration
has been given to understanding the anatomy with percutaneous valvar replacement in mind
(2). The techniques for implantation of aortic valves by using a transcatheter approach are the
topic of the larger part of this book. As will be described later, the chosen prosthesis is within
the aortic root, and deployed so as to crush the diseased leaflets of the native valve against the
supporting valvar sinuses. It is axiomatic, therefore, that detailed knowledge of the anatomy
of the valve is required by those hoping to insert transcatheter valves in optimal fashion. We
have often seen descriptions of the aortic valve concentrating exclusively on the leaflets. The
leaflets, of course, are the working units of the valve. For those implanting valvar prostheses,
however, the structure of the aortic sinuses of Valsalva that support the leaflets, along with
the morphology of the surrounding cardiac structures, is just as, if not more, important. The
overall valvar complex is best described, in our opinion, as the aortic root. As we will describe
later, the root has significant length and is much more than a unidimensional ring, although all
too frequently it is described in terms of an annulus. An appreciation of the overall anatomy
of the root can help the operator position the prosthetic valve appropriately with respect to
the coronary arteries, the mitral valve, and the conduction system. Such knowledge may also
circumvent potential complications that can arise during implantation. Accurate knowledge
of the structure of the valvar complex can also guide new designs and refinements of valvar
prostheses. In this chapter, therefore, we describe the overall structure of the valvar complex.

THE AORTIC ROOT
The aortic root (3) is the direct continuation of the left ventricular outflow tract. Irrespective of
the angle from which it is viewed, it forms the centerpiece of the heart (Fig. 1).

The valvar leaflets and their supporting sinuses, which together make up the root, are
related to all four cardiac chambers. In its totality, the valvar mechanism guards the junction
of the left ventricle with the aorta, with the root itself extending from the basal attachment of
the leaflets within the left ventricle to their peripheral attachment at the level of the sinutubular
junction. The latter junction marks the boundary between the expanded aortic valvar sinuses
and the tubular part of the ascending aorta (Fig. 2).

When viewed relative to the frontal cardiac silhouette, the root is located to the right, and
posterior, in respect to the subpulmonary infundibulum. As shown in Figure 2, an extensive
tissue plane separates the freestanding infundibular sleeve of the right ventricle from the aortic
root. Cuts in the short axis plane show that the posterior margin of the root is deeply wedged
between the orifice of the mitral valve and the muscular ventricular septum (Fig. 3).

Approximately two-thirds of the circumference of the basal part of the aortic root
is connected to the muscular ventricular septum, with the remaining one-third in fibrous



c01 IHBK048-Serruys October 23, 2009 7:40 Char Count=

2 ANDERSON ET AL.

Figure 1 This illustration is obtained from virtual reconstruction of the heart. It shows the position of the aortic
root as the cardiac centerpiece. Source: Photos courtesy of Dr Sue Wright and the team at Glassworks, who
made it possible to produce the various virtual images used to illustrate this chapter.

continuity with the aortic (anterior) leaflet of the mitral valve. When viewed in short axis
from the atrial aspect, the root is seen to be deeply wedged between the orifices of the mitral
and tricuspid valves. This view shows well the origin of the coronary arteries, which arise from
the sinuses adjacent to the pulmonary trunk, extending directly into the atrioventricular grooves
(Fig. 4).

Figure 2 The heart has been sectioned in its long axis to replicate the parasternal long axis echocardiographic
plane. The aortic root, extending from the basal attachment of the leaflets to the sinutubular junction, occupies
the center of the heart. Note the freestanding muscular subpulmonary infundibular sleeve.
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Figure 3 This section is taken across the short axis of the ventricular mass and is photographed from the cardiac
apex. It confirms that the aortic root occupies the center of the heart when viewed in all three orthogonal planes
and shows how two-thirds of the circumference of the root arise from the muscular ventricular septum (red dotted
line), with the remaining one-third of the root supported by the aortic (anterior) leaflet of the mitral valve (green
dotted line).

Figure 4 This short axis section is prepared by removing the atrial myocardium so that it is possible to visualize
the mitral and tricuspid valvar orifices. The red dotted line shows the diaphragmatic surface of the heart. Note
that the aortic root is the centerpiece of the cardiac short axis. Note also the extensive sleeve of freestanding
infundibulum that lifts the pulmonary valve away from the base of the heart.
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Figure 5 This specimen has been prepared by opening the aortic root through the area of aortic-to-mitral
valvar fibrous continuity and removing the leaflets of the aortic valve. The anatomic ventriculo-aortic junction
is shown by the red dashed line. As can be seen here, the semilunar attachments of the leaflets cross the
junction, incorporating segments of muscle into the base of the two aortic sinuses giving rise to the coronary
arteries.

The origin of the coronary arteries permits the aortic sinuses of Valsalva to be distinguished
as the right and left coronary aortic sinuses, and the noncoronary aortic sinus. The walls of the
sinuses are made of the same fibro-collagenous tissues as the aorta and support the valvar
leaflets in semilunar fashion. As the expanded sinuses extend distally toward the sinutubular
junction, they are separated by the triangles of much thinner fibrous tissue. This arrangement of
the interleaflet fibrous triangles is best seen when the root is opened out, and the valvar leaflets
are removed (Fig. 5).

The leaflets, the working components of the valvar complex, are themselves made up of a
core of fibrous tissue, with endothelial linings on their arterial and ventricular aspects. They take
a semilunar origin from the aortic sinuses, with the lines of attachment of each leaflet extending
down from the sinutubular junction to a nadir within the left ventricular outflow tract, and then
rising back to the sinutubular junction. The semilunar loci produced by the hinges of each leaflet
together constitute the hemodynamic ventriculo-arterial junction, with all the cavities on the
arterial aspect of the hemodynamic junction exposed to aortic pressure, but the cavities on the
ventricular side exposed to left ventricular pressures. As these semilunar hinges course through
the length of the aortic root, they cross the anatomic ventriculo-arterial junction. This latter
junction is the circular locus over which the left ventricular structures support the fibroelastic
walls of the aortic valvar sinuses and the intervening fibrous interleaflet triangles. Part of this
locus is muscular and part fibrous, the latter being the area over which the leaflets of the aortic
valve are in fibrous continuity with the aortic leaflet of the mitral valve (Fig. 6).

In the areas where the leaflets arise from the ventricular myocardium, their basal attach-
ments are well below the level of the anatomic ventriculo-arterial junction (Fig. 5). It must have
become clear by now that we are describing the working units of the valvar complex as the
leaflets rather than cusps. This is, first, because using the term leaflet permits us to make direct
comparison with the coapting components of the atrioventricular valves. It is also the case that
leaflet is a more appropriate term of description, since the literal meaning of “cusp” is a point
or elevation. Such elevations are seen only when the leaflets are viewed in closed position from
the ventricular aspect. Cusp describes far more accurately the working surfaces of the molar or
premolar teeth.
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Figure 6 The aortic root has been opened through an anterior incision and is photographed from the front. Note
the semilunar attachments of the leaflets, with the hinge of the leaflet supported by the noncoronary aortic sinus,
highlighted as the blue dotted line. Note also that part of the leaflets arise from the muscular ventricular septum
(red dashed line), but the remaining parts of the leaflets are in fibrous continuity with the aortic leaflet of the mitral
valve (green dashed line). The orifice of the right coronary artery is shown by the red star, with the blue star
marking the orifice of the left coronary artery.

THE RINGS WITHIN THE AORTIC ROOT
It is rare to find any description of the aortic root that does not use the term “annulus.” When
defined literally, an annulus is no more than a little ring. There are several such rings to be found
within the aortic root, albeit not all correspond to discrete anatomic structures (3). Furthermore,
the entity typically described by cardiac surgeons as the annulus does not correspond with
any of these anatomic rings, be they real or virtual. It is the semilunar lines of attachment of
the leaflets to the aortic valvar sinuses that the cardiac surgeons usually take to represent the
annulus. When reconstructed in three dimensions, these semilunar attachments take the form of
a three-pronged crown. Within the length of the aortic root supporting the leaflets, nonetheless,
there are at least three potential or real circles, while the entire root could be cut from the heart
and inserted on the finger in the form of a ring (Fig. 7).

Of these circles within the aortic root, it is the basal one, in other words the virtual ring
formed by joining the points of the basal attachments of the leaflets, which echocardiographers
usually define as the aortic annulus (Fig. 8).

In hemodynamic terms, this basal plane is the entrance from the left ventricular outflow
tract into the aortic root. From the anatomic stance, it is a geometric construction rather than a
true entity. It is also the case that measurements taken from the basal attachment of one leaflet
to the basal attachment of an opposite leaflet represent a tangent of the outflow tract rather than
its full diameter. The full diameter is represented by a section taken from the hinge of one leaflet
to the triangle separating the opposite leaflets (Fig. 9).
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Figure 7 The cartoon shows how the attachments of the leaflets of the aortic valve, when reconstructed in three
dimensions, take the form of a crown with three prongs (red construction). The attachments extend through the
full extent of the aortic root. Within the root, there are then at least three structures that can be described as rings,
namely the sinutubular junction (blue ring), the anatomic ventriculo-arterial junction (yellow ring), and the virtual
basal ring constructed by joining together the basal attachments of the leaflets (green ring).

Figure 8 The cartoon shows that there are at least three significant diameters to be measured within the aortic
root, namely, the sinutubular junction, the midsinusal diameter, and the diameter at the level of the basal attachment
of the leaflets. It is this latter diameter that the echocardiographer usually defines as the valvar annulus, albeit it
is no more than a virtual ring and does not correspond with the annulus defined by cardiac surgeons.
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Figure 9 This image is created from the virtual heart (Fig. 1) and shows the view up the subaortic outflow tract
as seen from the apex of the left ventricle. As can be seen, the orifice of the aortic valve is not truly circular. As a
result, more than one diameter can be measured (e.g., maximum vs. minimum diameter). The diameter(s) of the
ellipse should ideally be measured as the distance from the basal hinge of one leaflet to the space between the
opposite leaflets (red double headed arrow). Measurements taken between the basal attachments of adjacent
leaflets (green double headed arrows) typically cut tangents across the outflow tract.

The top of the crown, in contrast, is a true anatomical ring, namely the sinutubular junction.
This ring is demarcated by the sinusal ridges. It is thickened at the sites of peripheral attachment
of the zones of apposition between the valvar leaflets (Fig. 10).

This junction marks the outlet of the aortic root into the ascending aorta. The semilunar
attachments of the leaflets cross another anatomic ring, this being the junction between the
fibrous walls of the valvar sinuses and the supporting ventricular structures (specifically, the
anatomic ventriculo-aortic junction). The overall arrangement is well seen when the aortic root is
opened subsequent to removal of the valvar leaflets (Fig. 5). Examination of the opened root also
confirms that the leaflets arise from ventricular muscle only over part of their circumference
(Fig. 6). The larger part of the noncoronary leaflet of the valve, along with part of the left
coronary leaflet, is in fibrous continuity with the aortic or anterior leaflet of the mitral valve. The
ends of this area of fibrous continuity are thickened to form the so-called fibrous trigones that
anchor the aortic–mitral valvar unit within the roof of the left ventricle. Thus, although it has
become conventional wisdom to describe an annulus for the aortic valve, different specialists
use the term in markedly varied fashion. Unless those using the term provide a definition of its
meaning, its use can produce potential disagreement among those wishing to replace or repair
the aortic valve. Rather than seeking to define an annulus, we prefer to describe the various
components of the valve and account for the variable diameters of the root at its different parts
(Fig. 8). The essence of the anatomic arrangement is that the leaflets are supported in crown-like
fashion within the cylindrical root (Fig. 7).

In terms of its topology, the normal root has a consistent shape of varying size. Studies
have demonstrated definable mathematical relationships between its diameter and clinically
measurable dimensions of the leaflets (4,5). In general, the diameter at the level of the sinutubular
junction exceeds that at the level of the virtual basal ring by up to one-fifth (6,7). The diameters
of inlet and outlet, when expressed as a percentage of the largest diameter at the level of the
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Figure 10 The image is again created from the virtual heart. It shows the closed aortic valve viewed from above,
having cut away the parietal wall of the ascending aorta. It shows how the leaflets join together along trifoliate
zones of apposition extending from peripheral attachments at the sinutubular junction (asterisks) to the centroid
of the valvar orifice (circle). These zones of apposition (double headed arrows) are the true commissures, but
usually only the peripheral attachments are defined in this fashion.

expanded aortic sinuses, have been calculated as 97% and 81%, respectively. Overall, therefore,
the root can be considered in terms of a truncated cone (8) Moreover, the root is a dynamic
structure, with its geometric parameters changing continuously both during the phases of the
cardiac cycle and in relation to changes in pressure within the aortic root. (9) From diastole
to systole, the diameter at the level of the outlet has been noted to increase by 12%, while the
diameter at the base decreases by 16% (10,11).

In the setting of aortic stenosis, the aortic root is significantly larger, by at least 2 standard
deviations, when compared to mean normal values (12), albeit no differences have been noted in
the diameters of the virtual basal ring or at the midlevel of the sinuses of Valsalva. Bioengineers
seeking to model prostheses should take cognizance of these changes in the geometry of the root,
as should those inserting valves percutaneously. For instance, insertion of an oversized pros-
thetic valve relative to the dimensions of the root can result in redundancy of the leaflets, with
the creation of folds. Such folds can generate regions of compressive and tensile stresses, with
corresponding changes in the function and durability of the valve (11). Insertion of prostheses
too small for the patient will result in creation of a stenotic ventricular outflow tract. Accurate
measurement of the various levels of the root, and selection of a prosthesis of appropriate size
can prevent such potential problems. Those modeling the root should also note that it is not
symmetrical. This can create problems should the asymmetric arrangement not be noted (13).

THE AORTIC VALVAR LEAFLETS
The normal aortic valve possesses three leaflets that close in a trifoliate fashion. Appropriate
closure of the valve is dependent on the semilunar suspension of the leaflets within the root
and on the integrity of the sinutubular junction (Figs. 10 and 11).
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Figure 11 This image created from the virtual heart shows the aortic valve as seen from the cavity of the left
ventricle. Note the semilunar attachment of the leaflets, and the attachment of the area of aortic-to-mitral fibrous
continuity through the right and left fibrous trigones, these serving to anchor the aortic–mitral valvar unit within
the base of the left ventricle.

It is paradoxical that, when the leaflets lose their semilunar hinge lines in the setting
of diseases, achieving a more annular attachment, the valve becomes increasingly stenotic or
regurgitant. It is often presumed that the leaflets are of comparable size in any given individual.
This is far from the case. Variations exist not only between individuals in the dimensions of the
root, but also in the same individual in terms of the dimensions of the different leaflets, including
their height, width, surface area, and the volume of each of the supporting sinuses of Valsalva.
A study of 200 normal hearts revealed that the average width, measured between the peripheral
zones of attachment along the sinus ridge, for the right, the noncoronary, and the left coronary
leaflets was 25.9, 25.5, and 25.0 mm, respectively (14). Important variations were found when the
absolute width of each leaflet was expressed as a percentage of the width of adjacent leaflets.
When the two leaflets from the coronary aortic sinuses were compared, these percentages
varied between 75% and 159%. Comparisons of the leaflets guarding the noncoronary and right
coronary aortic sinuses showed variations from 62% to 162%. For the comparison of the leaflets
in the left coronary aortic sinus and the noncoronary sinus, the differences varied from 62%
to 150%. Comparable variations were observed for the height. Out of the 200 hearts studied,
leaflets of equal size were found in only five hearts. Evaluation of hearts removed from patients
with aortic stenosis revealed similar findings with respect to the width, height, and surface area
of the different leaflets (14). Such individual variations in geometry should be taken into account
when measuring the aortic root prior to choosing a prosthesis for percutaneous insertion. The
inequalities in the size of the leaflets can contribute to inaccurate measurements of the distance
between opposing valvar hinge points as seen on a cross-sectional echocardiographic image.
Variations in the height and width of the individual leaflets relative to the location of the
coronary arteries also require special consideration.

LOCATION OF THE CORONARY ARTERIES
In the majority of individuals, the coronary arteries arise within the sinuses of Valsalva adjacent
to the pulmonary trunk, with the arterial orifices usually positioned just below the level of
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the sinutubular junction. It is not unusual, however, for the arteries to be positioned superior
relative to the sinutubular junction. A recent study that evaluated this feature by using computed
tomography in 150 patients with normal hearts or only mild aortic stenosis, and in 19 patients
with moderate or severe aortic stenosis, showed that the mean distance between the basal
attachment of the leaflet and the orifice of the left coronary artery was 14.4 ± 2.9 mm, while
the comparable distance for the orifice of the right coronary artery was 17.2 ± 3.3 mm (15).
No significant differences were noted in the mean distances for subjects with or without severe
aortic stenosis.

Knowledge of the location of the coronary arteries, of course, is essential for appropriate
percutaneous replacement of the aortic valve. The valvar prostheses have been designed with
a skirt of fabric sewn within the frame to help create a seal and prevent paravalvar leakage.
Should the coronary arteries take a particularly low origin within the sinus of Valsalva, or
should the prosthesis be placed too high, this skirt may obstruct their orifices, impeding the
coronary arterial flow. Deployment of the valve, of course, necessitates crushing the leaflets
of the native valve against the walls of the aortic sinuses. The combination of a relatively
low-lying coronary arterial orifice and a large native valvar leaflet, therefore, can also obstruct
the flow into the coronary arteries during valvar deployment (16). Furthermore, implantation
of a transcatheter valve into a narrow (width) and/or short (height) sinus of Valsalva may
contribute to compromising coronary arterial flow irrespective of the location of the coronary
arterial orifice. All of these anatomic considerations mean that measurement of the height of
the take-off of the coronary arteries relative to their supporting valvar sinuses and dimensions
of the Sinus of Valsalva are crucial prior to valvar implantation.

THE INTERLEAFLET TRIANGLES AND THEIR RELATIONSHIP TO THE MITRAL
VALVE AND MEMBRANOUS SEPTUM
As we have already explained, because of the semilunar attachment of the valvar leaflets, three
triangular extensions of the left ventricular outflow tract reach to the level of the sinutubular
junction (16). These triangles, however, 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 coronary aortic sinus and the noncoronary sinus incorporates, at its base,
the membranous part of the cardiac septal structures. Its apical part, if removed, creates a
communication with the rightward side of the transverse sinus of the pericardium (Fig. 12).

The triangle between the noncoronary and the left coronary aortic sinuses has its base in
continuity with the aortic leaflet of the mitral valve. Removal of the apex of this triangle creates
continuity with the mid-part of the transverse pericardial sinus (Fig. 13).

The triangle between the two coronary aortic sinuses is much smaller. Its base arises from
the crest of the muscular septum, while its apex separates the aortic root from the freestanding
sleeve of subpulmonary infundibular musculature (Fig. 14).

As we have emphasized frequently, the aortic valve itself is the cardiac centerpiece, and its
leaflets are in continuity with some of the leaflets of both atrioventricular valves. The continuity
with the aortic leaflet of the mitral valve is the most extensive. It is the ends of this area
of fibrous continuity, which are thickened to form the left and right fibrous trigones; these
fibrous structures anchor the conjoined aortic–mitral valvar unit in the base of the left ventricle
(Fig. 11). As shown in Figure 13, the interleaflet triangle between the noncoronary and left
coronary aortic sinuses is an integral part of this area of fibrous continuity, which in this area
serves as the anterior annulus of the mitral valve. Inadvertent placement of the aortic valvar
prosthesis too low within the left ventricular outflow tract, therefore, may impinge upon this
leaflet of the mitral valve. The right fibrous trigone itself is confluent with the membranous
septum, which as shown in Figure 12, is at the base of the interleaflet triangle located between the
right coronary and noncoronary aortic sinuses. Together, the membranous septum and the right
fibrous trigone form the central fibrous body of the heart. On the right side, the hinge of the septal
leaflet of the tricuspid valve separates the membranous septum into its atrioventricular and
interventricular components. This relationship is the key to the understanding of the relationship
between the aortic valve and the conduction system.
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Figure 12 This image is created by removing the fibrous triangle interposing between the noncoronary and right
coronary aortic valvar sinuses, and photographing the heart from the right side. Note that the apical part of the
triangle opens to the transverse sinus of the pericardium.

Figure 13 This image is created by removing the triangle between the non-coronary and left coronary aortic
valvar sinuses, and photographing the heart from the back of the aorta. Note that the triangle opens into the
transverse pericardial sinus.
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Figure 14 This image is created by removing the fibrous triangle interposed between the two aortic sinuses
giving rise to the coronary arteries, and photographing the heart from the front, having also removed the subpul-
monary infundibulum. The triangle opens into the tissue plane separating the aortic root from the freestanding
infundibulum.

THE RELATIONSHIP BETWEEN THE AORTIC VALVE AND
THE CONDUCTION SYSTEM
Within the right atrium, the atrioventricular node is located within the triangle of Koch. This
important triangle is demarcated by the tendon of Todaro, the attachment of the septal leaflet
of the tricuspid valve, and the orifice of the coronary sinus (Fig. 15).

The apex of this triangle is occupied by the atrioventricular component of the membranous
septum. The atrioventricular node is located just inferior to the apex of the triangle adjacent to
the membranous septum, and therefore, the atrioventricular node is in fact in close proximity
to the subaortic region and membranous septum of the left ventricular outflow tract. It is this
relationship that allows us to understand why pathologies involving the aortic valve can lead
to complete heart block or intraventricular conduction abnormalities. The atrioventricular node
continues as the bundle of His, piercing the membranous septum and penetrating into the left
through the central fibrous body. On the left side, the conduction axis exits immediately beneath
the membranous septum and runs superficially along the crest of the ventricular septum, giving
rise to the fascicles of the left bundle branch. When viewed from the left, the bundle is intimately
related to the base of the interleaflet triangle separating the noncoronary and right coronary
leaflets of the aortic valve, with the superior part of the bundle intimately related to the right
coronary aortic leaflet, as shown exquisitely in the reconstruction made by Tawara in his stellar
monograph (Fig. 16) (6).

The illustration of Tawara shows how easily a prosthesis inserted too low within the
outflow tract can impinge directly on the left bundle branch, with obvious implications for
induction of abnormalities of conduction (7).
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Figure 15 The dissection, made by Professor Damian Sanchez-Quintana, and reproduced with his permission,
show the landmarks of the triangle of Koch. The tendon of Todaro is the continuation of the Eustachian valve, and
is shown by the red dotted line. The star shows the location of the atrioventricular node.

Figure 16 The image shows the intimate relationship between the leaflets of the aortic valve, particularly the
right coronary aortic leaflet, and the atrioventricular conduction tissues. Source: Modified from Ref. 16.
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CHANGES IN THE AORTIC ROOT WITH AGEING
The orientation of the aortic root relative to the surrounding cardiac structures is known to
change with aging. This change in geometry was examined in a series of normal human hearts,
comparing findings in individuals less than 20 years of age to those over 60 years of age (17).
Several aspects are of note. First, examination of the angle between the outlet and apical trabec-
ular parts of the ventricular septum showed significant differences. In hearts from individuals
over 60 years of age, the angle varied between 90◦ and 120◦. In those from individuals 20 years of
age or less, the angle varied between 135◦ and 180◦. In the younger patients, the left ventricular
outflow tract represented a more direct and straight extension into the aortic root. In keeping
with these findings, the majority of the circumference of the aortic inlet in all the hearts from
the older subjects projected to the right of a line drawn through the outlet part of the muscular
ventricular septum. In contrast, in the younger individuals, the majority of the circumference of
the inlet projected either to the right or to the left. Thus, we can infer that, in elderly patients, the
left ventricular outflow tract may not extend in straight fashion into the aortic root, but rather
show a rightward dogleg.

The presence of a subaortic septal bulge, and an extension of this producing asymmetric
septal hypertrophy, may create an obstacle to proper seating of the aortic prosthesis within
the left ventricular outflow tract. Indeed, the presence of a significant subaortic bulge, or a
hypertrophied septum, has been considered by some to be a relative contraindication to the
transcatheter implantation of aortic prostheses.

THE DISEASED AORTIC VALVE
Aortic valvar disease can be congenital or acquired. When congenital, the valve most usually
has only two leaflets and is usually termed a bicuspid valve, albeit that valves with one or three
leaflets can also be malformed at birth. Acquired disease is most usually either rheumatic or
degenerative and calcific. The most common indication for surgical replacement of the aortic
valve in patients younger than 70 years is the bicuspid valve, whereas degenerative calcific
disease is most frequent in the patients older than 70 years. In the following text, we provide
insights into the pathogenesis of bicuspid, calcific, and rheumatic valves, and the implication it
has for transcatheter implantation.

The prevalence of an aortic valve with two leaflets at birth is from 1% to 2%, affecting
men three to four times more often than women. Although the abnormal valve is present at
birth, patients typically present with symptoms in their sixth to seventh decade of life. In most
instances, the two leaflets of the valve are unequal in size, with the larger leaflet having a mid-
line raphe that represents incomplete separation, or congenital fusion, of two adjacent leaflets
[Fig. 17(B)]. In three-quarters of patients, it is the leaflets arising from the sinuses giving rise to
the coronary arteries that are fused, resulting in the more anterior leaflet being larger. In most
other instances, the fused leaflet is made up of the right coronary and noncoronary leaflets.
Turbulent flow across the diseased valve is thought to promote accelerated fibrosis and calcifi-
cation at an earlier age. The most frequent primary complication is stenosis, seen in five-sixths,
with insufficiency being the problem in the remainder of patients. Additional fusion along the
zone of apposition between the leaflets is not typically observed. Severe calcification can make
the diagnosis of the bicuspid valve a real diagnostic challenge.

Degenerative calcific stenosis of the aortic valve is present in approximately 2% of patients
older than 65 years. Its precursor, thickening or calcification of the leaflets without obstruction
to the left ventricular outflow tract, known as sclerosis, is observed in up to one-third of patients
(18–21). Calcific aortic valvar disease results in symptoms in the eighth to ninth decade of life.
The process of calcification begins at the base of the leaflets, where flexion is maximal, and
extends into the sinuses of Valsalva. Ultimately, the process produces immobilization of the
leaflets. The free edges of the leaflets are not involved, and typically there is minimal fusion
along the zones of apposition between the leaflets [Fig. 17(C)]. In contrast to rheumatic disease
of the aortic valve, the mitral valve is not involved.

Rheumatic aortic valvar disease is characteristically associated with adhesion and fusion
along the zones of apposition between the leaflets, which are typically severely thickened. The
free edges often retract and stiffen, resulting in the so-called “fish mouth” orifice [Fig. 17(D)].
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Figure 17 (A) Nondiseased tricuspid aortic valve viewed from the aortic aspect. (B) Stenotic bicuspid aortic
valve with calcification and a midline raphe pointing at six-o’clock position. There is no fusion along the zone
of apposition between the leaflets. (C) Calcific aortic valve disease with thickening of the leaflets and calcific
deposits at their base. As in panel B, there is no fusion along the zones of apposition between the leaflets. (D)
Rheumatic aortic valve disease with thickening of the leaflets and marked fusion along the zone of apposition
between adjacent leaflets, producing the characteristic “fish mouth” orifice.

Calcific nodules can be found on both sides of the leaflets. In rheumatic aortic valvar disease,
stenosis and regurgitation can be of equal consequence.

Transcatheter implantation is currently reserved for high-risk elderly patients with calcific
disease. Preimplantation balloon aortic valvoplasty is primarily performed to improve seating
of the transcatheter prosthesis within the aortic root. Mechanisms of balloon dilation include
splitting and/or cracking of the zones of apposition between the leaflets, cracking of calcific
nodules, tears within the leaflets, and expansion of the walls of the valvar sinuses, known as
“stretching,” at sites where the leaflets themselves are not fused along their zones of apposition
(22). The mechanism of action, therefore, is related to the etiology of the valvar disease. In
the absence of fusion along the zones of apposition between the leaflets, as seen in congenital
bicuspid and degenerative calcific disease, balloon dilation results in expansion of the walls of
the root and fracture of the leaflets and calcific deposits. On the other hand, in the presence of
fusion between the leaflets, as seen in rheumatic disease, balloon dilation results in splitting of
the fused leaflets and cracking of the leaflets themselves. Balloon dilation is most effective in the
setting of rheumatic disease, followed by calcific disease, and least effective for elderly patients
with bicuspid valves.

Incomplete expansion of the balloon during preimplantation valvoplasty should serve as
a clue that the leaflets that are severely noncompliant, with the subsequent possibility of incom-
plete expansion and malfunction of the prosthesis. Some believe this to be a contraindication to
transcatheter implantation. Given the age and high-risk profile of patients, transcatheter aortic
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valves are implanted in the context of calcific aortic valvar disease. It is extremely rare for such
valves to be implanted in patients with rheumatic aortic valvar disease. Although a bicuspid
valve is currently considered a contraindication to transcatheter implantation, accumulating
anecdotal experience suggests that it can be performed safely in selected individuals, but more
evidence is needed before promoting such a practice.

CONCLUSION
Anatomical knowledge of the aortic valvar complex can be fundamental in understanding the
key principles of percutaneous insertion of valvar prostheses. Appreciating the exact origin of
the coronary arteries, and the location of left bundle branch, may help to minimize the risks of
coronary ischemia and abnormalities of conduction that can occur during implantation. Knowl-
edge of the limitations of measuring the so-called annulus by echocardiography, angiography or
multislice computed tomography may decrease the possibility of creating a mismatch between
the patient and the chosen prosthesis. Finally, an understanding of the variations in structure
found not only between individuals, but also within the aortic valve of the same individual, can
lead to refinements in the future designs of valvar prostheses.
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Gaku Nakazawa
CVPath Institute, Inc., Gaithersburg, Maryland, U.S.A.
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ANATOMY OF NATIVE VALVE
The underlying etiology of aortic valve stenosis is for the most part dependent on the age at
which the patient presents. Since the need for percutaneous heart valve (PHV) replacement is
mostly limited to high-risk patients presenting in their seventh and eighth decades, the most
common indication for the procedure is senile calcific aortic stenosis and is more common in men
than women. Calcification begins to accumulate in the base of the cusps on the aortic aspect
and extends superiorly toward the mid-portion of the cusp with sparing of the free margin
(closing edge). Calcification is typically more pronounced in the noncoronary cusp as compared
to the coronary cusps. The mechanism of this finding may involve the relatively reduced
diastolic pressure load imparted on the coronary cusps due to the presence of coronary ostia
(1). Typically, the nodular calcific deposits are superimposed on a fibrotic cusp, whereas in the
bicuspid aortic valve calcification occurs diffusely within the spongiosa (2). Commissural fusion
classically is absent in senile aortic stenosis unless there has been an associated inflammatory
or infectious disorder. The ventricular surface is mostly smooth with some degree of fibrosis.
The pathogenesis of calcification of the tricuspid aortic valve is unknown. Mild asymmetry
of valve cusps has been suggested as a potential precipitant of the calcification process (3,4).
However, the high incidence of minor differences in cusp size (>50% in individuals) makes it
unlikely to account for severe stenosis in most cases. Since calcification is commonly seen in
atherosclerosis of coronary arteries, an association between coronary atherosclerosis including
its epidemiologic risk factors has been suggested. In some studies, a significantly higher fasting
cholesterol levels have been observed as compared to controls without aortic calcification (5,6).
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However, recent lipid-lowering trials failed to show a benefit of lipid lowering on calcific aortic
stenosis. In a report from the Mayo Clinic, the average age of patients who underwent surgical
aortic valve replacement for degenerative aortic stenosis was 74 years (range 49–92 years) and
was performed more frequently in males (1.6:1) (7). The dominant lesion was stenosis (80%)
with mild degrees of aortic regurgitation often present. In this study, aortic root dilatation was
rarely observed (3%) (7).

Percutaneous aortic valve replacement has recently been proposed as a treatment for
severe symptomatic aortic valve stenosis in patients refused or at high risk for conventional
surgery. Since the first implantation by Cribier in 2002, more than 5000 patients have undergone
transcatheter aortic valve implantation (TAVI). Two main technologies share the wealth of the
experience to date: the Edwards SAPIEN valve R© (Edwards Lifesciences, Irvine, CA) and the
CoreValve ReValving system R© (CoreValve Inc., Irvine, CA) (8).

The currently available transcatheter valves are bioprosthetic, that is, pericardial tissue
valves. Bioprosthetic valves are prone to calcification and degeneration that can limit their long-
term durability. The geometric relation or conformity of the device relative to the specific patient
anatomy needs to be analyzed to better understand the seating of the prosthesis within the aortic
root. Furthermore, the characterization of the histologic changes that occur over time in relation
to valve frame, valve leaflets, and periaortic root structures needs to be better understood
as well.

Retrieval analysis becomes an essential part of an accurate quality assessment protocol
that requires a large involvement of doctors, patients, and manufacturers to be successful.
Implant retrieval analysis might also have a substantial impact on design and clinical practice,
improving the safety of artificial heart valves and curtailing implantation programs of unsafe
valves.

In this chapter we provide gross and microscopic observations made in 15 explanted
transcatheter heart valves (nine of Edwards and six of CoreValve). In all these patients, post-
mortem studies were performed after fatal complications related to patient comorbidities or
procedural-related events-–none were device-related events.

THE EDWARDS SAPIEN VALVE

Device Description
The first balloon-expandable Edward SAPIEN valve R©, successor of the initially used Cribier–
Edwards valve has a balloon-expandable stainless steel frame, fabric sealed cuff, and a bovine
pericardial valve (Fig. 1). It is a trileaflet valve constructed with the bovine pericardium, which
is sewn to the stent frame that is 14 mm in height. The first Cribier–Edwards valve prototype
had the ventricular one-third of the stent frame covered with a fabric cuff designed to form a
seal against the aortic annulus (9). However, the more recent prototype (Edward SAPIEN valve)
has been modified using a similar stainless steel frame but the fabric skirt now covers two-thirds
of the frame to improve sealing and reduce paravalvular regurgitation (Fig. 1) (8).

Animal Studies
To study the performance of the Cribier–Edward valve, transcatheter studies were initially
performed in sheep models traditionally used for surgical valve implant studies. Currently, no
animal model of aortic valve stenosis exists to adequately evaluate positioning, deployment,
anchoring, and functioning of the transcatheter heart valves in the orthotopic position. The
main limitations of these animal models include the short distance between the coronary artery
ostia and aortic valve annulus, the small distance between the aortic valve annulus and mitral
valve leaflets, and the relatively short length of the ascending aorta (10).

To overcome these anatomical limitations, Eltchaninoff et al. attempted to implant the
prosthetic heart valve heterotopically in the descending aorta; however, the lack of a transpros-
thetic diastolic pressure gradient needed to close the valve led to the discontinuation of this
model (11). Based on the Hufnagel concept (i.e., surgical correction of aortic regurgitation by
implantation of a mechanical heart valve in the descending aorta), Cirbier et al. created a sheep
model of aortic regurgitation by extracting small tissue fragments of the aortic valve by using
bioptomes (12). The prosthetic heart valve was subsequently implanted percutaneously in the



c02 IHBK048-Serruys October 22, 2009 22:12 Char Count=

20 VIRMANI ET AL.

Figure 1 Cribier–Edward percutaneous valve consists of three elements: the stainless steel balloon expandable
frame, bovine pericardial valve tissue, and a PET skirt material. The leaflet tissue is secured within a fold in
the PET skirt material, which is attached to the metal stent frame ({). The edges of the leaflets are attached
to commissure bars (arrow). The fabric skirt in the Cribier–Edward valve covers the ventricular one-third of the
frame, whereas in the SAPIEN valve, it covers the ventricular two-thirds of the frame to improve the sealing (double
arrow). Source: From Ref. 18 (Cribier–Edward valve) and Ref. 17 (SAPIEN valve).

descending aorta just distal to the subclavian artery. Valve performance was followed for up to
21 weeks by angiography and echocardiography (10).

Four animals died of acute procedural complications, which included aortic perforation,
mitral valve damage, hemothorax, and sheath dissection of the brachiocephalic artery. One
animal had, via gross and radiographic inspection, a misaligned rotated PHV within the aorta,
which lead to the valve assembly being perpendicular to aortic flow (10). The remaining nine
implants appeared widely expanded in the aorta with the stent frames well apposed to the aortic
wall. The entire assemblies were well aligned with aortic blood flow and correctly oriented for
proper leaflet excursion. Radiographic examination of the implants showed all stent frames to
be intact. No calcification was discernable from the X-rays within the device or leaflets. Grossly,
all valve assembly stent frames, with the exception of the device in one animal (see earlier), all
were well apposed to the aortic walls and completely incorporated with neointimal growth.
Neointimal growth was also present along the basal attachment points of the leaflets, more so
on the ventricular surface at 21 weeks. Neointimal growth was also present along the free edges
of some of the leaflets. No fractures, tears, or fenestrations in the leaflets were grossly visible
(Fig. 2).

In microscopic observation at 21 weeks, all devices, excluding the animal with the rotated
PHV, showed widely patent lumens and good apposition of the stent frames to the aortic

Figure 2 Aortic and ventricular views of the valve assembly with surrounding ovine aortic root. The stent frame is
expanded into a cylindrical shape and is well apposed to the native aortic surface. The valve leaflets are intact with
no tears, calcification, or thrombosis. There is slight thickening of the leaflet free margins near the commissures
and at the base along the PET skirt and suture lines (opaque white tissue).
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Figure 3 Histologic sections of the stent/valve assembly at three points: Photos (A) and (D) are low- and high-
power views from the area of PET and valve tissue attachment to the stent frame. Photos (B) and (E) show basal
commissure points with neointimal incorporated leaflet tissue. Photos (C) and (F) show distal commissure points
and thin neointimal coverage of the stent frame struts (arrow). Photo (G) shows well-organized neointimal growth
lining the luminal surface of the PET material. Photo (H) shows thin, well-organized neointimal growth over a distal
stent frame strut. Photo (I) shows proteoglycan-rich neointimal growth incorporating the free edge of a prosthetic
valve leaflet ({).

walls. The stent frames were completely incorporated with well-organized neointimal tissue
composed of smooth muscle cells in a proteoglycan matrix (Fig. 3). Fabric skirt material and
attachment sutures at the proximal end of the assemblies were also completely incorporated
with neointima. There was essentially no inflammatory reaction to the stent frame or fabric
skirt material. Support bar assemblies (i.e., longitudinal struts) at the commissure attachment
points were intact with tight apposition of the leaflets at the commissures. Neointimal growth
was greater around the commissures and generally showed less smooth muscle organization.
The leaflet bases were also incorporated with neointima. Neointimal layers covering the stent
frame struts were fully endothelialized (Fig. 3).

Analysis of the Retrieved Human Implants
To our knowledge, a total of nine postmortem studies have been performed in patients implanted
with the Edwards PHV (Table 1). The majority of the prosthetic valves were explanted within
10 days of the procedure (range 1 to 55 days).

Gross and histologic observations involve prosthetic valve location, stent expansion, stent
strut apposition to the aortic wall, integrity of the prosthetic valve leaflet, presence of thrombus,
and bacterial endocarditis.

In our experience with seven explanted valves, the stent frame had been well deployed
and anchored across the native valve annulus. The native valves were pushed and the stent
frame was circular in all but one case where the frame was oval (Figs. 4 and 5). The mean
external diameter of the frame was 26 ± 2 mm. The stent frame compressed the native valves
into the aortic sinus such that no significant space could be visualized between the aortic and
the left ventricular out flow tract. However, some leaks have been identified between the stent
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Table 1 Retrieved Valves (Edwards)

Length of
implantation Valve EuroSCORE Report

Case # (days) Sex Age (yr) generation (%) from

1 1 Female 87 LC5649 18.81 REVIVE
2 3 Male 82 LA2022 50.74 Study
3 9 Male 85 9000TFX 28.83 REVIVAL
4 2 Female 89 9000TFX 16.56 Study
5 Unknown (Late,

>2 months)
Unknown PHV23 Unknown

6 Unknown
(acute)

Unknown PHV23 Unknown AFIP

7 Unknown
(acute)

Unknown PHV23 Unknown

8 5 Male 87 PHV23 or 26 Unknown Published (15)
9 2 Male 79 PHV26 14.15 Published (17)

Abbreviations: AFIP, Armed Forces Institute of Pathology; PHV, percutaneous heart valve. The REVIVAL trial, transcatheter
endovascular implantation of valves; REVIVE, registry of endovascular implantation of valves.

frame and the native commissure. Generally, the lower edge of the valve prosthesis was located
at the anatomic arterio-ventricular junction with tight apposition to the aortic root. The superior
edge of the prosthetic valve was usually observed below the sinotubular junction. The coronary
ostia are typically located at the rim of the sinotubular junction or just below it. In one of the
autopsy cases, we observed definite obstruction of the left main coronary orifice by the prosthesis

Figure 4 (Edwards Case #2 in Table 1.) Superior radiographic and gross view of the explant with the stent/valve
assembly in situ. The native valve leaflets show marked calcification, especially the right coronary leaflet (thin
arrow). The left and right coronary ostia are identified. The photo below of the inferior surface shows good
apposition of the device to the aortic root adjacent to the left and noncoronary leaflets. A small gap is present
adjacent to the right coronary leaflet (arrow) that resulted in a paravalvular leak secondary to poor expansion of
the right coronary sinus due to heavy calcification.
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Figure 5 (Edwards Case #2 in Table 1.) (A) and (B) Low- and high-power cross-sectional views of the proximal
end of the native aortic root and valve implant. The high-power image shows the skirt material on either side of
the prosthetic valve tissue and stent frame struts apposed to the native noncoronary leaflet. Toluidine blue/basic
fuchsin whole mount and 2×. (C) Low-power cross-sectional view of the mid-native aortic root and valve implant
showing the prosthetic valve tissue secured within the three-stent frame commissures. Toluidine blue/basic fuchsin,
whole mount. (D) Distal section showing another commissure point with securely fastened valve leaflet tissue.
Toluidine blue/basic fuchsin 2×. (E) and (F) Low- and high-power cross-sectional views of the distal end of the
native aortic root and valve implant. The high-power image shows a heavily calcified area of the right coronary
leaflet. An adjacent prosthetic leaflet commissure is also pictured. Toluidine blue/basic fuchsin whole mount
and 2×.

(Fig. 6). In one case, a cuspal tear was observed. In two valves, thrombus on the valve was seen
as brownish-red material associated with white raised lesions (N.B. one of these cases involved
an infective endocarditis). Inspection also revealed minor fibrin platelet thrombi on the valve
leaflets mostly limited to the aortic surface but was not uncommonly seen on the ventricular
surface as well (Fig. 7).

Considering the short-term implantation of the current series of valves, we observed up
to two to three layers of acute inflammatory cells (i.e., mostly macrophages with or without
giant cells and few neutrophils) covering the surface but not infiltrating into the valve leaflet
itself. Neutrophils were prominent in the patient with bacterial endocarditis. In this case, the
valve showed colonies of gram-positive cocci, mostly on the ventricular surface and infiltrating
the leaflet collagen layers.

In longer term implants, portions of the stent frame, the mid-assembly sections taken at
the level above the pericardial sleeve, and the area around the support bar (i.e., longitudinal
strut) were slowly being incorporated with early fibrin deposition and smooth muscle cell
infiltration and surface endothelialization. The basal portions of the valve leaflets were also
infiltrated by neointimal tissue consisting of smooth muscle cells in a proteoglycan matrix.
In the areas where the stent struts where in direct contact with the aortic wall, we observed
fibrin deposition that was followed by mild neointimal growth and surface endothelialization
(Figs. 8–10).
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Figure 6 (Edwards Case #6 in Table 1.) Radiographic and gross views of aortic root with implanted prosthetic
valve. Photo (A) shows a radiographic superior view of the explant with the stent/valve prosthesis in situ. There
are areas of calcification in the adjacent mitral valve (∗) and around the annulus (arrows). Photo (B) shows a gross
superior view of the explant taken at the same angle as the X-ray. The right and left coronary ostia are identified.
Evulsed native valve tissue is present in the upper left quadrant (∗). Photo (C) shows an illustrated view of the
aortic side of the implant. Left and right coronary ostia are tracked with probes. Evulsed native leaflet tissue is
seen within the valve assembly adjacent to the left coronary cusp. Abbreviations: RO, right ostium, LO, left ostium.

THE COREVALVE REVALVING SYSTEM

Device Description
The CoreValve aortic bioprosthesis is the third generation of a trileaflet porcine pericardial
tissue valve, mounted and sutured in a self-expanding nitinol frame, which is 53- or 55-mm
long, depending on valve size (13). The frame is divided in three distinct zones of radial force
or hoop strength. The lower portion has high radial force to expand and exclude the calcified
leaflets and to avoid recoil. This portion extends to a small degree into the left ventricle. The
middle portion features high hoop strength and carries the valve. The frame shape at this
portion of the frame is designed to avoid the coronary arteries. The upper portion of the frame
has low radial force and is flared outward to make contact with the ascending aorta, which
serves to consistently align the valve to blood flow. Of note is that this device thus implants
intra-annularly but functions supra-annularly.

Preclinical
The design was first tested on explanted human hearts (14). These hearts were explanted includ-
ing the ascending aorta up to the root of the brachio-cephalic arterial trunk. After immobilizing
the hearts, the distance between the arteriotomy and the aortic annulus was measured. The left
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Figure 7 (Edwards Case #3 in Table 1.) (A) and (B) Low and high-power views of the middle valve assembly
section showing early thrombus deposition between the leaflet material and the outer stent frame toluidine
blue/basic fuchsin, whole mount and 4×. (C) Aortic side of same leaflet showing focal surface thrombus deposition
with red blood cell extravasation (arrow). H&E 20×. (D) Macrophage infiltration of superficial collagen on the
ventricular side of the leaflet. H&E 40×.

atrium was opened, the mitral valve was visualized, and its effective orifice area was measured.
The prosthesis was loaded in the delivery catheter and the prosthesis was implanted. The fol-
lowing analysis was then carried out: (1) through the left atrium, verification of the mitral valve,
appreciation of the mobility of the two mitral leaflets, and measurement of the mitral effective
orifice area; (2) cut down of the aorta to the distal end of the prosthesis allowed verification
of the patency of the left and right coronary arteries ostia by using a 1-mm coronary probe;
(3) search for paravalvular leaks with a 1-mm metal tip inserted between the aortic wall and
the external rim of the frame; (4) further dissecting the aorta to the annulus and verifying the
adequate positioning of the prosthesis relative to the annulus and the subannular zone. In these
studies, the prosthesis was never in contact with the mitral valve greater than 3 mm. (N.B.: The
complete length of the anterior mitral valve leaflet is approximately 30 mm). No reduction of
the effective orifice area was noted and there was no reduction in the mobility of the anterior
mitral leaflet. The implantation of prostheses left a free passage to both coronary orifices. The
prosthesis has a constraint mid-portion of the frame that allows for optimal valve prosthesis
function and also does not allow the frame to interfere in any way with the coronary ostia.

In a few implantations, balloon expansions following the implantation of the prosthesis
have shown further expansion of the frame inside the anatomic wall. Leaks of a lesser diameter
were still observed but minimal, meaning that the 1-mm probe could be pushed in these
leaks with repeated and strong applications. Definitive interpretation of these leaks has to be
questioned at the time by the quality of the model, lacking the blood pressure that extends
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Figure 8 (Edwards Case #5 in Table 1.) Superior radiographic and gross view of the explant with prosthesis
(stent valve) in situ (A, B). The X-ray shows marked calcification of the native valve leaflets. The left and right
coronary ostia are identified in the gross view. The inferior view of the device shows good coaptation of the leaflet
free edges (C).

the vessel and anatomy. Nevertheless, it may explain the paravalvular leak experience in clinic
where a nontotal conformity between a self-expanded circular prosthesis in a noncircular native
aortic annulus are mismatched.

Animal Model
The animal model chosen was the sheep, being the accepted model for valve testing in the
orthotopic position (14). The anatomy above the valve annulus and especially the coronary
sinuses are close to the human one. The CoreValve frame using one part located in the vicinity
of these sinuses and bridging the coronary sinuses with an “ascending aorta segment” could
therefore reproduce the advantage envisioned in humans.

However, one major difference to the human anatomy described in the literature and also
encountered by other teams was confirmed. In the sheep model, there is no space between
the aortic and mitral valve annulus (the so-called inter-aortico–mitral ridge) as it is well
described in humans and noted by all surgeons performing heart valve replacements. There-
fore, as the CoreValve frame is composed by an element that covers the subannular space
and the inter-aortico–mitral ridge this causes various degrees of mitral interaction. Angiog-
raphy of the ascending aorta and the left ventricle were carried out prior to and following
the aortic ring measurement, for aortic valve or para-valvular leak evaluation with prosthesis
implantation.
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Figure 9 (Edwards Case #5 in Table 1.) (A) and (B) Low- and high-power cross-sectional views of the proximal
end of the native aortic root and valve implant. The high-power image shows the skirt material on either side of
the prosthetic valve tissue and stent frame struts apposed to the native leaflet (∗). The underlying native valve
shows focal calcification (arrow). Toluidine blue/basic fuchsin, whole mount and 2×. (C) and (D) Low- and high-
power cross-sectional views of the mid-native aortic root and valve implant. The low-power image shows two intact
frame commissures (arrows). The high-power image shows marked calcification of the native right coronary leaflet.
Toluidine blue/basic fuchsin, whole mount and 1.25×. (E) and (F) Low- and high-power cross-sectional views of
the distal end of the native aortic root and valve implant. The high-power image shows a native leaflet commissure
(arrow) and prosthetic leaflet commissure above. Toluidine blue/basic fuchsin, whole mount and 1.25×.

The delivery of the device was precise, but in the first implantation, the absence of the
retaining hooks lets prosthesis tend to jump out uncontrolled from the delivery system. Retain-
ing hooks (connecting the frame to the inner catheter) have been applied to withhold the
prosthesis until the external sheath is fully pulled back. This feature also permits, if necessary,
to pull back the entire system to a more precise final position even when two-thirds of the sheath
has been withdrawn.

The observed early migration of the device was corrected by (1) increasing the radial force
of the lower portion of the device and oversizing the prosthesis relative to the native aortic
valve annulus and (2) improving the quality of the tip of the delivery catheter thus preventing
the encroachment in the distal frame during the retrieval.

Of the animals euthanized early, the evaluation showed: good adhesion, no impairment of
coronary flow, no prosthesis migration and no valvular or paravalvular leak. Animals followed
at 10 days and 6 weeks confirmed the intimate adhesion of the frame to the local tissue, absence
of valve tear or calcification.

Analysis of the Retrieved Human Implants
A total of six implants have been retrieved and postimplantation time ranged from 3 to
425 days allowing for an appreciation of the early and mid-term gross and histologic changes
that may occur after implantation (Table 2).

Postmortem studies have demonstrated the deposition of fibrin, platelets, and inflamma-
tory cells (which eventually transform into pannus) around the valve frame. This pannus is well
formed by three months and may even extend into the base of the valve leaflets.

In the five specimens from the Institut de Cardiologie de Montreal (ICM), the valve was
divided into three distinct parts corresponding to the portions of the device described earlier.
When implanted correctly, the lower part of the frame (i.e., Area 1) is in contact with the left
ventricular outflow tract and native aortic valve leaflets; the mid part of the frame is constrained
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Figure 10 (Edwards Case #5 in Table 1.) (A) Mid-section of the valve assembly showing an intact valve frame
(boxed area) with early neointimal covering of the fabric. Outside prosthetic valve assembly is the native heavily
calcified valve. (B) The boxed area is magnified to show the area between the valve and the fabric is covered
by neointimal tissue and is partially endothelialized the black arrow points to fibrin, and the white arrow shows
the native heavily calcified valve adherent to the fabric. (C) Scanning electron microscopic images of the stent
frame showing early coverage of the stent by neointima and focal adherent inflammatory cells. The black arrow
points to the native calcified valve. The area between the white arrows is shown in (D) at higher magnification
with adherent white cells and focal endothelialization better seen in (E) at higher magnification.

at the level of the coronary arteries and houses the prosthetic valve leaflets (i.e., Area 2); and the
upper part of the frame sits in the ascending (i.e., Area 3) (Fig. 11). Sections were taken from the
various regions including the valve leaflets and stained with H&E (hematoxylin and eosin) and
Movat pentachrome stains. Two of the valves were processed in plastic including the nitinol
frame with attached surrounding tissue and stained with toluidine blue and basic fuchsin.

ICM Case 1
An 85-year-old woman had a procedure-related death. Prosthetic valve placement was com-
plicated 30 minutes following completion of the procedure by cardiac tamponade and arrest.

Table 2 Retrieved Valves (CoreValve)

Length of
implantation Age Valve EuroSCORE Report

Case # (days) Sex (yr) generation (%) from

1 3 Female 85 18 F 18.81 ICM
2 4 Male 85 21 F 69.00
3 13 Male 77 18 F × 2 28.83
4 104 Female 81 21 F 16.56
5 350 Male 85 21 F 45.56
6 425 Female 80 Unknown 7.08 Lepzig

Abbreviation: ICM, Institut de Cardiologie de Montreal.
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Figure 11 Heart opened along the left ventricular outflow showing CoreValve prosthesis in situ. The valve
assembly is divided into three regions: Area 1-–Inflow portion of the prosthesis that is typically in contact with
the left ventricular outflow tract and native aortic valve leaflets; Area 2-–Mid-portion of the prosthesis housing the
porcine pericardial leaflets (between red lines); Area 3-–Outflow portion of the prosthesis typically is seated in the
ascending aorta. Abbreviation: AML, anterior mitral leaflet.

After emergency pericardiocentesis at bedside, the patient was rushed to the operating room
where a perforation was identified in the aortic root close to the left main coronary takeoff.
The patient died of multiorgan failure on the third day. On gross examination (Fig. 12), a thin
layer of dull white endocardial tissue was seen on the interior surface of the device in Area
1 where the prosthesis was in close contact with the native valve. The prosthetic leaflets were
fully functional. There was no tissue seen in the proximal portion of the prosthesis in Area 3.
Small pieces of white dull tissue were visible on the inner surface, near the valve suture areas,
on the frame. Microscopic examination revealed platelets, leucocytes, and fibrin (Fig. 12) with
interspersed red cells surrounding Area 1 on the pericardial wrap of the valve frame.

ICM Case 2
An 85-year-old man underwent TAVI after consideration of comorbidities that included a
recent myocardial infarction, left ventricular systolic dysfunction, type 2 diabetes, hyperten-
sion, hyperlipidemia, chronic obstructive pulmonary disease (COPD), and peripheral vascular
disease. Furthermore, he had a 90% stenosis of the right internal carotid artery (15). Preoper-
ative echocardiography revealed a calcified aortic valve with an Area of 0.4 cm2 and a mean
gradient of 41 mm Hg, consistent with severe aortic stenosis. The left ventricular ejection frac-
tion was 35%. There was a Grade 2 mitral regurgitation and a Grade 3 tricuspid regurgitation.
An angiogram of the descending aorta and iliac arteries revealed a calcified focal proximal
left external iliac artery stenosis. To minimize difficulties with delivery catheter advancement,
intervention first began with a left external iliac artery angioplasty. A 7 mm × 4 cm Power-
flex balloon (Cordis Corp., Miami, FL) was inflated twice initially at 1 atm and then 2 atm.
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Figure 12 (CoreValve ICM Case #2.) (A) Area 1 shows a thin layer of white film, likely representing fibrin rich
thrombus. (C) Area 3 shows the thin film covering focal areas of the frame. (B) and (D) are histologic sections taken
from (A) and (C), respectively. (B) Focal presence of fibrin thrombus with interspersed red cells. (D) Prosthetic
valve leaflet (small arrow) with a focal area of surface thrombus (thin arrow).

Following a reasonable increment in the diameter of this artery, the aortic valve intervention
was performed under right femoro-femoral cardiopulmonary bypass (as it was recommended
in early 2006) and angiographic guidance. A postimplantation angiogram was obtained, which
demonstrated adequate positioning of the device. Transesophageal echocardiography (TEE)
demonstrated a mean gradient of 8 mm Hg, and two areas of trace paravalvular leakage. The
aortic valve area was 1.2 cm2. The left ventricular ejection fraction was 30%. There was grade
1 mitral regurgitation. A 1.5 cm × 1.5 cm mobile mass was evident in the left ventricular out-
flow tract and was retrieved using a bioptome. The mass appeared to be calcified vascular
tissue originating from the left iliac artery. The patient remained unconscious and could not
be weaned from ventilation. Clinical and computed tomographic assessments revealed signs
of a major right hemispheric cerebral infarction. Postoperative echocardiography confirmed
preserved bioprosthetic aortic valve function; however, he died on the fourth postoperative
day. Autopsy examination revealed occlusive embolization of the left subclavian artery with
material from the left external iliac artery “endarterectomy” site. There was evidence of right
cerebral hemispheric infarction and severe aortic atherosclerosis (American Heart Association
Grade VI). Cardiomegaly was evident (heart weight: 700 g) and was attributed to concentric left
ventricular hypertrophy. The aortic valve prosthesis was well positioned within the axes of the
left ventricular outflow tract and aortic root and the left and right coronary artery ostia were
unobstructed. The self-expanding frame of the bioprosthesis had adapted itself cleanly to the
geometry of the calcified annulus (Figs. 13 and 14).

ICM Case 3
A 77-year-old man had a first CoreValve prosthesis implanted too low, which resulted in an
unacceptable aortic regurgitation (AR). To correct this AR, implantation of a second CoreValve
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Figure 13 (CoreValve ICM Case #2.) Views of the CoreValve bioprosthesis in position. Abbreviation: ALMV,
anterior leaflet of the mitral valve. (1) and (2) relation with the mitral valve.

prosthesis (prosthesis in prosthesis) was performed as a bail out. Transthoracic echocardio-
graphic assessment at day 9 showed a reduction of mean gradient from 40 to 16 mm Hg and
improvement of aortic valve area from 0.9 to 1.3 cm2. Nevertheless, this patient who had pre-
viously been operated for coronary artery bypass grafts (CABG) died of cardiac failure in the
context of a preexisting severe mitral regurgitation worsened by recent subendocardial antero-
septal myocardial infarction involving the anterior papillary muscle.

On gross evaluation (Figs. 15 and 16), two valves were present, one inside the other without
local complication. In Area 1, white dull tissue was visible on the interior surface covering both
prostheses. The first implant was placed too low in the outflow tract without any impedance of
the anterior mitral leaflet; however, the valve was not well apposed to the outflow wall of the
left ventricle. In Area 2, the second valve was functional with mild white dull tissue present in
the aortic sinus. In Area 3, the interior surface of the frame was also covered by white dull tissue.
Interestingly, both areas in close contact with the aortic and ventricular walls were covered by
the same tissue, and no thrombus was observed in the area of blood flow toward the coronary
ostia, whereas over the closed saphenous vein bypass graft a white dull tissue was observed on
the frame of the valve (Fig. 16).

Figure 14 (CoreValve ICM Case #2.) Views of the CoreValve bioprosthesis in position. Relation with the native
aortic leaflet: (1) The left anterior leaflet; (2) Magnification of the right anterior leaflet.
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Figure 15 (CoreValve ICM Case #3.) (A). Radiograph of the aortic root with double valve implant in place for
13 days. The radiograph shows heavy calcification at the level of the native valves (arrows) and along the aortic
wall (arrows). (B) and (C) Gross examination of the heart from the left ventricular outflow tract and ascending
aorta, respectively. In (B), the double valve implantation can be appreciated with mild thrombus on the surface of
the prosthetic valve. In (C), mild red thrombus can be appreciated near the leaflet attachment sites (arrow).

Figure 16 (CoreValve ICM Case #3.) Gross examination of the ascending aorta and Area 3 of the CoreValve
prosthesis (labeled Valve 1 and Valve 2). Note that the ostia of the saphenous vein bypass grafts (SVG) are
patent. The CoreValve frame in contact with the aortic wall is covered by fibrin and thrombus (arrows).
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Figure 17 (CoreValve ICM Case #3.) (A and B) Histologic sections demonstrating thrombus formation (com-
posed of red blood cells, fibrin, and inflammatory cells) over the struts in Area 3. (C and D) Calcified debris trapped
between the device and the outflow tract in Area 3. In addition, there are surrounding foamy macrophages and
occasional giant cells embedded in a fibrin and red cell rich matrix (Area 3) (C and D).

Microscopic assessment (Fig. 17) of the dull white intimal tissue revealed fibrin intermin-
gled with acute inflammatory cells as well as red blood cells and platelets in Areas 1 and 3.
In Area 1, underneath the device and in the outflow tract a focal area composed of fibrin and
red cell rich matrix with calcification was identified. There were focal foamy macrophages and
occasional giant cells noted.

ICM Case 4
An 81-year-old woman with moderate to severe mitral regurgitation prior to TAVI had been
found dead in her bed 104 days postprocedure. On visual inspection (Fig. 18), struts in Area 1
were completely covered by a smooth glistening endocardial white tissue. The leaflets (Area 2)
were fully functional. In Area 3, white intimal tissue was covering the distal spikes of the device
only at areas, which were in contact with the aortic wall. Portions of Area 3 not in contact with
the aortic wall were free of tissue coverage and allowed normal blood flow into the coronary
ostia.

On microscopic examination of Area 1 (Fig. 19), the endocardial surface of the native aortic
valve was covered by smooth muscle cells (SMCs) in a proteoglycan matrix that extended to
cover the pericardial skirt of the prosthesis and spread to the basal portion of the valve leaflets
in Area 2. A few inflammatory cells were identified including macrophages, lymphocytes, and
giant cells (Fig. 19). Also, an area of foreign body giant cell reaction was seen where cotton fibers
got deposited likely due to manipulation of the CoreValve device during manual loading. In
Area 3, there was neointimal tissue growth surrounding the frame struts that were in contact
with the underlying aortic wall.
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Figure 18 (CoreValve ICM Case #4.) (A) Radiograph and gross photographs of the CoreValve implant at
104 days. The radiograph of the aortic root with prosthetic valve assembly shows heavy calcification at the level
of the native valves and along the aortic wall (arrow). (B). Gross photographs show struts in Area 1 completely
covered by tissue and a calcified area inferior to the device is visible (arrow). Areas 2 (C) and 3 (D) show focal
thrombus deposition on the inner surface of the frame (arrow in C).

ICM Case 5
An 85-year-old man with history of coronary artery bypass grafts to the left anterior descending
(LAD) and posterior descending artery (PDA) performed eight years prior to presentation with
progressive aortic valve stenosis died 350 days after CoreValve implantation in the context of
renal failure and respiratory distress.

The autopsy revealed a well-functioning bioprosthetic valve and underlying massive
cardiac amyloidosis of the heart. A transthoracic echocardiography assessment at 326 days
showed a mean gradient of 15 mm Hg (43 mm Hg at baseline, 9 mm Hg at six months) and an
aortic valvular area of 1.2 cm2 (0.7 cm2 at baseline, 1.6 cm2 at six months).

By gross examination (Fig. 20), the frame struts and pericardial skirt of the valve from zone
1 were completely covered by a glistening white endocardial tissue. In Area 2, the endocardial
white tissue was seen creeping over the valve sinus, both over the ventricular and aortic side.
The left internal mammary artery (LIMA) to the LAD was patent and severe left proximal calcific
coronary artery disease was also noted. In Area 3, the frame struts in contact with the aortic
wall were totally covered by intimal glistening white tissue, but the upper and lower portion of
the frame not in contact with the vessel wall remained totally bare (Fig. 20).
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Figure 19 (CoreValve ICM Case #4.) Histologic transverse sections of the aorta with the prosthetic valve in situ.
In (A) the native leaflets are heavily calcified (green arrows) and are excluded by the stent frame (red arrows). In
(C) at higher magnification the calcified native leaflet is seen with neointima incorporating the stent frame (arrow).
In (D) the boxed area of the coronary ostium from (B) is highlighting the space between the prosthesis and ostium
through which coronary blood flow occurs.

Microscopic examination revealed the glistening white tissue to consist of SMCs within a
proteoglycan collagenous matrix and covered by endothelium (Fig. 21). In Area 1, there were
no signs of inflammation and the surrounding cardiac myocytes were focally separated and
surrounded by amyloid deposits, consistent with senile amyloidosis (Fig. 21). In Area 2, on both
sides of the prosthetic porcine pericardial leaflets there was presence of pannus, which consisted
of SMCs in a proteoglycan-collagenous matrix (Fig. 22). Organizing granulation tissue was also
observed focally around the struts of the frame (Fig. 22).

Lepzig Case (16)
An 80-year-old woman was admitted for shortness of breath (New York Heart Association
Grade III) and stable angina pectoris (Canadian Cardiovascular Society [CCS] Grade II). Two
years ago, the patient had a posterior wall infarction successfully treated by percutaneous
coronary intervention and stent implantation. A low-gradient aortic stenosis with an aortic
valve area of 1.1 cm2 was also diagnosed but was considered to be clinically insignificant at
the time. Because of the progression of symptoms within the last two years, a re-evaluation of
coronary and aortic valve disease was performed. Coronary angiography revealed a one-vessel
coronary disease with a patent stent in the right coronary artery without any evidence of
restenosis. The left ventricular ejection fraction was only moderately impaired (55%). However,
the aortic valve area, as determined invasively, had decreased to 0.5 cm2. This was confirmed
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Figure 20 (CoreValve ICM Case #5.) Radiograph and gross photographs of the valve explanted at 350 days from
the patient with senile amyloidosis. (A) The radiograph of aortic root with prosthetic valve assembly shows heavy
calcification at the level of the native valves and along the aortic wall (arrow). (B) Gross photograph showing
the three areas of the valve and pannus growth extending into the base of the prosthetic leaflets. (C) Higher
magnification of the prosthetic valve and the metal frame. Patency of the coronary ostium is demonstrated using a
probe (arrow). Pannus growth is seen in the prosthetic valve sinus near the ostium of the coronary artery (arrow).
The CoreValve frame in Area 3 is covered by neointima (arrow). Abbreviation: AML, anterior mitral leaflet.

by echocardiography; the cusps of the aortic valve were calcified and their motion was
impaired. Since the patient was anxious and refused conventional aortic valve replacement,
percutaneous treatment of the aortic stenosis using the second generation of the CoreValve
ReValving system) was proposed. As recommended at the time, under general anesthesia and
extracorporeal circulatory support, a valvuloplasty was performed, followed by successful
CoreValve implantation via a transfemoral access.

The patient was extubated the same day, recovered quickly after the procedure, and left
the hospital 10 days later. At one-year follow-up, the mean gradient across the valve was
3 mm Hg, the aortic valve area was 1.7 cm2, and there was no evidence of paravalvular leak.
These changes in hemodynamics were accompanied by an improvement in symptoms in this
patient. Unfortunately, the patient committed suicide 425 days after implantation.

The calcified native valve was pushed aside by the CoreValve frame, and neither
the native cusps nor the implanted bioprosthesis had any interference with the coronaries.
The bioprosthetic valve did not show any signs of morphological deterioration at autopsy. The
lower part of the stent, which was covered by porcine pericardium and positioned in the left
ventricular outflow tract, was completely enclosed by myofibroblasts. The ingrowths of the
stent in the left ventricular outflow tract might explain why paravalvular leaks that are evident
immediately after implantation disappear over time. Conversely, in the ascending aorta, only
those struts of the frame that had close contact to the aortic wall were covered by endothelium.
All other parts of the frame, in particular the struts at the top, which extended into the aorta,
had a surface without discoloration. The Lepzig group postulate despite the high flow velocity
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Figure 21 (CoreValve ICM Case #5.) (A). Prosthetic leaflets showing organized neointimal pannus growth
covering both surfaces of the leaflet in the area of the commissures. (B and C) Higher magnifications of the boxed
area from (A) and demonstrate organizing thrombus and neovascularization of the pannus, respectively. (D and E)
Histologic sections of the myocardium taken from the left ventricular outflow tract showing endocardial thickening
and focal infiltration of the myocardium by amyloid deposits (arrows).

in the aorta, these nonendothelialized and noncovered parts of the nitinol frame might be a
place of origin for thrombi formation and thromboembolic events. Therefore, platelet inhibition
for one year after CoreValve implantation might be considered.

Interpretation of Human Cases
The gross and microscopic examination of these explanted CoreValve prostheses at different
time intervals provides insight into the pathological changes that may occur serially over time.

It appeared that the self-expanding frame of the CoreValve prosthesis, especially the
inflow portion, conforms to noncircular local anatomies. The mid-portion of the frame being
constrained was adequate distance from the coronary arteries to maintain their patency.

Gross examinations revealed neointimal tissue coverage in areas of the frame in con-
tact with the aortic wall. Areas not in contact with the aortic wall or areas in the vicinity of
high-velocity blood flow (i.e., patent SVG or native coronary ostia) did not show coverage by
neointimal tissue. Neointimal growth was also visualized at the base of the prosthetic valve
leaflets in the one patient with senile amyloidosis. It is possible that amyloidosis could have
enhanced tissue proliferation in this patient. Nevertheless, in comparison with most surgical
bioprosthesis, which are protected by a ring that mitigates tissue invasion, transcatheter heart
valve leaflets simply sutured on a frame may be more vulnerable to neointimal growth invasion.

The histologic changes that may take place over time after implantation of the CoreValve
prosthesis include the following: (i) the valve incorporation process starts with early fibrin
deposition associated with an inflammatory response and some foreign body reaction. (ii)
At approximately three months after implantation, fibrin deposition is replaced by smooth
muscle cells (i.e., neointimal response). Focal areas of endothelialization and some residual
inflammatory cells can be observed. (iii) After this time, neointimal tissue becomes less cellular
but more fibrotic as proteoglycans and type III collagen get replaced with type I collagen.
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Figure 22 (CoreValve ICM Case #5.) (A) Transverse section of the aorta and valve assembly from the 350-day
implant at the level of the prosthetic leaflet commissures (arrows). (B). High-power view of the boxed area showing
patent coronary ostium and sinus space between stent frame (arrow) and ostium. Note the fibrin deposition and
neointimal tissue growth around the stent frame focally. (C) From Area 3, a high-power view around the stent frame
showing neointimal tissue consisting of smooth muscle cells in a proteoglycan collagen matrix. (D) High-power
magnification of the neointima around the stent frame showing coverage of the neointima by endothelial cells
(arrows).

In the majority of patients, in vivo examinations showed only trace to mild paravalvular
regurgitation. In one patient (ICM case #3) in whom the valve was implanted too low, a second
valve implantation (i.e., valve-in-valve) was required to mitigate the severe aortic regurgitation.
Gross inspection confirmed the integrity of the anterior mitral valve leaflet even in the presence
of an extremely low lying prosthesis. This observation further enforce the significant anatomic
distance between the basal attachment points of the aortic valve leaflets and the hinge point of
the anterior mitral valve leaflet.

In all these cases, and particularly in the two valves explanted at more than 350
days, the nitinol frame was intact with no fracture. Device fractures after percutaneous
pulmonary valve replacement (Medtronic inc., Melody valve) have been reported to occur
most commonly in the first 400 days after implantation (17% rate of platinum–iridium stent
fracture) (17).

As a result of the information gleaned from these six postmortem studies of the
CoreValve ReValving system, it appears that clopidogrel should be prescribed for at least
three months after implantation during which time the prosthesis is “incorporated” within the
aortic wall. Thereafter, when neointimal tissue growth and endothelialization have occurred,
it should be theoretically safe to discontinue clopidogrel. Aspirin should be continued
indefinitely.
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CONCLUSION
At the time of this writing, structural failure of a transcatheter heart valve has not been
reported—the question is not “if” it will occur but “when” and “how” will it occur. In this
series of postmortem studies, observations such as cuspal tears, pannus invasion into the base
of the prosthetic valve leaflets, and microthrombi visualized on the prosthetic valve leaflets are
reminiscent of what has already been reported after postmortem studies of surgically implanted
bioprosthetic valves. The cohort of patients currently undergoing TAVI (mean age ∼82 years,
high risk or inoperable) may not allow us to meaningfully understand the durability of these
valves.
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INTRODUCTION
Transcatheter aortic valve implantation has been one of the main breakthroughs in the previous
years for the treatment of patients with severe, symptomatic aortic stenosis at high risk or
with contraindications for surgery. First experiences have demonstrated that, using either self-
expandable or balloon-expandable valvular prostheses, transcatheter aortic valve implantation
constitutes a feasible procedure and provides hemodynamic and clinical improvement with
an acceptable procedure-related complication rate, given the high-risk characteristics of the
patients (1–5). Future advances in devices profile will reduce the number of complications such
as vascular injury, stroke or prosthesis malpositioning, or misdeployment with subsequent
aortic regurgitation. Despite these technical issues, appropriate patient selection still constitutes
the main determinant of procedural success. A multidisciplinary team comprising cardiologists,
cardiovascular surgeons, imaging specialists, and anesthesiologists is recommended to select
potential candidates for transcatheter aortic valve implantation. In the selection of candidates,
confirmation of the aortic stenosis severity, evaluation of symptoms, life expectancy, and quality
of life as well as risk of surgery together with the assessment of the feasibility of transcatheter
aortic valve implantation should be considered.

Particularly, estimation of aortic stenosis severity, evaluation of the aorta, and surrounding
structures and assessment of the ilio-femoral arterial system determine the inclusion/exclusion
criteria for transcatheter aortic valve implantation and have important implications for pre-
procedural planning of access approach (transfemoral or transapical) and valve sizing. In this
regard, current imaging modalities, including echocardiography, multislice computed tomog-
raphy (MSCT), and magnetic resonance imaging (MRI) enable the evaluation of the aortic valve
morphology, severity of aortic stenosis, and anatomy of the aorta and ilio-femoral arterial system
together with left ventricular dimensions and function.

This chapter provides a comprehensive overview on the role of current imaging tech-
niques for evaluation of patients with severe aortic stenosis before transcatheter aortic valve
implantation. Table 1 summarizes the key steps in the selection of patients and the role of
echocardiography, MSCT, and MRI.

ECHOCARDIOGRAPHY
Qualitative diagnosis and assessment of aortic stenosis severity rely mostly on echocardio-
graphic imaging techniques. Two-dimensional echocardiography enables the assessment of
aortic valve anatomy (tricuspid/bicuspid) and function by direct visualization of the restrictive
motion of one or more cusps. However, accurate estimation of aortic valve stenosis sever-
ity requires Doppler methodology. Assessment of aortic valve morphology and aortic steno-
sis severity is crucial before transcatheter aortic valve implantation. Only those patients with
symptomatic severe aortic stenosis will be candidates for this procedure according to current
recommendations (6). Furthermore, a bicuspid aortic valve may determine a prosthesis mis-
deployment, more elliptical rather than circular (7). In addition, echocardiography enables the
assessment of left ventricular function and the evaluation of concomitant aortic regurgitation
or mitral valve disease. Therefore, echocardiography and its different methodologies play a
central role in the evaluation of patients before transcatheter aortic valve implantation.
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Table 1 Selection of Patients for Transcatheter Aortic Valve Implantation: Role of Imaging

TTE TEE MSCT MRI

Aortic stenosis severity + + + +
Aortic valve morphology

Tricuspid/bicuspid + + + +
Valvular calcifications ± ± + −

Aortic root and ascending aorta
Aortic annulus diameter + + + +
Sinus of Valsalva and sinotubular junction diameters + + + +
Ascending aorta diameter ± + + +
Ascending aorta angulation − − + +
Coronary ostia location − − + +

Coronary artery disease − − + +
Left ventricle

Left ventricular dimensions and function + + + +
Intracavitary thrombus + + + +

Peripheral arteries and aorta
Tortuosity − − + +
Atheromatosis − − + +
Bulky calcifications and porcelain aorta − − + −

Abbreviations: MRI, magnetic resonance imaging; MSCT, multislice computed tomography; TEE, transesophageal echocardiog-
raphy; TTE, transthoracic echocardiography.

Aortic Valve Morphology
Prior to transcatheter aortic valve implantation, it is extremely important to determine the aortic
valve anatomy and morphology, comprising the extent and location of calcifications. Transtho-
racic echocardiography can easily detect bicuspid aortic valve anatomy. In diastole, from the
parasternal short-axis view, a normal tricuspid valve shows the typical “Y-closure” of the three
cusps [Fig. 1(A)] whereas the bicuspid valve shows two cusps, with two sinuses and a sin-
gle linear commissure [Fig. 1(B)]. Sometimes, a raphe may be present and, in heavily calcified
aortic valves, commissural fusion is frequent, making the differentiation between bicuspid or
tricuspid challenging. In systole, the presence of three different sinuses will help to define the
aortic valve morphology. In those cases where the acoustic window does not permit adequate
visualization of the aortic valve, transesophageal echocardiography will define aortic valve
morphology [Fig. 1(C) and (D)]. The presence of a bicuspid valve has been proposed as con-
traindication for this procedure (6). However, few series have demonstrated that transcatheter
aortic valve implantation may be feasible in this sort of valve morphology, although incomplete
deployment may occur (7,8). Recently, Zegdi et al. (7) described a series of 16 severe aortic
stenosis patients with bicuspid valves, undergoing transcatheter aortic valve implantation. In
all patients a self-expandable prosthesis was used and in the majority of patients, a noncircular
misdeployment of the stent was observed (7).

Strongly related to aging, calcification of aortic valve is a common finding in elderly
patients with severe aortic stenosis deemed not suitable for surgical aortic valve replacement.
The extent and location of calcifications may determine procedural success (7). Bulky calcifica-
tions located along the leaflets or at the commissures may hamper the anchorage and deploy-
ment of the device frame and eventually may lead to a life-threatening complication such as
occlusion of coronary ostia (9). Nevertheless, the evaluation of extent and location of aortic
valve calcifications will be covered more extensively in the MSCT section, the ideal imaging
modality for this purpose.

Aortic Stenosis Severity
Current American College of Cardiology/American Heart Association guidelines consider
several hemodynamic parameters to define aortic stenosis severity: maximum aortic velocity,
mean transvalvular pressure gradient and continuity equation-derived valve area (10). These
parameters can be obtained with Doppler echocardiography. An accurate estimation of aortic
stenosis requires proper recording of the maximal jet velocity through the stenotic orifice, the
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Figure 1 Echocardiography: evaluation of aortic valve morphology. Examples of tricuspid (A) and bicuspid (B)
aortic valves imaged with transthoracic echocardiography. From the parasternal short-axis view, normal tricuspid
aortic valve shows in diastole the typical “Y-closure” with the left, right and noncoronary cusps. In contrast,
the bicuspid aortic valve shows only two cusps, two sinuses, and a single commissure. With transesophageal
echocardiography, the aortic valve morphology can be clearly defined: in systole, normal tricuspid valve shows
three different sinuses (C) whereas the bicuspid valve shows only two sinuses (D). Abbreviations: LA, left atrium;
LCC, left coronary cusp; NCC, non-coronary cusp; RA, right atrium; RV, right ventricle.

most reproducible measurement and the strongest predictor of clinical outcome (11). From
the transthoracic long-axis apical view, the Doppler ultrasound beam can be aligned with
the direction of the blood flow through the stenotic orifice. Color Doppler imaging can be
helpful to achieve an adequate alignment. From the continuous wave Doppler recording,
maximal velocity can be measured (Fig. 2) and, based on the simplified Bernoulli equation, the
maximum transaortic pressure gradient is calculated: �Pmax = 4Vmax

2 (Fig. 2). The average of
the instantaneous gradients over the ejection period results in mean pressure gradient and can
be obtained by tracing of the Doppler envelope (Fig. 2).

Finally, to calculate the aortic valve area, the continuity equation is the most utilized
method (11). This equation requires measurement of the cross-sectional area of the left ventric-
ular outflow tract, velocity–time integral of the flow at the left ventricular outflow tract and at
the stenotic orifice. In practice, velocity–time integrals are substituted by the maximal velocities
and, subsequently, the simplified continuity equation results in: AVA = CSALVOT × VLVOT/VAS
(where AVA is aortic valve area, CSALVOT is the cross-sectional area of the left ventricular out-
flow tract, VLVOT is maximal velocity at the left ventricular outflow tract, and VAS is maximal
velocity at the aortic valve) (Fig. 2) (11). According to current guidelines, severe aortic stenosis
is defined by a jet velocity >4 m/s, a mean pressure gradient >40 mm Hg, or and aortic valve
area <1.0 cm2 (10).
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Figure 2 Estimation of aortic valve stenosis severity by Doppler echocardiography. Color Doppler echocardio-
graphy helps to align the ultrasound beam with the direction of the blood flow through the stenotic orifice (A).
To calculate the aortic valve area, the cross-sectional area of the left ventricular outflow tract (B), the velocity
through the stenotic orifice obtained at the continuous-wave Doppler recordings (C) and the velocity through the
left ventricular outflow tract obtained at the pulsed-wave Doppler recordings (D) are required. In the continuity
equation, velocity–time integrals or maximum velocities can be used. Abbreviations: �Pmax, maximum transaortic
pressure gradient; AS, aortic stenosis; AVA, aortic valve area; CSA, cross-sectional area; LVOT, left ventricular
outflow tract; V max, maximum velocity.

Aortic Valve Annulus Sizing
To avoid serious complications as prosthesis migration, and to minimize the risk of significant
paravalvular leakage after prosthesis implantation, an accurate assessment of the dimensions
of the aortic valve annulus is mandatory. However, there is no established gold standard
method to measure the aortic valve annulus. Transthoracic echocardiography is the first
approach to estimate the aortic valve annulus diameter. From the parasternal long-axis view,
the aortic valve annulus diameter can be measured [Fig. 3(A)]. Similarly, transesophageal
echocardiography, from a left ventricular long-axis view (135◦) provides an excellent assessment
of the left ventricular outflow tract, aortic valve annulus, and aortic root [Fig. 3(B)]. However,
transesophageal echocardiography usually yields larger values than transthoracic echocardio-
graphy, as previously reported (12,13). Therefore, in controversial cases with borderline values,
assessment with transesophageal echocardiography at the catheterization laboratory may help
the decision making. Thus far, there are two different percutaneous aortic valves commercially
available in two different sizes each: the balloon-expandable prosthesis (Edwards-SAPIEN
valve; Edwards Lifesciences Inc., CA) in 23- and 26-mm sizes and the self-expandable prosthesis
(CoreValve Revalving System; CoreValve Inc., Irvine, CA) in 26- and 29-mm sizes. Previous
experience has shown that the 23-mm balloon-expandable valve is appropriate when the aortic
valve annulus dimension ranges between 18 and 22 mm, whereas the 26-mm balloon-
expandable valve is preferred in those cases with aortic valve annulus diameter between 21 and
26 mm (13). Concerning the self-expandable prosthesis, the 26-mm device is appropriate for aor-
tic valve annulus size from 20 to 24 mm and the 29 mm prosthesis is more suitable for aortic valve
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Figure 3 Aortic valve annulus sizing. Parasternal long-axis view on transthoracic echocardiography (A) or left
ventricular long-axis view (135◦) on transesophageal echocardiography (B) are the preferred views to assess the
aortic annulus sizing (arrow), crucial to select the prosthesis size. Abbreviations: Ao, aorta; LA, left atrium; LVOT,
left ventricular outflow tract.

annulus size from 24 to 27 mm (14). Finally, according to current recommendations (6), tran-
scatheter aortic valve implantation should be contraindicated when the aortic valve annulus
size is <18 mm or >25 mm, for balloon-expandable devices, and <20 mm or >27 mm, for
self-expandable prosthesis (6).

Left Ventricular Dimensions and Function
In patients with severe aortic stenosis, left ventricular ejection fraction is one of the main
determinants of the decision for surgical valve replacement (15). A depressed left ventricular
ejection fraction (<30%) increases the operative risk but, in nonoperated patients, determines a
poor prognosis (15). A less invasive procedure such as transcatheter aortic valve implantation
may constitute a therapeutic option for those patients with severe left ventricular dysfunction.
Transthoracic echocardiography is the most available method for left ventricular function eval-
uation. Left ventricular end-diastolic and end-systolic volumes can be measured by Simpson’s
rule and left ventricular ejection fraction can be derived (16). This two-dimensional echocar-
diographic method is the most accurate and reliable to measure left ventricular dimensions
and ejection fraction in patients with abnormal left ventricular geometry, common finding in
patients with severe aortic stenosis (17).

In addition, left ventricular hypertrophy is a common finding in these patients and a
sigmoid septum is frequently observed [Fig. 4(A)] (17). In patients with a pronounced sigmoid
septum, the transapical approach could be preferred instead of the transfemoral, because the
positioning and anchorage of the prosthesis with the transapical approach may be more stable
(6). Finally, one of the contraindications to perform transcatheter aortic valve implantation is
the presence of left ventricular thrombus (6). Contrast-enhanced echocardiography constitutes
a feasible imaging tool to rule out the presence of intracavitary mass [Fig. 4(B)].

All these evaluations can be noninvasively and easily performed with echocardiography.
However, bearing in mind the three-dimensional nature of the aortic valve, measurement of
the aortic valve annulus and left ventricular outflow tract size may be subjected to geometrical
assumptions and consequent errors in the estimation of disease severity. Indeed, the aortic valve
annulus is rather elliptical than circular and similarly, the left ventricular outflow tract may
appear more elliptic-shaped, mostly when sigmoid septal hypertrophy exists. Therefore, three-
dimensional imaging techniques may constitute more accurate methods to evaluate potential
candidates for transcatheter aortic valve implantation. In this regard, initial experimental and
clinical studies have demonstrated the higher accuracy of real-time three-dimensional echocar-
diography to assess aortic stenosis severity as compared to two-dimensional echocardiographic
methods (17,18).
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Figure 4 Evaluation of the left ventricle with echocardiography before transcatheter aortic valve implantation.
The presence of severe left ventricular hypertrophy with a sigmoid basal septum (white arrow) may determine
a transapical approach to achieve a more stable anchorage of the prosthesis (A). In addition, contrast echocar-
diography permits to rule out the presence of intracavitary thrombus (B, black arrow), that contraindicates the
transcatheter aortic valve implantation. Abbreviations: LA, left atrium; LV, left ventricle.

MULTISLICE COMPUTED TOMOGRAPHY
Multislice computed tomography may be the most comprehensive noninvasive imaging modal-
ity to evaluate potential candidates for transcatheter aortic valve replacement. This three-
dimensional imaging technique provides accurate information on anatomical aspects of the
aortic valve, aortic root and surrounding structures (such as the coronary arteries), aorta, and
peripheral arteries. First experiences have demonstrated the high accuracy of this technique to
assess aortic valve area by planimetry of the stenotic orifice and furthermore, with the use of
multiphase data sets obtained during ECG gating, motion of the cusps can be evaluated (19,20).
Finally, left ventricular dimensions and function can be also assessed by using multiphase data
sets reconstructed at each 10% of the R–R interval (21). According to current recommendations
on patient selection for transcatheter aortic valve implantation (6), MSCT may be a valuable
imaging tool for noninvasive confirmation of aortic stenosis severity, assessment of procedural
feasibility, and device sizing.

Evaluation of the Peripheral Arteries and Aorta
The feasibility of transcatheter aortic valve implantation, particularly considering the trans-
femoral approach, depends strongly on the size, calcification, and tortuosity of the ilio-femoral
arteries and aorta. Preprocedural angiography is still the imaging technique of reference. How-
ever, MSCT provides data on cross-sectional diameter, extent of calcification, and tortuosity
along the course of the ilio-femoral arteries and abdominal and thoracic aorta (Fig. 5). Current
devices require 18-, 22-, or 24-F introducer sheaths and, subsequently, cross-sectional diameters
of the ilio-femoral arteries <6 to 9 mm would contraindicate a transfemoral approach (6). Bulky
calcifications and pronounced angulations of the thoracic aorta may recommend a transapical
rather than transfemoral approach. Particularly, in severe aortic stenosis patients with porcelain
aorta, the transapical approach may constitute the only alternative to perform transcatheter
aortic valve implantation, due to the high risk of vascular complications with the transfemoral
approach (22). Finally, regardless of the vascular access, severe aortic dilatation at the level
of the sinotubular junction (>45 mm) is considered a contraindication for self-expandable
prosthesis (6).

Aortic Valve Anatomy, Morphology, and Stenosis Severity
The introduction of 64- and 320-slice MSCT systems has led to improved three-dimensional
image quality with shorter scan times. Consequently, MSCT has become a valuable noninvasive
imaging tool, enabling the exact depiction of the aortic valve anatomy and morphology. In
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Figure 5 Evaluation of the peripheral arteries and aorta with MSCT. MSCT enables the assessment of the
anatomy of the peripheral arteries and aorta. The extent of calcification and cross-sectional diameter can be
quantified (A). The presence of bulky calcifications (arrows, B) or extremely tortuous peripheral arteries with
sharp angulations (arrow, C and D) can be detected. These two characteristics may determine a transapical
approach rather than transfemoral.
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Figure 6 MSCT aortic valve assessment. The reconstruction of a coronal (A) and sagittal views (B) through the
aortic valve and the correct orientation of both views yield the reconstructed double oblique transverse view of the
aortic valve (C).

patients with a poor acoustic window and contraindications for transesophageal echocardiog-
raphy (semi-invasive imaging modality), MSCT yields extensive data on aortic valve anatomy
and the aortic root.

MSCT data acquisition is usually performed in a single breath-hold of about 5–10 seconds,
synchronizing data acquisition with contrast enhancement. Intravenous nonionic contrast agent
requirement is typically about 60 to 100 mL, depending on scanner type, patient size, and
heart rate. When automated peak enhancement detection reaches +100 Hounsfield units in the
descending aorta, data acquisition triggered to the ECG is initiated. Subsequently, retrospective
multiphase data sets are reconstructed at each 10% of the R–R interval or at 30% to 35% and
75% after the R wave (systolic and diastolic phase, respectively) with a slice thickness of 0.5 mm
and a reconstruction interval of 0.3 mm (23).

The postprocessing and image analysis start with the reconstruction of a coronal and a
single oblique sagittal view through the aortic valve [Fig. 6(A) and (B)]. The correct orientation of
both views yield the reconstructed double oblique transverse view at the level of the aortic valve
[Fig. 6(C)] (23). From this latter view, the exact anatomy of the aortic valve (tricuspid/bicuspid)
can be defined (Fig. 7) as well as the extent and location of calcifications: at the edge of the
cusps, the commissures, or the joints of the cusps to the aortic wall (Fig. 8). From the coronal
and sagittal views, the presence of bulky calcifications can be evaluated (Fig. 8). As mentioned
before, these calcifications may pose resistance to the prosthesis deployment, resulting in a

Figure 7 Assessment of aortic valve morphology by using MSCT. The normal tricuspid aortic valve (A) shows the
three cusps (RCC, LCC,NCC) and the three different sinuses. A bicuspid aortic valve shows only two sinuses and a
single commissure (B). Abbreviations: RCC, right coronary cusp; LCC, left coronary cusp; NCC, noncoronary cusp.
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Figure 8 Evaluation of extent and location of aortic valve calcifications with MSCT. Aortic valve calcifications
can be visualized at the free edge of the aortic cusps (A), at the joint of the cusps with the aortic annulus (B). The
presence of bulky calcifications (C) may determine a noncircular deployment of the prosthesis (D).

noncircular deployment (Fig. 8), and may determine the occurrence of infrequent but life-
threatening complications, such as occlusion of coronary ostia (9).

In addition, the area of the aortic valve can be estimated from the double oblique transverse
view, through the tips of the cusps, reconstructed at the systolic phase. By delineating the edges
of the cusps at the maximal systolic valve opening, aortic valve area can be accurately obtained,
with high agreement, as compared to transesophageal echocardiography or MRI, and good
reproducibility (19,20). In a previous series of 48 patients with aortic valve disease, Pouleur et al.
(19) demonstrated that MSCT yielded planimetric aortic valve area measurements comparable
to those obtained with transesophageal echocardiography or MRI, without significant bias (0.1 ±
0.3 cm2 vs. transesophageal echocardiography, p = 0.21; 0.0 ± 0.3 cm2 vs. MRI, p = 0.99) (19).

Aortic Annulus Sizing
One of the key points to achieve a successful transcatheter aortic valve implantation is accurate
measurement of the aortic annulus. An undersized prosthesis may result in an unstable anchor-
age of the device, severe aortic regurgitation or device migration. In contrast, a prosthesis size
too large may not be able to cross the aortic valve annulus. Three-dimensional imaging tech-
niques such as MSCT enable an accurate evaluation of the shape and size of the aortic annulus.
At the double oblique views, the aortic annulus appears as elliptic-shaped rather than circular-
shaped, and the diameter obtained from the coronal view is usually larger than the diameter
measured at the sagittal view (Fig. 9) (23). The sagittal view on MSCT would correspond to
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Figure 9 Aortic valve annulus sizing with MSCT. The sagittal view (A), that corresponds to the parasternal
long-axis view of the echocardiography, usually yields smaller aortic valve annulus diameters than the coronal
view (B), reflecting the ellipsoid shape of the aortic valve annulus. Abbreviations: Ao, aorta; LA, left atrium; LV, left
ventricle; RV, right ventricle.

the parasternal long-axis on transthoracic echocardiography and, as previously demonstrated
(23,24), both techniques yield comparable annulus sizes with a nonsignificant bias. However,
the aortic valve annulus diameter measured at the MSCT coronal view cannot be assessed on
two-dimensional echocardiography. Since the prosthesis size used should be the larger where
possible, the decision should be based on the largest diameter of the aortic valve annulus and, in
this regard, transthoracic echocardiography may be less accurate as compared to MSCT. How-
ever, thus far no prospective studies utilizing MSCT measurements to choose the prosthesis size
have been performed.

Aortic Root Dimensions and Relation with Coronary Arteries
Similarly to aortic annulus sizing, aortic root dimensions can be measured with MSCT. The
dimensions of the sinus of Valsalva may be assessed at the sagittal and coronal views and at
the double oblique reconstruction. The particular trefoil shape of the aortic root at the level
of the sinuses may have important implications for transcatheter aortic valve implantation
(Fig. 10). In this view, three different sinus diameters may be assessed, from the root of the cusp to
the contralateral commissure. However, the implication of these measurements in transcatheter
aortic valve implantation needs to be elucidated in future studies.

In addition, the sinotubular junction diameter can be measured at the sagittal, coronal and
double oblique views, showing often a circular shape. The accurate measurement of the sino-
tubular junction has serious implications for transcatheter aortic valve implantation. Particularly
for self-expandable prosthesis, a diameter of the sinotubular junction >45 mm is considered a
contraindication (6). Finally, the presence of transverse aorta may be evaluated. A pronounced
angulation of the aortic root and ascending aorta relative to the left ventricle may indicate the
transapical implantation of a balloon-expandable device (Fig. 11) (6).

Finally, the evaluation of the coronary arteries is mandatory before transcatheter aortic
valve implantation. As previously reported, MSCT provides exact data on coronary anatomy
and accurate quantification of coronary artery stenosis when present (25). Recent consensus
reached by the European Association of Cardio-Thoracic Surgery, the European Society of
Cardiology, and the European Association of Percutaneous Cardiovascular Interventions do
not recommend transcatheter aortic valve implantation in those patients with severe proximal
coronary artery stenosis not amenable for percutaneous coronary intervention (6). Last but not
the least, the relative position of the coronary ostia to the aortic valve annulus and to the length
of the aortic cusps should be assessed. Variable distance between the aortic valve annulus and
the coronary ostia has been described previously, with a mean distance of 14.4 mm for the left
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Figure 10 Assessment of aortic root dimensions with MSCT. The dimensions of the sinus of Valsalva (A) and
sinotubular junction (B) can be measured either at the sagittal view or at the double-oblique view.

coronary ostium and 17.2 mm for the right coronary ostium (Fig. 12) (23). The height of the
balloon-expandable prosthesis (Edwards-SAPIEN valve) is 14.5 mm and, despite the prosthesis
struts that allow blood flow through, its positioning should be under the level of the coronary
ostia. Self-expandable prosthesis (CoreValve Revalving System) has a height of 50 mm, but the
characteristic design of this device with a waist in the middle part makes unlikely the occlusion

Figure 11 Evaluation of aortic root and ascending aorta by MSCT. The presence of dilated sinotubular junction
(>45 mm) contraindicates the implantation of a self-expandable prosthesis (A). A transversal aorta, defined by
an angle between the aorta and the left ventricle <90◦ (B), may recommend the transapical approach.
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Figure 12 Assessment of relative position of coronary ostia to the aortic valve annulus. The height of the left
coronary ostium (A) and the right coronary ostium (B) may be of importance to evaluate the risk of potential
occlusion of one of these ostia during the prosthesis expansion by one of the native cusps. Abbreviations: Ao,
aorta; LA, left ventricle; LAD, Left anterior descending artery; LV, left ventricle; RCA, right coronary artery.

of the coronary ostia. However, bearing in mind the sealing annular cuff located at the lower
two-thirds of the device, there is still the possibility of this procedure-related complication if the
distance between the coronary ostium and the aortic valve annulus is smaller.

Left Ventricular Dimensions and Function
From the same data set acquired for aortic valve evaluation, left ventricular function can be
accurately evaluated with MSCT. Recently, automated algorithms to delineate the endocardial
borders at the end-diastolic and end-systolic phases yield left ventricular volumes and ejection
fraction measurements with good agreement with other imaging techniques (two-dimensional
echocardiography and MRI) (21). In addition, other aspects that can determine or contraindicate
the procedural approach, such as sigmoid interventricular septum or left ventricular thrombus,
can be detected.

In summary, the main insights provided by MSCT are the exact depiction of the aortic
valve, indicating the location and extent of the calcifications, the accurate aortic valve area
estimation and aortic annulus sizing, and the aortic root dimensions together with its spatial
relation with the coronary arteries. In addition, the study of the aorta and peripheral ilio-femoral
arteries provides important information to decide on the procedural approach. Therefore, MSCT
appears an excellent imaging technique to evaluate potential candidates for transcatheter aortic
valve implantation. Nevertheless, the radiation exposure and the presence of high heart rates
or cardiac arrhythmias may limit its feasibility.

MAGNETIC RESONANCE IMAGING
The technical advances and the increasing availability of the last years have increased the
interest for cardiac MRI as a noninvasive imaging modality for cardiovascular diseases. Cardiac
MRI is a three-dimensional imaging technique with high spatial resolution and does not use
ionizing radiation. In the assessment of aortic valve disease, cardiac MRI yields accurate and
highly reproducible estimates of various structural and functional variables. ECG-gated cine
sequences acquired with the steady-state free-precession method or the true-fast imaging with
steady-state precession method provide superior temporal and spatial resolution and optimized
blood–myocardium contrast resulting in a more accurate delineation of the aortic cusps. These
sequences allow the exact characterization of the aortic valve anatomy and dimensions, and
provide quantitative data on aortic stenosis severity by assessing the peak flow velocity (26).
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Figure 13 Evaluation of peripheral arteries and aorta by MR angiography. Gadolinium contrast-enhanced MR
(A) allows for the evaluation of stenosis of the peripheral arteries. By using true-fast imaging with steady-state
precession sequence acquisition (B), characterization of the vessel wall can be performed, detecting the presence
of mural thrombus. Source: From Refs. 28 and 30.

In addition, MRI can provide valuable information on left ventricular dimensions, function,
and accurate quantification of left ventricular mass (27). Finally, MR angiography enables the
assessment of coronary artery disease and constitutes a robust imaging technique to evaluate
the peripheral vascular system (28).

Therefore, MRI would be a valuable imaging technique to select potential candidates for
transcatheter aortic valve implantation, giving information on the aortic stenosis severity, pro-
cedural feasibility, and device sizing. Nonetheless, MRI has several contraindications (patients
with metallic implants, pacemakers, or claustrophobia) that limit a more widespread use of this
technique.

Evaluation of Peripheral Arteries and Aorta
Although invasive angiography is the reference method to evaluate the size and tortuosity of
the peripheral arteries, MR angiography may be an ideal noninvasive alternative imaging tech-
nique in patients with renal failure. Gadolinium contrast-enhanced MR angiography provides
accurate assessment of the stenosis severity of iliac arteries [Fig. 13(A)] (28,29). In addition,
true-fast imaging with steady-state precession sequence acquisition allows for vessel wall char-
acterization with high image quality, and atherosclerosis and arterial wall thrombosis can be
detected [Fig. 13(B)] (30). As already mentioned for MSCT, the cross-sectional diameter of the
iliac arteries will determine the procedural approach, recommending the transapical approach
when this diameter is <6 to 9 mm. In addition, the presence of thoracic or abdominal aortic
aneurysms with mural thrombosis will contraindicate the transfemoral approach. In contrast to
MSCT, extent and location of calcifications can not be evaluated with MRI.

Aortic Valve Anatomy and Valve Area Assessment
The aortic valve anatomy can be accurately evaluated at the double oblique axial cine images
acquired using the steady-state free-precession or the true-fast imaging steady-state precession
methods with ECG gating. In a series of 38 patients, Gleeson et al. (31) demonstrated a high
accuracy (97%) of double oblique true-fast imaging steady-state precession MRI to distinguish
tricuspid and bicuspid aortic valves (31). The assessment of aortic stenosis severity can be also
performed with MRI. Either by direct planimetry of the stenotic orifice or by velocity-encoded
techniques that quantify the peak flow velocity, aortic stenosis severity can be accurately evalu-
ated (26,32). Several studies have demonstrated the accuracy of MRI to estimate the aortic valve
area by planimetry, with excellent agreement as compared to transesophageal echocardiography
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or MSCT (32). However, this measurement does not reflect the workload of the left ventricle,
more related to the effective orifice area, usually smaller than the anatomic aortic valve area. In
this regard, velocity-encoded MRI enables the assessment of the effective orifice area providing
comparable estimations as those obtained with Doppler echocardiography (26). Recently, in a
series of 24 patients with mild to severe aortic stenosis, Caruthers et al. (26) demonstrated the
accuracy of velocity-encoded MRI to estimate mean and peak transvalvular pressure gradient
by means of the modified Bernoulli equation and the estimation of the aortic valve area by means
of the continuity equation. The MRI-derived estimations showed a strong correlation with the
parameters obtained by echocardiography (26). As a limitation, velocity-encoded cardiac MRI
might underestimate the severity of the aortic stenosis when the velocity–time integral is >0.8
m (26).

Aortic Annulus Sizing
The exact size of the aortic annulus is one of the cornerstones of the procedural success. Similar
to MSCT, MRI is a three-dimensional imaging technique that provides exact characterization
of the geometry and size of the aortic annulus (33). Recently, Burman et al. (33) demonstrated
in 120 studied individuals, the ellipsoid geometry of the aortic annulus that appears bounded
by a combination of muscular and fibrous components without a clear ring structure (33).
Consistently, the aortic annulus is significantly smaller in the sagittal plane (22.2 ± 2.4 mm for
men and 19.9 ± 1.9 mm for women) than in the coronal plane (26.2 ± 2.3 mm for men and 23.0 ±
2.1 mm for women) (33). This finding highlights the great value of three-dimensional imaging
techniques, such as MRI or MSCT, in the aortic annulus sizing with high impact on the accurate
device size selection.

Aortic Root and Coronary Artery Evaluation
The largest series evaluating the aortic root dimensions with MRI has been published recently
by Burman et al. (33). A total of 120 patients of different ages were evaluated providing a useful
standardization of MRI measurements of the aortic root and yielding normal values (33). As
previously indicated (see MSCT section above), the measurement of the sinotubular junction
diameter has important implications for transcatheter aortic valve implantation, and in patients
with a sinotubular junction diameter ≥45 mm the implantation of a self-expandable device may
be contraindicated (6).

The assessment of the coronary anatomy is also crucial before transcatheter aortic valve
implantation. Although the feasibility of MRI for non-invasive angiography has been demon-
strated, the accuracy of MRI to detect coronary artery stenoses is lower as compared to
MSCT (34).

Left Ventricular Dimensions and Function
MRI is considered the reference method for assessment of left ventricular dimensions, func-
tion and left ventricular mass (27). From sequential short-axis slices covering the entire left
ventricle, the endocardial boundaries can be detected. Several automated algorithms for endo-
cardial contour detection have demonstrated to provide accurate assessment of left ventricu-
lar dimensions and function, reducing significantly the postprocessing time. Cine sequences
acquired with steady-state free-precession technologies have improved the image resolution
resulting in reduced observer dependency of volumetric measurements (35). Finally, similar
to MSCT, the left ventricular geometry and shape (hypertrophy) of the basal septum can be
evaluated.

Magnetic resonance imaging constitutes a valuable noninvasive imaging technique for
the selection of candidates for transcatheter aortic valve implantation. This imaging technique
provides comprehensive evaluation of the aortic valve anatomy and function, aortic root dimen-
sions, and characterization of the aorta and peripheral arteries together with the evaluation of
left ventricular dimensions and function, without ionizing radiation. However, the several
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contraindications, such as metallic devices, pacemakers, or claustrophobia, and the long acqui-
sition and postprocessing times needed, do currently not support widespread use of MRI.

CONCLUSIONS
Transcatheter aortic valve implantation is an emergent therapy that has become in the last
few years a real expectancy for symptomatic patients with severe aortic stenosis deemed not
suitable for surgical valve replacement. From the first-in-man experience in 2000 (1), outstanding
technological advances have led to smaller profile delivery catheters and better prosthesis of
different sizes. The initial antegrade approach with transeptal puncture has been abandoned
in favor of the less invasive venous retrograde approach. Future technological advances and
rigorous training in this promising field of interventional cardiology will result in higher success
rates and reduce complication rates. However, the accurate selection of potential candidates for
this therapy will remain one of the main determinants of procedural success. Cardiac imaging
plays a central role in selection of patients. The wide availability and noninvasive character of
transthoracic echocardiography make this imaging technique the first approach to characterize
patients with severe aortic stenosis. However, in patients with poor acoustic window, assessment
of several morphologic, and functional aortic parameters may be challenging. Furthermore,
other important issues, such as the anatomy and status of the peripheral arteries cannot be
evaluated with transthoracic echocardiography. MSCT and MRI are three-dimensional imaging
techniques that provide extensive information on anatomy and function of the aortic valve,
accurate sizing of the aortic annulus, exact characterization of the aortic root and its relations
with surrounding structures, such as coronary arteries, and, finally, enable the assessment of
the thoracic and abdominal aorta and peripheral arteries. Therefore, a cardiac multimodality
imaging approach, combining echocardiography (transthoracic/transesophageal) with MSCT
or MRI may constitute the best approach to evaluate symptomatic, severe aortic stenosis patients
who are candidates for transcatheter aortic valve implantation.
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INTRODUCTION
Transcatheter aortic valve implantation (TAVI) has led to a renewed interest in cardiac surgical
risk modeling. This chapter focuses on the following questions: (1) What is the role of risk
modeling in cardiac surgery? (2) What are the currently available cardiac surgery risk models?
(3) What is the role of risk modeling in TAVI? (4) Which risk models should be used for TAVI?
(5) How do risk models differ when applied to both low- and high-risk patients?

A brief discussion about the determinants of model quality can be found in the appendix
of this chapter.

ROLE OF RISK MODELING IN CARDIAC SURGERY
Risk models can serve multiple purposes (Table 1).

Currently Available Cardiac Surgery Risk Models
Risk models for cardiac surgery can be divided into three broad categories: (i) general cardiac
surgery models (1,2) (i.e., coronary artery bypass surgery, valve surgery, or other related cardiac
surgery); (ii) general valve surgery models (3–9); and (iii) specific aortic valve surgery risk
models (10,11).

Although a detailed description about each risk model is beyond the scope of this chapter,
Table 2 provides a summary of currently available risk models with important determinants of
model quality (see appendix for a discussion on the determinants of model quality).

Role of Risk Modeling in TAVI?
Risk models for TAVI can serve two distinct purposes, and therefore, two separate risk models
may be required. First, a risk model is needed that can accurately identify high or prohibitive
surgical risk patients for TAVI; this model should be constructed using a surgical cohort and can
serve both clinical and research purposes. Second, a risk model is needed that can accurately
estimate the risk of TAVI and therefore serve as a benchmark performance measure and improve
the informed consent process; this model should be constructed using a TAVI cohort. Risk
models for such purposes are not yet available.

Which Risk Model Should Be Used for TAVI?
Recently, attention has been directed towards the reliability of risk algorithms in predicting
operative outcomes in high-risk patients undergoing aortic valve replacement (12–14). Patients
who are currently evaluated for transcatheter or transapical AVR form a select population that
is not representative of the populations that were used to develop existing risk models. It is
axiomatic, therefore, that these models may not perform well when applied to this “outlier”
population.

Justified or not, the logistic EuroSCORE and the STS (Society of Thoracic Surgeons) Pre-
dicted Risk of Mortality score are the most commonly used risk models to guide the recruit-
ment of “high-risk” patients for TAVI trials. Furthermore, by comparing the “observed” versus
“expected” mortality rates, these risk models are currently being used as TAVI performance
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Table 1 Role of Risk Modeling in Cardiac Surgery

Performance measure or benchmark
Improve the informed consent process (individual risk)
Identify high-risk patients who may benefit from additional work-up or alternative treatment strategies
Identify high-risk patients who may experience longer lengths of stay
Inclusion/exclusion criteria for clinical trials
Appreciate the relative importance of risk factors of a model (beta-coefficients)

measures—a practice that can lead to complacency and acceptance of current results when
there is definite room for improvement.

Osswald et al. have shown that although the logistic EuroSCORE can adequately stratify
patients into low, intermediate, or high risk, it overestimates absolute 30-day mortality (13).
The mortality risk may be overestimated by a factor of 2 to 3, especially in high-risk patients
(12,14). Furthermore, the STS score was determined to be more accurate than the EuroSCORE or
Ambler Risk Score in the prediction of operative and long-term mortality for high-risk patients
undergoing surgical aortic valve replacement (12).

Currently, there is no validated risk model for the purposes of TAVI. Although some risk
models may be more accurate than others, it does not necessarily mean they are appropriate for
TAVI. Specific risk models to identify high-risk surgical valve patients should be the focus of
future studies (15).

How Do Risk Models Differ When Applied to Both Low- and High-Risk Patients?
The predicted mortality rates for a particular patient can vary depending on the risk model
used. These variations can be explained by the inclusion of different predictor variables as well
as different relative weights assigned to similar variables included in the models.

Figure 1(A) and 1(B) shows the risk scores of a hypothetical low- and high-risk patient
based on seven different risk models, respectively. Note that for a low-risk patient, the estimated
mortalities are within similar range. For a high-risk patient, however, it can be seen that the
estimated mortality varies considerably depending on the risk model. This must be kept in
mind when clinically applying risk models for selecting high-risk patients for TAVI.

As was mentioned earlier, the EuroSCORE and STS score are commonly used for purposes
of selecting high-risk patients for TAVI. TAVI trials have typically used a EuroSCORE ≥15% or
STS score ≥10% as inclusion criteria. The calculated EuroSCORE and STS score of a hypothetical
patient 80 years of age with a previous history of stroke is 16% and 2.9%, respectively. This patient
would be included in a trial using a EuroSCORE ≥ 15% but this same patient would not be
eligible for a trial using a STS score ≥ 10%. This example highlights the limitations of using
current risk scores for clinical or research decision making.

THE WAY FORWARD
Ideally, a multicenter prospective database aiming to collect data on all valve interventions (i.e.,
surgical and transcatheter) would be optimal. This endeavor, however, would need endorse-
ment by regulatory bodies and professional organizations. It is essential that the data collection
be comprehensive and includes patient demographics as well as anatomic factors known to
influence outcomes. Having said that, there needs to be a balance between being “comprehen-
sive” and “parsimonious.” Incorporating too many variables into the model calculations can
result in “overfitting,” that is, the model follows characteristics of the population it was derived
from to the extent that it only “fits” that population. By using the Charlson comorbidity scale
or Lee Score equivalent, one could attempt to stratify a patient on the basis of a limited number
of risk factors only (e.g., age and sex). In a commentary to the Lee Score, De Craen states that
the discriminative power of a model with age and sex as sole variables is almost comparable to
that of the same model with 12 extra variables. Unfortunately, the effect of calibration was not
discussed.
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Figure 1 Estimated operative mortality based on seven different risk models of a hypothetical patient consid-
ered (A) low risk and (B) high risk. (A) Low-risk patient—75-year-old male with ejection fraction 55% and no
other comorbidities. (B) High-risk patient—85-year-old female with ejection fraction 30%, renal dysfunction, and
pulmonary hypertension.

CONCLUSION
Clinical judgment should play an integral role in the selection of patients for TAVI. Thus, risk
scores should not dictate but guide clinical decision making

APPENDIX—MODEL BASICS AND MODEL ASSESSMENT
MODEL BASICS
Factors such as data quality, cohort characteristics, end-point definitions, and types of risk factor
variables play an important role in the performance and general applicability of risk models.

Data Quality
The quality of the data set is crucial—a model is only as good as the data set it was derived from
(“the garbage in–garbage out principle”). Data collection can be accomplished in a prospective
or retrospective manner. Retrospective data collection carries relatively lower costs but can be
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limited by inaccurate or missing data that may lead to selection bias. Furthermore, the predictors
and outcomes need to be accurately defined and then collected (16).

Prospective data collection is preferable—it is less vulnerable to missing data and allows
for easier data auditing (source documentation, data source verification). Inclusion and exclu-
sion criteria and predictor variables can be defined can be defined in advance. The clinical
database used for score development can be derived from a single or several institutions and
from one or several countries. Single center and voluntary databases (e.g., STS database) might
be vulnerable to reporting bias, that is, centers with above-average clinical results might be
more inclined to report their results.

Cohort Characteristics
To extrapolate a model correctly, it is crucial to appreciate the characteristics of the patient cohort
(e.g., demographics, surgical, or TAVI patients) from which it was developed. Extrapolation of a
model that was based on a single-centers’ experience may be less desirable than a model based
on multicenter experience.

The sample size of the original cohort has a direct influence on the number of independent
variables that can be identified in the model. As a statistical rule of thumb, at least 5 to 10 events
per predictor variable are required for model development (17). Although models derived from
large cohorts may have the ability to identify a large number of independent variables, the
clinical significance of variables always needs to be assessed.

End-Point Definition
Interpretation and comparison of model results should focus on the definition of the end-point
variable. It is not uncommon that risk models intended for “similar” purposes use different
definitions for short-term mortality; even for seemingly unambiguous end-point definitions
like hospital mortality (e.g., in-hospital vs. 30-day mortality).

Variables
Most factors that contribute to risk are not independent of one another and correlation between
two risk factors can lead to confounding. Univariate tests on the different risk factors would
not reveal how these factors work together. In risk stratification models, however, we are less
interested in confounding than we are with clinical trials. The goal is to identify important risk
factors that work together to modify the risk of an outcome.

Some models have converted continuous variables (e.g., serum creatinine level) to binary
or categorical variables using (arbitrary) cut-off points. Although this may improve the usability
of the model, a degree of “predictability” may be lost. With multivariable regression analysis, the
association between individual risk factors (also referred to as predictor variables or covariates)
and outcomes can be determined, while holding constant the effect of others. Once the impact
of each risk factor is established from a given population sample, it then becomes possible to
estimate the probability of the outcome for patients having particular combinations of these risk
factors.

MODEL ASSESSMENT
The fit of a risk stratification model is generally measured in terms of its discrimination and
calibration. The process of measuring these terms is called validation.

Discrimination
Discrimination, which is measured using the c-index (area under the receiver operating char-
acteristic curve) with 95% confidence limits (CI), captures the model’s ability to distinguish
between patients who will suffer from an event and those that will not—thereby measuring
the trade-off between the specificity and sensitivity. It is defined as the proportion of the time
that an event-free patient is assigned a higher probability of not suffering from an event than
a patient who suffers from an event. A value of 1.0 is perfect, and a value of 0.5 denotes only
random ability to distinguish between patients with and without events. In general, a value
above 0.7 is considered good and above 0.8 excellent. In case of low discrimination, a risk model
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may accurately predict the percentage of patients that may experience a certain event but they
might not be able to identify which patients experience the event.

Calibration
Calibration reflects the relationship between the observed number of events and the predicted
probability of events and can be evaluated by the Hosmer–Lemeshow goodness-of-fit test
(H–L). Models with Hosmer–Lemeshow p-values above 0.05 are generally considered to be well
calibrated. Calibration plots can be used to give a graphical representation of model calibration.

Comparing mean event rates (predicted versus observed) to assess calibration is not
sufficient. Calibration is less crucial than discrimination in the evaluation process because
models can be recalibrated. Recalibration is done by adjusting the weights of the independent
variables to the population one intends to use the model for, allowing for extrapolation and
increased precision of the model when used in that population.

Validation Cohort
The predictive validity of a model is a measure of how well it performs on a data set other than
the one from which it was developed.

Validation can be obtained by evaluating the model on new data with patients undergoing
the same kind of treatment. The cohort used to validate a model greatly influences results. A
model is “internally” validated when validation is performed using patients from the same
population that the model was derived from.

Several approaches of internal validation are available: data splitting, cross-validation, or
bootstrapping. Temporal validation is a form of data splitting and evaluates the performance of
a model on subsequent patients within the same center(s).

Complementary to internal validation is external validation. This method uses a different
population (e.g., from another center) to assess discrimination and calibration and lends the
model to extrapolation. Having patient data across a wide variety of geographic areas increases
the probability that the model will be suited for different populations, but the only way to
determine the model’s applicability is to verify the performance empirically in a representative
sample.

Continuous evaluation of model performance is another aspect that is important to ascer-
tain that classification performance does not degrade with time. Some models are redeveloped
periodically to adjust for temporal trends.
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INTRODUCTION
Preprocedural evaluation of patients for percutaneous aortic valve replacement (PAVR) is crucial
to select the patients that will benefit the most and have the procedure done safely. This chapter
focuses on risk assessment in the group of high operative risk or inoperable patients, currently
considered potential candidates for PAVR. After determining appropriate operative risk one
needs to determine the anatomical suitability. At our center, patients coming for evaluation for
PAVR spend a full day at the hospital; they start with a complete echocardiogram, followed by
cardiac catheterization and angiography of the coronaries, left ventricle (LV), and aorta.

PATIENTS SELECTION AND RISK ASSESSMENT
The percutaneous aortic valve is intended for use in symptomatic patients with severe cal-
cific aortic stenosis requiring aortic valve replacement, who are at high risk for open chest
surgery due to comorbid conditions, or patients who are inoperable. Defining high-risk sur-
gical patients is not simple. An Society of Thoracic Sugeons (STS) risk score >10 and/or a
logistic EuroSCORE >20 are most often used to define high risk (http://209.220.160.181/
STSWebRiskCalc261/de.aspx,http://www.euroscore.org). The STS predicted risk of mortal-
ity most accurately predicts perioperative and long-term mortality for the highest risk patients
having aortic valve replacement (1). The EuroSCORE overestimates the mortality risk of aortic
valve replacement (2), and this overestimation is greatest in high-risk patients (3).

Patients can be at very high operative mortality risk but yet have low scores. There are
numerous comorbidities not captured in either the EuroSCORE or the STS scoring systems such
as porcelain aorta, chest wall radiation, chest wall deformity, highly compromised respiratory
function, frailty, and others. There have been attempts to quantify frailty index (4), and correlate
frailty index with outcome (5); however, the analysis of frailty is particularly difficult and is
often not quantifiable. Clinical judgment of experienced cardiac surgeons has a key role in
assessing operative mortality in these cases.

The currently available validated risk score systems have not captured the “nonoperable”
patients. The definition of “inoperability” is difficult, and often requires the consensus of several
surgeons. It is important to emphasize that those scoring systems are not intended to be used
as substitutes for clinical decision making.

Many of these patients have decreased renal function. This is not a contraindication for
the percutaneous valve procedure. We use contrast that is diluted 50% with normal saline, and
we hydrate the patient before the percutaneous valve procedure. This has effectively prevented
further deterioration of renal function post procedure.

ACCESS SITE PERIPHERAL ANATOMY
Adequate vascular access is one of the most important determinants of procedural success
and/or complications. The 22- and 24-F sheath used for delivery of the 23- and 26-mm valves
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Figure 1 Abdominal aortography for measurement of vessel diameters with quantitative coronary angiography
(QCA) and a reference marker pigtail (left panel). Digital subtraction for measurement of vessel diameters with
QCA and a reference marker pigtail (right panel).

require a minimum vessel diameter of 7 and 8 mm, respectively. Three imaging modalities are
available to evaluate the access vessels: angiography, contrast computed tomography (CT), and
intravascular ultrasound (IVUS). Often there is discrepancy in the results obtained by these
techniques. We find that high-quality CT is the most accurate and provides the most useful
information to predict feasibility of transfemoral approach.

Angiography
Abdominal aortography gives excellent images. Digital subtraction allows for same or better
images with smaller amount of contrast (10–15 cc). Vessel diameters are measured with QCA
and a reference marker pigtail (Fig. 1).

Precise vessel measurements are performed in multiple sites in the common femoral,
superficial femoral, external, and common iliac arteries. A minimal diameter of 7 mm for the
23-mm valve and 8 mm for 26-mm valve is required. Excess vessel tortuosity can prevent
the large 22- or 24-F sheath from advancing to the abdominal aorta, like the left iliac in the
Figure 2.

Tortuosity with a large lumen and no calcification is not a problem for use of the large
sheaths (Figs. 3 and 4). Tortuosity without calcification that is straightened by a wire does not
preclude the procedure (Figs. 5 and 6). Tortuosity with marked calcification does not allow the
advancement of the large sheaths.

Calcification is often not well appreciated by angiography. We have seen many cases
where the iliofemoral angio showed adequate vessels for percutaneous access, and the CT
revealed severe calcification making us reject the patient for transfemoral access [Figs. 7(A) to (F)
and 8].

Computerized Tomography
We routinely obtain the contrast CT by using 4-F pigtail placed in the abdominal aorta. This
pigtail is left in place after catheterization. The injector is loaded with 20 cc contrast + 60
cc saline. The injection is performed at 4 cc/sec for 10 seconds (10 cc of contrast) (6). This
technique gives better pictures than standard IV contrast and helps preserve renal function
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Figure 2 Abdominal aortography showing a very tortuous left iliac artery. This type of sharp angulation precludes
the use of the 22 to 24-F sheath.

in this population of older patients with critical aortic stenosis [Fig. 9(A) and (B)]. A detailed
CT analysis is very important and can predict possible access problems. The CT images are
displayed in longitudinal, 3D, and axial views.

The vessel diameter is carefully assessed in longitudinal and axial views. We place the cursor
in the abdominal aorta and bring it down millimeter by millimeter to get exact measurements in
the entire length of the vessel considered for access. Examples of these measurements are given
in Fig. 10(A) to (C). Occasionally the longitudinal images appear to have an adequate minimum
diameter but the axial views do not: the real cross-sectional diameters are smaller than required
for the large sheaths (Fig. 11).

Exact vessel diameter measurements require that the cursor be perpendicular to the longi-
tudinal axis of the vessel, and this has to be adjusted for each segment of the iliofemoral arteries
(Fig. 12).

Noncontrast CT is very important for quantifying the amount of calcification in both
longitudinal and axial views. Again the cursor is moved millimeter by millimeter, looking for
areas of significant calcification (Fig. 13). Significant calcification, especially in long segments,
does not allow straightening.
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Figure 3 CT demonstrating severe tortuosity with large lumen diameter. Tortuosity with large lumen is no problem
for the 22 to 24-F sheaths.

Figure 4 3D CT demonstrating tortuous vessel without calcification. Marked angulation as the iliacs go into
the pelvic floor. As long as there is no calcification, these vessels straighten with a wire and usually allow for
advancement of the large sheath.
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Figure 5 The left iliac is straightened by a wire.

Figure 6 Tortuous vessels straighten with a wire
and usually allow for advancement of the large
sheath.
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Figure 7 Iliac analysis demonstrating severe calcium on CT not seen on angiography. (A) Angiography with
vessel-size measurement, (B and C) noncontrast CT demonstrating severe calcification, (D) axial view, (E) 3D
longitudinal view, and (F) virtual endoscopy.

Figure 8 Excellent vessels on angiography, but CT shows calcification that precluded the advancement of 22-F
sheath.
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A

B

Figure 9 (A) Iliac analysis by CT using 4-F pigtail and 10 to 12 cc of contrast (left panel), iliac analysis by CT
using 100 cc of IV contrast (right panel). (B) Iliac analysis by CT with 10 cc of contrast injected in the abdominal
aorta with a 4-F pigtail.
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A

B

Figure 10 (A –C): Axial cuts for precise diameter measurement. (Continued on pg. 72).
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C

Figure 10 (Continued) Lumen measurement have to exclude calcium.

Figure 11 Adequate vessel dimensions on longitudinal view. Too small on axial views.
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Figure 12 The axis of the red line has to be perpendicular to the vessel to obtain accurate vessel
dimensions.

Figure 13 Noncontrast CT for measurements the amount of calcium.
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Figure 14 Severe calcification at the internal/external iliac bifurcation.

Figure 15 High-level blooming (left panel) dis-
tort vessel diameter measurement and evalua-
tion of calcium severity. Low-level blooming (right
panel) allows for precise measurements.

Severe calcification at the bifurcation of internal and external iliac is of special concern
as this area has no yield for expansion or movement: the internal iliac anchors the bifurcation
down into the pelvis (Fig. 14).

Blooming artifact: Blooming has to be brought to a low level to perform adequate mea-
surements of the vessels and to quantify the extent of calcification. The dimensions can change
significantly after correction (Fig. 15; Video 1).

Tortuosity is best analyzed with contrast CT: 3D displays are rotated to best define tortuosity
[Fig. 16(A) and 16(B)].

Virtual endoscopy with CT: This is at times useful to estimate the distribution of calcium
within the lumen along the vessel being considered for access. See three examples with low
amount of calcium (Video 2), mild spotty calcification (Video 3), and high amount of calcium
with concentric arcs of calcium (Video 4). Concentric calcification can cause significant problem
advancing or retrieving the delivery sheath.

Intravascular Ultrasound
We have used IVUS of the iliofemoral vessels when there is discrepancy in the results of
angiography and CT. IVUS is excellent to measure vessel diameter but does not allow for good

Figure 16 (A) and (B):3D contrast CT allows for analysis of tortuosity. (A) Mild tortuosity and (B) severe tortuosity.
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Figure 17 IVUS analysis of the iliofemoral vessels.

analysis of calcification (Fig. 17). In general, we see larger diameters with IVUS than with CT.
In our experience, high-quality CT images are sufficiently good and we rarely use IVUS.

Percutaneous or Surgical Access Is Based On Preprocedure Assessment
The preprocedure assessment of the access vessels allows for the choice of the best technique.
The femoral artery can be accessed percutaneously or by surgical cut down. Percutaneous
access is an excellent choice in patients with large vessels and mild or no calcification, and
by teams who have acquired significant experience with the percutaneous valve procedure.
Preclosure using a single Prostar XL device (Abbott Vascular Devices, Redwood City, CA)
(Fig. 18) is commonly used. Some operators have used two Prostar devices or three
suture-mediated closure devices (6-F Perclose). Surgical exposure of the common femoral is
preferred by many and provides an extra level of security especially when the preassessment
showed vessels with challenging characteristics.

Figure 18 Femoral artery access by percutaneously Prostar XL device. (A) Prostar device for preclosure.
(B) After procedure was completed with 24-F sheath.
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(A) (B)

Figure 19 Retroperitoneal access with the (A) sheath tunneled from the inguinal entry site and (B) entering the
common iliac tangentionally.

We place the 22-F or 24-F delivery sheath from the start and proceed to cross the aortic
valve, dilate the valve, and then deploy the prostheses. We find this method expedites the
procedure greatly, as opposed to starting with a 6- to 8-F sheath to cross the valve, then placing
a 12- to14-F sheath for valvuloplasty, then finally using the 22- to 24-F sheath.

If there is resistance advancing the dilators, never “push hard.” Two signs are important
to stop: patient having pain (in those not anesthetized), or the entire vessel “being rocked” on
fluoroscopy as one tries to advance the sheath. Different lubricants have being tried to facilitate
advancement of the dilators or sheaths without any clear advantage. If the dilators or the
large sheath does not reach the common iliac, one could consider accessing the common iliac
retroperitoneally. In this case, we do not use a conduit: the sheath is tunneled from the original
inguinal access point and enters the common iliac tangentially, with minimal trauma to the
vessel (Fig. 19).

ABDOMINAL AND THORACIC AORTA, ASCENDING AORTA, AND AORTIC ARCH
The abdominal aorta usually has adequate diameter for the large 22- to 24-F sheath. Occasionally
CT has shown segments of significant narrowing with severe calcification in the abdominal aorta
(Fig. 20), which exclude the patient for transfemoral access.

Figure 20 Concentric calcification in the abdominal aorta.
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Figure 21 Extensive atherosclerosis of the aorta with thrombus.

Patients with extensive atherosclerosis of the aorta (Fig. 21) or large mobile protruding
aortic atheromas are at high risk for neurological event during the procedure. Patients with
porcelain aorta are in this group. Atherosclerotic material can also be displaced from the aortic
valve itself or from the peripheral vessels and embolized to the brain, resulting in ischemic
stroke (7). Careful advancement of the retroflex delivery system around the arch, and the new
Retroflex II and III (with a cone at the tip) can help prevent the mobilization of aortic plaques.

Aortic aneurysms usually present no problem to advance the catheters and valve, but
increase the risk of plaque or thrombus dislodgment. Thoracic or abdominal aortic grafts pose
no problem to advance the delivery system, but aortoiliac grafts, especially with a long iliac
limb do not allow for the large sheath to advance. Even if the diameter appears adequate,
they wrinkle when the sheath is advanced and lock any movement. We do not recommend
transfemoral approach in the presence of aortoiliac graft.

In case of severe peripheral disease or large atheroma in aorta it is better to change the
strategy for transapical approach. CT images of the chest are helpful to plan the transapical
procedure (Fig. 22).

AORTIC VALVULAR COMPLEX (AORTIC ROOT, AORTIC ANNULUS, AORTIC VALVE,
AND CORONARY ARTERIES ORIGIN)
A very uncoiled aorta with the aortic valve in a vertical position (Fig. 23) precludes the ability
to deliver the valve in the desired position. These cases are often excluded for the percutaneous
aortic valve.
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Figure 22 CT planning of transapical approach.

CT images of the aortic valve and root can be used to plan the best projection for valve
delivery (Fig. 24). Heavy calcification of the aortic valve may cause problems for full and
symmetric expansion of the valve.

Measurement of aortic annulus diameter before procedure is crucial especially in patients
with borderline vascular access due to small iliac diameters. The annulus size will determine
which valve size to use: 23- and 26-mm models are now available for annular size of 16 to 21
and 22 to 24, respectively. Measuring the annulus by transthoracic echocardiography usually
underestimates the correct diameter. Transesophageal echo is now the standard for final deter-
mination of annular dimensions (Fig. 25). In cases that will possibly require a 26-mm valve
and have borderline iliac size, one must do transesophageal echocardiography (TEE) before
the percutaneous valve procedure to insure that the 23-mm valve will be sufficient. CT has not

Figure 23 Uncoiled aorta with vertical orientation of the aortic valve.
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Figure 24 CT planning of the best projection for precise align-
ment of the aortic valve sinuses.

correlated well with TEE for this measurement, and further knowledge is required in this field
before CT measurements are used for this purpose. We are beginning to acquire experience with
echo imaging with intra-cardiac echocardiography (ICE) to have as an alternative to TEE.

The distance between aortic annulus and the coronary ostia showed a large variability
and is independent of patient’s height. The mean distance between the ostium of the coronary
artery and the base of the sinus of Valsalva was reported to have a wide variation ranging from
7.1 to 22.7 with mean of 14.4 ± 2.9 mm. In almost 50% of the cases, the distance between the
ostium and the annulus was smaller then the left coronary leaflet length and this may increase
the risk of coronary occlusion during PAVR (8). It is important to evaluate the length between
the inferior aspect of the annulus and the inferior aspects of the lowest coronary ostium for
subsequent prosthetic aortic valve implantation (Fig. 26). The proximal one-third of the stent
(aortic end) is uncovered to allow for coronary perfusion should the prosthesis stent cover the
coronary ostia.

In a case of low left main coronary artery origin, it is recommended to do an aortogram
during balloon valvuloplasty to determine if the aortic leaflet could obstruct the left main
coronary artery ostium. Obstruction of coronary ostium can occur also during balloon valvulo-
plasty (Videos 5, 6, 7). The height of the Edwards SAPIEN valve is 14.5 mm and 16 mm for the
23 mm and 26 mm, respectively.

Figure 25 Annulus size measurement by TEE.
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Figure 26 Measuring the length between the inferior aspect of the
annulus and the inferior aspects of the coronary ostium.

LEFT VENTRICLE, CORONARIES, AND COEXISTENT CARDIAC CONDITIONS

Severe LV Dysfunction
Severe LV dysfunction may create a problem for PAVR. Immediately after balloon valvuloplasty
or PAVR, the myocardium becomes transiently stunned and may have a serious drop in blood
pressure and cardiac output. The presence of severe coronary disease may enhance the risk.
Multiple preventive measures are used to address this issue (see following chapters).

In cases of very severe LV dysfunction, LV contractility reserve can be evaluated with
Dobutamine testing. This is helpful to predict ability to survive the procedure as well as future
LV function recovery.

Mitral Regurgitation
Severe organic mitral regurgitation should be an exclusion for PAVR. To evaluate how much the
Mitral regurgitation (MR) could be secondary to critical aortic stenosis, one can perform aortic
valvuloplasty and see the results through the next few weeks. In many patients the LV function
improves and the MR diminishes significantly after valvuloplasty.

Figure 27 In case of patients with marked hypertrophy of the septum or sigmoid septum the valve is set lower
in the balloon.
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Patients with mild or moderate mitral regurgitation undergoing PAVR usually do well. In
the majority of cases, MR grade stays the same; in a minority it may improve or worsen.

Left Ventricular Hypertrophy with Narrow Outflow Tract
In patients with marked hypertrophy of the septum or sigmoid septum accurate positioning
of the percutaneous valve may be hampered: during inflation of the balloon the lack of space
may squeeze the balloon toward the aorta before the stent/valve opens, and the valve will rise
up with the risk of mal placement or even embolization. To avoid this we mount the valve
lower in the balloon; this technique has resulted in less or no motion of the stent/valve during
deployment (Fig. 27).

SUMMARY—PATIENT MATRIX
Detailed precise screening is the key for success in PAVR. Patients are selected based on their
high surgical risk or inoperability. Because of the large delivery system, careful evaluation of
the iliofemoral vessels is indispensable. Because this is the most common cause of morbidity/
mortality, we recommend angio and high-quality CT in all patients. It is important to know the
amount of atherosclerosis and plaque in the aortic arch and ascending aorta for potential risk of
neurological events. Measuring the aortic annulus diameter is also important for valve sizing
and avoiding paravalvular leak. The relation between the annulus, left coronary leaflet, and left
coronary exists is important. Assessment of all these components is necessary for preprocedural
planning of access approach, valve sizing, and deployment.
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The magic behind every outstanding performance is always found in the smallest of details.
Gary Ryan Blair

INTRODUCTION
Patient selection plays a crucial role in the success of transcatheter aortic valve implantation
(TAVI)—this cannot be overemphasized. It requires meticulous attention to the smallest of
details and needs to be performed in a systematic manner in every patient. Becoming over
“complacent” and “routine” in the patient selection process can presage failure. Every patient
deserves a fresh start approach.

TAVI is currently reserved for patients with severe aortic stenosis deemed high or pro-
hibitive surgical risk—but this may change in the future. Although not the focus of this chapter,
identification of high or prohibitive surgical risk patient should rely on the clinical judgment
of a Heart Team (specifically, interventional cardiologists and cardiac surgeons) in conjunction
with information gleaned from surgical risk scores such as the STS Predicted Risk of Mortality
and logistic EuroSCORE (1,2).

This chapter focuses on the anatomic boundaries for implantation of the 26- or 29-mm
sized prosthesis using the third-generation 18-F CoreValve ReValving system. In particular,
the chapter will focus on the peripheral arterial system, aortic root, aortic valvar complex, left
ventricle, and mitral valve, which are important for TAVI (Fig. 1). In essence, the patient must
be assessed from access to implantation site.

WHY IS PATIENT SELECTION IMPORTANT?
A conservative approach during the initial premarket approval process (e.g., excluding patients
with complicated cardiac anatomy, severe left ventricular dysfunction, severe coronary artery
disease, and combination of valvulopathies) maximizes the chances of demonstrating efficacy
while minimizing the risk of death or procedural complications.

It is assumed that adherence to patient selection criteria will reduce the frequency of
complications such as dissection of the aorta or arterial tree, cardiac tamponade, obstruction
of the coronary arteries, device maldeployment or migration, and severe aortic insufficiency.
However, the association between patient selection criteria and procedural complications still
needs further elucidation (3).

A collection report form or checklist can be used to (i) ensure consistency and completeness
of data collection, (ii) adherence to clinical practice guidelines, (iii) facilitate communication
among team members, and (iv) serve research purposes.

RISK–BENEFIT ANALYSIS
The fact that a patient is deemed inoperable and has suitable anatomy does not necessarily
imply that they are candidates for the procedure. In other words, feasibility does not necessarily
imply safety. Anecdotal experience suggests that patients with other limiting comorbidities such
as severe pulmonary disease or debilitating neuromuscular disease may not even benefit from
TAVI. Indeed, approximately one-quarter of patients remain in New York Heart Association
class III or IV (this includes patients who may have improved from class IV to III) (4).
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Figure 1 MSCT volume rendered anatomy of
the arterial system. Patient Selection requires
assessment of the patient from access to
implantation site.

PERIPHERAL ARTERIAL SYSTEM
Assessment of the peripheral arterial system begins with a detailed history and physical exam.
The history should evaluate for associated risk factors (e.g., diabetes, smoking, hypertension,
and hypercholesterolemia), prior history of peripheral arterial bypass surgery, and symptoms
of peripheral arterial disease.

Imaging techniques such as fluoroscopic angiography, computed tomographic angiogra-
phy, and magnetic resonance angiography can provide objective information of the peripheral
arterial system—salient features include vessel diameter, degree of calcification and atheroscle-
rosis, obstruction, tortuosity, and ulceration.

Aortoiliofemoral Vessels
The iliofemoral artery remains the default approach for vascular access. To accommodate the
18-F vascular access sheath, the minimum requirement for vessel diameter is 6 mm (Fig. 2,
Video 1). Subjective quantification of vessel calcification and atherosclerosis by using any of the

11 mm
11.5 mm

9.5 mm

7.8 mm

7.1 mm

9.8 mm

7.6 mm

7.4 mm Figure 2 Iliofemoral angiogram demonstrating
acceptable vessel diameter for accommodation
of the 18-F vascular access sheath.
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Figure 3 Iliofemoral angiogram consistent with
severe atherosclerotic narrowing at the right iliac
bifurcation point (white arrow).

aforementioned imaging modalities can help anticipate potential areas of dissection, rupture, or
problems with advancing the delivery catheter system (Fig. 3, Video 2) (5). Furthermore, some
physicians consider circumferential calcification observed on MSCT or severe atherosclerotic
narrowing (>50%–70%) of the iliofemoral vessels to be contraindications to TAVI.

Although diseased peripheral vasculature is not an absolute contraindication to TAVI,
it increases the risk for complications significantly. In these cases, two approaches can be
considered: (i) attempt to cautiously advance the vascular access sheath and catheter delivery
system across the diseased vasculature, implant the valve, and repair any complications such as
dissections “on the way out” by percutaneous transluminal angioplasty/stent implantation or
(ii) peripheral vascular interventions (percutaneous transluminal angioplasty or stent implan-
tation) of the aortoiliofemoral vessels can be performed prior to valve implantation (Videos 3,
4, 5) (6). The former approach is generally advocated. Although the latter approach has been
performed successfully in experienced centers, there is risk of dislodging the implanted stent
during either (1) advancement of the vascular access sheath or delivery catheter or (2) in cases
where the semideployed valve needs to be retrieved from the body (see Fig. 14 in chap. 17).

Significant tortuosity alone of the iliofemoral vessels is not necessarily a contraindication
to TAVI as long as the vessels are otherwise healthy and compliant—gentle advancement of the
stiff guidewire or vascular access sheath will tend to straighten the vessel.

Special precautions are necessary for patients with diabetes or on dialysis given their
higher likelihood of significant peripheral vascular disease.

Patient Selection for Subclavian Access
In cases where the anatomy of the iliofemoral vessels is unacceptable, the second option for
vascular access with the CoreValve system should be the subclavian artery. Possible options
include both the right and left subclavian with a number of important caveats. First, similar to
the transfemoral approach, the minimum acceptable artery diameter is 6 mm. Second, the left
subclavian artery is preferred over the right. In most cases, the approach from the left subclavian
is straightforward irrespective of the aortic root angulation. In contrast, if the angulation between
the plane of the annulus and a horizontal reference line is more than 30 degrees (suggesting
a horizontal aorta or vertical annulus plane), an approach from the right subclavian will be
technically challenging (see Fig. 1 from chap. 10); it is virtually impossible to accurately position
and deploy the prosthesis. Other possible options for vascular access include (i) direct access
thoracotomy and (ii) retroperitoneal vascular access.
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Figure 4 This short-axis basal view of the aortic valve highlights the potential hazard of two-dimensional imaging
in measuring the “aortic valve annulus” (or any structure of the aortic root for that matter). Measurements made
with two-dimensional imaging represent a tangent cut across the root and do not necessarily transect its full
diameter. The blue and red arrows represent two conceivable tangents.

Some physicians view the presence of an internal mammary artery graft as a contraindi-
cation to the subclavian approach. Other physicians believe that the subclavian approach can
be safely performed in the presence of an internal mammary graft if some criteria are met. In
particular the minimum acceptable artery diameter should be 6.5 to 7.0 mm. Furthermore, to
reduce the risk of retrograde dissection of the internal mammary artery graft, the segment of the
subclavian artery proximal to the internal mammary should be free of atherosclerotic disease.

Aortic Arch
Due to the flexible nature of the Nitinol prosthesis, it is unusual to encounter resistance during
advancement of the delivery catheter system across the aortic arch unless atherosclerotic plaques
or calcium deposits get in the way (Videos 6 and 7). Nonetheless, note can be taken of the
angulation of the aortic arch (e.g., large-radius turns or sharp bends) evaluated by contrast
aortography, multislice computed tomography (MSCT), or magnetic resonance imaging (MRI).

Aortic Root and Ascending Aorta
By definition, the aortic root extends from the most basal attachment line of the aortic valvar
leaflets within the left ventricle to their peripheral attachment at the level of the sinotubular
junction. It follows that the ascending aorta extends from the level of the sinotubular junction
to the take-off of the right subclavian artery.

It is our preference to describe the various components of the valve and describe
the variable diameter of the root at its different parts rather than nominating any single
component as the annulus. From a clinical standpoint, the diameters of the root measured by
echocardiography, contrast aortography, MSCT, or MRI can vary markedly. The measurements
of the aortic root obtained by echocardiography and contrast aortography are limited by their
two-dimensional nature. These measurements correspond to some tangent cut across the root
(Fig. 4) (7). The root is not particularly circular at any level. The “annulus,” for instance, is more
like an ellipse with a maximum and minimum diameter (8). Measurements of this structure,
therefore, will depend on the plane or angulation selected. Three-dimensional imaging modal-
ities (3-D echocardiography, MSCT, and MRI) on the other hand may provide more accurate
measurements of the aortic root at any desired level or plane (Video 8—slicing of the aorta).

Figure 5 demonstrates the key measurements of the aortic root and ascending aorta for
implantation of the CoreValve device. The maximum acceptable diameter of the ascending
aorta is 40 and 43 mm for implantation of the 26- and 29-mm device, respectively (Fig. 6). The
outflow portion of the prosthesis positions itself within the ascending aorta and functions to
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Figure 5 Pictorial representation of the aortic root and ascending aorta with a CoreValve prosthesis in-situ. Key
measurements for CoreValve implantation are shown.

orient itself perpendicular to the direction of blood flow. Keeping in mind both the height of the
prosthesis (∼50 mm) and depth of implantation (∼6–8 mm), the diameter of the ascending aorta
is measured at a level 40–45 mm from the basal attachment line of the aortic valve leaflets (Fig.
5). A relatively large ascending aorta can run the potential risk of causing valve embolization if
the inflow portion of the prosthesis is not well anchored.

If the prosthesis is to be properly accommodated without impinging on the orifices of
the coronary arteries, a number of anatomical factors should be taken into consideration: (i) the
width and height of the sinus of Valsalva; (ii) height of the coronary artery orifice measured from
the base of the native aortic leaflet to the inferior rim of the coronary ostia [Figs. 7(A) and (B)];
(iii) bulkiness of aortic valve calcification. During percutaneous balloon aortic valvuloplasty or
valve deployment, the native aortic valve leaflets are displaced toward the coronary artery ostia.
A narrow sinus of Valsalva (<27 mm and <29 mm for the 26- and 29-mm device, respectively), a
short sinus of Valsalva (<15 mm), low-lying coronary artery (<10 mm height), large aortic valve
leaflet, and/or severe leaflet calcification can act in concert to increase the risk of compromising
the coronary artery ostia during CoreValve implantation (Fig. 6). Contrast aortography during
preimplantation balloon aortic valvuloplasty can be helpful to understand how the native aortic
valve leaflets and calcium deposits may become displaced and possible occlude the coronary
arteries [Fig. 8, Videos 9, 10, 11].

Aortic Valve Annulus
The base of the aortic root formed by joining the basal attachment points of the aortic leaflets
within the left ventricle is clinically, albeit confusingly, known as the “aortic valve annulus.”

Figure 6 Anatomical prerequisites for implantation of the 26- and 29-mm CoreValve device. Minimum require-
ment of height of coronary artery ∼10 mm (not shown in the figure).
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A B

Figure 7 The take-off height of the coronary artery ostium is measured from the inferior rim of the ostium of the
coronary artery to the most basal attachment point of the corresponding left or right native aortic valve leaflet.
(A) First, we need to identify the ostium of the left and right coronary artery (dotted circles). Second, we need to
identify the plane of the aortic valve annulus (line 1) that represents the most basal attachment point of the native
aortic valve leaflets. Third, we need to identify the inferior rim of the coronary artery and draw a plane (line 2)
parallel to the plane of the aortic valve annulus (line 1). In this example, the take-off height of the left and right
coronary artery represents the distance between line 1 and 2, and line 1 and 3, respectively. Both heights were
considered acceptable, i.e., >10 mm. (B) In this patient, the take-off height of the left coronary artery was 7.9 mm
(distance between line 1 and 2). Although implantation of the CoreValve device was considered contraindicated,
the patient nevertheless underwent successful valve implantation (see Videos 10–12 for further discussion and
follow-up).

The diameter of this ring has played a crucial (and confusing) role in the selection of the size
of prosthesis to be inserted. The 26- and 29-mm devices are intended for aortic valve annuli
measuring 20 to 23 mm and 23 to 27 mm, respectively—the device was purposely oversized
to create enough radial force to help anchor itself within the aortic root. If measurements of
the “aortic valve annulus” fall within borderline limits of a 26- or 29-mm device, the following

Figure 8 Contrast aortography performed during balloon aortic valvuloplasty can be used to examine the
potential relationship between the coronary ostia and displacement of the aortic valve leaflets and calcium prior
to valve implantation.
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points should be kept in mind to facilitate selection of the appropriate-sized prosthesis: (i)
measurements obtained from multiple imaging techniques (transthoracic or transesophageal
echocardiography vs. MSCT vs. contrast aortography) and (ii) relative dimensions of the sinus
of Valsalva and ascending aorta.

Issues such as “which imaging method should I use to measure the aortic valve annulus”
and the implications of oversizing and undersizing the device relative to the aortic root will be
discussed in other chapters.

Coronary Artery Disease
Coronary atherosclerosis is a common finding in patients with severe aortic stenosis; both
conditions are associated with similar risks such as coronary atherosclerosis such as older age,
hypertension, diabetes, hypercholesterolemia, and smoking. Although initial safety and efficacy
trials excluded patients with severe coronary disease (>70% proximal stenosis), with increasing
operator experience and CE mark approval there is a growing trend to perform either staged or
concomitant percutaneous coronary interventions (PCI) in association with the valve procedure
(Videos 12, 13, 14, 15) (9).

Patients with untreated severe proximal left and right coronary artery disease may not
tolerate the stress associated with balloon aortic valvuloplasty or valve deployment. This may
be even truer in those patients with left ventricular dysfunction. In our experience, PCI of at least
the left main or proximal left anterior descending artery in patients with multivessel disease
may provide enough cardiac reserve for a successful outcome. This may be performed either in a
staged manner or concomitantly just before valve implantation. Temporary circulatory support
using the TandemHeart R© peripheral left ventricular assist device (pLVAD) is recommended
for patients with left ventricular dysfunction. As an aside, the significant reduction of left
ventricular stroke volume while on TandemHeart support can virtually eliminate migration of
the balloon during aortic valvuloplasty and obviate the need for rapid bursting pacing.

Only a minority of patients with coronary disease (∼10%) require PCI specifically in
preparation for TAVI (10). The majority of these elderly patients have sufficient relief of their
angina by valve replacement alone. On the other hand, approximately one-quarter of patients
are in NYHA III or IV after valve implantation and factors such as residual coronary disease,
pulmonary disease and/or physical deconditioning may be the limiting factors.

Left Ventricle
Four features of the left ventricle require evaluation: (i) left ventricular ejection fraction, (ii)
left ventricular wall thickness, (iii) presence/absence of left ventricular thrombus, and (iv)
presence/absence of subaortic stenosis.

Knowledge of left ventricular function can provide useful insight into the severity and
duration of the valvular stenosis. Pertinent to the implantation procedure, the degree of left
ventricular dysfunction can help gauge the hearts’ ability to tolerate the stress of the proce-
dure. Stress with the procedure can be encountered during induction anesthesia, rapid-pacing
preimplantation balloon aortic valvuloplasty or procedural complications associated with hypo-
volemia and hypotension.

In patients with severe left ventricular dysfunction (especially <20%), the procedure
should be facilitated by circulatory support systems (pLVAD, peripheral extracorporeal mem-
brane oxygenation) (11). These devices may also be used in high-risk patients with complex
coronary disease, undergoing concomitant PCI during the index valve procedure.

The in-hospital mortality rate of patients with low flow, low-gradient aortic stenosis
(i.e., mean transaortic pressure gradient ≤40 mm Hg, left ventricular ejection fraction ≤35%)
undergoing surgical aortic valve replacement can range from 6% to 33%, depending on the
presence or absence of contractile reserve (12). Whether patients with low flow, low-gradient
aortic stenosis undergoing TAVI have an elevated risk for short-term mortality and if this is
related to contractile reserve is not yet known.

Patients with severe left ventricular hypertrophy are at relatively higher risk for cardiac
perforation. Although this may appear counterintuitive, a small ventricular cavity and stiff
guidewire can combine to increase this risk (Fig. 9).
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Figure 9 This specimen shows severe left ven-
tricular hypertrophy associated with a small
ventricular cavity. Note the thinness of the
left ventricular apex despite the severity of left
ventricular wall hypertrophy. Abbreviations: LV,
left ventricle; RV, right ventricle.

Echocardiography, MSCT, or MRI can be used to assess for the presence or absence of
atrial or ventricular thrombus. The presence of thrombus is a contraindication to perform TAVI.

Mitral Regurgitation
A complete preprocedural evaluation should include echocardiographic assessment of the
mitral valve apparatus for regurgitation or stenosis. The clinical implications of the severity
of mitral regurgitation and patient selection for TAVI are currently unknown. In our experience
of 79 consecutive patients, mitral regurgitation was mild, moderate, and severe in 57%, 18%,
and 1% of the patients, respectively. Of those with mitral regurgitation, 27 patients (50%) had
organic and 27 patients (50%) had functional mitral regurgitation. After CoreValve implanta-
tion, the degree of mitral regurgitation remained unchanged in 61% of patients, improved in
17%, and worsened in 22% (13).

Carotid Duplex Ultrasonography
Symptomatic carotid or vertebral artery disease should be documented preprocedure to better
appreciate the patients’ atherosclerotic burden. Although patients identified with carotid artery
stenosis (>50–70%) prior to cardiac surgery are at increased risk for stroke (14), similar findings
are yet to be confirmed in patients undergoing TAVI.

Electrocardiography
Aortic stenosis is known to be associated with abnormalities of cardiac conduction. Following
implantation of the CoreValve ReValving system, new onset left bundle branch block can be
observed in up to 40% of patients. This may not be surprising considering the close anatomical
proximity between the aortic valvar complex and conduction system. In almost all cases, the left
bundle branch block develops during the procedure (in these cases, approximately 45% before
valve deployment and in 55% after valve deployment). New conduction abnormalities, however,
can also develop in the postprocedural period [Fig. 10(A)–(D)]. Patients with preexisting right
bundle branch block may be at increased risk for complete heart block and need of pacemaking.

Up to one-third of patients undergoing surgical aortic valve replacement can develop
intraventricular conduction defects (15,16). Furthermore, a permanent pacemaker is required
in about 3% to 8% of these patients (17).

CURRENT EXCLUSION CRITERIA
Typical exclusion criteria comprise any of the following: known hypersensitivity or contraindi-
cation to antiplatelet or anticoagulant therapy, Nitinol, or contrast media that could not be
adequately premedicated; any sepsis; uncontrolled atrial or ventricular arrhythmia; bleeding
diathesis or coagulopathy; creatinine clearance <20 mL/min; and life expectancy less than 1
year.
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A B

C D
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Figure 10 (A) Baseline electrocardiogram (ECG) demonstrated preexisting left bundle branch block. (B and C)
On postprocedural day 2 and 3, the patient developed alternating left and right bundle branch block, respectively.
(D) Continuous rhythm strip. On postprocedural day 5, the patient died from sinus arrest and complete AV block.
This case highlights the importance of continuous telemetry monitoring after the procedure and the consideration
for permanent pacemaking.
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SPECIAL CONSIDERATIONS

Transcatheter Aortic Valve Implantation for a Failing Surgical Bioprosthetic Aortic
Valve (Transcatheter Aortic Valve in Surgical Aortic Valve (TAV-in-SAV) or REDOTM)
The first successful implantation of a transcatheter aortic valve for a failing surgical bioprosthesis
was reported in 2007; using the CoreValve device (18–19). Since then, numerous case reports
have been published describing transcatheter aortic valve implantation for failing stented or
stentless bioprosthetic valves or homografts (20–25). This is currently an off-label indication for
the CoreValve device although feasibility studies are currently ongoing. There have been over
40 cases performed worldwide on compassionate basis.

CONCLUSION
Patient selection is a time-consuming process—it requires a systematic team approach best
accomplished in a dedicated outpatient referral clinic. Adherence to the patient selection matrix
should in theory minimize the risks of failure and complications. Figure 11 shows the patient
evaluation criteria that provides general medical guidance based on the experience to date
with the 18-F CoreValve System. It is important to realize that clinical judgment should not
be reduced to simple algorithms or flow charts—final judgment remains with the implanting
physician.
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7 CoreValve ReValving System for Percutaneous
Aortic Valve Replacement
Rob Michiels
CONSILIUM Associates LLC and Consultant to Medtronic-CoreValve, Irvine, California, U.S.A.

The CoreValve ReValving system for percutaneous aortic valve replacement (PAVR) consists of
three components: the self-expanding multilevel support frame with a trileaflet porcine peri-
cardial tissue valve, the catheter delivery system, and a disposable loading system. Design
conception and iterative prototyping took place during 1997 to 2002 and first-generation device
technical preclinical, animal, and cadaver work was completed by early 2004. A first-in-man clin-
ical feasibility study was conducted during 2004 with the first-generation 25-F device. Safety and
efficacy studies were conducted during 2005 and 2006 with two subsequent device generations,
which saw the diameter of the PAVR delivery catheter dramatically reduced. Prior iterations are
described in the literature and this chapter focuses on the current, third-generation 18-F device,
which received CE Mark during 2007.

SUPPORT FRAME AND BIOPROSTHESIS
At the center of the system is a multilevel self-expanding and fully radiopaque Nitinol frame
with a diamond cell configuration that holds the tissue valve and anchors the device in the native
anatomy. This noncylindrical frame design incorporates varying levels into a single construct
and exhibits three different diameters and three totally different degrees of radial and hoop
strength (Figs. 1–3). An important benefit of self-expansion of the bioprosthesis frame is the
elimination of the risk of trauma to the leaflets that may result from balloon inflation inside the
prosthesis and that could affect long-term durability of the valve.

The (lower) inflow level of the memory shaped frame exerts high radial force for secure
intra-annular anchoring. Its constant outward force eliminates the possibility of recoil and also
allows the frame to adjust to the native annulus size and shape within its size design limitations.
As a result, the self-expanding design contributes to mitigation of the risk of paravalvular leak.

The center portion of the frame is “constrained” to resist size and shape deformation
(features high hoop strength). This section contains the valve (leaflets) to achieve supra-annular
function. Its concave apposition to the sinus avoids the coronaries and allows both unimpeded
coronary blood flow and coronary catheter access post implant. As such, the hourglass frame
design avoids the need for rotational positioning since the upstroke of the valve commissures
at all times remain removed from the coronaries.

The (upper) outflow level features the largest frame diameter to accommodate the ascend-
ing aorta size and exerts only low radial force. Its primary function is to assure optimal alignment
of the prosthesis to the blood flow. The very top of this section also features two loops that serve
to load the valve into the delivery catheter.

The porcine pericardial valve was specifically engineered for transcatheter delivery and
thus features a number of unique characteristics to respond to the primary design requirement
of saving space in the compressed state of the device so that it can fold into smaller catheters
without the risk of tissue damage. While the valve retains a traditional three-leaflet configura-
tion, its construct features only a single layer of pericardial elements that are first sewn together
and then sewn to the frame. The valve leaflet pattern and the attachment geometry are keys to
the valve’s flow and durability characteristics.

The valve is constructed of six individual pieces (three skirt elements and three leaflet
elements) of carefully selected porcine pericardium treated with standard tissue fixation and
sterilization techniques (Fig. 4). Porcine tissue is a common material used in other implantable
devices and was chosen for very specific design engineering reasons. First, while yielding
identical or superior density, elasticity consistency, flexibility, and tissue strength characteristics,
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Figure 1 Self-expanding multilevel frame—dimensions.
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Figure 2 Self-expanding multilevel frame—functions.
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Single layer of porcine pericardium – tri-leaflet configuration – sutured to frame

Figure 4 CoreValve bioprosthesis.

it is much thinner than bovine pericardial tissue. This minimal tissue thickness leads to a
substantial “space savings” in the folded configuration. In addition, the porcine pericardium
exhibits superior homogeneous stretch, which is a key element required for the “suspension
bridge type” design of the valve itself. Finally, the choice of porcine pericardium mitigates the
risk of bovine spongiform encephalopathy.

It is important to note that the CoreValve design cannot be compared to traditional bio-
prosthesis designs contained in stents/frames, which flex or bend to accommodate the loading
forces encountered when the valve closes. Such traditional tissue valve designs absorb the
majority of the loading forces at the top end of the stent posts and valve commissures, which is
why they typically feature a very squat profile with multiple layers of sutured or folded tissue
to provide the needed strength required for long-term durability.

In contrast, the CoreValve constrained part of the frame that contains the functional valve
elements remains grossly static during the cardiac cycle and does not contribute meaningfully
to load absorption. The engineered load absorption solution is contained in the valve construct
itself. It combines the structural cable concept of a suspension bridge combined with angled
commissural take-off points from the widening frame shape (Figs. 5 and 6). This translates in a
much higher total functional valve height where the load is distributed evenly over the entire

Suspension bridge concept

L1
L2

L3

Even load (L) distribution
L1

 = L2  = L3

• Load absorbed equally by each point on 
leaflet commissures

• NO frame flexing under load: static frame Figure 5 CoreValve design element 1.
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optimizes leaflet motion

Figure 6 CoreValve design element 2.

length of the valve commissures without the need for tissue stacking. This single-layer construct
also contributes significantly to space saving in the folded configuration of the device.

Substantial additional space saving was accomplished by uncoupling the anchoring (skirt
area) and functional (leaflets) elements of the valve (Fig. 2). This has resulted in a bioprosthesis
that is implanted intra-annularly but functions supra-annularly. The supra-annular function is also
an important contributor to superior hemodynamic function of the valve.

The CoreValve bioprosthesis is currently available in two sizes. The 26-mm inflow model
is intended for patient annulus between 20 and 23 mm and the 29 mm inflow model is intended
for patient annulus between 24 and 27 mm. In the near future (estimated 2010) a 31-mm inflow
model will be added for patient annulus between 27 and 29 mm and this valve will still fit in
the 18-F delivery catheter.

Eighteen French Delivery Catheter System
The CoreValve delivery system (Fig. 7) is an over-the-wire catheter and accommodates a 0.035”
wire. The distal part of the catheter features an 18-F housing capsule that accommodates the
bioprosthesis. This size allows true percutaneous femoral access with preclosing. Both the small
and the large valve fit into this 18-F size catheter.

12 F Flexible shaft

18 F Valve capsule

Radiopaque tip

Radiopaque
marker

Over-the-wire (0.035” compatible)

Figure 7 Delivery catheter.
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Figure 8 Delivery catheter handle.

The proximal part of the catheter shaft steps down to 12-F immediately behind the valve-
housing capsule and provides enhanced interventional handling characteristics that assure easy
navigation through the vasculature and access into the native aortic valve without the need for
steerability elements.

The proximal catheter handle features two control elements (Fig. 8). A rotating knob for
slow progressive sheath movement and slide knob for rapid sheath movement. Both controls
are able to make the sheath move backward or forward and are interchangeably used during
valve loading and valve delivery; however, optimal delivery technique avoids the use of the
rapid slide.

The catheter tip is radiopaque and the distal part of the housing capsule features an
additional positioning marker. The bioprosthesis frame is at all times fluoroscopically visible
during the valve delivery procedure (both inside and outside the catheter).

Catheter-Loading System
CoreValve’s third-generation loading system is fully disposable (Fig. 9, Video 1). It serves to
load the bioprosthesis into the catheter housing cone in a consistent and nontraumatic manner.
It comprises five individual elements (inflow cone, inflow tube, outflow cone, outflow cap, and
outflow tube), which are applied in sequence by a single loader-operator.

During the loading procedure, the bioprosthesis must be precompressed to be loaded into
the 18-F housing cone of the delivery catheter. The compression procedure is performed with the
loading system and the framed bioprosthesis under temperature conditions of approximately
0◦C to 8◦C by immersion in cold saline. While loading, the bioprosthesis and the tip of the
delivery catheter must be kept submersed at all times. Rinsing and loading of the valve must
occur under strictly sterile conditions.

The detail manipulation sequences of this rinsing and loading procedure is beyond the
scope of this resume and is explained in detail in the training materials provided by the company.
For basic clarification, an animation of the loading sequence is provided on the DVD that
accompanies this textbook.

Site and Training Requirements for Performing the CoreValve PAVR Procedure
After obtaining CE Mark during 2007, the product was only made available for expanded clinical
evaluation to a predetermined number of carefully selected centers in Europe. The company

Figure 9 Disposable loading system.
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decided to pursue this restrictive clinical strategy to assure successful maturing of this new
technology, to assure appropriate training of physicians, and to gather additional clinical data.
By the close of 2008, about 100 sites in 20 countries were active and well over 2,000 patients
have been treated since the CE Mark.

While there is a tremendous amount of interest from centers across the world to be involved
early with transcatheter heart valve therapy, candidate sites for use of the CoreValve PAVR
technology continue to be carefully screened for a demonstrated strong clinical commitment
by both the medical team and hospital administrators. A functional and cooperative heart
team comprising members of the interventional cardiology, cardiac/cardiovascular surgery,
anesthesiology, echocardiography, postprocedural care and nursing departments is essential to
the success of the program. Also, on site back-up cardiac surgery facilities are mandatory.

While balloon aortic valvuloplasty (BAV) was largely abandoned during the late 1990s
because of its poor long-term outcomes, it is clear that the past few years have seen a resurgence
of the procedure in elderly patients as a short-term nonsurgical option. More importantly, when
treating aortic stenosis with transcatheter technologies, BAV will always precede PAVR to assure
an optimal landing zone for the bioprosthesis. As such, candidate sites should have extensive
recent BAV experience before attempting PAVR.

The physician team should also acquire large access site preclosing experience before
attempting PAVR. Furthermore, because some patients may require hemodynamic assistance,
it is recommended that centers have access to and experience with temporary assist devices.

While a spacious and well-ventilated cardiac catheterization laboratory is acceptable for
performing the PAVR procedure, the preference is for a fully hybrid operating room. It should be
noted that a standard cardiac operating room with C-Arm equipment is deemed unacceptable
for performing the CoreValve procedure.

Treating structural heart disease percutaneously represents a totally new challenge in the
catheterization laboratory, and, the learning curve on PAVR procedures is steep for the entire
hospital team. Some of the elements of the structured training and certification program that is
controlled by the company are as follows.

CoreValve expects the hospital to identify and commit a specific CoreValve PAVR techni-
cal/clinical team. This team includes primary and secondary physician operators and a ded-
icated nurse/technician loading operator who will need to complete the separate physician
and technician certification programs. Physician operators complete two half days of didactic
sessions and attend cases at experienced sites. Subsequently they receive extensive case proc-
toring under the supervision of CoreValve assigned physician proctors and company clinical
specialists. Patient selection is a crucial element of procedure success. During the training period
and for a period after certification, all case files undergo a pre–case-scheduling review by an
assigned CoreValve clinical expert team. Patient selection training is the subject of separate
didactic sessions. Finally, there is an expectation that the hospital PAVR team re-qualify for
strict sterile procedures.

Final certification is determined by the CoreValve physician proctor and qualifies only
the designated physicians to perform unmonitored CoreValve implantations at the referenced
hospital. Operator certification does not qualify the designated physician to proctor other oper-
ators at their or other hospitals, and certification as a proctor requires completion of a distinctly
separate training program. At present, training is restricted to physicians/sites that have been
cleared by the company for start-up.

Basic Overview of the CoreValve PAVR Procedure
The CoreValve PAVR ReValving system is designed to replace the native aortic heart valve in
high-risk and inoperable elderly patients without open heart surgery and without concomitant
surgical removal of the failed native valve (Video 2). The technology aims to transform open
heart surgical aortic valve replacement into a beating heart percutaneous interventional pro-
cedure performed under fluoroscopy in the catheterization laboratory. While specific patient
conditions may dictate an alternate protocol, these procedures are intended to be performed
under local anesthesia, without the use of surgical cut-down/repair (with preclosing), without
hemodynamic support, and without artificially accelerating the heart rate during the valve
delivery.
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There are two distinct schools of thought with regard to procedure sequence for the
CoreValve PAVR procedure. The standard method for training purposes is the one that places
the 18-F sheath at the last possible moment. The rationale behind this is to minimize occlusion
time of the femoral artery. This being the case, initial crossing of the native valve is done
through the 9-F introducer. Then the 18-F introducer is placed, and the subsequent BAV and
valve implantation are performed. An acceptable alternate method (based on patient anatomy
considerations) is to first focus exclusively on vascular access, then focus on the heart and finish
with vascular closure.

The following enumeration describes the basic procedural steps but is not meant to be all
inclusive. Also, with a rapidly increasing experience base, these sequences are being constantly
monitored, analyzed, and refined.

Maintain strict sterile conditions.
Antibiotics to be administered as per the local hospital’s surgical aortic valve replacement

protocol.
Local or general anesthesia as determined by physician’s preference and as per hospital protocol.
Heparin: 50 U/kg so that ACT is around 200 (between 200 and 300 is considered high), or

appropriate alternate protocol (e.g., Angiomax) as per physician’s discretion or hospital
protocol.

Graduated pigtail catheter in the ascending aorta via radial or brachial artery.
Jugular access with a balloon-tip pacing lead for the procedure.
Prepare the vascular site according to standard hospital practice.
Predilate the native aortic valve with appropriate size balloon valvuloplasty catheter (rapid

burst pacing to minimize balloon movement, as per physician’s preference).
The bioprosthesis should only be loaded in advance (of the BAV) when annulus size and

disposition are adequately and clearly established and final responsibility for approval to
begin the loading process must remain with the implanting physician.

Backload CoreValve delivery catheter onto the guidewire while maintaining guidewire position
across aortic valve.

Advance the delivery catheter over the guidewire to the aortic annulus under fluoroscopic
guidance (caution: maintain constant visualization of the guidewire tip).

Position the catheter so that the first complete cells of the inflow portion of the frame are level
with the valve annulus (the pigtail catheter in the sinus serves as a guidance marker).

Under fluoroscopic guidance, slowly release the bioprosthesis with microknob while constantly
monitoring wire position (it is not recommended to use the macroslide during any portion
of the deployment).

If necessary, proximal and distal repositioning of a partially deployed bioprosthesis (before
annulus contact) can be achieved by careful manipulation of the catheter.

Once the frame is completely engaged on the aortic annulus, continue releasing bioprosthesis
by using the microknob only.

Once the frame is completely engaged on the aortic annulus, proximal repositioning can still be
achieved by careful manipulation of the catheter (step deployment technique).

At end of deployment, ensure that both frame loops have completely detached from the catheter
tabs (confirm with fluoroscopy using orthogonal views).

Withdraw the delivery catheter to the descending aorta under fluoroscopic visualization as per
the company-specified protocol (caution: avoid hooking catheter tip on frame or dislodge-
ment of the bioprosthesis could occur).

Close the catheter sheath with the microknob or the macroslide under fluoroscopic guidance.
Avoid excessive catheter manipulation that could cause damage to the bioprosthesis leaflets;
Maintain guidewire position.
Perform aortogram (and echo, if desired) to assess proper expansion and positioning of the

bioprosthesis.
If paravalvular leak is observed after full release: do not immediately attempt frame remodeling

by means of balloon dilation but wait 5 minutes and reassess.
If paravalvular leak persists, consider alternate repositioning techniques and reserve frame

remodeling by means of balloon dilation as a last resort.
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Perform final aortogram.
Close access site.
If periprocedural echo has not been used, perform postprocedural echo before discharge to

assess valve function.

Immediate post-PAVR care should be identical to the hospital’s postsurgical aortic valve
replacement protocol with special attention to rhythm disturbance (the temporary pacemaker
should stay in place 48–72 hours postprocedure). Currently, there is no consensus on the method-
ology/rationale that determines pre- or postprocedural permanent pacemaker implantation
(PPI). Substantial variability in PPI rates has been observed in certified sites and some physi-
cians maintain a more liberal PPI determination than others. More research is being undertaken
to understand possible predeterminants and/or clinical warning signs and to better under-
stand the possible correlations between transcatheter aortic valve implantation and permanent
pacemaker necessity.

Post-PAVR procedural Rx is similar to post-SAVR protocols. Plavix for 6 months is a
requirement.

The above-mentioned procedure describes the basic percutaneous transfemoral technique
for the CoreValve system and does not attempt to describe the numerous tips and tricks as well
as established positioning, correction, and bail-out techniques that are part of the training
process. Also, at the time of writing, the feasibility of a subclavian approach is being clinically
demonstrated.
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8 The Edwards SAPIEN Transcatheter Aortic
Heart Valve System
Jodi Akin and Pooja Sharma
Edwards Lifesciences, LLC, Irvine, California, U.S.A.

BACKGROUND
The Edwards SAPIEN Transcatheter Aortic Heart Valve system is the product of a collaborative
and evolutionary process among physician pioneers, entrepreneurs, and industry leadership
in heart valve therapy. The pioneering innovation of this stented aortic valve delivered by a
catheter was first developed by Dr. Alain Cribier (Rouen, France). Together with a team of
engineers led by Stanton Rowe and Stanley Rabinovich (percutaneous valve interventions,
PVI), a prototype system was developed. Motivated by a dire, nonoperable patient with critical
aortic stenosis, in April 2002, the first successful transcatheter aortic valve implantation in a
human was performed using the antegrade approach. The valve performed well after successful
transcatheter implantation, but the patient died of complications from peripheral arterial disease
(1,2). Further experience with the antegrade approach proved its limitations due to technical
complexities and risks.

In 2005, Edwards Lifesciences acquired PVI and the integration of nearly five decades of
Edwards heart valve design and manufacturing processes were applied to the innovative stented
valve platform. Concurrent delivery system programs for both transfemoral and transapical
were in development. Dr. John Webb (St. Paul’s Hospital, Vancouver) and colleagues refined
the retrograde transfemoral approach, and in 2006, he reported the results from 18 patients
who were deemed high surgical risk due to their comorbidities, and therefore underwent the
transcatheter aortic valve replacement procedure. Implantation was successful in 14 patients
and aortic valve area increased from 0.6 ± 0.2 to 1.6 ± 0.4 cm2. Mortality at 30 days was 11%
in this group with a mean age of 82 years. Iliac arterial injury, which occurred in the first two
patients, did not recur with improvement in screening and access site management (3). In a
follow-up publication in 2007 on 50 patients, Webb reported an improvement in procedural
success from 76% in the first 25 patients to 96% in the second 25 (p = 0.10) and a decrease in
30-day mortality from 16% to 8% (p = 0.67). Successful valve implantation was associated with
an increase in echocardiographic valve area from 0.6 ± 0.2 to 1.7 ± 0.4 cm2 (4).

The transapical approach was also being concurrently developed. In 2007, Lichtenstein
et al. (6) described the initial experience with the transapical approach in seven patients who
were deemed high surgical risk due to their comorbidities. There were no intraprocedural
deaths and 30-day mortality was 14%. The valve area increased from 0.7 ± 0.3 to 1.8 ± 0.7 cm2

at 30 days, and there were no valve-related complications at follow-up. Later, Walter et al.
described their experience from 59 patients with high operative risk. Good valve positioning
was noted in 55 patients (93.2%) with 4 (6.8%) being converted to conventional sternotomy. Nei-
ther coronary artery obstruction nor migration of the prosthesis was observed, and all valves
had good hemodynamic function. The average logistic EuroSCORE predicted risk of mortal-
ity was 27 ± 14% but the observed in-hospital mortality was 13.6% (5). The initial experience
showed this approach to be a viable alternative for patients not considered to be good candi-
dates for surgical valve replacement or transcatheter valve replacement via the transfemoral
approach (6,7).

Ongoing Clinical Evaluations
Preclinical testing (bench and animal studies) as well as feasibility studies for both the trans-
femoral and transapical delivery system approaches were conducted in support of a CE Mark
for each delivery system (same valve), which were conferred in August and October 2007 for the
transfemoral and transapical delivery system, respectively. In total, nine discrete clinical trials
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and registries from first-in-man to randomized controlled clinical trials have been conducted to
evaluate this platform with some still underway.

In addition to long-term follow-up on early feasibility studies and a postmarket registry
(SOURCE), the PARTNER trial (an FDA-approved two-cohort, four-arm, multicenter trial) was
initiated in April 2007 and is anticipated to complete enrollment in late 2009. The PARTNER trial
is the first randomized controlled clinical investigation for THV therapy in the world. One-year
follow-up is expected to be completed and published in 2010.

Today, more than 3000 implants with the Edwards SAPIEN THV system (transfemoral
and transapical) have been completed via commercial access or clinical studies.

INDICATION AND CLINICAL SITE PREPARATION REQUIREMENTS
FOR TRANSCATHETER HEART VALVE PROCEDURES
The Edwards SAPIEN THV is indicated for use in patients with symptomatic, severe aortic
stenosis, requiring aortic valve replacement, who have a high risk for operative mortality, or
are deemed nonoperable due to significant comorbidities. For these patients who are not able to
undergo standard aortic valve replacement, a THV intervention for the treatment of their aortic
stenosis is a less invasive option.

In preparation for the THV procedure, each hospital site participates in a robust and
complete training program, sponsored by Edwards Lifesciences, which includes the following
components:

� Simulator training
� Device demonstration
� Didactic sessions (taught by physicians experienced in the THV procedure)
� Training manual
� Live case observation
� Proctored THV cases

Along with extensive training, a high-quality imaging system is ideal for successful THV
implantation, and the use of a fixed, mounted fluoroscopy system is ideal for the THV procedure.

According to a position statement on transcatheter valve implantation from the Euro-
pean Association of Cardio-Thoracic Surgery (EACTS) and the European Society of Cardiology
(ESC), patient selection and risk assessment for this procedure should be performed by a multi-
disciplinary team including cardiologists, surgeons, imaging specialists, anesthesiologists, and
other experts (8). Edwards Lifesciences encourages and supports this strong partnership, and
recommends that each patient be carefully assessed to determine whether or not the patient is
a candidate for transcatheter valve replacement.

PRODUCT OVERVIEW: EDWARDS SAPIENTM TRANSCATHETER HEART VALVE
The Edwards SAPIEN valve is constructed of three bovine-pericardial tissue leaflets, which
are hand-sewn and mounted on a balloon-expandable frame to offer high radial strength for
uniform leaflet coaptation, excellent hemodynamics, and a large, consistent effective orifice area.
The bioprosthesis is available in two sizes (23 and 26 mm) and is designed for implantation via
either a transfemoral or transapical approach in patients with severe calcific aortic stenosis (AS)
who require aortic valve replacement (AVR), but who are not good candidates for open-chest
surgery due to extremely high operative risk or comorbid conditions.

Edwards SAPIEN transcatheter valve tissue is fabricated from bovine pericardial tissue.
Valve leaflets are cut from specially selected areas of the bovine pericardial sac, and each leaflet is
individually tested and sorted to ensure that the three leaflets of the Edwards SAPIEN THV are
matched for similar material properties. Valve leaflets are preserved in a buffered glutaraldehyde
to fully cross-link the tissue, while preserving its flexibility and strength. These leaflets then
undergo the Carpentier–Edwards ThermaFix process, Edwards Lifesciences’ third-generation
of anticalcification technology. The Carpentier–Edwards ThermaFix process is the only tissue
treatment that extracts two major calcium-binding sites (phospholipids and unstable/residual
glutaraldehyde molecules).

The three leaflets are then hand-sewn and mounted onto a balloon-expandable stainless
steel frame by using polytetrafluoroethylene (PTFE) sutures (Fig. 1). The frame undergoes
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Figure 1 Edwards SAPIEN transcatheter aortic
heart valve.

complete in vitro durability and fatigue testing and is also bench tested to ISO5840 standards.
By using a discreet balloon-expandable design, the Edwards SAPIEN valve is designed to offer
accurate placement of the bioprosthesis into the diseased area while minimizing the impact to
surrounding structures.

The Edwards SAPIEN THV may be delivered via either a transfemoral or transapical
approach. A brief overview of the transfemoral and transapical delivery systems, as well as
valve delivery using each approach, is described in the following section.

PRODUCT OVERVIEW: EDWARDS SAPIEN THV DELIVERY WITH THE RETROFLEX
TRANSFEMORAL KIT
The RetroFlex Transfemoral kit is used for transfemoral (retrograde) delivery of the Edwards
SAPIEN THV, and includes the following components:

� Edwards SAPIEN THV
� RetroFlex Transfemoral Delivery System
� RetroFlex Introducer Sheath Set
� RetroFlex Dilator Kit
� RetroFlex Balloon Catheter
� Crimper
� Balloon Inflation Device

The following is a brief description of each component in the RetroFlex Transfemoral kit:

� Edwards SAPIEN THV (Fig. 1)
� Built upon Edwards Lifesciences’ more than 50 years of continuous refinement in surgical

heart valve technology.
� Designed to provide excellent hemodynamics, uniform leaflet coaptation, and a large

consistent effective orifice area.
� Incorporates the same manufacturing processes used on premier Carpentier–Edwards

PERIMOUNT Magna Pericardial valves.
� Bovine pericardial tissue.
� Carpentier–Edwards ThermaFix process.
� Leaflet thickness and elasticity matching.

� Discreet balloon-expandable valve mounted on a stainless steel frame.



c08 IHBK048-Serruys October 23, 2009 9:37 Char Count=

EDWARDS SAPIEN TRANSCATHETER AORTIC HEART VALVE SYSTEM 105

Figure 2 RetroFlex transfemoral delivery system.

� RetroFlex Delivery system (Fig. 2)
� 23- and 26-mm valve delivery.
� 0.035 in. guidewire compatibility.
� Articulating delivery system for smooth aortic arch tracking.
� Tapered distal end to improve native valve crossability.

� RetroFlex Introducer Sheath Set (Fig. 3)
� 22-F (23-mm valve) or 24-F (26-mm valve) sheath.
� Custom-designed sheath designed for pushability and excellent hemostasis.
� Enhanced triseal valve technology.

� RetroFlex vessel dilator kit (Fig. 4)
� Set of flexible, atraumatic dilators for smooth arterial dilation.
� Hydrophilic coating and tapered distal segment.
� 0.035 in. guidewire compatibility.

Figure 3 RetroFlex introducer sheath set: 23- and 26-mm valve delivery.

Figure 4 RetroFlex dilator kit.
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Figure 5 RetroFlex balloon catheter.

� RetroFlex Balloon Catheter (Fig. 5)
� Custom-designed large diameter balloon for predilatation of the native stenotic aortic

valve.
� 0.035 in. guidewire compatibility.

� Edwards SAPIEN THV Crimper (Fig. 6)
� 23- and 26 mm single-use crimpers.
� Provides concentric valve crimping.
� Edwards Lifesciences proprietary design.

� Balloon Inflation Syringes (Fig. 7)
� Volume-based indeflators.

PROCEDURAL OVERVIEW: TRANSFEMORAL APPROACH
This section describes the basic procedural steps for Edwards SAPIEN valve delivery via the
transfemoral procedure (Video 1). For a detailed description on product preparation and the
procedure, it is necessary to refer to the “Instructions for Use” provided by Edwards Life-
sciences.

Figure 6 Edwards SAPIEN THV crimper.
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Figure 7 Balloon inflation syringes.

1. Edwards SAPIEN THV Preparation
a. Prepare the Edwards SAPIEN THV separately, and crimp the valve onto the RetroFlex

Delivery system by using the specially designed Edwards crimper.
2. Baseline Parameters

a. Gain arterial access using standard catheterization techniques.
b. Place a pigtail catheter into the aortic root for continuous blood pressure monitoring, and

introduce pacing wires and position in the right ventricle.
c. Perform selective supra-aortic angiograms in order to evaluate the height between the

inferior aspect of the annulus and the inferior aspects of the lowest coronary ostium.
d. Perform test pacing at 200 to 220 beats/min.

3. Predilatation of the native aortic valve
a. Advance an 0.035 in. guidewire into the left ventricle and perform balloon valvuloplasty

to prepare the native annulus for implantation of the Edwards SAPIEN valve.
4. Introduction of RetroFlex Delivery System

a. Advance increasing sizes of Edwards specially designed dilators over the guidewire and
used to dilate the arteriotomy. One femoral artery should be chosen for delivery system
access, based on vessel size, tortuosity, and the presence (or absence) of calcification.

b. Following dilation, place the RetroFlex Introducer sheath in the femoral vessel.
c. Place the prepared Edwards SAPIEN THV through the valve loader, and advance the

RetroFlex Delivery system through the sheath and upwards towards the descending
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Figure 8 Articulating distal end facilitates guidance over the aortic arch.

aorta. Note: Guidewire position in the left ventricle should be verified prior to advance-
ment of the RetroFlex Delivery system.

5. Positioning/Placement of the Edwards SAPIEN Valve
a. Articulate the RetroFlex delivery system to track over the aortic arch, and using the

tapered distal end, cross the native aortic valve and position the Edwards SAPIEN THV
within the diseased annulus (Figs. 8 and 9).

b. When accurate positioning is verified, begin rapid pacing and deploy the Edwards
SAPIEN valve through complete balloon inflation (Fig. 10). After complete balloon defla-
tion, stop rapid pacing.

Figure 9 Tapered distal end aids in native valve crossing.
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Figure 10 Balloon-expandable transfemoral valve deployment.

6. Removal of the RetroFlex Delivery system
a. Following deployment, the RetroFlex Delivery system is dearticulated and removed from

the sheath.
7. Postdeployment Assessment (Fig. 11)

a. Perform a supra-aortic angiogram to evaluate device performance and coronary patency,
noting transvalvular pressure gradients.

Figure 11 Edwards SAPIEN THV in situ.
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Figure 12 Ascendra transapical delivery system.

8. Closure
a. Remove the sheath from the femoral vessel and close the access site using standard

percutaneous closure techniques.

PRODUCT OVERVIEW: EDWARDS SAPIEN THV DELIVERY WITH THE ASCENDRA
TRANSAPICAL KIT
The Ascendra Transapical kit is used for transapical (antegrade) delivery of the Edwards
SAPIEN THV (study valve or bioprosthesis), and consists of the following components:

� Edwards SAPIEN THV
� Ascendra Transapical Delivery System
� Ascendra Introducer Sheath Set
� Ascendra Valvuloplasty Catheter
� Crimper
� Balloon Inflation Device

The following is a brief description of each component in the Ascendra Transapical kit:

� Edwards SAPIEN THV (Fig. 1)
� Built upon Edwards Lifesciences’ more than 50 years of continuous refinement in surgical

heart valve technology.
� Designed to provide excellent hemodynamics, uniform leaflet coaptation, and a large

consistent effective orifice area.
� Incorporates the same manufacturing processes used on premier Carpentier–Edwards

PERIMOUNT Magna Pericardial valves.
� Bovine pericardial tissue.
� Carpentier–Edwards ThermaFix process.
� Leaflet thickness and elasticity matching.

� Discreet balloon-expandable valve mounted on a stainless steel frame.
� Ascendra Delivery System (Fig. 12)

� 23- and 26-mm valve delivery.
� Direct access to the native valve.
� Designed with the surgeon in mind.
� Controlled insertion through the apex.

� Ascendra Introducer Sheath Set (Fig. 13)
� 26-F custom-designed introducer sheath.
� Provides controlled insertion through the apex, and allows for smooth passage of the

delivery system.
� Enhanced triseal valve technology.

Figure 13 Ascendra transapical introducer sheath set.
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Figure 14 Ascendra balloon catheter.

� Ascendra Balloon Catheter (Fig. 14)
� Custom-designed balloon for predilatation of the native stenotic aortic.
� valve

� Edwards SAPIEN THV Crimper (Fig. 6)
� 23- and 26-mm single-use crimpers.
� Provides concentric valve crimping.
� Edwards Lifesciences proprietary design.

� Balloon inflation syringes (Fig. 7)
� Volume-based indeflators.

PROCEDURAL OVERVIEW: TRANSAPICAL APPROACH
This section describes the basic procedural steps for Edwards SAPIEN valve delivery via the
transapical procedure. For a detailed description on product preparation and the procedure, it
is necessary to refer to the “Instructions for Use” provided by Edwards Lifesciences.

1. Edwards SAPIEN THV Preparation
a. Prepare the Edwards SAPIEN THV separately, and crimp the valve onto the RetroFlex

Delivery system by using the specially designed Edwards crimper.
2. Baseline Parameters

a. Gain arterial access using standard catheterization techniques.
b. Place a pigtail catheter into the aortic root for continuous blood pressure monitoring.
c. Perform selective supra-aortic angiograms in order to evaluate the height between the

inferior aspect of the annulus and the inferior aspects of the lowest coronary ostium.
3. Apical Access

a. Access the apex of the pericardium through a mini anterior thoracotomy at the fifth or
sixth intercostal space. Incise the pericardium to expose the apex of the left ventricle.
Place a reinforced double purse string on the left ventricular (LV) apex to access the left
ventricle.

b. Attach epicardial pacing leads to left ventricle and test pacing at 200 to 220 beats/min.
c. Under image guidance, place a 14-F sheath through the purse string into the LV cavity

and advance a 0.035 in. guidewire into the left ventricle, through the native valve into
the descending aorta.

4. Predilatation of the native aortic valve (Fig. 15)
a. Perform balloon valvuloplasty to prepare the native annulus prior to implantation of the

Edwards SAPIEN valve.
5. Introduction of Ascendra Delivery system

a. Position the tip of the Ascendra Introducer sheath in the LV outflow immediately below
the aortic valve.

b. Place the prepared Edwards SAPIEN THV through the valve loader, and advance the
Ascendra Delivery system through the sheath and toward the ascending aorta.

6. Positioning/Placement of the Edwards SAPIEN Valve
a. Cross the native aortic valve and position the Edwards SAPIEN THV within the diseased

annulus (Fig. 16).
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Figure 15 Edwards balloon catheter used
for predilatation of the native valve.

Figure 16 Direct access to native valve for
accurate positioning.
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Figure 17 Balloon-expandable transapical valve
deployment.

b. When accurate positioning is verified, begin rapid pacing and deploy the Edwards
SAPIEN valve through complete balloon inflation. After complete balloon deflation,
stop rapid pacing (Fig. 17).

7. Removal of the Ascendra Delivery system
a. Following deployment, the Ascendra Delivery system is removed from the sheath.

8. Postdeployment Assessment (Fig. 11)
a. Perform a supra-aortic angiogram to evaluate device performance and coronary patency,

noting transvalvular pressure gradients.
9. Closure
a. Remove the Ascendra Introducer Sheath from the apex and close the access site.

SUMMARY
The Edwards SAPIEN Aortic THV Valve (formerly Cribier–Edwards Valve) and delivery sys-
tems have developed through strong collaboration of physicians, entrepreneurs, and industry
leaders in bioprosthetic heart valves. The devices have been well studied in rigorous clinical
studies during pre- and postcommercial approval experiences in the European Union. The trials
have demonstrated reasonable safety, effectiveness and iterative improvement in outcomes over
time. The PARTNER trial, a currently enrolling US IDE randomized controlled clinical trial, will
produce the first true clinical benchmarks for comparison of THV against conventional thera-
pies. Product and procedural improvements including significant reduction in French size of the
transfemoral and transapical delivery systems are in development and will soon be introduced.
In August 2009, the PARTNER Trial completed enrollment.

The Edwards SAPIEN XT Valve and Delivery Systems: Edwards Lifesciences’ Next
Generation of Transcatheter Heart Valve Delivery
Building upon this transcatheter heart valve technology and clinical experience, Edwards
Lifesciences continues to improve its product offering and has developed the next gener-
ation Edwards SAPIEN XT valve (Fig. 18). Like the Edwards SAPIEN Transcatheter Heart
Valve, the Edwards SAPIEN XT valve also utilizes bovine pericardial tissue treated with the
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Figure 18 Edwards SAPIEN XT THV in situ.

Carpentier-Edwards ThermaFix process and proprietary leaflet matching technology. Along
with these product features, this next generation balloon-expandable valve consists of a cobalt–
chromium frame with a new geometry to allow for lower profile crimping and scallop-shaped
leaflets to more closely mimic Edwards Lifesciences’ leading surgical heart valves. In addition
to 23 and 26 mm valve sizes, the Edwards SAPIEN XT valve offering will expand to include
20 and 29 mm valve sizes. Edwards Lifesciences has also developed two new delivery systems:
the NovaFlex Transfemoral Delivery System and the Ascendra 2 Transapical Delivery System.

The Edwards SAPIEN XT with the NovaFlex Transfemoral Delivery System features
an 18-Fr profile improving transfemoral valve delivery and expanding the treatable patient
population. Building upon the RetroFlex Delivery System, NovaFlex continues to offer balloon-
expandable deployment for accuracy and radial strength, a flexing delivery system for controlled
navigation of the aortic arch, and a tapered distal end for enhanced native valve crossability.
Similarly, the next generation Ascendra 2 Transapical Delivery System also offers a reduction in
profile and continues to provide balloon-expandable valve delivery through straight and direct
access to the native aortic valve.

For 50 years, Edwards Lifesciences has been a world leader in providing advanced treat-
ments for cardiovascular disease. Combining technology breakthroughs with proven design
and advanced manufacturing, our extensive tissue valve line continues to bring new treatment
options to cardiac surgeons, cardiologists, and patients worldwide.
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Transcatheter aortic valve implantation (TAVI) represents a unique challenge for anesthesiolo-
gists in the Cardiac Catheterization Laboratory (CCL). A clear understanding of the pathophys-
iology together with the clinical implications of the diagnostic and therapeutic intervention
of aortic valve disease is mandatory. Technical skills are not enough to ensure a successful
outcome—special considerations include “How to provide safe service in an environment with
a lack of space,” “How to handle technical incompatibilities of machinery and danger of irradi-
ation” and “How to deal with abnormal logistics, patient transport and so on” (1). Thus, factors
like communication, good planning and preparation, availability of adjacent services as Car-
diothoracic Surgery and Anesthesia, Vascular Surgery, Intensive Care, Diagnostic Laboratory,
and even ancillary personnel are all of crucial importance. In this scenario, the anesthesiologist
plays the role of a quality enforcer before, during, and after the intervention.

At present, patients undergoing TAVI are at a more advanced age and have more comor-
bidities than patients scheduled for conventional aortic valve replacement. This fact, together
with peculiarities of the procedure and greater potential for complications, makes general anes-
thesia for TAVI, in our opinion, a first choice. Potential advantages of general anesthesia include
appropriate level of hypnosis and analgesia, immobility, and control of the patients’ cardio-
respiratory status. In this way, the anesthesiologist can facilitate the job of the cardiologist
during the procedure (2).

The key for successful outcomes, as with any invasive procedure, entails careful preoper-
ative assessment, appropriate intraoperative monitoring and imaging, meticulous management
of hemodynamics, and early treatment of expected side effects and complications (3).

In this chapter, we describe our approach to the anesthetic management of patients under-
going retrograde transfemoral TAVI and then briefly point out some of the similarities and
differences for the management of patients undergoing antegrade transapical TAVI.

THE ANESTHESIOLOGIST IN THE CCL
The increasing number of new and sophisticated interventional techniques, in combination with
the treatment of more complex patients makes the availability of an experienced anesthesiol-
ogist in the CCL mandatory (3). Although TAVI has been reported to be safe and effective for
inoperable patients with aortic stenosis (AS) (4), there can be serious risks associated with the
procedure: death, hypothermia, aspiration of gastric contents, hypovolemia, hemorrhage, severe
hemodynamic instability, airway compromise, anaphylaxis, and various procedure-related com-
plications (e.g., retroperitoneal bleeding, ventricular perforation, and aortic root rupture). The
main goal for the anesthesiologist is to maintain a high level of patient care and reduce the
potential for adverse events that could jeopardize an otherwise successful valve implantation.

The CCL provides unique challenges to the anesthesiologist: limited working area, lighting
and temperature inadequacies (computerized radiology equipment requires a low temperature
and the rooms are usually cooler than commonly set at the operating room [OR]), lack of
skilled personnel, supplies and drugs, and high-radiation exposure. Despite these drawbacks,
efforts must be directed to adopt those standards used in the ORs. A hybrid room would
be the ideal environment to perform TAVI procedures as it combines the advantages of both
locations (CCL and OR). On the other hand, the anesthesia care team should adopt special skills
and attitudes: it’s advisable to have experience with cardiothoracic anesthesia, knowledge of
echocardiography and fluoroscopy, and participate regularly in the Interventional Cardiology
program (must learn the procedure and how to best support the interventional cardiologist) (5).
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PREOPERATIVE EVALUATION OF PATIENTS WITH AS
The ultimate goal of the preoperative risk evaluation is to optimize the medical condition of the
patient and thereby reduce morbidity and mortality associated with TAVI.

The preprocedural evaluation is best conducted by a team of physicians (more specifi-
cally, a cardiologist, anesthesiologist, and a cardiothoracic surgeon). All previous surgical and
interventional procedures should be well documented. At admission, signs of congestive heart
failure and intercurrent diseases should be identified. A history of fatigability, shortness of
breath, or cyanosis suggests a loss of cardiorespiratory reserve. For the anesthesiologist it is
important to consider the interactions between a patient’s physical condition, medication list,
and the effects of anesthesia.

The severity of AS and adequacy of the iliac-femoral vasculature can be thoroughly studied
with transthoracic echocardiography, multislice computed tomography, magnetic resonance
imaging, and fluoroscopy. Because the standard of care in the CCL should equal that of the ORs,
guidelines for preoperative testing should closely follow the recommendations of the National
Institute for Clinical Excellence (6). Once a decision to perform TAVI has been made, the patient
is typically admitted to the hospital one day before the intervention. Laboratory evaluations
should include a complete blood count, electrolytes, renal function, and coagulation parameters.
Added tests should be of importance, depending on the patient’s current clinical status. Because
anesthetic management needs to be tailored for individual patients, the anesthesiologist can now
plan for the procedure along with the interventional cardiologist.

Global Perspective of Patient Preparation and Setup for TAVI
All patients receive antibiotic prophylaxis (first-generation cephalosporin or vancomycin)
1 hour before the procedure.

In patients with AS, chronic pressure overload results in increased left ventricular (LV)
intracavitary pressures to overcome the impedance of the narrowed aortic valve orifice.
Although muscular hypertrophy preserves systolic wall stress, blood supply to the thickened
myocardium may become inadequate, inducing cardiac ischemia and impaired cardiac con-
tractility. Later on, diastolic dysfunction may develop and preload takes great importance to
maintain diastolic filling and adequate cardiac output (CO). The stenotic valve provides a
narrow window for appropriate fluid loading, beyond which volume expansion produces
increased filling pressures and may induce pulmonary edema. An unexpected decrease in
systemic vascular resistance (SVR) can decrease mean arterial pressure and therefore coro-
nary perfusion pressure (CPP). Thus, peri-interventional goals consist of maintenance of sinus
rhythm (50–60 beats/min, higher rates with coexisting aortic insufficiency), adequate systemic
resistance and vascular volume, and avoiding systemic hypotension with �-adrenergic agonists.

Sinus tachycardia and atrial arrhythmias may worsen LV-loading conditions and provoke
heart failure—in these cases, cardioversion should be strongly considered. Defibrillator pads
should be placed on the patient prior to positioning and before induction of anesthesia. If a
patient becomes hemodynamically unstable secondary to a supraventricular tachyarrhythmia,
cardioversion should be instituted without delay. In hemodynamically stable patients, a ther-
apeutic diagnostic maneuver can be attempted (adenosine, vagal stimulation) before further
treatment is administered (e.g., esmolol, amiodarone, and electrocardioversion). When ventric-
ular tachycardia cannot be ruled out, amiodarone is the preferred drug of choice, especially
with impaired cardiac function. Acute bradyarrhythmias, which may induce over distension of
the left ventricle are best treated with combined �- and �-adrenergic agonists or with cardiac
pacing; overshoot tachycardia should be avoided (atropine can have unpredictable effects).

Patients with severe AS usually have limited coronary flow and/or cardiovascular reserve
that can negatively influence cerebral and pulmonary blood flow. Furthermore, coronary artery
disease can be identified in approximately 50% of patients undergoing TAVI and can increase
the complexity of the procedure. In approximately 10% of our patients, concomitant PCI is
performed during the index procedure but before valve implantation. Occasionally, a percuta-
neous ventricular assist device (pVAD) can facilitate the procedure especially for patients with
LV dysfunction. Our center commonly uses the TandemHeart, a left atrial-to-femoral artery
bypass system, comprising a 22-F left atrial transseptal inflow cannula, 17-F femoral arterial
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Figure 1 During a TAVR the anesthesia care team should be in close proximity to the patient and high doses of
radiation are received.

outflow cannula, and an extracorporeal centrifugal pump. The TandemHeart device can deliver
nonpulsatile flow rates of up to 4 L/min.

SETUP, EQUIPMENT, AND PREPARATION IN THE CCL FOR TAVI
Radiation exposure can be particularly high for both the patient and personnel in the CCL—
appropriate protection, including thyroid shields and dosimeters are mandatory (Fig. 1). The
anesthesia care team should follow a preventive and safety program for X-ray protection.

Adequate space for the anesthesia staff and equipment must be provided. Most of the
time, we tend to use portable equipment (Figs. 2A and B ).

Before starting the procedure, the anesthesia care team should ensure that all of the
following items are present and are functioning correctly:

� Ensure that a source of oxygen and suction equipment reach the patient. A scavenging
system should be available (although volatile agents may not be needed when using total
intravenous anesthesia).

� Anesthesia workstation, emergency cart, and supplies equivalent to the OR setup.
� Immediate availability of a defibrillator and self-inflating (Ambu) resuscitation bag.
� Extensions both for the respiratory circuit and for IV lines. All equipment should be properly

positioned in the CCL. The fluoroscopy equipment limits access to the patient, especially
when the biplane c-arm is used and when the cardiologist moves the table to accommo-
date for better images (Fig. 3). Functioning intravenous lines of adequate length must be
confirmed before the cardiologist begins with vascular puncture.

� Standard and invasive monitors.
� Adequate padding for patient comfort to prevent any tissue damage.
� A patient heating device to avoid hypothermia

ANESTHETIC TECHNIQUE AND PERIOPERATIVE CARE
The choice of the anesthetic technique (7, 8) varies among centers and is probably not associated
with a significant difference in outcome but a common feature to all of the techniques is that they
challenge the cardiovascular system. On the other hand, various pharmacological resources to
manipulate heart rate, optimize preload, contractility, and systemic vascular resistance can be
used to compensate for unwanted effects on the cardiovascular system.

During our initial experience, we used either local anesthesia and mild sedation promoting
spontaneous respiration or deep IV sedation with insertion of a laryngeal mask. Because of the
complexity of the patients and the duration of the procedures, we adopted a general anesthetic
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A

B

Figure 2 Set up of equipment in the CCL.

Figure 3 Fluoroscopy equipment in the CCL with the biplane c-arm deployed around the patient. Extensions for
breathing circuit and IV lines are used.
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Figure 4 Right radial artery catheterization for blood samples and invasive blood pressure measurement.

approach. General anesthesia can provide physiological stability and can improve the tolera-
bility of the procedure. Immobility of the patient may facilitate the delivery and deployment of
the prosthesis and may allow for better control of complications should they occur.

In patients currently undergoing TAVI, anesthetic requirements are typically reduced
because of advanced age and decreased cardiac output.

When patients arrive in the CCL, basic anesthetic monitoring is established (9). Large-bore
peripheral venous access and a right radial/brachial arterial line are obtained (Fig. 4). The left
radial artery remains free for insertion of a pigtail catheter by the cardiologist. Continuously
transducing arterial blood pressure from a femoral arterial sheath is not useful and reliable
because of damping of the signal by intra-arterial catheters and wires and its intermittent
availability during the procedure. Therefore, we prefer to have a separate arterial catheter
where blood samples can be obtained and continuity of an adequate signal is secured without
disturbing the cardiologist.

We regularly use a point-of-care testing (i-Stat c©, Abbott Point of Care Inc., UK) for certain
laboratory tests; in this way, we can quickly assess a panel of critical tests such as blood gas
samples, electrolytes, complete blood counts, and glucose levels. Significant blood loss can
occur during TAVI because of the size and frequency of catheter and sheath changes. Routine
hematocrit and hemoglobin monitoring will guide the necessity for red blood cell transfusions.

Before central-line placement, light sedation is administered. For this purpose, we prefer
low doses of midazolam (1–2 mg IV) and occasionally low doses of fentanyl (25–50 mcg IV) is
given in combination.

Central-line placement in the right internal jugular vein is performed under local anesthe-
sia with the aid of ultrasound (Fig. 5). The use of ultrasound for central venous access has been
reported to be safer and faster than traditional surface landmark guidance (10). Routinely, an
introducer sheath (8.5–9 F) with a lateral access port and two extra lumens is used. This allows
for the possibility to insert a temporary pacemaker or a pulmonary artery catheter during or at
the end of the procedure.

Some patients may require inotropic and/or vasopressor support before induction of
anesthesia. For this purpose, dobutamine, norepinephrine, and phenylephrine infusions are
prepared in advance. Although dobutamine infusion in patients with AS is not generally rec-
ommended, our experience suggests that such administration may be considered for patients
with LV dysfunction in the absence of coronary artery disease. Nonetheless, titration should be
performed carefully to avoid arrhythmias and myocardial ischemia.

The choice of induction technique depends heavily on the preference of the anesthesiolo-
gist. A wide range of strategies can be used with success: it’s more a question of how than what
drugs must be used. In general, we prefer to use more cardiovascular stable drugs. Although
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Figure 5 Central line placement and PAC insertion (under fluoroscopy). Patient is lightly sedated.

induction with a classical cocktail of midazolam and sufentanil/fentanyl is generally safe, this
strategy may be less attractive when a fast-track approach is preferred.

To limit the duration of anesthesia and ensure prompt extubation of the patient, we usually
prefer a “multimodal induction” approach. Etomidate has a rapid onset of action and is consid-
ered to be a cardiovascular stable induction agent. For this reason, we avoid the use of propofol
and thiopental for intravenous induction. In addition to the use of midazolam as described,
we administer glycopyrronium and titrate the dose of etomidate. Furthermore, S-ketamine (a
bolus of 50 mg), fentanyl (100 mcg), and a neuromuscular blockade drug (cisatracurium 0.15–
0.20 mg/kg) are administered before endotracheal intubation. This “multimodal induction” has
some advantages: arterial pressure is well maintained and proper analgesia is established (i.e.,
opioid in combination with S-ketamine).

A single induction dose of a relaxant that undergoes organ-independent Hofmann elim-
ination with nearly no side effects and/or drug interactions facilitates a fast track approach.
On the other hand, use of low doses of S-ketamine, a noncompetitive antagonist of the NMDA
receptor Ca2+ channel pore, does not interfere with Bispectral index (BIS) monitoring. BIS
monitoring is a tool that can gauge the depth of anesthesia during the procedure.

Premedication is needed to avoid potential side effects of ketamine (e.g., hypersalivation
and psychomimetic reactions). An outstanding and practical review of the use of ketamine
during balanced anesthesia (propofol–ketamine technique for minimally invasive procedures)
can be found in the book by Dr. Friedberg (11)—this has been our inspiration for dealing with
high risk-patients in the CCL.

Maintenance with a continuous infusion of IV propofol at low doses (2–4 mg/kg/h), titrat-
ing to a BIS of around 60 to 65 with additional boluses of an opioid (fentanyl) and/or S-ketamine
(25 mg, with a limit of 100 mg per case) has proved to enable a quick wake up with minimal
cardiovascular effects. On the contrary, some patients receive an infusion of remifentanyl at
low doses (0.05–0.125 mcg/kg/min). In a selected number of patients we add sevoflurane as
adjuvant, for its cardioprotective/preconditioning properties. All anesthetic drugs are titrated
carefully with attention to maintaining SVR and CO and the balance between myocardial oxy-
gen demand and supply in the presence of a hypertrophied ventricle and reduced coronary
flow. Hypotension is treated immediately: a pure �-adrenergic receptor agonist is the preferred
vasoconstrictor agent. Phenylephrine increases SVR and CPP without causing tachycardia or
increase in oxygen demand. If needed, we start a continuous intravenous infusion of nore-
pinephrine. However, a too aggressive treatment of hypotension may induce high arterial and
filling pressures that may cause ischemia in the hypertrophied left ventricle (12).

After induction and hemodynamic stability secured, the cardiologist may begin the TAVI
procedure. Using long acting local anesthesia to avoid discomfort and pain into the recovery
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period can be recommended. A mixture of lidocaine and bupivacaine with addition of
epinephrine to obtain a concentration of 1:200,000 is cheap, easy to prepare, and ideal for
prolonged analgesia at the puncture site, though other local anesthetics can also be used: for
example, mepivacaine, levobupivacaine, and ropivacaine. In addition, we give intravenous
paracetamol at the end of the procedure for pain management. Nonsteroidal anti-inflammatory
drugs should be avoided in elderly patients with cardiovascular disease and renal dysfunction.

Common problems during TAVI are blood loss and hypothermia. The amount of blood loss
is highly variable, depending on the integrity of the vasculature and technique of the attending
cardiologist (Figs. 6A and B ). Hypothermia may still be problematic even after warming devices
are used. During TAVI all patients are actively warmed with air blanket warming systems
(WarmAir, Cincinnati Sub-Zero Products, Inc., USA). The aim is to extubate the patient at the
end of the procedure and therefore, a body temperature of ≥35.5◦C is obligatory.

Patients having preexisting renal insufficiency and/or diabetes mellitus are at risk of
nephrotoxicity and the development of acute renal failure due to the use of radiocontrast
media. Cautious prehydration and maintenance of stable hemodynamics can limit the extent of
nephrotoxicity. In addition, adjuncts like furosemide, dopamine, and acetylcysteine (1,200 mg in
500 mL N/saline over 30 minutes) may be used but their effectiveness is less well established (13).

A

B

Figure 6 Blood loss during TAVR.
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Figure 7 Monitoring with BIS, TEE, and transcranial Doppler.

SPECIAL INTRAPROCEDURAL MONITORING
Apart from the recommended basic and invasive monitoring (14), special intraoperative moni-
toring can be added (Fig. 7).

Transesophageal echocardiography (TEE) has nearly replaced pulmonary artery catheters
(PACs) for intraoperative monitoring and is our standard, both in the OR and in the CCL. The
anesthesiologist typically performs the TEE. TEE can provide useful information about aortic
valve morphology, LV function, positioning of the prosthesis across the aortic root and can
readily identify certain procedural complications.

Phases of TAVR with Potential Consequences for the Anesthesiologist (15)

Predeployment
By the cardiologist (Fig. 8), access is gained percutaneously through the femoral artery under
ultrasound guidance while a pigtail catheter is inserted via the left radial or brachial artery.

Figure 8 Patient is under general anesthesia and stable; cardiologist can start with TAVI.
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A bipolar right ventricular transvenous pacing lead is introduced through the femoral vein
for rapid ventricular pacing and is tested. In this phase maintaining hemodynamic stability
and adequate hypnosis and analgesia needs extra attention. Compared to conventional surgery,
“surgical stimulation” is limited to the vascular puncture. During the predeployment phase,
serious problems can arise from the vascular access site (dissection, rupture, and hemorrhage)
or perforation of the left or right ventricle by the extra-stiff guide wire or temporary pacing
lead, respectively.

Valvuloplasty
Passage of stiff wires and large bore catheters across the aortic valve can induce arrhythmias and
even conduction abnormalities. Balloon aortic valvuloplasty (BAV) allows for easier passage of
the prosthesis and permits adequate cardiac output while the prosthesis is positioned across the
stenosed aortic orifice. BAV is performed under rapid right ventricular pacing (180–220 beats
per minute). The goal of BAV is to adequately dilate the aortic valve annulus to ensure proper
seating of the prosthesis within the aortic root. Rapid pacing may induce cardiac ischemia or
arrhythmias and therefore must be kept to a minimum. Between sequences of rapid pacing, it
is imperative that hemodynamic parameters return toward “normal.”

During BAV, we tend to administer a basal infusion of phenylephrine and if needed,
additional bolus doses of 100 to 200 mcg. Ephedrine or norepinephrine may be alterna-
tives. An infusion of norepinephrine is sometimes used. When resolution is delayed we
prefer to administer low-dose boluses of epinephrine, 10 to 20 mcg, titrating to effect and
repeated if needed. Arterial pressure must be completely recovered between sequences of rapid
pacing.

Complications associated with BAV can include coronary ostial obstruction or emboliza-
tion, aortic root rupture, myocardial depression, arrhythmias, conduction blocks, severe aortic
regurgitation, and stroke. Electrocardiogram and TEE can be useful to rule out several of these
complications.

Positioning and Deployment
Deployment of balloon-expandable devices requires rapid ventricular pacing to significantly
diminish cardiac output and ensure stable position of the prosthesis during valve deployment.
Deployment of self-expanding devices does not require rapid ventricular pacing. While posi-
tioning the prosthesis across the aortic root, the large diameter delivery catheters can obstruct
blood flow and create hemodynamic instability. Similar pharmacological principles already dis-
cussed in “Valvuloplasty” section can be applied. In the setting of poor LV function and absence
of coronary artery disease an infusion of dobutamine may be started just before positioning
and deployment. In some instances, the only treatment is urgent deployment of the prosthesis,
which immediately reduces LV afterload and myocardial oxygen demand. During this crucial
phase, the cardiology team should be very pragmatic and avoid repeated aortograms and/or
wasting of time.

Potential problems in this phase of TAVI can include incorrect placement (too high or
too low), device embolization distally into the aorta or proximally into the left ventricle, cen-
tral or paravalvular regurgitation, coronary ostial obstruction, arrhythmias, AV block, and
impingement of the anterior mitral valve leaflet affecting its function. TEE can be helpful
to diagnose and/or avoid these complications, assess LV function, degree and etiology of
aortic regurgitation, and the need for further dilation or implantation of a second prosthesis
(valve-in-valve).

Postdeployment
After final assessment of device position and function, the delivery system is removed and the
vascular access site is closed percutaneously with the aid of a 10-F Prostar device. Integrity of
vessel repair and the absence of vascular complications (perforation, dissection and occlusion)
can be assessed with angiography. At this stage, some patients experience an increase in cardiac
output and blood pressure requiring a decrease or discontinuation of vasopressor/inotropic
agents.
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Percutaneous Versus Transapical Approach
Patients with severe peripheral vascular disease need an alternative approach to the trans-
femoral route. In these situations, a subclavian or transapical approach can be pursued depend-
ing on operator experience and device availability. With respect to the transapical approach in
our center, the procedure is performed in the CCL by a heart team consisting of the interven-
tional cardiologist and cardiac surgeon. The transapical approach is performed under general
anesthesia and access is obtained via the LV apex through a small left anterior thoracotomy at
the fifth or sixth intercostal space. Some surgeons may require double-lumen intubation but
this is not obligatory. Both induction and maintenance of anesthesia are performed with similar
considerations given to the transfemoral approach with the caveat that surgical stimulation is
higher. Epicardial pacing wires are placed onto the left ventricle for rapid ventricular pacing
and a pigtail catheter is introduced into the ascending aorta via the femoral artery. The femoral
vessels are made accessible but not exposed for cardiopulmonary bypass in case a patient needs
this support. The delivery system and prosthesis are brought through the apex across the aortic
valve. The previously placed purse string sutures around the LV apex are secured after removal
of the introducer. Left ventricular apical closure can be difficult and therefore cardiopulmonary
bypass may be required for extensive repair. In anticipation to these difficulties, red blood cell
salvage and a rapid infusion device should be immediately available for each transapical pro-
cedure. Recurrent pleural effusions are common in these patients so a thoracotomy drainage is
left in place.

Pain management is best accomplished with the use of systemic opioids and intercostal
nerve blocks. Because higher doses of opioids are used and hypothermia is often present, only
a selected group of patients are extubated in the procedure room.

POSTANESTHESIA CARE
Patients undergoing general anesthesia should be transferred to an ICU facility. However, the
stability and function of the temporary pacemaker lead should be verified before transferring of
the patient. Vital signs and neurological status should be recorded immediately upon arrival in
the ICU and followed at regular intervals. All access sites should be routinely checked for signs
of bleeding. Blood loss may not be apparent in cases of retroperitoneal bleeding, pericardial
effusions, or hemothorax. A peripheral vascular exam should confirm normal distal pulses and
perfusion of the extremities.

Discharge criteria and management in the intensive care are discussed elsewhere in this
book, but most often patients are transferred to the ward the morning after the procedure.
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Rüdiger Lange
Clinic for Cardiovascular Surgery, German Heart Center Munich, Munich, Germany

INTRODUCTION
After the pioneering works (1) using a 25-F catheter and retroperitoneal surgical iliac access,
transcatheter aortic valve implantation (TAVI) has rapidly evolved into smaller profile devices
The Medtronic CoreValve now comes with an 18-F delivery system for both valve sizes and the
Edwards SAPIEN system with a 22- and 24-F delivery system for the 23- and 26-mm prosthesis,
respectively. More recently, the 18-F Edwards SAPIEN XT device has been introduced into clini-
cal practice. Despite this rapid progress, the devices used presently still remain relatively bulky
and this, coupled with the high incidence of peripheral vascular disease in cardiac and elderly
patients, has driven transcatheter valve technologies to evolve alternative routes of delivery
to treat a wider range of patients. Among the growing number of centers that are introduc-
ing the transcatheter aortic valve implantation procedure, associated surgical and cardiology
teams developed other transvascular accesses for TAVI (axillary, subclavian, transaorta) to offer
the most adequate treatment for the individual patient. In particular the transapical implan-
tation technique with the Edwards SAPIEN system, using a 26-F delivery system has yielded
promising results.

FEMORAL ARTERY VASCULAR ACCESS
The transfemoral access is the predominant route for implantation of both the CoreValve and
the Edwards SAPIEN prosthesis. First, we review the vascular criteria that have to be carefully
analyzed to insure a safe femoral approach for TAVI, and then we approach more complex
anatomical situations and review the different “tips and tricks” that allow to extend the femoral
approach to acceptable boundaries.

Imaging
It is beyond the purpose of this chapter to determine which imaging modality (peripheral
angiography, CT scan, or MRI) provides the most accurate analysis of the diameter, tortuosity,
and degree of calcifications of the arterial vessels. The daily choice reflects the experience
and expertise in each center. Both of the respective imaging techniques have advantages and
drawbacks in defining the above arterial vessel criteria. Today, it is only during the early phase of
the development of this technique in new centers that a combination of two imaging modalities
is recommended to insure an optimal analysis. However, this recommendation should also be
the rule in all complex anatomies.

General Requirements for Transfemoral Access
For the femoral puncture site, as a minimum requirement, the common femoral artery should
be ≥6.0 mm in diameter with ≥15 mm length between the superficial epigastric artery and the
femoral bifurcation, avoiding all severe calcified vessels. Compliance to these criteria usually
allows for a safe and successful puncture in addition to successful percutaneous closure with
the 10-F Prostar device.
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The second step is to assess the feasibility and safety of advancing the 18-F introducer
through the iliac arteries. This step is more difficult and requires a complete analysis of the entire
arterial vessel anatomy, including diameter, tortuosity, lesions, and the degree of calcifications.
The latter plays a major role in the decision making. Ideally, the preoperative setting should
include at least an angiogram of the aorto-iliac arteries with the use of a graduated pigtail. For
more detailed information, a CT scan or MRI can be useful to assess circumferential calcifications,
or a mural thrombus in relation to an unsuspected arterial aneurysm.

To which extent the femoral approach should still be considered an acceptable option in
difficult anatomies in regard to the potential risk of iliac rupture is again a difficult question but
some rules, tips and tricks, and technical aspects can be provided.

First of all, the risk of arterial rupture is directly related to a combination of three major
features: small artery vessel diameter, severe tortuosity, and heavy calcifications. These features
reemphasize the need to respect some basic rules that should lead to the exclusion of the femoral
approach in case of the following:

� iliac artery diameter of <6.0 mm,
� external iliac artery loops,
� circumferential arterial calcifications, and
� severe kinking or tortuosity of the abdominal or intrathoracic aorta.

Assessing the feasibility and more importantly the safety of the femoral route is in general
the first step in chronologic order when a patient is considered for TAVI. Relatively easy in case
of simple anatomy, it can turn to a difficult decision in complex anatomies.

Before all, no simple algorithm or guidelines from the preoperative assessment can be
given. Considering the different levels of expertise of the interventional cardiologist and the
cardiac surgeon in peripheral vascular disease, a highly individualized and thoughtful approach
is required. Assessing the feasibility and more importantly the safety of the femoral route
requires a complete analysis of all the steps of the procedure with their respective pitfalls and
potential complications:

� Assess peripheral artery vessels for the risk of distal ischemia. Patients with previous occlu-
sion of the superficial femoral artery are at risk of acute ischemia if minor emboli in the
profundis artery are present.

� Assess the common femoral artery for the puncture site and potential risk of occlusion or
prolonged bleeding in the presence of severe calcifications or small vessel diameter.

� Assess the iliac arteries for the risk of arterial rupture in the presence of severe calcifications
or diseased vessels.

� Assess the thoracic and abdominal aorta for risk of distal emboli in case of valve retrieval
for malpositioning or migration.

� Assess the angulation and calcifications of the aortic arch and native aortic valve for the risk
of valve misplacement, stroke, aortic dissection, and cardiac tamponade.

For the femoral puncture site, noncompliance to the fundamental anatomical criteria and
techniques of puncture may increase the risk for complications:

� Potential retroperitoneal bleeding due to high puncture.
� Complete occlusion of the femoral artery favored by prolonged blood flow reduction with

the 18-F catheter and use of 10-F Prostar in <6.0 femoral artery diameters.
� Prolonged bleeding following failure of the 10-F Prostar secondary to low puncture at the

femoral bifurcation level.

The technique of arterial puncture, careful use of the 10-F Prostar device (described in
details in the next chapter), and a thoughtful appraisal of the femoral artery anatomy are of
equal value for a successful femoral approach.

TIPS AND TRICKS TO IMPROVE SAFETY OF THE FEMORAL PUNCTURE TECHNIQUE
The technique of femoral artery puncture using fluoroscopy represents an alternative approach
to the use of echo-Doppler techniques.
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Figure 1 Contrast fluoroscopy of iliofemoral vessels
showing the end of the pigtail catheter being used as a
target for correct puncture site.

Technique of Femoral Artery Puncture
From the contralateral femoral approach, a 5-F pigtail catheter is advanced through the aorto-
iliac bifurcation and the distal tip of the pigtail catheter positioned at the common femoral artery
by using a regular 0.035 guidewire or a 0.035 Terumo guidewire if the iliac artery vessels are
tortuous or calcified. If needed, contrast injection is performed using 5 mL of contrast medium
to insure correct position of the distal pigtail position between the superficial epigastric artery
and the femoral bifurcation. The distal tip of the puncture needle is then positioned under
fluoroscopy guidance <1 cm below the pigtail and carefully advanced with a step (>70◦) angle
to minimize the path between the skin and the artery wall aiming at the center of the pigtail to
enter the artery by the mid-portion of the anterior arterial wall of the common femoral artery
(Fig. 1) (Case 1).

Progression of the 18-F CoreValve Introducer
When the anatomical criteria (artery diameter, vessel tortuosity, calcifications) are favorable,
progression of the 18-F introducer through the iliac artery is in general smooth and uneventful.
However, a significant number of patients undergoing TAVI have severe peripheral obstructive
arterial disease, which may raise concerns for the safety of the transfemoral approach.

Among the tips and tricks that could slightly improve the safety of the femoral access are
the following:

� The 18-F introducer should be preshaped manually before introduction and carefully
advanced using only gentle forward pressure into the artery with clockwise and counter-
clockwise maneuvers to release tension on the arterial wall during advancement.

� Always advance the 18-F introducer into the femoral and iliac arteries by using the support
of on a 0.035 stiff guidewire (Amplatz Extra-stiff).

� In challenging iliac anatomies with uncertainty about the success of the femoral approach,
first advance the 18-F dilator on the Extra-stiff wire to test the feasibility prior to using the
18-F vascular access sheath.

� Consequently, if this maneuver is successful, the 18-F vascular access sheath can be advanced
up to the abdominal aorta—the procedure subsequently follows the usual steps. If it is not
successful and the 18-F vascular access sheath meets resistance during advancement in the
iliac artery vessel, the procedure should be carried out with the introducer only partially
inserted into the iliac artery instead of applying unreasonable force with the risk of dissection
or rupture. To which extent one should apply force to advance the 18-F vascular access sheath
is a matter of experience. However, one should always be ready to abort the procedure
when excessive force is required. In these cases, the contralateral transfemoral, axillary, or
transapical approach should be considered.
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� Advancement of the 18-F dilator into the iliac arteries may also fail due to atherosclerotic
plaques or significant arterial stenoses. In such instances, balloon angioplasty of the
iliac artery can be considered to facilitate the way for the 18-F introducer. One potential
consequence of not following this rule is the risk of dislodgment of the implanted stent
by the 18-F delivery catheter when advanced forward through the iliac artery (Case 2).
Stenting of the iliac artery, even if there is a dissection after balloon angioplasty for example,
should only be discussed after valve implantation but before complete withdrawal of the
18-F vascular access sheath.

Others options while facing failure to advance the 18-F introducer or 18-F valve catheter
in tortuous and calcified iliac arteries includes the exchange of the 0.035 extrastiff guidewire
for a 0.038 “Back-up Meyer” wire to straighten the iliac vessel or eventually the contralateral
femoral approach (Case 3).

Advancement of the 18 F-CoreValve Catheter
In standard iliac anatomies or when the iliac difficulties are overcome with the complete
advancement of the 18-F introducer up to the abdominal aorta, the progression of the 18-F
valve catheter up to the native aortic valve for the implantation of the CoreValve is almost
always successful. In rare circumstances, severe angulation and calcifications of the horizontal
part of the aortic arch eventually combined with a severely angulated aortic valve anatomy
could compromise the progression of the 18-F valve catheter. This difficulty can be overcome
with the use of a “goose-neck” catheter.

Technique of Using the Goose-Neck Catheter for
the Progression of the 18-F Valve Catheter in Difficult Anatomy
This technique requires the withdrawal of the 0.035 Extra-stiff guidewire previously positioned
into the left ventricle.

By using the contralateral femoral approach, a 7-F goose-neck catheter is then inserted
and deployed at the abdominal aortic level. A 0.035 regular guidewire is then advanced through
the goose-neck” catheter. The correct position of the guidewire into the “goose-neck” catheter
is checked by closing and gently pulling on the 7-F goose-neck catheter. Then the usual steps of
crossing the native aortic valve, exchange of the regular wire for an Extra-stiff guidewire and
valvuloplasty if not previously performed are done. When advancing the 18-F valve catheter,
the goose-neck catheter is then closed on the distal tip of the 18-F valve catheter and then
advanced forward following the progression of the 18-F catheter into the aorta.

At the level of the aortic arch and/or of the native aortic valve, by pulling on the goose-
neck catheter at the same time that the 18-F delivery catheter is pushed forward, facilitates the
progression through the arch and the ascending aorta by releasing the tension on the distal tip
of the 18 F-catheter.

This tricky technique increases the overall success rate of the femoral access by increasing
the feasibility of this approach.

But at this stage when additional maneuvers are required to increase the feasibility of the
femoral approach, one should question the safety of the procedure.

To correctly evaluate the safety of valve implantation, one should therefore remember
the self-expandable characteristic of the CoreValve prosthesis that requires, at the time of valve
implantation, a simultaneous and progressive retrieval of the 18-F catheter at the same time
during release of the valve to insure a correct position of the valve. In heavily calcified and
tortuous anatomies it becomes increasingly difficult to correctly position the prosthesis because
of frictions on the 18-F delivery catheter. To some extent, the friction on the 18-F delivery catheter
can compromise the smooth release of the valve during implantation. Such severe frictions can
result from the following:

� Bending or plicature of the 18-F introducer into tortuous and calcified iliac arteries.
� Stiff angulation and severe calcifications on the aortic arch.
� Severe angulation of the native aortic valve (vertical annular plane).
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These three aforementioned factors may increase the complexity of the transfemoral
approach and lead to the following:

� Malpositioning of the valve due to frictions on the 18-F catheter not allowing a smooth
release.

� Stroke from dislodgment of atherosclerotic plaques when crossing the aortic arch or the
native aortic having required excessive pushing on the 18-F valve catheter.

� Type A aortic dissection for the same reasons.
� Cardiac tamponade from wire perforation more difficult to control due to increased friction

into the 18-F valve catheter in severely angulated anatomies. Note that this risk also increases
specifically when severe circumferential left ventricular hypertrophy is associated.

Finally, assessment of the safety of the femoral approach for TAVI requires an analysis
of numerous anatomic parameters that go far beyond the simple analysis of the feasibility of
femoral access.

Access Concerns in Complex Anatomy
Therefore, one should always consider three questions before final decision regarding the vas-
cular access (Case 4):

1. Is the femoral route technically feasible and safe?
2. Does the femoral route insure a safe progression and implantation of the valve?
3. Finally, is there a better access option to insure the safety of the implantation?

SPECIAL CONSIDERATIONS FOR THE SAPIEN TRANSFEMORAL DELIVERY SYSTEM
The minimal vessel diameter for implantation of the Edwards SAPIEN should be not less
than 8 mm. For both the sizes, the 21- and the 23-delivery system, either a Prostar or up to 3
Perclose systems may be used. Using a closure device for the Edwards delivery systems makes
it almost paramount to perform an angiography of the puncture site at the end of the procedure.
Vascular problems, such as dissection or vascular rupture occur considerably more often with
the Edwards SAPIEN delivery systems than with the smaller CoreValve catheter. With the new
generation of Edwards delivery systems this problem will be overcome.

Summary
If the percutaneous femoral approach continues to represent in the near future the access of
choice for the vast majority of patients proposed for TAVI, others accesses will undoubtedly
continue to expand with increased experience and knowledge.

AXILLARY/SUBCLAVIAN ACCESS
In contrast to the femoral/iliac vessels, the axillary artery is usually relatively free of atheroma
and thus fulfils in most patients the anatomic and morphologic requirements. Therefore, it
represents a potential alternative to the femoral route in patients with peripheral vascular
disease involving the iliac arteries.

Imaging
As for the femoral route, angiogram, CT scan, or MRI provide accurate analysis of the diameter,
tortuosity, and degree of calcifications of the subclavian and axillary artery vessels in relation
to the aortic arch, mammary, and carotid arteries. Particular attention should be devoted to the
debranching site of the subclavian artery from the aortic arch, where most frequently stenosing
calcification is to be expected.

General Requirements
Today, little is known about the safety of this approach for the TAVI procedure compared with
the femoral access that has been the usual route since the pioneering experience.
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There are still some questions about the technique, and the specific safety of this access has
already been the subject of investigation during this early stage. As a result, some anatomical
criteria should lead to the exclusion of axillary/subclavian route:

� arterial vessel diameter of <6.0 mm
� severe tortuosity
� circumferential calcifications

SUBCLAVIAN/AXILLARY ACCESS ASSESSMENT

Left Subclavian/Axillary Access
Assessing the feasibility and safety of the axillary access requires a complete analysis of the
route from skin to the aortic valve.

– First, a previous pacemaker poses an obstacle to the surgical approach, as it runs the risk
of pacemaker-led damage and infection and should therefore be a contraindication to the
axillary approach at the side of the pacemaker.

– In the presence of a functional right internal mammary artery (RIMA) or left internal mam-
mary artery (LIMA) grafts, the risk of graft occlusion or injuries is to be evaluated carefully.
The criteria that strictly contraindicate the axillary approach in regard to a potential risk of
subclavian dissection or ostial graft occlusion in patients with patent LIMA are the following:
� Diameter artery of <6.5 mm from origin of subclavian artery to the ostia of LIMA.
� Severe tortuosity.
� Circumferential calcifications or atherosclerotic disease of the subclavian artery proximal

to the LIMA (risk of dissection).
� Atherosclerotic lesions requiring peripheral balloon angioplasty (PTA).

If those anatomical criteria are present, transient obstruction of the blood flow through
the patent LIMA or RIMA grafts during 18-F introducer sheath progression is acceptable and
safe to a certain extent.

Some preventive strategies can help to avoid injury and obstruction of the LIMA graft:

� Control the progression of the guidewire through the axillary/subclavian vessels under flu-
oroscopic guidance to avoid graft injury with the wire. Perform balloon aortic valvuloplasty
before valve implantation by using 12-F introducer sheath to allow blood flow perfusion
through the LIMA during valvuloplasty.

� Advance preshaped 18-F introducer respectfully to the curve given to the introducer and
have the valve catheter ready to be advanced to minimized time of graft obstruction.

� After progression of the valve delivery catheter through the 18-F introducer sheath and after
crossing the native aortic valve, withdrawal of the 18-F introducer sheath distal to the ostia
of the LIMA will allow reperfusion of the LIMA.

� Valve position and implantation proceeds as usual.

Right Subclavian/Axillary Access
When the right axillary access is discussed, the route of the innominate artery should be assessed
using similar criteria and preventive strategies as previously described for the left axillary access
with patent LIMA.

The last anatomical criterion to be integrated in the algorithm for the axillary access
decision is the anatomy of the native aortic valve. Importantly, the anatomy of the native aortic
valve has a discriminating role for the right axillary approach. As a matter of fact, from the right
axillary approach, due to the stiffness of the guidewire and the valve catheter, the latter tends to
be positioned in a more vertical angle to the native aortic valve. As a result, if facing a vertical
anatomy of the aortic root (i.e., horizontal aortic valve annulus) valve implantation can be safely
achieved. As the aortic root becomes more horizontal (i.e. aortic valve annulus becomes more
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vertical), valve implantation via the right axillary approach becomes almost impossible (Fig. 2).
As a rule, angulation of the aortic valve annular plane greater than 30◦ from the horizontal,
disqualifies the right axillary approach (Case 4). In contrast, the left subclavian/axillary access
is feasible irrespective of the native aortic valve anatomy.

Finally, one question that regularly arises is surgical or percutaneous approach.

A

B

Figure 2 The aortic root angulation (A) is more horizontal than the aortic root angulation (B). Stated in other
words, the plane of the aortic valve annulus (A) is more vertical with respect to the horizontal than the plane of
the aortic valve annulus (B). Implantation via the right subclavian approach would be technically more challenging
(if not impossible) in A than in B. The angulation of the aortic root poses no caveats when implanting via the left
subclavian approach.
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The use of the Prostar XL in closing large femoral access sites has revolutionized TAVI,
making this technique eligible to be performed under local anesthesia. But the Prostar XL may
eventually fail and manual compression is required to maintain hemostasis. Thus, percutaneous
approach using the Prostar XL is not recommended for the subclavian approach because direct
manual compression is not possible. Thus, surgical cutdown is required.

TRANSAPICAL ACCESS

Edwards SAPIEN
To date, only the Edwards SAPIEN prosthesis is available for the transapical access. Except for
the presence of severe injury of the skin after radiation therapy of breast cancer, no true con-
traindication exists for the transapical access. Prior to thoracotomy, we inserted two guidewires
in the right femoral artery and vein for percutaneous CPB connection in case of need. This is a
safety measure that should be respected in any case. A 3 to 4 cm skin incision is performed below
the left nipple. It is recommended to identify the apex of the left ventricle by using transthoracic
echocardiography and mark the apex on the skin. Accordingly, the chest is entered through the
fifth or sixth intercostal space. The mid-clavicular line should be in the center of the incision. A
small size soft tissue retractor (Edwards, Cardiovation) is inserted. The pericardium is incised
longitudinally or transversely and suspended. We recommend a transverse incision because this
allows to lift the apex later by pulling on the pericardial stay sutures. In contrast, after a longitu-
dinal incision the heart can only be moved from left to right. The apex is then identified and its
position verified ideally by the distal course of the left anterior descending artery. Bipolar pace-
maker wires are sewn to the epicardial surface and a rapid pacing test at 160 to 200 beats/min
is performed that lowers the arterial pressure below 60 mm Hg. For the placement of the pacing
wires it is recommended to look for a position on the left ventricular pericardium, because the
right ventricular myocardium may be extremely soft and fragile, especially in very old, female
patients. A slightly supra-apical position is usually chosen as the site for the introduction of
the delivery system since the apex itself is normally covered by epicardial fat. For the place-
ment of the sutures it is important to identify a location on the myocardium which is relatively
free of epicardial fat. We strongly recommend using 2 to 0 instead of 3 to 0 Prolene (Ethicon
Inc., Somerville, New Jersey) for the apex sutures, because 3 to 0 may cut through the fragile
myocardium. There are two different techniques for placing the sutures: either two perpendic-
ular sutures armed with big Teflon felts or two concentrical pursestring sutures armed with
Teflon after each insertion into the myocardium. It is of utmost importance that these sutures
go deep into the myocardium, meaning the needle should enter the epicardial surface in a right
angle. These sutures should be placed by an experienced surgeon, because any technical failure
may lead to severe bleeding problems or even death of the patient after an otherwise uneventful
valve implantation. After 5000 IU of heparin have been administered the apex is punctured and
a soft guidewire is advanced in the ascending aorta under fluoroscopic control. A 6-F angiocath
is placed over the wire and, after measurement of the aortic and LV pressures, a right Judkins
catheter (Cordis, Johnson & Johnson, Norderstedt, Germany) is inserted and advanced into the
descending aorta. The Terumo wire is subsequently replaced with an Amplatz super stiff wire
(Amplatz super stiff, 260 cm; Boston Scientific, Natick, Massachusetts), which is placed in the
abdominal aorta at the level of the renal arteries. The 6-F angiocath is replaced with a 12-F
sheath and a valvuloplasty of the aortic valve is performed under rapid pacing by using the
20-mm balloon supplied with the prosthesis. After hemodynamical recovery, which we find of
utmost importance to wait for, the 12-F sheath is replaced by the 26-F valve delivery sheath.
The catheter-mounted valve is then advanced at the level of the aortic annulus and the correct
intra-annular position confirmed by aortography. After that the valve is deployed by controlled
insufflation of the balloon, again under rapid pacing. Immediately prior to inflation contrast
medium is injected into the aortic root. This technique allows for correction of the position of
the prosthesis during inflation of the balloon and is extremely helpful. After the prosthesis has
been checked for any paravalvular leakage, all wires and introducer are removed. The sutures
are tight consecutively, again by an experienced surgeon.
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Medtronic CoreValve
Very limited experience has been reported about the transapical implantation of the CoreValve
prosthesis and the device is no longer available on the market. With the first-generation delivery
system, the release of the valve from the upper notches posed a serious problem. After full
deployment of the valve, the upper part of the valve frame and the retracted introducer sheath
were tilted toward the aortic arch, especially in the case of a relatively short ascending aorta.
Therefore, unhooking the introducer from the frame was compromised. The second generation
was extended by a guiding catheter that was supposed to be placed in the descending aorta to
allow for a straighter line between the introducer sheath and the valve frame. However, also
with this device, unhooking of the valve frame was difficult. Furthermore, since the guidewire
extension pushed against the upper part of the aortic arch, manipulation of the valve during
implantation was severely limited. With this experience further attempts were abandoned and
the valve implantation only considered for vascular access.

TRANSAORTIC ACCESS
In very rare instances neither of the above-described accesses may be accomplishable with
the currently available technology. Typically, a patient presents with severely calcified, tor-
tuous femoral/iliac arteries with multiple stenoses <6 mm in diameter. The left subclavian
access is consequently evaluated and shows severe calcifications and high-degree stenosis at
the debranching site off the arch. The right innominate artery exhibits a severe stenosis and
furthermore, the angle between the ascending aorta and the native aortic valve is unfavorable
for implantation. The transapical access is not feasible because the size of the native valve ring
is 26 mm and thus far, too big for an Edwards SAPIEN prosthesis. For this constellation, an
alternative approach may be considered, which is the transaortic access.

A partial, upper median mini-sternotomy is performed under general anesthesia and the
ascending aorta exposed. Two, full-bite Teflon-armed pursestring sutures are placed as close
as possible to the innominate artery, to gain length for the introducer sheath. Subsequently
the 18-French introducer is advanced into the aorta via Seldinger technique under fluoroscopic
control. Since the CoreValve introducer is not designed for this access and thus, much too long,
care must be taken not to damage the aortic wall or even pierce the left ventricle. BAV is then
performed under rapid pacing and the valve subsequently advanced. When releasing the valve
only the top 2 to 3 cm of the introducer sheath should be inside the aorta to give the valve
enough length to be deployed.

The transaortic access is considered an “ultima ratio,” but has been performed by the
authors in three patients without any complications and with an excellent result. The mini-
sternotomy does not seem to incriminate the aged and rather sick patients profoundly, as long
as extracorporeal circulation and open-heart surgery with cardioplegic arrest is avoided. As
soon as larger valve prostheses enter the market, the need for this approach, however, may even
be further reduced.

DECISION TREE FOR TRANSCATHETER VALVE IMPLANTATIONS
There is no simplified algorithm for access decision. Optimal decision making comes from
the interdisciplinary team, respectful of their knowledge and expertise regarding the different
approaches and techniques of TAVI. A group that implants both prostheses currently available
and masters all potential access sites may use the following decision tree for the primary
planning of the procedure (Fig. 3). This algorithm may be applied for all patients considered
for TAVI in the following manner: As a first step the transfemoral approach is considered and
investigated. If this access is feasible, according to the criteria described in this chapter, the
choice of the valve type is based on clinical preference, the vessel diameters and the size of
the aortic annulus. For small annulus sizes between 18 and 20 mm, to date, only the Edwards
SAPIEN prosthesis is acceptable, for very large sizes, between 25 and 27 mm, only the Medtronic
CoreValve. Furthermore, if the peripheral vessel diameter does not exceed 6 mm at the narrowest
site, only the 18-F Medtronic CoreValve delivery system may be considered. On the other
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Figure 3 Volume rendered multi-slice CT scan of the arterial vascular tree. Options for vascular access during
transcatheter implantation of the aortic valve: (1) femoral artery (right or left); (2) left subclavian artery; (3) right
subclavian artery; (4) transapical; (5) direct ascending aorta; (6) retroperitoneal access.

hand, an increased diameter of the sinotubular junction beyond 42 mm precludes a Medtronic
CoreValve and an exceptionally short distance between the coronary arteries and the aortic
valve ring the Edwards SAPIEN prosthesis. If the transfemoral access has to be disregarded for
anatomical reasons, the second step is to evaluate the left trans-subclavian access. In regard to the
vessel diameter and morphology, the same selection criteria exist as for the femoral approach.
A previously implanted pacemaker on the same side is a contraindication. For the choice of the
valve prosthesis the same parameters have to be considered as for the transfemoral approach.
The right subclavian artery should be used only in highly selected cases where no other access
is possible, because the delivery system enters the ascending aorta from the innominate artery
perpendicularly, which puts the prosthesis in an improper angle to the plane of the native valve
ring (Fig. 2). If the subclavian access is not feasible, the next step will be to evaluate the transapical
approach. Since the transapical access is very safe, it should also be considered in cases where
the transarterial access might be possible, but where it seems unreasonably dangerous. The
only contraindication for the transapical access might be severe previous skin injury following
radiation therapy for breast cancer. However, since only the Edwards SAPIEN is available for
this approach to date, the respective exclusion criteria given by the valve ring diameter have
to be respected. If for different reasons no other access seems feasible the transaortic approach
should be considered as an ultima ratio. Although less preferred by the authors, a retroperitoneal
approach can also be used as a last resort.

Among the different measurements and assessments to be performed before patient
approval for TAVI, the analysis of the entire vascular anatomy is a prerequisite, because it
determines the procedural success and the complication rate. For the ultimate decision pro-
cess advanced knowledge in peripheral vascular disease is mandatory to better evaluate the
potential risk of complications when manipulating with large introducers and stiff wires in
elderly patients with frequently calcified and tortuous vessels. Therefore, careful screening and
analysis of the entire vascular tree from the access site to the aortic valve anatomy should be
a systematic part of the preoperative analysis and its importance is not to be underestimated.
Optimal decision comes from a heart team mastering all different approaches and techniques
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of TAVI. The decision is not to be based on what the team may be able to perform, but on what
is best for the patient.
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INTRODUCTION
For successful transcatheter aortic valve implantation (TAVI) as well as endovascular abdominal
aneurysm repair (EVAR), and thoracic endovascular aneurysm repair (TEVAR), the insertion
of large diameter arterial sheaths is necessary. Because of the necessary caliber of the sheaths,
usually between 18 and 24 F (6–8 mm), the access is almost exclusively chosen via the femoral–
iliac arteries. In the past years we gradually changed our technique from a surgical cut-down
to a percutaneous technique in all patients. The advantages of this less invasive technique are
increased patient comfort immediately after the procedure and a diminished requirement for
anesthetic drugs during and after the procedure. In most patients, the percutaneous technique
of placement and removal of large diameter femoral arterial sheaths can be performed under
local anesthesia only. In other words, the need for the presence of an anesthesiological team is
dictated by the condition of the patient only and, to some extent, to the length of the procedure
and not by the necessity to perform an open-surgical cut-down in the groin.

To achieve an optimal result and avoid complications a careful approach is mandatory. In
this chapter, we describe the technique we employ in our institution.

METHODS

Patient Selection
Two aspects are essential for the selection: (i) The femoral artery wall must be free of calcified
plaque at the area of puncture and (ii) the diameter of the femoral and iliac arteries must be large
enough to accommodate the necessary sheath. Usually a minimal lumen diameter of 6, 7, and
8 mm is considered necessary for the insertion of an 18-, 22-, and 24-F sheath, respectively. We
use CT angiography to reliably and noninvasively judge the femoral artery wall for tortuosity,
calcification, and to measure lumen diameters [Fig. 1 (A) and 1(B)] (Video 1).

Materials
The following materials are needed beside the standard materials for an interventional proce-
dure via femoral artery access (Video 2):
Prostar XL device set (Abbott, Abbott Park, Illinois)
Ultrasound machine with linear array probe (5–10 MHz)
Introducer sheath 10 F
Artery puncture needle
Guidewire 0.035” soft type
Guidewire 0.035” extra-stiff type
Diagnostic angiography catheter straight 65 to 80 cm
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A

B

Figure 1 Longitudinal (A) and cross-sectional (B) view delineating the anatomy and dimensions of the femoral
and iliac artery (Figure 1A) and of the femoral artery (Figure 1B) by MSCT.

Local anesthetic (Lidocaine)
Needle holder
Small dissecting forceps
Scalpel

PREPARATION
Before we prepare the patient’s groin we carefully mark the preferred puncture place in each
groin with an ink marker and the aid of ultrasound. This allows accurate placement of the
wholes of the drapes on the groins. This is necessary because we need an acoustic window at
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A B

Figure 2 Longitudinal (A) and cross-sectional (B) view of the common femoral artery by ultrasound. In Figure 2A,
the punctures needle that is advanced toward the femoral artery is clearly seen in the right upper quadrant part
of the picture.

the puncture site for the ultrasound guidance. The wholes in the drapes are sealed of with thin
sterile foil to prevent fluid contact of the groin puncture site with unsterile areas. It is possible
to use ultrasound through this foil.

Ultrasound-Guided Puncture

Puncture
Local anesthesia: With the aid of the ultrasound Lidocaine 2%, 10 to20 mL is deposited in the
skin, subcutis, and around the femoral artery [Fig. 2(A) and (B); Video 3].

To allow reliable closure of the arterial puncture site it is essential to enter the arterial
wall of the common femoral artery exactly through the front wall (12-o’clock position), in a
plaque-free area with an angle of 45◦ cranio-caudal. The most reliable way to achieve this is to
use ultrasound guidance. Typically with a sterile packed 5 to 10 MHz linear array transducer.
We also use the ultrasound guidance to accurately deposit the local anesthetics. After the
(single-wall) puncture, a 10-F introducer sheath is placed over a standard J-tip guidewire.

Preparation and Introduction Prostar XL

Placement of the Sutures
To allow the placement of the two suture wires with the Prostar XL (Video 4), a transversal
incision at the puncture site with a length 1 cm is necessary. With the aid of a blunt surgical
preparation clamp a subcutaneous channel with a diameter of approximately 1 cm around the
10-F introducer sheath is made from the skin to the arterial wall.

Over a standard guidewire the introducer sheath is removed and the Prostar device is
inserted. The device is advanced up to the arterial wall, if necessary with a twisting motion of
the device to facilitate this.

Only if a pulsatile drainage of arterial blood is seen through marker tube the next step—
retrieval of the four needles with the two suture wires attached—should be performed. The
needles are removed and the suture wires are packed in gauzes with a 1% chlorhexidine in 70%
alcohol solution, to keep them clean and aseptic.

Over a guidewire the Prostar XL device is removed and the 10-F introducer sheath
replaced.

If one or more of the four needles are deflected, for instance by a calcified plaque, three or
less needles will appear. In this case the needles should be repositioned in the Prostar device.
This can be done with aid of surgical needle holder. At that point one can decide to convert to
open-surgical preparation, or a second attempt—using a new Prostar device—is possible.
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Placement of the Large Diameter Sheath
Over a standard 0.035” guidewire a straight 4-F angiography catheter is positioned in the
abdominal aorta. The standard guidewire is replaced by an extra-stiff guidewire (Back-up
Meier or Lunderquist). The large diameter sheath (usually 18 F) is placed over the extra-stiff
guide-wire.

Closing After Removal of Sheath
Removal of the sheath with closure of the puncture hole (Video 5). After the endovascular
procedure has been finished the suture wires are unpacked from the antiseptic gauzes and a
sliding knot is prepared in each of the two wires. The knots are placed with the aid of a knot
pusher directly following the removal of the large sheath. The skin incision can be closed by
glue (cyano-acrylate), foil, or a skin suture.

DISCUSSION
The results of Starnes et al. (1) show technical success in 94% of the cases in which a sheath of
12 F or larger was used Success rate was 89% with sheaths of 18 F and larger.

In the only prospective randomized study published so far Torsello et al. (2) found an
overall reduction in procedure costs despite the costs of the Prostar device due to the shortened
procedure time compared to surgical cut-down.

Recommendations
Patient selection is probably important for the success rate. The obvious selection criterion is the
diameter of the access arteries: this must be large enough for the required sheath. Furthermore
calcifications on the ventral wall of the artery can be problematic, because they can cause
deflection of the suture needles of the Prostar device.

We recommend preprocedural CT-angiography of the iliac and femoral arteries. In case of
iliac narrowing it can be necessary to perform a pre-TAVI iliac stenting procedure (3). In these
cases we prefer the use of the Wallstent (BSC, Maple Grove, Minnesota) or the Fluency-covered
stent (BARD, Tempe, Arizona) because their structure is less likely to catch the large sheath
compared to balloon-expandable stents or Nitinol self-expandable stents.

Meticulous Technique
Apart from experience with the technique of using the Prostar device, we strongly feel that
the location of the femoral artery puncture is an important determinant for success. As well
as the group of Arthurs et al. (4) we recommend ultrasound-guided puncture enabling exact
localization of a calcium-free area of the ventral wall of the common femoral artery. Instead
of the Prostar XL, other closure devices have been proposed such as the use of the Perclose
(Abbott, Abbott Park, Illinois ) with good results (5).

Complications To Be Anticipated
The complications are not indifferent from the usual femoral access complications: bleeding or
thrombosis. Therefore it is mandatory to have “on the spot” vascular surgery available in case
of failure.
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Percutaneous aortic valve replacement, like any other structural heart disease intervention,
depends on accurate imaging before, during, and after the procedure (1). Role of imaging
during percutaneous procedure can be equated to adequate exposure and visualization in open-
surgical valve replacement. Adequate visualization makes the procedure faster, safer, and more
predictable. Further, imaging during the procedure plays a key role in identifying, preventing,
and treating the complications (2).

BASICS OF IMAGING

X-Ray Imaging
Fluoroscopy is the cornerstone of imaging in the cardiac catheterization laboratory. It allows
accurate visualization of radiopaque structures with excellent temporal and spatial resolution,
which is especially necessary for mobile cardiac structures. However, for the visualization of
nonradiopaque structures like arteries and noncalcified valves, iodinated contrast is necessary.
Fluoroscopy collects information from the entire path of X-ray beam as it traverses from the
source to the detector. All structures in the path of the X-ray beam contribute to the final
attenuation and hence the image. Typically, a two-dimensional (2-D) image is created on the
screen with each X-ray pulse. Three-dimensional reconstruction is not possible unless imaging
is performed with rotational angiography. Fluoroscopic imaging allows excellent visualization
of the devices to allow proper and safe manipulation of the instruments. Orientation of the
device in space is created by visualizing images in more than one plane and also seeing the
response to torquing the device in the same projection. Typically, RAO (right anterior oblique)
projection allows anterior–posterior distinction whereas LAO (left anterior oblique) projection
makes left–right distinction possible. Turning the device to see whether it turns anteriorly or
posteriorly with clockwise or counter-clockwise rotation can help with orientation in space.

Ultrasound Imaging
Transesophageal echocardiography (TEE) is the main stay for ultrasound imaging. On the other
hand, experience with intracardiac echocardiography (ICE) is rapidly expanding and may
become the ultrasound imaging modality of choice in aortic valve replacement.

2-D TEE allows tomographic imaging of the heart where the echogenic structures are seen
with great temporal and spatial resolution. TEE under conscious sedation is very safe and effec-
tive in the catheterization laboratory. Proper sedation and suctioning of the posterior pharynx
makes it reasonably comfortable for the patients. Anatomical visualization of the valves, aorta,
and cardiac chambers provides the “eye” to the interventional procedures. Unlike open surgery,
the valve replacement is done in beating heart and real-time functional assessment provided by
the echocardiography is essential complement to invasive hemodynamic monitoring. Assess-
ment of regurgitation, wall motion abnormalities, changes in right or left ventricular function,
etc. can provide insight into the causes of hemodynamic changes. There are a number of limi-
tations of TEE and echocardiography, in general. Tomographic imaging does not allow one to
see the trajectory of devices. This is somewhat better with 3-D or biplane TEE but the field of
view is quite limited compared to fluoroscopy. Calcium is the major impediment to ultrasound
imaging. Aortic wall or at times valvular calcification prevents accurate measurements and
visualization of the anatomy. It is sometimes difficult to evaluate the Edwards SAPIEN valve
and balloon complex or CoreValve prosthesis with echocardiography. Reflective characteristics
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of the balloon and stent may be difficult to differentiate particularly when the aortic valve is
heavily calcified. This may limit the role of TEE in guiding the positioning of the valve. Per-
pendicularity of the imaging planes is operator dependent and sometimes dependent on the
anatomy of the heart and esophagus.

ICE imaging has clear advantages in terms of the ease of the procedure and control of
imaging by a single operator. Visualization of the aortic valve is particularly clear in longitudinal
and horizontal axis with ICE imaging. ICE imaging has several limitations. The cost of the
probe is not trivial. This probe is still not optimal for the assessment for the left ventricular
wall motion and mitral valve (MV). Although echocardiographic interrogation by ICE is not
routinely required, it can be an important in case of a complication. Further, with manipulation
of the probe there can be displacement of temporary pacing wire. Securing the pacing wire with
temporary screw-in lead can be a solution, but again this increases procedural time and expense.

ANATOMY OF IMAGING

X-Ray Imaging
Anatomic definition of the left ventricle, aortic valve, coronary arteries, ascending aorta, aortic
arch, abdominal aorta, pelvic arteries, and femoral arteries is the first and foremost require-
ment for successful percutaneous aortic valve procedure. Biplane assessment of the anatomy, if
feasible, is probably the best to save dye-load and procedural time (3).

Left Ventricle Anatomy
Left ventriculogram to see the left ventricular (LV) cavity size and the relation of left ventricular
outflow tract (LVOT) to ascending aorta can be helpful. RAO view helps one to determine
the “useable length” of the LV cavity from the aortic valve to the apex [Fig. 1(A)]. It is not
uncommon to place the stiff wire in the lateral part of the apex to maximize this usable length
of the ventricle. LAO view allows one to see the lateral span of the left ventricle as well as the
angle of entry from the ascending aorta to the LVOT [Fig. 1(B)]. LV angiography is not necessary
if the wire can be placed comfortably in the ventricle with a nice loop. If there is any doubt, a
small injection (even hand injection) in the left ventricle with a pigtail placed close to the apex
can provide most useful information.

Aortic Valve Anatomy
Aortic valve apparatus consists of the leaflets, annulus, and sinuses to the sinotubular (ST)
junction. Visualization of each sinus is critical to understand the plane of aortic orifice. Typically
in the LAO view (enough to see the valve away from the spine, i.e., 30–40 degrees), left coronary

Figure 1 The position of the stiff wire is seen in the (A) RAO and (B) LAO projection (Video 1, Video 2). It is
important to have adequate wire loop in the left ventricle. Note that the wire is away from the septum in the lateral
part of the apex of the heart. Also note that the wire falls in the commissure between the right and noncoronary
cusps (upper panel arrows). Noncoronary cusp is black, right coronary cusp is blue and left coronary cusp is red.
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Figure 2 LAO and RAO views of the aortic root injection to demonstrate the coronary cusps. Note that the NCC
is typically lower in this view. When the aortogram is performed in the cranial angulation, one can align the leaflets
to properly visualize aortic valve plane. RAO caudal view is another common view for aortic plane. Abbreviations:
LCC, left coronary cusp; RCC, right coronary cusp; NCC, noncoronary cusp.

cusp (LCC) is seen to the left whereas the right coronary cusp (RCC) and noncoronary cusps
(NCC) are overlapped to the right half of the aortic diameter [Fig. 2(A)]. Aorta is tilted such
that the noncoronary sinus is usually the lowest sinus in this view. Typically the pigtail catheter
tends to enter this sinus and can be easily counter-clocked in the left or clocked in the right
coronary sinus. Cranial angulation allows one to line up the fluoroscopic plane to the aortic
orifice. Camera can be angulated until the bottom of NCC lines up with the bottom of RCC in
this view. In RAO projection, the RCC is in the front and the NCC is in the back. LCC overlaps
both these leaflets but mainly the NCC [Fig. 2(B)]. The tilt of the aorta makes the LCC higher
than the RCC and NCC in this view. Caudal angulation (20–30 degree) can help to make the X-
ray beam parallel to the aortic orifice. Motion of each cusp is important to appreciate as it helps
one to cross the valve in an organized manner and also identify exact location of calcification
when the coronaries, annulus are also calcified along with the leaflets.

The extent of calcification should be carefully assessed. Typically, the mitral annular
calcification extends from the part of the annulus supporting the LCC and the NCC, which
can be seen in the LAO view. The pattern of calcification may be an important determinant
of adequate apposition of the stent/frame and paravalvular leak. ST junction calcification is
another important factor that needs to be evaluated before the procedure (Fig. 3). Although not
a concern with the CoreValve ReValving system, circumferential calcification of the ST junction
can cause restriction of the balloon and “watermelon seeding” of the stent in the left ventricle
at the time of deployment. This is particularly relevant if diameter of the ST junction is small.
Careful assessment of balloon shape and motion at the time of valvuloplasty can help one to
predict the problem. Mounting of the stent somewhat proximally on the balloon can decrease
the overhang of balloon in aorta at the time of deployment.
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Figure 3 Severe calcification of the sinotubular junction is seen in LAO and RAO projection. This is seen on
CT (left panel) and fluoroscopy (right panel). If the diameter of sinotubular junction is less that the balloon size,
“watermelon seeding” is possible.

Coronary Anatomy
The location of the left and right coronary artery origins should be carefully assessed. The height
of LCA origin can be judged in the LAO cranial view (Fig. 4). It is also important to note the
origin in relation to the aortic commissures. This can be potentially assessed on the RAO view,
although CT and TEE allow easier determination. Although compromise of the RCA has not
reported with valve deployment, careful assessment of its origin and height is warranted.

Ascending Aorta and Arch
The angle between the ascending aorta and LVOT determines the ease of crossing the aortic
valve. Although the LAO angle is the most important angle, RAO angulation is also important.
The wire, as it sits across the aortic valve, delineates the path with which the device will
take as it crosses the aortic valve. The horizontal length of the arch is another area where
the system can have a considerable slack that may lead to motion in the critical step of valve
deployment. Calcification of the ascending aorta and arch vessels need close attention for
atraumatic manipulation of these large devices in the aorta.

Abdominal Aorta and Pelvic Vasculature
Careful assessment of the anatomy of descending aorta, pelvic bifurcation, and ileo-femoral
system during preprocedure evaluation can make the procedure safer Femoral puncture site
should be in the common femoral artery before the bifurcation but below the inferior epigastric
artery (Fig. 5). Avoidance of calcified plaque by assessing the puncture site with fluoroscopy or
ultrasound can be helpful. Careful attention should be paid to the tortuosity and its interaction
to the wires and sheath. It is not uncommon for the artery to kink with devices and stiffer
wires may be necessary to better track the larger sheath. Special attention should be paid to the
common iliac artery bifurcation. The iliac system has a large curve at this point and the artery is
relatively immobile as the internal iliac artery fixes the system to the posterior abdominal wall.
The angle and calcification of the aortic bifurcation should be inspected to predict how the large
sheath will sit in relation to the aortic wall.

Ultrasound Imaging

Anatomy on TEE
The aortic valve annulus should be assessed and measured at the time of the procedure. Many
of the patients do not have TEE assessment prior to procedure, although if there is any question
regarding the morphology (bicuspid or tricuspid) or annular size, TEE should be done in the
preparatory phase of the procedure. The aortic annulus is crown shaped and not necessarily
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Figure 4 (A–C) This picture shows the height of the LMT ostium in relation to the aortic valve annulus. Proper
angulation of the camera to align aortic cusps is necessary for accurate measurement. (D) Although the mea-
surement of height can be made in this manner, LMT may not get jeopardized if the origin is posterior and near
the commissure.

symmetrical. One practical approach to annular measurement is to try and predict where the
stent will appose and measure that diameter. Efforts to align the TEE imaging plane to the center
of the aorta should be done. The aortic outflow view commonly measures the diameter between
the RCC and LCC. A biplane assessment may allow one to measure annulus perpendicular to
this measurement although reliable measurements may not be possible in these other views.
Baseline assessment of aortic regurgitation, mitral regurgitation, and LV wall motion should be
systematically performed.

ICE Imaging
Long-axis view of the valve is obtained by advancing the probe in a neutral position in the
right atrium to the level of aortic valve calcification. The probe can be turned counter-clockwise
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Figure 5 Illustration of iliac curvature as a soft wire is introduced via left femoral artery. The middle panel shows
how a stiff wire can be helpful to demonstrate whether the vessel will straighten. The right panel shows the
superimposed DYNACT runs of the soft (white) and stiff (red) wires. This can be very helpful to see where and
how the artery confirms to stiff wire.

after the tricuspid valve is visualized. Dorsal flexion can help to enlarge the field of vision. This
typically visualizes the aorta from NCC to RCC in a plane somewhat different from that seen in
outflow view on TEE (Fig. 6). Manipulation of the probe to align ultrasound beam to long axis
of aorta should be performed for accurate measurement. To see the aortic valve in short axis,
the probe can flexed in to tricuspid valve as the ultrasound beam points superiorly to see the
aorta in cross-section. Calcification of leaflet, aortic insufficiency (AI), and left coronary artery
(LCA) origin in relation to commissures can be assessed in this view.

PROCEDURAL IMAGING

Crossing of Aortic Valve
Fluoroscopy is primarily used for this step. The aortic valve is frequently crossed with an AL-
1 catheter and a straight 0.035 in. wire. The LAO projection is safer because it allows clear
separation of coronary ostia from the aortic orifice. The catheter should be placed in the jet as
seen by systolic rapid motion. The wire is then advanced slowly out of the catheter in systole. If
the wire turns to the left, the catheter is likely directing the wire in the LCC and counter-clock
rotation of the catheter will redirect the wire in the center (Video 3). If the wire goes to the right,
it can be in NCC or RCC (which can be determined by RAO view) and clocking or counter-
clocking, respectively, will redirect the wire in the center. Adjusting the height of the catheter
will alter the trajectory and help with crossing. The RAO view is helpful in patients where
right and left leaflets are immobile and the opening is facing anteriorly (common for bicuspid
valves). A supra-aortic angiogram may be necessary, in some patients, to further define the
anatomy—especially when the anatomy is altered or distorted, for example, prosthetic valve or
root enlargement.

Balloon Valvuloplasty
Once the aortic valve is crossed, a stiff wire is advanced in the left ventricle. Proper positioning
of the wire is essential to prevent complications like MV injury or LV perforation during BAV
or valve deployment. A gentle loop in the stiff wire involving the part of the wire proximal
to the transition prevents ventricular irritation and provides support to keep the devices from
injuring the left ventricle.

Entry of the balloon in the ventricle predicts the ease with which the valve will cross.
Motion of the balloon as it is inflated with rapid pacing is important to monitor (Video 4,
Video 5). The reason for balloon motion should be determined. It can be improper positioning,
slack in the system, short balloon in a tight valve, inadequate response to pacing, etc. (Video 6,
Video 7). Leaflet motion with balloon inflation should be inspected. If there is any concern
of LMT (left main trunk) obstruction, injection of contrast at the time of balloon inflation can
help to determine this (Fig. 7). The pigtail catheter should be carefully placed in the left sinus to
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Figure 6 This ICE image shows a longitudinal view of ascending aorta (Video 8, Video 9). As shown in the
inset, the sections are not identical in TEE and ICE. The blue color defines TEE plane and the orange color shows
ICE imaging plane. ICE can also help to monitor the procedure like TEE (Video 10, Video 11).

adequately visualize coronary flow through the LMT. TEE can help to monitor LMT flow during
balloon inflation. After BAV, the severity of aortic regurgitation should be judged with TEE and
hemodynamic changes (hypotension, decrease in aortic diastolic pressure, and increase in LV
end-diastolic pressure).

Introduction of the Sheath
Serial dilations should be performed under fluoroscopic guidance. Careful monitoring of the
motion of arteries and aorta during the introduction of dilators can help decide how much
force can be safely exerted. Sheath introduction is done with fluoroscopic guidance while also
monitoring the position of the wire in the left ventricle.

Advancement of the Valve
The valve is introduced in the sheath, carefully without inadvertently advancing the sheath.
Valve exit is monitored with fluoroscopy to ensure that the valve does not damage the aortic
wall as it comes out of the sheath. Fluoroimaging helps to prevent pushing the device against
the wall or calcified plaques in the arch. With regard to the Edwards SAPIEN delivery catheter,
clockwise rotation may help to align the valve to the center of aortic orifice, which can be
confirmed by imaging in LAO and RAO projections.
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Figure 7 Biplane demonstration of the injection of aortic root with balloon inflation to identify if the LMT is at
risk of closure with valve deployment. In this picture, flow is seen in the LMT although it is not very brisk (arrows)
(Video 12, Video 13). We did use wire in LMT at time of AV deployment (Video 14, Video 15) there was no
compromise of the LMT with AV deployment (Video 14, Video 16). Lower panels show selective coronary
angiogram after AV deployment (Video 17, Video 18).

Crossing of the Valve
As the device is advanced across the valve, buckling should be avoided. Careful watch on the
wire allows one to put enough tension to provide adequate rail. Maximum care should be given
not to withdraw the wire from the left ventricle. Device is then placed in the aortic orifice and
proper positioning is confirmed by fluoroscopic and imaging.

Positioning of the Valve

Edwards SAPIEN Prosthetic Heart Valve
This is the most crucial step in percutaneous aortic valve replacement with the current system
because the valve is not repositionable. The stent is 14 to 16 mm long depending on the size
of the valve. The stent is positioned such that 60% of the stent is ventricular and 40% aortic
prior to balloon inflation. One has to take several situations into consideration while positioning
(4). The valve tends to follow the direction of ascending aorta into the ventricle and does not
confirm to the curve due to its extreme stiffness (Fig. 8). In situations where ascending aorta
makes a sharp angle with LVOT, the stent will be at a steep angle in the aortic orifice. In this
situation, there will be “realignment motion” of the valve as balloon inflation brings the system
in the center of the aortic orifice. This motion typically moves the stent in the aortic direction in
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Figure 8 The valve is not typically parallel to the LVOT. It rests on the outer curvature of the aorta where in the
commissure between the right and the noncoronary cusps (Video 19, Video 20).

the transfemoral cases because the valve moves from posterior to anterior and right to left as it
centers itself. Therefore, a slightly ventricular position is justifiable in patients with a horizontal
ascending aorta. It is also important to assure that the aortic edge of the stent extends to the
tip of aortic leaflets to prevent overhanging of the native leaflets over the stent, which can lead
to severe aortic regurgitation because it prevents proper closure of the prosthetic valve leaflets.
Motion of the balloon at the time of valvuloplasty also gives an indication whether the stent is
likely to move ventricular or aortic with inflation. This may also push one to err on the side of a
slightly more aortic or ventricular positioning to counter the possible motion. It is important to
note that these are very fine adjustments that are repeatedly confirmed by aortic root injection.

Aortic root injection is made with 5 to 10 cc dye injected with power or hand injection
within 0.5 seconds. Patient’s kidney function should be kept in mind and contrast load should
be limited in patients with impaired renal function. Careful attention to the calcium landmarks
is also very helpful. Respiratory motion is minimized by holding the respirator. It is extremely
helpful to do rapid pacing, breath hold and injection of the root to confirm that the desired
position is achieved.

Although fluoroscopy provides the majority of guiding during positioning, echocardio-
graphic assessment is critical to corroborate the fluoroscopic findings. The relation of the aortic
edge of the stent to the valve tips is investigated by TEE or ICE. The angle of the prosthetic
valve to LVOT is well appreciated on TEE but not so much by ICE. Central or eccentric crossing
of the valve can be confirmed by obtaining the short-axis view of aortic valve. Movement of the



c12 IHBK048-Serruys October 23, 2009 10:0 Char Count=

INTRAPROCEDURAL IMAGING 151

stent with pacing or breath-hold can also be monitored by echocardiography. Sometimes it is
very difficult to clearly identify the stent edges distinct from the balloon folds. It is reasonable
to measure the stent length to confirm that the identification of the edges is reliable.

CoreValve ReValving System
By using fluoroscopic guidance, the CoreValve prosthesis is positioned approximately 6 to 8 mm
below the basal attachment of the aortic leaflets (i.e., aortic valve annulus). A pigtail catheter
positioned in the base of the noncoronary sinus is used a reference marker; radiopaque calcium
deposits and repeated contrast aortograms can be used as aids to refine valve positioning.
Positioning can also be verified using TEE. Although rarely, if ever, a problem, impingement
of the anterior MV leaflet by the inflow portion of the CoreValve prosthesis can be ruled out
by TEE.

Valve Deployment

Edwards SAPIEN Prosthetic Heart Valve
Once proper positioning is confirmed by fluoroscopy and ultrasound, pigtail catheter is slowly
withdrawn, carefully watching and confirming that the stent does not move. With breath-hold
and rapid pacing, the stent is then deployed if no inadvertent displacement is seen by fluoro
landmarks and ultrasound imaging.

CoreValve ReValving System
The CoreValve prosthesis is released from the delivery catheter in a stepwise manner. Valve
positioning can be verified at any time with respect to its position to the pigtail catheter or even
more precisely by contrast aortography. After the valve is released by more than one-third, the
obstruction is relieved and the leaflets begin to function. Very importantly, once the valve is
thought to be completely released, detachment of the loading hooks of the prosthesis from the
delivery catheter must be verified in at least two orthogonal views. If both loading hooks are
not completely released, pulling on the delivery catheter may result in valve embolization.

Assessment of Valve
The most important indicator of success is adequate hemodynamic recovery after valve deploy-
ment. Aortic pressure wave form along with the systolic and diastolic blood pressure provides
most useful insight into the valve function. Proper positioning and adequate deployment of the
valve is confirmed by echocardiography and fluoroscopy. Typically there is some flaring of the
ends of the stent when the valve is properly sized and adequately deployed. Quick assessment
of severity and mechanism of AI and LV function in cases of hemodynamic instability is crucial
to identify and treat complications (see later).

Removal of Sheath
The next very important step is to remove the sheath and obtain hemostasis. If there is any
doubt that vasculature is traumatized, placing a catheter from the contralateral groin to obtain
and angiogram as the sheath is removed can be helpful. Most of the times the sheath is occlusive
in the iliac arteries and therefore, suctioning from the sheath as the contrast is injected from
the catheter placed from the contralateral groin artery is necessary to visualize the iliac artery
with the larger sheath. Rupture or significant dissections of the iliac arteries have to be rapidly
identified for expeditious management.

IMAGING TO PREDICT, IDENTIFY, AND RESOLVE COMPLICATIONS
Identifying and treating complications is one the most important roles of the procedural imaging.
Cardiac perforation and ascending aortic dissection are typically seen while attempting to cross
the aortic valve or advancing the cone of the RF2 system to uncover the balloon. LMT occlusion
and aortic regurgitation are seen soon after aortic valve deployment, although severe AI after
aortic valvuloplasty is also possible. Aortic and iliac trauma is caused at the time of sheath
insertion but it is not evident until the sheath is being removed. Some of these complications
are detailed in the following sections.
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Embolization
Embolization of the valve typically happens in few cardiac cycles. Late embolization is rare (5,6).
Most commonly there is distal embolization where the valve can be recaptured on the balloon
and deployed in the descending aorta. Proximal embolization in the ventricle requires surgery
to remove the valve. Attempt to stabilize a valve that is deployed ventricularly is possible by
deploying another valve in the first valve (7,8).

Aortic Insufficiency
Aortic insufficiency can result form paravalvular leak or central AI. Paravalvular leak typically
occurs due to non uniform expansion of the stent leading to malapposition between the valve
and the native aortic leaflets. When the valve is placed at a correct height, the most common
location of the aortic insufficiency is the posterior location along the NCC and LCC (Fig. 9).
Severity of AI is judged by the width of the regurgitant jet along with hemodynamic assessment.
If the stent is not properly expanded, and there is no central AI then post dilating stent with
additional 1 to 3 cc of contrast can help to achieve better apposition. Central AI can result when
the aortic annulus is larger and smaller size valve is placed or when the stent is postdilated
with a larger balloon. In many occasions the central AI is caused by the stiff wire across the
valve. Removal of wire from the left ventricle will help to eliminate this type of AI. Rarely
the AI is from nonclosure of one of the leaflets of the prosthetic valve. This happens when the
native leaflets overhang on the stent resulting in inadequate pressure generation required for
the closure of the prosthetic valve. This causes severe AI with hemodynamic instability. Another
valve deployment inside of the first valve may be necessary to overcome this problem. Rarely,
postdilatation with a larger balloon can help to reorient the native leaflets enough to result in
proper functioning of the prosthetic valve. If the AI is moderate by echocardiography but is not
causing any hemodynamic changes (very low aortic diastolic pressure with steep increase in
LV end diastolic pressure, ST changes suggestive of global ischemia, hypotension, pulmonary
hypertension, etc.), it is best to be conservative and not do anything else.

LMT Occlusion
This is a catastrophic complication in the absence of bypass grafts. Severe ST changes, inability
to recover blood pressure after the valve deployment and severe wall motion abnormalities are
the key manifestations. Injection of dye in the aortic root can confirm this diagnosis. TEE can
also be helpful to confirm lack of flow in the LMT. Rapid support of the circulation by femoral
cannulations for cardiopulmonary bypass or the use of TandemHeart can help to prevent end-
organ damage while the coronary perfusion is reestablished. Percutaneous revascularization is
probably the best option because urgent CABG in these high-risk patients can be catastrophic.
Importantly, the time it takes for the bypass operation can lead to meaningful myocardial
damage. Prevention is the best solution for this problem. If the LMT origin is thought to be
low and is likely to be compromised as documented by dye injection in the aortic root while
inflating aortic valvuloplasty balloon, a coronary wire should be placed in the LAD prior to
valve deployment. This will prevent total occlusion of the LMT and will provide rapid access
in case of LMT compromise.

Aortic Dissection
Ascending aortic dissection has been reported when multiple attempts are made to cross the
stenotic aortic valve with the stent. This situation is less likely to occur with the use of RF2
delivery system. However, careful monitoring of the ascending aorta with TEE is necessary
to recognize this complication early. Excessive force is never a good solution when the stent
has difficulty crossing the stenotic valve. Reorientation of the stent with torquing and flexion
of the flexor sheath solves the problem in many cases. RF2 system is really helpful in these
situations.

LV Perforation
This catastrophic complication is seen with the use of RF2 system when the cone is advanced
in the ventricle to uncover the balloon prior to valve deployment. Development of pericardial
effusion, hemodynamic and electrical instability points to this complication. Prevention is again
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Figure 9 (A) TEE to show good deployment of valve without significant AI (Video 21). (B) Aortogram can be
also helpful to assess the severity of AI (Video 15, Video 22). (C) Valve can be well visualized on ICE (Video 23,
Video 24).

the best cure for this problem. Proper wire positioning and careful manipulations of the devices
can help in prevention. This is particularly likely in patients with small LV cavity without severe
hypertrophy. Management depends on the extent of the perforation along with hemodynamic
consequences. It frequently requires putting pt on cardiopulmonary bypass and repairing the
perforation surgically. TEE is very helpful in the diagnosis of these complications.
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Iliac and Femoral Complications
Trauma to the ilio-femoral system with the large sheath, resulting in serious vascular compli-
cation increases the hospital mortality. Anticipation of the problem is necessary for expeditious
management (9). Aortography and selective injections are used to define the nature and extent
of the problem. Perforation, dissection, and stenosis can happen and are managed with mostly
endovascular techniques.

FUTURE
DynaCT in the catheterization laboratory has taken us to the new level of imaging. It is no
longer required to reconstruct in mind the location of device in space, but it is actually possible
to do reconstruction in the three dimensional space with rapid acquisition of images with
rotational angiography (Video 25). It is also possible to overlay the fluoroimages on the previous
acquisitions, which may help to minimize contrast and time with increased safety in the future
(10). These acquisitions do require considerable radiation and contrast in many situations, but
the progress in the field may ultimately help to reduce both of these in near future (11).
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13 Tips and Tricks for Crossing the Aortic Valve
with a Guidewire (Retrograde Approach)
Alain Cribier and Hélène Eltchaninoff
Department of Cardiology, Hôpital Charles Nicolle, University of Rouen, Rouen, France

For many years, crossing the stenotic aortic valve to measure the transvalvular gradient has
been a part of the invasive evaluation of aortic stenosis (AS). The need for crossing the valve
was further reinforced in the 1980s (1) by the onset of retrograde transfemoral balloon aortic
valvuloplasty (BAV). However, as the accuracy of hemodynamic assessment by echocardiogra-
phy was proven, the need for invasive assessment was progressively limited to patients with
discordant clinical and echocardiographic findings. A limited number of operators continued to
perform BAV, modifying the technique. Over the last couple of years, the onset of transcatheter
aortic valve replacement brought back the absolute need of crossing the native aortic valve,
and each operator had to refamiliarize or learn the technique, which often was considered a
challenging and time-consuming task. However, with the appropriate material and adequate
technique the clinician may negotiate the stenotic valve within minutes.

This chapter describes the retrograde technique to cross the aortic valve currently used in
our institution, which has been validated by our large experience and pioneering work of BAV
(>1000) and transcatheter aortic valve implantation. With this technique, there have been no
failures to cross the aortic valve.

EQUIPMENT

Catheters
A variety of catheters can be used for crossing the aortic valve (Fig. 1). The best ones are those
that allow an easy orientation of the catheter tip to direct the guidewire toward the aortic
orifice. Although we primarily used the multipurpose or the Sones catheters for many years (2),
currently we preferentially use a 5- or 6-F left coronary Amplatz catheter (3). Other catheters
(Aortic Stenosis Catheter; Cook Inc., Bloomington, IN) have been designed specially for the
purpose of crossing the aortic valve, offering various shapes and curve lengths adapted to the
size and angulation of the aortic root (4). In our hands, the Amplatz left 2 is usually chosen in
patients with an enlarged or a horizontal aortic root whereas the Amplatz left 1 is preferred in
cases with a small and vertical aortic root (Fig. 2).

Guidewires
The catheter is advanced to the ascending aorta over a regular 0.035 in. J wire, through an arterial
introducer one size larger than the catheter size to assess accurately the left ventricle/femoral
pressure gradient after crossing. The guidewire is then removed and exchanged for a straight-
tip, fixed-core, 0.035 in. guidewire that is used to cross the aortic valve.

Hydrophilic or Teflon-coated straight-tipped guidewires (Fig. 3) are currently available.
Our preference is to use a Teflon-coated wire (ex: Medtronic PTFE guidewire, Medtronic Vascu-
lar, Danvers, Massachusetts), which appears to be more stable and easier to control while facing
the stenotic jet. The hydrophilic properties of the Terumo guidewire (Radiofocus, Terumo, Tokyo,
Japan) do not facilitate in any way the crossing of the calcific aortic valve. Other investigators
prefer using a moveable core straight guidewire for crossing (4).

After the valve is crossed, the straight guidewire must be exchanged for a long extra-stiff
guidewire that will provide adequate support for advancing the balloon dilatation catheter and
the aortic bioprosthesis. We recommend using the 260-cm long, 0.035 in. Amplatz Extra Stiff J
Guidewire (COOK, Bjaeverskov, DK), which offers optimal support and whose flexible distal
end is easy to preshape.
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Figure 1 Catheters frequently used for crossing the aortic valve.

Preshaping the Extra-Stiff Wire
Before use, it is recommended to preshape the flexible distal 3 to 4 cm of the extra-stiff guidewire
in a large curve over the end of a hemostat (Fig. 4) in a way one would make a paper ribbon.
In addition to the rapid pacing, this helps considerably to stabilize the balloon across the aortic
valve during balloon inflation and diminishes the risk for wire perforation of the left ventricular
apex.

SPECIFIC MANEUVERS TO CROSS THE AORTIC VALVE (VIDEO 1)
Unfractionated heparin (50 IU/kg) must be administered before starting the crossing maneu-
vers. Formation of thrombi must be further avoided by flushing the catheters and cleaning the
wires regularly. Continuous measurement of systemic arterial pressure is made throughout the
procedure using the side arm of the femoral sheath. A supra-aortic angiogram may be previ-
ously obtained that will help to determine the distribution of calcium over the valve and the
appreciative site of valve opening.

The recommended technique for crossing the valve is as follows:

1. The best working position is the left anterior oblique (LAO) projection, from 20◦ to 40◦
depending on the angle of the aortic root.

Large/horizontal
aortic root

Left Amplatz 2 Left Amplatz 1

Small/vertical
aortic root

Figure 2 The two models of left coronary artery Amplatz catheters used for crossing the valve in our institution.
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Figure 3 The two models of straight tip guidewire frequently used for crossing the valve.

2. The tip of the catheter is initially positioned at the upper limit of the valve, which is most
often clearly delineated by the valvular calcific deposits. The catheter is then slowly retracted
(using the left hand) while firm clockwise rotation is maintained to direct the catheter
tip toward the center of the valve plane. During the pull back, the straight guidewire is
sequentially advanced (<3 cm) and retrieved inside the catheter (using the right hand)
(Fig. 5). With experience, it is usually possible to advance it in systole and retrieve it in
diastole, following the heart rate. During this maneuver, the valve area is meticulously
mapped with the wire until the orifice is crossed (Fig. 6).

Clockwise rotation
and pull-back Mapping

the valve

Figure 4 Catheter and wire manipulation for crossing the valve.



c13 IHBK048-Serruys October 27, 2009 7:41 Char Count=

158 CRIBIER AND ELTCHANINOFF

A

DC

B

Figure 5 Technique of aortic valve mapping for crossing the valve. (A) Initial position and (B) to (D) stepwise
mapping of the aortic valve until crossing (LAO 40◦ view).

3. Once the wire crosses the valve, it is recommended to use the right anterior oblique (RAO)
projection for introducing the catheter inside the left ventricle to decrease the risk of trauma
to the left ventricular wall (Fig. 7). The Amplatz catheter does not have to be advanced deeply
inside the left ventricle. Its distal end is often in contact with the left ventricle’s anterior wall
and may cause an artifactual pressure waveform after the guidewire is removed. In many
cases, it may thus be advised to exchange the straight wire for a long exchange guidewire,
and then to exchange the Amplatz catheter for a single or dual lumen pigtail catheter before
recording the left ventricular pressure and measure the transvalvular gradient. Using a
pigtail catheter will also facilitate the safe introduction and optimal placement of the extra-
stiff guidewire within the left ventricle.

Figure 6 Preshaping of the flexible extra-stiff
guidewire.



c13 IHBK048-Serruys October 27, 2009 7:41 Char Count=

TIPS AND TRICKS FOR CROSSING THE AORTIC VALVE 159

Figure 7 The left coronary Amplatz 2 catheter
inside the left ventricle after crossing (RAO
view).

4. The preshaped extra-stiff guidewire can then be advanced into the pigtail catheter. Its
placement inside the left ventricle should be done in the RAO 30◦ position. Attention should
be placed to obtain an optimal position of the curved extra-stiff guidewire’s flexible end:
the superior concavity should rest in the left ventricular apex (Fig. 8). This will improve
the stability of the wire during balloon valvuloplasty and bioprosthesis delivery, while
decreasing the risk of left ventricular wall injury and ventricular arrhythmias.

COMPLICATIONS
With experience, complications are rare during these maneuvers (3) and most of them may be
easily prevented by maintaining an adequate technique.

– Ventricular arrhythmias (ventricular extra-systolic beats or nonsustained ventricular tachy-
cardia) can often be observed after the valve has been crossed with wires and catheters that
can generally be controlled by changes in the equipment’s position in the left ventricle.

Figure 8 Optimal position of the extra-stiff
guidewire inside the left ventricle.
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– Acute coronary occlusion by dissection of the proximal segment of the right or left coronary
artery is exceptional. This is generally due to the accidental introduction of the straight
guidewire in the coronary artery leading to dissection of the vessel wall. ST segment elevation,
hypotension, and chest pain are indications of acute coronary occlusion during the crossing
maneuvers and require urgent coronary angiography and angioplasty. The LAO projection
recommended for crossing the valve facilitates keeping the wire away from the coronary
artery ostia. The risk of accidental catheter insertion in the right coronary artery is much
higher in the RAO projection.

– Cardiac perforation from wires and catheters can be easily prevented by following the techni-
cal precautions given above. However, the complication should be suspected if hypotension
occurs. Echocardiography in the cardiac catheterization laboratory is critical to detect and
then promptly treat pericardial effusion.

– Left bundle branch block can result from contact between the septum and the wires and
catheters. Complete heart block may more occur in patients with underlying right bundle
branch block that may require prophylactic placement of a temporary pacemaker. However,
when the technique is performed in the course of transcatheter valve implantation, a transve-
nous pacing catheter is systematically placed in the right ventricle at the beginning of the
procedure that will be used for both prevention of complete heart block and rapid ventricular
pacing.

– Cerebral embolism may occur during retrograde catheterization of the aortic valve and may
result from the dislodgement of calcific valvular particles. Atheromatous plaque dislodge-
ment from the aortic root or the ascending aorta, or formation of thrombi from catheters and
guidewire may be other reasons for embolism. MRI has shown cerebral abnormalities consis-
tent with clinically hidden embolic lesions in 15% to 22% of cases at 48 hours after retrograde
aortic valve catheterization (5) with 1.7% to 3% (6) of clinically apparent neurological deficit,
which are often reversible.

CONCLUSION
An optimal technique for crossing the aortic valve can make the procedure successful, quick
and safe, turning it into a meaningless step toward balloon aortic valve predilatation and
transcatheter valve implantation.

REFERENCES
1. Cribier A, Savin T, Saoudi N, et al. Percutaneous transluminal valvuloplasty of acquired aortic stenosis

in elderly patients: An alterative to valve replacement? Lancet 1986; 1:63–67.
2. Letac B, Cribier A, Koning R, et al. Results of transluminal aortic valvuloplasty in 218 adults with

valvular aortic stenosis. Am J Cardiol 1988; 62:598–605.
3. Agatiello C, Eltchaninoff H, Tron C, et al. Balloon aortic valvuloplasty in the adult. Immediate results

and in-hospital complications in the latest series of 141 consecutive patients at the University Hospital
of Rouen (2002–2005). Arch Mal Cœur Vaiss 2006; 99(3):195–200.

4. Feldman T, Caroll JD, Chiu YC. An improved catheter for crossing stenosed aortic valves. Catheter
Cardiovasc Diagn 1989; 16:279–283.`

5. Omran H, Schmidt H, Hackenbroch M, et al. Silent and apparent cerebral embolism after retrograde
catheterization of the aortic valve in valvular stenosis: A prospective, randomized study. Lancet 2003;
361:1241–1246.

6. Meine TJ, Harrison JK Should we cross the aortic valve: The risk of retrograde catheterization of the
left ventricle in patients with aortic stenosis. Am Heart J 2004; 148 (1):41–42.



c14 IHBK048-Serruys October 23, 2009 10:4 Char Count=

14 Preimplantation Percutaneous Aortic Balloon
Valvotomy (Retrograde Approach)
Alain Cribier and Hélène Eltchaninoff
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Introduced by our group in 1986 (1), and intensively investigated thereafter (2–7), percutaneous
balloon aortic valvotomy (BAV) is currently recognized as a valuable palliative procedure in
unstable or critically ill patients or those considered high surgical risk because of comorbid
conditions or advanced age. Mechanisms of action include intraleaflet fractures within calcific
deposits, leading to greater leaflet flexibility (Fig. 1), separation of fused commissures (uncom-
mon in elderly patients), and stretch of the aortic annulus (5,8). This leads to a relatively modest
increase in effective orifice area and decrease in transvalvular gradient with subsequent hemody-
namic and functional improvement. Over the last two decades, the technique and the procedure
have significantly improved, with new balloons catheters, new sheaths, and the use of rapid
right ventricular pacing (RVP) allowing more stable and effective balloon dilatation, leading to
better results and less morbidity, and explaining the current revival of this old method (5–7).

Over the last years, the development of transcatheter aortic valve implantation (TAVI) has
contributed to the renaissance of BAV since the procedure plays a crucial role in preparing the
native aortic valve for implantation. BAV has become an integral part of TAVI, whatever the bio-
prosthesis (balloon-expandable or self-expanding), or the approach (retrograde or transapical)
used. The native calcified aortic valve must in all cases be predilated and made more flexible
before being crossed by the devices. Thus, each operator must become familiar with the updated
technique of balloon aortic valvotomy.

We describe here the equipment and the procedure currently used before retrograde
implantation of the balloon expandable Edwards SAPIEN valve. The equipment used in the
context of self-expanding CoreValve system is slightly different and is described elsewhere, but
the principles remain similar.

EQUIPMENT

Arterial Introducers
The current balloon catheters used for BAV require the placement of a 14-F introducer in the
femoral artery, either percutaneously or after surgical cut-down. The arterial sheath generally
used is the Check-Flo introducer from Cook (Cook Europe, Bjaeverskov, Denmark). The set
comprises three dilators of increasing size, which may be helpful in case of resistance to sheath
progression (Fig. 2). The sheath can be placed into the femoral artery over a regular 0.035”
guidewire at the beginning of the procedure, or over the extra-stiff wire previously placed
inside the left ventricle if the aortic valve has already been crossed.

Contralateral Catheterization
Percutaneous sheaths are placed in the controlateral femoral artery (6 F) and femoral vein (6
or 7 F) (Fig. 3). A pigtail catheter is advanced through the arterial sheath to the aortic root to
monitor the aortic pressure and perform angiographies. Through the venous sheath, a pacing
lead is advanced to the right ventricle in preparation to rapid pacing.

Guidewires
The valvotomy balloon catheters must be advanced to the aortic valve over an extra-
stiff guidewire that has been previously reshaped and placed inside the left ventricle, as
described in chapter 10. This wire is the 260-cm long, 0.035” Amplatz Extra Stiff J Guidewire
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Figure 1 Effect of a 23-mm balloon inflation on a calcific aortic valve. After balloon valvotomy (right panel), the
orifice is enlarged and one leaflet has been fractured (arrow).

(Cook, Bjaeverskov, Denmark), which offers an optimal support for valve predilatation as for
implantation of the bioprosthesis.

Valvotomy Balloons
During the early phase of TAVI, by using the antegrade transseptal approach (9) as for the
first cases performed retrograde from the femoral artery (10), the balloon catheters used for
predilatation were the Z-Med, from NuMed (Cornwall, ON, Canada). These catheters, 120 cm

Figure 2 The 14-F Cook arterial sheath with its guidewire and dilators. Introduction of the sheath in the femoral
artery after cut-down (top panel).
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Figure 3 Controlateral catheterization: 6-F
pigtail in 6-F sheath (right femoral artery);
6-F Soloist Intracardiac Electrode Catheter
(Medtronic) in 7-F sheath (right femoral vein).

in length with a 9-F shaft size have a 4.0-cm long balloon, with various maximal diameters at
inflation (20, 23, or 25 mm).

To date, Edwards Lifesciences (Irvine, CA, USA) provides a specific balloon catheter, the
RetroFlex Balloon Catheter, recommended for valve predilatation, (Fig. 4). These catheters have
a length of 130 cm and a 9-F shaft compatible with a 0.035” guidewire and require a 14-French
introducer. The balloons are 30 mm in length with two diameters at full inflation, 20 and 23 mm.
The rated burst pressure is 3 atm.

Selection of Balloon Size
The end point of aortic valve predilatation is not to obtain the “optimal result” usually expected
after BAV (doubling the valve area) (2,7), but to sufficiently enlarge the valvular orifice and
make the leaflets more flexible to facilitate retrograde crossing of the calcific valve with the bio-
prosthesis. Being less demanding on the result makes the predilatation procedure simpler and
safer than regular BAV, which generally requires sequential balloon inflations with increasing
sizes until the desired result is reached.

Predilatation is achieved by using single size balloon inflations. Balloon size is selected
according to the expanded external diameter of the bioprosthesis planned to be implanted,
which depends on the aortic annulus size. The diameter of the aortic annulus is measured
from the transthoracic parasternal or transesophageal long-axis view. Two models of Edwards
SAPIEN valve are currently available. The 23-mm valve size is considered appropriate for an
annulus diameter of 18 to 21 mm whereas the 26 mm valve size is recommended for an annulus
larger than 21 mm, up to 25 mm. The 20-mm balloon size is recommended before implantation
of the 23-mm valve and the 23-mm size before implantation of the 26-mm valve.

This strategy can be modified in particular cases. When a 26-mm valve is planned in
patients with massive valvular calcification or porcelain aorta, it may be preferred to use cautious
sequential predilatation (20 mm followed by 23 mm balloon size) to decrease the risk of aortic

Figure 4 The RetroFlex balloon catheter from
Edwards Lifesciences.
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valve or annulus disruption. In many cases, when the annulus has been measured between 20
and 22 mm, the valve size may not be formally determined before the procedure. In this setting,
it may be helpful to use a 23-mm balloon and perform an aortogram at the time of full balloon
inflation to determine the optimal valve size, as described later.

Preparation of Valvotomy Balloon
Before predilation the balloon must be carefully purged of air to avoid the possibility of air
embolization in the event of balloon rupture. De-airing the balloon is accomplished using the
15:85 contrast media/saline solution, which is used for valvotomy. This contrast dilution is
adequate to visualize the balloon on fluoroscopy and reduces viscosity thus facilitating the
inflation-deflation cycles. To facilitate the introduction of the deflated balloon inside the 14-F
sheath and to prevent any injury to the balloon structure, it is recommended to purge the
balloon in the aorta, either the descending or ascending aorta. Doing it in the ascending aorta
has the potential advantage of preserving the low balloon profile while crossing the aortic arch
and thus decreasing the risk of friction and plaque migration. The maneuver consists in fully
inflating and deflating the balloon two or three times until residual air is removed, as assessed
by fluoroscopy.

Hardware for Balloon Inflation
To inflate the balloon, either a specific device or a regular syringe can be used. In the set of
transcatheter Edwards valve, a special inflation device is provided, which is used for valve
delivery as well as for balloon valve predilatation. The Atrion QL inflation device (Fig. 5)
(Atrion Medical Products, Inc., Arab, AL, USA) is a disposable system with a lock lever design
that controls the piston, a manometer, and a connecting tube with a male rotating adapter.
The manometer allows pressure measurement with a gauge marked in 1 atm increment. The
syringe is completely filled with the contrast-media solution and the syringe and connecting
tube purged of air. The connecting tube is then hand-tighten securely to the balloon inflation
port. For the procedure of valvotomy, we would not recommend however to turn the palm grip
on the piston clockwise slowly, but rather to push it rapidly with the palm until full inflation
is obtained, as confirmed on fluoroscopy and by the high resistance felt. Balloon deflation is
rapidly obtained by releasing the piston and pull back. The negative pressure is maintained by
sliding the lock lever back to lock. Of note, the inflation pressure is not routinely monitored
and the maximal pressure that can be delivered almost never reaches the bursting point. As
a matter of fact, balloon ruptures are exceptional. In our institution, the technique has been
simplified with the use of a simple 30 mL Luer-Lok syringe (BD Plastipak, Drogheda, Ireland),
connected by a three-way stopcock to an extension tube, 25 cm long, 2.5 mm in diameter. The
same technique is used for purging the system of air. The syringe is filled with 20 to 25 mL of
contrast/saline solution. Pushing rapidly the piston with the palm is easier with this technique.

Figure 5 The Atrion QL balloon inflation device.
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For deflation, the piston is easily pulled back whereas the negative pressure is obtained by
locking the stopcock.

Pacing Lead, Pacemaker, and Pacing Rate
For many years, maintaining the balloon “locked” in the valve to deliver adequate dilating force
has been a key issue for efficient BAV. In the course of the BAV experience, several tips and
tricks have been proposed to prevent ejection of the balloon by the ventricle during inflation
(9,11). However rapid ventricular pacing (RVP) has been a determinant for successful BAV
and subsequently for transcatheter valve implantation. RVP-induced ventricular tachycardia
accomplishes an optimal reduction of the cardiac output, creating a transient cardiac standstill.
As a way to arrest the forceful contractions of the heart and stabilize the balloon in the optimal
position, RVP was tried by us during BAV in 2001 and used on regular basis thereafter (6). This
technique was then successfully extended to transcatheter valve implantation (9) and appeared
to be crucial for accurate balloon expandable valve positioning.

Pacing Lead
The best pacing lead should offer a good suppleness/stiffness compromise and be easily and
reliably placed at the mid-part of the right ventricle’s posterior wall with low risk of dislodge-
ment or ventricular perforation. After having tried a number of pacing catheters, our personal
choice is currently the Soloist Intracardiac Electrode Catheter (Medtronic, Inc., Minneapolis,
MN, USA) (Fig. 6). The lead has a 6F size and a length of 110 cm with a Josephson curve
tip. In some patients with heart enlargement, it may be useful to straighten the curved tip by
hand before use to facilitate the intraventricular placement. The worst pacing catheters for TAVI
are the balloon tip catheter leads, often used by the anesthesiologists from the jugular vein
approach. The risk of premature dislodgement of these pacing catheters is high during RVP and
may result in premature discontinuation of pacing during valve implantation and subsequent
valve embolization.

In case of difficulties in crossing the tricuspid valve and/or positioning and stabilizing
the lead at the desired place in the right ventricle, it appears very helpful to place a 8-F Mullins
sheath in the right atrium, direct its tip toward the tricuspid valve, and then advance the pacing
lead into the right ventricle. The pacing catheter will be securely placed be stable during the
whole procedure.

Pacemaker
In RVP, it is essential to use a pacemaker that allows a sharp start and discontinuation of rapid
pacing at the expected rate. Among the number of pacemakers available, we have selected the
Medtronic 5348 (Medtronic Inc., Minneapolis, MN, USA) (Fig. 7).

Figure 6 The Soloist Intracardiac Electrode
Catheter (Medtronic).
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Figure 7 The Medtronic 5348 temporary pacemaker used for rapid pacing.

Rate of Rapid Pacing
Pacing is usually initiated at a rate of 200 bpm and the capture tested. Repeat pacing at decrement
of 10 bpm is performed if capture is unreliable. In patients with normal left ejection fraction,
the minimum pacing rate should not be lower than 180 bpm. In the absence of 1/1 capture
setting atropine (1 mg IV) can be administered and the test repeated. Change in the position of
the pacing lead inside the right ventricle should be attempted in case of failure. An appropriate
pacing rate should lead to a stable reduction of systolic arterial pressure to below 60 mm Hg.
Pacing must be repeated at a rate of 220 bpm if this goal is not reached. In patients with severely
depressed left ventricular ejection fraction (<30%), lower pacing rate can however be used (i.e.,
150–160 bpm).

TECHNIQUE OF BALLOON VALVOTOMY

Procedure (Video 1)
In our institution, the procedure of valvotomy is performed under local anesthesia and sedation
(Midazolam 2 mg IV and Nebuphine 5 mg IV). Heparin, 50 U/kg IV is administered after
cut-down of the femoral artery at the groin. The sheaths have been placed in the controlateral
femoral artery and femoral vein. A pigtail catheter has been advanced to the aortic root and a
supra-aortic angiogram obtained in a view showing the aortic valve perpendicular to the screen
and assessing the degree of associated aortic regurgitation. This view is displayed on a screen
to facilitate balloon positioning and later on positioning of the prosthesis. The 14-F sheath has
been placed in the femoral artery, the aortic valve crossed, the transvalvular gradient measured
and the extra-stiff wire positioned inside the left ventricle as described in chapter 10.

The pacing lead is advanced in the femoral vein to the right ventricle. Adequate threshold
for pacing is confirmed and the appropriate pacing rate determined. The steps of balloon
valvotomy are shown on (Fig. 8). The balloon catheter is advanced through the 14 French
sheath over the extra-stiff guidewire and de-aired into the aorta [Fig. 8(A)]. Before crossing
the valve with the balloon catheter, the aortic pressure should be stabilized at baseline level.
If general anesthesia is used, induced hypotension usually requires norepinephrine infusion
to maintain adequate blood pressure. The balloon is then advanced across the aortic valve,
positioning it with the aortic calcification slightly above midway between the two markers
[Fig. 8(B)]. The first operator then asks an assistant (generally a nurse or an anesthesiologist) to
initiate pacing (Fig. 9). As soon as the reliable capture is confirmed, the balloon is rapidly fully
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Figure 8 Phases of balloon valvotomy (23 mm balloon). (A) Balloon purged of air in the aorta. (B) Balloon
placement across the valve (arrows: balloon markers; dotted line: valvular calcification line). (C) First balloon
inflation. (D) Second balloon inflation with aortogram: in this patient with a 21-mm annulus diameter, the free
space between balloon edges and aortic wall and the aortic regurgitation (arrow) confirm the need for a 26-mm
valve.

inflated and deflated [Fig. 8(C)], pacing is turned off and the balloon is withdrawn from the
valve, maintaining safe wire position in the left ventricle. Rapid balloon deflation and restoration
of blood flow is important to minimize the duration of hypotension and hypoperfusion. It is
mandatory to await recovery of aortic pressure to baseline before additional balloon inflation. A
second balloon inflation can then be performed. In most cases, this additional inflation will be
done with simultaneous aortogram [Fig. 8(D)]. After valvotomy, the balloon catheter is retrieved
and the guidewire left in place for bioprosthesis implantation. In most cases, it is not required
to assess the residual transvalvular gradient.

Aortogram During Balloon Inflation: Technique and Interest
Performing an aortogram during balloon inflation is recommended in many cases. It is obtain
by injection at full balloon inflation of a small volume of nondiluted contrast media (about
10 mL), using the pigtail catheter placed at immediately above the balloon.

One of the interests is to assess the risk of left main or right coronary occlusion in the
presence of huge calcific nodules located on the left or right coronary cusps. Pushed aside
by the deployed bioprosthesis, the nodules may come into contact with the coronary ostia,
compromising or blocking the coronary blood flow (Fig. 10). Injection of contrast media during
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Inflation Deflation
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Figure 9 Effect of rapid pacing on blood pressure and phases on balloon inflation/deflation.

balloon inflation allows a good delineation of the calcific nodules and visualization of the
coronary ostia. This can lead to cancellation of a TAVI or possibly protection of the coronary
artery lumen with an angioplasty guidewire to be prepared for urgent angioplasty and stent
implantation after valve deployment. Another indication is to confirm the adequate size of the
bioprosthesis when the aortic annulus diameter has been measured from 20 to 22 mm. In this
setting, a 23-mm balloon should be systematically used for valvotomy. Assessment of the free
space between balloon edges and aortic wall, and the degree of paravalvular leak will easily
confirm the optimal bioprosthesis size.

BALLOON VALVOTOMY FAILURES

Impossibility of Crossing the Valve with the Balloon
Crossing the native calcified valve with the balloon may prove impossible in rare cases with
massively calcific aortic valves, more particularly when the guidewire is entrapped eccentrically
within the valve cusps. To overcome the wire bias, it may be useful to slightly inflate the balloon
and try to cross the valve during active deflation and simultaneous traction on the guidewire.
The wire can also be pushed forward inside the left ventricle to modify the crossing position of
its stiff part across the aortic orifice. Finally, it may be needed to first enlarge the aortic orifice
with smaller size/lower profile balloons (15 or 18 mm) before using the larger size balloon.

Figure 10 Schematic representation of the assessment of the risk of left main coronary occlusion by aortogram
during balloon inflation. The huge calcific nodule seen on baseline aortogram [arrows on (A) and (B)] is pushed
aside during balloon inflation and comes into contact with the left main.
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Instability of the Balloon During Inflation
“Locking” the balloon across the aortic valve during maximal inflation is essential for effective
valvotomy. In spite of RVP, the 30-mm long RetroFlex Balloon Catheter may often slide inside
the left ventricle or be ejected into the aorta at first balloon inflation. In general, a slight
change in initial balloon positioning will solve the problem at the second try. In exceptional
cases, the balloon is consistently ejected in the aorta during inflation, whatever the balloon
size, the initial positioning and the pacing rate. This may be associated with considerable left
ventricular muscular hypertrophy or subvalvular septal hypertrophy that can be detected by
echocardiography. In this setting TAVI may be cancelled even if we are aware of rare cases that
could be undertaken successfully by using the transapical approach that allows a better control
of the catheter shaft displacement during balloon inflation.

COMPLICATIONS
A number of serious adverse events have been reported with BAV. In the 1990s, total periproce-
dural complications ranged between 22.6% and 25% in the Mansfield Scientific (3) and NHLBI
registries (4) with procedural deaths reaching 4.9% and 3%, respectively. With more experience
and technological improvements, major complications have been reduced by about 50% as
shown in the latest series (6,7,12).

The risk of complication is definitely much lower during preimplantation valvotomy than
during regular BAV due to less aggressive valve dilatation with smaller size balloons. The
complications specifically associated with predilatation valvotomy are not clearly reported in
the literature, included in the “intention to treat” overall complications of transcatheter valve
implantation. However, even infrequent, major and minor complications may occur during the
procedure as shown from our personal experience of 75 cases of retrograde Edwards SAPIEN
valve implantation, and from unpublished data from other groups.

(1) Sustained cardiovascular collapse after balloon inflation is the predominant issue
and may be fatal. Individual cases have been reported in the multicenter registries of TAVI
(unpublished data). This results from left ventricular depression from balloon occlusion of the
outflow track, and is much more likely to be observed in patients with severely depressed
myocardial contractility or associated severe coronary artery disease. It can also result from
ventricular perforation, rupture of the aortic annulus, or massive aortic regurgitation. In all
patients, but more particularly in those with unstable hemodynamics, balloon inflation/RVP-
induced hypotension should be as short as possible. Balloon inflation should never be initiated
in the presence of acute unstable hemodynamics or before restoring baseline systemic pressure
with atropine, adequate fluid administration, and/or vasopressors administration.

Left ventricle perforation and tamponade is prevented by careful manipulation of
guidewires and catheters inside the left ventricle and preshaping of the extra-stiff wire (see
chapter 10). Massive aortic regurgitation may result of leaflet avulsion or tear, rupture or dis-
section of the aortic root. The undersized balloons required for predilatation decrease the risk
of mechanical complication, but aortic dissection may occur, more particularly in patients with
porcelain aorta (one case in our series).

(2) Permanent or transient cerebrovascular accidents (one and two cases respectively
in our series) and other embolic events are associated with retrograde catheterization of the
aortic valve and may occur during valve crossing with the wire and balloon valvotomy (13).
Incidence of stroke was <2% in recent series of BAV (6,7). The causes and consequences have
been described in chapter 10. Transient hypoperfusion induced by balloon inflation and RVP can
have clinical consequences in patients with severe cerebrovascular or coronary atherosclerotic
disease, which enforce the need for short periods of induced hypotension.

(3) Ventricular arrhythmias (extra systoles and nonsustained ventricular tachycardia) are
frequently observed during manipulations of wires and catheters inside the left ventricle but
can be easily prevented. Complete heart block may result from a pressure effect on the interven-
tricular septum and conduction system with the balloon, more likely if underlying right bundle
branch block is present. This can be rapidly overcome by the transient pacemaker in place for
rapid pacing.

Rapid pacing is generally well tolerated and sustained ventricular tachycardia or ven-
tricular fibrillation are rarely observed: 3% in our series like in Webb’s experience (11), in all
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cases immediately responsive to electrical defibrillation. Occurrence of RVP-induced ventricular
arrhythmias is favored by underlying severe coronary artery disease, depressed left ventricular
function or hypokalemia.

CONCLUSION
Preimplantation percutaneous BAV is a mandatory procedure before TAVI in all cases. Fail-
ure in predilating the aortic valve would result in unsuccessful crossing of the native
valve with the bioprosthesis. The technique has become simpler and safer and benefits of the
large experience and technological improvements of primary BAV. Besides its role in preparing
the native valve to receive the prosthesis, its combination with aortogram can help in deter-
mining the optimal valve size and assess the risk of coronary occlusion after implantation.
The procedure also allows simulating the behavior of valve implantation and preparing the
operators to the protocol of rapid ventricular burst pacing that is crucial for valve deployment.
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INTRODUCTION AND PROCEDURAL PLANNING

Historical Perspective
The first case of transcatheter heart valve (THV) implantation for aortic stenosis was performed
by Cribier et al. in April 2002 (1). Because the first patient had severe peripheral vascular
disease that precluded insertion of a 24-F sheath into the ileo-femoral arteries, the femoral
vein was cannulated and the THV was implanted by an antegrade transseptal approach. The
majority (82%) of patients in the initial feasibility study were implanted by this route with
85% success (2). The major limitation of this route was difficulty in maintaining hemodynamic
stability in patients with small ventricles because of tethering of the anterior mitral leaflet by the
delivery system (1–3). In addition, the early cases of retrograde implantation had less success
(57%) because of the bulky introducer sheath and lack of steerability/pushability of the delivery
catheter (2,4). For the THV procedure to progress, a better introducer sheath and delivery system
were developed for the retrograde technique (5,6), and the antegrade technique was abandoned.
This chapter describes the current retrograde implantation from preprocedural evaluation to
cross the aortic valve with the THV.

Preprocedural Evaluation to Avoid Problems
Preprocedural planning is critical to maximize the chances for successful passage of the delivery
catheter from the introducer sheath through the distal, transverse, and proximal aorta, and then
across the stenotic aortic valve. Careful examination of the CT scan (chest, abdomen, and pelvis)
as well as the aorto-iliac angiogram delineates the anatomy of the aorta and ileo-femoral vessels,
and is critical to answer a series of questions for each patient: (i) Are the ileo-femoral vessels large
and distensible enough for placement of a 22- or 24-F sheath? (ii) Will the delivery sheath reach
well above the aortic bifurcation, and if not, is the bifurcation clear of atherosclerotic disease
on the side contralateral to the sheath insertion to allow safe passage of the delivery catheter
and valve? (iii) How much atherosclerotic plaque and calcification is present in the descending,
transverse, and ascending aorta? (iv) How long is the transverse aorta, and thus how wide is
the transverse arch? This translates into the amount of flexing that the Retroflex catheter will
need to safely traverse the arch. (v) What is the angle of the valve annulus plane (horizontal or
more vertical)? (vi) What is the best angle for retrograde crossing of the stenotic valve with the
THV after balloon aortic valvuloplasty (BAV)? Also during the preprocedural evaluation, the
echocardiogram (TTE and occasionally TEE) must be carefully reviewed to select the smallest
THV that will adequately treat the patient and concomitantly improve deliverability. All of the
potential barriers to implantation should be identified in advance as patient selection remains
the most important variable for procedural success.

The evaluation of the iliac and femoral arteries deserves additional discussion as currently
this is the major limitation to transfemoral implantation (7–9). Because atherosclerotic disease
commonly affects these vessels so as to produce stenoses or foci of calcification, learning to
read an abdominal/pelvis CT and the abdominal aortogram with run-off to the level of the
femoral head is time well spent to avoid vascular complications. We have routinely used both
imaging modalities to evaluate prospective candidates for THV implantation. A biplane aortic
angiogram using oblique projections at 30 to 45 degrees, or an anterioposterior projection in
one plane with a 30-degree angle in the second plane is best performed at the time of coronary
angiography, which is normally done during screening. A pigtail catheter is placed with its tip
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8 to 10 cm above the aortic bifurcation. We use a pigtail catheter with radio-opaque markers
at 1-cm intervals (Cook Medical, Bloomington, IN) to assist in measuring vessel diameter. The
image intensifiers for both angiographic planes should be as close to the patient as possible to
minimize magnification, though if the pigtail is in the artery that is being measured, there is little
error produced. However, if the marker pigtail catheter is in the contralateral artery (a usual
strategy since minimizing arterial punctures of the artery that is to be used for THV placement
avoids the chances of local dissection, hematoma, etc., which could complicate the cut-down at
the time of the procedure), care must be taken to try and measure the 1-cm interval as close to
the contralateral artery as possible. This usually means measuring the reference 1-cm distance
near the aortic bifurcation. Quantitative angiographic techniques are then used to measure the
minimum diameter of the ileo-femoral vessels.

The CT scan can confirm the lumen diameter measured at angiography, but more impor-
tantly, shows the degree and distribution of vessel calcification that can be equally or more
important than lumen diameter. In our experience, heavier calcification occurs in the common
iliac vessels and less in the external iliacs. Although heavy calcification in the common iliacs
is usually of no significant consequence as the lumens are large and the vessels are straight,
calcification of any extent in the external iliacs may be prohibitive for sheath placement because
of tortuosity and smaller lumen size. The entry point into the common femoral artery should
ideally be without calcification (even if this requires a “high” entry at the level of the inguinal
ligament before the vessel dives into the pelvis), and the bifurcation of the external and inter-
nal iliac should ideally be without calcification to allow straightening without “trapping” the
sheath during insertion or removal. If there is calcification in these areas, the common iliac
should be scrutinized for feasibility of an iliac conduit (Dacron graft anastomosis end-to-side to
the common iliac; conduit externalized through groin incision; sheath inserted via the conduit).
Alternatively, the patient might be considered for transapical valve implantation (10–12).

In its current profile, the 23-mm Edwards SAPIEN valve can fit through a sheath with a
22-F inner diameter (a “22-F” sheath). It must be remembered, however, that the outer diameter
of the “22-F” sheath is actually larger because of sheath wall thickness (25 F or 8.3 mm). The
26-mm Edwards SAPIEN valve fits through a “24-F” sheath that has an outer diameter of
28 F or 9.3 mm. In general, for the 23-mm Edwards SAPIEN device the iliofemoral arteries must
have a minimal lumen diameter of 7.0 mm (assuming a paucity of calcification to allow the
vessels to stretch), and for placement of the 26-mm THV, a minimal lumen diameter of 8 mm.

Intraprocedure Evaluation
Before crossing the aortic valve for the first time we perform multiple injections of contrast
through a pigtail catheter placed just above the aortic valve or in one or more of the aortic
sinuses. We change projections by moving the X-ray tube/image intensifier so that the base of
each aortic sinus is projected in a straight line (Fig. 1, Video 1(A), 1(B)). This allows imaging of
the aortic annulus in a superimposed straight line (often a 0◦ annular plane (AP) projection or
a shallow LAO projection with mild cranial angulation will “line up” the AP). This maneuver
is critical to avoid deploying the THV too caudal or cephalad because of a fore-shortened
radiographic view of the aortic valve. In addition, since the position of the THV predeployment
is rarely coaxial with the aortic root (and thus rarely perpendicular to the AP), identification of
the AP greatly helps in understanding how the THV will expand/orient within the aortic valve
once inflation of the balloon occurs. The angle of the image intensifier is best chosen before BAV
as hemodynamic instability during the procedure may preclude doing this later.

The initial crossing of the aortic valve with a straight guidewire [usually placed through
an AL1 (Amplatz) catheter] also gives the operator important information. The level of the
stenotic valve orifice and the subsequent position of the guidewire and the AL1 catheter must
be noted. For example, if the wire crosses into the commissure between the right coronary cusp
and the noncoronary cusps (a common scenario), it may initially be difficult to cross the aortic
valve even with the valvuloplasty catheter. Though the BAV balloon catheter can usually be
advanced across the valve regardless of its crossing position, later passage of the THV across
the aortic valve may be impossible if the guidewire remains deep in the commissure, and it is
potentially dangerous if too much forward pressure is applied. Tearing of the sinus of Valsalva
or proximal aortic disruption or dissection may occur. Placing a 30 to 40-degree bend in the
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Figure 1 Lining up the annular plane (AP) of the aortic valve. (A) An AP or slight LAO projection with cranial
angulation will image the aortic cusps (dotted curvy lines) on a tangential plane (dotted straight line). This lines
up the annulus of the aortic valve. (B) Example of a malaligned aortic valve with the three cusps (dotted lines) out
of plane. A foreshortened view of the aortic valve can result in malposition of the THV. Abbreviations: AL, Amplatz
catheter; SG, Swan–Ganz catheter; PW, temporary pacing wire; PC, pigtail catheter; GW, guidewire.

extra-stiff guidewire approximately 15 to 20 cm above the transition point of the soft tip may
help place the transannular position of the guidewire toward the center of the aortic valve orifice
and further out of the commissure.

ADVANCING THE DELIVERY SYSTEM ACROSS THE AORTA

Placement of the Introducer Sheath
Ultimately the introducer sheath should have its tip above the distal aortic bifurcation and
should be oriented so that the THV can exit the sheath safely. Because we perform the majority
of our sheath insertions via cut-down to the femoral artery with a counter-incision in the skin
(this insures that the sheath is in the plane of the common femoral artery prior to cannulation), the
distance of the cannulation site and counter-incision must be carefully chosen in tall patients.
Insertion of serial dilators (including dilators that are equal in size to the outer diameter of
introducer sheath) increases the chances of successful insertion of the 22-or 24-F sheaths. The
use of excessive force to pass the dilators or sheath into the aorta should be avoided as this can
cause fatal vascular complications during insertion or during removal (separation or dissection
of ileo-femoral vessels).

Traversing and Exiting the Sheath
Once the sheath has been successfully placed with its tip in the distal aorta, the delivery system
(Retroflex catheter and THV mounted on a balloon catheter) should move smoothly through it
without resistance. If resistance to advancing the device is felt by the operator, the source must
be immediately evaluated under fluoroscopy. If the delivery system enters the sheath for a few
millimeters and cannot be advanced beyond the arteriotomy site, it is likely that the sheath
has too severe a bend between the skin incision and arteriotomy. The struts of the THV cannot
traverse a sharp bend. We have experienced a case where the stent struts caught the inside of the
sheath and penetrated the sheath wall, thereby prohibiting forward movement of the delivery
system (Fig. 2, Video 2). Once the problem was identified, the sheath was removed over the
extra-stiff wire already in place, a new sheath was placed, the angle of entry at the arteriotomy
lessened, and the device then was advanced without difficulty.

Since the sheath is positioned with a dilator in place it is unlikely that a vascular stenosis
will compress the sheath, but it is possible that vessel rebound can locally constrict it slightly.
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Figure 2 Sheath perforation by THV. (A) Contrast injection through the introducer sheath shows the THV with a
strut that has exited the sheath wall (solid arrow) preventing further advancement of the delivery system (dotted
arrow. proximal end of the sheath). (B) Sheath was removed from patient and perforation by the stent struts
(arrow) is evident. THV is seen faintly through the sheath wall.

In that case the device will not advance easily. This can be overcome by retracting the sheath
approximately 2 to 3 cm while at the same time gently advancing the delivery system to the
area of stenosis. The combination of the delivery system and the sheath can then be advanced
together through the offending area.

In elderly patients the common iliac arteries may bifurcate from the aorta at a wide angle
and then loop back toward the femoral head, producing a double bend. The extra-stiff guidewire
helps straighten these vessels in many cases. However if there is still an area of angulation, once
the dilator is removed from the sheath the sheath may kink at that spot. The kink cannot be seen
fluoroscopically, but obviously the device and delivery catheter cannot traverse the kink. This
problem is mostly encountered at or near the aortic bifurcation. Attempting to straighten out the
kink by forward pressure of the deliver catheter will not work. To remedy this, the previously
described maneuver is usually successful. The sheath is withdrawn for a few centimeters, and
the delivery system is advanced until resistance is felt. The sheath and delivery system are
then advanced together. It should be emphasized, however that the tip of the introducer sheath
should not be brought back to the iliac vessels. The protective effect of the sheath surrounding
the device as it is advanced is essential to avoid iliac dissection, which is more likely to occur
if the device is advanced “naked.” Ultimately the introducer sheath could be replaced with a
new sheath (Edwards Lifesciences) or a stiffer sheath (Cook Medical, Bloomington, Indiana) if
manipulating the sheath/delivery system does not work.

Finally, as the device exits the sheath tip, care must be taken to avoid aortic injury.
Atherosclerotic plaque is common at or above the bifurcation. As the device, which is eas-
ily seen under fluoroscopy, exits the sheath the operator can feel a “release” as the constricted
device/delivery system moves cephalad. Observation under fluoroscopy at this point is essen-
tial. The device may exit the sheath at an angle and not coaxial to the descending aorta since the
guidewire is biased against the aortic wall opposite the iliac artery, which is used for the sheath.
This often occurs if the aortic bifurcation is widely angulated, and the device may “catch”
on plaque in the distal aorta. This is both felt by the operator and seen on fluoroscopy—the
device does not continue to move smoothly cephalad. Forward pressure will cause damage
to the descending aorta. However simply retracting the delivery system a few millimeters and
advancing again usually allows clearance of the opposite aortic wall. Pulling back the guidewire
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a few millimeters can help in this maneuver, but remember that the distal tip of the guidewire
must remain well positioned in the left ventricle. If neither of these two maneuvers allows
the delivery system to proceed cephalad smoothly, the introducer sheath, and delivery system
should all be withdrawn a few centimeters. This re-orients the guidewire slightly as it lies in
the descending aorta, and almost always then allows safe passage of the delivery system in a
cephalad direction. Flexing of the Retroflex catheter has also been used to move the device into
a more coaxial position in the descending aorta. If the sheath has been withdrawn during these
maneuvers, remember that forward movement of the introducer sheath to return it to its initial
position should not be done. The “mouth” of the sheath may cause an aortic tear as it moves
forward. The final position of the sheath should be secured by suturing the distal end to the
skin, preventing future movement of the sheath during manipulation of the THV through the
aorta and valve.

Crossing the Transverse Aorta
After exiting the introducer sheath, the delivery system usually moves cephalad through the
thoracic aorta smoothly. If resistance is encountered it signifies impingement on aortic plaque
[Fig. 3(A), Video 3(A)]. Simply withdrawing the delivery system a few millimeters and then
advancing again usually solves this problem. Once the distal portion of the transverse arch is
reached by the tip of the delivery system it is important to change the imaging plane to a left
anterior oblique projection [Fig. 3(B), Video 3(B)]. This avoids foreshortening in fluoroscopic
imaging of the transverse arch and shows how much flexion of the Retroflex catheter is needed
to bring the THV to a more horizontal position as the transverse arch is crossed. We usually
begin flexing the Retroflex catheter just as the delivery system enters the distal transverse
arch, thereby anticipating the bias of the wire and catheters against the greater curvature of
the arch. Slight rotation of the Retroflex catheter may be needed to help “clear” any plaque in
the transverse arch. It is important to remember that the Retroflex catheter is not designed to
be rotated more than a few degrees in either direction. Rotation of the Retroflex catheter of
course also moves the tip of the delivery catheter either anteriorly or posteriorly, which may
make later crossing of the aortic valve more difficult. Also, greater amounts of rotation may
produce torsion and kinking of the Retroflex catheter. Kinking the Retroflex catheter causes

Figure 3 Advancing the delivery system across the aorta. (A) The delivery system has encountered a plaque
in the aortic valve. Pushing the delivery system only causes the Retroflex catheter to buckle (white dotted line).
Pulling the catheter back with mild flexing can re-direct the catheter into the lumen of the aortic arch. (B) The
aortic arch is best visualized in the LAO projection. The delivery system is advanced forward with active flexing
of the Retroflex catheter to prevent bias of the THV into the outer curvature of the aorta. Notice the bowing of
the delivery system is now absent (dotted line) and a secondary bend in the guide wire (arrow) should facilitate
passage of the THV across the native aortic valve. Abbreviations: GW, guidewire; PW, pacing wire.
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dysfunction of the flexing mechanism. If this occurs, placement of the delivery catheter and the
valve in the proper position may be far more difficult or impossible.

ADVANCING THE DELIVERY SYSTEM THROUGH THE ASCENDING AORTA
AND ACROSS THE AORTIC VALVE
Once the delivery system enters the ascending aorta, the X-ray tube and image intensifier
should be moved back to the position in which the aortic annulus is superimposed in one
plane (see earlier). As the delivery system is advanced into the ascending aorta, the guidewire
almost always is biased against the greater curvature of the aorta. This usually produces a
transvalvular position of the guidewire in the commissure between the right coronary cusp and
the noncoronary cusp. Without taking any flex off, the delivery system can then be advanced to
the aortic valve and an initial attempt at crossing can be performed. If successful, further exact
placement of the THV is then done. However, it is often not possible to advance the delivery
system across the native valve orifice in this position because bias within the commissure causes
the balloon catheter and THV to catch in the base of the commissure [Fig. 4(A), Video 4(A)].
Further advancement attempts are usually fruitless and may result in native valve damage or
aortic root disruption. In this situation, the delivery system should be pulled back over the wire
guide to a position about 2 cm above the native valve. Attempts must then be made to minimize
the bias of the wire guide toward the greater curvature of the aorta and into the commissure. If
the wire has been previously shaped with a bend approximately 15 to 20 cm up the ascending
aorta, either advancing the guidewire or retracting it might change the “crossing” position and
allow the delivery system to cross the native valve. Other attempts to change the guidewire
crossing configuration include a number of options:

a. “Unflexing” the Retroflex catheter: The Retroflex catheter can be “unflexed” varying
amounts. We have had some success with this maneuver but in general this simply biases
the wire further against the greater curvature.

b. Telescoping the THV/balloon valvuloplasty catheter: The Retroflex catheter can be with-
drawn 6 or 8 cm, so its tip is at the top of the ascending aorta, leaving the delivery catheter
just above the native valve. This maneuver may make the delivery catheter more flexible.
Advancing the delivery catheter alone at that point may allow it to better follow the wire
guide in its passage through the native valve. If a different position of the delivery catheter

Figure 4 Crossing the native aortic valve with the THV. (A) Initial attempts to cross the native aortic valve were
unsuccessful as the THV is biased into the outer curvature of the aorta, and the wire is biased into the commissure
(dotted line, outline of right and left aortic cusps). Forward pressure causes the delivery system to bow (B) After
an initial failure to cross, the delivery system is withdrawn into the ascending aorta, un-flexed and then re-flexed
with mild clockwise torque to return the guidewire into the center of the valve orifice. The system can then be
re-advanced with a favorable result as the THV crosses the native valve. (dotted line, outline of right and left aortic
cusps). Abbreviations: PW, pacing wire; GW, guide wire.
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tip and the THV are noted, but the THV/balloon catheter will not advance, the Retroflex
catheter can then be carefully advanced over the balloon catheter as it is again flexed until
it comes in contact with the THV. This allows more force to be transmitted to the THV for
crossing.

c. Re-aligning the guide wire: We have had the best success in re-aligning the guidewire more
centrally in the aortic orifice by withdrawing the unflexed delivery system from the ascend-
ing aorta to the proximal transverse aorta. The Retroflex catheter is then maximally re-flexed
with moderate clockwise rotation (45–90 degrees). As the delivery system is again advanced
with maintenance of clockwise rotation (moderate rotation of the Retroflex catheter moves
the THV anteriorly and can be performed safely without kinking the catheter), the wire
guide moves toward the inner curvature of the aorta with the result that the position of the
wire guide as it crosses the aortic valve is considerably more central. Holding the wire in
place the operator then carefully can advance the delivery system over the wire guide to the
native valve orifice [Fig. 4(B), Video 4(B)]. Crossing is then easier and achieved by gentle
forward pressure.

Other techniques can also be considered, though their use is unusual.

i. If wire bias is repetitively within the commissure between the right coronary cusp and non-
coronary commissure even after attempting all above-mentioned maneuvers, the balloon
catheter can be advanced with its tip through the native valve. The extra-stiff wire could
then be replaced with another wire—either with a more marked bend proximally (Fig. 5)
in it or replaced with a softer wire (allows more flexing toward the inner curvature of the
aorta), which might allow better passage of the THV through the native valve orifice. Loss
of wire position may be permanent if the balloon catheter tip is “pushed out” of its position
across the aortic valve when re-advancing a new wire. It might be possible to re-cross the
stenotic native valve with the guidewire but the potential difficulty of that maneuver is
daunting.

Figure 5 Wire techniques to facilitate crossing of the aortic valve with the THV (A) A secondary curve (dashed
lines) can be made 15 to 20 cm distal to the primary pigtail curve (dotted lines) to bias the THV/delivery system
away from the outer curvature of the aorta and away from the commissure of the right coronary cusp and
noncoronary cusps. The guidewire can be shaped prior to implantation of the THV or re-shaped after failed
attempt at crossing. (B) A long, gradual secondary bend (dashed lines) can be made 15 cm distal to the primary
pigtail curve (dotted lines) to bias the THV/delivery system away from the outer curvature of the aorta and away
from the commissure of the right coronary cusp and non-coronary cusps. This secondary bend can facilitate
flexing of the Retroflex catheter.
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ii. A second guidewire could be placed across the native valve, using the pigtail catheter
already in position in the aortic root or replacing it with an AL1 catheter and re-crossing in
the classic manner. The second guidewire also biases in the commissure next to the first. A
small valvuloplasty balloon catheter can then be advanced and inflated within the native
valve, essentially blocking the commissure and deflecting the delivery system toward the
center of the native valve.

iii. A low-volume inflation of the balloon catheter distal to the crimped THV can be performed.
The tip of the catheter balloon inflates first, before the valve is expanded and before the
balloon portion proximal to the crimped THV begins to inflate. A small inflation of the
distal balloon with a few cc’s of contrast makes the tip more globular and moves the shaft
and crimped THV out of the commissure. Advancement of the delivery system through
the stenotic valve may then be possible.

iv. Re-valvuloplasty of the native valve with a larger balloon from the contralateral access site.
v. Transseptal puncture with snaring of the delivery system (wire and/or balloon catheter)

from the left ventricle via the left atrium.

Second-Generation Catheters
The second-generation delivery systems greatly facilitate the passage of THV through the
introducer sheath, the aorta, and across the aortic valve compared to the first-generation systems.
The first-generation delivery systems have the balloon catheter and THV uncovered. Though
the THV is crimped tightly over the balloon center, the ends of the balloon, especially the
forward portion, have a folded surface that can produce some friction. More importantly, the
THV always has a slightly larger diameter than the folded balloon in front and behind it. Thus,
especially in passage through the native aortic valve, it is the shoulder of the crimped THV in
the center of the delivery balloon that “catches” on plaque or in the commissure of the native
valve. The new-generation devices have a nose cone that tapers at the front end and is integrated
into the forward portion of the delivery balloon on the back end (Fig. 6). The portion of the
nose cone that integrates with the forward half of the balloon has the same outer diameter of
the crimped THV. Passage through the introducer sheath is smoother, and traversing the native

Figure 6 Next-generation Retroflex catheter. The new Retroflex catheter combines a nose cone (picture insert,
NC) that is integrated with the forward part of the balloon (arrow) creating a smoother transition from balloon to
THV and facilitating crossing of the native valve. The RFC covers the back part of balloon during crossing and is
then sleeved before deployment. Abbreviations: BC, balloon catheter; RFC, Retroflex catheter.
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aortic valve does not require force. Once the nose cone and THV pass through the native valve
orifice, the Retroflex catheter is then withdrawn until the distal portion of the delivery balloon
is free and exact placement and deployment of the THV is then performed. In addition, the
second-generation devices have a lower profile, as low as 18 F for the smaller 23 mm THV. This
reduction in size increases the number of potential patients for THV implantation, and also
greatly facilitates the procedure.

CONCLUSIONS
THV implantation can be performed successfully if patients are carefully selected. However,
even in the best selected patients, vessel tortuosity, atherosclerotic plaque, wire bias, or the
stenotic aortic valve itself can produce unforeseen problems in guiding the THV to its proper
position within the aortic annulus. Attention to detail minimizes most surprises, and fortunately,
most of these problems can be solved after they arise. A guiding principle that cannot be
overemphasized is that if any resistance to forward movement of the sheath or delivery system
is noted, re-evaluation is critical rather than trying to force through a problem. The “tricks” and
“tips” already listed should greatly aid in solving issues that may occur during THV procedures.
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This chapter assumes that the interventionist, during the procedure of transfemoral aortic valve
implantation, is at that point where a wire is placed in the left ventricle retrogradely across
the stenotic aortic valve. By using the transfemoral retrograde approach, the wire passes the
common femoral artery, external and common iliac artery, the abdominal aorta, and thoracic
aorta. At each location, vascular abnormalities such as calcifications, stenoses, aneurysms or
thrombi, as well as elongations and kinkings can be present. All of these problems should be
and can be overcome not only by careful patient selection but also by various—more or less—
ingenious tricks. We will try to cover this road step by step, and illustrate some of the problems
and solutions.

The standard technique for implantation of the CoreValve ReValving system uses an
Amplatz Super Stiff ST1 (ST, short tip) guidewire (Boston Scientific) (0.035 in. or 0.89 cm) 260 cm
in length, PTFE-covered, which possesses the special characteristic of having only 1 cm of
flexible floppy atraumatic tip. Prior to insertion, this tip has to be bent manually to a pigtail-
like configuration. We have learned in the past that this specific configuration is mandatory to
provide an atraumatic support during the procedure. The tip is ideally placed in the apical part
of the left ventricle (Video 1). The manipulation of the wire against the left ventricular apex
allows repositioning of the valve in a manner similar to that of ostial stenting, that is, pushing
the wire causes the prosthesis to come back and vice versa.

Before detailed description of the insertion maneuver, we would like to comment briefly
on the handling of the sheath. We prefer to keep the 18-F sheath in the common femoral artery
as short as possible to minimize complications. For this reason, the introduction takes place just
before balloon predilation. This time point is best as it is a compromise of keeping the sheath in
place as short as possible, but being able to insert the prosthesis after predilation without delay
due to a sheath exchange. This can be of critical importance in case of hemodynamic instability
after predilation because of significant regurgitation. It could be disastrous if this situation
occurs but the operator is unable to insert an 18-F sheath to implant the valve prosthesis to
stabilize the situation. So, only predilate a transcatheter aortic valve implantation (TAVI) case
with an 18-F sheath in place.

In our laboratory we routinely use either the Ultimum EV 18-F sheath (St Jude Medical,
Minnetonka, Minnesota) or the Check-Flo Performer 18-F Introducer (Cook Inc, Bloomington,
Indiana). Both have a diameter of 6.00 to 6.17 mm and a length of 30 cm. The tip of the sheath
dilator should be bent slightly, which helps to direct the sheath during introduction. Over the
stiff wire, the sheath is slowly introduced in the common femoral artery. At all times, constant
wire tension should be applied and the wire tip position should be controlled under fluoroscopy.
This helps to avoid accidental perforation of the ventricular wall with the wire or accidental
pulling of the wire out of the ventricle into the aorta.

ADVANCEMENT OF THE 18-F COREVALVE DELIVERY SYSTEM FROM
THE SHEATH TO THE AORTIC ARCH
Meticulous screening of patients before the procedure is mandatory to identify patients with
adequate access. This is one of the fundamentals for a successful procedure. Once a suitable
access site is identified, the wire is placed in the ventricle, the 18-F sheath is inserted, and the
valve is properly predilated, the prosthesis is advanced into the sheath in a standard over-the-
wire technique.

During entry of the delivery system into the sheath, some resistance is usual at the sheath’s
hemostatic valve. A second resistance is usually observed when the distal housing of the
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prosthesis exits the sheath (Video 1). Now, various problems can arise, caused by either a
possibly calcified stenosis at the level of the iliac artery or by a more or less severe kinking of
the vessels.

In case of kinking, the vessel can be usually straightened using a stiff guidewire. If the
regular “super stiff” wire is not stiff enough, a buddy wire or wires such as a Meier extra
back-up wire can be used.

In case of aortoabdominal kinking, this wire can be placed from the contralateral side as
well (Videos 2 and 3).

The diameter of the entire arterial bed, from the level of the bifurcation of the abdominal
aorta all the way through the common iliac, the external iliac, and the common femoral arteries
should be—by protocol—equal to or larger than 7 mm. Borderline values equal or greater than
6 mm are also accepted, so long as the vessel is not severely calcified. In the event of periproce-
dural detection of significant lesions in the access vessels, two options are available:

1. Change of access site—If the initially intended access turns out to be unfavorable, the con-
tralateral femoral side can be used. If both femoral arteries are unsuitable, a transsubclavian
or transapical approach can be used. Both options are discussed in greater detail in other
chapters of this book.

2. Percutaneous transluminal angioplasty of the stenosis—Stenoses of the femoral or iliac
arteries that preclude the advancement of the CoreValve system might be effectively treated
with angioplasty, regaining a lumen area that allows insertion of the prosthesis. This can be
done either simultaneously with the TAVI procedure or in two sequential sessions.

The latter approach has some advantages, such as split of the total volume of contrast
agent used in two separate time settings, and better fixation of a stent after a certain healing
period. In this way there is no risk of stent dislodgement or disruption by meticulous interaction
between the CoreValve delivery system and stent struts. According to common knowledge and
our experience, 4 weeks are time enough for a TAVI procedure to be carried out safely and
effectively after a stent is implanted peripherally in a diseased artery. It is obvious that the
diameter of the stent should fulfill the already discussed anatomic criteria, that is, more or equal
to 6 to 7 mm.

Pathologies of the abdominal aorta other than severe kinkings, that is, aneurysms with or
without thrombus, usually do not cause significant problems during the TAVI procedure.

ADVANCEMENT OF THE 18-F COREVALVE DELIVERY SYSTEM THROUGH
THE AORTIC ARCH AND THROUGH THE CALCIFIED VALVE
The process of advancing the CoreValve prosthesis, which is securely fixed inside the delivery
system, all the way through the aortic arch and through the calcified, stenosed aortic valve
usually does not cause any problems. However, the more bulky a device the more problematic
are these two steps. The aortic arch turns itself in a 180-degree fashion with multiple secondary
three-dimensional curves as well, and can be severely calcified, which poses an additional risk
for liberating embolic debris. Therefore, particularly these steps can be related to stroke events
that are reported in the literature.

During the evolution phase of the CoreValve system, and namely the profile reduction
from 25 F (introduced in 2004) to 21 F (introduced in 2005) and today to 18 F (introduced in
2006) and the improvement in the capability and experience of the physicians that perform this
procedure, the percentage of patients suffering a stroke has drastically decreased from 17% in the
21-F study (1) to 1.4% in the ongoing evaluation of the 18-F device (personal communication).

In the early first-in-man trials using the 25-F first-generation device, the procedure
required a surgical cut-down in the iliac artery. To pass around the aortic arch with that bulky
device, an additionally inserted snare was used to bend the distal tip of the catheter (Video 4).
The simultaneous pushing of the delivery catheter and pulling of the snare, which was anchored
at the tip of the prosthesis, enabled the advancement of the CoreValve delivery catheter in almost
all occasions.

Nowadays, the lower profile facilitates tremendously the way around the arch as well
as the insertion into the diseased native valve with the latest generation CoreValve prosthesis



c16 IHBK048-Serruys October 27, 2009 7:42 Char Count=

182 GRUBE ET AL.

so that a snare is usually no longer needed (Video 5). However, in the rare event of passage
problems, use of a snare inserted via the femoral artery might help overcome these problems.

When the prosthesis reaches the aortic valve, the Amplatz Super Stiff ST1 wire needs to be
checked once again, so that it is completely straightened and tensed, and also that its manually
curved tip rest comfortably against the left ventricular apex with its stiff part (Video 6). If the
wire has lost the ideal apical position during balloon valvuloplasty or any other time point before
advancement of the prosthesis, wire repositioning with a pigtail catheter should be considered.

The advancement of the CoreValve prosthesis across the native valve usually does not
pose any special difficulties either. In case the delivery catheter does not cross the native aortic
valve, repeat balloon aortic valvuloplasty might be helpful to optimize native valve opening.

So finally, the prosthesis crosses the native valve. Its final position before its deployment
sequence is just across the valve, with its lower part just below the noncoronary sinus. The latter
is delineated by a normal 5-F pigtail catheter. Most of the times the CoreValve prosthesis tends
to be forwarded to a deeper than optimal position, and should be corrected, positioned, and
subsequently deployed, as it will be described in the following chapter.

The whole procedure of advancing the 18-F CoreValve delivery system takes usually less
than 30 seconds, so it is a rather rapid procedure inside the whole implantation process—a
helpful fact in case of hemodynamic problems after balloon predilation.

REFERENCE
1. Grube E, Schuler G, Buellesfeld L, et al. Percutaneous aortic valve replacement for severe aortic stenosis

in high-risk patients using the second- and current third-generation self-expanding CoreValve prosthe-
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INTRODUCTION
The correct positioning and implantation of the CoreValve ReValving system (CRS) in aortic
position in patients with valvular aortic stenosis implies a profound understanding of the
recipient anatomy, the geometry of the prosthesis, and the various imaging techniques that are
used for guidance, control, and evaluation and the prosthesis itself.

In chapter 1 and the paper by Piazza et al., the complex anatomy of the aortic root has
been translated into helpful information for the clinician (1). At variance with surgical valve
replacement, catheter-based (aortic) valve implantation is performed using various imaging
techniques such as X-ray and transesophageal echocardiography and, thus, lacks the real-time
three-dimensional (3D) sight of the valve and surrounding structures as seen during surgical
valve replacement. Therefore, correct positioning and implantation of the valve implies the
correct use and interpretation of the resultant images. The integration of the anatomic informa-
tion and information derived from the two-dimensional (2D) imaging techniques allows—so to
speak—a mental 3D view of the aortic root, which is illustrated in Figure 1.

The details of the CRS are described in chapter 7. Analogous to the role of imaging, a
thorough understanding of the CRS prosthesis is mandatory for successful valve implantation,
which is the subject of this chapter. For that matter, the following will be addressed:

� The CRS prosthesis—details that one must know and understand before embarking on
implantation.

� The base of the aortic root—how to use X-ray angiography to accurately depict the base of
the aortic root.

� Sizing—which inflow size CRS for which patient.
� Positioning and deployment, and pitfalls in deployment (how to avoid and how to solve).

THE COREVALVE REVALVING SYSTEM
As discussed in chapter 7, the CRS consists of a self-expanding Nitinol frame to which is sewn a
porcine pericardium valve in a trifoliate configuration [Fig. 2(A) and 2(B)]. The multilevel design
incorporates three different areas of radial force and function. The base of the frame is 12 mm
high and provides high-radial force. It functions to anchor the prosthesis within the patient’s
annulus. The base is covered with a skirt composed of a single layer of porcine pericardium that
functions to create a seal to prevent paravalvular aortic regurgitation after implantation. It is
important to understand that in this area there is no valvular function. The middle segment of the
frame is constrained to avoid jailing of the coronary arteries after implantation. This segment
hosts the zone of coaptation of the leaflets, which stretches from the central point where the
three leaflets meet (central coaptation) up to the commissures that are located on the frame at
a higher level. As such, the valve is implanted intra-annularly, but functions supra-annularly.
This segment has high hoop strength (resistance to deformation) to maintain size and shape to
guarantee normal leaflet geometry and function within design limits. The upper part or outflow
portion of the frame has low radial force, implants itself in the ascending aorta, and orients the
prosthesis across the aortic root in the direction of blood flow. The lower part of this segment
hosts the top of the commissures of the leaflets.

In addition to the gross anatomic breakdown of the CRS, it is the detailed structure of the
CRS that is used for guiding the positioning and deployment in the aortic root.
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Figure 1 Ex vivo 3D view of the aortic root in relation to the mitral apparatus (upper row) and in vivo 2D
angiographic view (lower row).
Upper row: gross 3D overwiew of the aortic root seen from slightly posterior and the right. The intimate relationship
between a large part of the base of the aortic root and the mitral apparatus is clearly seen (magnification in middle
picture) and illustrated by the drawing on the right. In addition, the Intervalvular Trigone (IVT) is clearly seen.
Bottom row: the aortic root can be seen or reduced to three rings of which the lower green ring corresponds
with the true base of the aortic root (transition left ventricular outflow tract and the most basal attachment of the
aortic leaflets). The upper blue ring corresponds to the sino-tubular junction. These rings can be seen on contrast
angiography if properly performed (see text for explanantion).
Abbreviations: LCA: left coronary artery, RCA: right coronary artery, LV: left ventricle, RV: right ventricle, MV:
mitral valve, TV: tricuspid valve, LA: left atrium, RA: right atrium. Pictures: courtesy to W.A. McALpine. Heart and
Coronary arteries. Springer-Verlag Berlin Heidelberg, New York 1975.

The frame consists of a series of cells, which have a diamond configuration when fully
deployed A full cell is 8 mm high and consists of three joints (each joint is 4 mm apart)
[Fig. 2(B)]. Since Nitinol is radiopaque, these cells are clearly visible on X-ray fluoroscopy in
their collapsed state and while being deployed. Since the joints have a higher Nitinol density,
they are more easily discerned from the thin struts of the frame. The combination of this
information and the appropriate settings of the X-ray gantry are the basis of a controlled and
correct valve positioning and deployment that is described below.

BASE OF THE AORTIC ROOT
Notwithstanding the potential value of new software that may improve the guidance of catheter-
based valve replacement therapies, it is our premise that conventional X-ray will remain the
most widely used technique for guidance and control of these procedures. The reasons are:
ubiquitous availability, ease of use and its high spatial (0.12 mm), and temporal resolution.
Obviously, it only provides a 2D shadowgram of the aortic root that is a distant surrogate of the
direct and real-time surgical 3D view. Yet, the base of the aortic root can easily been demonstrated
and interpreted by contrast angiography provided the X-ray gantry is positioned in such a way
that the three sinuses of the aortic root are visualized on one single line, one next to the other as
shown in Figure 3 [Video 3(A), 3(B), 3(C)]. In almost all patients, a slight LAO in combination
with some caudal or cranial rotation of the X-ray image intensifier will offer this view. Rarely a
slight RAO with some caudal or cranial rotation or a straight anterior–posterior view is needed.
Although multislice computed tomography (MSCT) is the most elegant technique to define
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Figure 2 (A) The CoreValve Revalving SystemTM. (B) In vivo visualisation of the CoreValve Revalving
SystemTM.

the valve plane and obtain the X-ray gantry settings (see chaps. 3, 12, and 25), an experienced
operator can easily find the correct plane with contrast angiography (2,3).

SIZING
At present, the CRS valve is currently available in two sizes based on the diameter of the base
or inflow of the frame: 26 and 29 mm [Fig. 2(A)]. According to the instructions provided by
the manufacturer, a 26-mm inflow CRS is intended for a patient annulus of 20 to 23 mm and a
29-mm inflow CRS is intended for a patient annulus of 24 of 27 mm (Appendix).

This proposal is subject of debate given the absence of validated scientific evidence and
in view of the fact that the base of the aortic root (annulus) is oval rather than circular (1–4). Yet,
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Figure 3 Visualisation of the aortic root during valve implantation. (A & B) inappropriate visualisation of the
aortic root. (C & D) correct visualisation of the aortic root: the three aortic sinuses are seen on one line.

correct prosthesis–host match is imperative to avoid procedural complications such as valve
embolization or paravalvular regurgitation in case of undersizing, and acute or long-term valve
dysfunction due to leaflet distortion and/or local tissue injury in case of oversizing. (2,5–7)

With respect to the measurement of the base of the aortic root, we use MSCT as it is a
3D imaging modality that allows the definition and precise measurement (spatial resolution
0.5 mm) of the true base of the aortic root (the three most caudal attachment points to the 3D
crown shaped attachment line of the leaflets (Fig. 4). This is not possible with 2D imaging such
as transthoracic echocardiography (TTE) and trans-oesophageal (TOE) echocardiography given
their limitation to provide detailed information of the surrounding structures needed to define
the nadir of the aortic root and, thus, the lowest level of the hinge points of the leaflets, their
limited spatial resolution to define the hinge points of the aortic leaflet as well as the unknown
angle between the incoming ultrasound beam and the base of the root leading to incorrect
measurement of the true dimensions of the aortic root.

At the Thoraxcenter, we started using the matrix proposed by the manufacturer for the
selection of valve size (Appendix). We gradually switched to an integrated assessment of the
dimensions of the base of the aortic root on the basis of (i) clinical information (gender, length,
and body weight), (ii) TTE, and (iii) the visual appreciation of the dimensions of the aortic root
by means of contrast angiography (performed with the X-ray gantry settings already described).
During the course of time, the latter became the most dominant factor in the decision of valve
size. Later, as we became more acquainted with MSCT, it became the most important source of
information on the basis of which we choose the valve size in our practice. Table 1 illustrates
our modus operandi; it depicts the smallest (D1) and largest dimension (D2) of the annulus by
MSCT and the CRS size that was used based upon the integration of clinical information, aortic
root angiography and information of TTE and MSCT.
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Figure 4 Definition of the base of the aortic root (“aortic annulus”) Explanation: see text.
Abbreviations: RAFT & LAFT: right and left anterior fribrous trigone, LCA: left coronary artery, RCA: right coronary
artery, LV: left ventricle, TV: tricuspid valve, VMS: ventricular membranous septum.

As mentioned earlier, a scientific basis for valve size selection is currently absent. In
addition, the selection of the valve size is complicated by the availability of two prosthesis sizes
for a wide range of dimensions of the root, and the fact that the frame is circular whereas the
left ventricular outflow tract and base of the aortic root, where the prosthesis is anchored, is
usually oval.

POSITIONING AND DEPLOYMENT
The CRS must be positioned and implanted in such a way that the base or inflow portion of the
frame—that is covered by the pericardial skirt with a height of 12 mm—is located in the LVOT
base of the aortic root. The ventricular end of the CRS should be preferably 6 mm but no deeper
than 8 mm (1 diamond) below the base of the aortic root (Fig. 5). An implantation beyond 12 mm
is not compatible with the concept of the design and will likely be associated with significant
paravalvular aortic regurgitation (Fig. 6). We advocate a depth of 6 mm, since we observed that
none of our patients in whom the valve was implanted within 6 mm below the base of the aortic
root developed a left bundle branch block directly related to valve implantation. (8)

Table 1 Assessment of Annulus Dimensions (D1 and D2) by MSCT Before CRS
Implantation

D1 (mm) N = 12 patients D2 (mm) N = 21 patients

26-mm inflow CRS 19.0 (17.6–22.4) 23.5 (20.5–26.8)
29-mm inflow CRS 22.8 (19.6–30.2) 27.5 (22.9–33.7)

Twelve patients received a 26-mm inflow CRS and 21 patients received a 29-mm inflow CRS.
According to the manufacturer’s matrix on valve selection, the matrix was not respected (retro-
spective analysis) in 7 out of the 12 patients in whom a 26-mm inflow CRS was implanted and in
10 out of the 21 patients in whom a 29-mm inflow was implanted.
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Figure 5 Positioning and depth of implantation of the CoreValve Revalving SystemTM.

Exact visualization of the base of the aortic root is mandatory for correct positioning and
subsequent deployment of the CRS. As discussed, the X-ray gantry is positioned in such a way
that all three sinuses are depicted one next to each other on a single line, somewhat off-center
on the monitor so that the left ventricle, LVOT, and ascending aorta are under continuous visual
control (Fig. 7). It allows the constant control of the position of the wire in the ventricle and
the entire deployment of the frame from the base of the aortic root up to the ascending aorta.

Figure 6 Aortic regurgitation due to a incorrect (too deep) implantation.
The top pericardial skirt is below the base of the aortic root. As a result
there is aortic regurgitation due to operator related misplacement of the
valve.
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Figure 7 First phase of CoreValve Revalving SystemTM implantation. Correct visualisation of the base of the
aortic root (three aortic sinuses on one line – picture left), entering of prosthesis in left ventricular outflow tract
and initiation of the withdrawal of the protective sheet (picture right).

A pigtail that sits firmly in the nadir of the noncoronary sinus is used as a reference target for
the positioning and deployment of the valve [Fig. 8, Video 8(A), 8(B), 8(C), 8(D), 8(E)]. The
nadir of the noncoronary sinus is used as a reference point because it is usually the lowest of
the three coronary sinuses on contrast angiography with the X-ray gantry positioned in the
way just described. It allows correct valve implantation, even in the absence of calcium. In case
bulky calcified leaflets preclude the pigtail reaching the nadir of the leaflets, one may use these
calcifications as a reference.

With this X-ray gantry setting and control of the anatomy, the CRS that is crimped on a
18-F delivery catheter and covered with a protective sheath is entered into the LVOT. The CRS
is entered into the LVOT a few millimeters below the plane of the base of the aortic root. In its
collapsed state, one cannot discern the diamonds of the frame but one can use the radiopaque
characteristics of the joints. In the collapsed state, they appear individually perpendicular to the
axis of the frame and separated by 4 mm [Fig. 2(B)]. In case the position of the frame in relation
to the base of the aortic root is unclear, a contrast angiogram (we typically use 15 cc at a flow of
15 cc/sec) will confirm its position. An experienced operator may choose to only enter the cone
of the delivery catheter in the LVOT (Fig. 9, Video 9) because the CRS has the tendency move
forward into the LVOT when the protective sheath is slowly being withdrawn.

Figure 8 Pigtail in the nadir of the non-coronary
sinus. Correct positioning of a pigtail in the nadir of the
non-coronary sinus will help the operator to correctly
position and implantation of the CoreValve Revalving
SystemTM.
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Figure 9 The control of the position of the CoreValve Revalving SystemTM in the left ventricular outflow tract
before valve implantation. The pigtail that is positioned in the nadir of the non-coronary sinus helps the operator
the check the position (picture left). Contrast angiography (picture right) confirms the position.

The deployment of the valve consists of a coordinated action of the two operators; while
the first operator controls the positioning of the prosthesis, the second executes a gentle and
controlled clockwise rotation of the microknob that results in the gradual withdrawal of the
protective sheath (Fig. 10). The process of valve implantation is performed in a stepwise
manner.

Figure 10 The CoreValve Revalving SystemTM delivery catheter.
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A

B

Figure 11 (A) The control of the depth of implantation during valve implantation during the initiation of the
withdrawal of the protective sheet. (B) The control of the depth of implantation during valve implantation during
the flaring of the frame upon further release.

In the very first phase of the withdrawal of the protective sheath, there is no flaring of
the frame. One can observe the separation of the radiopaque marker of the protective sheath
from the cone of the delivery catheter. The frame of the CRS is still collapsed [Fig. 11(A), Video
11(A1), 11(A2)]. Upon further withdrawal of the protective sheath, the frame will begin to flare
[Figure 11(B), Video 11(B1), 11(B2)].

During this phase of deployment, there is abundant time to control the position of the
frame. For that matter, both operators verify the relation of the ventricular end of the frame at
relative to the pigtail as an anatomic reference since it is located in the nadir of the noncoronary
sinus. One should not be misled or consider the opposite side, that is, the part of the aortic
root that is in juxtaposition with the mitral valve apparatus. In case the frame enters the left
ventricle, the first operator may gently pull on the delivery to bring the CRS in its desired
position. [Video 11(A1)] Some advocate a gentle push on the wire that is located in the LV
by the second operator. In case this is done, both operators must be in complete synchrony
with one another. One should also realize that pushing the wire may cause ventricular wall
injury and possibly AV conduction disturbances or more dramatically, LV perforation. This
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Figure 12 The use of the position of the pigtail in the
nadir of the non-coronary sinus to control the position
of the valve during implantation.

latter complication may occur more frequently in small, hypertrophied heart. In case of doubt
of the CRS position, contrast angiography must be performed.

In the initial phase of the flaring, there is no drop in blood pressure since there is no
obstruction of flow across the “native” aortic valve. At this moment, one may discern the
diamonds of the inflow part of the frame. Inspection of the relation between the lower most
diamonds and the pigtail in the nadir of the noncoronary sinus, allows the first operator to
correct the position of the frame.

Blood pressure will go down when the frame reaches the opposite side of the aortic root
because the “native” aortic valve is excluded from the circulation and the bioprosthetic leaflets
cannot move freely yet. We call this the parachute phase [Fig. 12, Video 11(C1)]. The deployment
has to be continued [Video 11(C2), 11(D1), 11(D2)] to allow pressure recovery while avoiding the
CRS being propelled into the ascending aorta, which may occur in patients with hypertrophic
left ventricle and a pronounced systolic function [Fig. 13, Video 13(A) and 13(B)]. Deployment
is continued in the way described with special emphasis on the control of the position of the
frame and the nadir of the noncoronary sinus. Once the blood pressure has stabilized, it is the
moment to double check the position of the valve. In case the valve is still somewhat too low
in the aortic root, the first operator may exert traction on the delivery catheter. This should be

Figure 13 Embolisation of The CoreValve Revalving
SystemTM into the ascending aorta.
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Figure 14 Complete retrieval of The CoreValve Revalving SystemTM from the circulatory system.

done carefully without a brisk pull on the delivery catheter since it may result in expelling the
valve into the ascending aorta. If this occurs, one has to remove the valve, delivery catheter, and
sheath en bloc out of the body and restart the implantation all over again (Fig. 14, Video 14).
If the valve is implanted too deep one may try to pull the prosthesis into its correct position
with a goose neck snare. Obviously, this is a technique to be avoided given its inherent risk of
embolism of calcified tissue from the ascending aorta, vessel wall injury, or valve dislodgement,
by ensuring correct valve position during expansion of the frame as discussed above. If the
degree of aortic regurgitation is grade 3 or more or not well tolerated, a second CRS should be
implanted in the first CRS (valve-in-valve) (9) [Fig. 15, Video 15(A1), 15(A2) and Video 15(B1),
15(B2), 15(B3), 15(B4), 15(B5), 15(B6)].

In case of a correct position, the pigtail is removed from the noncoronary sinus, and the
deployment is completed. The deployment is completed when the two hooks of the frame
are released from the delivery catheter. This should be checked in at least two views. In case
of doubt, one should not pull on the delivery catheter but continue the inspection. One may
carefully advance the delivery catheter and check whether the hooks move in conjunction with
the forward movement of the frame. Complete release is sometimes achieved by further pushing
the delivery catheter towards the base of the aortic root forcing the release of the hook or by
a gentle clock- and counter-clockwise rotation of the delivery catheter [(Fig. 16, Video 16(A1),
16(A2), 16(A3), 16(A4)]. Once the hooks are completely detached from the delivery catheter, the
soft part of the stiff wire that is located in the left ventricle is pulled to the level of the cone
of the delivery catheter [Fig. 16, Video 16(B)]. This allows the cone to move away from the
interventricular septum into the direction of the inlet of the frame. In this position, the cone can
safely be removed out of the left ventricle. In case the cone is removed while it is in contact with
the interventricular septum, it may become entangled with the ventricular end of the frame and
result in dislocation of the valve.

Advancing the macroslide then recaptures the cone of the delivery catheter. It is rec-
ommended to check the recapture in two projections to ensure coaxial alignment and a safe
withdrawal through the 18-F sheath.

The final step consists of a contrast angiogram with the pigtail just above the CRS leaflets
and sufficient contrast volume (e.g., 20 cc) and rate of injection (e.g., 20 cc/sec at 1200 -psi) to
verify: (1) valve position, (2) presence and degree of aortic regurgitation, and (3) visualization
of coronary arteries.

Checking the distance between the nadir of the non- and left coronary sinus and the base
of the radiopaque frame can readily assess the depth of implantation (Fig. 5). It goes without
saying that this angiogram is made with the X-ray gantry positioned in the way described
earlier (visualization of all three sinuses on one single horizontal line).

In general there is some degree of aortic regurgitation (grade 1 or 2) after CRS implan-
tation. In case of aortic regurgitation grade 3 or more or in case the aortic regurgitation is
not well tolerated, one has to first define its cause by contrast angiography of the aortic root
and transesophageal echo-Doppler. In case of correct position of the valve, one should exclude
incomplete expansion or apposition of the frame due to, for instance, bulky calcified native
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Figure 15 (A) Assessing the depth of implantation of The CoreValve Revalving SystemTM. (B) Valve-in-valve
procedure to correct aortic regurgitation because of a too deep implantation of the first valve.

leaflets. In such a case, additional in-valve balloon dilatation must be performed. Balloon size
is selected on a combination of the dimensions of the annulus (preferably by MSCT before
implantation) and the size of the CRS that was implanted [Fig. 17, Video 17(A), 17(B), 17(C)]. In
case the CRS is implanted too deep (>12 mm below the base of the aortic root) one is committed
to a valve-in-valve procedure already described.

It is important to verify the appearance of the coronary arteries to rule out unexpected
coronary occlusion. In our experience, the coronaries can easily be checked by indirect visual-
ization via the aortic root angiography (Fig. 18, Video 18). In case of doubt, selective coronary
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Figure 16 Removal of the cone out of the left ventricular outflow tract. To safely remove the cone out of the left
ventricular outflow tract, the soft part of the stiff wire over which was used to delver the valve, is retracted up to the
cone. This allows the safe withdrawal of the cone since the cone has moved to a more aligned position in relation
to the frame and is more central position in the outflow tract.

Figure 17 Balloon dilatation post valve implantation.

Figure 18 Indirect visualisation of the coronary arter-
ies after the implantation of the CoreValve Revalving
SystemTM.
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Figure 19 Selective contrast angiography of the right and left coronary artery after the implantation of The
CoreValve Revalving SystemTM.

angiography should be performed followed by appropriate further management in case of
blockage or occlusion [Fig. 19, Video 19(A) and 19(B)].
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18 Implantation of the Edwards SAPIEN Valve
Fabian Nietlispach and John G. Webb
St. Paul’s Hospital, University of British Columbia, Vancouver, British Columbia, Canada

This discussion will focus on procedural elements specific to deployment of the Edwards
SAPIEN valve (Edwards Lifesciences, Inc., Irvine, California). Device sizing, positioning, and
deployment will be reviewed (see Video 1 for a complete overview of an Edwards SAPIEN
implantation procedure). As patient selection and other elements of the procedure have been
discussed elsewhere (see chap. 5), these will not be reviewed in detail here.

THE EDWARDS SAPIEN VALVE
An understanding of certain characteristics of the valve and delivery system are fundamen-
tal to optimal implantation. The current Edwards SAPIEN valve is constructed of a balloon-
expandable stainless-steel frame, bovine pericardial leaflets, and a synthetic PET fabric-sealing
cuff [Fig. 1(A)] (1). The valve is currently available in two sizes, with expanded external diam-
eters of 23 or 26 mm and lengths of 14.28 and 16.07 mm, respectively. The next-generation
SAPIEN XT valve substitutes a cobalt chromium alloy frame with thinner struts and a more
open cell structure to allow tighter crimping [Fig. 1(B)]. When expanded the 23- and 26-mm
SAPIEN XT valves have lengths of 14.34 and 17.02 mm, respectively (2).

VALVE DELIVERY SYSTEM
Initially the valve was delivered on a standard valvuloplasty balloon. The limitations of this
system required transvenous, transeptal valve delivery. Subsequently, the development of the
deflectable RetroFlex catheter facilitated development of a reproducible transarterial procedure
(1,3,4). The more recent RetroFlex III catheter incorporates a fixed nosecone for atraumatic
passage through the aorta and native valve (Fig. 2). A lower profile RetroFlex 4 delivery system
specifically designed to take advantage of the low-profile SAPIEN XT valve is anticipated.

SIZING
Ideally the implanted prosthesis with its fabric seal is completely apposed to the native annular
tissue, so as to prevent paravalvular regurgitation. An undersized or underexpanded pros-
thesis may not provide adequate sealing. Moreover undersizing increases the likelihood of
embolization and patient–prosthesis mismatch.

A strategy of routine oversizing appears desirable to minimize paravalvular regurgitation,
device embolization, and maximize valve orifice area. However there are limitations to oversiz-
ing. First, a larger prosthesis requires a larger diameter catheter system. Consequently, where
arterial access is borderline, a smaller valve and delivery system may be desirable to reduce the
risk of arterial injury. Second, inability to fully expand an oversized valve in a rigid, calcified
annulus may result in suboptimal leaflet coaptation and reduced durability. Most importantly,
overdilation of the aortic annulus increases the risk of dissection or rupture of the aortic root.
Although rare, the risk may be a greater in patients with extensive calcification.

The current strategy is to oversize when possible by 10% to 20%. An annulus diameter
of 18 to 22 mm would be appropriate for a 23-mm valve while an annulus of 21 to 25 mm
would be appropriate for a 26-mm valve. These represent general guidelines rather than strict
criteria, however, greater degrees of under- or oversizing may be associated with increasing
risk of paravalvular regurgitation or aortic root injury.

MEASUREMENT OF THE ANNULUS
Accurate estimation of the annulus diameter is important for selection of the appropriate pros-
thesis diameter and appropriate patients. Transthoracic echocardiography (TTE) is the rou-
tine initial screening imaging modality. However, transesophageal echocardiography (TEE)
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Figure 1 (A) Edwards SAPIEN valve. (B) Edwards SAPIEN XT valve.

estimates in the long-axis midesophageal view at approximately 120 degrees appear to be more
accurate. The annulus is measured in this view as the distance between the basal insertion of
the noncoronary and the right coronary leaflets (Fig. 3). Typically, TEE results in an annulus
measurement 1 to 2 mm larger than a transthoracic study, although occasionally the discrepancy
can be larger (5).

There are several common problems with echocardiographic annular measurements: (i)
standard measurements of the left ventricular outflow tract should not substitute for annular
measurements. (ii) Aortic leaflet attachments extend in a crown-like fashion into the larger
diameter aortic root. Measurements not obtained at the most basal attachment of the valves may
overestimate annular diameter. (iii) Suboptimal imaging and blooming may reduce apparent
annulus diameter. In addition, there are inherent problems with echocardiographic assessment
in that (i) the distance from the basal insertion of the noncoronary cusp to the right coronary cusp
does not represent a true aortic diameter and (ii) long axis echocardiographic measurements
evaluate only one axis of an annulus that is more often oval than truly circular.

Aortographic measurements of the aortic annulus have been utilized. However, aortogra-
phy visualizes the aortic root above the valve, not the area below the leaflets where the prosthesis
will be seated. More useful is fluoroscopy or aortography during valvuloplasty. Comparison of
the valvuloplasty balloon to the aortic root may occasionally be of help.

Multislice computed tomography (MSCT) offers the advantage of improved two-
dimensional visualization of the plane of the annulus (6–8). The annulus is seen to be not
so much circular as slightly oval with diameters that vary in long and short axis by 1 to 3 mm.
Coronal diameters tend to exceed sagittal diameters. Coronal diameters, which in a very gen-
eral way correspond with echocardiographic long-axis views, tend to be slightly larger than
those reported by TEE. Although MSCT may assume a greater role in the future, currently
measurements are not well standardized and clinical correlation is lacking.

Despite the limitations noted above, extensive experience supports echocardiographic esti-
mation of annular diameter as the current clinical standard. TTE is currently used for screening
and may be adequate for many patients. Annular diameters measured with TEE are on average
1 to 2 mm larger but differences may be larger and TEE is a much more reliable assessment (5).
TEE is particularly desirable in patients where prosthesis sizing is borderline when assessed
by TTE.

Figure 2 RetroFlex III catheter.
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Figure 3 TEE measurement of annular diam-
eter: a parasternal long-axis view is chosen. In
a zoomed view, the distance between the basal
insertion of the noncoronary and the right coro-
nary leaflets is measured.

IDEAL POSITIONING
The SAPIEN valve is designed to sit within the native valve (9). Ideally, the frame extends
superiorly just to the tips of the native leaflets. Any portion of the frame extending above
the leaflets serves no specific function as the diameter of the supravalvular aorta exceeds the
diameter of the valve frame. Although it is unlikely that the sealing skirt of a valve placed in
a functional position could obstruct a coronary ostium, it is rarely possible for a valve strut to
overlay and obstruct a coronary ostium. On the other hand, a frame that does not extend to
the tips of the leaflets may allow residual native valvular stenosis and may lead to insufficient
anchorage of the valve stent.

Ideally the frame extends into the ventricle just enough to provide anchoring and sealing
against the subvalvular annulus. Any portion extending further into the outflow tract runs the
risk of contact with the mobile portion of the anterior mitral valve leaflet (with the risk of mitral
regurgitation) or the interventricular septum (with the risk of heart block). Moreover, a valve
positioned too low may leave the sealing skirt unopposed to the subvalvular tissue, resulting
in paravalvular regurgitation.

POSITIONING PRIOR TO DEPLOYMENT
Imaging is key to optimal positioning and planning should begin prior to actual positioning of
the valve. Since the distribution of calcium varies, it is prudent to spend the time to distinguish
whether this is present in the leaflet tips, base or annulus prior to positioning. Accurate valve
positioning requires that the plane of the valve is accurately defined. Typically the aortic valve is
directed cranially, to the left and slightly anteriorly. Consequently RAO (right anterior oblique)
views tend to require caudal angulation and LAO (left anterior oblique) views require cranial
angulation to achieve perpendicularity to the valve plane (Figs. 4 and 5). A baseline aortogram
is performed. With a pigtail placed directly on the valve, a power injection of 20 mL of contrast
over 2 seconds is adequate. Generally an AP–caudal or LAO–cranial view is selected with the
valve magnified and centered in the field of view. Aortography is repeated with slight changes
in angulation as required, until all three cusps seen in profile in the same horizontal plane.
Ideally, identical angulation and magnification will be used at the time of valve positioning.

Introduction and passage of the prosthesis through the native valve are discussed in
chapter 12. Once the prosthesis has been delivered into the ventricle, a number of steps must
follow in rapid sequence as the catheter system is partly obstructive within the valve orifice. First,
the RetroFlex catheter must be withdrawn to reduce obstruction. A pigtail previously placed in
the ascending aorta is advanced so as to directly contact the native valve and act as a readily
visible landmark. Then the prosthesis is positioned, taking advantage of visible calcification
and the pigtail as landmarks. Minor adjustments are made and evaluated by repeated small
5-mL hand injections through the pigtail catheter. If available, TEE or intracardiac echo (ICE)
are used to confirm optimal positioning.
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Figure 4 Effect of fluoroscopic angulation on visualization of the valve plane. When all three cusps are similarly
visualized, this suggests perpendicularity. Abbreviations: RCC, right coronary cusp; LCC, left coronary cusp; NCC,
noncoronary cusp.

IDEAL POSITION PRIOR TO DEPLOYMENT
As the deployment balloon and stent valve expand, they move due to a combination of factors.
Transaortic flow tends to eject the obstructive balloon. The expanding balloon may contact the
outflow tract and move unexpectedly. The expanding prosthesis may move with the native
valve leaflets as they are forced outwards and upwards. The net result is typically movement
of the prosthesis during deployment in the direction of the aorta, typically this ranges from 1 to
3 mm. Movement may occasionally occur in the opposite direction, toward the ventricle. This
occurs when the stent is initially positioned below the native leaflets such that the stent slides
down inside them rather than gripping the leaflets and rising with them.

As movement is typically in the direction of the aorta, our practice is to initially position
the outflow of the stent just at the tips of the native leaflets while at the same leaving about
two-thirds of the stent below the visible plane of leaflet attachment. Achieving both of these
goals may not be possible when the stent is short in relation to the diameter of the annulus,
where the stent is not coaxial within the annulus, or if the leaflets extend to a peak well above
the plane of the valve. Compromise may be necessary.

TEE visualization is a helpful adjunct during positioning (5). Often its contribution is
greater in the absence of extensive calcification, just when fluoroscopic imaging becomes less
reliable. The value of TEE is highly dependent on the experience of the echocardiographer
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Figure 5 Graph showing a typical line of perpendicularity. In this case AP–caudal or LAO–cranial view might
commonly be chosen for visualization of the valve plane during positioning.
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Figure 6 TEE positioning: Columns depicting pre- and postimplantation images. (A) Proper valve position. (B)
Valve position too high (aortic). (C) Valve position too low (ventricular).

and the ready accessibility of the images to the operator during positioning. Ideally, echocar-
diographic images are displayed immediately adjacent to the fluoroscopic images for quick
correlation. The three-chamber long-axis view at approximately 120◦ is typically used during
positioning. With training the operator can usually distinguish the ventricular end of the stent
with its slightly thicker fabric cuff. The aortic end of the stent may be more difficult to distin-
guish because of shadowing from the native valve. The ventricular end of the stent should be at
the hinge point of the anterior mitral leaflet while the aortic end should just extend to the tips
of the leaflet [Fig. 6(A)].

DEPLOYMENT
Rapid ventricular pacing is routinely used at the time of valve deployment to reduce transvalvu-
lar flow and cardiac motion (10). A transvenous right ventricular pacemaker is placed and a
threshold of less than 1 mA is assured, following which the output is increased to 10 mA to
assure reliable capture. Unreliable capture may lead to unexpected movement of the prosthesis
during deployment [Fig. 7(A)]. Typically pacing is initiated at ∼200/min . If 1:1 capture is not
achieved, pacing is terminated (Fig. 7(B) and (C)]. After a brief period of recovery the pacing
rate is incrementally reduced by 20 beats/min. Typically 1:1 capture is achieved at rates between
160 and 220 beats/min associated with a reduction in systolic pressure to below 60 mm Hg and
a marked reduction in pulse pressure (Fig. 8).

It is important to ensure clear communication. We typically follow a protocol where the
physician requests “pacer ready,” “pacer on,” and “pacer off.” The pacer operator repeats and
immediately implements each request. It is important that pacing be initiated promptly when
requested, as the stent may move if there is delay. Once 1:1 capture is assured, a few seconds are

Figure 7 (A). Loss of capture during rapid pacing. (B) Ineffective rapid pacing due to 2:1 capture. (C) Pulsed
wave Doppler signal of the left ventricular outflow tract during burst pacing with initial 2:1 capture, followed by
effective burst pacing with 1:1 capture.
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Figure 8 Rapid pacing with an effective drop in blood pressure below 60 mm Hg and marked reduction in pulse
pressure amplitude.

allowed to pass to allow pulse pressure to fall, at which time the balloon is rapidly inflated with
dilute 10% contrast. When the inflation device is emptied of contrast, the balloon is deflated
after 3 seconds of full inflation. Only when the balloon is deflated does the physician request
that pacing be stopped. Termination of pacing with the balloon inflated can result in ejection of
the occlusive balloon and dislodgement of the stent.

Once the balloon is deflated it is immediately withdrawn into the ascending aorta so
as to allow normal valve function. The guidewire is left in place. Adequate positioning is
assessed [Figs. 6(A) and 9(A)]. TEE provides rapid assessment of paravalvular regurgitation.
If the positioning is adequate and the paravalvular regurgitation not severe, the guidewire
is withdrawn. Any valvular regurgitation tends to resolve with removal of the guidewire.
Aortography may be performed for final assessment if desired.

It is important to minimize the ischemic stress associated with burst pacing in the setting
of aortic stenosis (11,12). Bursts are kept as short as possible (typically under 15 seconds),
time is allowed for hemodynamic recovery between pacing episodes, pacing in the presence
of hypotension is avoided and vasoconstrictors are used as necessary to maintain coronary
perfusion pressure (e.g., 100–200 mg bolues of phenylephrine). Of course, if the prosthesis is
positioned and ready for deployment it may be desirable to proceed even in the presence of
hypotension.

PARAVALVULAR REGURGITATION
The frequency of paravalvular regurgitation varies with the aggressiveness with which it is
looked for. TEE is the most sensitive method and shows some paravalvular regurgitation in
most patients. Typically this is trivial or mild, most often adjacent to the anterior mitral leaflet
[Fig. 10(A)]. Even if moderate this appears to be well tolerated and without apparent clinical
relevance. More severe degrees of paravalvular regurgitation are uncommon, but do occur. The
first clue may be a low diastolic pressure or, if very severe, severe systolic hypotension. Aortog-
raphy may be misleading due to the presence of valvular regurgitation while a guidewire lies
across the valve. TEE is very helpful in understanding the severity and etiology of paravalvular
regurgitation [Fig. 10(A) and (B)].

If the prosthesis is positioned much too aortic or ventricular implantation of a second
overlapping prosthesis may rarely be considered (Fig. 11). More often redilation to assure
full expansion of the valve is the initial approach. The deployment balloon is typically used.
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Figure 9 Aortograms postdeployment: Columns depicting pre- and postdeployment position. (A) Valve just right.
(B) Valve too high (aortic). (C) Valve too low (ventricular).

Figure 10 TEE showing trivial (A) and severe (B) paravalvular leaks. B1: short axis, B2: three-chamber
long axis.

Figure 11 (A) Valve implantation too low (ventricular) with severe paravalvular regurgitation. (B) Implantation of
a second overlapping, but more aortic, valve dramatically reduced regurgitation.
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There is no value in the use of a larger balloon as the fabric-sealing cuff will not dilate beyond the
nominal diameter. In most cases, redilation will result in a reduction in regurgitation. Although
valve injury and dislodgement are potential concerns these have not been observed.

SUPRANNULAR POSITIONING
This is the most common positioning error [Figs. 6(B) and 9(B)]. As long as the stent is fixed
in place the major concern is failure of adequate apposition of the fabric cuff in the annulus,
resulting in paravalvular regurgitation. Redilation can be considered; however, if regurgitation
is severe, the only effective option may be to implant a second valve within the first but
positioned slightly lower, so as to extend the fabric seal into the outflow tract. This can be highly
effective.

EMBOLIZATION
Embolization may occur at the time of implantation if the prosthesis is deployed too aortic
such that neither the subvalvular annulus nor the native leaflets provide adequate fixation. Late
embolization has not been observed. The frequency of embolization has fallen dramatically
with improved understanding of positioning and deployment (13).

The embolized valve tends to float in the ascending aorta. Only if the guidewire is pulled
back does the valve flip over and become obstructive. Prompt implantation of an aortic stent may
be necessary to hold the obstructive leaflets open. As long as coaxial position of the guidewire
is obtained the valve is not obstructive and management can be more leisurely and considered.
A valvuloplasty balloon is advanced over the guidewire and inflated to low pressure within the
prosthesis after which both are withdrawn as a unit to a point in the transverse or descending
aorta, where the prosthesis can be overdilated and fixed in place. As long as the fabric cuff
does not overly a sidebranch and aortic atheroembolism does not occur from this maneuver,
the long-term consequences appear relatively benign.

CORONARY OBSTRUCTION
This is a rare complication, occurring in ∼1% of patients (1). A sudden drop in blood pressure
and acute heart failure immediately after stent deployment may be due to acute obstruction of
the left main coronary. This typically occurs when the native left leaflet is sandwiched between
the stent and the left coronary ostium [Fig. 12(A)]. In approximately half of the population, the
length of the left coronary cusp exceeds the distance from the annulus to the ostium of the left
coronary artery (6). Percutaneous coronary intervention with stenting of the left main through
the valve-stent struts has been successful [Fig. 12(B) and 12(C)]. Alternatively, open-heart bypass
surgery might be an option. So far, no data on chronic obstruction of coronary ostia are reported.

SUBANNULAR POSITIONING
With current implantation techniques subannular positioning is uncommon. The first clue to
this is typically fluoroscopic visualization of the stent descending as it slides under the native
leaflets, rather than riding up with them. If the native leaflets extend far above the valve there

Figure 12 (A) Coronary obstruction by the native leaflet sandwiched between the aortic wall and the valve stent.
(B) Stenting of the left coronary ostium through the stent-struts. (C) Final result after stenting.
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may be residual stenosis. If the fabric-sealing skirt does not appose the outflow tract, there
may be paravalvular regurgitation. Modest degrees of either may be tolerated, but on occasion
hemodynamic instability may occur. Immediate implantation of a second valve within the first
but positioned slightly higher may be a very effective option (Fig. 11). If, however, the stent is
so ventricular as to interfere with the mitral valve or ventricular function, surgical removal may
be the only option.

SUMMARY
Implantation of the Edwards SAPIEN valve can be a relatively reliable procedure with excellent
clinical outcomes. Critical assessment and planning, optimal imaging, an experienced team and
attention to detail are the elements of success.
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INTRODUCTION
Conventional aortic valve replacement surgery is a standard and safe procedure for many
patients with symptomatic aortic stenosis. However, in elderly patients suffering from relevant
comorbidities, the operative risk may be increased. Some of these patients are deferred treatment
due to a perceived high risk. New minimally invasive transcatheter techniques aim at reducing
the risk of conventional aortic valve replacement while attempting to keep up with the excellent
outcomes of conventional surgery.

Transapical (TA) aortic valve implantation (AVI) is—besides the transfemoral (TF)
approach—one of these new transcatheter techniques to treat such patients with symptomatic
aortic stenosis who have an increased risk profile. The goal is to treat patients by using a
minimally invasive, off-pump approach. The left ventricular apex is reached through a left
anterolateral mini-thoracotomy for direct antegrade AVI. Feasibility of TA-AVI has been proven
by recent clinical studies (1–3). At present TA-AVI has been performed at more than 50 differ-
ent centers in several countries. As of February 2009, the total number of patients treated by
means of minimally invasive TA-AVI is above 500. The Edwards SAPIEN (Edwards Lifesciences,
Inc., Irvine, California) transcatheter heart valve has been granted CE approval for transapical
implantation using the Ascendra delivery system (Edwards Lifesciences, Inc., Irvine, California).
Another device, the Ventor Embracer (Medtronic Inc., St. Paul, Minnesota) technology, is cur-
rently undergoing an initial feasibility study for transapical implantation. Due to the current
availability of only preliminary results for the Ventor-Medtronic valve, this article will focus
exclusively on the Edwards SAPIEN prosthesis.

PATIENT SCREENING
Patients with symptomatic, severe aortic stenosis (AS), and high surgical risk should be con-
sidered candidates for transcatheter AVI and specifically TA-AVI at present (4,5). High surgical
risk can be defined as a logistic EuroScore calculated risk of mortality ≥ 15%, STS score risk
of mortality ≥ 10% or presence of other comorbidities rendering conventional aortic valve
surgery difficult, such as a porcelain aorta, previous cardiac surgery with presence of patent
grafts or severe adhesions, previous radiation therapy, liver cirrhosis, need to avoid sternotomy
due to patient immobilization, or marked patient frailty. Risk assessment should be performed
individually for each patient with the recognition that risk scoring systems are helpful, but
not completely comprehensive. The logistic EuroScore is known to overestimate the individ-
ual’s risk, therefore a strategy of dividing the logistic EuroScore by three, even though not yet
scientifically tested, may render a good estimate for potential outcome.

Patients who are referred with symptomatic aortic stenosis should be evaluated first
whether they are fit enough to undergo any type of procedure or whether they are moribund,
which may lead to a conclusion that no invasive therapy (besides medical management) should
be performed.

Patients scheduled for TA-AVI should undergo similar screening as all other patients
scheduled for conventional cardiac surgery. This includes standard preoperative testing, partic-
ularly echocardiography to exclude other significant lesions requiring intervention. Concomi-
tant mitral regurgitation is frequently present in elderly patients with severe AS, but should
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Figure 1 Measurement of the aortic annulus by using TEE and of aortic root geometry by using CT.

not be considered as a contraindication to AVI unless it is severe or unless there is structural
disease of the mitral valve leaflets. Carotid ultrasound should be performed to exclude signifi-
cant carotid stenosis and cardiac catheterization to rule out significant coronary artery disease
(CAD). In the presence of relevant CAD, a conventional surgical approach with combined coro-
nary artery bypass grafting and aortic valve replacement should be reconsidered; alternatively
preoperative coronary stent placement followed by TA-AVI or combined MIDCAB plus TA-AVI,
depending on the individual situation, are suitable options.

Delineation of the aortic root geometry is essential before performing TA-AVI. Trans-
esophageal echocardiography (TEE) is the most reliable tool to measure the diameter of the
aortic root (mid-esophageal long-axis view) as well as to evaluate the amount and pattern of
calcification of the native aortic valve cusps (short axis). The diameter of the aortic annulus is
measured, including all cusp calcifications, at mid-systole from the insertion of the right coro-
nary cusp at the junction between interventricular septum, aortic annulus, and aortic root and
the insertion of the noncoronary cusp just opposite at the junction between the anterior mitral
leaflet, aortic annulus, and aortic root (Fig. 1). Three repetitive measurements with midline
imaging of the aortic root should be performed. Three-dimensional TEE may be helpful to be
able to measure in the exact plane to avoid undersizing of the annulus. Valve size selection is
based on TEE measurements and an oversizing of approximately 10% should be performed to
obtain sufficient pressure to anchor the transcatheter valve inside the aortic annulus. To obtain
sufficient oversizing, patients with an aortic annulus diameter ≤ 21 mm usually are scheduled
to receive a 23-mm prosthesis and patients with an aortic annulus diameter between 22 and
24 mm are scheduled to receive a 26-mm prosthesis. A larger 29 mm valve is currently under
development and will allow patients with an annular diameter of up to 27 mm to be treated in
the near future. Some oversizing is essential to avoid severe paravalvular leakage. However, in
presence of a rigid aortic root aggressive oversizing should be avoided.

Aortic root dimensions may also be measured during initial cardiac catheterization, but
this method is not as sensitive as TEE. Computerized tomography (CT) is another method of
determining the width of the aortic annulus and has the added ability of measuring the distance
from the aortic annulus to the coronary ostia (Fig. 1).

Although the right coronary orifice is usually higher than the left and therefore not at
risk of obstruction, the inferior aspect of the left coronary orifice should be 10 to 12 mm from
the aortic annulus especially if heavy eccentric calcification is present in the left cusp. If such a
situation is present, consideration can be given to placement of a guidewire in the left coronary
artery prior to valve deployment.
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HYBRID OR SETUP
TA-AVI should ideally be performed in a hybrid operative theatre. This includes full opera-
tive capabilities including the availability of cardiopulmonary bypass (usually on stand-by)
if required and with laminar air flow for an optimal hygienic standard. In addition optimal
imaging by means of a high-quality fixed fluoroscopic system equivalent to that of a cardiac
catheterization laboratory with a large image intensifier and immediate replay capability is
required. If such a room is not available, it is advisable to convert a large cardiac catheterization
room into an operative setting than vice versa, since AVI is being performed without direct
vision and thus optimal imaging quality is the most crucial factor for success. Optimally, the
imaging arm should come from the right side of the patient to allow maximal access to the
left side for the surgical team. Placement of monitors on both sides of the patient including a
slave monitor on the right side allows for optimal visualization for the whole team. Expertise
in TEE is helpful both for determination of valve positioning and evaluation of postdeploy-
ment ventricular function and possible paravalvular leaks. Besides anesthetist, cardiologist,
and cardiac surgeon further team members should include those with expertise in catheteriza-
tion equipment, a surgical scrub team, and a perfusionist. Future advanced imaging modalities
will revolve around three-dimensional visualization, including online three-dimensional TEE,
and online Dyna-CT to improve the periprocedural visualization of the aortic root anatomy and
dimensions.

OPERATIVE PROCEDURE STEP BY STEP
The TA approach takes advantage of the close proximity of the fifth or sixth intercostal space
and the apex of the left ventricle. By using an anterolateral mini-thoracotomy the apex can be
approached directly. Pursestring sutures are used to secure the apex during antegrade placement
of wires and a delivery sheath. There is no real limitation for sheath diameter and ventricular
function is well preserved after the TA approach (2). Current outcomes are favorable in high-risk,
elderly patients (3). TA-AVI includes several procedural steps as indicated in Table 1.

Table 1 Transapical (TA) Aortic Valve Implantation (AVI): Procedural Steps

Figure

a. Measurement of the aortic annulus by using routine transesophageal
echo (and eventually additional CT scan) to perform valve size
selection.

1

b. Placement of femoral arterial sheath, aortic root pigtail catheter, and
femoral venous wire as a safety net.

2

c. Anterolateral mini-thoracotomy in the sixth/fifth intercostal space to
obtain access to the left ventricular apex, pericardiotomy, and stay
sutures.

2

d. Placement of two pledget reinforced apical pursestring sutures
(Prolene 2–0) and an epicardial pacing wire.

3

e. Preparation of the application catheter and crimping of the valve under
sterile conditions, all steps performed in parallel to the surgical steps.

4

f. Apical puncture followed by antegrade placement of a soft and later on
superstiff guidewire across the stenotic aortic valve and the aortic
arch into the descending aorta.

5

g. Balloon valvuloplasty of the native aortic valve during a brief episode of
rapid ventricular pacing.

6

h. Insertion of the 26-F introducer sheath and positioning of the crimped
valve inside the aortic annulus.

7,8

i. Valve implantation during another short episode of rapid ventricular
pacing.

9

k. Functional control of the implanted aortic valve prosthesis using
transesophageal echo and aortic root angiography.

10

l. Routine closure of the access site.
m. Early extubation of the patient in PACU unit.
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Figure 2 Femoral guidewires (safety net) and lateral minithoracotomy.

The patient is positioned supine with slightly elevated left chest. Femoral vascular access
are placed using a femoral venous wire and an arterial sheath; this allows for fast cannulation
and connection to cardiopulmonary bypass if required (safety net) (Fig. 2). A pigtail catheter is
placed from the femoral arterial sheath into the aortic root for angiography during the procedure.
Heparin is given at a dose of approximately 100 IU/kg aiming at an activated clotting time of
300 seconds.

An anterolateral mini-thoracotomy is performed in the midclavicular line fifth or possibly
sixth intercostal space aiming at a straight approach to the apex (Fig. 2). Usually the direction is
toward the right shoulder of the patient.

After a longitudinal pericardiotomy and stay sutures the apex is exposed, regular ventila-
tion can be maintained and there is no need for double lumen intubation. An epicardial pacing
wire is placed and tested. Two apical pursestring sutures [Prolene 2–0, large (MH) needle with 5
interrupted Teflon pledgets] are placed lateral to the LAD with sufficiently deep bites (approx-
imately 3–5 mm, not penetrating completely) into the myocardium (Fig. 3). The fatty tissue
immediately at the apex is avoided and the sutures are placed slightly more anterior.

In parallel to these surgical steps the application catheter system is prepared, the valve
rinsed (three times for one minute) and then crimped upon the application catheter (Fig. 4).

Figure 3 Left ventricular apical pursestring
sutures (Prolene 2–0) with Teflon reinforcement.
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Figure 4 Crimping of the Edwards SAPIEN valve upon the balloon application catheter.

Care is taken for positioning the valve in the correct antegrade orientation upon the catheter.
Crimping is performed inside the operative theatre under sterile conditions. Training of one of
the team members, for example, the pump technician, is helpful.

Following these preparatory steps the fluoroscopic system is positioned perpendicular to
the annulus, usually this is achieved at angulations between AP and LAO ∼10◦ and cranial ∼10◦
position. Further adjustment can be performed once the crimped valve is at the annular level and
after angiography. All further steps are performed in close cooperation with the anesthetist. Prior
to valvuloplasty completely stable baseline hemodynamics are critical to ensure hemodynamic
stability through the rest of the procedure including the two episodes of rapid ventricular
pacing. Volume loading and low-dose inotropes (usually norepinephrine) may be required to
keep the mean blood pressure above 80 mm Hg.

The apex is punctured and a soft guidewire inserted antegrade across the stenotic aortic
valve, followed by a soft tip 14 F (30-cm long) sheath. A superstiff guidewire (Amplatz superstiff,
260 cm) is then positioned into the descending aorta with the help of a right Judkins catheter
(Fig. 5). This minimizes any manipulation in the aortic arch that might embolize atheromatous
debris. Valvuloplasty is performed using a 20 mm balloon that is filled with 1:4 diluted contrast

Figure 5 Positioning of the guidewire.
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Figure 6 Balloon valvuloplasty of the stenosed aortic valve.

during a brief episode of rapid ventricular pacing (RVP) between 170/min and 220/min (Fig. 6)
(Video 1). RVP is used for temporary cessation of left ventricular ejection. The balloon catheter
is immediately retrieved together with the 14-F sheath and the 26-F transapical delivery sheath
is inserted bluntly (5–6 cm on the external indicators) over the stiff wire and then its introducer
retrieved. The crimped valve is inserted over the wire after checking for proper antegrade
orientation, connected to the sheath with the loader before de-airing the system. The valve is
introduced into the annulus and the pusher retrieved.

Valve positioning is performed under angiographic guidance aiming at implanting one-
third (maximum one-half) of the stent above and the other two-thirds (minimum one-half) below
the level of the aortic annulus (Fig. 7) (Video 2). Once in good position, online fluoroscopic imag-
ing should be performed until valve implantation. Slight axial movement should be counter-
acted. An extra episode of RVP may be required to confirm optimal positioning. Valve orientation
should be in line (coaxial) with the long axis of the ascending aorta and just perpendicular to
the aortic annulus, optimally in the middle of the aortic annulus or more laterally. Adjustments
with the wire may correct for an oblique position of the valve: Pushing the wire slightly inward

Figure 7 Positioning of the crimped Edwards SAPIEN prosthesis in the aortic annulus, approximately one-third
above and two-thirds below.
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Figure 8 Perpendicular orientation of the crimped valve inside the aortic annulus (middle), and oblique orienta-
tions (left and right), depending on the tension on the wire. For further explanation see text.

(thereby producing slack) leads to a more rightward position in the annulus while pulling
back on the wire (thereby tightening it) leads to a more leftward position of the valve in the
aortic annulus (Fig. 8). In addition, inward and outward motions can be performed relatively
easily.

Repeat RVP is used for valve implantation (Fig. 9) (Video 3). To confirm exact valve
position immediately prior to balloon inflation, valve implantation should be performed as
follows: a stable hemodynamic situation should be obtained, optimally aiming at a mean arterial
pressure of 80 mm Hg. Then rapid pacing is initiated. As soon as there is no ventricular output
contrast injection is performed to visualize the aortic root and to confirm the position of the
crimped valve in a subcoronary position inside the aortic annulus. The valve can then be
implanted either by a controlled slightly stepwise balloon inflation or a more rapid inflation
technique to immediately fix the position of the valve in the annulus. After balloon deflation,
rapid pacing is discontinued. This episode should usually take only 10 to 15 seconds and can
be tolerated well by most patients. After deflation the balloon is retrieved and regular cardiac
function usually recovers. Valve function is assessed using TEE and root angiography (Fig. 10)
(Video 4). The wire is retrieved in case of good valve function, the sheath removed and the apex
closed using the pursestring sutures. Repeat dilatation can be useful in individual situations
but should be avoided in others as indicated in Table 2.

Figure 9 Transapical valve implantation by balloon dilatation.
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Figure 10 Angiographic and echocardiographic control after valve implantation showing patent coronary arteries
and good aortic valve function.

At the end of the procedure Protamine is administered and the pericardium is slightly
closed. A pleural chest drain is inserted, the incision controlled for bleeding, local anesthetic
injected, and the chest wall closed in a routine fashion. The patient can undergo early extubation
in the postanesthetic care unit and is transferred to intermediate care afterwards.

POSTOPERATIVE CARE
Postoperative care is important for all patients. The older the patient and the more complex the
comorbidities, the more intense postoperative care needs to be. We usually attempt very early
extubation. Close monitoring of hemodynamic function is mandatory. Renal function requires
special attention because the patients receive contrast agent during the procedures. Aortic valve
implantation using an oversizing technique while leaving the native calcified aortic valve cusps
in situ may be responsible for the occurrence of late AV block in some patients. Therefore close
monitoring for 5 days together with holter ECG has to be recommended. Besides these aspects
patients receiving TA-AVI will require the same type of care as other patients after conventional
aortic valve replacement.

COMPLICATIONS, SOLUTIONS, AND BAIL OUT
TA-AVI is a minimally invasive off-pump procedure that usually proceeds in a straightforward
fashion. However, unpredictable events with serious hemodynamic consequences can occur at
any time.

Hemodynamic compromise may occur after balloon dilatation or after valve insertion,
which may require immediate conversion from the off-pump to an on-pump technique. Can-
nulation for CPB can usually be safely accomplished using the existing femoral access. Further

Table 2 Indications for Postdilatation After Transcatheter AVI of a Balloon
Inflatable Device and Circumstances to Rather Avoid Postdilatation

Consider postdilatation Rather avoid postdilatation

Paravalvular leak Central leak
Regular coronaries Calcium close to coronaries
Stable hemodynamics Unstable hemodynamics

Porcelain aorta
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diagnostic (valve and coronary function) and therapeutic interventions (repeat valve dilatation,
percutaneous transluminal angioplasty (PTCA), etc.) can then be performed.

Details on the optimal straight alignment between the apical sheath, the superstiff
guidewire and the aorta have been previously mentioned. Repositioning may be required in
case of an oblique angle or if the wire is accidentally caught in the mitral valve apparatus. TEE
is helpful for diagnosing this latter problem.

Paravalvular leak usually is minimal when using moderate oversizing of the implanted
valves. It has been infrequently necessary to perform postdilatation of the valve prosthesis
because of a paravalvular leak.

Coronary obstruction is fortunately a rare complication of this procedure. Additional
coronary artery bypass grafting or PTCA plus stent implantation are useful therapeutic options,
depending on the severity of obstruction and the individual situation.

Severe valve dysfunction is uncommon but can occur either due to intrinsic prosthetic
valve leaflet dysfunction or due to low placement of the stented valve, resulting in overhang
of the native leaflet tissue and subsequent insufficient back pressure to close all of the leaflets
during diastole. This problem may be solved by implanting a second valve (partially) inside
the first one (“valve-in-valve” implantation). Valve embolization retrograde into the ventricle
requires conversion to a conventional surgical technique.

Excessive bleeding from the apex is rare after the transapical approach. If it occurs, addi-
tional Teflon-reinforced sutures should be used. Arterial blood pressure should be lowered
during pursestring closure, and can be accomplished pharmacologically or with repeat RVP.

Tear or rupture of the aortic root has been infrequently observed and requires conversion
to a conventional aortic valve replacement with repair of the tear or a complete root replacement
operation.

Excessive motion of the balloon during inflation may occur due to several factors: axial
motion of the heart (usually in patients with a good ejection fraction), a small sinotubular
junction leading to valvular “downshift,” or a prosthetic mitral valve leading to an “upshift.”
These movements of the balloon should be carefully watched for during balloon valvuloplasty.

OVERVIEW OF RESULTS
Current results are highly dependent on patient selection, technical equipment, and center expe-
rience. Patient selection is the most important aspect, especially when comparing the outcomes
of TF versus TA-AVI. However, no randomized clinical trial is available at present. Patient selec-
tion strategies may vary. Some centers apply a “TF-first” strategy; this will definitively lead to
worse outcomes in the TA cohorts, which can be explained by higher patient complexities in
presence of peripheral vascular disease.

Current results indicate that 30-day survival above 90% can be anticipated in high-risk
elderly patients with a logistic EuroScore above 20% with TA-AVI.

The obvious strengths of the TA approach are the avoidance of the femoral arteries as
well as a very low stroke risk due to minimal manipulations in the aortic arch. Therefore this
approach should be chosen in all patients with questionable or borderline femoral access vessels
and in those with severe calcifications of the aorta. As peripheral vascular disease is a major
risk factor in elderly patients this has to be kept in mind whenever comparing transapical to TF
results at any later stage.

Current results of transcatheter aortic valve implantations, by using the retrograde TF or
the antegrade transapical (TA) approach are summarized in Table 3. We all have to keep in
mind that these techniques are relatively new and that further developments such as further
improved imaging and setup, improved team interactions, optimized bail-out procedures, and
further technical developments will occur. This will certainly lead to improved outcomes in the
future. A prospectively randomized trial, however, is required before applying these promising
techniques to younger patients (6).

In summary TA-AVI is a truly minimally invasive procedure that can be performed using
a standardized approach (14). TA-AVI allows for precise beating heart off-pump and thus
minimally invasive aortic valve implantation in high-risk patients at present.
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INTRODUCTION
Complications at the time of transcatheter aortic valve implantation (TAVI) can be classified
as cardiac or noncardiac complications. Furthermore, some of these complications may be or
may not be particular to TAVI such as valve malposition, paravalvular aortic regurgitation,
and coronary obstruction in some cases or vascular access complications, cardiac perfora-
tion/tamponade, respectively. Proper patient selection is essential to maintain a heightened
awareness for possible complications that may occur during particular steps of the procedure.
Operators must have an in-depth knowledge of the implantation technique and be familiar with
techniques and materials required for bail-out procedures. In addition, each hospital should
identify a heart team (specifically, an interventional cardiologist and cardiac surgeon)—this is
crucial for a successful outcome and management of potential complications that may arise
during implantation of the CoreValve ReValving system.

CARDIAC COMPLICATIONS

Valve Malposition
Deployment of the CoreValve prosthesis is performed in a controlled and step-wise manner.
Having said that, valve positioning remains one of the most challenging steps of the procedure—
even after all necessary precautions have been considered, valve malposition may still occur.
Only in rare and extreme instances does malposition actually jeopardize the hemodynamic
status of the patient.

Correct evaluation for the degree of malposition is best evaluated using either trans-
esophageal echocardiogrpahy or contrast angiography. A minimum of 20 mL of contrast media
should be used to best appreciate the position of the prosthesis relative to the “aortic valve
annulus” (i.e., at the level of the basal attachment line of the native aortic valve leaflets).

Normally, the CoreValve prosthesis should be positioned approximately 4 to 8 mm below
the aortic valve annulus.

A “too low” implantation is defined as the distal edge of the valve frame (commonly
referred to as the “inflow” aspect) positioned more than 12 mm below the annulus, into the
left ventricular outflow tract (LVOT). This can be estimated with quantitative angiographic
techniques using a graduated pigtail for calibration or by noting the number of joints or cells
that lie below the aortic valve annulus.

A “too high” implantation is defined as the inflow aspect positioned above the annulus
level.

Low Implantation
Except in cases of severe left ventricular hypertrophy, a low implantation is generally associated
with moderate (grade II) to severe (grades III–IV) degrees of aortic regurgitation (AR) on contrast
aortography. Transesophageal echocardiography can confirm the nature of the regurgitation
(i.e., paravalvular vs. central).

The anecdotal and extremely rare association between moderate to severe mitral regur-
gitation observed by postimplant transesophageal echocardiography and a relatively “low”
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implant is likely related to shifts in hemodynamic parameters (e.g., left ventricular afterload) as
opposed to anatomical considerations such as impingement of the anterior mitral valve leaflet
by the inflow portion of the CoreValve prosthesis.

In the case of too-low positioning associated with significant aortic regurgitation and
hemodynamic instability, the first objective would be to (a) manually reposition the valve by
using a “goose-neck” catheter. If unsuccessful, the second option to consider is (b) implantation
of a second valve inside the first one (i.e., valve-in-valve technique) but positioned slightly
higher.

Primary Recommendation: the “Lasso” Technique
Description of the Lasso technique
The choice of projection on fluoroscopy is crucial and is dictated by the valve frame that should
be aligned as perfectly as possible. In other words, the distal edges of the inflow portion of
the valve should be aligned in one plane. This will provide a reliable reference line when
repositioning the valve.

Advance and position a 0.035 guidewire inside the noncoronary sinus with the use of a 5-F
multipurpose catheter to serve as a landmark for the annulus particularly in cases of poorly or
noncalcified aortic valves. Advance a regular 20 to 35 mm goose-neck catheter alone or through
a 7-F guiding catheter to engage one of the “loops” of the implanted valve. At this stage it is
critical to understand that the success of this maneuver is dependent upon applying torsion to
the frame (“unscrewing the valve”) rather than applying direct axial force (which frequently
results in ejection of the valve into the ascending aorta). It is for this reason that the simultaneous
use of two goose-neck catheters is strongly discouraged.

Note: Success of this maneuver is largely dependent on the relative position of the frame
loops within the patient’s anatomy. Ideal position of the loops is in the anterior and posterior
location on the AP projection (Fig. 1). The worst position is when one loop lies on the external
curve of the ascending aorta (almost unreachable with the goose-neck catheter.) The other loop
is easy to engage with the goose-neck catheter but it is impossible to apply anything other than
axial force to the valve frame (Fig. 2).

Upon loop engagement, apply gentle and slowly increasing torsion/traction to the goose-
neck catheter under constant fluoroscopic guidance. At this intermediate stage, it is not rare
to reach a level of traction where one feels the heartbeat throughout the entire length of the
catheter.

Next, apply quick, short, and intermittent torsion/traction movements to the goose-neck
catheter and gradually increase force until mobilization of the valve in a more satisfactory posi-
tion is achieved. Depending of the degree of visualization of the anatomy under fluoroscopy,

Figure 1 A left anterior oblique projection
demonstrating the loading hooks of CoreValve
in the anterior-posterior orientation. Goose neck
snaring of loading hooks feasible.
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Figure 2 A left anterior oblique projection demon-
strating the loading hooks of the CoreValve along
the short and greater curvature of the ascending
aorta. Goose neck snaring of the loading hooks
more difficult than example in figure 1; especially
the loading hook along the greater curvature which
is likely impossible to grasp with the goose neck
snare.

control angiograms may need to be repeatedly performed at different stages of the process to con-
firm the mobilization of the valve. After confirmation with hemodynamic analysis, angiogram
and TEE, the goose-neck catheter is carefully detached and retrieved (Case 1).

Valve-in-Valve Technique (as an Alternative)
If the previously described technique of repositioning the valve is unsuccessful or is deemed too
dangerous due to an unfavorable position of the loops, the correction of the severe AR can still
be obtained using a second CoreValve implanted inside the first one in a slightly higher position.

Description of the Technique of “Valve-in-Valve”
As with the previous technique, the correct projection is crucial and is dictated by the frame
of the valve that should be aligned as perfectly as possible. Advance the second valve into
the previously implanted valve and calculate the position for implantation with regards to the
patient’s anatomy. Measure the overlap distance of the two valves to better understand the
position of the second valve that will be implanted.

Improving the Accuracy of Implantation
While focusing on the distal (inflow) aspect, release the second valve until it is one-third
deployed. Then focus on the proximal (outflow) aspect of the second valve and determine the
optimal distance between the frame loops of the first and the second valve. Note: It is important
not to focus anymore on the distal aspect (inflow) of the valves, because the “criss-cross”
appearance of the struts will make it difficult to differentiate the individual valve frames.

Once optimal distance between the outflow tips is determined, deploy the remainder
of the valve while strictly maintaining the prescribed distance between the two frames. Note:
Frame loops from individual frames may serve as the most convenient marker.

After complete release of the second valve, it is likely that there will be no significant AR
observed, and as a result, no need for BAV postimplantation. When AR (grade ≥ 2) is observed,
generally when tortuous anatomies challenge the implantation of the second valve, incomplete
expansion and axialization of the second valve’s frame should be questioned and assessed using
control TEE or rotational fluoroscopy. If so, BAV postimplantation should be considered (Case 2).

High Implantation
With the possibility of full valve retrieval up to four-fifths of the deployment process, such a
situation should rarely occur except in cases of technical mistakes during the last steps of the
procedure as the following:

a. Failure to notice incomplete disengagement of both frame loops from the delivery catheter
before withdrawing the catheter.
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b. Failure to manage the distal tip of the delivery catheter (i.e., nose cone) through the prosthesis
after successful valve deployment resulting in tip displacement of the valve frame.

c. Postimplant dilatation without the use of rapid pacing or rapid pacing terminated to early
relative to balloon inflation resulting in ejection of the balloon-valve unit into the ascending
aorta.

Unfortunately, a high implantation does not offer the same attractive options for correction
as a low implantation.

However, it is important to first clearly define the criteria for acceptable parameters despite
a too high implantation. To a certain extent, the sealing effect of the native calcified aortic valve
around the frame (similar to a chimney above the annulus) can make a too high implantation
perfectly compatible with a good result with none to mild or moderate AR (Case 3).

The control angiogram and the hemodynamic analysis provide the criteria for an accept-
able result:

1. AR grade ≤ 2
2. No ventricular–aortic gradient
3. No coronary occlusion

The last criteria, being the most important to analyze, may require additional aortograms
in different projections or/and eventually selective catheterization of the coronary ostia to
ensure coronary flow.

This also highlights the importance of evaluating a “high implantation” option in the
prescreening analysis of a patient for TAVI, specifically with regard to a CoreValve implantation.

In cases where valve implantation is definitively too high and incompatible with an
acceptable result, the valve can be repositioned into the ascending aorta. (Note: Despite the
fact that valve retrieval from ascending to descending aorta has been accomplished with the
use of two goose-neck catheters resulting ultimately in possible full valve retrieval through
the 18-F introducer sheath, such a maneuver is strongly discouraged due to the high probability
of atherosclerotic plaque dislodgement or aortic dissection.) The primary goal is to ensure a
safe area for the implantation of a second valve. As a result, repositioning of the first implanted
valve high in the ascending aorta must be accomplished to avoid jeopardizing the functioning
of the second valve by the following:

a. Severely restricting second valve expansion.
b. Potentially compromising coronary arterial flow by creation of a long skirt as a potential

consequence of two valves placed in continuation.

Because the CoreValve prosthesis measures approximately 50 to 53 mm in height depend-
ing on valve size, a safe distance of >50 mm above the annulus level is therefore optimal.

Note: The Lasso technique for frame loop engagement for higher repositioning of the
valve has been previously described. In small anatomies, this technique may not be feasible
due to lack of space in the ascending aorta that can nullify any axial force exerted through
the frame loop. In such a case, the goose-neck catheter can be advanced through the struts of
the frame toward the inflow aspect, and “hooking” at that point. This allows for effective
retrieval of the valve when pulling on the goose-neck catheter (Case 4).

Next, and again for additional safety, the first valve should be secured in the correct
position high in the ascending aorta with the use of the goose-neck catheter when a second
valve is advanced through the first valve. This is critical to avoid mobilization of the first valve
at the time of crossing. As a result, if a safe distance of >50 mm between the two valves has been
obtained, the result of the second implantation should not bear any risk of coronary ischemia
or mid- to long-term malfunction of the implanted valve as previously described when this
technique is not applied.

In rare cases where the valve cannot be retrieved with the Lasso technique, open surgical
removal of the fully deployed prosthesis is required. If coronary flow is compromised by
the tissue frame of the valve, cardiocirculatory bypass should be instituted prior to opening
the chest, to ensure adequate perfusion pressure in case of myocardial ischemia. For this, the
femoral vessels are cannulated in Seldinger technique. In all other cases the chest is opened
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through a partial or full sternotomy and cardiopulmonary bypass with moderate hypothermia
at 32◦C is instituted by cannulating the aorta and the right atrium in standard fashion. The aorta
is clamped, cardioplegia instituted and the vessel incised transversely. Note that the stent frame
of the prosthesis may be directly underneath the incision, so that in cases of a fairly large aorta,
a longitudinal, “hockey stick” incision may also be considered. The supra-annually positioned
prosthesis can usually easily be retracted without applying any force. Retraction of the valve
is even facilitated by rinsing the valve frame with ice-cold water. Special care must be taken if
prior maneuvers with the Lasso technique have led to multiple piercing of the stent frame into
the adventitia. To avoid further injury to the aortic wall in these cases it may be necessary to cut
the outflow aspect of the stent frame with wire-cutting pliers. But even when utmost caution
is applied, ascending aortic replacement may in rare cases be required, especially in patients
with small aortic anatomy and a thin walled aorta. After removal of the malpositioned valve
standard aortic valve replacement is performed.

In patients with a “porcelain” aorta, open retrieval of the valve may be an unsurmountable
challenge, because the aorta cannot be clamped. The only safe option to manage these cases
is the anastomosis of a Dacron prosthesis to the proximal aortic arch during a short period of
hypothermic cardiocirculatory arrest at 24◦C. The Dacron prosthesis can then be clamped and
the proximal part of the aorta including the valve is replaced. However, this approach bares an
extremely high risk for major brain injury or multiorgan failure in the very old and considerably
sick patients, so that the decision has to be carefully balanced.

The rare requirement of an open surgical retrieval of a malpositioned valve prosthesis
underlines the exigence of a multidisciplinary implantation team of cardiologists, cardiac sur-
geons, and anesthesiologists. Furthermore, it underlines the common claim of the societies of
the respective medical specialties that a “hybrid OR” is the ideal place for these procedures to
allow for immediate intervention.

Paravalvular Regurgitation
Excluded from the discussion here is the management of paravalvular regurgitation in associa-
tion with a too low implantation of the valve, and centrovalvular regurgitation, which represents
a different situation, since it may result from technical mistakes at the time of loading of the
valve or from inadequate postimplantation BAV. We will discuss only the management of grade
≥ 2 AR following correct implantation of the valve.

Albeit not a true complication, AR grade ≥ 2 on control angiogram or TEE is not rare
(>20% of overall cases). This can occur for the following reasons:

a. Low implantation of the valve
b. Underexpansion of the frame in severely calcified aortic valve.
c. Underevaluation of annulus measurement

Before all, it is important to remember the following:
Due to the self-expandable nature of the frame (Nitinol), there is continual frame expan-

sion after implantation and consequently a remodeling of the annulus and the native valve
may take place. As a result, in numerous occasions where prolonged time has elapsed between
the first control angiogram immediately following valve implantation and a later control aor-
togram taken at the end of the procedure, a distinct decrease in the degree of AR is observed,
which validates the concept of remodeling of the anatomy after implantation of the CoreValve
prosthesis.

Severity of the AR on aortogram should be evaluated carefully following minimum basic
rules that include

a. a minimum of 20 mL of contrast media injection,
b. RAO projection, and
c. position of the pigtail catheter slightly above the functioning portion of the implanted valve

for the angiogram to minimize the risk of underevaluation of the AR.

But, despite adherence to those rules, different parameters can influence the degree of AR
as blood pressure, heart rate, left ventricular dysfunction bearing the risk of underestimating the
severity of the regurgitation at the time of implantation and having to face, later at follow-up,
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under different hemodynamic conditions a more severe AR. Also, the experience with TAVI
does not differ from BAV in aortic valve disease where grade III AR could be well tolerated in
presence of left ventricular hypertrophy and grade II AR not tolerated in presence of a poor left
ventricular function. Therefore, it is recommended to add to the evaluation of the severity of
AR provided by TEE and aortogram, a hemodynamic analysis to evaluate the tolerance of AR.

As a result, one should always measure left ventricular and aortic pressures before and
after valve implantation to better define the strategy when facing AR grade ≥ 2 post CoreValve
implantation. Simple criteria can be proposed to establish the potentially bad hemodynamic
tolerance of AR grade ≥ 2 after valve implantation that should lead to discuss BAV:

a. ≥ 10 mm Hg elevation of the left ventricular end-diastolic pressure above the value prior to
the implantation, or an absolute value above 25 mm Hg.

b. ≥ 10 mm Hg decrease of the diastolic pressure below the value prior to the implantation for
a similar systolic pressure or an absolute diastolic pressure value below 50 mm Hg.

c. No “dicrotic notch” on the aortic pressure tracing.
d. Tachycardia.

The decision to perform BAV after CoreValve implantation should always be evaluated
carefully in regard to the potential consequences of BAV, such as dislodgement of the valve
and structural damage to the valve tissue, which may not become evident before mid- or even
long-term follow-up. Although to date, nothing is known about the effect of BAV on long-term
durability of the valve, a conservative approach is mandatory.

Pericardial Effusion/Pericardial Tamponade
The causes of pericardial effusion are multifactorial. It is important to note that an effusion can
occur promptly during valve implantation, but also delayed. The source of bleeding can be
the right or left ventricle (LV), or the aortic root. Injury of the right ventricle may result from
perforation of the transient pacemaker wire. Injury of the LV may result from perforation of the
stiff guidewire (Amplatz Superstiff ST1), or of the catheters (Amplatz, Judkins right) after valve
passage. Aortic root rupture may occur after balloon valvuloplasty or after valve implantation,
especially in elderly women with fragile tissue where bulky calcifications can perforate the
aortic root.

Some preventive strategies can help to avoid those injuries. The aortic valve passage
and insertion of potentially traumatizing catheters (Amplatz/Judkins) into the LV should be
performed via regular guidewires and favor the use of 5 F rather than 6-F catheters. The sole
use of guidewires with a soft tip (Amplatz Superstiff) is paramount for valvuloplasty balloon
and delivery catheter guidance. The guidewire should additionally be curved manually prior
to insertion into the LV. A correct position of the guide wire within the LV is crucial. The tip
should be nonattached to the ventricular wall, and the curve of the wire should line the septum
and apex within the cavity of the LV. In case of a nonoptimal guidewire position, it is strongly
recommended to reposition the wire only through a pigtail catheter. Extreme care should be
given when severe circumferential left ventricular hypertrophy with small ventricular cavity, at
risk for such complication. As a rule, the advancement and deployment of the preshaped extra-
stiff guidewire into the left ventricular cavity should always be realized in a RAO projection
to optimize visualization of the left ventricular cavity by using a pigtail catheter. To prevent
aortic root rupture, meticulous annulus measurements should be performed by computed
tomography, transthoracic echocardiography, and transesophageal echocardiography to avoid
oversizing of the balloon or prosthesis.

In the following, an algorithm is described for the management of pericardial effusion. As
standard of care, all patients should undergo echocardiographic control for the identification of
pericardial effusion at the end of the implantation procedure. Small effusions <10 mm without
hemodynamic impairment are monitored echocardiographically at close intervals. Patients with
rapidly increasing effusions and with effusions with hemodynamic impairment (CVP increase,
blood pressure decrease, tachycardia) undergo pericardial puncture (Case 5). If no improvement
of the symptoms is achieved, an emergent surgical sternotomy is performed.

Herein, we describe the technique for pericardial puncture, which can be performed in
the ICU or in the OR. A 16 to 18 gauge cannula is inserted 2 cm caudally and leftward of the



c20 IHBK048-Serruys October 23, 2009 11:27 Char Count=

224 LABORDE ET AL.

xiphoid process toward the left shoulder. At a distance of 5- to 8 cm the effusion can usually
be aspirated. After insertion of a guidewire, the cannula is removed, and the punctuation site
is dilated with a 6 to 8 F sheath. Finally, a pigtail catheter is inserted into the pericardium and
the effusion is aspirated. Pericardial puncture should be performed under echocardiographic
monitoring to verify correct placement of the catheter in the pericardium. The pigtail catheter
is left in place for at least 24 hours.

Low Cardiac Output—Cardiogenic Shock
Intraprocedural circulatory depression may occur in up to 20% of the patients during implan-
tation. Predisposing factors are impaired left ventricular function, severe left ventricular hyper-
trophy, or severe pulmonary hypertension. Cardiac depression with low cardiac output may
occur during periods of rapid pacing and may be the consequence of inadequate coronary
perfusion due to low intra-aortic pressure. Coronary perfusion may also be impaired when the
remaining aortic valve orifice is partially or completely occluded during the placement of the
catheter-mounted valve. Another reason for cardiac depression may be the sudden onset of
severe bradycardia or third-degree AV block following balloon dilatation of the aortic valve or
deployment of the valve prostheses. Furthermore, obstruction of coronary ostia or severe aortic
regurgitation after balloon dilatation or after the deployment of the valve prosthesis may also
cause severe cardiac depression.

The most important measure to avoid cardiac depression during implantation is to wait
for the restoration of a stable arterial blood pressure after an episode of rapid ventricular pacing
before instituting another period of stimulation or before proceeding with the implantation. In
this respect a close communication between the anesthesiologists and the implantation team is
absolutely mandatory. In cases of bradycardia or sudden onset of third-degree AV block ventric-
ular pacing may quickly improve the circulatory condition. In other cases, if mild hypertension
does not resolve spontaneously it may easily be treated with bolus injections of catecholamines
or a continuous infusion of low dose dopamine or dobutamine. In cases of a more severe
blood pressure drop therapy should be instituted according to the systemic vascular resistance
after the cardiac output measurement. If the resistance is normal, a continuous infusion of 5 to
10 �g/kg/min may restore adequate circulation, or if the resistance is low, 0.05 to 0.1 �g/kg/min
of Norepinephrine. In cases of persisting low cardiac output a combination of Milrinone or Lev-
osimendan together with epinephrine is recommended. Intraprocedural ventricular fibrillation
(VF) is treated by electrical conversion followed by cardiopulmonary resuscitation. In those
cases, usually bolus doses of epinephrine are applied to restore adequate cardiac output. If
those measures do not help to restore the circulation, emergency institution of extracorporeal
circulation is the only safe rescue therapy. The heart lung machine is connected to the circula-
tion by cannulating the femoral artery and vein. In some centres wires are already placed in
those two vessels as a safety measure prior to the implantation. In the few cases where we had
to install normothermic extracorporeal circulation, the heart recovered amazingly quickly and
every patient could be weaned from bypass in 20 to 30 minutes. In those cases the implantation
of the valve should be continued during extracorporeal circulation, so that the patient is weaned
with the valve prostheses already in place.

When the blood pressure drops after the beginning of the deployment of the valve, the
procedure should be carried on promptly and cautiously, until the valve leaflets are deployed.
After that, control of positioning and paravalvular leakage can be performed safely using TEE or
fluoroscopy, even if the valve is not yet fully deployed, thus leaving the possibility to reposition
the valve manually, if needed.

Coronary Obstruction
Coronary obstruction during implantation is a rare entity, occurring in about 2% of the patients.
The reasons for this potentially catastrophic event include (a) displacement of calcium deposits
or large native aortic valve leaflets in front of the coronary ostia during valve deployment;
(b) embolization of calcium debris into one of the coronary arteries; (c) aortic dissection with
continuity of the rupture into the intima of one of the coronary ostia with resultant obstruction;
(d) a valve prosthesis that is implanted too high may also impair coronary flow. The first reason
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described may be more frequent in the setting of a low-lying coronary artery. In addition,
coronary air embolism can lead to myocardial ischemia.

The first clinical sign of coronary obstruction is usually ST segment elevation in the
EKG recording, or rhythm disturbances such as sudden third-degree AV block or VF. In those
cases usually severe cardiac depression ensues and the patient may go into cardiogenic shock. In
doubt of coronary obstruction, a bolus angiogram of the aortic root may reveal which coronary is
concerned. After that, selective intubation of the coronary ensues, followed by balloon dilatation
or stenting of the coronary ostium. If the valve is implanted too high and coronary flow is
impaired by the skirt of the valve, the prostheses must be immediately retracted into the
ascending aorta to relieve the obstruction. In the majority of these cases of coronary obstruction,
emergency cardiopulmonary bypass will have to be instituted. If interventional measures fail
to reconstitute coronary flow, emergent coronary artery bypass grafting or open removal of a
malpositioned valve prosthesis is required.

Conduction Abnormalities
Considering the anatomic proximity of the conduction system to the aortic valve, it is not
surprising that conduction abnormalities such as AV block or bundle branch block are known
complication of TAVI even in the absence of surgical excision of valve or annulus tissue. The
requirement for permanent pacing has been described to be necessary in up to 20% of the
patients. The occurrence of new-onset left bundle branch block (LBBB) during the procedure
may occur in up to 40% of patients.

Possible explanations include transient periprocedural inflammation, edema, and
mechanical stress due to balloon or stent trauma or myocardial necrosis in the basal interventric-
ular septum due to ischemia. In addition, this population of elderly patients, all with underlying
organic heart disease frequently exhibit pre-existing conduction abnormalities, which are known
to be associated with aortic stenosis.

There are no definitely known risk factors for the occurrence of peri- and post-procedural
complete heart block, but the occurrence of intraprocedural complete heart block, even when
it is transient, and the presence of right bundle branch block seem to be predisposing factors.
In addition, relatively low positioning of the valve within the left ventricular outflow tract and
efforts to oversize the implanted prosthesis to securely fix it within the aortic annulus and thus
minimize paravalvular regurgitation might play a role.

Prior to the implantation procedure, conduction abnormalities should be thoroughly doc-
umented by a 12-lead ECG to diagnose preexisting AV block or left and right bundle branch
block. Intra- and postprocedural monitoring with a 3-lead rhythm strip has to be done contin-
uously up to five days after the procedure, because there have been case reports describing the
late occurrence of complete heart block after TAVI. Other preexisting episodes of bradycardia
such as sinus node disease or symptomatic bradyarrhythmia may have been undetected in some
patients before the procedure and are unrelated to TAVI. If there is an indication for a pacemaker
implantation postoperatively, it is important to distinguish between a new-onset high-grade AV
block, which may be related to TAVI and other preexisting bradycardias unrelated to TAVI.

A new-onset LBBB is not an indication for the implantation of a permanent pacemaker.
The clinical implications of new-onset LBBB are currently unknown but its occurrence after
surgical aortic valve replacement is associated with 1-year mortality. The avoidance of a too deep
implantation of the prosthesis might help to prevent the occurrence of high-grade AV block.
Adequate sizing of the balloon and valve are mandatory to avoid serious complications such
as valve migration or severe paravalvular leak. As with the use of relatively larger valve sizes
the risk of damage to the conduction system due to balloon and frame trauma might be higher,
the balance between the anticipated complications has to be considered carefully. Whether
immediate pacemaker implantation without further hesitation even in cases of intermittent AV
block might be called a somewhat liberal indication, is the subject of ongoing debate. In our
opinion, in this population of elderly patients, all with underlying organic heart disease, we opt
for patients’ safety.
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Rhythm Disturbances
Patients scheduled for TAVI are considered to be a high-risk population with multiple comor-
bidities such as left ventricular dysfunction and concomitant valve disease in up to one-fifth of
patients, coronary artery disease in one-half, and atrial fibrillation in one-third.

Atrial Fibrillation
Atrial fibrillation (AF) is known to increase the risk of stroke, a fact that makes it difficult to
distinguish between TAVI-related cerebrovascular accident (CVA) and thromboembolic stroke
due to AF. Keeping the higher stroke risk in mind, specific attention should be paid to the
anticoagulation management with Coumadin and the recommended antiplatelet therapy. So
far, there are no data concerning the optimal combination or duration of antiplatelet therapy
and anticoagulation after the implantation of a catheter-based aortic bioprosthesis especially in a
population with a high risk of major bleeding events. When there is an indication for Coumadin
therapy after TAVI, we start Coumadin after being sure that no bleeding complications have
occurred (that are, for example, pericardial tamponade, bleeding at the vascular access site,
etc.), having given the antiplatelet loading dose before the intervention as appropriate. We only
use Aspirin in combination with Coumadin in patients with an indication for anticoagulation
therapy, because we consider the risk of Coumadin therapy combined with a dual antiplatelet
therapy to be too high.

Ventricular Tachycardia and Ventricular Fibrillation
Considering the incidence of left ventricular dysfunction in these patients and significant coro-
nary artery disease, spontaneous and sustained ventricular tachycardia (VT) and VF occur
rather seldom during TAVI procedures (1–2%). Short self-limited VT is common, especially
when manipulating the guidewire loop within the LV. Sustained VT or even VF can follow the
iatrogenic VT induced by rapid ventricular pacing, in particular, in patients with preoperatively
compromised left ventricular function. Of course, VT or VF can always be indicative of severe
coronary ischemia during the intervention.

Patients with a previous implantation of a cardioverter defibrillator (ICD) should have
the antitachycardic algorithms turned off during the intervention in order not to interfere with
the episodes of rapid ventricular pacing.

NONCARDIAC COMPLICATIONS

Vascular Complications

Aortic Dissection
Injury to the aortic wall is a rare complication of TAVI observed in 0.2% of the procedures. It can
take different occurrences such as aortic hematoma, and Type A or B aortic dissection. Usually
only Type A dissection jeopardizes patient survival.

Aortic hematoma is a frightening complication when it occurs but can be safely managed
using a percutaneous technique. This complication relates to manipulation of the 18-F introducer
sheath into the ascending aorta either from a femoral approach using an 80 cm long introducer
sheath (Case 6) or the subclavian access.

Description of the Technique
After visualization of the aortic wall hematoma on contrast aortography, the extension of the
dissection distal to the ascending aorta (to discriminate from Type A dissection) should be
evaluated by control angiogram by using a 5-F pigtail catheter positioned higher in the ascending
aorta or the TEE. Then the pigtail catheter is carefully re-advanced forward under fluoroscopy
guidance and control of the aortic pressure monitoring to the native aortic valve by using
rotational maneuvers to avoid re-entry in the false lumen. After control angiogram of the
correct position in the true lumen, the valve is crossed using a regular 0.035 straight guidewire
through the pigtail catheter then the 0.035 preshaped stiff guidewire (Amplatz stiff) is positioned
in the LV. Control aortogram during valve implantation is performed through a pigtail catheter
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positioned into the noncoronary sinus by using similar technique of progression of the pigtail
catheter to avoid the entry into the false lumen.

Type A dissection is a most dramatic complication, and considering the type of patients
treated today with TAVI, the decision to operate in those elderly patients with severe comorbid
conditions is not to be taken lightly. However, since the extent of the aortic dissection and thus,
the complexity of the surgical revision can rarely be judged from the medical images alone,
an immediate thoracotomy with surgical revision will be mandatory in the majority of the
patients.

Type B dissection tends to be managed medically unless complications develop.

Iliac Ruptures and Retroperitoneal Bleeding
With the decreased size of the introducer sheaths required for CoreValve implantation and
careful respect of the basic rules for the femoral approach, it became also a rare complication
occurring in less than 2% of the procedures. Whatever the reason for the vessel perforation
might be (balloon angioplasty or 18-F introducer advancement in calcified iliac arteries), the
most important is the immediate recognition of the complication to stop the internal bleeding
before severe hemodynamic consequences ensue. Then depending on the location and severity
of the arterial perforation, different options can be discussed. Again, shared experience and
judgments of cardiologists and cardiovascular surgeons working together provide a better
option for the patient. Without defining strict rules, the following attitudes have prevailed in
the following situations.

In case of iliac perforation following peripheral angioplasty balloon dilatation (PTA) of
the iliac artery performed before valve implantation to allow the way for the 18F introducer
to progress, hemostasis is easily obtained using inflation of the PTA balloon at low pressure at
the level of the arterial rupture. A covered stent (size beyond the length of the previous PTA
balloon) is then prepared and, except when the control angiogram shows effective sealing of the
arterial perforation after prolonged balloon inflation, BP is deeply lowered and the covered stent
advanced and expanded at the level of the arterial rupture. Except when the valve prosthesis is
already off the glutaraldehyde solution, the valve implantation procedure should be aborted.
Otherwise, another access may be discussed (Case 7).

In case of external iliac perforation revealed after withdrawal of the 18-F introducer,
hemostasis is obtained using advancement of the 18-F dilator with the guidewire left in place
or with the use of a peripheral balloon catheter positioned higher into the common iliac artery
from the same or contralateral access side. Then, as previously described, a covered stent is
prepared and expanded. In such instances, the stent should insure extensive covering of the
external iliac artery from 2 cm above the location of the arterial rupture to the ilio-femoral
junction. Preferably a self-expandable covered stent is used and expanded at the same time
when the 18-F introducer is slowly retrieved. To conclude, in all difficult femoral accesses,
slowly withdrawal of the 18-F introducer under fluoroscopy and repeat control angiograms
using contrast injection through the 18-F introducer with a guidewire into the iliac vessel is
recommended.

In case of femoral bleeding or retroperitoneal bleeding revealed after the withdrawal of
the 18-F introducer at the end of the procedure, hemostasis is generally obtained with manual
compression of the femoral access. Correction of the arterial perforation can be obtained using
the different options in order of complexity:

Prolonged Manual Compression and Protamine Injection
Prolonged inflation of a peripheral angioplasty balloon at low pressure eventually prolonged
by covered stent implantation advanced from the contralateral femoral side in cases of too high
puncture (Case 8).

Surgical Revision
Differences in treatment strategies may reflect differences in the expertise of heart teams.
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Occlusion of the Femoral Artery Vessel
Severe residual obstruction or complete occlusion of the femoral access on final control
angiogram occurs in around 5% of the procedures with femoral access. The correction of this
complication can be obtained using prolonged inflation of a peripheral angioplasty balloon at
low pressure (Case 9).

Surgical Revision
Peripheral Embolization
In the absence of systematic control angiogram of the peripheral vasculature after TAVI, the rate
is unknown. The management is not specific to TAVI.

CONCLUSION
Only increasing knowledge and future efforts to develop measures to decrease the compli-
cations rate will ensure the future for a safe and effective procedure for patients—this is the
responsibility of the heart team.
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Transcatheter Aortic Valve Implantation
with the Balloon-Expandable Edwards System
Jean-Bernard Masson and John G. Webb
St. Paul’s Hospital, University of British Columbia, Vancouver, British Columbia, Canada

INTRODUCTION
Transfemoral approach to the aortic valve can be accomplished with antegrade transvenous or
retrograde transarterial access. Although transcatheter aortic valve replacement was initially
performed through the venous route (1), this approach has been supplanted by the more repro-
ducible transarterial (2), or transapical approaches (3). This chapter will focus on the avoidance
and management of complications that may occur during or immediately after a retrograde
transarterial procedure using the balloon-expandable Edwards valve (Edwards Lifesciences,
Inc., Irvine, California).

Transarterial implantation of the Edwards SAPIEN and CoreValve self-expandable valves
shares many similarities and therefore many potential adverse events. However there are some
specificities to the Edwards system that need to be acknowledged, namely a shorter valve
design, a larger delivery system and obviously, balloon expansion. These features may either
be an advantage or a disadvantage with respect to potential complications. Throughout this
chapter, challenges specific to the Edwards system are emphasized. Complications related to
the transapical access route will not be discussed in this chapter.

Complications range from relatively minor to potentially fatal adverse events. Awareness
of potential problems and timely response can sometimes be the difference between success-
ful and unsuccessful outcome. To date, several thousands of Cribier–Edwards and Edwards
SAPIEN valve implants have been performed, however only a few single-center and multi-
centers registries are available, generally with less than 100 patients per publication. Therefore
precise evaluation of the incidence of most complications is yet premature and numbers cited
in this chapter should be interpreted cautiously.

VASCULAR COMPLICATIONS

Arterial Injury
The current 23- and 26-mm Edwards SAPIEN valves are delivered through 22- and 24-F sheaths
respectively, equivalent to 8 and 9 mm in outer diameter. Although delivery systems will likely
become smaller in the near future, the large diameter of the current system is a potential
source of arterial injury. Careful patient screening with ilio-femoral angiography and computed
tomographic angiography (CTA) may be the most effective tool to protect patients from arterial
injury. Small ilio-femoral arteries or stenosis, tortuosities, and calcification are risk factors for
vascular complications. The combination of circumferential calcification and a small lumen area
strongly argues against the transarterial approach.

It is important to ensure puncture of the common femoral artery, particularly if percu-
taneous arterial closure is planned. Fluoroscopy-assisted needle entry over the femoral head
will generally be sufficiently low as to avoid retroperitoneal bleeding and sufficiently high as to
avoid injury to the femoral bifurcation. Sonography may be more accurate and may also iden-
tify areas of calcification or atheroma that would be best avoided. Angiography or placement
of a target catheter from the contralateral leg may also be helpful [Fig. 1(A) and (B)]. Use of a
small diameter needle or sheath may allow repeated puncture if needed. Suitability of femoral
puncture site for percutaneous closure can be confirmed with injection of contrast through the
femoral sheath.
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Figure 1 Percutaneous access and closure. (A) Placement of a pigtail catheter to select puncture site and (B)
serve as target for needle insertion. (C) Failed attempt at preclosure of the femoral artery. The Prostar XL needles
failed to go through the calcified artery.

No percutaneous closure device specifically intended for closure after placement of large
diameter sheaths is currently available. However, “preclosure” with either 1 or 2 Prostar XL 10-F
devices or 2 or 3 ProGlide devices (Abbott Vascular Inc., Santa Clara, California) are commonly
used with success. Extensive femoral calcification or obesity increases the risk of device failure
[Fig. 1(C)]. 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.

Traumatic puncture or sheath insertion may result in arterial injury ranging from minor
bleeding to dissection or rupture. Femoral and iliac dissections are often best managed with
careful observation but extensive or flow limiting dissection may require stenting or surgical
repair. In contrast arterial perforation may result in rapid bleeding and requires immediate
control. Unexplained hypotension during or shortly after sheath placement should prompt
evaluation for bleeding. However, most often ilio-femoral perforation becomes apparent at
the time of sheath removal as evidenced by sudden hypotension. Reinsertion of the sheath,
volume expansion, and placement of a dedicated occlusion balloon proximal to the perforation
typically provides temporary hemostasis and hemodynamic stability while the bleeding site is
appropriately managed (4) (Fig. 2, Video 1). Most cases of vessel perforation can be sealed with
a covered stent. In some cases, however, surgical repair may be necessary.

Figure 2 Arterial injury. (A) Iliac rupture demonstrated by ipsilateral injection while an occlusion balloon (Coda
Occlusion Balloon Catheter, Cook Medical, Bloomington, IN, USA) is inflated in the distal aorta. (B) Retrograde
deployment of a self-expandable Fluency covered stent (C) effectively sealing the bleeding site.
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Avulsion of the iliac or femoral artery can occur when the arterial wall becomes adher-
ent to a large, occlusive sheath. This should be suspected when marked resistance to sheath
withdrawal is encountered. In such cases, preemptive placement of an occlusion balloon in the
distal abdominal aorta can prevent massive bleeding. Angiography during sheath removal can
be helpful, providing early detection with contrast injections either through the large sheath
itself or with a catheter advanced from the contralateral leg and positioned in the common iliac.
The likelihood of vessel adherence may be reduced with periodic rotation of the sheath and
early sheath removal.

In the very early TAVI experience, major vascular complications were very common,
running 5% to 10% (5). However, the risk of vascular complications continues to fall dramatically
largely as a result of screening and careful attention to patient selection.

Aortic Injury
Injury to the aorta may occur due to mechanical trauma during sheath insertion, catheter
manipulation, or balloon dilation (6). Aortic dissection, given comorbidities in these patients,
is often best managed conservatively. Rarely, however, aortic stenting or surgical management
may be necessary. In contrast, perforation may result in hemodynamic collapse. Rapid placement
of a compliant occlusion balloon may allow stabilization and controlled management with an
endograft or surgery.

Stroke
Atheroembolism from the aortic arch may be the most frequent cause of stroke following
transarterial TAVI. Screening for mobile atheroma within the aorta with CTA or TEE may
identify patients at higher risk for stroke. Deflection of the steerable catheter tip to avoid
resistance and gentle manipulation of the delivery catheter through the aortic arch and across
the stenotic valve probably can help reduce the risk of stroke. Hopefully, improvement in
catheter technology will bring smaller delivery catheters with nontraumatic tips, which will
lessen the risk further. Embolic protection devices to protect the arch vessels from embolization
are currently under development.

Other potential causes for stroke include embolization of calcific material from the aortic
valve during valvuloplasty or valve deployment, prolonged or marked hypotension particu-
larly in the presence of cerebrovascular disease, thromboembolism from wires or catheters, and,
rarely, dissection of an arch vessel (7). Avoidance of unnecessary or overaggressive valve dila-
tion, timely management of hypotension with vasoactive agents, and adequate anticoagulation
are strongly recommended.

In the largest series published to date, the stroke rate with transarterial aortic valve
implantation using the balloon-expandable Edwards system was 5.3% (n = 114) (8). Combined
data from REVIVAL II and REVIVE II suggest a similar incidence (6.3%; n = 161) of neuro-
logical events (unpublished data). A lower stroke rate associated with a transapical access has
been suggested by several reports (6,9). Transcatheter valve implantation remains an immature
technique that currently uses first- and second-generation devices. While unlikely to be com-
pletely eliminated from this procedure, stroke risk is expected to fall as technology matures and
operators gain experience.

MALPLACEMENT AND EMBOLIZATION

Malplacement
Optimal results are obtained with full coverage of the aortic leaflets, secure anchoring at and
below the level of the leaflets, and avoidance of unnecessary contact with surrounding struc-
tures. Proper position prior to inflation is typically guided by fluoroscopic recognition of calcific
landmarks, aortography, and echocardiography. Using a fluoroscopic angulation perpendicular
to the valve plane will provide more reliable placement whereas a non-coaxial position prior to
inflation makes correct positioning more challenging (Fig. 3). During transarterial deployment,
the Edwards SAPIEN valve typically moves 1 to 2 mm in the direction of the aorta. Conse-
quently, optimal positioning requires that, prior to balloon inflation, approximately two-thirds
of the stent is positioned below the plane of leaflet insertion. At the same time, the prosthesis
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Figure 3 Choosing an angulation perpendicular to the valve plane makes positioning easier. (A) The aortic
cusps are perfectly aligned on a single plane. (B) Deployment in the same angulation as (A). (C) The aortic cusps
are not aligned on a single plane. (D) Deployment in the same angulation as (C).

needs to be positioned sufficiently high so that the tip of the native valve leaflets will be con-
strained by the frame. In some cases, anatomical considerations may make it difficult to fully
satisfy both requirements. Deployment is generally performed during rapid right ventricular
pacing. Reliable capture and loss of pulsatile flow is mandatory to avoid expulsion of the inflated
balloon (and valve) toward the aorta. Balloon inflation and deflation must be rapid and pacing
must continue until the balloon is fully deflated. Details of valve positioning and deployment
are discussed elsewhere.

A prosthesis positioned too low (toward the ventricle) can be associated with residual
aortic stenosis if the native leaflets are not held open or problematic paravalvular regurgitation
if the sealing cuff is not fully apposed to the left ventricular outflow tract. Placement of a second
overlapping prosthesis more completely covering the native leaflets and extending the sealing
cuff will generally resolve this problem. A valve positioned even lower into the ventricle may
interfere with the mitral valve or left ventricular function and would likely require surgical
removal.

A prosthesis positioned too high (toward the aorta) may be also be associated with par-
avalvular regurgitation due to inadequate apposition of the sealing cuff. If deployed so high
that tissue fixation is not achieved embolization may occur.

Embolization
Embolization of the prosthesis to the aorta does not cause hemodynamic compromise so long
as the prosthesis is maintained oriented so as not to obstruct flow. Should the valve become
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Figure 4 Embolization secondary due premature discontinuation of burst pacing (A) Wire position across the
embolized valve holds it in correct orientation. (B) A semi-inflated balloon is used to pull the valve toward the arch.
(C) The valve is secured with re-inflation. There was no residual gradient across the valve.

inverted then obstruction to aortic flow could occur (10). The key is to maintain coaxial guidewire
position through the device to prevent rotation of the prosthesis. In most cases a semi-inflated
valvuloplasty balloon can be used to pull the prosthesis into the aortic arch (Fig. 4, Video 2) or
descending aorta (11). When the valve reaches an adequate landing zone where it would not
obstruct important side branches, it can be secured with re-inflation.

In most instances, embolization is a consequence of suboptimal initial positioning prior to
balloon expansion or technical errors during deployment. If the cause for malposition and
device embolization can be identified a second attempt will often prove successful. If the
mechanism of embolization cannot be identified and corrected then alternative approaches
should be considered.

CARDIAC COMPLICATIONS

Annular Injury
Annular tears may rarely occur due to forceful crossing or dilation of the stenotic aortic valve.
Dehiscence of an aortic leaflet may result in acute, severe regurgitation best managed by rapid
valve implantation. Rarely rupture of the annulus may result in mediastinal bleeding or septal
rupture may result in left to right shunting. Surgical repair, if possible, may be the only option.
Severe annular calcification in combination with overly aggressive dilation or device oversizing
may be predisposing factors (12).

Mitral Injury
Acute mitral regurgitation may occur due to wire or catheter interference with the mitral
apparatus or myocardial ischemia. While interference or laceration of mitral chordae and/or
leaflets have been described with the antegrade transvenous and transapical approaches (12),
a retrograde approach does not mechanically interfere with the mitral valve function. The
Edwards valve is relatively short, measuring ∼15 mm in length. Although the valve extends
into the outflow tract, contact with the anterior mitral curtain and acute mechanical interference
with the mitral valve has not appeared to be a clinical problem. Rarely mitral tears may occur
in the presence of severe calcification of the anterior leaflet (Fig. 5) (12).

Tamponade
Cardiac perforation may rarely lead to pericardial effusion or tamponade. Perhaps the most
common causes are right heart perforation during placement of a transvenous pacemaker and
left ventricular perforation due to guidewire or catheter nosecone trauma (Fig. 6). Guidewires
should have a soft J-tip and gentle supportive curve extending well beyond the valve delivery
catheter (Fig. 7). Unexplained hypotension should prompt immediate assessment with echocar-
diography. Generally, hemodynamically important pericardial effusions can be managed with
pericardiocentesis.
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Figure 5 (A) Three-dimensional transesophageal echocardiograhic image showing a thick, calcified anterior
mitral curtain (arrow). (B) After valve implantation a tear is created in the anterior mitral curtain (arrow), resulting
in (C) LV to LA shunt in addition to preexisting mitral regurgitation (MR). (D) Autopsy-proven tear in anterior mitral
leaflet (seen from the left atrium). Abbreviations: LVOT, left ventricular outflow tract; Ao, aorta; LV, left ventricular,
LA, left atrial.

Figure 6 Perforation of the left ventricle. (A) An extra-stiff wire is positioned into the left ventricle but is not well
elongated. (B) As the nosecone is advanced, the relationship between the wire and nose-cone suggest perforation
of the ventricle. (C) Beating-heart left ventricular patch repair performed under femoro-femoral support.

Figure 7 Proper position of the extra-stiff wire, well
elongated into the left ventricle.
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Figure 8 Coronary obstruction. (A) The very uncommon situation of a coronary ostium being obstructed by
a stent strut. (B) Bulky coronary leaflets that warrants further evaluation. (C) Left main obstruction by a bulky
coronary leaflet. (D) Successful stenting of the left main coronary through an open cell of the valved stent.

Coronary Obstruction
Coronary compromise is uncommon with an incidence to date of ∼1%. The Edwards SAPIEN
valve is designed to be positioned below the coronary ostia and to extend into the aortic root
without contacting the ascending aorta at the level of the ostia. Obstruction would not be
expected even if the open cells of the valve frame extend over the left coronary ostium. On rare
occasions, a very bulky native valve leaflet might be folded up over the left coronary ostium
(Fig. 8, Video 3) (2). Presentation is likely to be with ST elevation and hypotension immedi-
ately following valve implantation. Although possibly fatal (2,6), successful management with
bypass surgery or stenting is possible (9). Examination of a preprocedural echocardiogram
and aortogram for an unusually bulky native valve leaflet in close proximity to a coronary
ostium may be prudent. CT scanning can identify patients at high risk in whom the distance
from the leaflet insertion to the left main ostium is relatively short (<12 mm)(13). Ultimately
balloon valvuloplasty in combination with fluoroscopy or angiography may provide the best
assessment of the risk of leaflet obstruction of the left main (Fig. 9).

Conduction Abnormalities
Complete heart block or left bundle branch block can occur as the result of pressure-induced
injury to the specialized conduction tissues located in the interventricular septum. The Edwards
SAPIEN valve is relatively short, a potential advantage with respect to heart block as early
data suggest that a prosthesis that contacts a greater length of LVOT and interventricular
septum is associated with higher incidence of conduction problems (14). Preexisting right
bundle branch block or other infra-nodal conduction delay and aggressive oversizing may
be risk factors for complete heart block. Permanent pacemaker implantation, specifically for
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Figure 9 Calcified and bulky coronary leaflets (A) in close relationship with the left main coronary ostium (B).
During balloon valvuloplasty (C) a supravalvular aortogram (D) shows good opacification of the coronary arteries.
The risk of coronary obstruction therefore appears low.

new complete heart block has been reported to be 5.7% in a single-center report of balloon-
expandable TAVI (15) which compares favorably with conventional surgical (16) and trans-
catheter self-expandable experience (14). Heart block almost always occurs immediately after
valve implantation. In the some patients, conduction abnormalities can be associated with
guidewire position in the left ventricle or balloon aortic valvuloplasty. However, in rare
instances block may manifest later; consequently cardiac monitoring is recommended for at least
48 hours (17).

Arrhythmias
Wire and catheter manipulation often causes ventricular ectopy. In the setting of aortic stenosis,
frequent or prolonged ectopy can result in hypotension and repositioning the wire may be
desirable. Atrial fibrillation may be poorly tolerated and require cardioversion. Ventricular
fibrillation can occur, most often triggered by burst pacing. Preemptive placement of defibrillator
pads is desirable. If ventricular fibrillation develops during burst pacing at the time of valve
implantation, the best course of action may be to deploy the valve first and then proceed with
defibrillation.

Cardiogenic Shock
In the setting of severe aortic stenosis, hypotension or tachycardia of any cause can lead to
ischemia, myocardial dysfunction and cardiogenic shock. Initial hypotension can be the result
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of obvious complications, but the cause can also be more subtle. In patients with cardiomy-
opathies (left ventricular dysfunction and left ventricular hypertrophy) or coronary disease,
arrhythmias or anesthetic agents may be sufficient to significantly lower blood pressure and
initiate a downward spiraling effect. Liberal use of vasoactive agents such as phenylephrine
and norepinephrine to maintain coronary perfusion is preferred over chronotropic or inotropic
agents such as dopamine or epinephrine. Rarely, femoral cardiopulmonary support will be
necessary to provide a bridge to myocardial recovery. The need for circulatory support is gen-
erally brief with recovery rapidly following successful relief of aortic stenosis. Should chest
compressions be required it seems prudent to reassess valve placement and expansion, as stent
geometry can be altered. Echocardiographic examination can be very helpful in the diagnosis
of hypovolemia, tamponade, aortic or mitral valvular dysfunction.

VALVE FAILURE

Paravalvular Regurgitation
Some degree of paravalvular regurgitation is commonly present after valve implantation. Aor-
tic paravalvular regurgitation is generally mild in severity and without discernable clinical
symptoms or hemolysis (18). Early in the transcatheter balloon-expandable experience, prob-
lematic paravalvular regurgitation was more frequent but the incidence of severe regurgitation
has fallen dramatically with routine oversizing, optimal positioning and incorporation of a
lengthened sealing cuff that now extends over two-thirds of the valve length.

Severe paravalvular regurgitation typically presents with a low diastolic pressure imme-
diately after implantation. Rarely, systolic hypotension may develop. Causes of paravalvular
regurgitation include positioning errors (too high or too low), undersizing or incomplete
expansion. When incomplete expansion is present repeat dilation can be helpful. Postdilation
is generally performed with no more than 1 cc of added volume to avoid overstretching
the stent and creating noncoaptation of the leaflets. Where paravalvular regurgitation is
the result of improper positioning (Fig. 10), the implantation of a second overlapping valve
so as to extend the sealing cuff is an effective immediate solution; however this is rarely
necessary.

Structural Valve Failure
The potential for injury to prosthetic valve leaflets as a consequence of crimping, catheter
delivery and dilation is an obvious concern, but has not been reported. Valves that are designed
to adopt an open leaflet position in the absence of a closing pressure gradient may be susceptible
to poor leaflet closure should the valve be implanted very low in the left ventricular outflow
tract so that an unrestrained native leaflet overhangs a prosthetic leaflet. To date, late structural
failure has not been observed.

MISCELLANEOUS COMPLICATIONS

Acute Renal Failure
Improvement in renal function as a result of improved cardiac output is frequently seen within
a few days after TAVI. However, acute renal failure may occur as the consequence of atheroem-
bolism, nephrotoxic contrast, and hypotension. Fortunately, severe worsening of renal function
is infrequent and the need for temporary dialysis following transarterial TAVI is rare. It is
prudent to minimize radiographic contrast in the presence of preexisting renal dysfunction.
A potential role for pharmacologic renal protection is controversial and unfortunately routine
volume loading may be unwise in patients with aortic stenosis.

SUMMARY
TAVI remains a young procedure with the potential for significant complications. Better under-
standing of these complications along with their prevention and management will continue to
improve outcomes.
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Figure 10 (A) Native aortic leaflets are seen to prolapse at the distal edge of a valved stent implanted too low. (B)
and (C) Ensuing severe paravalvular regurgitation. (D) Low diastolic pressure associated with severe paravalvular
regurgitation. (E) Placement of a second, overlapping valve extending the sealing cuff. (F) Supravalvular aortogram
showing mild residual paravalvular regurgitation. (G) The native leaflets are now completely covered by the
second prosthesis. (H) and (I) Mild residual paravalvular regurgitation. (J) Normalization of pressure tracing after
paravalvular leak resolution.
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Transcatheter aortic valve implantation (AVI) has been demonstrated to provide relief of aortic
stenosis and possibly reduce perioperative risks (1–8). Since the first implant by Cribier (1),
transcatheter AVI is ushering in a new era in the surgical treatment of aortic stenosis (2).
At present, transcatheter AVI procedures have only been offered to very high-risk patients
on a compassionate (no other treatment modality available) basis (3–9) and in the context of
randomized clinical trials. Recent clinical experiences have suggested that transcatheter AVI
likely mitigates the procedural risks and favorably alters the balance of risks and benefits in the
high-risk group of patients. However, transcatheter AVI remains associated with the potential
for serious complications despite being less invasive than conventional aortic valve replacement
(AVR), and clinical benefits, particularly long-term benefits, remain unproven (4–11).

Currently, approaches for transcatheter AVI include transarterial and transapical. The
advantages of the transapical approach compared to the transarterial approach include inde-
pendence of peripheral vascular and aortic disease, not limited by delivery system sheath
sizes, independence of the orientation of the ascending aorta and aortic annulus angle, less
instrumentation in the aorta, and better positioning (coaxial alignment) and stabilization (less
motion during valve deployment) perhaps because of short, direct distance. Furthermore, the
transapical approach is more suitable for transcatheter valve-in-valve implantation (12) and for
transcatheter AVI in patients with previous mitral valve implantation. We have been performing
transapical AVI since October 2005 when the first successful human case was carried out at our
center (13). The significant learning curve for these new technologies has been demonstrated
in previous studies. As the technology edges toward widespread availability, we believe it is
important for the medical community to disseminate the lessons learned in order to facilitate the
learning curves of new implanting centers. To describe critical incidents and complications with
transapical AVI, and the accompanying practical lessons on how to avoid such pitfalls from our
early experiences would further mitigate perioperative mortality and morbidity. In this chapter,
we discuss potential intraoperative and early postoperative complications following transapi-
cal transcatheter AVI of a balloon-expandable transcatheter valve. Most of complications are
observed in both transarterial and transapical procedures, and unique complications related to
transapical AVI are apical bleeding, apical pseudoaneurysm, and wound infection. We summa-
rize pitfalls, and tips to avoid complications and procedural failure.

INTRAOPERATIVE COMPLICATIONS

Apical Laceration and Hemorrhage
Apical bleeding is a unique complication and the Achilles heel of transapical AVI. It occurred
mainly in our initial experience with the transapical procedure (7,14). Massive apical bleeding
is rare, and may require conversion to sternotomy and could be fatal. The incidence of apical
laceration and bleeding is about 5% in our first 70 transapical AVI patients. Risk factors include
friable tissue, fatty apex, chronic steroid use, dilated left ventricle with thinned walls, and
hypertension during removal of the valve delivery sheath. While patient characteristics are
important, the role of good surgical technique cannot be overstated. The most important risk
factors are probably the incorrect placement of pursestring sutures or two “U-shape” orthogonal
sutures in the apex, and a lack of experience in dealing with apical bleeding in an emergent
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situation. Achieving good hemostatic control of the LV apex is one of the most critical steps
in ensuring the success of the transapical procedure, particularly in the elderly with friable
tissue. The consequences following major apical laceration and bleeding include hemorrhagic
shock/death, coronary artery injury, impaired left ventricular (LV) function, low cardiac output
syndrome, and LV pseudoaneurysm. The following are the important points in avoiding this
serious complication.

Selecting an Appropriate Area for Apical Access
In selecting the best position for placement of apical control sutures, several factors should be
considered. The most critical point is to avoid an area covered with epicardial fat, which provides
no additional strength and obfuscates correct judgment of the depth of suture placement.
It is extremely important to take deep bites of myocardium, preferably full-thickness [Fig.
1(A)]. Occasionally, apical fat or large coronary arteries (the left anterior descending artery
and diagonal branches) necessitated using a slightly more anterolateral position on the left
ventricle; however, the apex is preferable to the free wall for minimizing the risk of lacerating
the myocardium (due to greater convexity and reduced wall stress as per LaPlace’s law).

Correct Suture Technique
We use 3–0 polypropylene sutures with a large (MH) needle, pledgeted with customized pled-
gets approximately 1 × 2 cm in size (13,14). Two perpendicular horizontal mattress sutures
are snared through tensioning tourniquets. These can be individually tensioned by an assis-
tant when the surgeon is downsizing or removing catheters. The area bounded by the apical
sutures should be approximately 1.5 cm in diameter, or larger than the largest delivery sheath
(26 Fr)[Fig. 1(A) and (B)]. With two perpendicular horizontal mattress sutures, an approximately

Figure 1 Technique for hemostatic control of the LV apex and left mini-thoracotomy. (A) Two perpendicular,
pledgeted sutures are placed at the apex to avoid epicardial fat and vessels; A Seldinger needle is passed
through the apex at the central point bounded by the sutures. (B) Excellent hemostasis following tying two
pledgeted sutures. (C) Left mini-thoracotomy.
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4 to 5 cm skin incision without spread of ribs is usually sufficient [Fig. 1(B) and (C)], which
significantly minimizes postoperative pain (7). Other techniques such as using polypropylene
pursestring sutures have also been used by other groups (6), however, with this technique
a larger skin incision and rib spreading is necessary to allow placement of large pursestring
sutures. Both suturing methods give equal satisfactory hemostatic control of apical access site
as long as appropriate surgical technique is used [Fig. 1(B)].

Access Point
Once the sutures are placed, it is of utmost importance to then gain access with a needle precisely
at the central point within the sutures [Fig. 1(A)]. This reduces the likelihood of extending
the enlarging myocardial defect beyond the control sutures as larger sheaths are introduced
stepwise. We use a progressive catheter dilation technique and never a scalpel stab wound for
fear of biasing a tear along the blade direction.

Control of Hypertension
It is not uncommon to develop significant hypertension following relieve of aortic stenosis after
successful deployment of a stented valve. Controlling hypertension is important before remov-
ing a large delivery sheath and tying down the sutures, which avoids potential significant tear
of the LV wall. This is particularly important in the elderly with friable tissue, dilated cardiomy-
opathy, and chronic use of steroids. We try to control systolic blood pressure at approximately
100 mm Hg during removal of the delivery sheath. More aggressive control of blood pressure
with temporary rapid ventricular pacing has also be advocated and used by some surgeons.
However, this may increase risk of myocardial ischemia, infarction or ventricular arrhythmia,
particularly in patients with significant coronary artery disease and/or poor LV function. We
do not think that rapid ventricular pacing is necessary in the majority of patients.

Caution to Incorporate the Pericardial Edge into the Apical Sutures
In non-reoperative cases, we found it worthwhile to avoid the temptation to incorporate the
pericardial edges into pledgeted apical sutures in an attempt to stop bleeding. This unfortu-
nately makes identifying and locating a source of bleeding, as well as repairing the bleeding
within the closed pericardium extremely difficult. Missing identification of a bleeding site dur-
ing the procedure could cause postoperative tamponade and low cardiac output syndrome.
Furthermore, in our experience incorporation of the pericardium does not seem to provide any
additional strength to the closure since the sutures are already pledgeted. In reoperative cases,
the pericardium may be incorporated because there are dense adhesions in the pericardial space
and the likelihood of blood tracking unseen is less likely.

Management of Apical Laceration and Bleeding
Transapical AVI should be performed in a cardiac operating room, preferably in a hybrid
operating room. Before the procedure is initiated, the following should be prepared as a routine:
(i) cardiopulmonary bypass or ECMO system should be primed, (ii) different sizes of catheters
for femoral artery and vein cannulation should be immediately available, (iii) one perfusionist
is physically in the room, (iv) packed red blood cells are checked and ready for emergent
transfusion, (v) surgical instruments for urgent sternotomy are set up, and (vi) two surgeons
or one surgeon with an appropriate assistant should be scrubbed. Minor bleeding from the
apex can usually be controlled with additional pledgeted sutures. In these elderly patients,
the left ventricle is quite friable and easily torn with placement of new sutures, and care is
needed to avoid torquing the needles as they are passed through the beating heart. If the apical
bleeding cannot be controlled with additional sutures, the following methodologies should
be considered: (i) no hesitation in enlarging the thoracotomy to achieve better exposure, (ii)
establishment of femoro-femoral cardiopulmonary bypass to unload heart, and (iii) sternotomy
if necessary. Although one surgeon with a cardiologist is sufficient to perform the transapical
procedure in the majority of cases, it is better to have two surgeons scrubbed at the same time to
deal with emergent situations. For the extremely friable tissue, a pericardial patch with BioGlue
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is a very useful technique in securing the apical access site following unsatisfactory suture repair
of the apex.

Cardiac Arrest
Cardiac arrest during the procedure is rare, but is one of the most devastating complications
with this procedure. This can occur anytime during the procedure, but most frequently during
initial balloon valvuloplasty and following valve deployment. This is because positioning of a
balloon valvuloplasty catheter in the stenotic aortic valve can cause complete obstruction of the
aortic valve with significant stress on the already hypertrophic heart and results in myocardial
ischemia. In addition, significant acute aortic regurgitation may occur immediately following
aortic valvuloplasty. Cardiac arrest following deployment of a transcatheter valve is most likely
due to myocardial ischemia, hemorrhage, or newly developed significant valvular abnormal-
ities. Both balloon and valve are deployed during rapid ventricular pacing which increases
ischemic stress. Potential causes of cardiac arrest include (i) myocardial stress and ischemia,
which could be as a result of anesthesia, rapid ventricular pacing, or instrumentation through
the stenotic valve; (ii) acute hemodynamic compromise due to newly developed rapid atrial
fibrillation; (iii) rapid ventricular pacing during valvuloplasty or deployment of a transcatheter
valve; (iv) coronary embolization and potential thrombosis from debris from calcified valve or
aorta, or air emboli; (v) compromised coronary blood flow due to complete or partial obstruc-
tion of a coronary ostium by calcified native valve or valve stent; (vi) major hemorrhage due
to annulus or aortic rupture; and (vii) newly developed severe aortic regurgitation secondary
to malposition of a transcatheter valve, or iatrogenic severe mitral regurgitation. Predispos-
ing risk factors for these complications include coronary artery disease, poor LV function, and
extreme critical aortic stenosis with bulking calcified leaflets, severe pulmonary hypertension,
and significant mitral stenosis. Patients with severe aortic stenosis often have little myocardial
flow reserve particularly in the presence of LV hypertrophy or coronary artery disease. We have
observed cardiac arrest in 4 out of 70 patients undergoing transapical AVI as a consequence of
anesthetic induction, left ostial obstruction, and massive bleeding. Hypotension or tachycardia
may initiate a downward spiral of ischemia and myocardial dysfunction leading to shock or
cardiac arrest. Our experience has suggested that one should not hesitate to initiate temporary
femoro-femoral or sternotomy cardiopulmonary support if there is no sign of improvement
with initial resuscitation. Further investigations are then performed to identify causes of the
cardiac demise. Sometimes, immediate relieve of aortic stenosis is the only and a good option
to stabilize hemodynamics in a downward spiraling clinical condition. If chest compression is
required during resuscitation, stent positioning and expansion of the valve must be reevaluated
after resuscitation.

Rupture of Aortic Root or Annulus
Rupture of the aortic annulus or aortic root is a rare complication of transcatheter AVI. This
complication occurred in one case at our center with an incidence of less than 0.5%. This patient
experienced rupture of the porcelain aortic root immediately after deployment of transcatheter
valve. Excessive balloon dilation, aggressive valve oversizing, extensive calcification of both
mitral and aortic annulus, and significant root calcification appear to be risk factors for this
complication. Therefore, it may be particularly important to avoid aggressive overdilation of
the aortic annulus and valve oversizing in patients with small heavily calcified aortic annulus
and aortic root. The clinical warning signs of this complication include unexplained hypotension
following balloon dilation or valve deployment, leading to cardiogenic shock and cardiac arrest
due to massive bleeding and/or tamponade. Emergent sternotomy and surgical repair may be
the only hope to save the patient.

Heart Block and Arrhythmia
As seen in conventional AVR, heart block also occurs following deployment of a transcatheter
valve. This is probably as a result of displacement of calcium that causes permanent pressure
on or injury to the atrioventricular conducting system at the noncoronary and right coronary
cusp junction. The ventricular end of the valve stent could also be responsible for injury to
the conducting systems located in the ventricular septum. The incidence of permanent heart
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block following transapical AVR is approximately 5% at our center (15). Potential risk factors
include aggressive oversizing, small LV outflow tract, subaortic calcification near the membra-
nous septum, preexisting partial atrioventricular (particularly right bundle brunch) block, and
deployment of the valve too far below the aortic annulus. It has been suggested that the pros-
thetic stent extending further below the aortic annulus is associated with increased incidence
of conduction abnormalities, particularly left bundle branch block. Heart block usually occurs
immediately following valve deployment or during the first 24 to 48 hours after the procedure.
Recovery from complete heart block appears less likely in patients undergoing transcatheter
AVI, and therefore permanent pacemaker implantation is usually required.

Arrhythmia such as atrial fibrillation or ventricular ectopy may be precipitated by intrac-
ardiac instrumentation during the procedure, which is poorly tolerated by the patients with
severe aortic stenosis. Fortunately, arrhythmias are uncommon during transapical AVI. Sus-
tained ventricular fibrillation was observed in 1 out of 70 transapical patients (1.4%) as a result
of rapid ventricular pacing, which was easily converted with external defibrillation. Therefore,
as a routine external defibrillation pads must be applied before the procedure is initiated in each
patient.

Myocardial Ischemia or Infarction
Coronary artery disease is present in approximately 70% of our transapical patients. Although
prior coronary artery bypass grafting and angioplasty have been performed in the distant past
in approximately 30% and 20%, respectively, many patients have residual non-revascularized
coronary artery disease. Surprisingly, no perioperative myocardial infarction due to existing
coronary artery disease has been observed in the cohort of patients who have undergone
transapical AVI (7), which suggests that aggressive interventions for moderate coronary artery
disease prior to the transapical procedure may not routinely be necessary. This is an example
of the overriding myocardial stress of aortic stenosis and increased afterload versus ischemia
from coronary disease. Occasionally, prophylactic preprocedural angioplasty and stenting is
performed prior to transcatheter AVI in patients who have a critical coronary artery stenosis with
respect to increased risk for ischemia during rapid ventricular pacing. Generally speaking, there
is no need to postpone a transcatheter valve procedure following coronary stent deployment
because there is no need to stop Plavix prior to transcatheter AVI. In selected patients who
have critical stenosis in the left anterior descending artery, combined MIDCAB and transapical
AVI through the same skin incision can be an option. However, our early experience suggests
that combined MIDCAB and transapical AVI may carry an excessively high risk of operative
mortality and morbidity. This option may be more beneficial in younger patients with aortic
stenosis and critical stenosis in LAD who are declined for conventional AVR due to a porcelain
aorta. Transient myocardial ischemia or infarction may occur as a consequence of repeat or
prolonged rapid ventricular pacing, air or particle embolization, or obstruction of a coronary
ostium (5,7).

Mitral Valve Apparatus Injury and Worsening of Mitral Regurgitation
Functional mitral regurgitation is common in patients with severe aortic stenosis, and moderate
to severe mitral regurgitation is observed in more than 50% of our transapical patients. Our
experience has suggested that mitral valve regurgitation is generally well tolerated during
transapical procedure, and significantly decreased following AVI in the majority of transapical
patients (Fig. 2).

With the transapical approach a guidewire may rarely pass through the mitral chordae
before accessing the aortic valve and advancing a balloon catheter and a large delivery sheath
over such a wire course may result in temporary distortion of the mitral valve apparatus
or laceration of mitral chordae, leading to transient or permanent acute mitral regurgitation
(Fig. 3). In another rare situation, mitral regurgitation may result from injury or interference
with movement of the anterior mitral leaflet from a valve stent that is inappropriately positioned
far below the aortic annulus. To avoid potential injury to mitral chordae, the following points
should be kept in mind during the procedure: (i) when a guidewire is advanced into the
left atrium, the wire should be completely withdrawn into a delivery sheath before trying to
reposition it; (ii) the route from the LV apex to the aortic valve is quite straight, and therefore if the
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Figure 2 Twelve-month echocardiographic follow-up on mitral regurgitation in 17 patients survived >12 months
(matched data). Abbreviation: MR, mitral regurgitation.

wire forms an unusual angle before entering the aortic valve, it may suggest that the wire likely
passes through and is distorted by the mitral chordae before reaching the aortic valve (Fig.
3); (iii) significant worsening of mitral regurgitation during intraventricular instrumentation
should also alert the surgeon to this possibility. If there is any concern, rewiring or utilization
of a balloon flotation catheter should be considered to avoid passage through mitral chordea.

Figure 3 A guidewire passing through the mitral chordae, which results in worsening of mitral regurgitation.
Abbreviations: MV, mitral valve; AV, aortic valve.
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Figure 4 Embolization of transcatheter valve into the ascending aorta immediately following transarterial aortic
valve implantation and anchoring of the valve in the distal aortic arch.

Valve Migration and Embolization
Prosthetic embolization occurred mainly in the early experience with transcatheter, particularly
transarterial, AVI (3,5) [Fig. 4(A)]. This complication is primarily due to malpositioning of a
valve, incorrect measurement of native aortic annulus, incorrect selection of a valve size, or
lack of significant valve calcification for prosthetic anchoring. Malpositioning of a valve usually
occurs as a result of lack of experience in positioning, poor coaxial alignment, ineffective or
failed rapid ventricular pacing to reduce pulsatile blood flow during deployment, or accidentally
moving balloon catheter during valve deployment. With increased experience, this complication
has decreased significantly. We have not observed valve embolization in our 70 transapical
patients. Relative to the transfemoral approach, the transapical approach may carry less risk
of this complication because of more accurate positioning, better coaxial alignment, and better
catheter stabilization (short straight distance) during valve deployment. The best management
of an embolized bioprosthesis is to anchor it to the aorta preferably distal to the origins of
arch vessels to avoid compromise of blood flow through the arch vessels (3) [Fig. 4(B)]. This
is possible only if the guidewire remains in place to prevent the valve from flipping into a
permanently closed position, and therefore the guidewire should not be removed until the end
of the procedure. Embolization into the aorta is well tolerated as long as the coaxial wire position
is maintained to prevent the valve from flipping over to obstruct antegrade flow. After the
embolized valve is anchored in the distal aorta, an additional transcatheter valve can usually
be successfully reimplanted into the native aortic valve through either the transfemoral or
transapical approach. However, an alternative approach may be advisable when the reason for
initial failure cannot be addressed. Delayed migration of a valve was observed in one transapical
patient, in whom the valve partially migrated into the LV outflow tract, leading to severe aortic
regurgitation (Fig. 5). Retrospective analysis revealed that the possible cause in this patient was
a slightly too big aortic annulus (26 mm by TEE, smaller by TTE) and asymmetric calcification
(lack of calcification in one cusp). Currently, the largest size of balloon-expandable transcatheter
valve is 26 mm. The procedure should be abandoned in patients with borderline sizes of
annulus approaching this size, unless the native aortic valve is uniformly and heavily calcified.
Embolization of a bioprosthesis into the left ventricle is very rare, but very challenging. Surgical
removal is probably the only option, but carries extremely high mortality and morbidity.

Coronary Ostial Obstruction
Coronary ostial obstruction is a fatal complication with transcatheter AVI. Fortunately, this
complication is rare (3,5,7). Obstruction to coronary flow by the prosthesis itself appears rare and
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Figure 5 Delayed migration of a transcatheter valve, causing significant aortic regurgitation.
Abbreviations: LVOT, left ventricular outflow tract; AR, aortic regurgitation.

the presence of the open cell portion of the valve frame over a coronary ostium is well tolerated.
The most common cause of the complication is the displacement of an unusually bulky, calcified
native aortic cusp over a coronary ostium [Fig. 6(A)]. This occurred in two of 70 transapical cases
at our center, as a result of bulky native valve calcification displaced towards the left main ostium
with deployment of valves. Clinical presentations are progressive hypotension, ventricular
fibrillation, or cardiac arrest without massive hemorrhage, which does not respond to aggressive
resuscitation. Transesophageal echocardiography demonstrates worsening of LV function and
new wall motion abnormalities. Immediate establishment of femoro-femoral bypass is critical
to promptly stabilize hemodynamics prior to further determination of causes of the event.
Aortic and coronary angiography should be then performed to confirm the obstruction of a
coronary ostium, and sometimes stenting of the left main is an effective option for managing
this complication [Fig. 6(B) and (C)). Coronary bypass surgery is also an option, but at present
carries an excessively high risk of operative mortality and morbidity in a patient previously
deemed nonoperable.

Preoperative assessment of the bulkiness of the native valve calcification, the distance from
the coronary ostia to the annulus, and the ratio of the sinus of Valsalva and annulus diameters
may be helpful in predicting the risk of this complication. Presently, no definite criteria exist
to exclude patients from transcatheter AVI based on the risk for coronary obstruction. The
potential risks for this complication include (i) a bulky calcification mass located particularly
near the edge of the left coronary cusp, (ii) the left main ostium located close to the aortic
annulus, particularly the distance between the ostium and the annulus of less than 10 mm, and
(iii) calcified aortic root with a ratio of the sinus Valsalva and annulus dimensions near 1.0.
Echocardiography, aortography, and CT angiography with 3D reconstruction have been used to
assess these relationships. Potential procedure-related risks include oversizing of a transcatheter
valve and inappropriately positioning a valve too far into the aorta. Intraoperatively, if a bulky
calcium load or a heavily calcified cusp is seen to move toward a coronary ostium during
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Figure 6 Obstruction of the left ostium by the displaced calcified native valve following the deployment of a valve,
and stenting of the left main coronary artery.

balloon valvuloplasty, the procedure should be abandoned. Obstruction of the right coronary
ostium has not been reported, perhaps because it is usually situated at a greater distance from
the aortic annulus.

Paravalvular Leak
Trivial-to-mild paravalvular leaks are common immediately after transcatheter AVI, but remain
stable during follow-up (4,5) (Fig. 7). Minimal paravalvular leaks are usually seen at the posterior
portion of the annulus where there is relatively less tissue consisting of a thin layer of the
fibrotic aorto-mitral curtain. More significant paravalvular leaks are infrequent and most likely
result from incomplete deployment or suboptimal positioning of bioprostheses. Incomplete
deployment of a valve is easily corrected in the majority of cases by repeat balloon dilation

Figure 7 Common occurrence of trivial and mild aortic regurgitation, which remains stable during 12-month
follow-up. Abbreviation: AR, aortic regurgitation.
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Figure 8 Significant improvement in paravalvular aortic regurgitation following redilation.

(Fig. 8). Significant malposition of a valve may require deployment of a second transcatheter
bioprosthesis to solve the residual aortic stenosis or significant paravalvular leaks (Fig. 9).
Insufficient size of a valve may also cause significant paravalvular leaks, which is difficult
to be corrected since excessive overdilation may result in transvalvular leaks. Surgery may be
necessary if paravalvular leaks are hemodynamically significant. Clinically important hemolysis
has not been observed to date (5,7).

EARLY POSTOPERATIVE COMPLICATIONS

Bleeding Requiring Reexploration of the Chest
As seen in conventional AVR, significant postoperative bleeding requiring surgical reexploration
may occur following transapical AVI. Possible sources of bleeding are incomplete hemostasis
of the apical access site, injury to epicardial vessels from placement of pacing wires or other

Figure 9 Severe aortic regurgitation due to malposition of a valve, which is corrected by implanting another
valve inside the first valve. Abbreviation: AR, aortic regurgitation
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instrumentation, intercostal vessels, or significant coagulopathy. Of 70 transapical patients,
three patients had significant postoperative blood loss, which required surgical reexploration.
The causes in these three patients were bleeding from the epicardium where pacing wires were
placed, intercostal vessels, and a coagulopathy. Careful inspection of the apex, pacing wire
sites, and intercostal incision prior to closure of the thoracotomy cannot be overstated, because
surgical reexploration significantly increases perioperative mortality and morbidity.

Arrhythmias
Postoperative arrhythmias can be observed following the procedure, such as atrioventricular
block, atrial fibrillation, and ventricular arrhythmias. The risks of this complication are similar
to those in conventional surgery. Delayed permanent heart block is rare, and hemodynamically
significant ventricular arrhythmia has been observed in only one transapical patient. Manage-
ment of postoperative arrhythmias is similar to those following conventional AVR. Temporary
epicardial pacing wires are not routinely left behind in our transapical patients, but this is
necessary if new complete or significant heart block occurs immediately during the procedure.

Acute Renal Failure
Since at present the cohort of patients for transapical AVI are the elderly, who usually have many
comorbidities, including hypertension, diabetes, and peripheral vascular disease, preoperative
chronic renal insufficiency is very common. Furthermore, the kidneys in elderly patients are
more sensitive to hypotensive events and renal toxic agents/medications, such as angiographic
contrast. Minimizing use of angiographic contrast and avoiding hypotension during the pro-
cedure are important in avoiding further deterioration in renal function. We try to eliminate
unnecessary aortography to minimize the amount of intravenous contrast used during the pro-
cedure in patients with preoperative renal insufficiency. Postoperatively, these patients likely
need intravenous fluids, rather than aggressive use of diuretics following the procedure because
with critical aortic stenosis and congestive heart failure these patients are usually treated with
aggressive diuresis and are hypovolemic preoperatively. Moreover, maintaining high cardiac
output and relatively high perfusion pressure is also necessary to prevent deterioration in renal
function early after the procedure. Renal artery embolization from debris of the diseased valve
or aorta during the procedure can occur, but is less likely to be the cause of postoperative renal
dysfunction. In the majority of patients minor deterioration in renal function is common and
fortunately transient, and severe renal dysfunction and dialysis requirement is very rare.

Thromboembolic Events and Stroke
It was initially thought that expanding a valve into a calcified native aortic valve would carry
a high risk of stroke. However, cumulative experience does not support this concept. Reported
incidences of stroke are approximately 4% (5–8). It has been suggested that the incidence of
stroke may be lower with transapical approach due to less manipulation in the ascending aorta
and aortic arch compared with the transarterial approach, but this remains to be confirmed
by a randomized trial or with a large database. Stroke following transcatheter AVI is most
likely a result of embolic events, and less frequently as a consequence of ischemic insults due
to severe hypotension during the procedure. Common causes of stroke are debris from the
calcified native valve, dislodged materials from diseased aortic arch/ascending aorta/carotid
arteries, clots on catheters or stented valve, or air. Potential risk factors include history of stroke,
atheromatic aortic disease, critical carotid artery stenosis, insufficient heparinization during
the procedure, multiple balloon valvuloplasties, extensive instrumentation in the aortic arch
and ascending aorta, LV thrombosis, atrial fibrillation, and severe hypotension or hypertension
during or following the procedure. Minimized intra-aortic instrumentation with the transapical
approach, avoiding repeat valvuloplasty, sufficient heparinization (ACT ≥ 300), avoiding pro-
longed rapid ventricular pacing (repeat pacing should be performed only after recovery from
previous pacing) and prolonged blockage of stenotic aortic valve during positioning of a valve,
and maintaining good blood pressure are useful ways to potentially reduce the incidence of
stroke. LV aneurysm with intramural thrombus may be the only contraindication for transapical
approach. A clinically significant embolic event to other organ systems was observed in only
one transapical patient who developed ischemic bowel nine days after the transapical AVI,
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presumed the result of a thromboembolic event. This patient received a second transcatheter
valve placed inside the first transcatheter valve that was deployed too low in the ventricular
outflow tract. The incidence of late stroke following the procedure has been extremely rare,
and there has been no evidence of valve thrombosis with current antiplatelet treatment only,
and no evidence to support the use of warfarin after transcatheter AVI unless there are other
indications for anticoagulation. Most centers currently recommend one to three months of com-
bination of aspirin and Plavix, followed by daily low dose of aspirin. We prefer three months
of combination of aspirin and Plavix.

Left Ventricular Pseudoaneurysms
Apical pseudoaneurysm of the left ventricle is a unique complication following transapical
AVI. This complication occurred in 5.7% of our 70 patients who underwent transapical AVI,
and was observed mainly in our early experience. The incidence is probably dependent on how
aggressively the patients are screened for the complication during follow-up. Our first case
of apical pseudoaneurysm was incidentally found during a chest CT scan for other reasons
about nine months after transapical AVI (Fig. 10). Following this case, we have aggressively
been screening for this complication during follow-up echocardiography. If an apical pseu-
doaneurysm is suggested, cardiac-gated CT scan of the heart is performed to confirm and
characterize the pseudoaneurysm. According to our experience, these apical pseudoaneurysms
are generally asymptomatic and possibly less likely to expand significantly because of narrow
long necks to the pseudoaneurysms and the usual dense adhesions in the pericardium. We
believe that the potential for rupture of these pseudoaneurysms is probably very low. The pos-
sible risk factors for the complication include friable cardiac tissue, difficulty achieving apical
access hemostasis, unidentified small bleeding into the pericardial space because of incorpo-
ration of the pericardium into apical sutures, and requirement of early anticoagulation with
intravenous heparin or Coumadin following the procedure. To date, we have identified late LV
pseudoaneurysms in four patients (5.7%). Management of these apical pseudoaneurysms can be
quite challenging with surgical repair through the same mini-thoracotomy. Conservative treat-
ment with discontinuation of all antiplatelet and anticoagulation medications may be considered
in patients at high risk for any surgical procedure. We observed spontaneous thrombosis of a
pseudoaneurysm following conservative management in two patients. One patient underwent

Figure 10 Apical pseudoaneurysm of the left ventricle identified by a CT scan.
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successful surgical repair without support of cardiopulmonary bypass through the same mini-
thoracotomy. With improvement in apical suture techniques and experience, this complication
has significantly decreased.

SUMMARY
In this chapter we have tried to systematically review the complications associated with transapi-
cal AVI. Since the world experience with this procedure is somewhat limited at present, we have
relied in large part on our own recognition and tabulation of complications in our patients. We
have no doubt that as transapical AVI becomes more widespread there will be reports of com-
plications not as yet appreciated.

Despite the many complications encountered, it remains a viable procedure in patients
for whom there is no other therapeutic modality and high-risk surgical patients. With a better
appreciation of these complications and techniques modified to address these, transapical AVI
will very likely find a role in even lower risk surgical patients.
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MONITORING ON THE ICU
Immediately after the procedure, patients are typically transferred to an intensive care unit
akin to patients undergoing surgical aortic valve replacement. The risk of life-threatening
complications can still exist even after a “noncomplicated” transfemoral or transapical aor-
tic valve implantation (TAVI). TAVI is currently performed in patients who are elderly and have
major comorbidities—it is axiomatic that these patients can be at high risk for postprocedural
complications.

Possible complications may include cardiac (e.g., acute aortic insufficiency associated
with prolonged hypotension, acute cardiac failure, ventricular arrhythmias, pericardial tam-
ponade, myocardial infarction (MI), conduction abnormalities), vascular (e.g., overt or covert
bleeding related to the access site, vessel perforation or dissection resulting in hypovolemic
shock or ischemia), pulmonary (e.g., pulmonary edema from cardiac decompensation, pneu-
monia, pneumo- or hemothorax), renal failure, infections (e.g., SIRS sepsis), hematological
(e.g., thrombocytopenia, disseminated intravascular coagulation), and neurological (e.g., stroke,
transient loss of consciousness, seizures, vasovagal) (1–9). Most of the complications mani-
fest within 1 to 3 days of the procedure. Some of the complications become evident soon
after the procedure (i.e., immediate) while some can take a few days to become apparent (i.e.,
delayed).

It is essential, therefore, that clinical and ICU monitoring is performed in a continuous
and systematic fashion: neurological (regular assessments of the level of consciousness and for
neurological deficits), cardiac (continuous blood pressure and ECG monitoring), pulmonary
(arterial oxygen saturation), renal (volume balance, diuresis), infections (body temperature,
white blood cell count), etc.

This chapter addresses complications that may occur early after the procedure and strate-
gies to diagnose and treat them.

POTENTIAL COMPLICATIONS AFTER TRANSFEMORAL OR TRANSAPICAL VALVE
IMPLANTATION: PREVENTION, RECOGNITION, AND MANAGEMENT IN THE ICU

Cardiac

Conduction Abnormalities
Preimplantation aortic balloon valvuloplasty performed during rapid ventricular pacing is
required to facilitate the retrograde or antegrade passage of the aortic prosthesis across the
native calcified valve. A temporary pacemaker can protect the patient from the hemodynamic
consequences of high-grade AV block, asystole, or bradyarrhythmia that may occur after valvu-
loplasty alone, after transapical/transfemoral valve implantation, or in the postprocedural
period (1,3,4,6,8–12).

According to the literature, the frequency of conduction abnormalities may be some-
what different depending on the type of transcatheter valve implanted (1,3,4,6,8,9). After
implantation of the Edwards SAPIEN transcatheter heart valve, approximately 7.5% of patients
require permanent pacemaking for complete heart block or bradycardia (3,6). With regard to
the CoreValve ReValving system, the risk of conduction abnormalities requiring permanent
pacemaking appears to be slightly higher, ranging from 10% to 25% (1,8,9,13). In addition, up
to 40% of patients implanted with the CoreValve device may develop a new left bundle branch
block. It has been suggested that a deeper implantation within the left ventricular outflow tract
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Figure 1 (A) Baseline ECG recording from a patient prior to transfemoral Edwards SAPIEN valve implantation
(50 mm/sec). (B) Monitor ECG recording from the same patient after transfemoral Edwards SAPIEN valve implan-
tation (25 mm/sec): Symptomatic bradycardia was evident 7 days after valve implantation. Therefore, a temporary
pacemaker was exchanged for a permanent DDD pacemaker. (C) Video files: Position of the Edwards SAPIEN
valve in the above-mentioned patient in an AP (Video 1) and LAO (Video 2) projection.

may increase this risk (13). Furthermore, patients with a preexisting right-bundle branch block
may be at increased risk for complete.

It is important to realize that life-threatening conduction disturbances may develop
hours or even days after the index implantation procedure (Figs. 1 and 2). Hence, continu-
ous ECG monitoring in the ICU or the use of telemetry once the patient is on the wards is
recommended.

To date, there are no firm recommendations on the duration of the temporary pacemaker
period or the duration of in-hospital heart rhythm monitoring. Based on the literature and our
own clinical experience, it appears prudent to maintain the temporary pacemaker 48 hours after
the procedure (with a backup pacing rate of 30 beats/min) and verify its function every shift in
the ICU since the lead might dislodge when the patient moves. Afterwards, further monitoring
of the heart rate for 3 days by using a telemetric system is strongly recommend in order to
recognize delayed-onset heart block.

Indications for implantation of a permanent pacemaker should follow the recommenda-
tions set by guidelines (14). Definite indications for permanent pacemaking include persistent
or intermittent second-degree atrioventricular block type II, third-degree (complete) atrioven-
tricular block, asystole, and symptomatic bradycardia. Uncertain indications for permanent
pacemaking include the development of new left bundle branch block (with or without first- or
second-degree atrioventricular block type I) and asymptomatic bradycardia.
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Figure 2 (A) Baseline ECG recording from a patient prior to transfemoral CoreValve implantation (50 mm/sec).
(B) 12-lead ECG recording from the same patient immediately after transfemoral implantation of a CoreValve
prosthesis (50 mm/sec). The patient developed a new first-degree AV block and left bundle branch block. (C)
Monitor ECG obtained one day after implantation of the CoreValve device (25 mm/sec): identification of an
asymptomatic, intermittent, second-degree AV block type II led to the implantation of a permanent DDD pacemaker.
(D) Position of the CoreValve device in the above-mentioned patient in a RAO (Video 3) projection after release of
the frame and in a LAO projection shortly before complete deployment (Video 4). High-grade AV block developed
in spite of a rather high implantation of the frame.
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Figure 3 ECG recording from a patient who developed ventricular fibrillation shortly after implantation of the
CoreValve prosthesis (25 mm/sec)—the patient was successfully resuscitated. The patient had a poor left ven-
tricular function and received an intracardiac defibrillator (ICD).

Ventricular Arrhythmias
The occurrence of significant ventricular arrhythmias or ventricular fibrillation is a rare event
(1–3%) and more likely to occur in patients with left ventricular dysfunction and accompanying
coronary artery disease (Fig. 3).

A number of preventative or corrective measures can be instituted. In particular, electrolyte
abnormalities (e.g., potassium imbalances) should be identified and treated accordingly. In the
setting of ventricular arrhythmias, MI should be ruled out.

In patients with impaired left ventricular function, intravenous amiodarone is known
to effectively reduce the recurrence of ventricular arrhythmias should they occur (15). In case
of torsades-de-pointes, intravenous injection of magnesium remains the therapy of first (16).
In these latter patients, it is crucial to verify and discontinue medications that may be associ-
ated with long-QT syndromes. An intracardiac defibrillator (ICD) can be contemplated if the
arrhythmias become incessant.

Pericardial Effusion
Pericardial effusion and cardiac tamponade are typically observed during the procedure but
occasionally become clinically apparent after the procedure while the patient is in the ICU. If
there is any reason for concern, an echocardiogram should be promptly performed to rule out
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Figure 4 (A) Pericardial effusion in a patient after transfemoral implantation of an aortic valve prosthesis. The
picture shows 13 mm of effusion in end-diastole from a subphrenical view anterior to the right atrium and ventricle.
The effusion became evident 4 hours after the procedure and pericardiocentesis was successfully performed
(200 mL venous blood). There was no further evidence of bleeding and the pigtail catheter was removed from the
pericardium on the following day. (B) Fluoroscopy (LAO projection) during implantation (Video 5). The pacing lead
appears suboptimally positioned in the right ventricle and led to the suspicion of a right ventricular perforation.

this potentially life-threatening complication (Fig. 4). The underlying causes include left ven-
tricular perforation by the extra-stiff guidewire, right ventricular perforation by the temporary
pacing wire, bleeding from the left ventricular apex access site used for transapical implantation,
or aortic root rupture during balloon aortic valvuloplasty.

If the diagnosis is confirmed, immediate actions should consist of the administration of flu-
ids (e.g., colloids, crystalloids, and blood products) pericardiocentesis, or possibly the adminis-
tration of catecholamines (17). If the bleeding does not stop, definitive repair with direct suturing
of the left ventricle by using a thoracotomy can be performed. In certain instances, the pericar-
dial effusion is minor and of no hemodynamic consequence; watchful waiting with continuous
monitoring may be an acceptable strategy. Anticoagulants should be stopped temporarily and
if required, protamine or Vitamin K can be administered when indicated.

We suggest that if repositioning of the temporary pacing wire is needed, it should be
performed under fluoroscopic visualization to avoid right ventricular perforation.

Acute Myocardial Infarction
Acute MI after transfemoral or transapical valve implantation is a rare complication seen in
less than 1% of patients (1,3,4,6,8,9). Due to the nature of the procedure, many patients are
characterized by negligible elevations in troponin, CK, and CK-MB levels. Potential causes
of myocardial ischemia include embolization of calcific debris, displacement of native aortic
leaflets or large bulky calcium deposits over coronary artery ostia, or spontaneous plaque
rupture. If there is a significant rise in cardiac enzymes, ECG changes or symptoms sug-
gestive of myocardial ischemia, then a coronary angiogram to rule out coronary obstruc-
tion should be performed. Neither the Edward SAPIEN nor the CoreValve ReValving sys-
tem precludes coronary angiography. Treatment of patients with MI should be according to
guidelines (18–20).
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Low Cardiac Output—Cardiogenic Shock
Cardiogenic shock is defined by sustained hypotension with tissue hypoperfusion despite
adequate left ventricular filling pressure. Signs of tissue hypoperfusion include oliguria
(<30 mL/h), cool extremities, and altered mentation. Cardiogenic shock can be due to a variety
of causes including MI, arrhythmia, cardiomyopathy, or valvular disease. Treatment depends on
the underlying cause. In patients with refractory cardiogenic shock, extracorporeal membrane
oxygenation or left ventricular assist device may be the only option to regain hemodynamic
stability (21) (Fig. 5). Nevertheless, this decision—which is always difficult to make in elderly
patients with multiple comorbidities—is best performed by a team approach (interventional
cardiologist, cardiac surgeon, and anesthesiologist). In our opinion, this form of aggressive
treatment should only be considered for patients who have a reasonable chance of recov-
ery of left ventricular function. Alternatively, cardiac resynchronization in case of asynchrony

Figure 5 ICU setup in a patient after implantation of the CoreValve device. The patient was diagnosed with severe
aortic stenosis and moderately-severe mitral regurgitation (grade 3). Surgery had been refused by two centers. The
decision was made to treat the aortic stenosis by TAVI using a CoreValve prosthesis. Although the implantation was
straight forward, the patient developed hemodynamic collapse and was connected to the heart-lung machine for
reperfusion. He recovered rather quickly and the cannulas were disconnected. The patient was then moved to the
ICU. That same night (approximately 8 hours after successful TAVI) the patient became hemodynamically unstable
once again and developed cardiogenic shock that was recalcitrant to catecholamines. This figure demonstrates
the typical setup in our hospital for a patient with the following needs: (1) constant hemodynamic monitoring
(including invasive measurement of pulmonary artery pressures); (2) positive inotropic medication infusion pump;
(3) mechanical ventilation; (4) hemodialysis; and (5) extracorporeal membrane oxygenator (ECMO) was implanted
via femoral access to achieve hemodynamic stability.
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Figure 6 Chest X-ray from a patient after successful implantation of the CoreValve device. The patient was a
high risk candidate for conventional surgery due to poor LV function. After CoreValve implantation, the LV function
did not recover and it was almost impossible to mobilize the patient due to terminal heart failure. Since the patient
had significant left ventricular asynchrony, a temporary coronary sinus pacing lead was introduced through the
right jugular vein in an attempt to improve LV function (Videos 6 and 7). LV pacing significantly enhanced left
ventricular performance with a subsequent rise in blood pressure by 20 mm Hg. Abbreviation: LV, left ventricular.

or implantation of an aortic balloon pump might be taken into account to achieve hemody-
namic stabilization (20,21) (Fig. 6). Data, however, proving the effectiveness of these therapies
in patients undergoing TAVI are lacking (21). In patients with paravalvular or transvalvular
regurgitation, aortic balloon counterpulsion is contraindicated.

Vascular Complications
Vascular complications including access site vessel occlusion, dissection, perforation, and
peripheral embolization may occur in up to 12% of patients undergoing transfemoral aortic
valve implantation (1,3,6). Risk factors include mismatch between sheath size and access site
vessel diameter, circumferential calcification, and severe tortuosity associated with ulcerations
and atherosclerosis.

Usually, the complication becomes clinically evident during the procedure. A control
peripheral angiogram should be routinely performed at the end of the procedure to recognize
any covert bleeding. Dissections and perforations should be treated using self-expanding and
covered stents, respectively.

In some cases, small dissections may be considered clinically irrelevant. These small dissec-
tions, however, may impair blood flow and induce thrombus formation—peripheral emboliza-
tion can occur a few hours or days after the procedure. It is essential, therefore, to question
patients about symptoms of peripheral ischemia and to regularly examine the extremities for
clinical signs of ischemia (pain, paleness, paresthesia, pulselessness, paralysis, prostration). In
addition, small perforations in the setting of hypotension may be overlooked during control
angiography.

Performing blood gas analysis on a regular basis within the first 8 hours can be helpful
in detecting early complications. An increase in blood lactate levels may be an early sign of
peripheral ischemia whereas a drop in hemoglobin strongly suggests a bleeding complication.

Peripheral ischemia can be confirmed by Doppler ultrasound interrogation in the ICU,
and if the diagnosis is confirmed, a peripheral angiogram should follow to identify the culprit
lesion. In the meantime, patients should receive painkillers and the extremity in question should
be covered with a warming blanket to avoid further cooling.
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In case of access site bleeding, manual compression is often adequate to achieve hemosta-
sis. In some cases, however, the site of bleeding is above the inguinal ligament and manual
compression is ineffective. The suspicion of an intra-abdominal or retroperitoneal bleeding
should be confirmed by ultrasound in the ICU followed by a CT scan to exactly identify the
site of bleeding and to plan further interventions (Fig. 7). Angiography is often necessary and
implantation of a covered stent in the perforated vessel usually seals the bleeding.

Renal Failure
Renal failure is considered to be a risk factor and predictor of mortality after conventional valve
replacement (22,23). Similar observations are yet to be confirmed in patients undergoing TAVI.

In experienced hands, TAVI can be performed using only 60 mL of contrast medium.
Some studies have shown that adequate rehydration before contrast reduces the likelihood of
a postinterventional increases in creatinine levels and oliguria/anuria (24). On the other hand,
the additional volume challenge in critically ill patients with severe aortic stenosis may lead to
cardiac decompensation and pulmonary edema. There is a discrepancy in the literature with
regard to acetylcysteine and the prevention of renal failure (24). Given that a recent meta-analysis
was able to show a possible benefit, it is our practice to administer 1200 mg of acetylcysteine
twice a day with cautious rehydration in patients with preexisiting renal failure. Therapy should
be instituted 2 days before TAVI and continued until the third postinterventional day.

Urine output must be monitored and recorded hourly using a urinary catheter. Creatinine
levels should be measured every day to detect early changes in renal function (25). Bacterial
infections of the urinary tract may exacerbate preexisiting renal dysfunction and if diagnosed,
should be treated with antibiotic therapy (26). Urinary catheters should be discontinued at the
earliest time feasible to avoid bacterial contamination.

Pulmonary Complications
Approximately one-quarter of patients undergoing TAVI have pulmonary comorbidities (e.g.,
severe chronic obstructive pulmonary disease, restrictive lung disease) (1,3,4,6,8,9).

Depending on the clinical status of the patient and local hospital practices, TAVI may be
performed with local or general anesthesia (1,3,4,6,8,9). If general anesthesia is used, attempts
should be made to minimize the total duration of mechanical ventilation and if possible, extubate
the patient immediately after the procedure in the hybrid theatre/OR/cath lab (27,28).

In some cases, however, immediate extubation may not be possible. In these patients,
weaning should be initiated as soon as possible to avoid complications of long-term mechan-
ical ventilation such as ventilator-associated pneumonia (VAP) and deconditioning of the
diaphragm and other respiratory muscles. (27,28) Another disadvantage of general anesthe-
sia is the delayed recognition of procedure-related neurological complications. In cases where
there is an altered level of consciousness, the question is whether it is due to the anesthesia itself
or whether a stroke or intracranial bleed has occurred. In most cases, a CT scan with contrast
must be performed to rule out the latter possibility. Furthermore, general anesthesia may impair
the early mobilization of patients after TAVI.

Auscultation of the lungs should be performed at least twice daily to detect clinical signs
of pneumonia or pulmonary edema. If either is suspected, the diagnosis should be confirmed
by chest X-ray and appropriate treatment instituted (29) (Fig. 8). Moreover, one has to keep in
mind that early mobilization is the key to avoid hypostatic pneumonia (29).

Neurological Complications

Transient Ischemia Attack, Prolonged Reversible Ischemic Neurological Deficits, and Stroke
The incidence of neurological complications was high during the early experience of TAVI
(3,6,8,9) (Fig. 9). This raised the question of whether this method is really applicable to a broader
patient population since neurological defects are usually associated with life-long disabilities.
More recently, however, it has become evident that the stroke rate has declined considerably.
The exact reasons for this are unknown, but the development of smaller sized delivery catheters,
steerable catheters, and the growing experience are thought to play a role (1,3,4,6,8,9).
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Figure 7 Case example—A patient who underwent successful TAVI developed sudden hemodynamic instability
approximately 4 hours after the procedure. This was associated with a drop in hemoglobin from 6.0 to 4.0 mmol/L
within 30 minutes of the event. Echocardiography was normal and there was no evidence of pericardial effusion.
Ultrasound of the abdomen showed a massive retroperitoneal bleeding. (A) CT scan of the abdomen confirmed
the retroperitoneal bleeding originating from the iliac artery. (B) Angiography of the left femoral access site after
transfemoral implantation of the aortic valve prosthesis. Massive bleeding from the left iliac artery (Video 8) was
sealed by deployment of a covered stent (Videos 9 and 10). Proximal to this lesion, the vessel appeared to
be dissected (Video 11) and another stent was placed (Video 12, still frame). The final angiogram confirmed a
successful result with no evidence of residual bleeding (Video 13).
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Figure 8 Chest X-rays and CT scans of the thorax from a patient after implantation of the CoreValve device.
(A) A chest X-ray obtained three days after the procedure demonstrated a partially resected left lung as a result
of cancer years before the procedure. In addition, the patient had severe chronic obstructive pulmonary disease.
There was no evidence of pulmonary congestion or pneumonia and the patient was spontaneously breathing
and doing fine. (B) The procedure was performed under general anesthesia using the subclavian approach
(due to peripheral arterial occlusive disease). The patient was extubated 2 hours after the procedure, recovered
quickly and was transferred to the normal ward on postprocedure day 3. Unfortunately, the patient developed
hospital-acquired pneumonia 6 days after the procedure requiring antibiotic therapy. (C) Progressive bilateral
infiltrations resulted in a further deterioration of pulmonary status and the patient needed mechanical ventilation.
(D) The patient developed sudden hypotension and the chest X-ray confirmed a pneumothorax that was already
suspected on physical examination (E) The topogram of the CT scan confirmed the diagnosis of the pneumothorax.
(F) CT scan of the chest demonstrates the left pneumothorax, bilateral pneumonic infiltrates and pulmonary
congestion.
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Figure 8 (Continued)
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Figure 9 CT scan of the brain after percutaneous aortic balloon valvuloplasty was performed as a bail-out
procedure during cardiopulmonary resuscitation in a patient with severe aortic stenosis. After the procedure,
the patient was hemodynamically stable, catecholamines were discontinued and the patient started to breath
spontaneously on the respirator. On hospital day 3, however, the patient was not triggering the ventilator and
became respirator-dependent. The suspicion of a large stroke was confirmed on CT scan of the brain.

The majority of neurological complications are recognized immediately during the
procedure—that is, if the patients are not under general anesthesia. Interestingly, some patients
experience a stroke several hours or days after the intervention (1). The reasons for these delayed
events are not clear. Fortunately for some, the deficits are transient and disappear over a period
of hours or days.

A complete neurological exam should be performed at least once per day while in the
ICU. When a neurological complication is suspected, a brain CT scan with contrast should
be performed to rule out a bleed or a perfusion defect. In the setting of large strokes (e.g.,
complete occlusion of the medial cerebral artery), direct angiography to evaluate the perfusion
defect and, if possible, intervention by angioplasty should be considered (30). Alternatively,
local thrombolysis might be administered (31). In most cases, however, it is unclear whether
embolized calcific debris or thrombotic material is the cause of the perfusion defect. Calcified
material might be thrombolysis naive and the decision to infuse thrombolytic drugs carries
the risk of bleeding (31). On the other hand, if thrombotic material were responsible for the
occlusion, local thrombolysis might be the only therapy to prevent life-long disability and even
death. Since no recommendations exist for this cohort of patients, a consensus should be reached
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by the team of physicians (interventional cardiologist, cardiac surgeon, and anesthesiologist)
taking care of the patient.

In case of neurological complications, early physiotherapy (two to three times a day)
is absolutely essential to improve function (30,31). In addition, physiotherapy should not be
restricted to the postinterventional in-hospital period and all attempts should be made to
continue it in a rehabilitation unit or outpatient clinic until independence of the patient is
largely re-established.

Symptomatic Transitory Psychotic Syndrome
A reduction in consciousness is often seen after interventions and operation. The symptoms
are usually mild and transient in nature. The likelihood of developing delirium significantly
increases with age and is modulated by many cofactors, for example, individual predisposition,
alcohol or drug abuse, postoperative pain, stress due to the intervention, sleeplessness, side
effects of medication, changes in the electrolyte balance, infections, fever, and dehydration (32).
Treatment of the underlying reasons and mobilization of the patient often leads to the complete
disappearance of the symptoms within a couple of hours. In case of severe disorientation
and aggressive behavior, a combination of neuroleptic drugs and benzodiazepines may be
indicated (32).

Hematological Complications
Severe and prolonged thrombocytopenia identified within days of the procedure was a concern
during the early experience, especially after CoreValve implantation (8). This was primarily
attributed to the use of the heart-lung machine (8). Theoretical considerations led to the advice
of preprocedural administration of a clopidogrel loading dose of 300 mg in an attempt to block
platelet activation and consumption (1,8,9). Once this practice was instituted, postprocedural
thrombocytopenia, if it occurred, was only mild and transient (8).

Within the first week of TAVI, platelet counts should be measured daily. Platelet infusions
should be administered if (1) platelet counts < 10 × 109; (2) platelet counts < 10–20 × 109; (3)
platelet counts < 50 × 109 associated with active bleeding, disseminated intravascular coagu-
lation, or coagulopathy; (4) platelet counts < 50 × 109 and need for extracorporeal membrane
oxygenation; and (5) active bleeding in association with qualitative platelet defects (33).

Of note, clopidogrel or ticlopidine can be associated, albeit rarely, with thrombotic throm-
bocytopenic purpura (TTP). This condition is characterized by intravascular coagulation, throm-
bocytopenia, and bleeding (typically in the brain) (34). Platelet administration is contraindicated
except in situations of life-threatening bleeding. Plasma apheresis and the administration of
fresh frozen plasma are the only known therapies known to improve survival (34).

General Inflammatory Response and Infections
Periprocedural antibiotics should be administered according to local practice guidelines. Despite
this practice, some patients are characterized by an increase in inflammatory markers (e.g.,
leucocytes, blood sedimentation rate) in the setting of elevated body temperature. In these case,
further diagnostic tests are necessary to identify a potential focus of infection, e.g., urinalysis
(rule out urinary tract infection), chest X-ray (to detect pneumonia), and blood cultures. Vascular
access lines and urinary catheters should be changed or discontinued when they cannot be ruled
out as a source of infection. If judged necessary, broad spectrum antibiotics should be instituted
according to guidelines (26,29,35).

If severe septic shock develops, catecholamines might be required to achieve hemody-
namic stabilization. Hematological parameters should be monitored for evidence of dissemi-
nated intravascular coagulation. (Fig. 10).

NUTRITION
Patients recovering quickly after percutaneous aortic valve implantation should receive a bal-
anced diet. Some patients, however, might be mechanically ventilated for prolonged period of
time that may negatively impact on their alimentation (36). According to current recommenda-
tions, enteral feeding should be initiated as soon as the gastrointestinal tract is functioning. One
disadvantage of enteral feeding is the possibility of underfeeding associated with inadequate
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Figure 10 (A) Skin lesions in a patient 14 days after TAVI suggestive of disseminated intravascular coagulation
(left upper panel: both feet, right upper panel: right arm, left lower panel: higher magnification form the left foot,
right lower panel: right left arm). The patient was characterized by a massive drop in platelets and 6 out of 6
blood cultures revealed the presence of staphylococci. (B) The patient went into a state of coma. The brain CT
scan demonstrated diffuse bleeding into the thalamus. (C) In addition, a perfusion defect of the lower left leg was
recognized by physical examination (paleness of the left foot [(A), left upper panel], pulselessness of the popliteal
artery) and this was confirmed by angiography. The popliteal artery was almost completely occluded (Video 14)
and successfully revascularized by stent implantation (Video 15). However, diffuse microthrombi were evident in
the peripheral circulation of both legs in accordance with the results from the physical examination (Video 16).
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energy and protein intake—coupled with an increased risk of morbidity, for example, higher
rates of infection, delayed wound healing, prolonged mechanical ventilation, and delayed recov-
ery (36). A recent meta-analyses of ICU studies provided ample evidence that parenteral nutri-
tion is not related to excessive mortality, but in the contrary, may even contribute to improved
survival. Therefore, supplemental parenteral nutrition combined with enteral nutrition should
be strongly considered to cover the energy and protein targets when enteral nutrition alone
does not achieve the caloric goal (36).
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INTRODUCTION
The evaluation of patients at discharge and during follow-up after transcatheter aortic valve
implantation (TAVI) is overall similar to that of patients after surgical aortic valve replacement
using a bioprosthesis. However, there are some specificities due to the following reasons:

In comparison to the current knowledge on surgically implanted bioprostheses, our
knowledge of TAVI relies on limited data reported mostly in oral communications and by a
few articles in peer-reviewed journals, and is temporarily limited since the long-term results
of TAVI are largely unknown. After two to three years, conclusions regarding the incidence of
complications and the frequency and mode of valve dysfunction are yet to be made (1–8).

Patients treated by TAVI are usually more ill than those included in surgical series, in
particular, because of their age and the presence of comorbidities, which should be taken into
account for follow-up (6–9).

Finally, as can be expected at the present time, there are no precise guidelines on the
postoperative management of patients after TAVI, in contrast to what is available for patients
with surgically implanted bioprostheses (10,11).

Evaluation Before Hospital Discharge

Clinical Evaluation
Clinical evaluation is the key for the evaluation of cardiac and extracardiac status.

This evaluation includes clinical assessment, chest X-ray, ECG, transthoracic echocardio-
graphy, and blood testing. This reference assessment is of utmost importance for interpreting
subsequent changes in murmurs and prosthetic sounds, as well as changes in ventricular func-
tion and transprosthetic gradients as assessed by Doppler echocardiography.

The status of vascular access in the case of the transfemoral approach or the thoracic scar
in the case of the transapical approach should be carefully examined.

The exact incidence, timing, and predictors of atrioventricular block have yet to be identi-
fied precisely. The occurrence of AV block may be delayed after several days and justify further
evaluation in patients at risk, such as those with previous bundle branch block with new con-
duction defects which appeared during or after implantation (12,13). In case of doubt it seems
reasonable to perform Holter monitoring and electrophysiological studies before discharge to
indicate pacemaker implantation.

Details on Echocardiographic evaluation are provided in chapter 25.

Medical Treatment
In patients with a surgically implanted bioprosthesis, even if it is not evidence based, the current
guidelines recommend anticoagulation during the first three months (10,11). There is also no
evidence to support the long-term use of antiplatelet agents in patients with a bioprosthesis
who have no indication other than the presence of the bioprosthesis itself.

After TAVI, both manufacturers currently recommend a combination of aspirin and clopi-
dogrel for three up to six months and then to take aspirin alone indefinitely, even if there is
only limited evidence to support this strategy (Edwards Lifesciences Inc., Irvine, CA, USA, and
Medtronic Int. Trading, Tolochenaz, Switzerland). In practice, when there is a high bleeding risk
it is advisable to stop one antiplatelet agent as soon as possible.

Vitamin K blockers should be continued in patients in whom they are indicated, or those
with atrial fibrillation, or a history of embolism. In such cases it is necessary to shorten as much
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as possible the use of antiplatelet therapy. During this period, weekly monitoring of INR is
advised and any over-anticoagulation should be avoided.

Other medications should be continued such as medication for the treatment of heart
failure, antiarrhythmic agents as well as the agents necessary for the treatment of extra-cardiac
diseases.

Education
Before discharge, it is useful to improve patient education on endocarditis prophylaxis according
to the recent guidelines (11) and, if needed, on anticoagulant therapy, as well as emphasizing
that new symptoms should be reported as soon as they occur.

Rehabilitation
It is not routinely recommended after TAVI. It could be important in patients presenting pleural
effusion after transapical approach. Patients are discharged either at home or in a general
hospital, or finally in a rehabilitation clinic depending of their cardiac or more importantly their
extra-cardiac status.

Follow-Up

General Comments
Taking into account the limitations mentioned before on the limited knowledge of long-term
outcome, the following recommendations can be proposed.

All patients who have TAVI require lifelong follow-up by a cardiologist to detect early
deterioration in prosthetic or ventricular function, or the further progression of disease in a
heart valve. In the early phase of the technique it seems advisable that the team that performed
TAVI has a leading role in the follow-up, keeping precise records of each individual patient
and including them in registries. This should be done in close collaboration with the other
physicians, such as the GP, and other specialists, such as geriatricians, if needed, according to
the specifics of the extra-cardiac condition of the patient. It is of utmost importance that all these
physicians are informed about the procedure.

Similar to the recommendations for surgically implanted bioprostheses, a complete base-
line assessment should be performed, ideally one month after TAVI. This will include clinical
assessment, which is the cornerstone of follow-up, chest X-ray, ECG, transthoracic echocar-
diography, and blood testing to detect silent bleeding in patients under anticoagulant ther-
apy, or suffering from pathological hemolysis. In addition, it will probably be useful to
assess quality of life and make a global assessment of the extracardiac condition by using
scores such as the Lee or Charlson score (14,15). This visit is also useful to improve patient
education.

Thereafter, clinical assessment could be performed at 3, 6, and 12 months after implantation
and then twice a year. Functional deterioration or change in auscultation during late follow-up
raise the question of valve dysfunction and require prompt echocardiographic examination.

There is no consensus regarding the usefulness of systematic echocardiographic follow-
up, however it seems reasonable at this early stage in the technique to recommend that
echocardiographic examination is performed during these visits. Transprosthetic gradients
during follow-up are best interpreted in comparison to the baseline values in the same
patient, rather than in comparison to theoretical values for a given prosthesis, which lack
reliability. Transesophageal echocardiography (TEE) should be considered only if transtho-
racic echocardiography is of poor quality in all cases of suspected prosthetic dysfunction or
endocarditis.

The clinical performance of valvular substitutes is judged according to the “Guidelines
for Reporting Mortality and Morbidity After Cardiac Valve Intervention” (16).

Management of Complications
The specific complications associated with cardiac valve prostheses are structural valve degen-
eration (SVD), nonstructural dysfunction, delayed displacement, thromboembolism and throm-
bosis, and prosthetic valve endocarditis.
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Structural Deterioration
SVD occurs in all bioprostheses if they remain in place long enough. Bioprosthesis failure occurs
via several mechanisms: regurgitation via leaflet tears, stenosis due to leaflet calcification, or
perforations unrelated to calcification.

Mid-term clinical outcome at up to five years (though only two years in most studies)
is reported in a limited number of patients and is encouraging since serial echocardiographic
studies have consistently shown good prosthetic valve function with no structural deterioration
of valve tissue.

Structural deterioration may be detected in several circumstances: new heart failure,
changes in auscultatory findings with detection of a diastolic murmur or changes in the char-
acteristics of the systolic murmur that becomes louder, or finally changes in echocardiographic
parameters. Auscultatory and echocardiographic findings should be carefully compared with
previous examinations in the same patient.

The management of this complication after TAVI is difficult to define due to several
reasons:

The long-term durability of these new bioprostheses as well as their mode of degeneration
remain largely unknown, which does not allow us to give precise recommendations as regards
the timing of reintervention.

The extra-cardiac condition and especially the multiple comorbidities of the patients
currently treated by TAVI should be taken into account when deciding on the indication and
the type of intervention used.

The feasibility of subsequent surgical aortic valve intervention is largely unknown (17).
Preliminary case reports have shown that valve-in-valve implantation is feasible especially in
the case of acute failure of TAVI, and this leads us to expect that if these initial findings are
confirmed it will be the preferred option in case of SVD (18).

Finally, percutaneous balloon dilatation should be avoided in the treatment of stenotic
left-sided bioprostheses because of the risk of embolism and cusp rupture leading to massive
regurgitation (19).

The decision to reintervene should take into account the risk of reoperation, which
increases with age, high functional class, LV dysfunction, comorbidities, and, above all, the
emergency situation.

Reintervention will be advised in symptomatic patients with significant prosthetic dys-
function (significant increase in transprosthetic gradient or severe regurgitation) if their life
expectancy is acceptable. Reintervention should be considered early, since its risk rapidly
increases in patients in NYHA class III or IV.

Asymptomatic patients with any significant prosthetic dysfunction should be carefully
followed up at shorter time intervals but it does not seem advisable to recommend reintervention
at this stage on the basis of the current knowledge on TAVI.

Valve Prosthesis–Patient Mismatch
Data on valve prosthesis–patient mismatch after TAVI is very limited and suggests that it will
be unlikely.

Nonstructural Dysfunction
Paraprosthetic regurgitation has been reported in 6% of patients after surgical aortic valve
replacement. Even mild paraprosthetic regurgitation may cause hemolysis (10).

In the field of TAVI, long-term consequences of paravalvular leaks (PVL) have not been
reported. However, it is to be anticipated that mild to moderate regurgitation will not have
significant clinical consequences in this population. Conversely, severe aortic regurgitation may
lead to heart failure.

Blood tests for hemolysis should be part of routine follow-up. Haptoglobin measurement
is too sensitive, and lactate dehydrogenase, although nonspecific, is better related to the severity
of hemolysis. The diagnosis of hemolytic anemia often requires TEE to detect a paravalvular
leak. Even in surgical literature only limited data is available regarding therapeutic options.
In the field of TAVI there is very limited data suggesting that in the acute setting balloon
dilatation within the stented valve may decrease the magnitude of paravalvular regurgitation,
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but the risk-to-benefit ratio of such an approach is unknown since the technique may induce
acute intravalvular leakage. There is no data on the performance of this technique at a later
stage. Thus surgery seems to be the only option if reintervention is needed for paravalvular
leakage causing hemolysis. In the guidelines on valve disease there is a consensus to recommend
reoperation if PVL is related to endocarditis, or if PVL causes hemolysis needing repeated blood
transfusions or leading to severe symptoms. In patients with severe hemolytic anemia and PVL
where surgery is contraindicated, or in those unwilling to undergo reoperation, medical therapy
includes iron supplementation, �-blockers, and erythropoietin if hemolysis is severe.

Transcatheter closure of paravalvular regurgitations is feasible but complex, and concerns
exist regarding its efficacy. Little information is available since most evaluations of transcatheter
closure of paravalvular regurgitations are case reports. A small series showed improvement of
symptoms but no efficacy on hemolysis in most patients. This explains why transcatheter
intervention is not considered as an alternative to surgery in guidelines (10,20) but it may be an
interesting approach to be explored after TAVI.

Delayed Displacement
Although the vast majority of percutaneously implanted prothesis migrations occurred during,
or just after the procedure, one case of delayed dislocation occurring 3 weeks after implantation
has been published (21).

Endocarditis
Infective endocarditis prophylaxis is of particular importance in patients with a heart valve
prosthesis, who are considered at high risk for endocarditis in all guidelines (11). This also
applies after TAVI even if only 2 cases have yet been reported (1,22) due to the limited duration
of follow-up. The current trend is to encourage good dental hygiene but limit antibiotic pro-
phylaxis to dental procedures that involve the manipulation of either the gingival tissue, the
periapical region of teeth, perforation of the oral mucosa, or interventions on the upper respira-
tory track. Surgery will be the only option if reintervention is needed in the case of hemodynamic
compromise or persistent sepsis or recurrent embolism. However, the high surgical risk or even
the absolute contraindication for surgery in many patients will probably often lead to medical
treatment alone, which could be successful in the case of nonvirulent microorganisms. These
anticipated problems with surgical intervention should lead to a reinforcement of the measures
for prophylaxis of endocarditis and the avoidance of unnecessary procedures at high risk of
endocarditis in this population.

Prosthetic Thrombosis
Occlusive prosthetic thrombosis is characterized by impaired motion of the mobile part of the
prosthesis. It is rare after surgical implantation of an aortic bioprosthesis and its incidence after
TAVI is unknown. Only one case has been reported to date. If it occurs it is likely that the
principles used for the other bioprosthesis implanted surgically may be used.

This high-risk complication justifies a particular awareness and should lead to prompt per-
formance of transthoracic echocardiography, and most often TEE. Occlusive prosthetic throm-
bosis is usually treated by redo surgery, which carries a relatively higher risk, particularly when
patients are in poor hemodynamic condition. Thrombolysis is an alternative but it is associ-
ated with high mortality rates due to failure or embolic events. According to recent guidelines,
thrombolysis is mainly considered if surgery is contraindicated, which may well be the case in
patients currently treated by TAVI. On the other hand, a careful search for contraindication for
thrombolysis should be done in this elderly population.

Thromboembolism after valve surgery is multifactorial both in its etiology and its origin.
Although many thromboembolic events will have originated from thrombus, a vegetation on a
prosthesis or as the result of the abnormal flow conditions created by a degenerated prosthesis,
many others will have arisen from other sources as the result of other pathogenic mechanisms
and be a part of the background incidence of stroke and transient ischemic attack in the general
population.

Thorough investigation of each episode of thromboembolism is therefore essential (includ-
ing cardiac and noncardiac imaging when appropriate) to allow for appropriate management.
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Nonocclusive prosthetic thrombosis may be diagnosed on TEE after an embolic event.
First-line treatment is oral anticoagulation, or the addition of antiplatelet drugs in patients
who are already on vitamin K blockers, under close echocardiographic monitoring. Surgery
can be considered in large nonocclusive prosthetic thrombosis (≥10 mm), in particular, if it is
complicated by an embolic event or if it persists despite intensification of anticoagulant therapy.
Here again the decision to operate will be very rare in the TAVI population because of an
unfavorable risk-to-benefit ratio.

The prevention of further thromboembolic events involves the treatment or reversal of
remediable risk factors such as atrial fibrillation, hypertension, hypercholesterolemia, diabetes,
smoking, chronic infection, and prothrombotic blood test abnormalities.

For patients on oral anticoagulation, the optimization of anticoagulation control is neces-
sary, if possible, with patient self-management, on the basis that better control is more effective
than simply increasing the target INR. This should be discussed with the neurologist in case of
recent stroke.

Heart Failure
Heart failure after valve surgery or TAVI should lead to a search for the following:

� Prosthesis-related complications: structural dysfunction, paravalvular leakage, or rarely,
valve thrombosis.

� LV dysfunction: Systolic LV dysfunction may be due to (i) persistent pre-TAVI LV dysfunc-
tion, which is unlikely in isolated aortic stenosis but may occur in case of ischemic disease,
especially after myocardial infarction leading to large myocardial scars and (ii) myocardial
infarction occurring during or after TAVI.

� In the elderly population heart failure may be also due to diastolic LV dysfunction related
to severe LV hypertrophy.

� Persistence or progression of another valve disease. This concerns especially the patients
with severe organic mitral regurgitation in whom TAVI has been performed because the
degree of regurgitation has been underestimated. However, one case of mitral valve injury
occurring late after TAVI has been described (23).

� Nonvalvular related causes such as coronary disease, hypertension or sustained arrhythmias
should also be considered.

The management of patients with persistent LV dysfunction should follow the guidelines
on the management of chronic heart failure (24).

CONCLUSIONS
Currently, the limited knowledge of long-term follow-up after TAVI limits the possibility of
issuing firm recommendations as regards the management of these patients during follow-up.
The main principles for follow-up of patients after TAVI can be summarized as follows:

Follow-up should be done by a cardiologist and a team of physicians working together.
A comprehensive assessment of the cardiac and extracardiac condition is necessary before dis-
charge. Education of the patient is crucial. Sequential follow-up visits including clinical exam-
ination and in most cases echocardiography is recommended at this stage of our knowledge.

To make further progress, all patients receiving TAVI should be included in registries led
by scientific societies and managed at national and international levels. This will allow us to
better assess the durability and long term outcomes of TAVI and provide us with evidence-based
guidance.
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INTRODUCTION
An understanding of the anatomy of the aortic valvar complex is a prerequisite for the correct
interpretation of postimplant images that can be obtained by echocardiography, fluoroscopy,
multislice computed tomography (MSCT), and MRI (1).

During surgical aortic valve replacement, densely calcified native leaflets are removed
to make space for the prosthesis. In contrast, calcifications remain in situ during transcatheter
aortic valve implantation (TAVI). The dense annular calcification and the dense metal struts of
the prosthesis cause signal loss, which can affect all imaging modalities to a variable degree. The
loss of signal, in addition to limitations imposed by echocardiographic windows, can severely
restrict the ability of echocardiography to evaluate the three-dimensional (3D) geometry and
position of the implanted prosthesis. This evaluation may be better achieved by 3D MSCT or
using multiple views on cine-angiography. On the other hand, echocardiography remains the
most frequently used modality for assessment of flow and prosthesis integrity. The particular
set of difficulties and limitations that can affect imaging of the implanted prosthesis are shown
in Table 1. Table 2 indicates the relative strengths and weaknesses of each imaging modality.

We briefly describe the indications for imaging post-TAVI and then explain the utility of
echocardiography, fluoroscopy, MSCT, and MRI in more detail.

INDICATIONS
Clinical indications for postprocedural imaging include (i) evaluation of procedural success
(i.e., valve position and valve function), (ii) assessment and management of procedural com-
plications, (iii) evaluation of persistent or recurrent symptoms, and (iv) surveillance of device
integrity.

Evaluation of Valve Position and Function
The optimal function of the prosthesis relies on correct sizing, correct positioning of the pros-
thesis, and adequate expansion and adequate apposition of the prosthesis to the surrounding
tissue (2,3). The residual gradient and degree of aortic regurgitation are the most important
parameters to be assessed. Additional information such as the position of the prosthesis within
the aortic root (i.e., depth of implantation), angulation and geometry of the prosthesis, as well
as displacement of the calcified leaflets relative to the coronary tree is required. A combination
of imaging modalities is ideally needed. If significant regurgitation or a residual gradient is
detected, the cause needs to be identified and managed correctly (e.g., prosthesis implanted too
deep, underexpanded or malapposed prosthesis).

Serial investigations of valve integrity and function will eventually provide important data
on long-term durability. Furthermore, deformation of the valve prosthesis after implantation
with respect to its nominal dimensions can potentially impact the long-term durability of the
valve (4,5). This concept is further discussed in a subsequent section.

Assessment of Procedural-Related Complications
During TAVI, complications such as device embolization or the need for a valve-in-valve may
require postprocedural imaging to assess the safety and efficacy of these practices. In both
situations, we have appreciated that the frame of the prosthesis may become severely deformed
with potential clinical consequences (3,6) (Figs. 1 and 2). For instance, it is important to establish
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Table 1 Factors Complicating Imaging of Implanted PAVR Prostheses

Patient related

� Frail patients, limited mobility, difficult to position, poor echo windows, claustrophobia
� Heavy calcification of the aortic root and ascending aorta causing signal loss (annular calcification is

removed during surgical AVR but not PAVR)
� High incidence of arrhythmia including atrial fibrillation and frequent ventricular ectopy can reduce

image quality in gated acquisitions (MSCT and MRI)
� Renal impairment: risk of contrast nephropathy (MSCT, cine-angiography) or gadolinium toxicity

(CMRI)

Prosthesis related

� Multiple dense metal struts in addition to native calcification causing signal loss (ECHO>MRI>MSCT)
� Complex 3D morphology of the aortic root and PAVR prostheses (especially CoreValve), axial views

can be difficult to obtain with 2D imaging modalities

whether the embolized valve may impinge on the carotid arteries or whether the prosthesis that
is too low may affect left ventricular or mitral valve function.

Investigation of Persistent or Recurrent Symptoms
TAVI is highly effective in reducing the transaortic gradient and alleviating patient symptoms,
but not all patients will symptomatically improve and some may deteriorate after an initial
improvement (7). The lack of improvement of symptoms may be caused by cardiac factors or
noncardiac comorbidities. Cardiac factors may include valvular hemodynamic perturbations
(central or paraprosthetic aortic regurgitation, residual stenosis, incorrect sizing, mitral regur-
gitation, left ventricular impairment, coronary embolism or jailing, cardiac arrhythmia, or heart
failure). Management will depend on the underlying cause of the symptoms.

Surveillance of Device Integrity
Long-term data on device is integrity is not yet available. To date, there have been no stent
or frame fractures reported with either the Edwards SAPIEN or CoreValve ReValving system
(CRS), respectively. This topic is further discussed later.

IMAGING MODALITIES

Echocardiography
Doppler echocardiography is the gold standard imaging modality for the serial assessment of
valve function and left ventricular performance (8,9). In patients with suspected prosthetic valve
dysfunction, echocardiography can provide information on valve structure, hemodynamics,
and left ventricular function and evaluate for conditions such as prosthetic valve thrombosis or
endocarditis. An echocardiographer who is skilled at assessing prosthetic valves is in a position
to significantly impact patient care.

This section discusses aspects relating to (i) estimations of transaortic prosthetic valve
gradients, (ii) effective aortic valve orifice areas, and (iii) the approach to the patient with
suspected prosthetic valve dysfunction. Many of the principles discussed here are extrapolated
from what is known about the evaluation of native aortic valves and surgically implanted
prosthetic aortic valves.

Assessment of Prosthetic Valve Function
Following implantation, transthoracic echocardiography should be performed at least once
before hospital discharge so as to provide baseline values for future comparison. Until further
experience accumulates and “norm” is established, it may be prudent to perform serial transtho-
racic echocardiograms at each follow-up visit (e.g., 3 months, 6 months, 12 months, and twice
a year thereafter).
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Figure 1 MSCT images of a sequential valve implantation. The first prosthesis was implanted correctly but
was displaced following withdrawal of a pigtail catheter from the left ventricle. The MSCT images subsequently
demonstrated that the tip of the pigtail catheter had inadvertently passed through the struts of the CRS during
passage to the left ventricle. This resulted in entanglement with the frame on withdrawal (inset). A second CRS
was implanted with clinically success result.

Transaortic Prosthetic Valve Gradients
The simplified Bernoulli equation relates blood flow velocity through a narrowed orifice to
the pressure gradient between two chambers such that �P = 4V2 (where �P is the pressure
gradient (mm Hg) and V is the velocity (m/sec) through the narrow orifice). The maximal
instantaneous (peak) pressure gradient is obtained by estimating the maximal (peak) velocity
across the valve orifice by using continuous wave Doppler. The mean gradient can be estimated
by sketching out the envelope of the jet velocity profile obtained by continuous wave Doppler.
Various acoustic windows (apical, suprasternal, right parasternal) should be evaluated to detect
the highest velocity signal.

False low gradients can be associated with left ventricular dysfunction or due to improper
alignment of the Doppler beam to the jet velocity. High gradients can be associated with pros-
thetic valve obstruction/stenosis, prosthetic valve regurgitation, or high output states such as
anemia, tachycardia, or sepsis. Prosthetic valve obstruction/stenosis can be due to patient–
prosthesis mismatch, valve thrombosis, endocarditis, incomplete valve expansion due to dense
calcifications, and prolapse of native valve leaflet or calcific nodules into the prosthetic valve
impeding normal leaflet excursion. A more complete discussion on prosthetic valve regurgita-
tion can be found below.

Discrepancies in estimated pressure gradients can occur between cardiac catheterization
and Doppler echocardiography. These observations should be confirmed by at least two experi-
enced echocardiographers. There can be several potential explanations for the discrepancies—
nonsimultaneous pressure recordings, interrogation of the mitral regurgitation jet instead of the
aortic stenosis jet, high jet velocities within the left ventricular outflow tract or supravalvular
regions, or the pressure recovery phenomenon.

The pressure recovery phenomenon implies that valve gradients estimated by Doppler
echocardiography are “overestimated” when compared to those at cardiac catheterization
(10–12). These differences can range from 1 to 53 mm Hg (mean 20 mm Hg) (13). As blood flow
passes through the prosthesis or narrowed orifice, jet velocity increases and pressure decreases
based on Bernoulli’s principle (the law of conservation of energy). The maximum velocity and
peak pressure drop occur at the level of the vena contracta, located a short distance distal to the
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Figure 2 Evaluation of CoreValve valve–in-valve implantation using MSCT following intraprocedural embolization
of the CRS implanted first. MSCT and intravascular ultrasound images are shown of the CRS implanted first that
embolized (higher and outside) and the second CRS (lower and inside the first). Axial images are shown at levels
of interest (1–6) of the functionally important second CRS both before (A and C) and after (B and D) balloon
valvuloplasty. Source: From Ref. 3. Levels of the second CRS are 1 = Ventricular end, 2 = nadir of CRS leaflets,
3 = central coaptation of CRS leaflets, 4 = commissures, 5 = nominally the widest point of second CRS (central
coaptation of first CRS), 6 = apex of outflow.

location of maximal anatomic constriction. Distal to the vena contracta, blood flow decelerates
and pressure increases (i.e., “pressure recovery”). It then follows that the transaortic pressure
gradient estimated with a fluid-filled catheter positioned in the ascending aorta represents the
pressure difference between the left ventricle and the region distal to the vena contracta. On the
other hand, the transaortic pressure gradient estimated by Doppler echocardiography repre-
sents the pressure difference between the left ventricle and the vena contracta. Neither modality
is inherently wrong. An appreciation of these “natural” discrepancies is essential in the proper
management of patients.

Following TAVI, peak and mean transaortic valve gradients decrease significantly
(15–20 mm Hg and 5–15 mm Hg, respectively) (14–17). These results are comparable to those
reported for surgical aortic valve replacement (18).

Continuity Equation for Calculation of Aortic Valve Area
Calculation of the effective aortic orifice area is based on the continuity principle where EOA =
CSALVOT × VTILVOT/VTITransprosthesis (EOA, effective orifice area; CSA, cross-sectional area;
LVOT, left ventricular outflow tract; and VTILVOT, velocity time integral obtained by pulse
wave Doppler; VTITransprosthesis, velocity time integral obtained by continuous wave Doppler).
Potential sources of variability include accurate measurements of the left ventricular outflow
tract, eccentric jets leading to underestimation of jet velocities or settings of altered volume
status or heart rate. Transesophageal echocardiography can provide more reliable estimates of
the diameter of the left ventricular outflow tract than transthoracic echocardiography.
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After successful TAVI, there is an important and sustain increase in effective aortic orifice
area to approximately 1.5 to 2.0 cm2 (15,16). The effective orifice area may vary depending on
valve type and valve size.

Paravalvular Aortic Regurgitation
Following TAVI, mild paravalvular aortic regurgitation can be observed in 50% to 70% of
patients and appears to be well tolerated clinically (14,15,19,17). Anecdotal experience dictates
that this percentage decreases over time but confirmatory evidence is lacking.

Specific guidelines on how to quantify and classify the severity of paravalvular regur-
gitation in the context of TAVI are lacking. Semiquantitative indices suggesting more severe
degrees of aortic regurgitation include longer duration of the regurgitant signal, eccentricity of
the jet (Coandă effect), extension of the jet signal deep into left ventricular cavity, and a mosaic
jet suggesting high velocities and turbulent flow.

Briefly listed, the potential causes of paravalvular aortic regurgitation include undersized
prosthetic valve, aggressive preimplant balloon dilatation, valve implantation too high or too
low, inadequate frame or stent expansion, dense calcifications causing deformity of prosthesis,
and prolapse of native valve leaflet or calcific nodules into prosthetic valve impeding normal
leaflet excursion.

Mild degrees of aortic regurgitation can be recorded in 6% to 73% of patients after surgical
aortic valve replacement (20–22). In most instances, this is known as “closing regurgitation” that
fortuitously prevents stasis and thrombus formation by a “washing mechanism.” This effect is
more prominent with mechanical than bioprosthetic valves.

Mitral Valve Function
Current evidence would suggest that the severity of mitral regurgitation does not change
appreciably after TAVI (15,19). There are some patients, however, who seem to improve or
worsen in this respect. Details of the frequency, pathophysiological mechanisms, and prognostic
implications of these findings require further study.

The following case example illustrates a patient who presented three months after implan-
tation of the CRS with fever and positive blood cultures for corynebacterium. Transesophageal
echocardiography showed severe mitral regurgitation due to a perforated aneurysm of the
anterior mitral valve leaflet at the level of the ventricular edge of the metal frame. The patient
underwent surgical aortic valve replacement with a 23-mm Carpentier-Edwards bioprosthetic
valve and pericardial patch repair of the anterior mitral valve leaflet. A vegetative lesion was
observed on the transcatheter aortic valve cusp (Figs. 3 and 4 and Videos 1, 2, 3). (Figures

Figure 3 Transesophageal echocardiogram
(105◦) long-axis view of the left ventricular out-
flow tract (zoom in). The inflow portion of the
CoreValve prosthesis is impinging upon the
anterior mitral valve leaflet. An aneurysm of the
anterior mitral valve leaflet can be observed at
the hinge point between the ventricular edge
of the metallic frame and anterior mitral valve
leaflet. (Courtesy of Sebastiano Marra, MD,
Maurizio D’Amico, MD, Mauro Rinaldi, MD, Fab-
rizio Sansone, MD, Chiara Comoglio MD, Paolo
Scaciattella from the University of Turin, San
Giovanni Battista Hospital, Turin, Italy).
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Figure 4 Transesophageal echocardiogram
(105◦) long-axis view of the left ventricular out-
flow tract (zoom in) with color Doppler of the
mitral valve. Moderate to severe mitral regur-
gitation is secondary to a perforation of the
anterior mitral valve leaflet. (Courtesy of Sebas-
tiano Marra, MD, Maurizio D’Amico, MD, Mauro
Rinaldi, MD, Fabrizio Sansone, MD, Chiara
Comoglio MD, Paolo Scaciattella from the Uni-
versity of Turin, San Giovanni Battista Hospital,
Turin, Italy).

and videos for this case provided courtesy of Sebastiano Marra, MD, Maurizio D’Amico, MD,
Mauro Rinaldi, MD, Fabrizio Sansone, MD, Chiara Comoglio MD, Paolo Scaciattella from the
University of Turin, San Giovanni Battista Hospital, Turin, Italy). Video 1 also demonstrates
the inflow portion of the prosthesis impinging upon the anterior mitral valve leaflet. Contrast
aortography and echocardiography confirmed the relatively deep placement of the prosthesis
within the left ventricular outflow tract [Fig. 5(A) and 5(b)]. The patient underwent successful
antibiotic and surgical therapy.

The second case example represents a patient who presented eight months after implan-
tation of the CRS with spontaneous rupture of the chordae tendineae attached to the anterior
mitral valve leaflet. Transesophageal echocardiography revealed (i) the inflow portion of the
prosthesis to be impinging upon the anterior mitral valve leaflet and (ii) severe mitral regurgi-
tation due to a flail anterior mitral valve leaflet (Video 4). The relationship, if any, between the
depth of implantation and the development of the patients’ clinical syndrome is not clear.

Left Ventricular Function
Patients with severe aortic stenosis invariably have diastolic dysfunction with or without systolic
dysfunction. According to published literature, it is reasonable to assume that left ventricular
systolic performance is preserved following TAVI (23,24). In a study by Bauer et al., echocar-
diography performed within 24 hours after TAVI demonstrated acute improvements in global
and regional left ventricular systolic function by using strain and strain rate imaging techniques
(24). De Jaegere et al. showed that in approximately two-thirds of patients diastolic function is
unchanged whereas it improves or worsens in the remaining minority of patients (19).

The clinical outcomes of patients with left ventricular dysfunction with or without con-
tractile reserve undergoing TAVI should be the focus of future studies.

Suspected Prosthetic Valve Dysfunction
Patients with prosthetic valve dysfunction associated with obstruction or regurgitation most
commonly present with dyspnea. Other symptoms related to bacteremia, thromboembolism,
or hemolytic anemias are possible as well.

Several questions need to be addressed concerning the patient with suspected prosthetic
valve dysfunction: (i) Is the valve well seated? (ii) Is the valve opening and closing properly?
(iii) Is there any expected or unexpected valve regurgitation? (iv) Is there evidence for prosthetic
valve stenosis? (v) Is there an unexpected mass (e.g., endocarditis, thrombus, or pannus) on the
valve structure or leaflets? (vi) Is there involvement of other cardiac structures (e.g., perivalvular
abscess, fistulous tracts, etc.)?
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A

B

Figure 5 Deep implantation of the CoreValve
prosthesis (in this case ∼12 mm below the aortic
valve annulus) shown by (A Contrast aortog-
raphy and (B transesophageal echocardiogra-
phy (105◦). (Courtesy of Sebastiano Marra, MD,
Maurizio D’Amico, MD, Mauro Rinaldi, MD, Fab-
rizio Sansone, MD, Chiara Comoglio MD, Paolo
Scaciattella from the University of Turin, San
Giovanni Battista Hospital, Turin, Italy).

There should be an extremely low threshold to perform transesophageal echocardio-
graphy after screening transthoracic echocardiography. Doppler-derived parameters such as
pressure-half time and the ratio of TVILVOT/TVITransprothesis can be useful to differentiate between
valve regurgitation and obstruction. If the cardiac output, two-dimensional (2D) and color flow
exam, and gradients are all within normal limits, then it is safe to assume that the effec-
tive orifice area will be within acceptable range. If any of these three aforementioned condi-
tions are not satisfied, then the effective orifice area should be calculated using the continuity
equation.

In the absence of symptoms and a normal transesophageal echocardiogram, close follow-
up is recommended.
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Fluoroscopy
The frame of the CRS is composed of Nitinol whereas the Edwards SAPIEN prosthetic valve
is composed of stainless steel. In the fields of peripheral vascular and coronary intervention,
stent fractures (Nitinol or stainless steel based) have been reported; in vivo pulsatile fatigue
effects are thought to play an important role (25). There are no published reports on the in vivo
durability or fractures of the CRS or Edwards SAPIEN prosthetic valve. The implications of
such fractures would require further study.

Comparing ECG-gated fluoroscopic sequences obtained immediately after implantation
with those obtained at follow-up can be useful to assess the integrity of the frame of the pros-
thesis. It is essential that similar gantry positions obtained during the implantation procedure
and two further orthogonal views are used for comparison. Importantly, a rotational cine is
essential—otherwise it may be possible to miss a fracture depending on the location and orien-
tation of the fracture. A fracture may be recognized as an interruption or discontinuation of a
strut of the frame and/or missing part of the frame.

Serial fluoroscopic assessments for valve integrity are currently being performed in the
context of research protocols.

Multislice Computed Tomography
In contrast to transthoracic echocardiography, a cardiac MSCT data set allows visualization
beyond both calcification and metal struts and provides images of a 3D virtual heart that can
be viewed from any plane thereby allowing true axial orientation for accurate measurement of
valve geometry (Video 5).

Frame Geometry and Apposition
MSCT can clearly demonstrate both the struts of the CoreValve prosthesis and the tissue it is
apposed to (2,3). As a result, it should be regarded as the method of choice for the evaluation
of patient anatomy and geometry of the implanted CoreValve prosthesis. With respect to the
latter point, MSCT can provide insights into the undersymmetrical or asymmetrical expansion
or malapposition of the CoreValve frame (Fig. 6). A recent MSCT study showed that incom-
plete apposition of the CoreValve prosthesis was common (3). In addition, asymmetrical and
incomplete expansion was frequently seen at the lower levels of the leaflets, although this was
minimal over the leaflet coaptation segment that is considered important for valve function
(Fig. 7). The long-term implications of these observations are not known.

In approximately 30% of patients, the coaptation of the CRS leaflets can be seen on
functional MSCT (Video 6). Native aortic valve leaflet calcification can be assessed in detail
including volume, density, distribution, and shift in position following prosthesis implantation.
The proximity and apposition of the frame and displaced calcium relative to the coronary ostia
can also be clearly seen (Video 6).

Frame Fractures
The struts of transcatheter valves can be clearly visualized by MSCT—this allows deformation
of the frame to be detected and quantified (3). However, the significant blooming effect caused
by the radio-dense struts would tend to obscure subtle frame fractures. The blooming effect
may be reduced by using an edge preserving reconstruction kernel (e.g., b46f) at the expense
of some loss in signal to noise ratio (26). In addition, however, the detection of possible frame
fractures is restricted by the resolution of MSCT (0.5 mm × 0.5 mm × 0.5 mm) relative to the
thickness of struts (∼0.4 mm). As a result, only significant displacement of struts may be reliably
detected using MSCT whereas point fractures are likely to be missed. Currently, frame fractures
have not been reported.

Frame–Mitral Valve Interaction and Left Ventricular Function
In addition to geometry, dynamic functional data throughout the cardiac cycle may be obtained
using a retrospective scan technique with limited dose modulation and image reconstruction
throughout the cardiac cycle. This allows evaluation of left ventricular function including eval-
uation of regional wall motion abnormalities and evaluation of movement of the mitral valve
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Figure 6 The axial shape, dimensions, and apposition of the frame of the CRSTM can be assessed at various
levels of interest. D2: largest diameter; D1: smallest diameter. Source: From Ref. 2.

Figure 7 Asymmetry of the axial frame of the CRS at various levels. Source: From Ref. 2.
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leaflets (27,28). The interaction of the anterior mitral valve leaflet with the inflow of the prosthesis
can also be seen (Video 7).

Vascular Complications
In addition to evaluation of the aortic root and prosthesis, the rest of the aorta and large
vascular access routes (subclavian, axillary, and femoral) can be assessed in the same MSCT scan
provided that this information is requested before the scan is performed. In this way, vascular
access related complications such as dissection or retroperitoneal bleeding can be evaluated
simultaneously. Furthermore, one can also appreciate the proximity of the displaced calcified
native aortic valve leaflets relative to the coronary ostia. Dense and widely distributed coronary
calcification is present in a large proportion of these patients, which can limit visualization of
the lumen of the coronary tree.

Limitations
A limitation of MSCT technique is that flow cannot be measured. Although the retrospec-
tive scanning technique requires high-radiation doses, there is unlikely to be any significant
stochastic increase in risk of malignancy in the long-term in the elderly comorbid patient pop-
ulations receiving PAVR. Considering that radiographic contrast is required and that patients
currently treated with TAVI have a high prevalence of impaired renal function (5–25%) (17), it is
important to cautiously hydrate patients and administer acetylcysteine. In patients with severe
renal impairment (glomerular filtration rate <30 mL/min), MSCT with contrast is generally
contraindicated.

Indications
There is currently no literature to support routine use of MSCT post-PAVR. However, in selected
cases it may prove very useful, as discussed later.

Case 1: Failure to Improve After Valve-in-Valve PAVR
A man aged 81 years with severe (transaortic peak gradient of 109 mm Hg) symptomatic (NYHA
3) aortic stenosis and a logistic EuroScore of 21.6 was accepted for PAVR, following evaluation by
a multidisciplinary team (3). During the procedure, a CoreValve prosthesis with 29 mm inflow
was in an acceptable position but was found to be asymmetrically underexpanded at the level of
the native aortic leaflets. Postdilatation during rapid ventricular pacing resulted in embolization
of the CRS due to premature discontinuation of the pacing. Following implantation of a second
CRS the aortic regurgitation was reduced to grade 1. He was discharged with a transvalvular
gradient of 10 mm Hg on transthoracic echocardiography (TTE), but at follow-up seven weeks
later he was found to be highly symptomatic (NYHA 4) with a functional gradient on TTE.
A MSCT demonstrated the geometry of both the CRS’s implanted first and second (Fig. 2).
Severe underexpansion was noted of the CRS implanted second at the level of coaptation of the
CRS leaflets. In view of the high level of symptoms a further procedure was performed with
postdilatation of the CRS frame at the level of the restriction. This resulted in an improvement
of the CRS geometry and an increase in the cross-sectional area of the CRS leaflet coaptation by
23%, which was accompanied by a reduction in the transvalvular gradient and improvement of
the patient symptoms following the procedure.

Case 2: Unexplained Valve Embolization
A woman aged 83 years with severe aortic stenosis (transaortic peak gradient of 77 mm Hg),
debilitating symptoms (syncope, NYHA 3), and multiple comorbidities (renal impairment,
chronic obstructive pulmonary disease, coronary disease, and left ventricular impairment) was
accepted for PAVR. A 26-mm inflow CRS was successfully implanted in an optimal position in
the left ventricular outflow tract. After removal of a pigtail catheter from the left ventricular
cavity without fluoroscopy, the CRS embolized into the ascending aorta. A second CRS was
implanted in the LVOT and the patient left the hospital eight days later (6). At follow-up
in out-patients a MSCT showed the second prosthesis positioned correctly in the LVOT and
well expanded. The second CRS was positioned in the ascending aorta just below the right
carotid artery. The curved tip of the catheter entangled in the outflow of the second CRS frame
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Table 3 Timetable for Routine Imaging post-PAVR

Time after implant

Modality
Before leaving the
interventional suite Predischarge Annually

TTE Gradient, AR, LV fx Gradient, AR, LV fx, MV fx Gradient, AR, LV fx, MV fx
TOE AR, LV fx, MV fx
X-ray fluoroscopy

(noninvasive,
noncontrast)

Position of frame in LVOT Strut fracture

MSCT Position of frame in LVOT,
apposition, frame
geometry

TTE, transthoracic echocardiography; TOE, transesophageal echocardiography; MSCT, multislice computed tomography; AR,
aortic regurgitation; LV, left ventricle; fx, function; MV, mitral valve; LVOT, left ventricular outflow tract.

indicating that the catheter had crossed through the struts of the frame into the central lumen
of the prosthesis (Fig. 1). During blind withdrawal the pigtail portion had become entangled
during removal resulting in the first CRS prosthesis being pulled out of position.

Cardiac MRI
Cardiac MRI is not an absolute contraindication after TAVI. At the moment, however, there is
little experience with this imaging modality.

WHEN TO DO WHAT
Table 3 provides a schedule for when different modalities are most likely to be useful. Table 2
indicates the relative strengths and weaknesses of each imaging modality that may guide the
selection of the optimal modality(s) to answer specific clinical questions.

CONCLUSIONS
PAVR is still a novel field and there is much to be gained from multimodality imaging postim-
plantation procedure. Transthoracic echocardiography is the most commonly used modal-
ity for determining valve hemodynamics and the presence of regurgitation, whereas trans-
esophageal echocardiography is usually the best modality to accurately locate the origin of
paravalvular regurgitation. MSCT can provide a 3D data set that allows evaluation of pros-
thesis geometry and apposition. Frame fractures may be best detected using X-ray cine/
fluoroscopy.
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Appendix 1
Second-Generation Transcatheter Aortic Valve
Implant System
Reginald Low
University of California, Davis, Sacramento, California, U.S.A.

INTRODUCTION
The standard of care for the treatment of symptomatic severe aortic valve stenosis has been
surgical aortic valve replacement (AVR). The surgical risk may be prohibitive for both the patient
and surgeon and hence, a significant number of patients have gone untreated. Percutaneous
transcatheter aortic valve implants (TAVI) and techniques have been developed and these
provide alternative therapy for such high-risk patients. The experiences of first-generation
percutaneous aortic valves have been reported for the Edwards–Cribier and CoreValve systems
(1–4), and have shown this procedure to be truly revolutionary.

The present generation implants have demonstrated good hemodynamic performance
with low gradients and good valve areas along with positive intermediate term durability. Dis-
placement of the native valve, securement with no embolization, no interference of the coronary
ostia, and freedom from thrombus formation are strengths of the available systems. However,
there continue to be limitations with these systems such as with positioning, repositioning and
retrieval, and handling issues that require rigorous training. Extensive efforts are now directed
at second-generation devices to improve on the prosthesis, delivery systems and implantation
techniques.

To better understand the goals of second-generation devices, a review of desirable features
of a percutaneous transcatheter aortic valve system is useful (Table 1). These properties can be
classified into functional features and deliverability attributes. Functional features include a
large effective orifice area (EOA), low gradients, and excellent durability since the benchmark is
the standard surgical valve. In addition, these implants should have good apposition (sealing)
to the annulus so as to minimize paravalvular leak and the prosthesis must be secure so there
is no risk for valve embolization. The prosthesis must not extend too high into the aorta to
avoid coronary ostial obstruction. Various size options or prosthesis design must be available to
treat the many different aortic annular dimensions. Finally, safety is paramount and the implant
should have low risk for thrombus formation and clot embolization.

The ideal features for deliverability include low delivery profile, flexibility, and tracka-
bility of the delivery system along with repositioning and retrieval abilities. Importantly, the
positioning of the implant must be precise, which can be difficult in a beating heart that is
ejecting blood. Repositioning and retrieval of the valve would be necessary.

The innovative and technical prowess of biomedical device companies will surely result in
significantly improved next-generation devices. As new concepts of valve design are developed,
safety and efficacy are paramount. Each component of the implant will be carefully designed and
optimized to not only meet the necessary requirements, but to also meet or exceed the desirable
features of a percutaneous transcatheter valve. For example, leaflet technology will not only
include bovine and porcine pericardial tissue but may also include plasticized metal fabricated
with nanotechnology. Support frames will be both metallic and nonmetallic. Fixation, sealing,
and securement may become mechanical and active, which may help expand the use of TAVI to
aortic insufficiency. Implant designs are using materials to have the tissue become incorporated
with the prosthetic to increase longevity and stability. Moreover, fixation will continue to use
radial strength or new techniques that provide axial strength or a combination of the two. For
example, manufactures have designed the prosthesis to capture and secure the native leaflet
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Table 1 Overview of Emerging Transcatheter Aortic Valve Devices

Functional Rapid
Leaflet Support Profile assessment pacing

material structure (F) Repositionable Retrievable ability requirement

Direct flow Bovine
pericardium

Dacron 18 Yes Yes Yes No

Heart Leaflet
Technology

Porcine
pericardium

Nitinol 16 or 17 Yes Yes Yes No

Sadra
Medical

Bovine
pericardium

Nitinol 21 Yes Yes Yes No

JenaValve
Technology

Porcine aortic
root

Nitinol 32 or 16 Yes With
limitations

Yes No

anatomy for axial fixation, and another system expands and clips on to the stenotic valve like a
paperclip.

A major departure from the current generation transcatheter valve procedure is the
focused attention on the ability to perform early evaluation of the hemodynamic and func-
tional assessment before final device implantation. Measuring hemodynamics (gradient and
valve area), paravalvular leakage, stability or disruptions of mitral valve function is directly
tied into a delivery system that is allows for repositioning. Ideally, this delivery system will offer
finer control, but at the same time the procedure itself must not be complicated and the efficiency
of the procedure must be maintained. Reducing lengthy steps with intuitive design can decrease
the overall operation time. In addition, measuring functional capacity before final placement
reduces the overall time by reducing the overall complication rate. Slimmer profiles and more
flexible delivery systems delivered with a retrograde approach, percutaneously via the femoral
artery may increase the overall patient base. Valve material selection or prosthesis loading tech-
niques for stent-based frames permit the catheter to be more flexible to track the anatomy more
effectively. Complications from the procedure such as vascular injury, stroke, and inability to
deliver the device to the aortic annulus should be reduced with improved profile and flexibility.

Despite the great enthusiasm for next-generation percutaneous TAVI systems, there are
significant obstacles that must be addressed. Improvements in some properties must not come at
the expense of function, safety, and durability. These challenges include compromises in design
to achieve smaller, more flexible implantation systems. As the delivery system profile decreases,
the loading of the valve may become more aggressive, possibly reducing the overall longevity
or durability of the prosthesis. Moreover, the materials used to decrease size may also have an
adverse effect, such as thinner porcine tissue, or narrower or less robust stent frames. Clini-
cal challenges include understanding acute functional and hemodynamic measurements with
long-term outcomes. Additional clinical challenges consist of knowing when to reposition or
remove the device entirely. For example, will a mild but acceptable gradient be deemed too high,
knowing the device is infinitely positionable? What gradient or paravalvular leakage warrants
repositioning versus retrieval? Other clinical concerns will be patient selection, and determining
when this procedure should be performed on younger more active patients. Additional con-
cerns include economic challenges for research and development, lack of a good animal model
for testing, and development and regulatory barriers. Clinical trial design and expense are
additional challenges especially as the field evolves and devices are approved for clinical use.

The ability to percutaneously implant an aortic valve prosthesis for symptomatic aor-
tic stenosis in high surgical risk patients is truly impressive. As new-generation devices are
developed to optimize the function, durability, and deliverability of the implanted valve while
minimizing complications and enhancing recovery, the standard surgical aortic valve replace-
ment will be challenged.
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Direct Flow Medical
Reginald Low
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The Direct Flow Medical (DFM) percutaneous aortic valve is designed to have the performance
(function, durability, and safety) of a surgical valve while incorporating the desirable attributes
for transcatheter delivery (low profile, flexibility, and trackability). It offers excellent securement,
sealing, precise positioning, repositioning, and, if necessary, retrieval. Assessment of function
and placement with hemodynamic measurements may be completed before final deployment.

The bovine pericardial leaflets include anticalcification treatment and are attached to an
inflatable polyester fabric cuff that conforms to the aortic valve annulus and tissue to form a tight
seal to minimize paravalvular leak. The slightly tapered implant is designed as an hourglass
shape, with independently inflatable ventricular and aortic rings, which encircle and capture
the native valve annulus ensuring positive axial anchoring of the device [Fig. 1(A)]. Inflation
of the cuff with a saline and contrast solution renders the valve immediately functional and
permits fluoroscopic visualization. Before final deployment, the saline and contrast mixture is
exchanged under pressure, maintaining cuff shape and position, with a solidifying inflation
media (IM) that hardens to form the permanent support structure. The IM is a biocompatible,
two component liquid containing a water soluble epoxy and a radiopacifier. After the exchange,
the IM gels in minutes and achieves 95% of its final hardness in hours (1).

The prosthesis is attached to three position-fill lumens (PFLs), used to position and align
the prosthesis precisely, and loaded into the 18-F delivery system [Fig. 1(B)]. The delivery system
works over a 0.035 in. guidewire, and an atraumatic nosecone tip allows smooth transition from
the guidewire to the housing sheath. In addition, the delivery system includes an accessory
recovery sheath that allows a smooth and straightforward retrieval of the DFM valve through
an 18-F introducer sheath.

Arterial access is achieved percutaneously or by cut-down with an 18-F sheath followed by
standard balloon aortic valvuloplasty to prepare the stenotic aortic valve. The delivery system is
tracked over the guidewire into the left ventricle and the outer sheath is retracted to expose the
prosthetic implant. Inflation of the ventricular ring makes the prosthesis immediately functional
and ready for positioning, all without rapid pacing or cardiac support. Positioning is achieved
by independently manipulating the PFLs to place the ventricular ring evenly against the aortic
annulus. The aortic ring is then inflated to secure the valve and permit functional assessment.
The implant can be repositioned easily until optimal conditions are achieved. If a different size
implant is required, the device is deflated and retrieved. Once final device function is confirmed,
the IM is introduced into the pressurized implant and then the delivery system is detached and
the procedure is completed.

STUDY PHASE
DFM has performed over 100 preclinical animal studies and cadaver studies. Initial clini-
cal experience included a series of nine temporary implants performed in South America in
October 2006, at a single center. Two patients had open surgical implants and seven had percu-
taneous implants. Overall, excellent hemodynamic valve function and few adverse events were
observed. In addition, two transfemoral recoveries of the DFM valve were performed; the first
ever reported percutaneous recoveries (2).

A European feasibility trial was also conducted on the 22-F system between October 2007
and August 2008. This was a prospective, nonrandomized clinical evaluation at two centers to
determine clinical feasibility and safety of treating patients at high risk for cardiac surgery with
a EuroScore ≥ 20%, age ≥ 70 years, and severe symptomatic aortic valve stenosis. A total of
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Figure 1 (A) Direct Flow transcatheter bio-
prosthetic valve constructed of inflatable
polyester fabric cuffs to which a bovine pericar-
dial tissue valve is attached. (B) The Direct Flow
valve is attached to the delivery system by three
catheter lumens that are used to position the
valve and fill the supporting ventricular and aor-
tic rings.

31 patients were enrolled in the trial. The study showed the valve is immediately competent,
repositionable, retrievable, and resulted in excellent hemodynamics (3). The new 18-F system is
scheduled to be in clinical trials by mid-2009.
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Heart Leaflet Technologies, Inc., Transcatheter
Aortic Valve
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The Heart Leaflet Technologies (HLT) transcatheter aortic valve is a replacement heart valve
that is delivered via a conventional interventional procedure. The device is designed to address
critical aortic stenosis in patients who are at high risk for surgical valve replacement. The HLT
valve is a tricuspid porcine pericardial valve attached to a self-expanding and self-inverting
superelastic Nitinol structure that supports the valve within the native annulus. Three sizes are
being developed including 21, 23, and 25 mm. The HLT valve is delivered through a 16- or 17-F
delivery system, using a positioning device (the Backstop) that facilitates reliable positioning
of the valve and enables deployment without rapid pacing. Importantly, the HLT valve can be
repositioned and fully retrieved during the implant procedure.

DEVICE DESCRIPTION
The HLT valve (Fig. 1) is composed of four primary elements: (i) a glutaraldehyde cross-linked
tricuspid porcine pericardial tissue valve, (ii) a superelastic Nitinol wireform that supports the
valve structure, (iii) a superelastic Nitinol mesh, which supports the prosthetic valve and keeps
the valve fixed within the native valve annulus, and (iv) a braided polyester liner integrated
within the support structure to prevent regurgitant flow around the valve.

DELIVERY SYSTEM
There are six components of the HLT valve delivery system (Fig. 2) including (i) the 16 to
17 F delivery catheter that delivers the valve from the femoral artery through the aortic annulus,
(ii) the dilator, which is designed to provide a smooth transition from the delivery catheter tip
to the guidewire (0.035 in.) and aids in initial crossing the native aortic valve, (iii) the funnel
catheter, designed to protect the tissue portion of the aortic valve prosthesis during loading and
delivery, (iv) the valve retention cables that provide three attachment points to the HLT valve
that are released once the proper anatomical position is achieved, (v) the loader catheter, which in
conjunction with the funnel catheter and the valve retention cables provides a means for loading
and advancing the valve into the delivery catheter, and (vi) a Backstop, a tool positioned against
the ventricular aspect of the aortic annulus to ensure proper valve placement. The Backstop
is also used as a dilation tool to help expand and seat the valve prosthesis following delivery.
The Backstop uses a unique “flow-through” configuration that does not restrict blood flow and
therefore eliminates the need for rapid ventricular pacing when expanded.

IMPLANT PROCEDURE
The HLT valve implant procedure includes many elements common to other percutaneous valve
technologies. The device is delivered via the femoral artery and access can be obtained using
a conventional percutaneous puncture. Valve sizing is performed with transesophageal echo
(TEE) measurements at the time of implantation, with critical measurements being obtained
from the midesophageal long-axis view during systole. Catheter guidance, valve positioning,
and delivery are achieved utilizing standard fluoroscopic imaging techniques and planes.

There are several specific procedural steps related to the HLT valve. After standard aortic
valvuloplasty, the HLT delivery catheter, and dilator are advanced across the native aortic valve



app03 IHBK048-Serruys October 23, 2009 13:2 Char Count=

294 KUBO ET AL.

Porcine
pericardial valve
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Braided
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Side view Aortic view

Wire form

Figure 1 HLT valve prosthesis.

over a guidewire into the left ventricle. The catheter is biased toward the septum. The dilator
and guidewire are then removed. The loader catheter, containing the loaded HLT valve and
Backstop, is then mounted to the proximal hub of the delivery catheter and the HLT valve is
advanced through the delivery catheter across the native aortic valve. The Backstop is deployed
against the ventricular aspect of the aortic annulus. The HLT valve is then pushed out of the
catheter against the Backstop. When sufficient cuff has been deployed, the cuff inverts on itself,
further increasing radial force. The valve is then pushed out of the catheter. Correct valve
position and function are verified by TEE and fluoroscopic imaging. The valve can be dilated
utilizing the Backstop to ensure that the support structure is round and well seated in the aortic
annulus. The valve can be retrieved and the procedure re-started if the desired results are not
achieved. If the results are satisfactory, the valve retention cables are released and the procedure
completed.

Delivery
catheter

Dilator

Distal end Proximal end

Valve retention cables

Loader catheter Funnel catheter Backstop

Figure 2 HLT delivery system.
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POTENTIAL ADVANTAGES
There are three potential advantages of the HLT valve: (i) The delivery system is 16 or 17 F,
depending on the valve size. This should expand the potential patient population to include
patients with smaller peripheral arteries and eliminate the need for surgical cut-down. (ii) The
valve can be either repositioned or retrieved in cases of incorrect placement. (iii) Since the
devices are flow-through, there is no need for rapid ventricular pacing.

CURRENT STATUS
Studies in a chronic animal model suggest that the cuff structure is appropriately fibrosed
into the native aortic valve annulus and that valve function over time is normal. Estimated
orifice area for the 25 mm valve is 1.8 cm2. Accelerated wear testing is in progress. We plan
“first-in-man” implants in the third quarter of 2009.
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Appendix 4
Sadra Medical Lotus Valve System
Ken Martin, Amr Salaheih, Jill Amstutz, and Leah Lepak
Sadra Medical, Inc., Los Gatos, California, U.S.A.

The Lotus valve system is designed to be the first fully repositionable technology for tran-
scatheter aortic valve replacement. In addition to its repositioning and self-centering features
that are designed to facilitate optimal positioning of the valve, the device provides physicians
with more control over the procedure because of its proprietary delivery system, early leaflet
function during deployment, and the ability to be resheathed and retrieved prior to final release.

The Lotus valve system consists of the Lotus valve, a bovine tissue trileaflet bioprosthetic
aortic valve, and the Lotus delivery catheter, a delivery system for guidance and placement
of the Lotus valve. The device is introduced percutaneously via the femoral artery by using
conventional catheterization techniques.

LOTUS VALVE
The valve implant is made of bovine pericardium, which was selected for its long history of
durability in bioprosthetic valves (Fig. 1). A Nitinol self-expanding structure holds the valve
securely in position, while adapting to the variations in annular geometry among patients. The
implant is positioned below the coronary ostia, minimizing the chance of coronary occlusion
and enabling straightforward access in subsequent procedures if required. Adaptive seal tech-
nology on the outer diameter of the structure is designed to minimize or eliminate perivalvular
leakage. The valve is deployed in a beating heart with no dependence on rapid pacing and
begins to function early in the release process, providing stabilized hemodynamic functionality
immediately.

LOTUS DELIVERY CATHETER
The Lotus valve system provides fine operator control over valve unsheathing, seating, and
deployment to aid in precision placement and to help the operator to avoid coronary obstruction
and minimize interference with the mitral valve. The delivery system enables a gradual, phased
deployment that is both predictable and controllable. It enables positioning of the implant
by using small increments to optimize placement in patients. This is of particular importance
in patients that present anatomical challenges, such as a restrictive “landing zone.” Prior to
releasing the Lotus valve in its final position, the valve may be recaptured into the sheath of
the delivery system for repositioning and redeployment or removal, as determined necessary
by the physician.

The delivery catheter is introduced using transcatheter techniques. The first clinical units
had a 21-F shaft, and in the future the shaft profile will be reduced to enable a percutaneous
procedure. By using fluoroscopy, the system is advanced over the aortic arch and across the
aortic valve. The physician turns the handle on the delivery system to control expansion of
the valve. As the valve expands, an assessment of the positioning relative to the mitral valve
and coronary ostia can be made. At any point during valve expansion, the physician can make
slight or larger adjustments in the valve positioning. The valve can be fully expanded and the
flow dynamics assessed prior to releasing the valve. If the physician believes that the implant
needs to be repositioned or needs to be removed and exchanged for a different size implant, the
physician may withdraw the valve partially or completely back into the sheath and move the
valve as needed. Once the final implant position is determined and established, the physician
deploys the release mechanism detaching the delivery system from the implant and removes
the delivery system from the patient.
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Figure 1 Diagrammatic representation of the Lotus valve attached
to the catheter delivery system.

The intuitive, user-friendly delivery system was engineered to make the transcatheter
aortic valve implantation (TAVI) procedure more routine, simplifying the steps while providing
the physician with precision control and the ability to reposition or remove the device as needed.

First clinical use of the Lotus valve system took place in July 2007. Professor Eberhard
Grube and Dr. Ralf Müller performed the procedure in the cath lab at Helios Klinikum Siegburg.
They have since treated several more patients. Early clinical work has confirmed the value of
accurate placement, repositionability, and retrievability of the valve.

Caution: This device is for investigational use only. It is not available for sale or commercial
distribution. It is not approved for sale or use in the United States.
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Appendix 5
The JenaValve Technology
Hans Figulla
Division of Cardiology, University Hospital of Jena, Jena, Germany

In 1995, Figulla and Ferrari applied for a German patent (DE 195 46 692 C 2) describing a self-
expanding aortic stent valve. When we initiated the development, the purpose of our invention
was to replace native aortic valve via a minimally invasive procedure with a prosthesis, a self-
expanding stent with a biological valve. To achieve sufficient fixation of the prosthesis that is
exposed to enormous mechanical forces, high friction on the aortic wall was achieved by extend-
ing the stent in its length to the ascending aorta. The first animal experiments were successfully
performed; however, the disadvantages of the extended stent (6–10 cm in length) were obvious.

� First, the crossing of the aortic arch became difficult.
� Second, the ascending aorta was exposed to radial forces and its “Windkessel” function

was disturbed which increases afterload of the beating heart and impaired flexible interface
between the beating heart and the ascending aorta resulting in the transfer of mechanical
forces to the stent struts.

� Third, a transapical route became impossible due to the length of the prosthesis.

Thus, the next steps in the design were to shorten the self-expanding stent to overcome
the above-mentioned disadvantages. However, by shortening the stent, the radial forces needed
to be increased to achieve enough friction in the surrounding tissue for reliable fixation of the
prosthesis. At that time high-radial forces on the aortic wall were considered potentially dan-
gerous due to aneurysm generation caused by remodeling of the tissue. It was decided that
the stent should have some active form of fixation. In the first models, hooks were applied to
the self-expanding stent to assist the fixation. However, these hooks penetrated the aortic wall.
In the following years, stent deployment was developed in two steps: first, so-called “feeler”
elements that can be protruded behind the cusps of the naı̈ve valve were used, and second, the
prosthesis needed to be deployed by pressing the diseased leaflets against the aortic wall. Such
a device had the potential to clip the diseased valve leaflets between the two parts of the stent
like a paper clip. That enables the device to transfer the mechanical forces directed toward the
left ventricle during the diastolic closing of the valve to the cusps of the diseased native valves.
In addition, the protrusion of the “feeler” elements allows deployment of the stent at the exact
orthotopic position for the new valve that avoids mispositioning.

The mechanical features of the prosthesis and the delivery system were challenging to
develop. Moreover, engineering required the possibility of device repositioning. In addition,
the JenaValve device has to fulfill the durability requirements of 400 million cycles without any
fracture.

A transapical device has been developed and a transfemoral device is in developing stage.
The transapical device will be available first, as we decided to attach a well-known biological
porcine valve to our stent. This biological valve has been marketed in the surgical community
since many years. Once the procedure has been proven with long-term results, it is expected
that the treatment will be available for a larger patient group, not only high-risk patients.

The transfemoral JenaValve device is being developed in parallel, with a pericardial bovine
valve, which has been tested in animal trials.

In its final version, the characteristics of the JenaValve device will be:

� unique, smooth and precise positioning, making deployment easy,
� the possibility of repositioning,
� catheter deployment via the transapical route with a porcine biological valve, and
� catheter deployment via the transfemoral route with a pericardial bovine valve.
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Neither JenaValve devices will interfere with the “Windkessel” function nor the flexible
interface between the heart and aorta, and will not rely on calcification for stability and may
also be deployed in aortic insufficiency cases.

Therefore the JenaValve devices will have superior versatility according to the route of
application, kind of biological valves used and aortic valve function treatment.

JenaValve is a trademark of JenaValve Technology GmbH. The JenaValve products are
protected by pending and granted patent, design, and utility model rights.
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Abdominal aorta, 76–77, 127–129, 140, 145, 181
concentric calcification in, 76

Abdominal aortography, 65, 66
Acetylcysteine, 121, 260, 285
Acute bradyarrhythmias, 116
Acute coronary occlusion, 160
Acute myocardial infarction, 257
Amiodarone, 116, 256
Amplatz catheters, 155, 156, 158, 172, 173
Amplatz Extra Stiff J Guidewire, 155, 161, 180, 182
Angiography, 26, 65, 69, 91, 130, 231
Annular injury, 233
Aortic aneurysms, 52, 77
Aortic arch, 76–77

articulating distal end, 108 (see also Edwards
SAPIEN Valve)

Aortic atheromas, and extensive atherosclerosis,
77

Aortic dissection, 127, 152, 226–227, 231
Aortic hematoma, 226
Aortic injury, 174, 231
Aortic insufficiency, 152, 288, 299
Aortic regurgitation (AR), 19, 30, 148, 150, 166–167,

187–188, 193–194, 219, 243, 246– 249, 275, 280
CRS implantation, 187,193

Aortic root, 1–5, 85
with ageing, 14
angulation, 132
and ascending aorta, 85–86 (see also CoreValve

ReValving system)
3D view of, 184
semilunar attachments of leaflets in, 5
position of, 2
rings within, 5–8
rupture, 243

prevention of, 223
Aortic root angiography, 194
Aortic sinuses of Valsalva, 4
Aortic stenosis, 14, 103, 115

preoperative evaluation, 116–117
severity, 41–43

Aortic Stenosis Catheter, 155
Aortic valvar disease, 14–16

acquired disease, 14
congenital, 14

Aortic valvar leaflets, 8–9
Aortic valve

annulus, 86–88 (see also CoreValve ReValving
system)

annulus sizing, 43–44
and conduction system, 12
disease, 14–16
morphology, 41

Aortic valve mapping, technique of, 158
Aortic valvular complex, 77–80
Aortography, 199, 200
Aortoiliofemoral vessels, 83–84
Apical laceration and bleeding, 240–241

management of, 242–243
strategies for avoiding of

access point, 242
apical access area, selection of, 241
correct suture technique, 241–242
hypertension, control of, 242
pericardium, incorporation of, 242

Arrhythmia, 236, 244, 250
Arrhythmias agents, 235
Arterial injury, 229–231
Ascending aorta, 76–77, 85
Ascendra balloon catheter, 111
Ascendra transapical delivery system, 110,

207
Aspirin, 38, 226, 251, 269
Atherosclerotic disease, 171
Atrial arrhythmias, 116
Atrial fibrillation (AF), 226, 236, 244, 250, 269
Atrion QL balloon inflation device, 164
Atrioventricular valves, 4
Atropine, 116, 166, 169
Axillary/subclavian access

general requirements, 130–131
imaging, 130

Bacterial endocarditis, 23
Balloon aortic valvuloplasty, 99, 123, 131,

155
imaging for, 147–148

Balloon-expandable prosthesis, 43
Balloon inflation syringes, 107
Balloon tip catheter leads, 165
BAV. See Balloon aortic valvuloplasty
Bernoulli equation, 42
Bicuspid aortic valve calcification, 18
Bicuspid valve, 14
Bispectral index (BIS) monitoring, 120
Brain CT scan, after percutaneous aortic balloon

valvuloplasty, 264
Bupivacaine, 121
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Calcific aortic valvar disease, 14
Calcification, 14, 18–20, 41, 45–48, 65, 74–76, 127,

144, 172, 275, 283
Calcific nodules, 15
Calibration, in risk stratification model, 62
Canadian Cardiovascular Society (CCS), 35
Cardiac amyloidosis, 34
Cardiac arrest, 243
Cardiac catheterization laboratory (CCL), 99, 115,

142, 160, 209
anesthesiologist in, 115

Cardiac depression, 224
Cardiac surgery risk models, 57

factors, role in performance of
cohort characteristics, 61
data quality, 60–61
end-point definition, 61
variables, 61

for low- and high-risk patients, 58
model assessment

calibration, 62
discrimination, 61–62
validation cohort, 62

role of, 58
surgical risk algorithms, characteristics of,

59
TAVI, role in, 57–58, 116–117

Cardiogenic shock, 224, 236–237, 248, 258
Cardiovascular stable drugs, 119
Carotid duplex ultrasonography, 89
Carpentier–Edwards PERIMOUNT Magna

Pericardial valves, 104
Catheter-loading system, 98
Catheters, for crossing aortic valve, 155, 156
Cerebral embolism, 160
Check-Flo Performer 18-F Introducer, 161, 162,

180
Chronic obstructive pulmonary disease, 29
Chronotropic agents, 235
“Closing regurgitation”, 280
Color Doppler imaging, 42
Computerized tomography (CT), 65–74, 78–79, 172,

208, 229, 235, 251, 260–262
and blooming artifact, 74
calcification, prediction of, 65, 69
calcium, measurements of, 73–74
contrast CT for tortuosity analysis, 74
iliac analysis by, 70
images for transapical procedure, 78
of aortic valve and root, 78, 79
noncontrast CT, 66, 73
severe tortuosity with, 67
tortuous vessel without calcification,

demonstration of, 67
vessel diameter, 66

measurement of, 71–73
virtual endoscopy with, 74

Conduction abnormalities, 225, 235–236, 253
Confidence limits (CI), 61
Contrast angiography, 184, 186, 192, 218
COPD. See Chronic obstructive pulmonary disease

CoreValve bioprosthesis, 96
18-F CoreValve delivery system, advancement of,

180–181
through aortic arch and calcified valve, 181–182

CoreValve implantation via transfemoral access, 36
CoreValve PAVR procedure, 99–101, 184–186
CoreValve ReValving system, 24, 38, 82. See also

Percutaneous aortic valve replacement
animal model, 26–27
device description, 24
electrocardiography, 89
patient selection, 82

for subclavian access, 84–85
for PAVR, 94

site and training requirements for, 98–99
preclinical analysis, 24–26
retrieved valves, analysis of, 27–28

CoreValve ICM cases, 28–35
human cases, interpretation of, 37–38
Lepzig case, 35–37

risk–benefit analysis, 82
multislice computed tomography, use of,

184–186
positioning and deployment

aortic regurgitation, 187, 188
balloon dilatation, 194, 195
coronary arteries, indirect visualization of,

194, 195
deployment of valve, 190
depth of implantation, assessment of, 193,

194
embolization of, 192
final steps of checking, 193
first phase of implantation, 188, 189
flaring, initial phase of, 192
parachute phase, 192
pigtail in nadir of noncoronary sinus, 189
positioning and depth of implantation,

187–188
position in LVOT, 189–190
protective sheath, withdrawal of, 191–192
release of hooks of frame, 193
removal of cone out of left ventricle, 193, 195
retrieval of CRS, 192–193
selective contrast angiography, use of, 196
valve-in-valve procedure, 193, 194

structure of CRS, 183–185
valve size selection, 185–187, 197

Coronary angiography, 35, 160, 247
Coronary arteries, 9–10

disease, 88
stenoses, MRI to detect, 53

Coronary artery bypass grafts (CABG), 31, 34
Coronary artery disease (CAD), 208
Coronary atherosclerosis, 18
Coronary bypass surgery, 247
Coronary obstruction, 205, 224–225, 235, 236
Coronary occlusion, during PAVR, 79
Coronary ostial obstruction, 246–247
Coronary perfusion pressure (CPP), 116
Coumadin therapy, 226
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Cribier–Edwards valve prototype, 19
elements, 20

Crossing aortic valve, retrograde technique for, 155
complications, 159–160
equipment

catheters, 155, 156
guidewires, 155, 157

maneuvers for, 156–159
preshaping extra-stiff guidewire, 156

CT scan, for vessel calcification, 172

Dacron prosthesis, 222
Degenerative calcific stenosis, 14
Diabetes mellitus, 121
Direct Flow Medical (DFM) percutaneous aortic

valve, 291–292
Dobutamine infusion, 119
Dopamine, 121, 224, 237
Doppler echocardiography, and aortic stenosis

severity, 41–43

ECG monitoring, in ICU, 254–255
Echocardiography, 40, 160, 276

aortic stenosis severity, 41–42
aortic valve annulus sizing, 43–44
aortic valve orifice areas, calculation of, 279–280
CoreValve prosthesis, implantation of, 282
evaluation of aortic valve morphology, 42
left ventricular dimensions and function, 44–45,

281
mitral valve function and, 280–281
and paravalvular aortic regurgitation, 280
and prosthetic valve dysfunction, 281–282
prosthetic valve function, assessment of, 276
transaortic pressure gradient, estimation of,

278–279
Edwards balloon catheter, 112
Edwards SAPIEN THV, 102

clinical evaluations, 102–103
delivery, RetroFlex transfemoral kit, 104–106
delivery, with Ascendra transapical kit, 110–111
indication and clinical site preparation, 103
in situ, 109
transapical approach, 111–113
transfemoral approach, 106–110

Edwards SAPIEN THV Crimper, 106, 111
Edwards SAPIEN valve, 19, 104

access site peripheral anatomy for, 64–65
animal studies, 19–21
device description, 19
implantation of, 198

characteristics of valve, 198, 199
and coronary obstruction, 205
deployment, 202–203
and embolization, 205
ideal positioning, 200
ideal position prior to deployment, 201–202
measurement of annulus, 199–200
paravalvular regurgitation, 203–205
positioning planning prior to deployment,

200–201

sizing of prosthesis, 198
and subannular positioning, 205–206
suprannular positioning and, 205
valve delivery system, 198
visualization of valve plane, fluoroscopic

angulation and, 201
models of, 163
patients selection for, 64
retrograde implantation of (see Preimplantation

percutaneous BAV)
Edwards SAPIEN XT valve, 113, 198, 199

in situ, 114
Eighteen French delivery catheter system, 97–98
Electrocardiography, 89
Electrocardioversion, 116
Embolization, 152, 232–233, 246
Endothelialization, 23, 38
Endovascular abdominal aneurysm repair, 137
Enteral feeding, 265, 267
Esmolol, 116
Etomidate, 121
European Association of Cardio-Thoracic Surgery,

49
European Association of Percutaneous

Cardiovascular Interventions, 49
EVAR. See Endovascular abdominal aneurysm

repair
Extracorporeal circulation, 224

Femoral artery vascular access, 126. See also
Femoral puncture technique

general requirements for, 126–127
imaging, 126
and percutaneously Prostar XL device, 75

Femoral bleeding, 227
Femoral complications, 154
Femoral puncture technique, 127–128

18-F introducer, progression of, 128–129
18-F valve catheter, progression of, 129
Goose-Neck catheter, technique for use of,

129–130
puncture site, correct position of, 128

Fentanyl, 119, 120
Fibrin deposition, 23
Fish mouth orifice, 14–15
Fluoroscopy, 99, 117, 118, 142, 147, 150, 164, 174,

283
Furosemide, 121

Goose-Neck catheter, 129–130, 219–221
Guidewires, 84, 100, 128, 129, 131, 133, 139, 169,

173–178, 211, 223, 233, 244–246
for BAV, 161–162
for crossing aortic valve, 155, 157

Heart block, 12, 89, 160, 169, 200, 225, 235–236,
243–244, 250

Heart Leaflet Technologies (HLT) transcatheter
aortic valve, 293

delivery system, 293
device description, 293
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implant procedure, 293–294
potential advantages of, 295
studies on, 295

Hematocrit, 119
Hemoglobin monitoring, 119
High surgical risk, 207
Hofmann elimination, 120
Hosmer–Lemeshow goodness-of-fit test, 62
Hypothermia, 121

ICE. See Intra-cardiac echocardiography
Iliac complications, 154
Ilio-femoral angiography, 229
Imaging, role in TAVI, 41
Institut de Cardiologie de Montreal (ICM), 27
Intensive care unit (ICU) monitoring and care,

253
cardiac complications and

acute myocardial infarction, 257
cardiogenic shock, 258
conduction abnormalities, 253–256
pericardial effusion, 256–257
ventricular arrhythmias, 256

chest X-ray for pneumonia detection, 260,
262–263

general inflammatory response and infections,
265

hematological complications, 265
neurological complications, 260–265
nutrition, 265–267
pulmonary complications, 260
renal failure, 260
retroperitoneal bleeding, identification of, 261
vascular complications, 259–260

Inter-aortico–mitral ridge, 26
Interleaflet triangles, 10
Intra-arterial catheters, 119
Intra-cardiac echocardiography, 79, 142, 146, 148,

150, 153
Intravascular ultrasound (IVUS), 65, 74–76

iliofemoral vessels, analysis of, 75

JenaValve devices, 298–299
advantages of, 299
characteristics of, 298
development of, 298
transapical device, 298
transfemoral device, 298

S-Ketamine, 120

Large diameter arterial sheaths, insertion of
patient selection, 137–138
preparation (see Prostar XL device)

Lasso technique, 219, 221–222
Left bundle branch block (LBBB), 225
Left internal mammary artery (LIMA), 34, 131
Left ventricle, 88–89
Left ventricular dimensions, and function, 44
Left ventricular hypertrophy, 81, 89
Levobupivacaine, 121

Lidocaine, 121
Lipid-lowering trials, 19
LMT occlusion, 152
Logistic EuroScore, 57, 82, 207
Lotus valve system, 296–297
Luer-Lok syringe, 164
LV perforation, 152–153

Magnetic resonance imaging, 40, 51–52
aortic annulus sizing and, 53
aortic root, evaluation of, 53
aortic valve anatomy, evaluation of, 52
coronary artery, assessment of, 53
left ventricular dimensions and functions by,

53–54
peripheral arteries and aorta, evaluation of, 52
valve area, estimation of, 52–53

Medtronic CoreValve patient evaluation criteria, 91
Medtronic PTFE guidewire, 155
Medtronic 5348 temporary pacemaker, 165–166
Membranous septum, 10
Mepivacaine, 121
Midazolam, 121
Mitral injury, 233
Mitral regurgitation, 80–81, 89
Mitral valve, 10
Model assessment, of cardiac surgery risk models

calibration, 62
discrimination, 61–62
validation cohort, 62

MR. See Mitral regurgitation
MRI. See Magnetic resonance imaging
Multislice computed tomography (MSCT), 40, 45,

85, 184, 283–286
and annulus measurement, 199
case studies on, 285–286
evaluation of

aortic annulus sizing, 48–49
aortic morphology, 47
aortic root dimensions, 49, 50
aortic valve calcification, 48
ascending aorta, 50
coronary arteries, 49–51
left ventricular dimensions, 51
left ventricular function, 51, 283
peripheral arteries and aorta, 45, 46
stenosis severity, 45–48

and frame fractures, 283
frame geometry and apposition by, 283
limitations of, 285
vascular complication, assessment of, 285

Myocardial ischemia, 119
Myofibroblasts, 36

Native valve, anatomy, 18
Nephrotoxicity, 121
Neutrophils, 22
Nitinol frame, in CRS, 183–184
Nonsteroidal anti-inflammatory drugs, 121
Norepinephrine infusion, 119
NovaFlex Transfemoral Delivery System, 114
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Operative mortality estimation, risk models, 60
Opioid, 120, 124

PACs. See Pulmonary artery catheters
Paravalvular regurgitation, 198, 222–223, 237

causes of, 280
PAVR. See Percutaneous aortic valve replacement
Percutaneous aortic valve replacement, 64

delivery catheter, 97, 98
support frame and bioprosthesis, 94

CoreValve bioprosthesis, 96
CoreValve design element, 96, 97
radial force and hoop strength, 95
self-expanding multilevel frame, 95

Percutaneous aortic valve replacement, imaging
during, 142

basics of imaging, 142–143
complications, identifying and treating of,

151
aortic dissection, 152
aortic insufficiency, 152
embolization, 152
iliac and femoral complications, 154
LMT occlusion, 152
LV perforation, 152–153

procedural imaging
advancement of valve and, 148
aortic valve pictures, crossing of, 147
assessment of valve and, 151
balloon valvuloplasty, 147–148
crossing of valve, 149
positioning of valve, 149–151
removal of sheath, 151
sheath introduction and, 148
valve deployment, 151

ultrasound imaging, 145
anatomy on TEE, 145–146
ICE imaging, 146–147

X-ray imaging, 143
abdominal aorta and pelvic vasculature,

145
aortic valve anatomy, 143–144
ascending aorta and arch, 145
coronary anatomy, 145
left ventricle anatomy, 143

Percutaneous ventricular assist device, 116
Percutaneous vs. transapical approach, 124
Pericardial effusion, 223–224, 233–234
Pericardial puncture, technique for, 223–224
Peripheral arterial system, 83–84. See also

CoreValve ReValving system
aortic arch, 85
aortic root and ascending aorta, 85–86
aortic valve annulus, 86–88
aortoiliofemoral vessels, 83–84
carotid duplex ultrasonography, 89
coronary artery disease, 88
electrocardiography, 89
left ventricle, 88–89
mitral regurgitation, 89
subclavian access, patient selection, 84–85

Peripheral balloon angioplasty, 131
Peripheral ischemia, 258
Permanent pacemaker implantation, 101
Phenylephrine infusion, 119
Pigtail catheter, 155, 156, 158, 172, 223
Platelet inhibition, 37
Platinum–iridium stent fracture, 38
Polypropylene pursestring sutures, 242
Polytetrafluoroethylene (PTFE) sutures, 104
Postanesthesia care, 124
Postoperative management of patients, after TAVI,

269
delayed displacement, 272
endocarditis, 272
evaluation before hospital discharge

clinical evaluation, 269
medical treatment, 269–270
patient education, improving of, 270
rehabilitation, 270

heart failure and, 273
long-term follow-up after TAVI, 270

management of complications, 270
nonstructural dysfunction, 271–272
and prosthetic thrombosis, 272–273
structural deterioration, 271
valve prosthesis–patient mismatch, 271

Postprocedural imaging of PAVR, 275
factors complicating, 276
imaging modalities

cardiac MRI, 286
echocardiography, 276–283
fluoroscopy, 283
MSCT, 283–286
strengths and weaknesses of, 277

indications for, 275
assessment of procedural complications,

275–276, 278, 279
evaluation of persistent or recurrent

symptoms, 276
evaluation of valve position and function,

275
surveillance of device integrity, 276

MSCT images of sequential valve implantation,
278

schedule for, 286
PPI. See Permanent pacemaker implantation
Preimplantation balloon aortic valvoplasty, 15
Preimplantation percutaneous BAV, 161

aortogram during balloon inflation, 167–168
complications, 169–170
equipment for

arterial introducers, 161
contralateral catheterization, 161, 163
guidewires, 161–162
hardware for balloon inflation, 164–165
pacemaker, 165–166
pacing lead, 165
pacing rate, 166
preparation of valvotomy balloon, 164
selection of balloon size, 163–164
valvotomy balloons, 162–163
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failures
impossibility of crossing valve with balloon,

168
instability of balloon during inflation, 169

procedure for, 166–167
rapid ventricular pacing, 165–166

Prostar XL device, 75
complications, 140
patient selection for, 137–139
preparation, and introduction

closing, 140
large diameter sheath, placement of, 140
sutures, placement of, 139

recommendations, 140
ultrasound-guided puncture, 139

Prosthetic heart valve, 19
Prosthetic thrombosis

nonocclusive prosthetic thrombosis, 273
occlusive prosthetic thrombosis, 272

Pulmonary artery catheters, 122
pVAD. See Percutaneous ventricular assist device

Rapid ventricular pacing (RVP), 165–166, 202, 212
Renal insufficiency, 121
Retrieved valves (Edwards), 22
RetroFlex Balloon Catheter, 106, 163
Retroflex delivery system, 77
RetroFlex 4 delivery system, 198, 199
RetroFlex dilator kit, 105
RetroFlex III catheter, 198, 199
RetroFlex introducer sheath set, 105
RetroFlex transfemoral delivery system, 105
RetroFlex Transfemoral kit, 104
Retroperitoneal access, 76
Rheumatic aortic valvar disease, 14–15, 15
Rheumatic valves, 14
Right internal mammary artery (RIMA), 131
Ropivacaine, 121

SAPIEN transfemoral delivery system, special
considerations for, 130

Selective contrast angiography, 196
Septal hypertrophy, 14
Severe LV dysfunction, 80
Smooth muscle cells (SMCs), 33
Society of Thoracic Surgeons (STS), 57
Soloist Intracardiac Electrode Catheter, 165
Stable hemodynamics, 121
Stent fractures, 283
Stent/valve assembly, histologic sections, 21
Straight-tipped guidewires, 155, 157
Stretching, 15
Stroke, 231, 250–251
Structural valve degeneration (SVD), 271
STS score, 58, 64
Subannular positioning, 205–206
Subclavian/axillary access assessment, 131

left subclavian/axillary access, 131
right subclavian/axillary access, 131–133

Support frame and bioprosthesis, 94–97
Supra-aortic angiogram, 156

Surgical risk algorithms, model characteristics, 59
Sustained cardiovascular collapse, 169
Systemic vascular resistance (SVR), 116, 120

Tachycardia, 116
TandemHeart R© peripheral left ventricular assist

device (pLVAD), 88
TAVI. See Transcatheter aortic valve implantation
Terumoguidewire, 155
TEVAR. See Thoracic endovascular aneurysm

repair
Thoracic aorta, 76–77
Thoracic endovascular aneurysm repair, 137
Thrombotic thrombocytopenic purpura (TTP), 265
Transaortic access, 134
Transapical access

Edwards SAPIEN, 133
Medtronic CoreValve, 134

Transapical aortic valve implantation,
complications of, 240

early postoperative complications
acute renal failure, 250
arrhythmias, 250
bleeding, 249–250
left ventricular pseudoaneurysms, 251–252
thromboembolic events and stroke, 250–251

intraoperative complications
apical bleeding (see Apical laceration and

bleeding)
arrhythmia, 244
cardiac arrest, 243
coronary ostial obstruction, 246–248
heart block, 243–244
mitral valve apparatus, injury and mitral

regurgitation, 244–245
myocardial ischemia or infarction, 244
paravalvular leak, 248–249
rupture of aortic annulus or root, 243
valve migration and embolization, 246

Transapical aortic valve implantation (TA-AVI),
207

complications and solution, 214–215
with Edwards SAPIEN prosthesis, 207
hybrid operative theatre for, 209
operative procedure step by step, 209–214

apical puncture, 214
apical pursestring sutures placement, 210
balloon valvuloplasty, 211–212
crimping of valve, upon application catheter,

210–211
femoral guidewires and lateral

minithoracotomy, 210
guidewire, positioning of, 211
repeat dilatation, after valve implantation,

213, 214
TEE and root angiography, use of, 213–214
valve implantation by balloon dilatation, 213
valve positioning, in aortic annulus, 212–213

overview of results of, 215–216
patient screening for, 207–208
postoperative care in, 214
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Transapical approach, 77, 78, 102
contraindication, 250
percutaneous vs., 124
procedural overview, 111–113
for sigmoid septum patients, 44, 45

Transarterial implantation of Edwards SAPIEN
system, complications of, 229

acute renal failure, 237
cardiac complications

annular injury, 233
arrhythmias, 236
cardiogenic shock, 236–237
conduction abnormalities, 235–236
coronary obstruction, 235, 236
mitral injury, 233, 234
tamponade, 233, 234

embolization, 232–233
malplacement, 231–232
valve failure

paravalvular regurgitation, 237, 238
structural valve failure, 237

vascular complications
aortic injury, 231
arterial injury, 229–231
stroke, 231

Transcatheter aortic valve implantation, 19, 82, 115
anesthesia for, 115

anesthesiologist, goal and challenges for,
115–116

multimodal induction approach, 120
percutaneous vs. transapical approach, 124
and phases of TAVR, 122–123
preoperative risk evaluation, 116
setup, equipment, and preparation in CCL,

117, 118
technique and perioperative care, 117, 119–121
TEE, use of, 122

decision tree for, 134–136
follow-up of patients after (see Postoperative

management of patients, after TAVI)
patient preparation and setup for, 116
postanesthesia care, 124
problems during, 121
selection of patients for, 41
thrombus, presence of, 89

Transcatheter aortic valve implantation,
complications of, 218

cardiac complications
atrial fibrillation, 226
cardiac depression, 224
conduction abnormalities, 225
coronary obstruction, 224–225
paravalvular regurgitation, 222–223
pericardial effusion/pericardial tamponade,

223–224
valve malposition (see Valve malposition)
ventricular tachycardia/ventricular

fibrillation, 226
noncardiac complications

aortic dissection, 226
iliac ruptures, 227

occlusion of femoral artery vessel, 228
retroperitoneal bleeding, 227

Transcatheter aortic valve replacement (TAVR).
See also Transcatheter aortic valve
implantation

anesthesia care team during, 121
blood loss during, 121
phases of, 122

positioning and deployment, 123
postdeployment, 123
predeployment phase, 122–123
valvuloplasty, 123

user-friendly delivery system, 297
Transcatheter aortic valve system,

second-generation devices, 178–179,
288–289

Transcatheter heart valve (THV), implantation of.
See also Edwards SAPIEN THV

advancing delivery system across aorta
crossing transverse aorta, 175–176
introducer sheath, placement of, 173
traversing and exiting sheath, 173–175

through ascending aorta and across aortic valve,
176

guidewire crossing configuration, techniques
to change, 176–178

second-generation delivery systems,
178–179

historical perspective, 171
intraprocedure evaluation, 172–173
preprocedural evaluation, 171–172

Transcatheter implantation, 15
Transcatheter valves, 19
Transesophageal echocardiography (TEE), 78, 122,

208, 218, 247
for annular measurement, 199–200, 208
annulus size measurement by, 79
and paravalvular regurgitation, 203, 204
for valve positioning, 202

Transfemoral approach, 102. See also Edwards
SAPIEN THV

contraindication, 45
depends on, 45
feasibility of, 65
procedural overview, 106–110
status of vascular access in, 269

Transthoracic echocardiography (TTE), 186
for annular measurement, 199–200

Transvascular accesses, for TAVI, 126
axillary/subclavian access, 130–133
femoral access, 126–130
transaortic access, 134
transapical access, 133–134

Transvenous pacing catheter, 160
Triangle of Koch, 12–13
Tricuspid valve, 10
Type A dissection, 227
Type B dissection, 227

Ultimum EV 18-F sheath, 180
Ultrasound imaging, 142–143, 145–147
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Vagal stimulation, 116
Validation cohort, 62
Valvar sinuses, 10
Valve-in-valve procedure, 193, 194, 215,

220
Valve malposition, 218

high implantation, 218, 220–222
low implantation, 218–219

Lasso technique, 219–220
valve-in-valve technique, 220

Valvotomy balloons, 162–163
preparation of, 164

Valvuloplasty, 36, 123
Vasoactive agents, 235
Ventor Embracer technology, 207
Ventricular arrhythmias, 159, 169
Ventricular myocardium, 4
Ventricular tachycardia (VT), 226
Ventriculo-arterial junction, 4
Vitamin K blockers, 269

X-ray imaging, 142–145

Z-Med catheters, 162
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