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General Introduction, Aims, and Outline

GENERAL INTRODUCTION

In 2002, Professor Alain Cribier performed the first human transcatheter aortic valve implan-
tation (TAVI) in a 57 year-old patient with severe aortic stenosis and refractory cardiogenic
shock, who had been refused conventional surgical aortic valve replacement (SAVR).! The
ensuing decade has witnessed immense progress in the field of structural heart intervention,
and in particular in the development of TAVI. This novel technology is now firmly established
in international societal guidelines,”* and is considered to be the standard of care for patients
with severe symptomatic aortic stenosis at high or excessive operative risk for conventional

surgery (Figure 1).*°

TAVI vs. Medical Therapy: 5-Year All-Cause Mortality

Medical Therapy 93§

TAVI 87.5

Figure 1. Transcatheter aortic valve implantation reduces all-cause mortality compared to medical therapy.
Adapted from Kapadia S et al. 5-year outcomes of transcatheter aortic valve replacement compared with stan-
dard treatment for patients with inoperable aortic stenosis (PARTNER 1): a randomised controlled trial. Lancet.
2015. 20;385:2485-9

While the field of transcatheter heart valve therapies has developed rapidly, there remain
important unresolved issues that may affect the widespread dispersion of this technology.
The application of TAVI to younger and lower risk patients, more complex anatomy, bicuspid
aortic valve stenosis, and in failing surgical bioprosthetic heart valves, mandates good quality
clinical research studies to better inform medical-decision making among interested physi-
cians and surgeons. More recently, transcatheter mitral valve implantation (TMVI) has been
introduced as a potential alternative to surgical intervention among inoperable patients with
severe symptomatic mitral regurgitation.® This technology is in its infancy with less than 100

patients treated worldwide, though there are important lessons from the TAVI experience,
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Chapter 1

that can be applied to this novel therapy. Pre-procedural imaging for TMVI with multislice

computed tomography is one such lesson that will be extrapolated in this thesis.

“We look for medicine to be an orderly field of knowledge and procedure. But it is not. It is an
imperfect science, an enterprise of constantly changing knowledge, uncertain information, fallible
individuals, and at the same time lives on the line. There is science in what we do, yes, but also
habit, intuition, and sometimes plain old guessing. The gap between what we know and what we
aim for persists. And this gap complicates everything we do.”

Atul Gawande, Complications: A Surgeon’s Notes on an Imperfect Science

AIMS

The aims of this thesis are to study the development of transcatheter aortic valve implantation
(TAVI), including pre-procedural imaging, novel adaptations and failure of the technology,
and to draw on these experiences to explore some basic principles of transcatheter mitral valve
implantation (TMVI).

Specific goals include:

1. To review the anatomy of the aortic valve complex, principles of patient selection, and key
procedural steps in TAVI.

2. To investigate the importance of non-invasive imaging in TAVI, with specific focus on
pre-procedural multislice computed tomography.

3. To appraise the prevalence of aortic stenosis and adoption of TAVT in Europe.
To assess clinical outcomes associated with novel adaptations of TAVI technology.
To apply knowledge gained from the aortic valve arena, and apply it to describe a stan-
dardized methodology for the assessment of the mitral valve complex using multislice
computed tomography for the purposes of transcatheter mitral valve implantation.

OUTLINE

The foreword aims to familiarize the reader with the anatomy of the aortic valvar complex
and its associated structures (Chapter 2), to introduce the concept of patient selection for
TAVI (Chapter 3), and to discuss the key technical steps (Chapter 4) in the performance
of transfemoral TAVI. The importance of appropriate pre-procedural multi-modal imaging

(Chapters 5) is examined.
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General Introduction, Aims, and Outline

Part II. TAVI Candidates and Technology Adoption

Part two of this thesis describes the prevalence of severe aortic stenosis, and attempts to
establish the number of potential TAVI candidates in Europe and North America (Chapter
6). Subsequently, the actual adoption of TAVI technology in Western Europe is studied, and
factors that may affect utilization in individual nations are investigated (Chapters 7). Finally,
we discuss clinical trial design for approval of THVs in the U.S, and suggest the use of Objec-

tive Performance Criteria for new device approval under certain circumstances (Chapter 8).

Part III. Novel Applications of TAVI Technology

Herein, we describe the adaptation of TAVI technology for the treatment of failing surgical
bioprosthetic aortic and mitral valves (Chapters 9, 10, 11 and 12). Thereafter, the use of self-
expandable and balloon-expandable TAVI systems in bicuspid aortic valve morphology is
evaluated (Chapter 13). The technical details of a first-in-human implant of a new transcath-
eter heart valve system are described (Chapter 14). Finally, the development of transcarotid
vascular access for TAVI is then investigated (Chapter 15).

Part IV. Transcatheter Hear Valve Failure

In this section, we explore the subject of transcatheter heart valve failure, and identify valve
failure modes that are typical of surgical bioprosthetic valves, and failure modes that are
unique to TAVI (Chapter 16).

Part V. Transcatheter Mitral Valve Implantation

The final section in this thesis introduces the concept of transcatheter mitral valve replacement
(Chapter 17). We then describe for the first time a systematic measurement methodology
for assessing the mitral valvar complex for the purposes of TMVI (Chapter 18) and provide
results from applying this methodology to a potential patient population (Chapter 19).

15
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The Anatomy of the Aortic Valvar Complex

INTRODUCTION

Half a millennium ago, Renaissance artist and scientist Leonardo da Vinci (1513) provided the
first description of the structure and function of the aortic valvar complex.' da Vinci described
how eddy currents generated by the sinuses of Valsalva approximated the aortic valvar leaflets
in preparation for valvar closure. Some 500 years later, renewed interest in the anatomy of
the aortic valvar complex has emerged in the light of the development and widespread adop-
tion of transcatheter aortic valve implantation (TAVI). While there are several publications
describing the anatomy of the aortic valvar complex,”* few specifically focus on the unique
challenges presented by TAVI.’ Herein, we provide a detailed and comprehensive description
of the anatomy of the aortic valvar complex as it pertains to TAVI.

ATTITUDINALLY APPROPRIATE NOMENCLATURE

In this chapter, we will describe all relevant cardiac structures according to their anatomical
position within the chest, rather than the more traditional and somewhat confusing Valentine
description.® Attitudinal anatomy becomes even more important when one considers that it
corresponds to the 3-dimensional imaging techniques currently used to assess the aortic root
for the purposes of TAVI.

THE AORTIC ROOT

The ‘aortic root’ refers to the aortic outflow tract from its entrance at the left ventricular outlet
to its junction with the ascending portion of the aorta.” It is demarcated inferiorly by a virtual
plane created by joining the basal attachment of the aortic valvar leaflets within the left ven-
tricular outflow tract, and superiorly by the distal attachment of the leaflets at the sinutubular
junction (Figure 1).® Within the root as thus defined, it is possible to recognise the sinuses of
Valsalva, the sinutubular junction, the fibrous interleaflet triangles, and the semilunar valvar
leaflets with their attachments in part to the ventricular and aortic walls, and in part to the
aortic or anterior leaflet of the mitral valve (Figure 2). The root lies posterior and rightward
relative to the subpulmonary infundibulum, with its circumference bordered anteriorly by the

muscular left ventricle, and posteriorly by the orifices of the atrioventricular valves.
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Chapter 2

Figure 1. The aortic root
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Figure 1. The left atrial and left ventricular walls along with the posterior wall of the aortic root have been

removed to show the relationships of the structures surrounding the aortic root. Anteriorly the aortic root is
bordered by the pulmonary trunk, the two arterial trunks spiralling as they leave the ventricular mass and exit
the pericardial cavity. The pulmonary trunk bifurcates into the right and left pulmonary arteries and the arterial
ligament extends from the base of the left pulmonary artery to the underside of the aortic arch. Adjacent to the
pulmonary trunk and along its left posterior aspect, the left coronary artery arises from the aortic root and from
the left facing or left coronary aortic sinus. The right facing or right coronary aortic sinus gives rise to the right
coronary artery with the right coronary orifice arising just below the sinutubular junction in this specimen.
The aortic root extends posterior and to the right of the pulmonary trunk with the distal most extension of the
root marked by the sinutubular junction (yellow dots) and giving way to the tubular or ascending aorta. The
ascending aorta then becomes the transverse aortic arch from which the brachiocephalic arteries arise. The area
between the left subclavian artery, the most distal of the brachiocephalic arteries, and the arterial ligament is the
aortic isthmus. The aortic isthmus then continues as the descending aorta. The right pulmonary artery crosses
behind the ascending aorta on its way to the root of the right lung. The superior caval vein flanks the ascending
aorta on the right. Within the left atrium, the horseshoe-like structure (red dots) marks the posterior aspect of
the flap valve of the oval fossa where it overlaps the superior interatrial fold. The anterior wall of the right and
left atrium lie adjacent to the aortic root and the space separating them is intrapericardial, known as the trans-
verse sinus (white dots). The inlet of the left ventricle is guarded by the mitral valve with the anterior or aortic
leaflet separating the inlet from the outlet component. This leaflet (yellow line) is in fibrous continuity with the
aortic valve and forms an integral component of the supporting structures for the aortic root.
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Figure 2. Aortic root
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Figure 2. This is a simulated, oblique, subcostal echocardiographic view demonstrating the central position of
the aortic root relative to the other cardiac valves. The aortic valve is to the right and posterior to the pulmonary
valve that is supported by a complete, subpulmonary muscular infundibulum (black dots). Two leaflets of the
aortic valve are immediately adjacent to the pulmonary trunk with those aortic sinuses typically giving rise
to the coronary arteries. The red star marks the right hand facing sinus and gives origin to the right coronary
artery while the left hand facing sinus (blue star) gives origin to the left main coronary artery. The yellow star
marks the non-adjacent aortic sinus that has been referred to in the past as the non-coronary aortic sinus.
Although rare, coronary arteries have been known to arise from this sinus, so the best reference to this sinus is
non-adjacent. The leaflets of the aortic valve attach to the aortic wall at the sinutubular junction which is the dis-
tal most margin of the aortic root. On the anterior aspect of the aortic root lies the inner heart curvature which
is at the junction of the subpulmonary infundibulum (black dots) and the parietal wall of the right ventricle,
this area sometimes referred to as the ventriculo-infundibular fold (yellow dots). Note the close proximity of the
right atrial musculature to the right of the aortic root.

AORTIC SINUSES

The regions corresponding to the luminal surface of the three bulges of the aortic root, which
support their respective valvar leaflets, are known as the aortic sinuses of Valsalva (Figure
3). Usually, the right and left sinuses give rise to coronary arteries (right and left), while the
third sinus does not. Because of this, the third sinus is usually described as the non-coronary
sinus. On rare occasions, nonetheless, a coronary artery can arise from this third sinus. We

prefer, therefore, to describe the sinuses as being right coronary; left coronary; and non-
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Chapter 2

adjacent. The “non-adjacency” is considered relative to the sinuses of the pulmonary trunk.
When considered attitudinally, the sinuses are located anteriorly (right coronary), leftward
and posteriorly (left coronary), and rightward and posteriorly (non-adjacent) ’. The mean
diameter of the sinuses of Valsalva as measured with multidetector computed tomography
(MDCT) was 32.4 + 4.0 mm,’ and was not significantly different between patients with and

without aortic stenosis."

Left coronary N
artery

Right coronary
artery

Figure 3. This close up view of the aortic root from the base of the heart demonstrates the relationship between
the atrioventricular valves, the anterior wall of the atriums and the pulmonary trunk. The aortic root is located
at the centre of the heart and is deeply wedged between the atrioventicular valves. The subpulmonary muscular
infundibulum and the pulmonary trunk wrap around the anterior aspect of the aortic root. The two aortic
sinuses that lie adjacent to the pulmonary trunk are called the right (red star) and left (blue star) facing sinuses,
the right facing sinus typically giving rise to the right coronary artery and the left facing sinus the left coronary
artery. The sinus marked by the yellow star is the non-adjacent sinus and is farthest from the pulmonary trunk.
The zones of apposition between the three aortic valvar leaflets extend from the thickened areas within the
aortic wall (black stars) to the central portion of the valvar orifice, this entire area marked as the commissure.
In the past, only the areas at the black stars marking the attachment of the leaflets to the sinutubular junction
were referred to as the commissures.
As the aortic root is a centrally located cardiac structure within the pericardial sac, rupture
of the root or one of its sinuses during TAVI can result in direct communication with several
different cardiac chambers.”
» Non-adjacent sinus: potential communication with the right or left atrium
o Left coronary sinus: potential communication with the left atrium or the transverse sinus
(pericardial space).
» Right coronary sinus: potential communication with the right atrium or the right ven-
tricular outflow tract.
As it exits the left ventricle, the aortic root angulates slightly towards the right and therefore
overlies the superior aspect of the muscular ventricular septum and the right ventricle. Thus,
aortic root rupture during TAVT can potentially also produce an interventricular septal com-

munication.
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SINUTUBULAR JUNCTION

The superior attachments of the aortic valvar leaflets demarcate the level of the sinutubular
junction. This junction marks the exit of the aortic root, and the beginning of the ascending
aorta (Figures 2, 4). Echocardiographic studies have demonstrated that the diameter of the
sinutubular junction is significantly larger in patients with aortic stenosis than in normal
patients."” MDCT data demonstrate that the maximal diameter of the sinutubular junction is
28.2 + 3.2 mm, and that the mean distance between the basal attachment of the valvar leaflets
and the sinutubular junction (sinutubular height) is 20.3 + 3.3 mm.’ The sinutubular ridge is
prone to age-related atherosclerotic change and calcification." The extent and location of such
calcification should be considered when planning TAVL

Figure 4. Sinutubular junction

Left coronary .
artery

( Right coronary
or1ﬁce

Figure 4. This long axis, close up view of the inlet and outlet components of the left ventricle highlights the
relationship of the interleaflet triangles to the outside of the heart. The apex of the interleaflet triangles is the
distal most extent of where the semilunar hinges of the leaflets join the sinutubular junction (yellow dots). The
interleaflet triangle between the non-adjacent and the right coronary aortic sinus is illustrated with yellow lines.
The red lines mark the interleaflet triangle between the non-adjacent and the left coronary aortic sinus, showing
nicely how the distal extension of the interleaflet triangles separates the cranial extension of the aortic root from
the pericardial cavity. The white dots mark the margin of the serous pericardium lining the transverse sinus.
The serous pericardium reflects from the epicardial surface of the tubular aorta onto the anterior wall of the
atrial chambers and incorporates a small area outside the heart, but within the pericardial cavity. The proximal
aspect of two of the interleaflet triangles are in direct contact with the area of aorta to mitral fibrous continuity
and are an integral part of the left and right fibrous trigones. Note the black dots which mark the horseshoe-
like structure representing the overlapping of the flap valve of the oval fossa with the superior interatrial fold.
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AORTIC LEAFLETS

The normal aortic valve is trifoliate (Figure 5 A, B). Each of the three leaflets has a semilunar
attachment within the aortic root, and a free margin for coaptation with the other leaflets. At
the level of the sinutubular junction, the semilunar hinges of adjacent leaflets come together to
form the so-called commissures. If used literally, however, a “commissure” is a zone of apposi-
tion between adjacent structures. The true “commissures” within the valvar root, therefore, are
the three zones of apposition between the leaflets extending from the so-called “commissures”
to the valvar centroid. The leaflets themselves are slightly thicker towards their free margins.
Interindividual and intraindividual variability with respect to the width and height of the
leaflets is common.'? The average width, measured between the peripheral zones of attachment
along the sinus ridge, is 25.5 mm (Figure 6). The average height, measured from the base of the
center of the leaflet to its free edge, is 14.1 mm (Figure 5). Coaptation along the zones of ap-
position occurs on the ventricular aspect of the leaflets, and involves the entire length of the free
margin, taking place along approximately one third of the total leaflet depth. The central point
of coaptation is thickened, and is known as the lunule. The leaflets are comprised of a fibrous

core and underlying subendothelial fibroelastic layers. In the setting of severe aortic stenosis the

Figure 5. Normal trileaflet aortic valve leaflets
5A. Aortic view

Pulmonary Right coronary
trunk : artery

.
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Figure 5A. This close up, short axis view from the base of the heart shows the normal aortic valve with two of
the leaflets and aortic sinuses adjacent to the pulmonary trunk, the right (red star) aortic sinus typically gives
rise to the right coronary artery and the left (blue star) aortic sinus the left coronary artery. The non-adjacent
aortic sinus is represented by the yellow star. The zones of apposition (red arrows) between the leaflets extend
from their attachments at the sinutubular junction (black stars) to the centre of the valvar orifice. Historically, it
was only the peripheral attachments that were referred to as the commissures. Actually, it is the entirety of the
zone of apposition that is the commissure.
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5B. Ventricular view
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Figure 5B. The aortic to mitral fibrous continuity (black dots) and the aortic valve are viewed from the apex
of the left ventricle. The mitral valve is supported by tendinous cords arising from the paired papillary muscles
with no attachments to the ventricular septum. Within the left ventricle, the aortic root interposes between
the mitral valve and the interventricular septum. The left ventricular outlet has a partially fibrous and partially
muscular wall. Two of the leaflets that guard the outlet or aortic root are in fibrous continuity with the anterior
or aortic leaflet of the mitral valve. These are the non-adjacent (yellow star) and the left (blue star) facing or left
coronary leaflet with the third leaflet, the right (red star) facing or right coronary leaflet. The right and left fi-
brous trigones form the two ends of this fibrous continuity. The aortic root and mitral valve are anchored within
the roof of the left ventricle where the fibrous trigones attach to the crest of the muscular ventricular septum.
The fibrous trigones are thickened areas within the aortic to mitral fibrous continuity and the right fibrous
trigone is continuous with the membranous septum. The right fibrous trigone and the membranous septum
together form the central fibrous body.

Figure 6. Dimensions of aortic leaflets

Figure 6. The average length and height of the aortic valve leaflets are 25.5 and 14.1 mm, respectively.
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leaflets become thickened, heavily calcified, and non-compliant, with a resultant reduction in

the orificial area for the systolic ejection of blood by the left ventricle (Figure 7 A, B).

Figure 7. Calcific aortic stenosis
7A. Aortic view
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Figure 7A. The aortic root is viewed from the base of the heart and has been transected just below the sinutu-

bular junction along the anterior most aspect. The aortic valvar leaflets are extremely thickened and are entirely

calcified. The leaflets are non-compliant with only a small, slit-like, eccentric opening.

7B. Ventricular view.
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Figure 7B. This view is looking into the left ventricular outflow from the apex. The aorta to mitral fibrous conti-
nuity is thickened and has a redundant, shelf-like appearance secondary to the calcific nature of the aortic valvar
leaflets. The leaflets are focally nodular and ulcerated with a slit-like, slightly eccentric opening. The normal
semilunar nature of the leaflets and the overall anatomy of the aortic root have been disrupted.
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The non-adjacent leaflet, and part of the left coronary leaflet, are in fibrous continuity with
the aortic or anterior leaflet of the mitral valve. At either end, this area of fibrous continuity
thickens to form the right and left fibrous trigones. The right fibrous trigone itself is then con-
tinuous with the membranous septum, and together these structures form the central fibrous
body. When considered together, the fibrous trigones serve to anchor the aorto-mitral valvar
unit to the roof of the left ventricle (Figure 8). Inadvertent low implantation of a transcatheter
valve can therefore impinge on the aortic leaflet of the mitral valve, and yield mitral valve
dysfunction.”

Figure 8. Ventricular aspect of aortic and mitral valves
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Figure 8. In this simulated, short axis, apical, echocardiographic view, the aortic root lies within the central
portion of the heart and lifts the mitral valve away from the muscular, interventricular septum. The mitral valve
is a bifoliate structure and is supported by paired papillary muscles with no cordal attachments to the septum.
The aorta to mitral fibrous continuity supports approximately one third of the aortic root with the remaining
two thirds supported by muscle. This area of fibrous continuity is quite strong and is supported by the thickened
areas of the left and right fibrous trigones. The right and left fibrous trigones are easily seen at each end of the
fibrous continuity with the interleaflet triangle (red lines) extending between the zones of apposition between
the left aortic sinus and the non-adjacent aortic sinus. The non-adjacent sinus is entirely supported by the area
of fibrous continuity between the aortic and mitral valves. The right fibrous trigone joins with the membranous
septum at the base of the interleaflet triangle between the right aortic sinus and the non-adjacent sinus and
forms the central fibrous body.

ANATOMY OF THE SO-CALLED “AORTIC ANNULUS”

The anatomic ventriculo-arterial junction is the transition point where left ventricular muscu-
lar tissue is replaced by the fibroelastic walls of the aortic valvar sinuses (Figure 9). Two of the

aortic valvar leaflets cross this ventriculo-arterial junction, and take their basal origins from
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Figure 9. Ventrlculo arterial junction
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Figure 9. This is a close up, long axis view of the left ventricle and the aortic root. The aortic root is supported
by partially fibrous and partially muscular walls with the anterior or aortic leaflet of the mitral valve in fibrous
continuity with the aortic valve. This area of fibrous continuity (black line) involves the left and non-adjacent
leaflets. The ends of this area of fibrous continuity are thickened and form the right (yellow diamond) and left
(red diamond) fibrous trigones with the right fibrous trigone continuous with the membranous septum. These
two components then form the central fibrous body. The attachments of the fibrous trigones to the crest of the
musculature of the ventricular septum are what anchors the aortic root and the mitral valve within in the roof
of the left ventricle. In the left ventricle, the aortic root interposes between the mitral valve and the septum. The
anatomic ventriculo-arterial junction is in the area where the fibrocollagenous wall of the aorta is supported
by the musculature of the parietal wall of the ventriculo-arterial junction. There is epicardial fat marking the
outer aspect of this junction. The yellow dots mark the sinutubular junction which is the distal most extent of
the aortic root. This area is typically represented by a discrete ridge between the aortic valvar sinuses and the
tubular component of the aorta. The red lines represent a fibrous triangle between the right and non-adjacent
aortic leaflets. These fibrous triangles extend between the semilunar hinge lines of the three aortic valvar leaflets
to become the most distal extension of the ventricular outflow tract.

the muscular walls of the left ventricle (Figure 10). The semilunar hinge line of the coronary
aortic leaflets, therefore, incorporates a small crescent of ventricular myocardium within the
aortic sinuses. It is the virtual plane created by joining together the basal attachments of the
leaflets that demarcates the frequently described “aortic annulus” It is this diameter of the
entrance to the root that is important for the purposes of transcatheter aortic valve sizing.
There are three circular, and 1 crown-like, rings within the extent of the aortic root (Figure
11).° Since the leaflets are attached throughout the length of the root, it is their semilunar
hinges which, in 3-dimensions, form the crown-like structure. The base of this crown is not a

distinct anatomical structure, but is the virtual ring formed by joining the basal attachments of
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Figure 10. Histology of the aortic root
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Figure 10. Histology of the aortic valvar complex shows the anatomic ventriculoarterial junction. Note that the

Left ventricle

basal attachment of the aortic valvar leaflets to the ventricular myocardium is proximal relative to the anatomic
junction. The aortic leaflet displays and endothelial lining and a fibrous core.

the leaflets within the left ventricle. As discussed above, it is the diameter of this plane that is
usually designated by echocardiographers as representing the valvar annulus. Many surgeons,
in contrast, consider the crown-like construction to be the “annulus” The sinutubular junction
forms the superior aspect of the crown and is a true anatomical ring. It is demarcated by the si-
nus ridge, the distal attachment points of the leaflets to the aortic root, and represents the most
distal apposition zone between the aortic valve leaflets. Despite its true annular morphology,
however, it is rarely, if ever, defined as the “annulus”. The anatomic ventriculo-arterial junction
also forms a ring between the base and superior aspects of the crown, but this locus is also not

defined as the annulus.
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Figure 11. The Aortic Rings
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Figure 11. (A) Three-dimensional arrangement of the aortic root, which contains 3 circular “rings,” but with the
leaflets suspended within the root in crown-like fashion. (B) The leaflets have been removed from this speci-
men of the aortic root, showing the location of the 3 rings relative to the crown-like hinges of the leaflets. VA

indicates ventriculoarterial; A-M, aortic-mitral.

AORTIC ROOT DIAMETERS

The shape of the aortic root is consistent, though its diameter can vary considerably. The
diameter at its outlet, which is the level of the sinutubular junction, exceeds that at the level of
its inlet at the virtual ring formed by the basal attachments of the leaflets by a ratio of 1.34 to
1." Thus, the root has been described as a truncated cone. Importantly, the valvar complex is
a dynamic structure, and its dimensions change according to the phases of the cardiac cycle,
and with changes in pressure within the aortic root."'® The diameter of its entrance, the so-
called aortic annulus, in particular, increases in diameter and decreases in eccentricity during

ventricular systole.
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Accurate measurement of the dimensions of the root is a critical component of successful
transcatheter aortic valve implantation. Erroneous measurement of the aortic root (Figure
12) can lead to malposition or embolization of the prosthesis, paravalvar leak, rupture of the
entrance to the root, and the potential for early structural degeneration of the leaflets. Several
imaging modalities can be used for assessing the dimensions of the so-called annulus. The
measurements of relevance include.'”

Dimensions: maximal diameter, minimal diameter, mean, area, perimeter (circumference)
« Width of the Sinuses of Valsalva
o Height of the Sinuses of Valsalva
o Take-off height of the coronary arteries
o Width of the ascending aorta

Figure 12. Erroneous measurement of the aortic annulus diameters.

Figure 12. This basal short-axis view shows the closed aortic valve. The arrows demonstrate the potential haz-
ard of 2-dimensional imaging techniques (echocardiography, contrast aortography) for measuring the “aortic
valve annulus” Measurements made using the basal attachment of the leaflets do not transect the full diameter
of the outflow tract but instead a tangent cut across the root."
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THE INTERLEAFLET FIBROUS TRIANGLES AND TRIGONES

The aortic root has several important boundary structures: the muscular and membranous
interventricular septal components, the aortic or anterior mitral valvar leaflet, the area of
aortic-to-mitral valvar continuity, and the two fibrous trigones. Approximately two thirds of
the circumference of the lower part of the aortic root is connected to the muscular ventricular
septum, with the remaining one third in fibrous continuity with the aortic leaflet of the mitral
valve. As the semilunar attachments of the valve leaflets cross the anatomic ventriculo-arterial
junction and merge distally to form the commissures, they leave three triangular wedges of
tissue between their arcs (Figure 13). These triangles are known as the interleaflet fibrous
triangles. The triangles are thinner, and less collagenous, than the surrounding sinusal walls.
They therefore represent potential sites of root rupture during transcatheter valve implanta-
tion. The triangle between the left and right coronary sinuses lies immediately behind the
free-standing right ventricular muscular infundibulum. The triangle between the right and
non-adjacent leaflets is confluent with the membranous septum. The triangle between the left
and non-adjacent leaflets lies along the area of aortic-mitral fibrous continuity.

The ends of the area of fibrous continuity are thickened to form the left and right fibrous
trigones, with the right fibrous trigone contiguous with the triangle between the right and the
non-adjacent sinuses. The trigones support and hinge the aortic-mitral valvar unit, thereby
allowing these structures to be displaced during the cardiac cycle. The right fibrous trigone
and the membranous ventricular septum together form the central fibrous body of the heart.
This is the area within the heart where the membranous septum, the atrioventricular valves,

and the aortic valve join in fibrous continuity.

Figure 13. The interleaflet fibrous triangles
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Figure 13. This diseased aortic valve has been opened through the mid portion of the left coronary aortic sinus.
All of the aortic valve leaflets are thickened and focally calcified. There are calcific plaques at the sinutubular
junction (yellow dots) and within the sinuses, especially in the area where the leaflets cross the anatomic ven-
triculo-arterial junction. The interleaflet triangles are marked with the red lines. The area of fibrous continuity

between the aortic and mitral valves is thickened along with the membranous septum.
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CORONARY ARTERIES

In the majority of cases, the coronary arteries arise from two separate orifices located within
the left and right coronary aortic sinuses (Figure 14)." " Most arise below the sinutubular
junction, although take-off at (9%) or above (22%) the junction is not uncommon.” Knowl-
edge of the height of the coronary arteries with respect to the basal attachment of the native
valve leaflets is important for those undertaking TAVI. Post-mortem examination of normal
hearts show that the left and right coronary arteries arise on average 12.6+2.61 mm and
13.242.64 mm from the basal attachment of their respective leaflets.*"

Figure 14. Origins of the coronary arteries
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Figure 14. The aortic valvar leaflets have been removed from the intact aortic valve. This demonstrates three
lines within the aortic root, the sinutubular junction (yellow dots), the anatomic ventriculo-arterial junction
(black dots) and the line marking the most proximal portion of the aortic root (red dots). The sinutubular junc-
tion and the anatomic ventriculo-arterial junction form true lines within the aortic root. The line represented
by the red dots is a virtual line and represents the proximal most attachment of the aortic valvar leaflets within
the left ventricular outflow tract or aortic root. The aortic valvar leaflets cross the anatomic ventriculo-arterial
junction at six points around the circumference of the valve, incorporating a crescent of muscle into the base
of the sinus of the right coronary aortic leaflet and a portion of the left coronary aortic leaflet. Typically, the
non-adjacent sinus has fibrous tissue in this area with fibrous tissue making up the remainder of the base of the
left sinus. In this heart, the interleaflet triangle between the right coronary aortic sinus and the non-adjacent
sinus is supported by muscle and does not reach the right fibrous trigone and the right-ward extent of the
membranous septum.

Accurate assessment of the distance between the basal attachment point of the leaflets and the
coronary arterial orifices is an important component of screening in advance of implantation,
and procedural planning. All current prostheses available for transcatheter valve implantation
are designed with a skirt of fabric or tissue sewn within the stent or frame in order to create
a seal with the native aortic root and reduce paravalvar leak). If the origin of the coronary

arteries is low within the sinuses of Valsalva, and/or the prosthesis is placed too high, the skirt
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can obstruct the arterial orifices and rapidly induce myocardial ischemia and haemodynamic
collapse. An identical situation can be observed if deployment of the prosthesis displaces the
native leaflets such that they cover that arterial orifices in patients with low lying coronary
arteries.

Consequently, the height of the orifices within the sinuses should be assessed using
multislice computed tomography.” According to the computed tomographic data, the mean
distance from the basal attachment point of the leaflets to the orifices of the left coronary
and right coronary arteries was 14.4+2.9 mm and 17.2+3.3 mm, respectively.” Although these
measurements were similar in those with and without aortic stenosis, there was important
variability that underscores the need for assessment in individual patients, the more so since
the height of the orifice of the left coronary artery ranged from 7.1 to 22.7 mm.’ The width of
the sinuses of Valsalva has also been recognized to be an important determinant of potential
arterial occlusion in the setting of transcatheter valve implantation. A minimum sinusal width
is recommended in order to accommodate the redundant native aortic leaflets.

In cases where transcatheter valve implantation is being considered for treatment of a fail-
ing surgical bioprosthesis, it is important to know both the position (annular or supra-annular
implantation) and design characteristics of the surgical prosthesis, as coronary arterial oc-
clusion is more commonly described than when native aortic valves are being replaced by

transcatheter valve implantation.”

RELATIONSHIP TO THE CONDUCTION SYSTEM

In the right atrium, the atrioventricular node is located within the triangle of Koch. The
boundaries of this triangle are the tendon of Todaro, the orifice of the coronary sinus, and
the attachment of the septal leaflet of the tricuspid valve (Figure 15). The hinge point of the
septal leaflet of the tricuspid valve separates the membranous septum into its atrioventricular
and interventricular components. It is the atrioventricular component of this membranous
septum that forms the apex of the triangle of Koch, with the atrioventricular node found just
inferior to the apex of this triangle.

The atrioventricular node continues as the bundle of His, which penetrates the atrio-
ventricular component of the membranous septum, and runs superficially along the crest of
the ventricular septum to give rise to the fascicles of the left bundle branch. The left bundle
is closely related to the base of the interleaflet triangle between the right and non-adjacent
and leaflets of the aortic valve, with the superior part of the bundle intimately related to the
right coronary aortic leaflet (Figure 16).” Autopsy findings suggest that the average distance
between the nadir of the non-adjacent aortic valve leaflet and the left bundle branch is 6.3+2.7
mm. Thus, the conduction axis is closely related to the subaortic apparatus, and can be injured

during or after transcatheter valve implantation.

34



Figure 15. Triangle of Koch

The Anatomy of the Aortic Valvar Complex

Figure 15. The heart is viewed from the right side, illustrating the component parts of the triangle of Koch.

Figure 16. Atrioventricular node
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Figure 16. The atrial musculature has been removed
along with the non-adjacent sinus of the aortic valve.
The right (red star) and left (blue star) facing sinuses
remain intact. The area of aortic to mitral fibrous
continuity is marked by the red line and the image il-
lustrates how the subaortic outflow tract is lifting the
mitral valve away from the interventricular septum.
On the opposite aspect a portion of the septal leaflet of
the tricuspid valve has been removed to view the atrio-
ventricular (yellow dots) and the interventricular (red
dots) components of the membranous septum. This
demonstrates the relationship between the base of the
right interleaflet triangle, the right fibrous trigone and
the membranous septum. The red diamond marks the
site of the atrioventricular conduction axis. Note the
artery to the atrioventricular node within the fat that
interposes between the right and left atrial walls and the
crest of the muscular ventricular septum at the base of
the inferior interatrial fold.
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ADDITIONAL SECTIONS

Bicuspid Aortic Valve

The aortic valve with two leaflets, usually said to be bicuspid, is the most commonly recognized
form of adult congenital heart disease, estimated to occur in 1-2% of the general population
'>2* (Figure 17). Compared to valves with three leaflets, those with only two leaflets are more
likely to develop mid-life aortic stenosis or regurgitation. The majority of patients with such
bicuspid valves will require valvar replacement during their lifetime **. This finding is thought
to account for up to half of all surgical replacements of the aortic valve undertaken in adults **
The procedure also accounts for over one-fifth of the indications for aortic valvar replacement
in octogenerians 7. Traditionally, the finding of a valve with two leaflets has been considered
a contraindication to transcatheter aortic valve implantation. The large and eccentric entrance
of the root associated with the bicuspid valve, along with the extensive calcification and fibro-
sis of the aortic leaflets, and the not-infrequent requirement for replacement of the ascending
aorta, all account for the reluctance to treating these patients percutaneously **. Although
viewed traditionally as a contraindication, however, patients with bicuspid valves have been

successfully treated by transcatheter valve implantation *

Figure 17. Bicuspid aortic valve
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Figure 17. The aortic root is viewed from the arterial aspect and has been transected at the sinutubular junction.
The aortic valve is bicuspid with an incomplete zone of apposition or raphe between the right and left facing
sinuses. This area and the component parts of the aortic valvar leaflets, are thickened and somewhat rigid,
preventing the leaflets from coapting in a normal fashion. The distal attachments of the zones of apposition are
marked by the red stars and there is a plaque-like thickening within the aortic wall associated with the right
facing sinus.
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ABSTRACT

Transcatheter aortic valve implantation (TAVI) has emerged as a highly effective minimally
invasive treatment symptomatic for severe calcific aortic stenosis in patients at high or pro-
hibitive surgical risk. The success of TAVI has been determined by a number of factors, but in
particular by appropriate patient selection. Appropriate patient selection involves identifying
patients with the potential to benefit most from TAVI and individualizing the bioprosthesis
type and size, and the vascular access site for each case. We present herein, our critical ap-
praisal on patient selection for TAVI: an interventional cardiology perspective.

Keywords: Aortic stenosis, transcatheter heart valve, transcatheter aortic valve implantation,
TAVI, Edwards SAPIEN, Medtronic CoreValve, patient selection
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Patient selection for transcatheter aortic valve implantation

INTRODUCTION

In April 2002, Alain Cribier performed the first-in-human transcatheter aortic valve implan-
tation (TAVI). In the ensuing decade, this novel technique has evolved into a relatively mature
widely accepted treatment for high or prohibitive surgical risk patients with symptomatic
severe calcific aortic stenosis (AS) requiring aortic valve replacement (AVR). The Edwards
SAPIEN transcatheter heart valve (THV) (Edwards LifeSciences, Irvine, CA) (Figure 1) and
Medtronic CoreValve (Medtronic, Minneapolis, MN) (Figure 2) are licensed in Europe for
implantation in selected patients, and in excess of 80,000 patients worldwide have undergone
TAVL

Figure 1 The Edwards SAPIEN XT. A balloon-expandable cobalt-chromium stent to which are sewn bovine
pericardial leaflets in a trifoliate configuration

Figure 2 The Medtronic CoreValve. A self-expanding nitinol frame to which is sewn porcine pericardial leaflet
in a trifoliate configuration
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Careful, considered patient selection by a team of experienced interventional cardiologists,
cardiac surgeons, anaesthetists, and imaging specialists (the heart team) has been at the core
of the TAVTI success story (1). Patient selection for TAVI continues to evolve however, as the
almost daily publication of TAVI-related data defines and refines the patient, anatomical, and
procedural factors that determine successful implantation. Put simply, appropriate patient
selection implies identifying candidates who benefit most from TAVI, however, this can be a

complex process (Table 1).

Table 1 Pre-procedure screening recommendations

Laboratory indices Full blood count, serum urea, creatinine and electrolytes,
C-reactive protein, serum transaminases, serum albumin,
coagulation profile, blood culture, sputum culture, mid-stream
urine, glycosylated haemoglobin, human immunodeficiency virus,

hepatitis serology
Physical indices Height, weight, body mass index
Clinical data to calculate logistic Detailed clinical history, examination and current medication list,
EuroSCORE or ST score 12 lead electrocardiography, echocardiography (transthoracic/

transoesophageal), coronary angiography, peripheral vascular
screening (contrast angiography/multidetector computed
tomography), pulmonary function testing, right heart

catheterization
Clinical parameters of comorbid Pulmonary function tests, carotid, vertebral and abdominal
conditions ultrasonography
Fragility and cognitive function* Grip strength, graded exercise testing, walk test, physical activity

level, mini-mental score

Confirmation of aortic stenosis severity ~ Echocardiography (transthoracic/transesophageal), exercise stress
and assessment of associated pathology  testing, stress echocardiography

Procedural planning Multidetector computed tomography/transoesophageal
echocardiography
Aortic annulus: Dimensions (minimal, maximal and mean
diameter; area; perimeter) and severity/distribution of calcification
Other: Height of coronary arteries, Sinus of Valsalva dimensions,
ascending aorta dimensions
Iliofemoral vessels: Minimal luminal diameter, tortuosity, calcium
distribution Aorta: Aortic plaque distribution, descending aortic
tortuosity, proximal ascending aortic diameter

Legend: STS = Society of Thoracic Surgeons
* = Elements of the fried frailty index

TAVI ELIGIBILITY

Potential TAVT recipients must satisfy three essential criteria in order to be deemed “TAVI-
eligible” (2,3): severe symptomatic AS, high or prohibitive surgical risk, and absence of

contraindications to TAVI.
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CONFIRMATION OF THE SEVERITY OF AORTIC STENOSIS

Transcatheter aortic valve implantation is indicated for selected patients with severe AS,
thus confirmation of the AS severity is mandatory in all cases. Echocardiography is the gold
standard method to assess AS, and yields both important anatomic and haemodynamic in-
formation. Doppler evaluation of the peak and mean transaortic gradients and determination
of the aortic valve area (AVA) by the continuity equation are recommended. Current societal
guidelines define severe AS as a mean aortic valve gradient of 240 mmHg or an AVA of <1
cm’® (<0.6 cm*/m”®) (3,4). In patients with low transaortic gradients, despite an AVA consistent
with severe AS, dobutamine stress echocardiography is recommended to distinguish between
severe and pseudo-severe AS (5). The presence of symptoms is used to guide management of
AS patients, however determining the nature of symptoms is not always straightforward. In
cases of equivocal symptoms, exercise stress testing, and in particular stress echocardiography
are advised (6).

SURGICAL RISK ELIGIBILITY

Transcatheter aortic valve implantation is indicated for selected patients at high or prohibitive
surgical risk. Thus, the advent of TAVI has renewed interest in the use of surgical risk al-
gorithms. Surgical risk has been quantified using the logistic European System for Cardiac
Operative Risk Evaluation (EuroSCORE) (7) and the Society of Thoracic Surgeons (STS)
Predicted Risk of Mortality score (8). However, these scores share important limitations in
high-risk patient subsets, most notably a limited predictive capacity and an inability to capture
significant comorbid conditions in what is a heterogeneous patient group. The logistic EuroS-
CORE for example, has a low discriminatory power in TAVI patients (C statistics 0.61 to 0.64)
(9). As such, the applicability of these scores in patient selection for TAVT has been questioned
(10-12). Despite these limitations, patient enrolment in TAVI trials has been determined by a
EuroSCORE >15% or an STS score >10% (13-15). However, a number of comorbid illnesses
associated with adverse surgical outcomes are not included in these risk calculation scores,
including: chronic lung disease [forced expiratory volume in 1 second (FEV1) <1 litre]; liver
cirrhosis (Child class A or B); pulmonary hypertension (pulmonary artery systolic pressure
>60 mmHg); previous cardiac surgery; porcelain aorta; recurrent pulmonary emboli; right
ventricular failure; contraindication to traditional open chest surgery (wide beam radio-
therapy); or cachexia (body mass index <18 kg/m®).

As such, we recommend these scores be used as a guide for patient selection, though
they should not supersede clinical judgement. academic research consortium (VARC) major
vascular complications and 30-day mortality (18). This ratio decreases to 1.00 in non-calcified

vessels and increases to 1.10 in the presence of moderate to severe calcification.
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MDCT is probably the gold standard test for screening the peripheral vasculature of
potential TAVI recipients (Figure 3) (19). With MDCT, assessment of vessel tortuosity, calci-
fication, and vessel size, is enhanced compared to contrast angiography; MDCT, however, is
associated with increased iodinated contrast exposure. High-pitch spiral dual source CT with

minimized contrast volume may overcome this limitation (20).

Perimeter Area Diameters

Figure 3 MDCT reconstructions of the aortic annulus and the iliofemoral tree. A. MDCT reconstructions
of the aortic annulus can provide maximum/minimum diameters, and perimeter or area measurements; B.
Orthogonal sagittal and coronal reconstructions of the peripheral vessels allow accurate proper cross-sectional
measurements of the vessels

ANNULUS ASSESSMENT

Although not a distinct anatomic structure, the aortic valve annulus may be defined as the
virtual ring formed at the junction of the basal attachment points of the aortic valve leaflets
within the left ventricle (21). In this plane, the oval aortic annulus represents the transition
point between the left ventricular outflow tract and the aortic root. Accurate measurement
of the aortic annulus diameter is of critical importance for THV sizing and the short- and
long-term success of the procedure. Valve oversizing risks catastrophic annulus rupture,
while undersizing may result in valve migration or paravalvular regurgitation; which has been
recognized as an independent predictor of long-term mortality (22).

Transthoracic echocardiography (TTE), transesophageal echocardiography (TEE),

MDCT, contrast aortography, and magnetic resonance imaging (MRI) can all be used to assess
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the annulus dimensions. Although much debate surrounds the choice of imaging modality
for optimal measurement of the non-circular annulus for the purposes of TAVI, MDCT is
becoming recognized as the gold standard.

Although TEE is the most practical imaging modality, 2-dimensional (D) measurements
of the 3-D aortic annulus, can lead to underestimation of the true dimensions of the annulus
(23). It has been suggested that echocardiographic measurement of the annulus potentially
results in valve undersizing, and consequently increases the risk of paravalvular aortic re-
gurgitation (24). A recent publication noted that 3-D TEE may provide more accurate aortic
annular measurements than 2-D TEE (25), however the use of 3-D TEE is not yet endorsed
by societal guidelines (26).

MDCT reconstruction of the annulus orthogonal to the center-axis of the left ventricular
outflow tract allows for the assessment of minimal and maximal diameter, circumference, and
area measurements. MDCT data has confirmed that the majority of aortic annuli are oval, and
has shown the mean difference between the maximum and minimum diameter of the aortic
annulus to be 6.5 mm (95% confidence interval, 5.7-7.2) (27). Assessment of the aortic valvar
structure with MDCT also facilitates assessment of cusp morphology, and the distribution of
calcification. In the light of these advantages, MDCT is becoming the default imaging modal-
ity to assess aortic annular dimensions. It remains unclear how to exactly apply MDCT-based
valve sizing to existing echocardiographic sizing criteria (27) - this will be further discussed

below.

CONTRAINDICATIONS TO TAVI

Although many elderly patients with severe AS meet the “inclusion” criteria for TAVI, these
procedures are not suitable for all. As the technology and physician experience evolves, some
initial contraindications have been discounted, while others have emerged.

Recently, it has been recognised that frailty and futility are important concepts when
selecting patients for TAVI. Frailty is considered to be a distinct clinical syndrome character-
ized by decreasing muscle mass, energy expenditure, and malnutrition, and imparts extreme
vulnerability to adverse events (28). Futility implies that a patients’ condition is so advanced,
that meaningful improvement will not be achieved despite a technically successful interven-
tion. In this regard, the 2-year results of the Partner trials offer much food for thought. In
inoperable patients (cohort B), two-year mortality following TAVI was 43.3%, the majority of
whom died from cardiovascular causes (64.9%) (29). Similarly, two-year mortality was 33.9%
in high operative risk patients that received TAVI in Partner cohort A (22). These data send
a clear message: performing TAVI on patients who derive little long-term benefit due to irre-
versible coexisting conditions should be avoided, particularly in the current resource-limited

environment. Preliminary analyses suggest that patients with lower surgical risk scores (Eu-
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roSCORE, STS) derive the most benefit from TAVI (29,30), though further analysis of large
patient populations is required before using risk score cut-off-points to define TAVI-ineligible
patients. The role of specific risk scores to assess frailty, such as the Fried Frailty Index (28), is
yet to be determined.

In borderline cases, where the decision to proceed to TAVI is not clear due to advanced
age, co-morbid conditions or other factors, percutaneous balloon aortic valvuloplasty (BAV)
can represent a useful additional selection tool (31). BAV strategy is associated with rapid
functional improvement and thus, enhances the prediction of very frail patients who might
benefit from TAVI, without incurring the risk or cost associated with a full TAVI procedure. In
one study, re-evaluation of borderline patients 30-days after BAV, deemed 46% TAVT eligible,
28% surgical AVR eligible, while 21% demonstrated no functional improvement and were

therefore assigned to medical therapy (31).

PROCEDURAL CONSIDERATIONS

Careful planning of the TAVI procedure itself is a critical component of the patient selection
process. The vascular access site and the bioprosthesis type and size are crucial to procedural

Success.

VASCULAR ACCESS

Selection of the vascular access site is based on careful pre-procedural screening and should
be individualized for each patient. Our preference is to select the least invasive route possible
for TAVI. As such, all patients are evaluated for the feasibility of a transfemoral approach,
and an alternative approach is only selected in the setting of a prohibitively small or diseased
iliofemoral arterial system, the presence of mobile plaque, excessive calcification, or extreme
tortuosity of the descending thoracic aorta. Alternative approaches in our order of preference
are: subclavian (32-41); transaortic (42-48); and transapical (49-52). Importantly, we do not
push the limits of the available technology and if the peripheral vasculature is unfavourable,
an alternative access is selected. Feasibility does not equal safety.

The femoral artery is considered to be default vascular access site for TAVI. Theoretical ad-
vantages of the transfemoral approach include avoidance of general anaesthesia, thoracotomy,
incision of the apex of the left ventricle, and potential complications such as delayed wound
healing. Advantages to the non-transfemoral approaches include avoidance of peripheral vas-
cular (except subclavian) and aortic complications. Importantly, the risk of periprocedural ce-

rebral embolization and stroke appears to be similar between these different strategies (53,54).
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To date, few studies have directly compared clinical outcomes between transfemoral and
non-transfemoral TAVT (14,53,55,56). Compared to the femoral approach, non-transfemoral
approaches (largely transapical) tends to be performed on higher risk patients, as assessed by
EuroSCORE (largely driven by peripheral arterial disease). Transfemoral TAVT is associated
with an increased risk of vascular complications, while non-transfemoral procedures have a
higher risk of bleeding and surgical conversion (14,53). To date, non-transfemoral TAVT has
been associated with increased 30-day and two-year mortality (14,53). Although this mortal-
ity difference may be due to the more advanced risk profile of the non-transfemoral patients,
it is possible that these procedures themselves confer increased risk. General anaesthesia,
thoracotomy, incision of the left ventricular apex and manipulation of a large catheter within
the left ventricle are not without risk. However, it must be stated that as surgical experience
with these devices improves, and dedicated transapical and transaortic devices are developed,
improved outcomes are emerging with non-transfemoral TAVI (57). The advent of the trans-
aortic approach is a particularly encouraging technique that avoids many of the theoretical

complications associated with transapical TAVI (42-48).

BIOPROSTHESIS TYPE AND SIZE

Currently, two THV systems are available for implantation in Europe. The Edwards SAPIEN
XT THYV is a balloon-expandable valve that consists of a radiopaque cobalt-chromium frame,
trileaflet bovine pericardial leaflets, and a polyethylene terephthalate fabric skirt. The Edwards
SAPIEN XT THYV is currently available in 4 sizes (20, 23, 26, and 29 mm) and can be implanted
in native annuli with diameters of 16 to 27 mm. The Medtronic CoreValve bioprosthesis is a
self-expandable valve manufactured from a radiopaque nitinol support frame, trileaflet por-
cine pericardial leaflets, and porcine pericardium fabric skirt. The CoreValve is available in 4
sizes (23, 26, 29, and 31 mm) and can be implanted in native annuli with diameters ranging
from 17 to 29 mm.

Comparisons between the two available bioprosthesis types are few (58,59). To date,
appreciable differences between the systems include a higher incidence of new pacemaker
requirement with the CoreValve device (53). Approximately 15-47% (60-62) and 4-21%
(63,64) of patients require a new permanent pacemaker after CoreValve and Edwards SA-
PIEN implantation, respectively. Importantly, new pacemaker implantation does not appear
to be associated with long-term mortality (65). Therefore, the decision to implant a particular
bioprosthesis depends largely on the availability of the devices, the experience of the operator
with each device, and pre-procedural anatomical screening.

Operator experience is an important factor in determining TAVI outcomes (66-68).
Therefore, the majority of individual operators tend to implant a single bioprosthesis type

while many high volume TAVT centres implant both valves. In these centres, bioprosthesis
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choice is dependant on the preprocedural assessment of the peripheral vasculature and the
aortic annulus.

Manufacture sizing guidelines, based on echocardiographic annulus measurement, are
available (69). For the Edwards Sapien XT valve, the 20 mm valve is designed for small an-
nuli between 16-19 mm, the 23 mm valve is designed for 18-21 mm annuli, the 26 mm valve
for 22-25 mm annuli, and the larger 29 mm valve for 25-27 mm annuli. For the Medtronic
CoreValve 23, 26, 29, and 31 mm bioprosthesis sizes are designed for annuli between 17-20,
20-23, 24-27, and 26-29 mm respectively.

Personal perspective on transcatheter aortic valve sizing

Appropriate oversizing of transcatheter aortic valves relative to the aortic annulus is needed
for (I) anchoring to prevent migration; (II) sealing to prevent paravalvular aortic regurgi-
tation; and (III) proper valve functioning to prevent patient-prosthesis mismatch. Current
echocardiographic sizing guidelines for the Medtronic CoreValve and Edwards SAPIEN XT
would suggest an oversizing percentage between 7-30% and 4-27%, respectively (Table 2).
Because self-expanding and balloon-expandable valves interfere differently with the aortic
annulus, we should not expect similar oversizing principles. In our practice, MDCT dictates
selection of the transcatheter aortic valve size. We compare the ratio of the aortic annulus
perimeter obtained by MDCT to the perimeter of the transcatheter aortic valve (i.e. perimeter
of the transcatheter aortic valve minus the perimeter of the aortic annulus then divided by the
perimeter of the aortic annulus multiplied by 100). For self-expanding and balloon-expanding
prostheses we aim for an oversizing percentage of 8-20% and 5-15%, respectively. Knowing
that echocardiography underestimates the aortic annulus measurements, the actual oversizing
obtained by echocardiography is less than expected. We believe that MDCT sizing allows a
better approximation between the expected and actual oversizing than echocardiography.

Table 2 Transcatheter aortic valve echocardiographic sizing and oversizing principles

Valve size Aortic valve Absolute oversizing  Relative oversizing
annulus criteria

Medtronic 26 mm 20-23 mm 3-6 mm 13-30%
coreValve 29 mm 23-27 mm 2-6 mm 7-26%
Edwards SAPIEN 23 mm 18-22 mm 1-5 mm 4-27%

26 mm 22-25 mm 1-4 mm 4-18%

Finally, the choice of bioprosthesis can be influenced by the iliofemoral anatomy. The minimal
femoral dimensions for the available TAVI systems are based on the French (Fr) size of the
access sheaths and catheters. According to manufacture guidelines, the 18 Fr CoreValve and
22/24 Fr Edwards SAPIEN delivery sheaths require 6 mm, 7 and 8 mm diameter femoral
arteries respectively. The newer Edwards SAPIEN XT system requires 6 mm and 6.5 mm

femoral artery diameters for the 18 Fr and 19 Fr systems respectively.
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FUTURE PERSPECTIVES

It is likely that, similar to the evolution of drug-eluting stents, an initial conservative approach
during the TAVTI regulatory approval process will be followed by off-label case selection and
treatment of lower risk patients. The move towards treating lower risk patients has already
emerged in Europe (70,71). Future trials such as SURTAVI and Partner 2 will explore TAVI in
patients at intermediate operative risk.

Although risk scores continue to play an important role in guiding patient selection for
TAVT, they are poorly suited to this task. The development of alternative risk models designed
specifically for high-risk TAVI recipients (72), and perhaps incorporating a measure of frailty,
are required. Furthermore, the integration of MDCT in peripheral screening and most im-
portantly, in annulus measurement for bioprosthesis sizing, is likely to improve outcomes in
TAVI recipients.

CONCLUSIONS

Patient selection for TAVI is of considerable importance in optimizing procedural and long-
term outcomes. The multi-disciplinary heart team approach, and the use of multimodal imag-
ing is strongly advocated. Annulus sizing using MDCT is emerging as the modality of choice
for assessment of annulus size and bioprosthesis sizing. Surgical risk scores must be refined
to represent the unique challenge posed by high-risk TAVI populations, and incorporate a

measure of frailty.
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INTRODUCTION

Somewhat surprisingly, transcatheter treatment of valvular heart disease was first conceived
as far back as 1965. Davies devised a catheter-mounted cone-shaped valve as a potential
therapy for aortic insufficiency [1], and paved the way for the development of a variety of
transcatheter devices for the treatment of aortic insufliciency over the next 25-30 years [2-4].
Real progress in the field was not realized until 1986, when Professor Alain Cribier performed
the first balloon aortic valvuloplasty (BAV) for the treatment of severe aortic stenosis [5].
Unfortunately, the impressive acute hemodynamic outcomes were diminished by valve
restenosis, and symptoms typically recurred within 6-8 months of therapy [6-12]. Neverthe-
less, BAV demonstrated, for the first time, that transcatheter treatment of aortic stenosis was
feasible, and with refinement could be an effective treatment for the 30-60% of patients who
are refused surgery [13-16].

In 2002, some 15 years after performing the first BAV, Cribier implanted the first in-human
balloon-expandable transcatheter heart valve. A first generation 23 mm bovine pericardial
stent valve developed by Percutaneous Valve Technologies (Fort Lee, NJ), was implanted using
a 24 Fr catheter delivery system [17]. The recipient was a 57-year-old man with refractory
cardiogenic shock secondary to severe aortic stenosis, who was denied traditional aortic valve
surgery (Fig. 14.1). Significant peripheral arterial disease necessitated antegrade implantation
using a transvenous approach and transeptal puncture. After valve implantation, the transval-
vular aortic gradient was <10 mmHg and the aortic valve area increased to 1.7 cm’. Based on
this initial success, the first series of 40 patients underwent implantation of a modified heart

valve, the Cribier-Edwards valve, using an antegrade transeptal approach [18].

Fig.14.1 (a) The first patient to undergo transcatheter aortic valve implantation (April 16, 2002) using the first
generation balloon expandable valve (b) that housed trileaflet bovine pericardial leaflets. Image courtesy of the
PCR-EAPCI Percutaneous Interventional Cardiovascular Medicine Textbook, 2012, Europa Publishing.
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The challenging nature of antegrade transvenous transcatheter aortic valve implantation, and
not infrequent hemodynamic instability encountered due to mitral valve tethering and injury,
motivated the development of alternative implantation strategies. The retrograde approach via
the femoral artery (transfemoral) and the antegrade approach via the apex of the left ventricle
(transapical) were developed using the Edwards LifeSciences system (Irvine, CA) [19].

In July 2004, the CoreValve ReValving system (Paris, France) was first implanted (Fig.
14.2) [20]. Initially, these procedures were complex and time consuming, requiring general
anesthesia, cardiopulmonary bypass, and surgical cutdown of the femoral artery. However,
downsizing of the delivery catheter and increasing operator experience soon saw the majority
of procedures being performed percutaneously, under conscious sedation and local anesthe-

sia, without cardiopulmonary support [21].

Fig. 14.2 The first generation CoreValve ReValving System bioprosthesis housing trileaflet bovine pericardial
leaflets. The current third generation Medtronic CoreValve bioprosthesis houses leaflets made of porcine peri-

cardium.

A wealth of knowledge has been acquired with respect to patient selection, procedural
techniques, and post-procedure care over the last 10 years. These refinements have improved

patient safety and procedural outcomes.
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PATIENT SELECTION

Transcatheter aortic valve replacement (TAVR) is currently indicated for high or prohibitive
surgical risk patients with symptomatic calcific aortic stenosis (aortic valve area <1.0 cm?)

requiring aortic valve replacement.

Clinical criteria

TAVR was developed to treat the high or prohibitive surgical risk patient. This risk is usually
quantified using several cardiac surgical risk algorithms [22-34]. However, these risk models
were developed using low to intermediate surgical risk patients and their reliability when
applied to high or prohibitive surgical risk patients is unclear [35-38]. To date, the logistic
EuroScore and the STS (Society of Thoracic Surgeons) Predicted Risk of Mortality score have
directed enrolment of patients into TAVR trials [22,33]. A logistic EuroScore >15% or STS
score 210% define the high surgical risk patient for trial inclusion [39,40]. The logistic EuroS-
core tends to overestimate the observed mortality risk of high-risk patients by a factor of 2-3
[35,36], and therefore the STS score may be more reliable [58]. Evidently, clinical judgment

should always supersede surgical risk algorithms [41].

Anatomical criteria

Pre-procedure screening of the peripheral arterial vasculature and aortic valvular complex (left
ventricular outflow tract, aortic annulus, sinus of Valsalva, sinotubular junction, ascending
aorta) is required. This is achieved using a combination of transthoracic and transesophageal
echocardiography (TTE, TEE), multislice computed tomography (MSCT), and fluoroscopy/
angiography [42]. These data determine the most appropriate access route (i.e. transfemoral,

subclavian, apical, or direct aortic) and the transcatheter valve size [43].

Assessment of the arterial vasculature

Peripheral contrast angiography is the most practical, readily available, and cost effective mo-
dality for assessing the peripheral vasculature. In contrast, MSCT is associated with a higher
contrast load, higher radiation exposure, and is more expensive. However, MSCT provides
greater appreciation of vessel size, tortuosity, and calcific burden (Fig. 14.3) [44,45]. Using
contrast angiography, a SFAR ratio (i.e. outer sheath diameter to femoral artery minimal
luminal diameter ratio) of >1.05 was identified as a predictor of Valvular Academic Reseach
Consortium (VARC) major vascular complications and 30-day mortality [46,47]. This ratio
increased to 1.10 in non-calcified vessels and decreased to 1.00 in the presence of calcium. The
utility of the SFAR criteria in MSCT is unclear.
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Fig. 14.3 MSCT scans provide the ability for 3D multiplanar reconstructions and therefore can provide su-
perior information about minimum vessel diameter, tortuosity, and degree of calcification than a peripheral
angiogram. (a, b) Cross-sectional measurements of the right common iliac artery. (c, d) Cross-sectional mea-
surements of the right common femoral artery at the intended puncture site. Image courtesy of the PCR-EAPCI
Percutaneous Interventional Cardiovascular Medicine Textbook, 2012, Europa Publishing.

Assessment of the aortic valve annulus
For the purposes of TAVR, the aortic valve annulus corresponds to a virtual ring formed

by junction of the basal attachment points of the leaflets within the left ventricle (Fig. 14.4)
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Fig. 14.4 The aortic root extends from the basal attachment points of the aortic valve leaflets (aortic annular

plane) to their superior attachment points at the level of the sinutubular junction. There are three circular
rings within the aortic root: (i) a virtual ring (i.e. without histologic demarcation) formed by joining the basal
attachments of the aortic valvular leaflets; (ii) a ring at the anatomic ventriculo-arterial junction identified his-
tologically as the transformation zone between aortic wall tissue and ventricular myocardium; and (iii) a ring at
the sinutubular junction found at the apical attachment points of the aortic valvular leaflets. The “curtain-like”
attachment line of the aortic valvular leaflets forms the crown-like ring. For purposes of transcatheter aortic
valve sizing, it is the diameter of the virtual basal ring that is taken into consideration. Image courtesy of the
PCR-EAPCI Percutaneous Interventional Cardiovascular Medicine Textbook, 2012, Europa Publishing.

[48]. This plane represents the transition from the left ventricular outflow tract into the aortic
root. The non-circular shape of the aortic valve annulus has generated much debate about
how best to measure its diameter for the purposes of transcatheter aortic valve size selection
(Fig. 14.5) [49-51]. Currently, MSCT appears to be the most suitable method for assessment
of aortic annulus dimensions. MSCT multiplanar reconstructions provide coronal, sagittal,
and axial images of the aortic root [52,53]. On the axial view, the maximum and minimum
diameter, perimeter, and area of the annulus can be measured. According to MSCT data, the
mean difference between the maximum and minimum diameter of the non-circular aortic
annulus is 6.5 mm (95% confidence interval, 5.7-7.2) [49,50]. Depending on the orientation,
two-dimensional echocardiography appreciates only one view of the aortic annulus, and usu-
ally underestimates the annulus diameter with respect to MSCT. With this in mind, the use
of two-dimensional measurements (TEE, TEE, contrast aortography) for transcatheter valve
sizing is potentially problematic. Nevertheless, two-dimensional echocardiography remains
the most commonly used method to assess the aortic valve annulus diameter, though a shift

towards MSCT is emerging.
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Fig. 14.5 MSCT axial cuts of the aortic annulus from 12 patients demonstrating that the aortic annulus is in
fact non-circular. The difference between the maximum and minimum diameter measurements of the aortic
annulus is on average 6.5 mm with a standard deviation of approximately 2 mm. The non- circularity of the
aortic annulus limits applicability of two-dimensional imaging in estimating the annulus diameter for trans-
catheter valve sizing. Image courtesy of the PCR-EAPCI Percutaneous Interventional Cardiovascular Medicine
Textbook, 2012, Europa Publishing.

APPROVED DEVICE DESCRIPTION

Current TAVR systems consist of three components: (i) the loading system; (ii) the delivery

catheter; and (iii) the bioprosthetic aortic valve.

Edwards NovaFlex transfemoral system

The Edwards NovaFlex transfemoral system comprises the Edwards Sapien XT transcatheter
heart valve (THV), the NovaFlex delivery system, the Edwards eSheath introducer sheath set,
the Retroflex dilator kit, Retroflex balloon catheter, Crimper, and the Atrion inflation device
(Fig. 14.6) [54,55].
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Fig. 14.6 Components of the transfemoral NovaFlex system.

The Edwards Sapien XT THV is a balloon-expandable valve consisting of a radiopaque
cobalt-chromium frame, trileaflet bovine pericardial leaflets, and polyethylene terephthalate
fabric skirt. The leaflets are manufactured according to matching technology and the Edwards
Thermafix anticalcification process. The Edwards Sapien XT THYV is currently available in
four sizes (20, 23, 26, and 29mm) and can be implanted in native annuli with diameters of
16-27 mm (Fig. 14.7). Novel features of the delivery system include: (i) the deflectable No-
vaFlex delivery catheter, which has a tapered distal tip to facilitate crossing the native aortic
valve; and (ii) the Edwards eSheath with dynamic expansion mechanism (DEM) that allows
the sheath to transiently expand as the delivery system is advanced. The eSheath has an outer
diameter of 6.6 mm (20 Fr) and 7.2 mm (21-22 Fr) for implantation of the 23 and 26 mm

THVs, respectively.
20mm THV 23mm THV 26 mm THV 29mm THV
—'-....../" —
Annulus size inmm 21-25
18-22 L
16-19 :
| | | | | | | | | | | |
T T T T T T T T T T T T
16 17 18 19 20 21 22 23 24 25 26 27

Fig. 14.7 The Edwards Sapien XT showing three of the available sizes.
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Medtronic CoreValve system

The Medtronic CoreValve System comprises the CoreValve bioprosthesis, AccuTrak delivery

catheter system, and a disposable loading system (Fig. 14.8).

(a)
je———AccuTrak stability layer ——s{

L 15Fr 12Fr 18Fr
S — RO

i 90.9cm | fe—=7cm—+{
I ! \.:_“\430% of the working length) ]
. = Additional flush port
e ——
Stability layer cap - for stability layer

|§£|-—Workmg length =112.5 0M ————ees|

ﬂ
A

i

Fig. 14.8 The Medtronic CoreValve system comprises (a) the AccuTrak delivery catheter, (b) the five-piece
disposable loading system, and (c) the bioprosthetic valve.

The current (third generation) Medtronic CoreValve bioprosthesis is a self-expandable valve
manufactured from a radiopaque nitinol support frame, trileaflet porcine pericardial leaflets,
and porcine pericardium fabric skirt. From 2012, the valve leaflets will undergo tissue treat-
ment with alphaamino-oleic acid to reduce calcium deposition [56]. The nitinol support
frame is a diamond cell pattern with various strut lengths and widths designed to expand to
a non-uniform cylindrical “hour-glass” shape with three distinctive structure-function levels
(Fig. 14.9). The inflow section has high radial force to anchor and seal against the native out-
flow tract and aortic valve to minimize paravalvular aortic regurgitation. The middle section
houses the leaflets and has high hoop strength to minimize deformation and ensure optimal
leaflet geometry. The outflow section sits in the ascending aorta, has low radial force, and

functions to orient the prosthesis in the direction of blood flow.
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Fig. 14.9 The CoreValve bioprosthesis is characterized as a self-expanding multilevel frame with three distinct
areas of form and function: (i) the inflow portion of the frame has high radial force and functions to anchor
the prosthesis against the aortic annulus and aortic valve leaflets and together with the skirt creates a seal to
mitigate paravalvular aortic regurgitation. (ii) The constrained portion of the frame houses the leaflets and has
high hoop strength thereby resisting deformation and maintaining optimal leaflet geometry. Furthermore, this
portion is constrained and was designed to avoid the coronary arteries. (iii) The outflow portion of the frame
has low radial force and sits in the ascending aorta and was designed to orient the prosthesis in the direction
of blood flow.

23mm 26mm
AN AN
| \] ,). ‘\- " f
18-20 20728
18 19 20 21 22 23

Annulus size inmm

Fig. 14.10 The Medtronic CoreValve showing the four sizes currently available; in 2012.
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The CoreValve is available in four sizes (23, 26, 29, and 31 mm) and can be implanted in
native annuli with diameters ranging from 20 to 29 mm (Fig. 14.10). It can be implanted via
the femoral artery, subclavian artery (57-59), and through a direct aortic access. The Accu-
Trak delivery catheter provides greater stability and precision during valve deployment than

its predecessor and has an outer diameter of 18 Fr at its distal end (Fig. 14.11) [60].

Inner shaft

Retractable
shaft

AccuTrak™
stability
layer

Fig. 14.11 The AccuTrak stability layer is an additional layer that isolates the retractable delivery sheath from
the introducer and patient anatomy, thus providing a stable platform for deployment. The aim of the AccuTrak
stability layer is to mitigate the forward motion (i.e. towards the ventricle) of the prosthesis during deployment
which was characteristic of the predecessor generation of delivery catheter.

TRANSFEMORAL TAVR: PROCEDURAL STEPS

The generic steps involved in performing TAVR are outlined below [61,62].

1 Anesthesia: General or local anesthesia with mild sedation can be successfully used during
TAVR [63-73].

2 Anticoagulation: Administer heparin to achieve and maintain an activated clotting time
between 250 and 300 seconds. Typically, patients are loaded with 300 mg clopidogrel 24 hours
prior to the procedure.

3 Antibiotic prophylaxis: Performed according to hospital protocol.

4 Preparation of the prosthesis: Both bioprostheses are gently agitated in sterile physiologic

saline to remove the glutaraldehyde preservative. They are subsequently mounted and/or

crimped onto the delivery system.
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5 Temporary pacemaker implantation: A temporary pacemaker lead is placed into the right
ventricle, and pacemaker function is assessed under rapid pacing, 160-180 beats/minute, such

that systemic arterial pressure is reduced below 60 mmHg.

6 Supra-aortic angiogram: A pigtail catheter is placed in the non-coronary sinus to perform
a supra-aortic angiogram. The C-arm is angulated to where the nadir of all three leaflets is
in one plane, perpendicular to the viewing angle. This is typically located in a left anterior
oblique (approximately 10°) with some cranial or caudal (0-15°) angulation. Several ancillary
devices can be used to facilitate the optimal viewing angle for implantation [74-77].

7 Vascular access: Vascular access may be performed using a surgical arterial cutdown or per-
cutaneously with aid of pre-closure vascular devices [78]. Vascular pre-closure of the femoral
arterial access site can be accomplished with one 10 Fr Prostar XL percutaneous vascular
surgical system (Abbott, Park, IL) or two 6 Fr Perclose ProGlide suture-mediated closure sys-
tem (Abbott, Park, IL). A single puncture of the anterior wall of the common femoral artery
is recommended to avoid pre-closure vascular device failure. Contralateral contrast injections

and ultrasound-guided puncture can assist vascular puncture.

8 Vascular introducer sheath: Introduction and advancement of the large bore vascular
introducer sheath should be performed under fluoroscopic guidance over a stiff guide wire
(Amplatz Extra-stiff or Super-stiff). Any resistance encountered while advancing the sheath

should be carefully evaluated in order to avoid vascular complications.

9 Crossing the native aortic valve: A variety of catheters can be used to cross the native
aortic valve. The Amplatz left 2 is usually selected in patients with an enlarged or a horizontal
aortic root whereas the Amplatz left 1 is preferred in those with a small or vertical aortic
root. Straight-tipped guide wires should be used to cross the valve. Once crossed, the straight
guide wire is exchanged for a pre-shaped long Extra-stiff Amplatz guide wire (Cook Medical,
Bloomington, IN; for Edwards Sapien) or Super-stift Amplatz guide wire (Cook Medical; for
Medtronic CoreValve). Pre-shaping of the distal tip is mandatory to reduce the risk of cardiac

perforation.

10 Pre-implant balloon aortic valvuloplasty: The Edwards Sapien system is equipped with
a custom retroflex 20 or 23 mm x 4 cm balloon dilation kit for the 23 and 26 mm valve sizes,
respectively. For the 26 and 29 mm Medtronic CoreValve devices, 22 mm x 4 cm and 25 mm

x 4 cm balloons are recommended for pre-implant dilation, respectively.

11 Prosthesis positioning and deployment:
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o Edwards Sapien XT. The NovaFlex delivery system is advanced through the introducer
sheath until the prosthesis exits the sheath. Valve alignment is then performed in the
descending aorta and the delivery system is advanced, using the Flex Wheel to trasverse
the aortic arch. The native aortic valve is crossed, the Flex Catheter retracted and the pros-
thesis positioned (50-60% ventricular). Under rapid pacing, to reduce the systolic aortic
pressure <50 mmHg, the balloon is inflated, thus deploying the valve. After 4-5 seconds,
the balloon is deflated and then the rapid pacing terminated. Finally, the delivery system
is de-articulated and retracted across the aortic arch.

o Medtronic CoreValve. The CoreValve is advanced across the native aortic valve and is
positioned such that its second horizontal radiopaque band lies at the level of the aortic
annular plane. In this position, the valve lies approximately 4 mm below the annulus, the
target implantation depth (Fig. 14.12). Once a baseline aortogram confirms the position
of the prosthesis, the CoreValve is deployed in four steps (Fig. 14.13):

i (i) The micro knob is turned clockwise, until the radiopaque ring reaches the second
radiopaque band of the prosthesis (Fig. 14.13b). An aortogram is then performed
to confirm the prosthesis target depth of 4 mm. At this stage, the prosthesis can be
repositioned either more cranial or caudal.

ii.  (ii)The micro knob is turned until the inflow portion of the valve is 40-50% away
from contacting the opposite annular surface (Fig. 14.13c). An aortogram is again
performed to re-confirm target depth. Again, the prosthesis can be repositioned
cranially or caudally.

iii.  (iii)The micro knob is slowly rotated until the inflow portion of the prosthesis comes
into contact with the opposite annular surface and an aortogram repeated. Further
micro knob rotation is performed until the valve is three-fourths deployed and again
an aortogram is performed. At this stage, slight cranial (but not caudal) reposition-
ing of the CoreValve can be performed.

iv.  (iv)Further rotation of the micro knob is performed until complete deployment of
the CoreValve is achieved.

o The stiff wire is withdrawn towards the tip of the nose cone and the delivery catheter is
removed from the left ventricle. The macro knob is then used to recapture the nose cone

in the descending aorta.

12 Verify valve position and performance, and rule out potential complications: After valve
deployment and removal of the delivery catheters and guide wires, the cardiac rhythm and
hemodynamic are carefully assessed. Severe bradycardia or high degrees of atrioventricular
block will require immediate temporary pacing. A low aortic diastolic pressure (<35 mmHg),
elevated left ventricular end-diastolic pressure, or near equalization of aortic diastolic and
left ventricular end-diastolic pressures suggest significant prosthetic valve regurgitation. Valve

performance should be assessed using contrast aortography and echocardiography. A supra-
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(a) (b)

Fig. 14.12 The Medtronic CoreValve frame has a repeating diamond cell configuration. The junction between
diamond cells, known as “nodes” (encircled in black in (a)); can be seen as horizontal radiopaque bands on the
collapsed frame within the delivery catheter (b). The vertical distance between nodes at the inflow end is ap-
proximately 4 mm. The red dotted line represents an implantation depth of 4 mm (i.e. at the second horizontal
radiopaque band). These horizontal radiopaque bands are used to guide positioning of the prosthesis during
valve deployment.

aortic angiogram in the right anterior oblique (RAO) position is recommended to evaluate
valve position, estimate the degree of aortic regurgitation, and confirm patency of the coro-
nary arteries. The severity and origin of aortic regurgitation is optimally assessed with TEE.

13 Vessel closure and hemostasis: Prior to securing the pre-closure sutures, it is strongly
recommended that a safety wire be placed from the contralateral femoral artery down the
ipsilateral femoral artery beyond the bifurcation [79]. This enables immediate intervention
of the ipsilateral femoral artery in case of vascular injury. A final contrast angiography of the
peripheral vessels should be performed to confirm hemostasis and rule-out vascular injury.

14 Post-procedural care: All patients should be monitored in an intensive care setting for
24-48 hours after valve implantation. Particular attention should be given to the neurologic
status, cardiopulmonary function, renal function, and vascular/ bleeding complications. Con-
tinuous telemetry monitoring is recommended for the duration of the hospital stay (4-10
days) [80,81].
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Fig. 14.13 Steps in deployment of the Medtronic CoreValve prosthesis. (a) The unsheathed prosthesis is posi-
tioned such that the second horizontal radiopaque band is at the level of the aortic annular plane. (b) Turn the
micro knob until the radiopaque ring reaches the second radiopaque band of the prosthesis. (c) Slowly turn the
micro knob until the inflow portion of the valve is 40-50% away from contacting the opposite annular surface.
(d) Continue to slowly rotate the micro knob until the inflow portion of the prosthesis comes into contact with
opposite annular surface. An aortogram may be repeated at this point; otherwise, continue to rotate the micro
knob until the prosthesis is three-fourths deployed. Before retracting the delivery catheter verify that the load-
ing hooks of the valve frame are detached from the delivery catheter; this is best appreciated in two orthogo-
nal views. Image courtesy of the PCR-EAPCI Percutaneous Interventional Cardiovascular Medicine Textbook,
2012, Europa Publishing.
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TAVR-RELATED COMPLICATIONS

Complications associated with TAVR are classified as cardiac or non-cardiac in origin (Box
14.1).

Box 14.1. Cardiac and non-cardiac complications of transcatheter aortic valve implantation

Cardiac

o Paravalvular aortic regurgitation

« Conduction abnormalities

o Atrial and ventricular arrhythmias

« Coronary obstruction

o Cardiac perforation

e Aortic root rupture

o Prosthetic valve dysfunction

« Embolization

o Transcatheter aortic valve thrombosis
o Transcatheter aortic valve endocarditis
« Mitral regurgitation and mitral valve injury

Non-cardiac
o Stroke
o Vascular injury

o Acute kidney injury

Cardiac complications

Paravalvular aortic regurgitation
A degree of post-implant aortic regurgitation (para-valvular or transvalvular) is observed in
70-90% of TAVR recipients, though less than 5% of cases have moderate to severe aortic
regurgitation [82-88]. Mechanisms of aortic regurgitation include: (i) transcatheter valve un-
dersizing [87,89]; (ii) malpositioning [90,91]; (iii) malapposition, under expansion or recoil
of the transcatheter valve [92-94]; and (iv) malcoaptation or immobility of the valve leaflets
[95-97]. Delayed severe aortic regurgitation has also been reported [98-100]. The mechanism
of aortic regurgitation can usually be identified using TEE [85,101,102]. VARC recommends
using an integrative echocardiographic approach when quantifying aortic regurgitation
[101,102].

Management of significant aortic regurgitation depends on the underlying mechanism,
though treatment may include post-implant dilation, implantation of a second valve, or
repositioning of the frame using a snare (Fig. 14.14). Conversion to surgical aortic valve

replacement is required in less than 1% of cases.
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Conduction disturbance

The anatomic proximity of the aortic valvular complex and the conduction system explains the
potential for conduction disturbances following TAVR (Fig. 14.15) [48]. Indeed, the average
distance between the nadir of the non-coronary aortic valve leaflet and the left bundle branch is
only 6.3 + 2.4 mm (Fig. 14.15) [103]. New-onset left bundle branch block occurs in 30-65% of
patients after Medtronic CoreValve implantation and in 7-18% [104-121] after Edwards Sapi-
en implantation [122-124]. The long-term implications of new-onset left bundle branch block
after TAVR are unclear however anecdotal evidence suggests that it has a negligible impact on
1-year survival. Approximately 15-47% [104-121] and 4-21% [122-124] of patients require
a new permanent pacemaker after CoreValve and Edwards Sapien implantation, respectively.

(C) (b)

Fig. 14.14 (a) Severe paravalvular aortic regurgitation following low implantation of the Edwards Sapien pros-
thesis. (b) Transcatheter aortic valve-in-transcatheter aortic valve (TAV-in-TAV) implantation was successful in
abolishing paravalvular aortic regurgitation. (c) Despite proper positioning, underexpansion of the CoreValve
prosthesis due to severe bulky calcification led to severe paravalvular aortic regurgitation. (d) Post-implant
dilation performed during rapid pacing was successful in abolishing the paravalvular aortic regurgitation. Im-
age courtesy of the PCR-EAPCI Percutaneous Interventional Cardiovascular Medicine Textbook, 2012, Europa
Publishing.
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The most important predictors for new-onset conduction abnormalities after CoreValve im-
plantation include a pre-existing right bundle branch block, baseline QRS duration (ms),
and the depth of prosthesis implantation (mm) [104-111,113-115,117-119,121,125,126]. A
CoreValve implantation depth of <6 mm has been found to mitigate conduction disturbances
[117]. Most patients needing a new permanent pacemaker are identified immediately after
valve implantation; however, a small percentage of patients may present with delayed conduc-
tion block. Therefore, temporary pacing should be maintained for 48-72 hours, especially
after CoreValve implantation. Indications for permanent pacemaker implantation after TAVR
are based upon the European Society of Cardiology guidelines [127,128].

Membranous
septum
1

Aortic-mitral
continuity |

LERL

Site of left
bundle
branch

The lower etlge
of MS

[l

Fig. 14.15 (a) Human heart specimen of the left ventricular cavity, aortic valve, and ascending aorta. Note

Dycc.tp=6-3+/-2.4mm

that the left bundle branch exits at the crest of the ventricular septum just beneath the membranous septum.
(b) More specifically, the left bundle branch exits below the membranous septum approximately 6.3 + 2.4 mm
from the bottom of the non-coronary cusp of the aortic valve. Coincidentally, several investigators have noted
that conduction abnormalities following CoreValve implantation can be mitigated by implanting the prosthesis
<6-8 mm from the aortic annular plane. Ant, anterior; Ao, aorta; LCC, left coronary cusp; LV, left ventricle;
MS, membranous septum; NCC, non coronary cusp; PPM, posteromedial papillary muscle pacemaker; RCC,
right coronary cusp. Green dotted line, site of left bundle branch block; blue dotted line, aortic mitral continu-
ity. Image courtesy of the PCR-EAPCI Percutaneous Interventional Cardiovascular Medicine Textbook, 2012,
Europa Publishing.
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Cardiac arrhythmias

The reported rates of atrial fibrillation following TAVR vary considerably. A recent observa-
tional study found atrial fibrillation in 6% of patients following TAVR, as opposed to 33% in
those undergoing surgical aortic valve replacement [129]. In contrast, another study found
new-onset atrial fibrillation in 32% of patients undergoing TAVR. Importantly, new-onset
atrial fibrillation is associated with higher rates of stroke/system embolism, though not with
increased mortality [130].

Life-threatening ventricular arrhythmias (ventricular fibrillation/tachycardia) occur in up
to 4% of TAVR patients [19,131]. Multiple ventricular ectopic beats can be induced by the left
ventricular guide wire or delivery catheter, and can usually be terminated by repositioning.
Defibrillator pads should be placed for the entirety of the procedure and maintained until the

patient arrives in the intensive care unit.

Coronary obstruction

Occlusion of the left main coronary following TAVR occurs in less than 1% of cases [132-142].
Unsurprisingly, it frequently induces sudden hemodynamic compromise and death. The
diagnosis is usually suspected on the basis of hemodynamics, electrocardiogram (ECG) pat-
tern, and/or contrast aortography. Hemodynamic support and re-establishment of coronary
perfusion is critical. The nature and severity of the coronary obstruction and hemodynamic
status determines the mode of revascularization (percutaneous or surgical).

Possible mechanisms for coronary obstruction include: (i) impingement of the coronary
ostia by the valve support structure; (ii) displacement of the native aortic valve leaflets towards
the coronary ostia during valve deployment; and (iii) embolization from calcium, thrombus,
air, and/or endocarditis. The width and height of the sinus of Valsalva, the height of the coro-
nary ostia, and the bulkiness of the native leaflets play important roles in the pathogenesis of
coronary occlusion following TAVR.

A contrast aortography during balloon aortic valvuloplasty may be performed to evalu-
ate the potential for coronary obstruction. If the aortography suggests an increased risk for
coronary obstruction, a safety coronary guide wire can be positioned into the coronary artery

with the guiding catheter retracted into the ascending aorta during valve implantation.

Cardiac perforation

Cardiac perforation has been reported in 2-4% of patients undergoing TAVR [131,143,144].
Potential mechanisms include right or left ventricular injury due to the temporary pacemaker
lead or stiff guide wire, respectively. Small hypertrophic left ventricular cavities (commonly
seen in elderly females), or inadequate pre-shaping or positioning of the left ventricular
support wire may increase the risk for this complication. Positioning of the left ventricular
stiff guide wire should be performed in the right anterior oblique projection and reassessed

throughout the procedure. Cardiac perforation and cardiac tamponade are usually suspected
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on the basis of hypotension and/or a new pericardial effusion, and are diagnosed using TTE.

Percutaneous pericardiocentesis and reversal of the anticoagulation are recommended.

Aortic annular rupture

Rupture of the annulus or aortic root is rare (<1%). This life-threatening complication is
difficult to predict, but typically occurs during balloon inflation (pre-implant balloon aortic
valvuloplasty or balloon-expandable valve implantation) (Fig. 14.16). A non-compliant aortic
valvular complex, bulky calcification, and aggressive balloon/prosthesis oversizing are pos-
sible risk factors. Depending on its location, rupture may result in a ventricular septal defect,
left ventricle-to-left atrial or left ventricle-to-right atrial shunt, or communication with the
extracardiac space. Contrast aortography usually reveals contrast extravasation confirming
the diagnosis. Emergent cardiopulmonary bypass support and surgical exploration is the

management of choice.

Fig. 14.16 Extravasation of contrast into the pericardial space due to aortic annular rupture. The injury likely
occurred immediately after aggressive balloon aortic valvuloplasty. Image courtesy of the PCR-EAPCI Percuta-
neous Interventional Cardiovascular Medicine Textbook, 2012, Europa Publishing.

Prosthetic valve dysfunction

Prosthetic valve dysfunction may manifest as symptoms and signs of valvular stenosis or
regurgitation. Careful clinical history and examination coupled with echocardiography (TTE
or TEE) are suggested to evaluate valve dysfunction [101,102]. Prosthetic valve dysfunc-
tion is graded as (i) normal, (ii) possible, or (iii) significant according to the VARC criteria
[101,102]. To date, there are limited case reports describing degeneration of transcatheter
valves [145,146].
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Embolization

Transcatheter valve embolization usually occurs during valve implantation and appears
to correlate with operator experience. Embolization may be caused by: (i) undersizing the
prosthesis; (ii) malplacement of the prosthesis; (iii) improper rapid pacing during valve
deployment or post-implant dilation; (iv) entanglement of a guide wire across the struts of
the prosthesis during valve re-crossing; (v) entanglement of the nose cone with the inflow
portion of the prosthesis upon retrieving the delivery catheter; and (vi) inadequate release of
the loading hooks of the frame from the delivery catheter. Delayed embolization, presenting
with unexpected hemodynamic compromise and severe aortic regurgitation, has also been
described [98,99].

Thrombosis
Valve thrombosis is defined as any thrombus attached to or near an implanted valve that inter-
rupts blood flow, interferes with valve function, or is sufficiently large to warrant treatment.
Postmortem studies of patients implanted with the Edwards Sapien and CoreValve prostheses
have observed thrombotic material attached to the frame and/or leaflets [147]. To date,
transcatheter aortic valve thrombosis has been reported in only three individual case reports
[148-150].

Currently, dual antiplatelet therapy (aspirin and clopidogrel) is recommended for 6
months following TAVR, with aspirin continued indefinitely [131,151]. However, a single-
center randomized study observed no differences in clinical outcomes between groups who

received dual antiplatelet therapy for 3 months versus aspirin alone [152].

Endocarditis

The diagnosis of prosthetic valve endocarditis can be made using the Duke criteria for en-
docarditis, during reoperation, or on autopsy [101,102]. Several case reports of bacterial or
fungal transcatheter aortic valve endocarditis have been reported involving both the Edwards
Sapien and Medtronic CoreValve systems [153-159]. These cases underline the importance of
adequate dental care prior to TAVR, the importance of pre-procedural antibiotics, and sterile
techniques during the procedure.

Mitral valve injury

Mitral valve injury associated with retrograde TAVR is rare. Resistance during the passage
of the delivery catheter into the left ventricle or observation of new mitral regurgitation on
TEE should raise the suspicion of catheter entanglement within the mitral valve apparatus.
Pre-procedural mitral regurgitation can be identified in up 75% of patients [160,161], and
improves in approximately one-third of patients, and worsens in one-third following TAVR.
Mitral annular calcification and deep implantation of the transcatheter valve into the left

ventricular outflow tract have been associated with worsening mitral regurgitation [160-163].
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Non-cardiac complications

Stroke

To date, observational series have reported 30-day stroke rates of 0-6% in patients undergoing
TAVR [83,131,164-166]. In the randomized PARTNER Cohort A trial, the neurologic event
rate (all strokes or transient ischemic attack) was nearly two-fold higher in the TAVR than in
the surgical group at 30 days and 1-year follow-up (5.5% versus 2.4% at 30 days, 8.3% versus
4.3% at 1 year) [151]. Similarly, in the randomized PARTNER Cohort B trial, the neurologic
event rate was higher in the TAVR than in the medical therapy group at 30 days and 1 year
(6.7% versus 1.7% at 30 days, 10.6% versus 4.5% at 1 year). Interestingly, one-third to one-half

Fig. 14.17 (a, b) Diffusion-weighted MRI of the brain of a 79-year-old patient before undergoing TAVR. (c, d)
corresponding diffusion-weighted MRI images of the same patient after a TAVR procedure showing multiple
silent cerebral infarcts (encircled in white). Image courtesy of the PCR-EAPCI Percutaneous Interventional
Cardiovascular Medicine Textbook, 2012, Europa Publishing.
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of strokes occurred between 2 and 30 days after the index procedure [131,151,167]. A history
of cerebrovascular disease is an independent predictor of neurologic injury after TAVR [168].

Post-TAVR magnetic resonance imaging (MRI) studies have observed new and multiple
silent cerebral infarcts in 68-83% of cases (Fig. 14.17) [169-174]. This suggests that most
strokes after TAVR are embolic in nature, a hypothesis corroborated by a recent study using
intra-procedural transcranial Doppler which found cerebral microemboli in all patients un-
dergoing transapical TAVR [175]. Cerebral embolic protection devices such as the Embrella
(Edwards LifeSciences, Irvine, CA) and Montage System (Claret Medical, Santa Rosa, CA)
have been developed to prevent cerebral embolization and have received a European CE mark
(Fig. 14.18) [176,177]. These devices have the potential to reduce the incidence of clinical
stroke in TAVR recipients [178].

Vascular injury
Vascular complications have been reported in 2-30% of patients undergoing TAVR, and are
associated with increased short-term mortality [46,179-182]. Vascular injuries may include
dissection, rupture, thrombosis, stenosis, artery avulsion during sheath retraction, failure of
vascular pre-closure, arterial-venous fistula, and/or pseudoaneurysms. Femoral and iliac ar-
tery complications occur with near equal frequency, though dissections occur more frequently
in the femoral artery, and ruptures more common in the iliac artery [46]. Failure of vascular
closure devices is an important source of minor vascular complications [180]. Treatment is
again cause specific, and includes external femoral artery compression, prolonged balloon
inflation, implantation of bare/ covered stents, percutaneous endografts, or surgical repair.
Guide wires are easily advanced from the contralateral femoral artery to delivery hemostatic
occlusion balloons or stents when needed.

Serious vascular injuries can usually be avoided by: (i) careful vascular screening; (ii)
low threshold for using non-femoral access; (iii) consideration for surgical cutdown; (iv)
fluoroscopic guidance for advancing devices; and (v) never forcibly advancing materials.

Ultrasound-guided femoral artery puncture may also reduce vascular injury [21].

Fig. 14.18 (a) The Embrella device is implanted via a radial artery approach and sits across the aortic arch. (b)
SMT embolic deflection device (SMT Research and Development, Herzliya Pituach, Israel) is implanted via a
femoral arterial approach and sits across the aortic arch. (c) Montage System (Claret Medical, Santa Rosa, CA)
is implanted via a radial approach and each basket sits within a carotid artery.
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Acute kidney injury

Chronic kidney failure is present in 10-25% of patients undergoing TAVR. Acute kidney
injury (AKI) has been documented in 7-28% of patients following TAVR [80,183-187],
and both baseline renal dysfunction and AKI have been associated with increased 30-day
and 1-year mortality [183,185,186,188]. A variety of factors are predictive of AKI: history of
hypertension, peripheral arterial disease, logistic EuroScore, pre-procedural creatinine level,
and post-procedural aortic regurgitation >2+ [80,183-187]. Approximately 100- 120 ml of
contrast is used during a TAVR procedure, though the volume of contrast has not been linked
to the development of AKI. The need for in-hospital renal replacement therapy has been
reported in 1-10% of patients [183-187].

CLINICAL TRIAL OUTCOMES

Uniform definitions for clinical endpoints are of considerable importance when evaluating

and summarizing current TAVR data.

Valvular Academic Research Consortium
The VARC was established to arrive at a consensus (i) on the most appropriate clinical
endpoints reflecting device and patient effectiveness and safety, and (ii) to standardize the

definition of endpoints for valve-related clinical trials [101,102,189].

Summary of TAVR clinical studies

Table 14.1 summarizes the clinical outcomes of selected TAVR studies [39,80,131,151,166,
167,188,190-200].

PARTNER US Trial

The Placement of Aortic TraNscathetER Valve (PARTNER) US Trial was the first prospec-
tive, randomized-controlled trial for transcatheter heart valves. This trial consisted of two
individually powered patient cohorts (Cohort A and B). In Cohort A, the Edwards Sapien
prosthesis was compared with surgical aortic valve replacement in high-risk surgical patients
with severe aortic stenosis [151]. In Cohort B, the Edwards Sapien THV was compared to best

medical management in inoperable patients with severe aortic stenosis [167].

Cohort B results

In Cohort B, TAVR was superior to medical therapy and/or balloon aortic valvuloplasty for
all-cause mortality at 1 year (31% versus 51%, P <0.001, number needed to treat (NNT) = 5)
and at 2 years (43% versus 68%, P <0.001, NNT = 4) [167,201]. The observed rate of neuro-

logic events (stroke and transient ischemic attack), were higher in the transcatheter group
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than in the medical group at 2-year follow-up (16% versus 6%, P = 0.003), though the need
for hospitalization was 38% lower in the TAVR group compared with the medical group (35%
versus 73%, P <0.001). Quality of life, based on the Kansas City Cardiomyopathy Question-
naire (KCCQ) and SF-12 Health Survey, improved more in the transcatheter than standard
therapy group at 30-days and 1-year follow-up [202]. At 12-month follow-up, total costs were
significantly lower with TAVR compared with medical therapy: $29,352 versus $52,724 (P
<0.001) [203]. Incremental life expectancy of 1.9 years was noted with TAVR.

Cohort A results

In Cohort A, TAVR was non-inferior to surgical aortic valve replacement for all-cause mortal-
ity at 1 year (24% versus 27%, P = 0.001 for non-inferiority) [151]. The rate of neurologic
events was higher in the transcatheter group than in the surgical group at 30 days (5.5% versus
2.4%, P = 0.04) and at 1 year (8.3% versus 4.3%, P = 0.04). The rates of a composite of death
from any cause or major stroke were comparable between the transcatheter group and surgical
group at 30 days (6.9 versus 8.2%, P = 0.52) and at 1 year (26.5 versus 28.0%, P = 0.68). Both
surgical aortic valve replacement and TAVR improved disease-specific and generic health-
related quality of life over 1-year follow-up [204]. For patients eligible for the transfemoral
approach, TAVR resulted in substantial quality of life benefit over surgery at 1 month with

similar benefits at 6-month and 1-year follow-up.

SPECIFIC PATIENT SUBGROUPS

Failing surgical bioprosthetic valves

Elective redo aortic valve surgery is associated with an operative mortality rate between
2% and 7%, though this increases to more than 30% in high-risk and non-elective patients
[205-207]. In excess of 100 successful transcatheter aortic valve-in-surgical aortic valve
(TAV-in-SAV) implantations have been reported with the Medtronic CoreValve and Edwards
Sapien transcatheter heart valve for failing stented and stentless surgical bioprostheses [208].

Bicuspid valves

Congenital or acquired bicuspid aortic valve stenosis has been considered a contraindication
to TAVR. However, several successful case reports have been documented [209-216]. Anec-
dotally, stenotic bicuspid aortic annuli are larger and more eccentric than stenotic tricuspid

aortic valves, and thus MSCT is strongly recommended for transcatheter aortic valve sizing.

Lower surgical risk patients

Although TAVR was initially conceived for the treatment of high surgical risk or inoperable

patients, a recent observational report observed a shift toward the selection of lower surgical
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risk patients for TAVR [217]. This paradigm shift was associated with significantly better clini-
cal outcomes in the lower (mean STS score 4%) than higher (mean STS score 7%) surgical risk
patients undergoing TAVR at 30-day and 6-month follow-up [218]. As further evidence of
this move towards lower surgical risk patients, the SURTAVI (SURgical aortic valve replace-
ment versus Transcatheter Aortic Valve Implantation) and PARTNER II trials are expected to
randomize intermediate surgical risk patients with an STS score of 4-8% to TAVR or surgical

aortic valve replacement.

FUTURE TRANSCATHETER AORTIC VALVE PLATFORMS

Several novel transcatheter aortic valve designs are undergoing human trials. Table 14.2 sum-

marizes these devices.

CONCLUSIONS

Transcatheter aortic valve implantation has developed into a relatively mature, safe, and ef-
fective therapy for high or prohibitive surgical risk patients with severe aortic stenosis. Device
evolution and increasing operator experience have led to improved clinical outcomes. An
ever-growing array of clinical studies has improved our understanding of the etiology of car-
diac and non-cardiac complications. Meticulous patient selection, procedural techniques, and
post-procedure care will further reduce these serious events. Compared with surgical aortic
valve replacement, paravalvular aortic regurgitation, stroke, and conduction abnormalities are

more common. A variety of novel transcatheter aortic valves are in development.
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Chapter 5

ABSTRACT

Objectives
This study sought to assess the differential adherence to transcatheter heart valve (THV)-over-
sizing principles between transesophageal echocardiography (TEE) and multislice computed

tomography (CT) and its impact on the incidence of paravalvular leak (PVL).

Background

CT has emerged as an alternative to 2-dimensional TEE for THV sizing.

Methods

In our early experience, TEE-derived aortic annular diameters determined THYV size selec-
tion. CT datasets originally obtained for vascular screening were retrospectively interrogated
to determine CT-derived annular diameters. Annular dimensions and expected THV oversiz-
ing were compared between TEE and CT. The incidence of PVL was correlated to TEE- and

CT-based oversizing calculations.

Results

Using TEE-derived annulus measurements, 157 patients underwent CoreValve implantation
(23 mm: n = 66; 29 mm: n = 91). The estimated THV oversizing on the basis of TEE was 20.1
+ 8.2%. Retrospective CT analysis yielded larger annular diameters than TEE (p < 0.0001).
When these CT diameters were used to recalculate the percentage of oversizing achieved with
the TEE-selected CoreValve, the actual THV oversizing was only 10.4 + 7.8%. Consequently,
CT analysis suggested that up to 50% of patients received an inappropriate CoreValve size.
When CT-based sizing criteria were satisfied, the incidence of PVL was 21% lower than that
with echocardiography (14% vs. 35%; p = 0.003). Adherence to CT-based oversizing was
independently associated with a reduced incidence of PVL (odds ratio 0.36; 95% confidence
interval: 0.14 to 0.90; p = 0.029); adherence to TEE-based sizing was not.

Conclusions

Retrospective CT-based annular analysis revealed that CoreValve size selection by TEE was
incorrect in 50% of patients. The percentage of oversizing with CT was one-half of that calcu-

lated with TEE resulting in the majority of patients receiving a THV that was too small.

Keywords: aortic stenosis, computed tomography, transcatheter aortic valve replacement,

transcatheter heart valve, transesophageal echocardiography
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Appropriate valve sizing is of critical importance to optimize outcomes in patients undergoing
transcatheter aortic valve replacement (TAVR). Oversizing the transcatheter heart valve (THV)
relative to the aortic annulus is required to generate interference between the prosthesis and
the annulus and thus to provide adequate anchoring and sealing. Insufficient THV oversizing
(i.e., selecting a valve that is too small) can be problematic and may result in intraprocedural
valve embolization, or more commonly paravalvular leak (PVL), an independent predictor of
poor long-term prognosis (1,2). However, excessive THV oversizing has been associated with
annular rupture (balloon-expandable TAVR) and/or prosthesis dysfunction (3).

Historically, 2-dimensional (D) echocardiography was the imaging modality of choice
for TAVR sizing. More recently, multislice computed tomography (CT) has emerged as an
alternative and perhaps superior technique (4). CT provides a more reliable and detailed ana-
tomical assessment of the aortic valvular complex and yields larger aortic annular diameters
than echocardiography (5-11). Consequently, echocardiographic-based TAVR sizing may be
inaccurate and may fail to provide the expected THV oversizing. Supporting this hypothesis is
the observation that the rates of both PVL and mortality decline with CT-based sizing (5-11).
Although it is axiomatic that the superiority of CT-based sizing is achieved through more
accurate adherence to manufacturer THV-oversizing principles, this hypothesis has not been
corroborated.

We sought to assess the differential adherence to THV-oversizing principles between 2D-
echocardiography and multislice CT and to further correlate this difference with rates of PVL

in a large series of patients undergoing TAVR.

METHODS

Patients

Between January 6, 2009 and June 6, 2010, 165 consecutive high-risk patients with severe
aortic stenosis underwent vascular access screening with CT prior to TAVR at the German
Heart Centre, Munich. Patients with symptomatic severe aortic stenosis (valve area <1.0 cm?)
were considered candidates for TAVR if surgery was deemed to be of high or excessive risk.
The decision to proceed with TAVR was discussed by a dedicated Heart Team. Procedures
were performed according to standard protocol as previously described (12). In this case
series, all patients were treated with the self-expanding CoreValve system (Medtronic, S.a.rl,

Luxembourg).

TAVR sizing

Early in our experience, CT was routinely performed to evaluate the iliofemoral vasculature
with the intention of proceeding to transfemoral TAVR. In all 165 cases, TAVR sizing was

determined solely using transesophageal echocardiography (TEE)-derived aortic annular
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diameters and standard sizing criteria: annulus diameters of 20 to 23 mm and 23 to 27 mm
for the 26- and 29-mm CoreValves, respectively. These sizing criteria yield THV oversizing of
13% to 30% for the 26-mm CoreValve and 7% to 26% for the 29-mm CoreValve (prosthesis
diameter — annulus diameter / annulus diameter x 100). Appropriate valve sizing was defined
as adherence to these criteria. The diameters of the sinuses of Valsalva and the ascending
aorta, the extent of sinotubular and aortic root calcification, and the height of the coronary
ostia were also considered when choosing the size of the THV. Only the 26- and 29-mm
CoreValves were commercially available during study enrollment; however, the 31- and 23-
mm CoreValves have more recently received Conformité Européenne-mark approval. We
retrospectively assessed patient eligibility for these newer prostheses: annular diameter range
of 18 to 20 mm and 26 to 29 mm for the 23- and 31-mm CoreValves, respectively.

Echocardiography

Pre-procedural 2D-TEE was performed in all subjects using a commercially available TEE
transducer and ultrasound system (X7-2t Live 3D-TEE transducer, iE33, Philips Medical
System, Andover, Massachusetts) according to standard techniques (13). All images were
digitally stored for off-line analysis. The aortic root dimensions were measured during early
systole in the 3-chamber long-axis view at approximately 120" angulation (14). Ineach patient,
these measurements were used to calculate the percentage of THV oversizing and to select the

appropriate valve size for implantation.

CT acquisition protocol

All examinations were performed using a Somatom Definition Flash CT scanner (Siemens
Medical, Siemens, Munich, Germany). All CT were performed using the flash technique.
Standard technical parameters were used: gantry rotation time 0.28 ms; axial coverage 0.75
mm (128 x 0.6 mm); 80 kV to 120 kV tube voltage according to body weight; milliampere
intensity with Care Dose 4D modulation; and temporal resolution of 70 ms. Retrospective
electrocardiographic gating was performed. Contrast enhancement was achieved with 60 to
100 ml of iomeprol 350 mg/ml (Iomeron, Bracco Imaging SpA, Milan, Italy). To achieve op-
timal synchronization, a bolus tracking method was used in the ascending aorta. Additional
beta-blockade was not administered. The thickness of reconstructed images was 0.5 mm

(increment 0.8 mm).

CT reconstruction and aortic annular measurements

Among 165 patients with a screening CT, 159 CT datasets were of sufficient quality for
analysis and were retrospectively reconstructed using software from 3mensio Valves (version
4.1.sp1, Medical Imaging BV, Bilthoven, the Netherlands), as previously described (4). The
aortic annulus dimensions were carefully assessed, including the major and orthogonal minor

diameters, the area, and the perimeter. The CT,,., diameter was calculated as the mean of the
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major and minor diameters. The CT,.,-derived diameter was calculated using the following
equation: 2 x Y [area (mm?®) / nt]. The CTerimeter-derived diameter was determined as: perimeter
(mm) / m. These diameters were retrospectively calculated for each patient and were applied
to the TEE-based CoreValve size in order to recalculate the CT-derived THV oversizing and
adherence to recommended oversizing principles. The annular ellipticity index was calculated
as the ratio of the major and minor diameters.

Calcification of the aortic root specifically associated with the valve leaflets was evaluated
with the automated 3mensio software. Aortic valvular calcification was assessed between the
sinotubular junction and 10 mm below the aortic annulus plane in the left ventricular outflow
tract; calcification above and below the aortic leaflets was only included if it was continuous
with that on the aortic leaflets. We selected an appropriate threshold value (Hounsfield units)
to highlight and segment only calcified tissue from the aortic root. This threshold varied
among patients due to differences in image acquisition, and therefore, multiple values were
evaluated for each patient. Appropriate highlighting of the calcification (e.g., excluding opaci-
fied blood but not obvious calcification) was visually inspected in each case to determine the
optimal threshold value. For each cusp, the calcification volumes were divided into quartiles
and given a corresponding score of 1 to 4. Calcification volumes were then summed for each

patient and classified as trivial (= 1), mild (= 2), moderate (= 3), or severe (= 4).

Depth of CoreValve implantation

The depth of CoreValve implantation was calculated using fluoroscopic imaging. The height
of the CoreValve frame was assessed in the angiographic view with the least foreshortening
for calibration so that the absolute depth could be measured. The distance from the bottom
of each aortic sinus was measured as well as the total visible length of the device from inflow
to outflow. The total length of the device was then compared to the known implanted device
height and this ratio was used to calibrate the depth measurements. Length measurements
were recorded in pixels and then converted to millimeters on the basis of the device length.
The right- and left-sided depths were averaged to provide a single depth of implant. Suitable
angiographic imaging was available in 135 patients.

Endpoints

For the purposes of this study, PVL was the primary outcome and was defined as post-pro-
cedural paravalvular aortic regurgitation grade >2 or the requirement for post-implantation
balloon dilation despite appropriate CoreValve position. PVL was assessed using echocar-
diography during the index procedure and prior to discharge, and it was classified as mild,
moderate, or severe according to the updated Valve Academic Research Consortium criteria
(15). Post-implantation balloon dilation was performed with a 22- to 25-mm balloon for the
26-mm CoreValve and a 25- to 28-mm balloon for the 29-mm CoreValve. PVL cases resulting

from THV malposition, defined as an implantation depth >9 mm, were excluded from the
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analyses. Clinical outcomes including vascular complications, bleeding, stroke, myocardial
infarction, acute kidney injury, requirement for new pacemaker, and 30-day and 6-month
mortality were assessed according to the updated Valve Academic Research Consortium

criteria.

Statistical analysis

Continuous variables are presented as mean + SD, or median and range, according to distribu-
tion. Categorical variables are presented as frequencies and percentages. Continuous variables
were compared with either the Student ¢ test or Mann-Whitney test. Multiple comparisons of
the aortic annular diameters were analyzed using analysis of variance with Bonferroni correc-
tion or with the Kruskal-Wallis test. Categorical variables were compared using the chi-square
or Fisher exact test, or McNemar test for related variables. Univariable and multivariable lo-
gistic regression analyses were performed to assess predictors of PVL. All variables that could
plausibly be associated with PVL with a p value of <0.1 in the univariate analysis were entered
into the multivariate model. Separate models were constructed for each sizing modality (if
p < 0.1) due to multicollinearity of these variables. Receiver-operating characteristic (ROC)
curves were developed and the areas under the curve (AUC) were calculated to compare
the discriminatory power of TEE and CT to predict PVL. Comparisons of correlated AUC
from the ROC analysis were compared with the method of DeLong. The nominal level of
significance was 5%. Analyses were performed using SPSS (version 20.0, IBM Corp, Armonk,
New York).

RESULTS

Patients, procedures, and outcomes

Among the 159 patients with CT datasets of suitable quality, 2 were excluded due to THV
malposition (depth >9 mm). The baseline characteristics of the remaining 157 patients are
presented in Table 1. Sixty-six patients (42%) received a 26-mm CoreValve and 91 (58%)
received a 29-mm CoreValve.

TEE-derived diameters were significantly smaller than CT-based measurements (p <
0.0001) (Fig. 1A). Compared with CT,ea-s CTiean-s and CTpepimeer-derived diameters, TEE
diameters were 1.3 mm (95% confidence interval [CI]: 0.7 to 2.0 mm), 1.5 mm (95% CI: 0.9
to 2.2 mm), and 2.0 mm (95% CI: 1.4 to 2.7 mm) smaller, respectively. Comparing the CT
measurements, there was no significant difference between CTerimeter a1d CTinean (p = 0.32),
though CTeimeter Was marginally larger than CT,., (p = 0.05). According to CT, aortic root
calcification was classified as trivial in 26%, mild in 25%, moderate in 24%, and severe in 25%

of patients.
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Table 1 Study Population: Baseline and Procedural Characteristics (N = 157)

Baseline characteristics

Age, years 79.7 £ 6.8
Male 56 (35.6)
Body mass index, kg/m’ 26.3+4.6
Aortic valve indices
Aortic valve area, mm’ 0.7 £0.2
Aortic valve peak gradient, mm Hg 76.7 £ 26.8
Aortic valve mean gradient, mm Hg 464 +17.1
Aortic regurgitation grade >2 21(13.4)
Left ventricular EF <30% 30 (19.1)
NYHA functional class ITII/TV 156 (99.4)
Coronary artery disease 86 (54.8)
Prior aortocoronary bypass surgery 17 (10.8)
Peripheral vascular disease 23 (14.7)
Prior stroke 21(13.4)
Diabetes mellitus 61 (38.8)
Chronic obstructive pulmonary disease 31(19.8)
Pulmonary hypertension, PAP >60 mm Hg 33 (21.0)
Logistic EuroSCORE 17.8 £21.1
STS predicted mortality risk score 53+34
Procedural characteristics
26-mm CoreValve 66 (42.0)
29-mm CoreValve 91 (58.0)
Vascular access
Femoral 131 (83.5)
Subclavian 22 (14.0)
Direct aortic 4(2.5)

Values are mean + SD or n (%).
EF = ejection fraction; EuroSCORE = European System for Cardiac Operative Risk Evaluation score; NYHA =
New York Heart Association; PAP = pulmonary artery pressure; STS = Society of Thoracic Surgeons.

Suitability for available CoreValve sizes

We subsequently analyzed the number of patients whose annular dimensions fell within the
range of the manufacturer’s recommended sizing guidelines for the 23-, 26-, 29-, and 31-mm
CoreValves using TEE and CT (Fig. 2). Some patients were eligible for treatment with 2 THV
sizes due to overlap in the sizing criteria: for example, a 20-mm annulus can be treated with
either a 23- or 26-mm CoreValve. According to TEE measurements, 95.5% of patients were
suitable for either a 26-mm (35%) or 29-mm (60.5%) CoreValve; 10.8% were suitable for the

23-mm valve and 10.8% for the 31-mm CoreValve. In contrast, 18% fewer patients (78.3%)
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Figure 1 Annulus Diameter and Percentage Oversizing

(A) Mean aortic annulus diameters measured using transesophageal echocardiography (TEE) and computed
tomography (CT). (B) Estimated THV oversizing according to TEE- and CT-derived annular diameters. Data
are means and 95% confidence intervals. Shaded region represents retrospective CT analysis. ANOVA = analy-
sis of variance.

were suitable for a 26- or 29-mm CoreValve, 11% more (21.7%) were suitable for a 31-mm
device and 8.9% had annuli too large for currently available valve sizes using CTperimeter. Fur-

thermore, no patients were eligible for the 23-mm CoreValve using CTerimeter-

Adherence to THV-oversizing criteria

The expected THV oversizing was calculated by relating the annular diameters measured with
TEE and CT to the implanted CoreValve size (determined by TEE) (Fig. 1B). With TEE, the
average THV-oversizing was 20.1 + 8.2%. When CT data were applied retrospectively, the
expected THV oversizing decreased considerably (p < 0.0001 for trend). Specifically, THV
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Figure 2 Suitability for CoreValve Sizes According to Imaging Modality

The proportion of patients suitable for currently available CoreValve sizes according to aortic annular measure-
ments with TEE and CT. Note, some patients were eligible for treatment with 2 transcatheter heart valve sizes
due to overlap in the sizing criteria. Shaded region represents retrospective CT analysis. Abbreviations as in
Figure 1.

oversizing with CTeay CTineans a0 CTierimerer Was 13.4 + 8.2%, 12.6 + 8%, and 10.4 + 7.8%,
respectively. This meant that the absolute and relative difference in expected THV oversizing
was 9.7% and 48.3% less using CTjerimeter than when using TEE.

Using the TEE-derived annular measurements, 80.9% of patients realized the recom-
mended THV oversizing and hence were deemed to have received the appropriate CoreValve
size (Fig. 3); 19.1% did not achieve the recommended THV oversizing (12.7% excessive and
6.4% insufficient oversizing) and thus received an inappropriate valve size.

When CT data were applied retrospectively to the TEE-selected CoreValve size, the pro-
portion of patients that satisfied the reccommended THV-oversizing criteria decreased signifi-
cantly (p < 0.0001 for trend). Using CT,, and CT,peun, 60.5% of cases achieved recommended
THV-oversizing. Applying CTeimeter data, only 51% of patients achieved recommended THV
oversizing, and thus 49% received an inappropriate CoreValve size. With CTerimeter 30.6% had
annuli too large for the available CoreValve sizes at that time.

THYV oversizing and PVL

Following CoreValve implantation, approximately one-quarter of patients (n = 38) met the
criteria for significant PVL (paravalvular aortic regurgitation grade >2 in 16.1% or need for
post- implantation dilation in 8.1%) (Table 2): 14 of 66 (21.2%) 26-mm and 24 of 91 (26.4%)
29-mm CoreValve (p = 0.57). With TEE, the proportion of patients with PVL was similar
among those that satisfied THV-oversizing criteria and those that did not meet these criteria
(23.6% vs. 26.7%; p = 0.81) (Fig. 4). According to CTpeimeer data, however, the proportion of
patients with PVL was 21% lower in those who satisfied THV-oversizing criteria than those
who did not (13.8% vs. 35.1%; p = 0.003).
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Figure 3 Excessive, Insufficient, or Appropriate THV Oversizing

The proportion of patients with excessive, insufficient, or appropriate transcatheter heart valve (THV) oversiz-
ing according to the manufacturer’s sizing recommendations on the basis of TEE and CT. Shaded region repre-
sents retrospective CT analysis. Abbreviations as in Figure 1.

Table 2 Procedural and Clinical Outcomes (N = 157)

TAVR performance
Aortic regurgitation grade =2 or post-implantation dilation 38 (17.8)
Aortic valve peak gradient, mm Hg 21.7+73
Aortic valve mean gradient, mm Hg 11.3+4.1

Vascular complications

VARC major 14 (8.9)
VARC minor 18 (11.5)
Bleeding
VARC life-threatening 4(2.6)
VARC major 2(1.3)
VARC minor 8(5.1)
Stroke 4(2.6)
Periprocedural myocardial infarction 1(0.6)
Acute kidney injury, modified RIFLE criteria stage 2 or 3* 11 (19.3)
Pacemaker 39 (24.8)
30-day combined safety endpoint 32(20.4)
30-day mortality 10 (6.4)
VARC cardiovascular 10 (6.4)
VARC noncardiovascular 0(0.0)
6-month mortality 25(15.9)

Values are n (%) or mean * SD.
* Modified RIFLE criteria. RIFLE = Risk, Injury, Failure, Loss, and End-stage Kidney; TAVR = transcatheter
aortic valve replacement; VARC = Valve Academic Research Consortium.
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Figure 4 Appropriateness of THV Oversizing and PVL According to Imaging Modality

The proportion of patients with significant paravalvular leak (PVL) that achieved (blue) or did not achieve
(red) appropriate THV oversizing according to TEE- and CT-based sizing. Shaded region represents retrospec-
tive CT analysis. Abbreviations as in Figures 1 and 3.

Using TEE, there was no difference in THV oversizing between patients with and without PVL
(19.0 + 8.6% vs. 20.5 + 8.1%; p = 0.32) (Fig. 5). According to CT data, there was significantly
less THV oversizing in those with PVL than those without PVL (CT,e,: 9.0 £ 7.1% vs. 14.9 +
8.0%, p < 0.0001; CTyean: 9.0 + 7.2% vs. 13.7 + 8.0%, p < 0.001; and CTerimeter: 6.2 + 7.1% vs.
11.7 + 7.5%, p = 0.0001).
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Figure 5 THV Oversizing and PVL According to Imaging Modality

Estimated percentage of THV oversizing according to TEE- and CT-based aortic annular diameters in patients
with (diagonal lines) or without (solid) significant paravalvular leak. Shaded region represents retrospective
CT analysis. Abbreviations as in Figures 1, 3, and 4.
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Predictors of PVL

In the univariable analysis, several factors were associated with PVL (Table 3). Interestingly,
increasing aortic annular diameter measured with CT, but not with TEE, was associated with
a higher incidence of PVL. Similarly, adherence to CT-based rather than TEE-based THV-
oversizing principles was associated with a reduction in PVL. In the multivariable analysis
(Model 1), adherence to CTpeimeter-based TVH oversizing was independently associated with
a reduction in the incidence of PVL (odds ratio [OR]: 0.36; 95% CI: 0.14 to 0.90; p = 0.029),
whereas increasing depth of CoreValve implantation (OR: 1.19; 95% CI: 1.04 to 1.35; p =
0.009) and severe aortic root calcification (OR: 2.97; 95% CI: 1.2 to 7.38; p = 0.019) were both
predictors of increased PVL.

Receiver-operating characteristic curves
ROC curves were used to compare the precision of TEE and CT to predict PVL (Fig. 6). TEE

appeared to be the least efficacious imaging modality, with an intercept parallel to the line of
equality (AUC: 0.51). The AUC for CTyesimeeer (0.65) was significantly greater than that of TEE
(p = 0.05), but it was not significantly different from that calculated for CT,, (0.60) or CT,ean
(0.59). Adhering to THV-oversizing criteria with CTpeiimerer gaVe a sensitivity, specificity, posi-
tive predictive value, and negative predictive value of predicting PVL of 71.1%, 58%, 35.1%,
and 86.3%, respectively.
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Figure 6 ROC Curves for Predicting PVL According to Adherence to Oversizing Criteria With TEE and CT
The receiver-operating characteristic (ROC) curves suggest that adherence to oversizing principles with
CTerimetersCTimeans and CTe results in more accurate prediction of PVL than using TEE does. TEE = trans-
esophageal echocardiography; other abbreviations as in Figures 1 and 4.
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Table 3 Predictors of PVL

Odds Ratio 95% CI p Value

Univariable model
Age, yrs 0.98 0.93-1.03 0.353
Male 1.44 0.68-3.03 0.343
BMI 0.76 0.13-4.57 0.765
Transfemoral TAVR 1.41 0.49-4.05 0.518
CoreValve size 1.10 0.87-1.41 0.457
Left ventricular EF 1.45 0.93-2.25 0.103
Aortic valve area 0.31 0.05-1.89 0.204
Aortic valve mean gradient 1.03 0.98-1.05 0.320
Logistic EuroSCORE 1.99 0.98-1.04 0.739
STS predicted mortality risk score 1.03 0.92-1.14 0.641
Depth of implant* 1.21 1.07-1.36 0.002
CT ellipticity 0.67 0.26-17.08 0.810
Severe aortic root calcification* 3.04 1.38-6.68 0.006
Annulus diameter

TEE 1.14 0.94-1.37 0.175

CT,.* 1.32 1.12-1.16 0.001

CToean” 1.26 1.07-1.48 0.005

CTlherimeter 1.30 1.11-1.53 0.001
Appropriate THV oversizing

TEE 0.85 0.34-2.2 0.726

CToea® 0.43 0.20-8.9 0.024

CTonean* 0.49 0.23-1.03 0.059

Clherimeter 0.23 0.10-0.52 <0.0001
Multivariable model 1: CTperimeter
Depth of implant 1.19 1.04-1.35 0.009
Severe aortic root calcification 2.97 1.20-7.38 0.019
Clhcrimeter 0.36 0.14-0.90 0.029
Multivariable model 2: CT,,.,
Depth of implant 1.19 1.05-1.35 0.006
Severe aortic root calcification 3.31 1.35-8.10 0.009
CThea 0.60 0.25-1.45 0.258
Multivariable model 3: CT,,....
Depth of implant 1.19 1.05-1.35 0.006
Severe aortic root calcification 3.40 1.39-8.29 0.007
CThean 0.68 0.28-1.63 0.385

Univariate and multivariate predictors of PVL (grade >2 or post-implantation dilation). Separate multivariable
analysis due to multicollinearity of CT variables.
* Variables associated with PVL in univariate analysis.

109



Chapter 5

Further analysis of the CTeimewr data with sensitivity-specificity curves identified minimal
oversizing thresholds of 9% for the 26-mm CoreValve and 9.6% for the 29-mm CoreValve that
best predicted PVL (Fig. 7). Using this cut point, the sensitivity, specificity, positive predictive
value, and negative predictive value for the 26-mm Core-Valve were 100%, 4.8%, 33%, and
100%. The corresponding values for the 29-mm CoreValve were 84.2%, 42.4%, 45.7%, and
82.4%. These CTperimeter thresholds predicted a higher incidence of PVL for both the 26 (33.3%
vs. 11.1%; p = 0.037) and 29-mm CoreValves (42.1% vs. 15.1%; p = 0.007).
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Figure 7 Sensitivity and Specificity Curves for CTyerimeter
The sensitivity and specificity curves identified CTerimeter-derived oversizing thresholds of 9.0% (A) and 9.6%
(B) for the 26-mm and 29-mm CoreValves to be predictive of PVL. Abbreviations as in Figures 1 and 4.
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DISCUSSION

The current study confirms previous observations that CT-based aortic annular diameters are
significantly larger than those obtained by 2D echocardiography. When these CT diameters
were used to recalculate the oversizing relative to the TEE-selected CoreValve, the actual THV
oversizing was reduced by 48%. Accordingly, the retrospective CT analysis suggested that up
to 50% of patients did not achieve the manufacturer’s recommended THV-oversizing criteria
and therefore received an inappropriate CoreValve size. CT data also suggested that one-third
of patients had annuli too large for available CoreValve sizes during the time of enrollment.
Adherence to CT-based but not TEE-based oversizing was a predictor of reduced PVL. Ac-
cording to CT, significantly lower PVL rates were observed in those patients who received a
correct CoreValve size than in those who did not. Finally, we identified a lower limit threshold
for CTperimeier-based THV oversizing associated with a reduced incidence of PVL: 9% and 9.6%

for the 26-mm and 29-mm prostheses, respectively.

Transcatheter heart valve sizing

Pre-procedural anatomical screening is of considerable importance for TAVR. In particular,
appropriate THYV sizing is recognized to be a key factor for optimizing patient outcomes: PVL
is an independent risk factor for mortality and has been reported in 9% to 21% of CoreValve
and 6% to 13.9% of Edwards Sapien (Edwards Lifesciences Inc., Irvine, California) recipi-
ents (1,2,16). Appropriate THV sizing involves achieving a predefined amount of prosthesis
oversizing relative to the aortic annulus. Previous studies have demonstrated that failing to
achieve a 1:1 ratio of the THV relative to the aortic annulus (cover index: [TAVR area/annular
area — 1] x 100) is associated with PVL (6,8,9,17). Evidently, accurate measurement of the
dimensions of the aortic annulus is fundamental for accurate THV sizing.

Although there is no consensus as to the gold-standard technique for measuring the aortic
annulus, CT provides more accurate annular measurements than TEE does, and the use of CT
for THYV sizing has been associated with improved clinical outcomes (4-10). CT multiplanar
reformatting allows accurate 3D reconstruction of the aortic annulus in its true plane. The
superiority of this technique over 2D TEE is explained by the oval shape and variable orienta-
tion of the aortic annulus and the likelihood that 2D echocardiographic imaging will measure
a short-axis tangent across the annulus. Herein, we confirm previous observations that CT
provides larger annular diameters than TEE does (4-10): CTpeyimeer-derived diameters were on
average 2.0 mm larger than TEE measurements.

The smaller diameters measured with TEE compared with CT have a significant impact on
the amount of THV oversizing achieved. In 2007, the oversizing recommendations suggested
by the manufacturer were based on the assumption that echocardiography was an accurate
method of assessing the annular dimensions. This led us to believe that we were achieving

approximately 20% THV oversizing among CoreValve recipients. When we retrospectively
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applied CT-based sizing to the TEE-based valve size, however, we were surprised to realize
that the mean THV oversizing was only 10%. This translates into a 48% relative overestima-
tion of THV oversizing with TEE versus CT. Obviously, this information would have had
a substantial impact on THYV size selection: up to one-half of all patients were deemed to
have received the incorrect CoreValve size and approximately 30% would have been deemed
ineligible for the available CoreValve prostheses at that time. The results of recent publica-
tions demonstrating enhanced clinical outcomes with CT-based THV sizing suggest that the
initial THV-oversizing recommendations were appropriate, but the imaging modality (2D-
echocardiography) was not (5-11).

BMI = body mass index; CI = confidence interval; CT = computed tomography; PVL
= paravalvular leak; TEE = transesophageal echocardiography; THV = transcatheter heart
valve; other abbreviations as in Tables 1 and 2.

In the present study, achieving TEE-based oversizing recommendations was insensitive
for predicting PVL. In contrast, when CTeimeer data were retrospectively applied, the pro-
portion of patients with PVL was significantly lower in those that achieved THV-oversizing
criteria than in those that did not (13.8% vs. 35.1%; p = 0.0026). In those with significant
PVL, oversizing was 3x more with TEE (19%) than with CTeimeter (6.2%). This reinforces the
message that TEE led us to select valves that were too small for patients’ anatomy, especially
in those with significant PVL. Our ROC analysis further reinforces the hypothesis that TEE-
based sizing was a poor predictor of PVL when compared with CT measures.

Moderate to severe PVL has been reported in 9% to 21% of CoreValve and 6% to 13.9%
of Edwards Sapien valve recipients (17). We can speculate that this historical incidence of
PVL with TAVR may reflect inaccurate TEE-based sizing in a considerable proportion of
patients. Our data would appear to support previous observations that CT-sizing can reduce
the incidence of significant PVL considerably (23.6% to 13.8%) (8). It is important to note,
however, that appropriate THV sizing is not a panacea for eliminating PVL. Severe aortic root
calcification and increasing depth of CoreValve implantation were also independent predic-
tors of PVL, emphasizing the key role of pre-procedural CT for optimizing patient selection
and the continued importance of refining procedural techniques.

Which CT diameter to choose?

Compared with CT,e, and CTyean CTperimerer Was found to yield larger annular diameters, affect
TAVR sizing more frequently, and be a predictor of PVL in the multivariable analyses. Further-
more, CT,eimeer had the greatest discrimination for PVL in the ROC analysis. Greater annular
dimensions require THV of larger diameter, which increases the risk of annular rupture or
coronary occlusion. Annular rupture, however, has not been reported with a self-expanding
prosthesis, and coronary occlusion remains rare, particularly if guidelines regarding sinus of
Valsalva width are respected (3,10). Previous investigators have suggested that CT,, or CTean

are the most useful determinants of PVL in patients undergoing balloon-expandable TAVR
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(6,8,9,11). The mechanistic differences in the structure and function between the Core-Valve
and the Edwards Sapien valve may explain supremacy of CT,e imeter it this analysis of CoreValve
patients. Finally, CT,eimeter-Oversizing thresholds of 9% and 9.6% for the 26-mm and 29-mm
CoreValves were predictive of PVL. When CoreValve oversizing was less than these threshold

values, we observed a 3-fold increase in the rate of PVL.

Study limitations

Post-implantation PVL may be caused by malposition, underexpansion, or undersizing of the
THV. Differentiating between THV undersizing and underexpansion remains challenging.
Thus, although we excluded THV-malposition from the analysis, our definition of PVL in-
cluded cases where THV post-dilation was performed, and thus potentially included patients
with THV-underexpansion rather than THV-undersizing. As underexpansion is more likely
to occur with severe aortic root calcification, we performed detailed CT analysis of the aortic
root to identify patients with heavy calcification. Significantly, after adjusting for both aortic
root calcification and the depth of THV implantation, achieving CT-based oversizing criteria
remained an independent predictor of reduced PVL. As the CT scans were obtained early in
our TAVTI experience, different acquisition protocols were used. A standardized acquisition
protocol would have further optimized the CT analysis. Fluoroscopic assessment of THV
malposition was only possible in 135 of 157 patients.

Although the results of this study suggest that CT-based annular measurements would
result in larger valves being implanted in a large proportion of patients and, compared with
2D echocardiography, has the potential to reduce PVL, these strategies were not directly
compared in a prospective manner. Therefore, the retrospective design and observational
nature of the data imply that the conclusions should be viewed as hypothesis-generating.
Furthermore, we did not use 3D TEE, which correlates more closely with CT-derived annular
measurements, and could mitigate the inaccuracy associated with 2D TEE (18). Finally, this
consecutive series of patients were treated with the Medtronic CoreValve and therefore the
findings should not be extrapolated to other TAVR systems.

CONCLUSIONS

Aortic annular measurements are significantly larger when measured with CT than with TEE.
Retrospective application of these CT-derived measurements to recalculate the oversizing
of the TEE-selected CoreValve size revealed that the expected THV oversizing was overesti-
mated 2-fold. Consequently, the TEE-selected CoreValve size was incorrect in one-half of all
patients. CTerimeeer appears to be the most sensitive CT-based measure for predicting PVL and

is reccommended for THYV sizing in all patients undergoing CoreValve implantation.
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ABBREVIATIONS AND ACRONYMS

AUC  =area under the curve

CI = confidence interval

CT = computed tomography

D = dimensional

OR = odds ratio

PVL = paravalvular leak

ROC  =receiver-operating characteristic
TAVR = transcatheter aortic valve replacement
TEE = transesophageal echocardiography
THV = transcatheter heart valve
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Chapter 6

ABSTRACT

Objectives
The purpose of this study was to evaluate the prevalence of aortic stenosis (AS) in the elderly

and to estimate the current and future number of candidates for transcatheter aortic valve
replacement (TAVR).

Background

Severe AS is a major cause of morbidity and mortality in the elderly. A proportion of these
patients is at high or prohibitive risk for surgical aortic valve replacement, and is now consid-
ered for TAVR.

Methods

A systematic search was conducted in multiple databases, and prevalence rates of patients (>75
years) were pooled. A model was based on a second systematic literature search of studies on
decision making in AS. Monte Carlo simulations were performed to estimate the number of

TAVR candidates in 19 European countries and North America.

Results

Data from 7 studies (n = 9,723 subjects) were used. The pooled prevalence of all AS in the
elderly was 12.4% (95% confidence interval [CI]: 6.6% to 18.2%), and the prevalence of severe
AS was 3.4% (95% CI: 1.1% to 5.7%). Among elderly patients with severe AS, 75.6% (95% CI:
65.8% to 85.4%) were symptomatic, and 40.5% (95% CI: 35.8% to 45.1%) of these patients
were not treated surgically. Of those, 40.3% (95% CI: 33.8% to 46.7%) received TAVR. Of the
high-risk patients, 5.2% were TAVR candidates. Projections showed that there are approxi-
mately 189,836 (95% CI: 80,281 to 347,372) TAVR candidates in the European countries and
102,558 (95% CI: 43,612 to 187,002) in North America. Annually, there are 17,712 (95% CI:
7,590 to 32,691) new TAVR candidates in the European countries and 9,189 (95% CI: 3,898 to
16,682) in North America.

Conclusions

With a pooled prevalence of 3.4%, the burden of disease among the elderly due to severe AS is
substantial. Under the current indications, approximately 290,000 elderly patients with severe
AS are TAVR candidates. Nearly 27,000 patients become eligible for TAVR annually.

Keywords: aortic stenosis, prevalence, transcatheter aortic valve replacement
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Aortic stenosis in the elderly

Aortic stenosis (AS) is the most common valvular heart disease in developed countries, and
its impact on public health and health care resources is expected to increase due to aging
Western populations (1,2). Each year, approximately 67,500 surgical aortic valve replacements
(SAVR) are performed in the United States (3). Studies describing the prevalence of AS are
scarce and report disparate results (3% to 23%) (4,5), and currently there is no systematic
overview of population-based studies that have assessed the prevalence of AS. The emergence
of transcatheter aortic valve replacement (TAVR) has renewed interest in the epidemiology
of AS.

In particular, these data may be important to predict the number of TAVR candidates,
service development, financial planning, and physician training. In addition, estimates of
potential TAVR candidates at intermediate and low surgical risk are not available. Several
factors must be considered when estimating the number of TAVR candidates: the percentage
of patients with severe AS who are symptomatic; the proportion of patients with symptomatic
severe AS who do not undergo SAVR and could thus be considered TAVR candidates; and
the percentage of those patients referred for TAVR who actually receive a transcatheter valve.

Therefore, we sought to assess the prevalence of AS in the general elderly population (age
>75 years) through a systematic review and meta-analysis of population-based studies. The
second objective was to systematically estimate the number of elderly patients who are TAVR

candidates in both the European countries and North America.

METHODS

Studies were identified through a systematic search of MEDLINE and EMBASE in February

» <« » <«

2012. Keywords included “valvular heart disease,” “heart valve disease,” “aortic stenosis,” “aor-
tic valve stenosis,” “epidemiology;” “incidence,” “prevalence,” and “survey” No time restrictions
were applied. Reference lists of selected studies and (systematic) reviews were examined, and
the related article feature in PubMed was used to maximize relevant study identification.

All titles and abstracts were screened independently by 2 investigators using the following
criteria: 1) the publication was an original full-length manuscript in a peer-reviewed journal;
2) the publication reported numbers of AS cases and sample size or the prevalence of AS in the
general elderly population (=75 years of age); and 3) AS and AS severity was diagnosed with
echocardiography (6,7). The definition of AS used in each study was extracted, as was other
relevant information including study location, inclusion period, and patient characteristics.
After excluding manuscripts on the basis of title and abstract, the remaining full-text manu-
scripts were carefully assessed and were evaluated according to the criteria. If overlap between
studies existed, only the publication with the largest population was included. Disagreement

on study inclusion was solved by consensus.
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For each included study, the prevalence rate of AS and its 95% binomial confidence in-
terval (CI) was calculated based on the numbers of subjects in the sample and the number
of patients with AS. These rates were subsequently combined to produce a pooled prevalence
rate of both AS and severe AS. Both fixed- and random-effects models were used, and results
of the appropriate model are presented as Forest plots. The fixed-effects model was performed
using the inverse variance method and the random-effects model with the DerSimo-nian and
Laird method. Heterogeneity was assessed by the Cochran Q test and I’ statistics, derived
from the inverse variance fixed-effects model (8). All analyses were performed with Stata SE
version 12.0 (StataCorp, College Station, Texas).

Estimation of TAVR candidates
To estimate the number of elderly patients who could potentially be treated with TAVR under cur-

rent indications, we performed a second literature search on clinical decision making in patients
with severe AS. Specifically, we searched for studies that reported: 1) the percentage of patients
with severe AS who experienced symptoms; 2) the percentage of patients with symptomatic
severe AS who did not undergo SAVR and could thus be considered potential TAVR candidates;
and/or 3) the percentage of those patients referred for TAVR who actually received a transcath-
eter valve. As TAVR is an approved therapy for patients at high operative risk, we also determined
the proportion of elderly high-risk patients (The Society of Thoracic Surgery-Predicted Risk Of
Mortality [STS-PROM] score 210%) undergoing SAVR (9), and the percentage of patients who
would be considered TAVR-eligible. In anticipation of current and potential future trials in lower
risk groups, estimates of the proportion of intermediate-and low-risk patients were also derived.
For all studies, the point estimate and 95% binomial CI were calculated.

These data were combined to produce a pooled percentage estimate for each individual
search. In each case, a fixed- or random-effects model was used and heterogeneity was as-
sessed. To calculate national estimates of the number of patients with AS and TAVR candidates,
we obtained population demographic data focusing on the elderly (=75 years of age) for the
following nations: Austria, Belgium, Czech Republic, Denmark, Finland, France, Germany,
Greece, Italy, the Republic of Ireland, Luxembourg, Norway, Poland, Portugal, Spain, Sweden,
Switzerland, the Netherlands, the United Kingdom, Canada, and the United States (10-12).
The annual number of new TAVR candidates was calculated using the number of people ages
75 years old in 2011 in the individual countries.

A flowchart was built in TreeAge Pro 2011 (TreeAge Software, Williamstown, MA). The
probabilities in the flowchart were based on the pooled estimates from the systematic literature
searches. Beta distributions were used and 10,000 Monte Carlo simulations were performed
to estimate the number of elderly patients who are eligible to undergo TAVR, along with its
95% percentile CI.

To account for the heterogeneous nature of the studies, sensitivity analyses were per-

formed. In particular, the proportion of patients receiving TAVR after referral for TAVR
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assessment was determined using European studies alone and then by combining European
and U.S. studies. This analysis was performed to account for the different adoption of TAVR
in the United States, where until recently TAVR was only used in the context of clinical trials.
In a second sensitivity analysis, we varied the percentage of high-risk SAVR-eligible patients
who undergo TAVR.

RESULTS

The systematic literature search yielded 1,523 studies. After the title and abstract were
screened, 1,408 studies were excluded because they did not focus on the epidemiology of
disease. After assessing full-text articles, another 109 studies were excluded because they were
not performed in the general elderly population, AS was not assessed, or because it was not an
original publication. After the inclusion of an additional study through cross-referencing, our
final analysis consisted of 7 studies, with a total of 9,723 elderly patients (Fig. 1) (1,4,5,13-16).
The characteristics of these studies are outlined in Table 1. The 7 studies reported the preva-
lence of AS in 9 study populations on 3 continents. The study periods ranged from 1989 to
2009. All studies had a cross-sectional character, and most were part of larger population-
based cohort studies. In all 7 studies, echocardiography was used to diagnose AS, although

definitions of AS and its severity were variable (Table 1).

Unique articles meeting search criteria
(n=1523)

Excluded based on title and abstract
(n =1,408)

A4

Full-text articles
(n =115)

Excluded based on full article:
Not in a general elderly population (n =18)
AS not assessed (n=77)
Not an original publication (n=14)

A

‘ 6 articles included ‘

4—( Included after cross-referencing (n=1)

A4

‘ 7 articles included |

Figure 1 Flowchart of Study Selection
AS = aortic stenosis.

The combined prevalence of AS in the elderly was reported in 6 studies and ranged from
2.6% to 22.8% (Fig. 2A) (4,5,13,15,16). The pooled prevalence was 12.4% (95% CI: 6.6% to
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18.2%) using a random-effects model (I = 98.5%; Q = 337.70, p < 0.001). The prevalence of
severe AS in the elderly was reported separately in 5 studies and ranged from 1.2% to 6.1%
(Fig. 2B) (1,4,13,14,16). The pooled prevalence of severe AS was 3.4% (95% CI: 1.1% to 5.7%)
using a random-effects model (I’ = 85.7%; Q = 27.99, p < 0.001).

A Mild, moderate and severe AS in patients >75y old
Random-effects model

Author Year % (95% Cl) Cases/Sample
Lorz 1993 —a— 3.88 (1.27,8.81) 51129
Stewart 1997 il 2.59 (1.90, 3.45) 45/1736
Lin 2005 —'—) 20.73 (12.57, 31.11) 17/82
Nkomo 2006 - 11.39 (10.64, 12.18) 759/6663
Van Bemmel 2010 e T 17.28 (9.78, 27.30) 14/81
Vaes 2012 —_— 22.84 (19.41, 26.56) 127/556
Overall <> 12,40 (6.64, 18.17)

0 5 10 15 20 25 30
B Severe AS in patients>75y old
Random-effects model
Author Year % (95% CI) Cases/Sample
Lindroos 1993 —_— 3.78(226,591) 18/476
Lin 2005 610 (2.01, 13.66) 5/82
Nkomo 2006 - 1.31(1.05,1.61) 87/6663
Van Bemmel 2010 1.23(0.03,6.69) 1/81
Vaes 2012 — = 504(412,823) 33/556
Overall <> 338 (1.10, 5.65)

Figure 2 Forest Plots on the Prevalence of AS (A)

Mild, moderate, and severe aortic stenosis (AS) in the elderly, using a random-effects model. I* = 97.1%, Q =
140.25, p < 0.001. (B) Severe AS in the elderly, using a random-effects model. I = 85.7%, Q = 27.99, p < 0.001.
CI = confidence interval.

These estimates of the prevalence of AS in patients >75 years old correspond to approximately
4.9 million elderly patients with AS in the European countries and 2.7 million in North America.
If only symptomatic severe AS is considered, this translates to 1.0 million elderly patients in the
European countries and 540,000 in North America. In 2011, 8.5% of the population in the 19
European countries was >75 years of age, and this number is expected to increase to 10.7% in
2025 and 16.6% in 2050 (11). In North America, similar increases in the population demograph-
ics of the elderly are expected (2025, 8.3%, and 2050, 11.8%) (10,12). These numbers correspond

to approximately 1.3 million and 2.1 million patients with symptomatic severe AS in the 19
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European countries in 2025 and 2050, respectively. In North America, there will be an estimated

0.8 million and 1.4 million patients with symptomatic severe AS in 2025 and 2050, respectively.

Estimates of TAVR candidates

The number of elderly patients who could potentially benefit from TAVR was estimated using
the model outlined in Figure 3, with inputs from the systematic search and meta-analyses (Fig.
4). Seven studies reported the percentage of patients with severe AS who were symptomatic,
resulting in a pooled estimate of severe symptomatic AS of 75.6% (95% CI: 65.8% to 85.4%)
(Fig. 4A, Online Table 1). Of these patients with symptomatic severe AS, 40.5% (95% CI:
35.8% to 45.1%) did not undergo SAVR and thus could be considered candidates for TAVR
(Fig. 4B, Online Table 2). Nine studies reported the percentage of patients referred for TAVR
who actually received a transcatheter valve (Online Table 3). Three of these studies were per-
formed in Europe, and 6 in the United States. The pooled percentage including both European
and U.S. studies was 28.7% (95% CI: 22.8% to 34.6%) (Figs. 4C and 4D, respectively). The
European pooled percentage was 40.3% (95% CI: 33.8% to 46.7%), whereas the U.S. pooled
percentage was 24.4% (95% CI: 18.9% to 29.8%). In total, 12.3% of patients with symptomatic
severe AS at prohibitive surgical risk are TAVR candidates.

Medical H
Management :

H Patients with H
(% STS-PROM 5<10% |

Patients with
H STS-PROM<5% H
i 79.1% (78.6-79.5)

Figure 3 Model for the Estimation of TAVR Candidates Among the Elderly
AS = aortic stenosis; SAVR = surgical aortic valve replacement; STS-PROM = The Society of Thoracic Surgery
Predicted Risk of Mortality; TAVR = transcatheter aortic valve replacement.
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A |. Severe AS AND Symptomatic B 1. Not treated with SAVR, potentially treatable with TAVR
Random-effects model Random-effects model
Author  Year % (95% CI) Author Year % (95% CI)
Bouma 1999 ——— 41.48 (33.07,50.27)
Bouma 1999 —_— 78.54 (72.27, 83.95) lung 2005 — 3333 (27.38, 39.86)
g 2005 JR 76.06 (70,66, 80.90) Gharson 2006 S E— 3073 (28.45,51 86)
Pai 2006 —— 53.23 (48.22, 58.20)
Pai 2006 —_— H 54.32 (50.66, 57.96)
Descoutures. 2008 5 5303.(4034,65.44)
Bakaeen 2010 P —— 85.80 (81.66, 89.30) Bach 2000 —— 4242 (36.74,48.27)
b 2019 N S 7861 (72,03, 84.26) Bakaeen 2010 —_— 33.45 (28,09, 39.14)
Dua 2011 —_—— 39.46 (29.58, 45.77)
Badran 2012 — 8202 (75.72, 86.97) chas 2011 3908 25.08.4167)
Babcock 2012 — 74.30(67.25,80.53) Pierard 2011 _ 40.49 (29.40, 44.71)
Overall (I-squared = 96.3%, p = 0.000) O 75.62 (65.82, 85.42) Babock 2012 —— 3759 (20,82, 46.40)
T Overall (I-squared = 77.3%, p = 0.000) <_|_—> 40.45 (35.77,45.13)
S S e e e e — T
5 55 60 65 70 75 80 85 90 95 25 30 35 40 45 S0 55 60 65
C IIl. Treated with TAVR - European studies D Ill. Treated with TAVR - all studies
Fixed-effects model RHRdaaReaE Gl
Author Year % (95% CI)
Author Year % (95% CI)
Dewey 2008 e 20.00(12.83, 28.93)
Otten 2008 SR 39.00 (29.40, 49.27)
Descoutures 2008 _— 30.77 (17.02, 47.57)
Otten 2008 _— 3900 (29,40, 49.27)
Kapadia 2009 e 24,66 (12.03, 29.15)
Descoutures 2008 et 3077 (17.02, 4757) saia 2010 = 4592(3580,5629)
Bendor 2010 —— 2281 (19.09,26.88)
Saia 2010 ——.H 4592 (35.80,56.29) Bavaria 2011 —— 3085 (26.81,35.12)
Bendor 2011 —_ 17,67 (15.23,20.32)
Overall (-squared = 26.4%, p = 0.257) <> 4028 (33,682, 46.74) ook 2012 806, 55
abcoct e
Overal (1squared = 87.6%, p = 0.0005_| > 2871 (22,84, 34.58)
R s T — T
20 25 30 35 40 45 50 55 15 20 25 30 35 40 45 50 55 60

Figure 4 Forest Plots of the Different Steps in Estimation Model

(A) Severe aortic stenosis (AS) and symptomatic; (B) not treated with surgical aortic valve replacement (SAVR),
potentially treatable with transcatheter aortic valve replacement (TAVR); (C) treated with TAVR, European
studies; and (D) treated with TAVR, all studies. CI = confidence interval.

To assess the proportion of elderly SAVR patients who was deemed to be at high surgical risk,
we used a study that reported on all elderly SAVR patients in the United States between 1999
and 2007 (17). Among elderly patients undergoing isolated SAVR, 5.2% (95% CI: 4.9% to
5.4%) were at high risk (STS-PROM >10%), 15.8% (95% CI: 15.4% to 16.2%) at intermediate
risk (STS-PROM 5% to 10%), and 79.1% (95% CI: 78.6% to 79.5%) at low risk (STS-PROM
<5%). A recent study showed that in a group of operable patients with a EuroSCORE (Euro-
pean System for Cardiac Operative Risk Evaluation) >15, approximately 80% were treated
with TAVR (18).

In 2011, there were 39,316,978 people =75 years of age in the European countries and
21,182,683 in North America (10-12). Combining these figures with the Monte Carlo simula-
tions in the model (Fig. 3), we estimated that a total of 292,000 high- or prohibitive-risk elderly
patients with symptomatic severe AS are candidates for TAVR. Specifically, there are 189,836
(95% CI: 80,281 to 347,372) TAVR candidates in the European countries and 102,558 (95%
CI: 43,612 to 187,002) in North America. Annually there are 17,712 (95% CI: 7,590 to 32,691)
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new TAVR candidates in the European countries and 9,189 (95% CI: 3,898 to 16,682) in North
America. The total and annual number of TAVR candidates in the individual countries is
presented in Figures 5 and 6, respectively.

The intermediate surgical risk group comprises approximately 145,000 elderly patients
with symptomatic severe AS. Specifically, there are 94,730 (95% CI: 40,574 to 171,896) pa-
tients at intermediate risk in the European countries and 50,733 (95% CI: 22,148 to 90,451)
in North America. The low surgical risk group includes approximately 730,000 patients with
symptomatic severe AS. Specifically, there are 477,314 (95% CI: 206,798 to 862,958) patients
at low-risk in the European countries and 255,727 (95% CI: 108,549 to 460,026) in North

America.

Canada
10,958

Finland

Total number of TAVR candi ’ 4558
Country Candidates (95%CI) ey
Austria 3,250 (1,389-5,947)
Belgium 4,603 (1,964-8,409)
Czech Republic | 3,336 (1,433-6,160)
Denmark | 1,885 (805-3,448)
Finland [ 2,100 (896-3,856)
France | 28,026 (11,992-51,266)
Germany 36,220 (15,388-66,610)
Greece | 5,174 (2,258-9,493)
Italy 29,597 (12,596-54,471)
Ireland 1,100 (467-2,003) Permunl
Luxembourg | 162 (69-298) xsnl::'s“s
Norway 1,705 (731-3,103)
Poland | 11,896 (5,162-22,051)
Portugal 4,670 (1,990-8,538)
Spain | 19,436 (8,265-35,713)
Sweden | 3,854 (1,633-7,083)
Switzerland | 3,020 (1,280-5,554)
The Netherlands 5,631 (2,379-10,379)
The United Kingdom | 23,836 (10,554-43,461)
T""L::“Et:‘i‘;"s"“" 189,836 (80,281-347,372)"
The United States 91,227 (38,885-165,875)
Canada | 10,958 (4,688-19,995)
Total North America | 102,558 (43,612-187,002)"

Figure 5 Total of TAVR Candidates in Different Countries Under Current Treatment Indications
*Due to the simulation process, the totals are not exactly the same as the sum of the individual countries. CI =
confidence interval; TAVR = transcatheter aortic valve replacement.
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/’z -

Finland
192

Denma
Annual number of new TAVR i 70
Netherlands
Country Candidates (95%CI) 526
Austria 263 (115-152)
Belgium 402 (172-232)
Czech Republic 316 (136-581)
Denmark 179 (78-325)
Finland 192 (82-349)
France 2,265 (990-4,160)
Germany 3,952 (1,684-7,227)
Greece 529 (226-954)
Italy 2,679 (1,145-4,958)
Treland 110 (46-203) | Portugsl
Luxembourg 15 (6-27) f’l’;s';
Norway 131 (55-24)
Poland 1,220 (512-2,226)
Portugal 463 (197-844)
Spain 1,737 (728-3,155)
Sweden 318 (133-582)
Switzerland 270 (115-495)
The 526 (224-965)
The United Kingdom 2,217 (896-3,904)
T"‘a'c::ni:_'l’e"s"““ 17,712 (7,590-32,691)"
The United States 8,205 (3,470-15,139)
Canada 970 (408-1,777)
Total North America | 9,189 (3,898-16,682)"

Figure 6 Annual Number of TAVR Candidates in Different Countries Under Current Treatment Indications
*Due to the simulation process, the totals are not exactly the same as the sum of the individual countries. CI =

confidence interval; TAVR = transcatheter aortic valve replacement.

Sensitivity analyses

In the pre-specified sensitivity analysis that varied the proportion of patients receiving TAVR
after referral for TAVR assessment according to study location (28.7%, 95% CI: 22.8% to
34.6% in Europe and the United States combined), we estimated that approximately 220,000
patients are TAVR candidates. Of these, 142,658 (95% CI: 61,065 to 263,795) candidates lived
in the European countries and 76,962 (95% CI: 32,805 to 140,673) in North America.

In the sensitivity analysis varying the percentage of high-risk operable patients who
would undergo TAVR, the total number of TAVR candidates was 277,570 (95% CI: 119,406
to 512,707) assuming that 50% would undergo TAVR whereas there were 302,865 (95% CI:
129,433 to 550,562) candidates if all the high-risk patients would undergo TAVR. Finally, we
estimated that the total number of patients with symptomatic severe AS in the intermediate-
risk category was 145,936 (95% CI: 62,802 to 263,340), and 733,861 (95% CI: 310,623 to
1,302,586) in the low-risk category.
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DISCUSSION

The current study found that the prevalence of AS in the elderly (=75 years of age) is 12.4%,
and severe AS is present in 3.4%. Among elderly patients with severe AS, 75.6% are symptom-
atic, and 40.5% of these patients are not treated surgically. From those, 40.3% are potentially
treated with TAVR. In total, 12.3% of the prohibitive risk group are TAVR candidates. Among
patients undergoing SAVR for severe symptomatic AS, 5.2% are high risk and 80% of those
are potential TAVR candidates. Based on these data, we estimated that there are currently
approximately 190,000 and 100,000 TAVR candidates in the European countries and North
America, respectively. Each year, approximately 18,000 new TAVR candidates emerge in the

European countries and 9,000 in North America.

The prevalence of AS

Our estimates of the prevalence demonstrate that the overall burden of disease due to AS in
the general elderly population is substantial. Population demographics clearly show that West-
ern populations are aging, thereby further increasing the impact of AS. No effective medical
therapy is available for patients with AS, and if not treated by intervention, the estimated
5-year survival of severe AS is only 15% to 50% (7). These data suggest that the treatment of
AS in the elderly will have an increasing impact on public health and health care resource
consumption in the future.

Based on echocardiographic diagnosis, we found that severe AS occurs in 12.4% of the
general elderly (275 years of age) population. Previous autopsy series and a study based on
aortic valve diagnoses in Medicare claims have reported AS prevalence estimates of 9.2% and
16%, respectively (19,20). Our pooled prevalence of AS (12.4%) is lower than the estimates
from Medicare claims, but covered a lower age group and did not include diagnoses of aortic
regurgitation. The methodological differences between studies are likely to account for the
variability in AS estimates.

We explored heterogeneity by assessing the individual study characteristics, but the limited
number of studies prevented separate analyses. The heterogeneity is reflective of different di-
agnostic definitions for AS, dissimilar recruitment methods, and varying study periods (Table
1). Study participation was only 50% to 60% in 2 studies, making their results vulnerable for
selection bias (5,15). In 1 study, AS was diagnosed using clinically indicated echocardiogra-
phy (1). That might have caused a lower prevalence rate of AS. Moreover, improvements of
echocardiographic techniques and interobserver variability might have had an influence on

the prevalence rates and heterogeneity.

The number TAVR candidates
Nearly 40.5% of all patients with symptomatic severe AS did not undergo SAVR (Fig. 4B).

Possible explanations for the lower than expected rates of SAVR include excessive operative
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risk, advanced age, comorbidities, and patient preference (21,22). TAVR is a safe, effective,
and less invasive treatment strategy for a highly selected proportion of the patients who do
not undergo SAVR (23), represented by the 40.3% of patients who underwent TAVR (Fig. 4C).
The treatment decisions reflect heart team discussions, in which (interventional) cardiologists
and cardiac surgeons combine risk models with additional factors such as frailty, porcelain
aorta, and vessel tortuosity (24).

The estimated large number of TAVR candidates has clinical, economic, and social im-
plications. If the index admission costs (US $72,000) of the PARTNER (Placement of Aortic
Transcatheter Valves) trial are applied (25), treating all TAVR candidates would represent a
budget impact of $13.7 billion in the European countries and $7.2 in North America. At a
price of $30,000, the total device turnover would be approximately $8.7 billion. Although
TAVR is cost effective in the United States for patients at high and prohibitive risk (25,26), data
from other countries show that, for intermediate-risk patients, the costs of TAVR at 1 year are
considerably higher than the costs of SAVR (27). Importantly, cost is not the only factor that
determines the adoption of novel technologies such as TAVR (28). Reimbursement strategies,
physician training, and health care culture may be related to the dissemination of this costly
technology.

Despite budgetary concerns, current clinical trials are evaluating TAVR for patients at
intermediate surgical risk (NCT01314313 and NCT01586910) (9,29). If TAVR proves to be
noninferior to SAVR in this population, we estimate that a further 145,000 patients would
become TAVR eligible. Indeed, there is some evidence that suggests that TAVR is already
being performed in these intermediate-risk patients (18,30). Thus, our estimates of the impact
of positive outcomes in the ongoing trials are likely to be conservative. In the future, TAVR
may even compete with SAVR in patients at low surgical risk (30,31), a group that comprises
730,000 severe AS patients in the European countries and North America combined.

TAVR learning curve analyses show increasing proficiency with evidence of plateau after
the first 30 cases (32). In addition, governmental bodies mandate that each TAVR center per-
forms at least 20 to 50 TAVR procedures per year (33-35). These requirements, combined with
the figures from this study, are useful to estimate the number of TAVR centers and physicians
who need to be trained in TAVR in the individual countries. For example, the 526 (95% CI:
224 to 965) new TAVR candidates per year in the Netherlands justify approximately 10 certi-
fied centers, assuming that each center performs 50 cases annually. Similarly, the 8,205 (95%
CI: 3,470 to 15,139) new TAVR candidates per year in the United States suggest a requirement
of approximately 165 certified TAVR centers.

The divergent standards of medical evidence required to introduce new therapies in
Europe and the United States are likely to account for the difference in TAVR dissemination
between the continents (36). Although the Edwards Sapien valve (Edwards Lifesciences, Inc.,
Irvine, California) and Medtronic CoreValve (Medtronic, Inc., Minneapolis, Minnesota) both

received the Conformité Européenne (CE) mark in 2007, the U.S. Food and Drug Administra-
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tion used trial data to approve the Edwards Sapien valve for patients at prohibitive and high
surgical risk only in November 2011 and October 2012, respectively. Consequently, TAVR has
been performed with greater frequency and for a wider range of indications in Europe than in
the United States. The studies on decision making in patients with AS reflect the commercial
use of TAVR in Europe, whereas the U.S. studies display decision making in a time when
TAVR use was restricted to clinical trials. These differences in practice are likely to disappear
after the commercialization of TAVR in the United States and were taken into account in our

sensitivity analyses.

Study limitations
Although we systematically searched the literature, relatively few reports on the prevalence of
AS in the general population were identified. Additional population-based studies that use a
unified echocardiographic definition of AS are warranted. The current study, however, reflects
all of the currently available evidence on the prevalence of AS.

The estimation of TAVR candidates is as accurate as the currently available inputs and
assumptions from the literature. However, we used sensitivity analyses to assess the influence
of uncertain parameters. In addition, we included measures of uncertainty in each step of the

model to calculate confidence intervals, representing the likelihood of the final estimates.

CONCLUSIONS

This systematic review and meta-analysis of population-based studies found that the preva-
lence of AS and severe AS among the elderly is 12.4%, and 3.4%, respectively. The overall
burden of disease due to severe AS in the general elderly population is substantial. Our model
showed that under the current indications approximately 290,000 elderly patients at high or
prohibitive surgical risk could potentially be treated with TAVR in Europe and North America,
and that each year there are approximately 27,000 new TAVR candidates. These estimates have

considerable clinical, economic, and social implications.
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ABBREVIATIONS AND ACRONYMS

AS = aortic stenosis

CI = confidence interval

SAVR = surgical aortic valve replacement

STS-PROM = The Society of Thoracic Surgery Predicted Risk Of Mortality
TAVR = transcatheter aortic valve replacement

APPENDIX

For supplementary tables and references, please see the online version of this article.
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Chapter 7

ABSTRACT

Objectives
The authors sought to examine the adoption of transcatheter aortic valve replacement (TAVR)
in Western Europe and investigate factors that may influence the heterogeneous use of this

therapy.

Background

Since its commercialization in 2007, the number of TAVR procedures has grown exponentially.

Methods

The adoption of TAVR was investigated in 11 European countries: Germany, France, Italy,
United Kingdom, Spain, the Netherlands, Switzerland, Belgium, Portugal, Denmark, and
Ireland. Data were collected from 2 sources: 1) lead physicians submitted nation-specific
registry data; and 2) an implantation-based TAVR market tracker. Economic indexes such as
healthcare expenditure per capita, sources of healthcare funding, and reimbursement strate-
gies were correlated to TAVR use. Furthermore, we assessed the extent to which TAVR has

penetrated its potential patient population.

Results
Between 2007 and 2011, 34,317 patients underwent TAVR. Considerable variation in TAVR

use existed across nations. In 2011, the number of TAVR implants per million individuals
ranged from 6.1 in Portugal to 88.7 in Germany (33 + 25). The annual number of TAVR im-
plants performed per center across nations also varied widely (range 10 to 89). The weighted
average TAVR penetration rate was low: 17.9%. Significant correlation was found between
TAVR use and healthcare spending per capita (r = 0.80; p = 0.005). TAVR-specific reimburse-
ment systems were associated with higher TAVR use than restricted systems (698 + 232 vs.
213 + 112 implants/million individuals >75 years; p = 0.002).

Conclusions

The authors’ findings indicate that TAVR is underutilized in high and prohibitive surgical risk
patients with severe aortic stenosis. National economic indexes and reimbursement strategies

are closely linked with TAVR use and help explain the inequitable adoption of this therapy.

Keywords: aortic stenosis, transcatheter aortic valve implantation, transcatheter aortic valve

replacement
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Transcatheter aortic valve replacement (TAVR) gained Conformité Européenne (CE) mark
approval in 2007, and the number of patients undergoing TAVR in Europe has increased
exponentially in subsequent years. Despite the encouraging results from randomized, con-
trolled trials and registries (1-4), there is anecdotal evidence that the use of TAVR varies
markedly across European nations. Disparate adoption of medical technology is pervasive and
results in inequitable patient access (5). Adoption kinetics of a novel medical technology such as
TAVR and the factors influencing these variables have not been previously described. Regional
differences in TAVR adoption are likely to have emerged because of variations in social, regula-
tory, economic, and political circumstances, as well as disease prevalence and longevity. This
information may be of interest to patients, healthcare professionals, regulatory authorities, the
medical device industry, and healthcare payers. In addition, these data may have implications for
healthcare resource allocation, service development planning, assessment of equitable patient
access, and physician training.

We sought to address this information gap by examining the trends in both the number of
TAVR implants and number of centers across 11 European countries since CE mark approval.
In addition, we investigated factors that may influence the heterogeneous adoption of this

novel technology across nations.

METHODS

Data sourcing

We investigated TAVR use in 11 European countries: Germany, France, Italy, United King-
dom (including Northern Ireland), Spain, the Netherlands, Switzerland, Belgium, Portugal,
Denmark, and Ireland. Data were collected from 2 distinct sources. First we identified data
from published national registries and large databases in countries in which reimbursement is
linked to registry inclusion (3,4,6-8). Lead physicians from each nation submitted data from
national registries regarding the annual number of patients treated with TAVR and the annual
number of implanting centers from 2007 to 2011. Lead physicians take responsibility for the
integrity of the data (Online Table 1).

Secondly, we present data from BIBA MedTech (London, United Kingdom), a cardiovas-
cular market analysis group tracking TAVR use since mid-2009. These data were gathered
through specifically designed questionnaires and prearranged telephone interviews with
an extensive research panel comprising interventional cardiologists, cardiac surgeons, and
administrators from a large number of TAVR centers throughout Europe. National implant
estimates were extrapolated using an algorithm that incorporated the following variables:
device pricing, national guidelines, national reimbursement policies, portfolio, spread, and

trend. This final data set was cross-referenced with published registries.
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Table 1 TAVR Implants in Each Nation

TAVR Implants per Annum, % increase Cumulative Cumulative
2007 2008 2009 2010 2011 TAVR — TAVR, %
Germany 157 921 (487) 2,566 (179) 4,859 (89) 7,252 (49) 15,755 45.9
France 58 82 (41)  320(290) 1,523 (376) 2,447 (61) 4,430 129
Italy 71 450 (534) 1,138 (153) 1,581(39) 1,879 (19) 5,119 14.9
United Kingdom 66 295 (347) 561 (90) 778 (39) 1,037 (33) 2,737 8.0
Spain 12 151(1,158) 426 (182)  655(54) 770 (18) 2,014 59
the Netherlands* 40 123 (208) 226 (84) 329 (46) 438 (33) 1,156 3.4
Switzerland 18 127 (606) 277 (118) 382 (38) 501 (31) 1,305 3.8
Belgium* 10 100(900) 163 (63)  257(58) 289 (12) 819 2.4
Portugal 4 13 (225) 52 (300) 67 (29) 65 (-3) 201 0.6
Denmark 9 81 (800) 126 (56) 190 (51) 239 (26) 645 1.9
Ireland 0 12 61 (408) 34 (-44)  29(-15) 136 0.4
Total (% increase) 445 2,355 (429) 5916 (151) 10,655 (81) 14,946 (40) 34,317 100

Values are n (%).
* Excludes 1 low-implant volume center (<30 TAVR implants per annum) in both the Netherlands and Bel-
gium. TAVR = transcatheter aortic valve replacement.

Nation-specific data were combined with European Union- derived year-end population
estimates (9) to calculate the: 1) annual and cumulative number of TAVRs performed in each
nation; 2) annual number of TAVR implants per million population and TAVR implants per
million population of age 275 years; 3) annual and cumulative number of TAVR centers in
each nation; 4) number of TAVR centers per million population; and 5) mean number of

TAVR implants per center for each nation.

TAVR penetration

The penetration rate of a therapy is a descriptor of the use of that therapy among eligible
patients. Thus, TAVR penetration in each nation was determined as a measure of actual TAVR
use relative to potential use. The numerator for calculating penetration was the number of
living TAVR recipients at year end in each country. This was calculated as the sum of patients
receiving TAVR in that calendar year and the number of living TAVR recipients from previous
years. Annual mortality rates at 1, 2, 3, and 4 years following TAVR were assumed to be 24%,
33%, 49%, and 57%, respectively (10). The denominator was an estimate of the prevalence of
patients with symptomatic severe aortic stenosis at high or excessive surgical risk that could
potentially be treated with TAVR (11). Briefly, the proportion of elderly inhabitants of each
country of age =75 years with severe aortic stenosis (3.4%) was determined by a random-
effects meta-analysis. Among these patients, 75.6% were estimated to be symptomatic, 40.5%
were deemed to be inoperable due to excessive surgical risk, and 5.2% were determined to

be at high operative risk among the patients who received surgical aortic valve replacement
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(Society of Thoracic Surgeons risk of mortality >10%). Finally, 40.3% of inoperable patients
and 80.0% of the high-risk patients were deemed to be potential TAVR candidates.

Economic indexes

National economic indexes and healthcare parameters for 2011 were obtained from European
Union and Organisation for Economic Co-operation and Development databases (12). To
establish economic factors associated with TAVR use, we correlated the number of TAVR
implants per million population (age >75 years) to the volume indexed gross domestic prod-
uct (GDP) per capita in purchasing power standards. GDP per capita in purchasing power
standards is obtained by converting GDP per capita to a fictive currency using purchasing
power parities that eliminate differences in currency and price levels between countries,
thereby allowing meaningful volume comparisons of GDP. In addition, we correlated the
number of TAVR implants per million population (age 275 years) with the percentage of GDP
spent on health care and the purchasing power parities—adjusted total healthcare expenditure
per capita (U.S.$). In Europe, health care is funded either by taxation or by social insurance
institutions, which are largely outside the commercial marketplace. We classified healthcare
financing in each country according to the principal source of funding and compared TAVR

use between these systems.

TAVR reimbursement

Medical device reimbursement in Europe is inconsistent because healthcare regulators with
diverse policies dictate the method of reimbursement (12). We divided existing 2011 TAVR
reimbursement into 2 categories and compared TAVR use between these schemes: 1) “TAVR-
specific” systems, in which TAVR is completely reimbursed via a therapy-specific national
diagnosis-related group (DRG) tariff; and 2) “constrained” systems, in which TAVR reim-
bursement is only partially funded by an existing national DRG tariff or the cost is borne by a
local healthcare trust or hospital budget.

Statistics

Continuous variables are presented as mean + SD or median with interquartile range according
to distribution. Normally distributed variables were compared with the Student ¢ test and non-
normally distributed variables compared with the Wilcoxon rank-sum test. Categorical variables
are presented as numbers and percentages. Bland- Altman plots were used to graphically compare
the 2 sources of TAVR implant data. Correlation between economic indexes and TAVR implants
per million population (age =75 years) was assessed using the Pearson or Spearman correla-
tion according to distribution. A probability value <0.05 was considered to indicate statistical

significance. Analyses were performed using SPSS version 17.0 (SPSS Inc., Chicago, Illinois).
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RESULTS

Data sourcing

With the exception of 1 small center (<30 TAVR implants per annum) in both the Netherlands
and Belgium, complete data were available from the 11 study nations. Herein, we report the
results from the national databases which include TAVR implant data since CE mark approval
in 2007. The BIBA MedTech data set includes data from 2009 to 2011 and is presented in the
Online Appendix.

Implantation rates

Between January 2007 and December 2011, 34,317 patients underwent TAVR in the 11 study
nations (Fig. 1A). Almost half of all implants were performed in Germany (45.9%), with Italy
(14.9%) and France (12.9%) the next most frequent implanters (Table 1). Ireland accounted for
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Figure 1 TAVR Adoption in Europe
(A) Cumulative transcatheter aortic value replacement (TAVR) implants in 11 Western European nations be-
tween 2007 and 2011. (B) TAVR implants per annum and percentage annual increase (solid line).
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the smallest proportion of implants (0.4%). In 2011, the highest annual increases in procedural
volume were observed in France (61%) and Germany (49%), whereas Ireland (-15%) and
Portugal (—3%) were the only nations to experience declines. The annual number of implants
increased 33-fold from 455 in 2007 to 14,946 in 2011 (Fig. 1B). Although the annual proce-
dural volume growth rate decreased from 429% in 2008 to 40% in 2011, it remained positive.

We observed a wide variation in the number of TAVR implants per million population

(Figs. 2A and 2B). Germany (88.7) and Portugal (6.1) accounted for the highest and lowest
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Figure 2 TAVR Implants per Million Population in the Study Nations
TAVR implant dynamics in the study nations between 2007 and 2011. (A) TAVR implants per million population.
(B) TAVR implants per million population age >75 years. Broken line represents mean. Abbreviation as in Figure 1.
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number of TAVR implants per million population in 2011, respectively. Among the 11 study
nations, the mean number of TAVR implants per million population was 32.9 + 24.9 and the

mean number of TAVR implants per million population age >75 years was 398 + 283.

Implanting centers

The number of centers performing TAVR increased approximately 9-fold from 37 in 2007 to
342 in 2011 (Fig. 3A). In 2011, Germany (90) and Italy (87) had the highest number of TAVR
centers, whereas Portugal, Denmark, and Ireland (3 each) had the lowest (Table 2). Belgium
had the highest number of TAVR centers per million population (2.1) and Portugal (0.3) the
lowest (Fig. 3B). On average, there were 0.9 + 0.6 TAVR centers per million population. These
numbers led to an average of 41 + 28 TAVR implants per center in 2011, with estimates in
individual countries ranging from 10 in Ireland to 89 in Germany (Fig. 3C). On account of the
high number of TAVR centers per million population, Belgium had the second lowest number
of TAVR implants per center (13).

Table 2 Implant Centers

Cumulative TAVR Centers TAVR TAVR Centers TAVR
2007 2008 2009 2010 2011  Centers, per Million Implants per
2011, % Population, 2011  Center, 2011
Germany 6 36 61 80 90 26.3 1.1 81
France 6 12 16 33 33 9.6 0.5 74
Italy 8 21 50 75 87 25.4 1.4 22
United Kingdom 6 19 26 31 33 9.6 0.5 31
Spain 2 10 20 39 48 14.0 1.0 16
the Netherlands 3 6 7 7 7 2.0 0.4 63
Switzerland 1 7 8 11 12 3.5 1.5 42
Belgium 2 7 13 20 23 6.7 2.1 13
Portugal 1 2 3 3 3 0.9 0.3 22
Denmark 2 3 3 3 3 0.9 0.5 80
Ireland 0 1 3 3 3 0.9 0.7 10
Total 37 124 210 305 342 100 0.9 £0.6 41 +28
TAVR penetration

In 2011, we estimated that there were 28,400 living TAVR recipients and 158,371 potential
TAVR candidates in the 11 study nations (Table 3). Thus, the calculated weighted average
TAVR penetration rate in 2011 was 17.9%. The estimated collective and nation-specific TAVR
penetration rates are presented in Figures 4A and 4B. Germany (36.2%) and Switzerland
(34.5%) had the highest TAVR penetration rates; Portugal (3.4%) and Spain (8.4%) had the

lowest penetration rates.
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Figure 3 TAVR Centers in Europe

(A) Cumulative TAVR centers in 11 Western European nations from 2007 to 2011. (B) TAVR centers per mil-
lion population in 2011. (C) Mean number of TAVR implants per center in each nation in 2011. Broken line
represents mean. Abbreviation as in Figure 1.

145



"1 9qE], UT S UOTJeIAdIqqe IOYJ0 JUatIaoe[doT 9ATeA JTJIO. [EDISINS = Y AYS ‘SISOUD)S JTJIOE = S
*(11) 988n1qeusQ woiy paatiap sjuaned o[qISIPa-JAV], JO $91eWIST *(6) SIIN0S NF WOIJ PIATISP eyep uonemdod

6'L1 :28e10A8 OISO T96'SFT  SS80T  890°9T SIETOS 9ISLET  0STIPE  9PSTHS SLVFIIT  9LL'GLLTE  8TE6V0ILE Telo,
76 01T SPI 181 98Fc 956 €LET 868‘S 6VLL L16°LTT 798695F puepi]
'L 0681 672 11¢ 786's TP TLOF 7S0°01 6671 8€T1°16¢ 879°095°S STewud
ve 859F% €19 L9L SPLFT  SPOF  LEOOT T8LFT 08L°CE STIF96 SST6TS 01 TeSmuaoq
Il TI9%  L09 65L 009%T  S00%  8£6% LESFT LSHTE L09%56 99715601 wniseg
Sve 6€0€ 00 00S 0796  6£9T  8FS9 891°91 98¢17 $00629 PEI0L8L pUB[IaZIMG
€91 869G THL 876 V8Ll S68F  LPITI £66°67 LV9°6€ 89899T°T  66£°G59°91 SPUB[IDYIDN U}
78 ISF61  S9ST  LOT'E  S99T9  SI69T  L¥6TH 8€9°€01 880°LET  S66TE0F  9T6'TSTOF uredg
I'6 €06'€T  8PI'C  SE6'C  S99GL  9SL0T  €0S°TS 891421 TITRT  OIFLP6Y  TI9'86VTY wop3ury payun
g€l 00,67  116'C  688F €10F6  68L'ST  T66'€9 S00°8ST 20060 OTILFI'9  THF'9T909 Apex
6€l [88LT  TLOC 065  FLTSS  FITHT  S80°09 65€8T1 THT961  0€8°TLLS  TIF'8P0'SY ouel]
T9¢ T9P'9¢  108F%  TO09  6IFSIT 199°T€  €95°8L 786°€61 0659ST  09L'OFSL  TO9TSLIS Auewzon
(%5°65)
(%08)  (%TS) YAVS  (%€0F) (%S 0P)
oiqSg 1B IS 1oy QBT YAVS 10} (%9°52) 110 ‘steak 1102
% 1102 MAVL ~UAVL  USIH  S[QBNd  MAVL  l9lIPUL oy oionog (%7°€) ¢/ <38y  ‘uonemndog
‘uonenAUd YAVL [e10L, YAVS 10§ 2[qI31[q YAVS 10§ o[qiSipuy  onewoydwidg Sy axeadg  uonemdoq [eloL,

Chapter 7

110T ‘Uonenaudd YAVL €2IqeL 3



Transcatheter aortic valve replacement in Europe

A

TAVR Penetration in 11 European Nations: 2007-2011

45+
40+
354
304

204

TAVR penetration (%)
[ ]
wn
Il

154
104

04
2007 2008 2009 2010 2011

National TAVR Penetration: 2011

Weighted average: 17.9%

TAVR penetration (%)

&

F N & oy P8
é‘& & & Q %Q" é\?o g é\‘v %&f é@% @é& Q@\‘»
© & A

Figure 4 TAVR Penetration in Europe
(A) Estimated TAVR penetration among the 11 study nations from 2007 to 2011. (B) TAVR penetration in each
nation in 2011. Broken line represents weighted average. Abbreviation as in Figure 1.

Economic indexes

We assessed the association between several economic indexes and TAVR use (Table 4). The
volume-indexed GDP per capita, which is considered to be a reliable indicator of a country’s
standard of living, was not associated with TAVR use (r = 0.53; p = 0.10) (Fig. 5A). In contrast,
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Table 4 Economic Indexes and Reimbursement Schemes

Volume Healthcare ~ Healthcare Spend Principle TAVR Reimbursement
Indexed GDP  Spend, % of  per Capita, 2010, Source of
per Capita GDP US$ (PPP) Healthcare
(PPP) Funding
Germany 120 11.6 4,338 Social insurance National TAVR DRG
France 107 11.6 3,974 Taxation National TAVR DRG
Italy 101 9.3 2,964 Taxation Region dependent
United 108 9.6 3,433 Taxation Cost borne by local
Kingdom trust
Spain 99 9.6 3,056 Taxation Cost borne by hospital
the 131 12.0 5,056 Social insurance Cost borne by hospital
Netherlands
Switzerland 151 11.5 5,270 Social insurance National TAVR DRG
Belgium 118 10.5 3,969 Social insurance Cost borne by hospital
Portugal 77 10.7 2,728 Taxation National SAVR DRG;
remainder of cost borne
by hospital
Denmark 125 11.1 4,464 Taxation National TAVR DRG
Ireland 127 9.2 3,718 Taxation Cost borne by hospital

Values are actual numbers.
DRG = diagnosis-related group; GDP = gross domestic product; PPP = purchasing power parity; other abbre-
viations as in Tables 1 and 3.

a significant linear correlation was found between the number of TAVR implants per million
population (age >75 years) and healthcare spending as a percentage of GDP (r = 0.68; p =
0.025) (Fig. 5B) and healthcare spending per capita (r = 0.80; p = 0.005) (Fig. 5C). We also
found an association between the principal source of healthcare funding and the number of
TAVR implants per million population (Fig. 5D). Although not statistically significant, there
was a trend toward increased TAVR use in those nations in which healthcare was funded
principally by social insurance (Germany, France, the Netherlands, Switzerland, and Belgium)
than those principally funded by taxation (Italy, United Kingdom, Spain, Portugal, Denmark,
and Ireland) (571 £ 290 vs. 252 + 192 implants per million population age >75 years; p =
0.056).

TAVR reimbursement

TAVR reimbursement strategies across the study nations were heterogeneous (Fig. 6, Table 4).
TAVR-specific national DRG-based reimbursement occurs in Germany, France, Switzerland,
and Denmark. Constrained reimbursement systems were noted for the United Kingdom,
Spain, the Netherlands, Belgium, Portugal, and Ireland, where the cost of TAVR is borne by a
local healthcare trust (United Kingdom) or by the hospital budget. Reimbursement systems

148



Transcatheter aortic valve replacement in Europe

A

Volume Index GDP per capita and Implants per Million Healthcare Spend (% of GDP) and Implants per Million
1100 1100+
10004 1000
3 Germany ¥ Germany
900 900
@ - - Switzerland 3 - -
P 053, p = 0.100 i P 0.68, p =0.025 S St
é 7004 5 7004
E 600 E 600
5 5
2 500 2 5004
2 2 F
§ 400 S Netherlands § 4004 3¢ e
£ 3007 K Belgium E300] Ky * Belgium Dctheclmds)
- - UK
2004 2004
_ ¥ Treland _
100 Portugal: 100 3k Portugal
T T T T 1 T T T T T T 1
60 80 100 120 140 160 9.0 9.5 10.0 10.5 110 115 12.0 12.5
Volume index GDP per capita (PPS) Healthcare spend (% of GDP)
Healthcare Spend per capita and Implants per Million Source of Health Funding and Implants per Million
11001 1100+
B 1000 =0.056
1000 3 Germany K Germany L4
900 900
% s004  r=0:80,p=0.005 S“’;g““"d 2 800 k Switzerland
£ 700 £ 7001
% 6004 E oo @ Denmark
5 5
2 5004 2 500
£ 4004 France g 400 ;?‘Efe\halands
K| HKNetherlands g, i
2 3004 K aly ¥ Belgium £ 300 3 Belgium Taaly
= . UK
2004 spain ¥ K UK 200
o K Ireland 1004
100 ¥ Portugal Portugal @
T T T T T 1 v
0 1000 2000 3000 4000 5000 6000 % Social Insurance @ Taxation
Healthcare spend per capita (US$, PPS)
Reimbursement System and Implants per Million Reimbursement System and Implants per Center
10001 1001
Germany ¢ p =0.002 p=0.008
900 90+
__ 800 Switzerland 80
@
©Q
A 7004 5 701
é 6004 Denmark g 60 @ Netherlands
2 5
5 500 2 509
¥ France H Switzerland
;; 4004 @ Netherlands E 40 =2
2 3004 @ Belgium = 304 UK
E UK p——
2004 _%s = 204 - ortugal
pain
| @ Ircland i clgium
100 Portugal @ 10 Ireland @
% TAVR-specific @ Constrained ¥ TAVR-specific @ Constrained

Figure 5 Factors Influencing TAVR Adoption in Europe

Correlation between TAVR implants per million population (age >75 years) and (A) volume-indexed gross
domestic product (GDP); (B) healthcare expenditure (% of GDP); and (C) annual healthcare spend per capita
(U.S.$). Number of TAVR implants per million population (age >75 years) according to (D) the principal source
of healthcare funding (social insurance or taxation) and (E) the system of reimbursement (TAVR specific or
constrained). (F) The average number of TAVR implants per center in 2011 and the system of reimbursement.
DRG = diagnosis-related group; PPS = purchasing power standards; other abbreviation as in Figure 1.
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TAVR Reimbursement
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Figure 6 Reimbursement Systems and TAVR Penetration Across Europe
Map of the 11 study nations depicting estimated TAVR penetration rate and the 2011 TAVR reimbursement
systems. SAVR = surgical aortic valve replacement; other abbreviations as in Figures 1 and 5.

evolved over the course of the study. For example, a TAVR-specific DRG was introduced in
Germany in January 2008 as opposed to France, where it was introduced in December 2009.

We investigated the association between reimbursement system and both TAVR use (im-
plants per million population age >75 years) and the number of TAVR implants per center.
Italy was excluded from the analysis because reimbursement strategies varied across prov-
inces. TAVR-specific reimbursement systems were associated with a 3.3-fold higher number
of TAVR implants per million population (age >75 years) than constrained systems (698 + 232
vs. 213 + 112; p = 0.002) (Fig. 5E). Furthermore, TAVR-specific reimbursement systems were
associated with 2.5 times more TAVR implants per center than constrained systems (69 + 18
vs. 26 + 20 implants per center; p = 0.008) (Fig. 5F).

Comparison between registry and BIBA data sets

The correlation between national registry and BIBA MedTech data sets for TAVR implant
numbers is presented in a Bland-Altman plot (Online Fig. 1). There was satisfactory agree-
ment between the 2 sources of information, and both provided similar results and conclusions
(Online Figs. 2 to 6, Tables 2 to 4).

Values are n or mean + SD, unless otherwise indicated. Abbreviation as in Table 1.
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DISCUSSION

This study described the adoption of TAVR in 11 Western European nations since the 2007
CE mark approval of the Edwards Sapien (Edwards Lifesciences Inc., Irvine, California) and
Medtronic CoreValve (Medtronic Inc., Minneapolis, Minnesota) systems. The main findings
are: 1) more than 34,000 patients received TAVR between 2007 and 2011; 2) there is sub-
stantial variation in the adoption of TAVR across nations; 3) there is disparity in the annual
number of TAVR implants per center across nations (mean 41 + 28); 4) TAVR remains greatly
underutilized, with an estimated weighted penetration rate of 17.9%; and 5) economic and
reimbursement indexes may help explain the variability in TAVR adoption across nations.

We found considerable variation in TAVR use across nations. Germany had more than
2 times the implant rate of all other nations except Switzerland and 14 times the implant
rate of Ireland and Portugal. Regional variation in the adoption of medical technology is not
unique to TAVR. In Europe, disparate use of drug-eluting stents and implantable cardioverter-
defibrillators (ICDs) has previously been described (5,14,15). The identification of inequitable
access to medical technologies is important because it generates discussion and initiatives to
address inequalities and the corresponding impact on patient outcomes through payer- and
physician-led programs (e.g., Stent for Life initiative [16]).

Explanations for the divergence in TAVR adoption among countries are numerous and
varied. The economic challenge of providing progressive care for an aging population has
mandated that the use of new medical device technologies be not only determined by the
expectation of improved clinical outcomes but also by cost effectiveness. It is axiomatic, there-
fore, that the magnitude of healthcare resources influences the adoption of new medical device
technology. Consistent with our findings that healthcare expenditure correlated with TAVR
use, the use of ICDs in Europe has also been associated with national economic performance
(5,14). Not surprisingly, the lowest TAVR implantation rates were found in Spain, Portugal,
and Ireland, who are currently experiencing substantial economic hardship. In these nations,
the medical device industry could provide additional support to develop and maintain TAVR
programs. As was the case with drug-eluting stents and ICDs, the introduction of competitive
TAVR systems should decrease procedural costs and consequently increase TAVR adoption.

Procedural reimbursement and healthcare funding are critical factors in determining the
adoption of new medical device technology. Previously, these factors were shown to influence
the use of ICDs and coronary stents. In the current study, TAVR use and the number of TAVR
implants per center were found to be higher in the presence of nationwide TAVR-specific
reimbursement schemes than restrictive reimbursement schemes. The impact of restrictive
reimbursement systems was evident in the United Kingdom, Spain, the Netherlands, Belgium,
Portugal, and Ireland. We also observed a trend toward increased TAVR use in nations in
which social insurance rather than taxation was the principal source of healthcare funding (p
=0.056).
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Our estimates of TAVR penetration suggest that TAVR remains underutilized in Western
Europe. Although the TAVR penetration rate in 2011 was >30% in Germany and Switzerland,
the weighted average penetration among the 11 nations studied was 17.9%, and penetration
rates were <15% in two-thirds of countries. The adoption of new technology can be a slow
process. It requires a threshold of robust clinical evidence, device iteration, physician train-
ing, and clinical and financial planning. Moreover, the cultural change required to embrace
new therapies often evolves gradually. Given the therapeutic benefit associated with TAVR
in inoperable patients (number needed to treat = 5) (1), the demonstrable cost effective-
ness in both excessive and high-risk cohorts (17-19), and the less invasive nature of TAVR
procedures, the protracted uptake of TAVR technology may have negative consequences for
patients, physicians, and administrators. Although TAVR penetration is not necessarily a sur-
rogate for quality of medical care, it may suggest the need for enhanced patient access to novel
and potentially life-saving therapies. Indeed, it is interesting to speculate that in nations with
higher TAVR penetration rates, a move toward treating patients at less extreme surgical risk
may be emerging (20).

The impressive clinical trial outcomes with TAVR are attributable, in part, to the par-
ticipation of experienced physicians and institutions. These outcomes are not necessarily
reproducible in lower-volume settings (21-23). For these reasons, volume-based guidelines
for catheter-based and surgical procedures exist (24,25). The recommended centralization of
TAVR procedures in high-volume tertiary referral centers aims to ensure adequate operator
and center volume for these complex procedures (26-28). National health technology assess-
ments and position papers have suggested that each center perform a minimum of 24 TAVR
procedures per annum (27,29,30). We observed centers with low procedural volume and
therefore nonadherence to these criteria in several nations. In particular, centers in Ireland,
Belgium, and Spain performed on average less than 20 implants in 2011. Two distinct ob-
servations explain the low procedural volume: 1) low number of TAVR implants per million
population (Ireland); and 2) excessive number of TAVR centers (Belgium and Spain). The
reasons for the variation in the number of TAVR centers per million population and center
volume across nations are unclear. National political and financial concerns, healthcare policy,
population density and profile, reimbursement strategy, and cultural factors may be important
in determining the number of centers in each nation.

The way complex medical technology is disseminated has been revolutionized by TAVR.
Clinical site selection, mandatory physician and team training, and detailed algorithms
outlining patient selection have become the standard of care. Nevertheless, the variation in
the adoption of TAVR in Western Europe is clear. Physicians, medical societies, the medical
device industry, and other stakeholders have a responsibility to ensure the appropriate use and

sensible dispersion of this innovative technology.
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Study limitations

Several limitations are of note. First, although every attempt was made to ensure the validity
of the implant data, both data sources should be considered to be estimates. Registry data
may underestimate the true scale of TAVR use because some cases or small implant centers
may not have been included. Secondly, the estimates of TAVR use are likely to have included
patients treated for off-label indications, such as patients at lower surgical risk, which may

have affected the estimates of TAVR penetration.

CONCLUSIONS

Despite the rapid adoption of TAVR across Europe, our findings indicate that a sizeable
treatment gap remains for high/prohibitive surgical risk patients with severe aortic stenosis.
National economic indexes and reimbursement strategies are closely linked with TAVR use

and may explain the inequitable adoption of TAVR across nations.
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ABBREVIATIONS AND ACRONYMS

CE = Conformité Européenne

DRG = diagnosis-related group

GDP = gross domestic product

TAVR = transcatheter aortic valve replacement
APPENDIX

For supplemental tables and figures, please see the online version of this article.

153



Chapter 7

REFERENCES

10.

11.

12.

13.

14.

15.

16.

154

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

Smith CR, Leon MB, Mack MJ, et al. Transcatheter versus surgical aortic-valve replacement in high-risk
patients. N Engl ] Med 2011;364: 2187-98.

Moat NE, Ludman P, de Belder MA, et al. Long-term outcomes after transcatheter aortic valve implan-
tation in high-risk patients with severe aortic stenosis: the UK. TAVI (United Kingdom Transcatheter
Aortic Valve Implantation) Registry. ] Am Coll Cardiol 2011;58: 2130-8.

Gilard M, Eltchaninoff H, Iung B, et al. Registry of transcatheter aortic-valve implantation in high-risk
patients. N Engl ] Med 2012; 366:1705-15.

Ryden L, Stokoe G, Breithardt G, Lindemans F, Potgieter A. Patient access to medical technology across
Europe. Eur Heart ] 2004;25: 611-6.

Bosmans JM, Kefer ], De Bruyne B, et al. Procedural, 30-day and one year outcome following CoreValve
or Edwards transcatheter aortic valve implantation: results of the Belgian national registry. Interact
Cardiovasc Thorac Surg 2011;12:762-7.

Diaz JE de la Torre JM, Sabaté M, Goicolea ]. [Spanish cardiac catheterization and coronary inter-
vention registry. 20th official report of the Spanish Society of Cardiology Working Group on Cardiac
Catheterization and Interventional Cardiology (1990-2010)]. Rev Esp Cardiol 2011;64:1012-22.
Tamburino C, Capodanno D, Ramondo A, et al. Incidence and predictors of early and late mortality
after transcatheter aortic valve implantation in 663 patients with severe aortic stenosis. Circulation
2011;123:299-308.

European Commission: Eurostat. Available at: http://epp.eurostat.ec.europa.eu/portal/page/portal/
population/data/database. Accessed November 30, 2012.

Rodes-Cabau J, Webb JG, Cheung A, et al. Long-term outcomes after transcatheter aortic valve implan-
tation: insights on prognostic factors and valve durability from the Canadian multicentre experience. J
Am Coll Cardiol 2012;60:1864-75.

Osnabrugge RL, Mylotte D, Head SJ, et al. Aortic stenosis in the elderly: disease prevalence and number
of candidates for transcatheter aortic valve replacement: a meta-analysis and modelling study. ] Am
Coll Cardiol 2013. 62: 1002-1012.

OECD Health Data: Health Status. Organisation for Economic Cooperation and Development. Avail-
able at: http://www.oecd-ilibrary.org/social-issues-migration-health/data/oecd-health-statistics/oecd-
health-data-health-status_data-00540-en. Accessed November 30, 2012.

Health Systems in Transition (HiT) Series. European Observatory on Health Systems and Policies.
Available  at:  http://www.euro.who.int/en/who-we-are/partners/observatory/health-systems-in-
transition-hit-series. Accessed November 30, 2012.

Lubinski A, Bissinger A, Boersma L, et al. Determinants of geographic variations in implantation of car-
diac defibrillators in the European Society of Cardiology member countries—data from the European
Heart Rhythm Association White Book. Europace 2011;13:654-62.

Ramcharitar S, Hochadel M, Gaster AL, Onuma Y, Gitt A, Serruys PW. An insight into the current use
of drug eluting stents in acute and elective percutaneous coronary interventions in Europe. A report on
the EuroPCI Survey. EuroIntervention 2008;3:429-41.

Kristensen SD, Fajadet ], Di Mario C, et al. Implementation of primary angioplasty in Europe: Stent for
Life initiative progress report. EuroIntervention 2012;8:35-42.



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Transcatheter aortic valve replacement in Europe

Reynolds MR, Magnuson EA, Wang K, et al. Cost-effectiveness of transcatheter aortic valve replacement
compared with standard care among inoperable patients with severe aortic stenosis: results from the
Placement of Aortic Transcatheter Valves (PARTNER) trial (cohort B). Circulation 2012;125:1102-9.
Reynolds MR, Magnuson EA, Lei Y, et al. Cost-effectiveness of transcatheter aortic valve replacement
compared with surgical aortic valve replacement in high-risk patients with severe aortic stenosis: results
of the PARTNER (Placement of Aortic Transcatheter Valves) trial (cohort A). ] Am Coll Cardiol 2012;
60:2683-92.

Watt M, Mealing S, Eaton J, et al. Cost-effectiveness of transcatheter aortic valve replacement in patients
ineligible for conventional aortic valve replacement. Heart 2012;98:370-6.

Lange R, Bleiziffer S, Mazzitelli D, et al. Improvements in transcatheter aortic valve implantation
outcomes in lower surgical risk patients: a glimpse into the future. ] Am Coll Cardiol 2011;59:280-7.
Birkmeyer JD, Siewers AE, Finlayson EV, et al. Hospital volume and surgical mortality in the United
States. N Engl ] Med 2002;346: 1128-37.

Birkmeyer JD, Stukel TA, Siewers AE, Goodney PP, Wennberg DE, Lucas FL. Surgeon volume and
operative mortality in the United States. N Engl ] Med 2003;349:2117-27.

Opotowsky AR, Landzberg MJ, Kimmel SE, Webb GD. Percutaneous closure of patent foramen ovale
and atrial septal defect in adults: the impact of clinical variables and hospital procedure volume on
in-hospital adverse events. Am Heart ] 2009;157:867-74.

Bridgewater B, Hooper T, Munsch C, et al. Mitral repair best practice: proposed standards. Heart 2006;
92:939-44.

Levine GN, Bates ER, Blankenship JC, et al. 2011 ACCF/AHA/SCAI guideline for percutaneous
coronary intervention: a report of the American College of Cardiology Foundation/American Heart
Association Task Force on Practice Guidelines and the Society for Cardiovascular Angiography and
Interventions. ] Am Coll Cardiol 2011;58:e44-122.

Holmes DR Jr., Mack MJ. Transcatheter valve therapy: a professional society overview from the Ameri-
can College of Cardiology Foundation and the Society of Thoracic Surgeons. ] Am Coll Cardiol 2011;
58:445-55.

Tommaso CL, Bolman RM 3rd, Feldman T, et al. Multisociety (AATS, ACCE, SCAI and STS) expert
consensus statement: operator and institutional requirements for transcatheter valve repair and re-
placement, part 1: transcatheter aortic valve replacement. ] Am Coll Cardiol 2012;59:2028-42.
Vahanian A, Alfieri O, Al-Attar N, et al. Transcatheter valve implantation for patients with aortic steno-
sis: a position statement from the European Association of Cardio-Thoracic Surgery (EACTS) and the
European Society of Cardiology (ESC), in collaboration with the European Association of Percutaneous
Cardiovascular Interventions (EAPCI). Eur Heart ] 2008;29:1463-70.

Blekkenhorst B. Transcatheter Aortaklepvervanging. College voor Zorgverzekeringen. Available at:
http://www.cvz.nl/binaries/live/cvzinternet/hst_content/nl/documenten/standpunten/2011/sp1110-
transcatheter-aortaklepvervanging-v3b.pdf. Accessed November 30, 2012.

Medical Devices Assessment Department. Transcutaneous Aortic Valve Implantation by the Trans-
femoral or Transapical Route: Reassessment Report, October 2011. Haute Autorité de Santé. Available
at: http://www.has-sante.fr/portail/upload/docs/application/pdf/2011-11/assessment_of_tavi_-_sum-
mary_vdef.pdf. Accessed November 30, 2012.

155






INTRODUCTION OF OBJECTIVE
PERFORMANCE CRITERIA FOR
TRANSCATHETER AORTIC HEART
VALVE DEVICE APPROVAL

Considerations and Recommendations for the Introduction of Objective Performance Criteria for Transcatheter

Aortic Heart Valve Device Approval
Head SJ, Mylotte D, Mack MJ, Piazza N, van Mieghem N, Leon MB, Kappetein AP, Holmes Jr DR.

Circulation.2016;133:2086-93.



Chapter 8

ABSTRACT

In the United States, new surgical heart valves can be approved on the basis of objective
performance criteria (OPC). In contrast, the US Food and Drug Administration traditionally
requires stricter criteria for transcatheter heart valve (THV) approval, including randomized,
clinical trials. Recent US Food and Drug Administration approval of new-generation THV's
based on single-arm studies has generated interest in alternative study approaches for THV
device approval. This review evaluates whether THV device approval could follow a pathway
analogous to that of surgical heart valves by incorporating OPC and provides several consid-
erations and recommendations. Factors to be taken into account in the construction of OPC
include the maturity of THV technology, variability in transcatheter aortic valve replacement
practice, end points included as OPC, follow-up terms for specific OPC, patient populations
to which these OPC apply, and (statistical) methods for OPC development. We recommend
that approval of THV devices in the United States for low-and intermediate-risk patients or for
new indications should provisionally rely on data from randomized, clinical trials. However, it
is recommended that formal OPC be applied for approval of new-generation THV:s for use in

high- and extreme-risk patient populations.

Keywords: aortic valve, aortic valve stenosis, device approval, heart valve prosthesis implanta-

tion, transcatheter aortic valve replacement
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Since the introduction of prosthetic surgical heart valves in the 1950s, a great number of valve
prostheses have been developed for surgical aortic valve replacement (SAVR), with continuous
improvement in outcomes by advances in valve design."> More recently, transcatheter aortic
valve replacement (TAVR) has rapidly been adopted as an alternative therapy for high- or
extreme-surgical-risk patients with severe aortic stenosis (AS).

In Europe, THV devices and surgical prostheses share a common market approval pro-
cess. The Conformité Européenne (CE) mark provides authorization for a manufacturer to
sell a product in the European Economic Area by affirming that it complies with prespeci-
fied legal requirements. Importantly, the level of scientific evidence required to achieve CE
mark requires a single-arm demonstration of short-term safety and efficacy in =50 patients.
In contrast, the approval process for new-generation surgical or transcatheter prostheses
in the United States is very different. For surgical prostheses, the development of objective
performance criteria (OPC) by the US Food and Drug Administration (FDA) has superseded
the requirement to perform randomized, clinical trials (RCTs) because of the maturity of
the device field and the minimal changes in new iterations of previously approved valves
(predicate devices). Until recently, approval of THVs has required randomized comparisons
with standard FDA-approved therapies because the technology is immature, device design is
significantly different, and device development is still iterating rapidly. However, similar to
the development of surgical prostheses, the established efficacy of TAVR as shown in multiple
RCTs of high-risk patients has potentially made the requirement for lengthy RCTs before the
introduction of new THV devices unacceptable from societal, patient, and physician stand-
points. It may place patients at unnecessary risk by delaying access to improved safer and
more efficient technology. Therefore, alternative study approaches should be considered for
new THYV device approval.

The FDA recently also approved several THVs on the basis of single-arm studies, the first
one being the CoreValve device, which was tested in the CoreValve Extreme Risk Pivotal trial.’
Innovative trial designs, perhaps incorporating OPC, have been proposed but not formally
introduced as alternatives to RCTs for new THV device approval.* This review provides an
overview of OPC, considers the potential role of OPC for THV device approval, and discusses
the challenges associated with such an approach. Several recommendations for the future
implementation of OPC for THV devices are provided.

OBJECTIVE PERFORMANCE CRITERIA

Traditionally, 2 methods of establishing a comparator for single-arm studies have been used:
OPC and performance goals (PGs; Table 1). OPC are linearized event rates of safety end points
that are derived from historical controls included in meta-analyses of available data. A PG,

on the other hand, represents a single point estimate considered sufficient as a comparator.
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In general, the process of developing a PG is less formal than the process of developing OPC.
Therefore, compared with PGs, OPC are thought to be superior because of the increased
maturity of device technology and the more robust data from which the comparator is de-
veloped.” For the FDA to allow a device to be considered for approval with OPC, it should
fulfill a number of criteria: (1) The device technology should be sufficiently mature; (2) the
meta-analysis from which event rates are derived should include an accumulation of studies
and all relevant literature from different devices; (3) the OPC should not be developed by
companies using only their own data; and (4) the OPC must be contemporary and updated
regularly because technology may become obsolete over time, thereby attenuating the rigor
and relevance of the OPC.

Table 1 Different Methods Used as Comparators in Single-Arm Studies

OPG in the CoreValve
Trial®

OPC for Heart Valves PG

Comparator Other similar devices Other similar devices Standard nondevice

therapy

Development of Historical controlsina ~ Often based on upper or ~ Meta-analysis of standard

comparator estimates meta-analysis of available lower confidence limit nondevice therapy,

data on existing similar
devices

Linearized rate (%/
patient-y)

Outcome

Composition of end 14 Single-component end

point(s) points (7 for biological
and 7 for mechanical
valves)

Nature of end point Safety

No. of criteria 14

Statistical comparison Upper 95% CI of

preapproval study should
be less than twice the
established OPC rate

of efficacy or safety end
point of existing similar
device(s)

Point estimate (X% at X
[time])

1 Single-component or
composite end point

Safety or efficacy

1

Upper 1- or 2-sided
95% CI of preapproval
study should be less

than comparator point
estimate

corrected for outcome of
nondevice arm in a single
randomized trial

Point estimate (43% at
1y)

1 Composite end point of
death and major stroke

Efficacy

1

Upper 95% CI of
preapproval study should

be less than comparator
point estimate

CI indicates confidence interval; OPC, objective performance criteria; OPG, objective performance goal; and

PG, performance goal.

OPC Development

The OPC for surgical valves were conceived, subsequently developed, and then implemented
after 2 major RCTs evaluating mechanical and biological prostheses did not identify signifi-
cant safety concerns.' It was thus recognized that traditional randomized evaluations were not
feasible because of the large sample sizes required to identify infrequent events. Such large

RCTs would also greatly impede the timely introduction of technological advancements to
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the market.” In 1993, the FDA convened an expert workshop to consider alternative study
designs for regulatory approval of new valves. This forum proposed a strategy of comparing
new valves with valve-related adverse event rates of existing valves occurring after the im-
mediate postoperative 30-day period. These rates were to be derived from meta-analyses of
historical data.>®

An initial meta-analysis was performed, including >60 000 valve implantations and
>200 000 patient-years of follow-up. A subselection of studies was based on previously FDA-
approved valves in reports adhering to reporting guidelines.” Expert consensus identified 7
procedure-related complications that were to be assessed for new device approval, the so-called
OPC (Table 2)." Because events occurred at a rate of 0.2% to 3.5% per 100 patient-years, this
would demand an unduly large 4860 patient-years of follow-up for approval of each new valve
in a study with 80% power and a 1-sided significance level of 0.05. The FDA agreed to evaluate
these complication rates in studies with a minimum of 800 patient-years of patient follow-up
to allow enough statistical power for events that occur at a rate of 1.2%/y, thus representing

at least 9 of 14 OPC end points (eg, 7 for biological and 7 for mechanical prostheses; Table 2).

Table 2 OPC for Surgical Prostheses

Original OPC Proposed New OPC
Mechanical Valve Tissue Valve Mechanical Tissue Valve
Valve

Aortic Mitral Aortic Mitral

OPC* Patient-Yearst OPC* Patient-Yearst OPC* OpPC*

Thromboembolism 3.0 323 2.5 388 1.6 2.2 1.5 1.3
Valve thrombosis 0.8 1,213 0.2 4,850 0.1 0.2 0.04 0.03
All hemorrhage 3.5 277 1.4 693

Major hemorrhage 1.5 647 0.9 1,078 1.6 1.4 0.6 0.7
AllPVL 1.2 808 1.2 808

Major PVL 0.6 1,617 0.6 1,617 0.3 0.5 0.3 0.2
Endocarditis 1.2 808 1.2 808 0.3 0.3 0.5 0.4

OPC indicates objective performance criteria; and PVL, paravalvular leak.

* Events per 100 patient-years (%/y).

t Patient-years required to satisfy the requirement of establishing that the observed rate is <2 times the OPC,
with 80% power and a=0.05.

Adopted from Grunkemeier et al'” and Wu et al."!

Requirements for Device Approval Based on OPC

For a new valve to be approved, the upper 95% confidence interval of linearized complication
rates should be less than twice the established OPC rate for each of the complications. In ad-
dition to these clinical event rates, a new valve must show functional improvement in patients

(eg, New York Heart Association classification) and fulfill certain hemodynamic criteria.
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Subsequently added criteria include the need to have follow-up of =300 patients for >1 year,

with an equal distribution of included patients over 3 centers.

Newly Developed OPC

Since the introduction of OPC, numerous prosthetic valves have been approved with this
approach.” However, new OPC based on more contemporary evidence have recently been
proposed."" With the use of the same study selection criteria, rate estimates were produced
from an updated meta-analysis. Improved valve design, contemporary therapeutics, and
closer patient follow-up have clearly decreased the expected complication rates (Table 2). In
contrast to the original OPC, it has been proposed that separate OPC for valves in the aortic
and mitral position be reported.

OPC for Coronary Stents

The process of using OPC for device approval in cardiovascular disease has not been limited
to heart valves. New-generation coronary stents may be evaluated and approved with OPC
(Table I in the online-only Data Supplement). However, the process of OPC development and
the requirements for device approval are very different from those for surgical heart valves
(Figure). Important differences that may be adopted for THV device approval include that
OPC for coronary stents are based on complex statistical modeling whereas OPC for surgi-
cal heart valves include no statistical modeling; that, depending on the treatment indication
or degree of design modification, either OPC are used or a randomized equivalence trial is
required for approval; and that events are a combination of safety and efficacy whereas OPC

for surgical heart valves include only safety end points.'>"

COREVALVE EXTREME RISK PIVOTAL TRIAL

The methodology for approving the CoreValve THV for use in extreme-risk patients in the
United States has been considered somewhat controversial.’ The trial did not use OPC in the
traditional sense but introduced a new terminology: the objective performance goal (OPG)
(Table 1). The OPG was based on outcomes analyzed in a meta-analysis of studies evaluat-
ing balloon aortic valvuloplasty as a stand-alone therapy for AS. These were adjusted for the
standard treatment arm of the Placement of Aortic Transcatheter Valves (PARTNER) 1B trial,
which included medical therapy, and balloon aortic valvuloplasty in 88% of patients."* Even
though this treatment has been deemed ineffective for severe AS, it formed the statistical basis
for the CoreValve Extreme Risk Pivotal trial was to determine whether TAVR with the Cor-
eValve THV was not significantly worse than the lower 95% confidence interval of standard
treatment with the objective PG used as a comparator point estimate. However, because its

primary goal was therefore to determine the efficacy of the CoreValve THYV, the trial reflects a
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measure similar to a PG. Its sole purpose was to quantify an improvement in patient outcome
(mainly survival in this group) compared with the conservative management of severe AS,
which was the standard of care in this patient population. The OPG did not, as is the case
for OPC for surgical valve prostheses, derive data from available THV devices and evaluate
the safety of the THV device in terms of multiple complication rates. As a result, it cannot be
determined whether the CoreValve is comparable to the previously approved SAPIEN valve,

particularly in terms of safety end points related to the valve.

HURDLES AND CONSIDERATIONS FOR CURRENT OPC USE FOR
THV APPROVAL

SAVR and TAVR are considered to be complementary treatment options for select patients
with native severe AS. It would therefore seem reasonable that the quality of both transcatheter
and surgical heart valves be measured with the same criteria. However, the nature and rates
of complications differ between SAVR and TAVR, complicating the potential application of
surgical OPC to THV devices. For example, if OPC for surgical prostheses were applied to the
PARTNER or CoreValve trial data, these devices would not have been approved on the basis
of significantly increased paravalvular leak (PVL) with the transcatheter devices."”” Therefore,
specific OPC for the approval of THV devices would be more appropriate. A number of fac-

tors need to be considered in the development of such OPC.

Maturity of Technology

The maturity of the device technology is one of the most important criteria for the FDA to
consider the use of OPC. A great deal of TAVR research has been devoted to refining patient
selection, improving procedural safety, and delivering better clinical outcomes. Such informa-
tion has been instrumental in the development of new-generation THV devices that overcome
technical and procedural issues related to first-generation devices. Indeed, direct comparisons
between first- and new-generation devices have reported lower complication rates with more
contemporary valves.'® Recent introductions to the European market of new repositionable,
recapturable, and retrievable THVs and THVs that often contain sealing cuffs to reduce PVL
have similarly shown promising clinical outcomes.'”

Despite these promising results with new-generation THYV, the majority of published
TAVR outcome data relate to first-generation THVs that are no longer in use. The rapid
evolution of THV technology may have already rendered the initial SAPIEN and CoreValve
randomized trial outcome data superseded. A meta-analysis of all relevant data for the devel-
opment of TAVR OPC would largely include obsolete THV devices and include only limited
patient follow-up with new THVs. The inferiority bar that would be set as OPC would be so

low that virtually any new device, however flawed, would not have significant trouble meeting
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this antiquated bar. These data may thus be unsuitable for determining adverse events rates
and treatment goals. A meta-analysis for TAVR OPC development should be up to date and
include a variety of new-generation THV devices. It should not be based on a single device
type or old-generation devices. Therefore, it is questionable whether TAVR practice and THV

devices have matured sufficiently to allow the development of OPC.

Variability in TAVR Practice

The quality of new THV devices is often measured by a comparison of rates of procedural
complications.'® However, whether these complication rates truly reflect an improvement in
only the valve design is debatable. Procedural complications may be heavily influenced by
operator experience and skill, by variability in TAVR practice, by procedure development, and
importantly by variability in patient selection criteria. Compared with a relatively stable SAVR
practice, standard practices for TAVR are rapidly changing as a result of new data.

Patient selection is hospital, heart team, and even operator dependent. The selection of
lower-risk patients or the exclusion of “futile” patients will be associated with significant
outcome improvements.'””* Second, the rigor of preoperative assessment and valve sizing
is variable. Third, although the majority of centers use a transfemoral-first approach to
TAVR, other centers have favored alternative routes.” Each access route will be associated
with specific procedural complications. Fourth, variability in use of ancillary devices (eg,
embolic protection) may have an impact on adverse events.” Fifth, increased operator experi-
ence has been linked to reductions in procedural complications. Experienced operators can
often avoid scenarios in which complications can occur or better manage them if they do
occur. Moreover, algorithms for management of complications often differ, which may affect
outcomes. For example, thresholds for blood transfusions after access site complications can
be highly variable. Lastly, end-point adjudication according to the Valve Academic Research
Consortium remains a challenge for some of these end points, resulting in misclassifications

and overestimation or underestimations of outcomes.”**

Patient Population
Current large registries and RCTs of TAVR have essentially included high-risk populations

with multiple severe comorbidities. Long-term follow-up is limited by the high rates of non-
cardiovascular and cardiovascular non-valve-related deaths. Although valve hemodynamic
performance is maintained,” information on actual valve durability and safety remains scarce.

Data from high-risk patients should not form the basis for the development of OPC for the
approval of THV devices that are also to be used in lower-risk patients. Short- and medium-
term outcomes are significantly improved in lower-risk patients."”” Development of OPC based
solely on high-risk trial data risks the approval of THV devices that perform unsatis-factorily

in lower-risk patient populations.
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Therefore, it may be appropriate to develop TAVR OPC for specific patient populations (ie,
separate low-, intermediate-, high-, or extreme-risk OPC). Specific procedural complications
may have a greater impact in cohorts of high- than low-risk patients. For example, conver-
sion to open surgery should be very low in populations of extreme-risk patients, who are not
surgical candidates by default. This is less relevant in low-risk patients, who will have excellent
results of SAVR despite the complication. In contrast, the impact of PVL and the requirement
for new permanent pacemaker implantation may become more crucial in low-risk patients
with a long life expectancy as opposed to high-risk patients in whom prognosis is already
severely impaired as a result of comorbidities. Other complications such as coronary obstruc-
tion are likely to be of equal importance in all populations.

Follow-Up

Traditionally, OPC for prosthetic valves have focused on long-term events, not on procedural
events. Technically, SAVR is relatively straightforward, and the design of the prosthetic valve
has minimal impact on the operative technique and procedural outcome. The technical aspect
of the procedure itself is considered to be less relevant for the actual safety of the valve. In
contrast, design features of the THV delivery system and the THV have a significant impact
on the TAVR procedure. Moreover, specific complications that should be considered as OPC
may be a result of major differences in design features of THV devices, related to balloon
expandability or self-expandability and specifically the height of devices, stent matrixes, pres-
ence and length of a skirt, and sealing rings.

OPC for TAVR should be a combination of short-and long-term criteria. To have sufficient
statistical power to detect outcome differences, it should be mandatory to have a minimum
length of follow-up and a minimum number of patients included in preapproval studies,

similar to the practice of surgical OPC.

End Points

OPC for heart valves emphasize the long-term safety of new valves, as measured by events
related to the device design: Thrombogenicity and bleeding are intertwined and related to
valve design, the need for oral anticoagulation, and the targeted International Normalized
Ratio; rates of PVL can be a measure of structural valve deterioration; and endocarditis evalu-
ates the susceptibility of a valve for the colonization of organisms.

The poor prognosis of many high-risk patients has necessitated an end-point focus on
death and strokes in TAVR trials rather than device-related safety. Indeed, stroke and PVL
have been addressed adequately in numerous studies. However, many other complications

26

have been reported only anecdotally.® Studies have just recently scrutinized rates of valve

thrombosis, bleeding, and endocarditis during follow-up. *»*"** These traditional OPC end
points remain clinically relevant because their occurrence is associated with prognosis. *>**

Considering death as an end point itself, however, should be avoided. Analyses of predictors
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of death after TAVR demonstrate that comorbidities are the most important predictors of
mortality.”*”' Procedural complications that are operator dependent such as bleeding and
vascular complications have also been shown to predict mortality. Therefore, death as an
OPC would not necessarily represent a measure of valve safety (eg, prosthetic inadequacy or
design).

Similar to OPC for coronary stents that require collection of 30-day major adverse cardiac
events, procedural safety events related to specific valve designs should be considered in OPC.
Alternatively, a 30-day early safety PG may also be sufficient for the rapid introduction of new
technology. These may include but are not limited to the following events: conversion to open
surgery, coronary obstruction, annular rupture, ventricular septal perforation, mitral valve
apparatus damage or dysfunction, early valve migration or embolization, PVL, and perma-
nent pacemaker implantation. Other procedural end points related to specific approaches (eg,
transapical or transaortic TAVR) should be considered less relevant.

In addition to traditional heart valve OPC that should be required to test the safety of THV
devices, long-term evaluation should include hemodynamic performance of THVs and the
freedom from structural valve deterioration. These end points are crucial to assess the efficacy
of TAVR.

The use of composite end points as OPC should be avoided. Potential risks related to
valves will not become apparent because lower and higher event rates of specific complica-

tions in the composite will even out.

Statistical Analysis

Multivariate adjustment for OPC in coronary stent approval is performed on the basis of clini-
cal and procedural characteristics (Figure). TAVR outcomes are highly dependent on patient
selection, practice variability, and patient comorbidities. For OPC of THVs, it would therefore
also be appropriate to provide outcome adjustment based on clinical profiles and procedural
characteristics of TAVR patients. A disadvantage of this approach is the lack of clear predictors
for surgical OPC end points (eg, endocarditis or valve thrombosis). Little predictability is
derived from patient, procedural, or postprocedural characteristics available in the immediate
perioperative phase. Similarly, numerous TAVR-specific outcomes that could be considered
for OPC occur rarely. Identification of clear predictors is therefore limited, and outcome

adjustment would be insufficient.

NON-OPC ALTERNATIVES FOR DEVICE APPROVAL

Propensity score analysis using historical controls has been proposed as an alternative to
OPC for device approval. Multivariate analyses have demonstrated TAVR outcomes to be

dependent largely on patient baseline characteristics, except for the impact of PVL, different
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Figure Differences in development and specifics of objective performance criteria (OPC) for prosthetic valves
and coronary stents. *Newly developed OPC take into consideration whether a valve is located in the aortic
or mitral position, but the US Food and Drug Administration has not yet adopted these. tDepending on the
degree of stent device design modifications, with longest follow-up required being 6 months.

access routes, and procedural adverse events.’”*' These variables would allow for appropriate
propensity matching. However, TAVR research has focused largely on evaluating prognostic
results of TAVR in a comorbid patient population. Besides hemodynamic performance during
follow-up, reports and predictors of valve function and safety have been scarce. Even with
propensity score analysis or propensity matching, analyses would focus predominantly on
efficacy, not safety. This highlights the need for further maturity of device technology and
research to reduce the “noise” in current outcome studies that obscures actual valve safety
during follow-up.

Should RCTs be mandatory for specific indications, bayesian and adaptive trial designs
over a frequentist’s superiority approach may be alternatives that can potentially reduce sample
size or trial duration and costs.”? Such trial designs mandate satisfactory information from
previous RCTs and informative large registries, which are available for TAVR. Other RCT
designs using composite end points and noninferiority trials have been proposed to reduce
sample sizes.”> However, liberal noninferiority margins to artificially claim noninferiority

should be avoided. Furthermore, composite end points pose several limitations, although
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they may be overcome by application of hierarchical statistical methodology.” The concept
of registry-based RCTs has recently been introduced in cardiovascular medicine to ease trial
planning and execution.*® This may certainly be possible in the setting of the many existing

large-scale TAVR registries.

CONSIDERATIONS FOR TAVR OPC DEVELOPMENT

Despite the numerous hurdles currently related to developing OPC for THV device approval,
it is likely that there will not be an ideal time for introducing OPC. Challenges will remain
and new hurdles will arise. OPC for THV device approval will need to be introduced at some
point and subsequently optimized. Regular updates when new evidence becomes available
will be required.

The causes, interventional techniques, and devices differ significantly between TAVR
and transcatheter mitral valve interventions. Therefore, separate OPC for aortic and mitral
procedures should be developed.

Important recommendations relate to the risk profile of distinct patient populations
because OPC should be patient group specific. New treatment indications for TAVR require
data from an RCT on which OPC can subsequently be developed. With robust data from
RCTs, approval of new THV devices for use in high- and extreme-risk patients should be
made possible by the introduction of formal OPC (Table 3). The use of OPC cannot currently
be justified for low- or intermediate-risk patient populations for whom randomized data with
a surgical AVR control are scarce; only large, powered RCTs can demonstrate whether TAVR
can be recommended for use in intermediate-risk patients.”” With the ongoing PARTNER
IT and Surgical Replacement and Transcatheter Aortic Valve Implantation (SURTAVI) trials,

Table 3 Proposal for Current THV Device Approval Based on OPC, PGs, and Data From RCTs

Patient Early Safety Long-Term Safety and Efficacy

Population

Low risk Similar safety as a propensity-matched ~ Show both similar results in an RCT
surgical cohort, or as determined comparing TAVR versus SAVR and fulfill

by a 30-d PG once a THV has been surgical OPC
approved for use in these patients
Intermediate risk ~ Similar safety as a 30-d PG Through a non-inferiority or superiority THV
vs THV RCT if TAVR is superior to SAVR in
ongoing TAVR vs SAVR RCTs, or fulfill OPC
that can be derived from these ongoing trials
High and extreme Similar safety as a 30-d PG Through noninferiority or superiority THV
risk vs THV RCT, or fulfill specific THV OPC in a
single-arm registry

OPC indicates objective performance criteria; PG, performance goal; RCT, randomized, clinical trial; SAVR, sur-
gical aortic valve replacement; TAVR, transcatheter aortic valve replacement; and THYV, transcatheter heart valve.
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contemporary data on the best strategy for intermediate-risk patients will be available shortly.
These data can function as new standards and form the basis for the development of OPC
for intermediate-risk patients. In the future, the development of 30-day PGs will help rapidly
integrated new-generation iterative THVSs into clinical practice and will be available on short
notice from large national and company databases such as the Transcatheter Valve Therapeu-
tics registry.” For low-risk patients, long-term performance of THVs should at least match
that of surgical prostheses and fulfill surgical OPC.

Table 4 contains a summary of recommendations for OPC development. Importantly,
OPC development should be done in close collaboration with regulatory bodies in charge of
device approval.*

Table 4 Considerations and Recommendations for OPC Development

Procedure
Separate surgical and transcatheter heart valve OPC
Separate aortic and mitral valve OPC
Uniform for different access approaches
OPC for THV development
Based on TAVR data only
Based on multiple new-generation THV's
Regular updates
May include covariate adjustment
Patient populations
Separate OPC according to risk populations
No OPC for new treatment indications
Follow-up
Specific short- and long-term criteria
A minimum length of follow-up requirement
End points
Avoid composite end points
Composed of valve-related events
Exclude events specifically related to the patient population, access approach, or operator experience
Events may differ according to risk profiles of patient populations
Short term: focus on safety
Long term: combination of safety and efficacy

Identification of valve design features related to specific adverse events

AVR indicates aortic valve replacement; OPC, objective performance criteria; RCT, randomized, controlled
trial; TAVR, transcatheter aortic valve replacement; and THYV, transcatheter heart valve.
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CONCLUSIONS

It is recommended that applying formal OPC for the approval of new-generation THVs for
use in high- and extreme-risk patient populations in the United States be considered. For now,
approval of THV devices for use in low- and intermediate-risk patients or for new indications
should provisionally be considered only with data from RCTs. However, in the near future,
data from specific RCTs (PARNTER II and SURTAVT) can form the basis for development of
additional OPC for intermediate-risk patients. Development of these and future OPC should
include considerations of technology maturity, short- and long-term data, specific events
likely to be related to particular THV designs, patient risk profile, and statistical methods to
produce OPC.
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Supplemental Table 1 Objective Performance Criteria for coronary stents

Engineering evaluation Patient Lesion factors Stent factors ~ New stent: Modified
compared to approved factors frequentist stent:
conventional stainless steel evaluation Bayesian
stents technique evaluation
technique
Conventional stent design or  Elective 3.0-5.0mm Balloon Registry: 30-  Update prior
minimal design deviation coronary or  reference expandable;  day MACE  similar stent
vein graft stainless steel; and acute experience

slotted tube,  angiographic for direct

welded, coil  predicted probability
restenosis comparison
rate with acute
compared MACE and
against OPC  predicted

restenosis
OPC
Moderate design deviation Elective 3.0-7.0mm Balloon Registry: 30-  Update prior
coronary or  reference or self- day MACE ~ similar stent
vein graft expandable;  and 6-month experience
stainless angiographic  for direct
steel nitinol,  endpoints probability
coated, compared to  comparison
new metal, OPC to acute
covered; tube, MACE and
welded, coil 6-month
OPC
New patient ~ Severe design Elective 3.0-7.0mm Balloon Randomized
population or deviation coronary or  reference or self- equivalence
new untested vein graft expandable;  trial against
stent design stainless standard
steel nitinol,  approved
coated, stent,
new metal, 8/9-month

covered; tube, angiography
welded, coil  and clinical

follow-up

Conventional Elective <2.75mm Balloon Randomized
design or coronary reference or self- superiority
moderate or or lesion expandable;  trial against
severe design >35mm stainless balloon
deviation steel nitinol,  angioplasty,

coated, 8/9-month

new metal, angiography

covered; tube, and clinical
welded, coil  follow-up

OPC = Objective Performance Criteria; MACE = major adverse cardiac event
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Transcatheter heart valve implantation for failing surgical bioprostheses

Transcatheter aortic valve implantation (TAVI) represents a novel technology for treating
patients with severe symptomatic calcific aortic stenosis at high or prohibitive surgical risk. In
patients at excessive surgical risk, TAVI substantially reduces mortality compared to medical
treatment,' and in high risk cohorts provides similar safety and efficacy to surgical aortic valve
(SAV) replacement.’

More recently, the remit of transcatheter heart valve (THV) technology has been ex-
panded beyond that initially conceived: patients at lower surgical risk are being treated despite
a lack of evidence in this patient population™'; and novel implantation techniques, such as
the transaortic approach, have been developed.*” Perhaps the most notable adaptation of this
technology is the treatment of patients with failing surgical bioprosthetic valves. In 2007,
Wenaweser and colleagues reported the implantation of a Medtronic CoreValve (Medtronic
CV, Luxembourg S.a.r.l.) into a degenerated surgical aortic bioprosthesis.’ Since this first case,
numerous transcatheter aortic valve in surgical aortic valve (TAV-in-SAV) procedures have

d,477 w3-11

been performe and experienced physicians are adapting current THV's for treatment

8 wi2

of failing surgical atrioventricular® *'* and pulmonary bioprostheses.”

DESIGN CHARACTERISTICS OF SURGICAL BIOPROSTHESES

Successful valve-in-valve (VIV) procedures are dependent on a thorough understanding of
the design characteristics and failure modes of surgical bioprosthetic valves. Surgical biopros-
theses are constructed as either stented or stentless valves (figure 1), while the valve leaflets are

of xenograft (porcine aortic valve or bovine pericardium) or homograft origin."

STENTED VALVES

Stented valves usually consist of a base ring covered by a fabric sewing cuff from which a
stent or frame arises to support the valve leaflets (figure 2). The base ring may be circular
or scalloped and is constructed from a variety of metal alloys or plastics. The stent frame is
designed to reduce the loading stress of repeated valve closure on the tissue leaflets, and is
composed of metallic or plastic materials. The base ring and/or frame are usually exteriorised
by pericardium or another material that acts as an anchoring suture cuff.

Surgical valve sizing is performed intraoperatively using specific sizing tools, and may
be affected by several factors including operator experience and the degree of leaflet resec-
tion or annular decalcification performed. The inner base ring diameter greatly influences
the postoperative transvalvular gradient, while the outer suture ring diameter determines
the maximum size of the valve chosen for implantation. Optimisation of these diameters

can be achieved by implanting the valve above the native annulus, as the aortic sinuses can
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Figure 1 Stented and stentless bioprosthetic surgical valves. (A) Stented pericardial bovine bioprosthetic
valves. (B) Stented porcine aortic valve bioprostheses. (C) Stentless bioprosthetic valves.

accommodate the bulky sewing cuff. Therefore, supra-annular implantation affords a larger
inner base ring diameter for a given patient. Second and third generation valves, such as the
Medtronic Mosaic (Medtronic Inc, Minneapolis, Minnesota, USA), Carpentier-Edwards (CE)
Magna (Edwards Lifesciences Inc, Irvine, California, USA), and Sorin Soprano (Sorin Group,
Milan, Italy), are designed for supra-annular implantation.

It is of particular importance to note that the manufacturer’s labelled valve size does
not correspond to the inner base ring diameter. Manufacturers can provide the inner stent
diameter for a given labelled valve size. Of note, pannus and calcification can lead to a discrep-
ancy between observed and expected inner stent diameters obtained by echocardiography/

multislice CT and manufacturers, respectively.

STENTLESS VALVES

Stentless valves may be of autograft, homograft (a genetically non-identical donor of the same
species), or xenograft origin (another species) (figure 1). These valves do not have a base ring

or the stent/frame support for the leaflets, but may have a thin basal strip of fabric to cover
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Figure 2 Design characteristics of stented bioprosthetic valves. (A) Carpentier-Edwards Perimount bovine
pericardial valve. (B) Medtronic Hancock II porcine aortic valve. (C) Sorin Mitroflow bovine pericardial valve.
Understanding the dimensions of surgical bioprostheses is of crucial importance to the suc-
cess of TAV-in-SAV procedures. The nomenclature of these measurements is based on the
anatomical construction of the valve (figure 3). The inner base ring diameter (also known as
the inner stent diameter) is the distance between the inner surfaces of the base ring. In the
context of TAV-in-SAV procedures, this diameter represents the maximum available diameter
for TAVI, as the ring is rigid and relatively non-distensible. The outer base ring diameter
(outer stent diameter) is the distance between the outer surfaces of the base ring and does
not include the thickness of the covering cloth (sewing cuff). The outer sewing ring diameter
(external diameter) is the distance between the outer undisturbed sewing cuff surfaces.

the inflow tract and enable suturing of the valve into the site of the excised native valve. These
valves are predominately used in the aortic position, as stentless mitral valves have found
little clinical utility due to difficulty in insertion and poor durability."" Stentless valves were
designed to improve important in small aortic roots.""* To date, clinical postimplantation
transvalvular gradients and flow characteristics compared to stented valves."'* Theoretically,
these characteristics are particularly studies have not demonstrated superiority of stentless
over stented valves, though they have identified extensive aortic root calcification as a poten-

tial drawback to stentless valve reoperation."'® The labelled size of stentless valves typically
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Ventricular View Side View

Figure 3 The dimensions of stented surgical bioprostheses. Ventricular and side views of a stented biopros-
thesis: (A) outer base ring diameter; (B) inner base ring diameter; (C) prosthesis height; and (D) outer sewing
ring diameter.

corresponds to the valve’s outer diameter, though the inner diameter and height are usually
available. The absence of a rigid base ring with these prostheses suggests that they are more

compliant than stented valves when performing VIV procedures.

MECHANISMS OF BIOPROSTHETIC VALVE FAILURE

Compared to mechanical surgical valves, bioprosthetic valves are more susceptible to time
dependant structural failure.""” The aetiology of bioprosthetic valve dysfunction has been
described in detail elsewhere." Valve failure results from malfunction of the leaflets, the sup-
porting structures (base ring or stent/frame), or both, and can be influenced by the design
features of the valve (physical and biochemical), host metabolic pathways, and the mechanical
loading stress exerted on the valve. Durability of bioprosthetic valves results from resistance
to structural failure in response to repetitive cycling and resistance to calcification over time,
particularly in young patients. In most cases, valve failure can be attributed to wear and tear,
leaflet calcification, pannus formation, in situ thrombosis, or infective endocarditis.

Leaflet tissue deterioration is the most common aetiology of bioprosthetic valve failure."
Leaflet dysfunction is commonly precipitated by calcium deposition, which tends to occur
at sites of greatest leaflet flexion and stress: the basal and commissural attachment points.
All bioprosthetic valves undergo glutaral-dehyde fixation which promotes leaflet durability
by enhancing collagen cross-linking and renders the heterograft biologically inert. However,

residual glutaral-dehyde can promote calcium phosphate deposition and upregulate graft
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and host pro-inflammatory pathways. Anticalcification processes (eg, Edwards ThermaFix,
Medtronic AOA) reduce calcium binding and improve leaflet longevity.

The development of inflammatory tissue, rich in fibroblasts, at the host-graft interface is
known as pannus. Most valves exhibit some evidence of pannus; however, marked pannus for-
mation can induce valve dysfunction if it extends and fixes the leaflet cusps. Valve thrombosis

and endocarditis are uncommon causes of valve failure.

BIOPROSTHESES FAILURE: AN EMERGING CLINICAL PROBLEM?

Recent trends suggest that the relative use of surgical bioprosthetic valves has increased sub-
stantially in the last decade."” The advantage of surgical bioprosthetic valves over mechanical
alternatives is the avoidance of long term anticoagulation, and therefore the associated risk of
bleeding.""” In contrast, the requirement for reoperation is greater with bioprosthetic valves.
"'7 Bioprosthetic valves have therefore traditionally been used in elderly patients, where the
risk of bleeding is greatest, and where the life expectancy of the bioprosthesis is expected to
exceed that of the patient. However, recent preclinical and clinical studies suggest reducing the
age cutoff for bioprosthetic aortic valves from 65 to 60 years.""® The actuarial freedom from
reoperation for a degenerated bioprosthetic valve is approximately 95%, 90%, and 70% at 5,
10, and 15 years, respectively.'” Therefore, as the population ages and a greater proportion of
younger patients are treated with bioprosthetic valves, we can expect to encounter a growing
number of patients with degenerated surgical bioprostheses requiring reoperation.

Important comorbid conditions such as diabetes mellitus, renal impairment, congestive
heart failure, pulmonary hypertension, and coronary and peripheral vascular disease are more
common in redo cohorts."" Nevertheless, the mortality risk associated with redo valve sur-
gery has decreased over the last number of decades. Operative mortality for an elective redo
aortic valve surgery ranges from 2-7% and can be comparable to the primary valve surgery in
low risk cases.”*”**! In contrast, mortality can be as high as 30% in high risk and non-elective
patients."”** Redo valve surgery can also be associated with significant morbidity including
blood transfusion, and delayed wound healing, mobilisation, and hospital discharge.

TAV-IN-SAV PROCEDURES

In selected cases, where the risk of redo surgery for a failing surgical bioprosthesis is deemed
excessive by a dedicated heart team, TAV-in-SAV procedures offer a less invasive and poten-
tially safer alternative to conventional surgery. As with TAVI for native aortic valve stenosis,
patient selection is critical to the success of these procedures, and therefore the involvement

of a team of interventional cardiologists, cardiac surgeons, cardiac anaesthetists, and imaging
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specialists is essential. Currently, three THVs have been successfully implanted into failing
bioprostheses: the Edwards Sapien/XT valve, the Medtronic CoreValve, and the Medtronic
Melody valve.

PRECLINICAL STUDIES

Several important preclinical investigations have been undertaken to test the very concept of
TAV-in-SAV" procedures."” *** Boudjemline et al reported the first successful VIV experi-
ence, having implanted a bovine jugular valve inside a surgically sited Medtronic Mosaic mitral
valve in a sheep model."” Subsequently, successful transapical implantation of the commercial
Edwards Sapien THV inside CE porcine aortic and mitral valves was demonstrated in pigs."**

CLINICAL EXPERIENCE TAV-IN-SAV

First performed in 2007, TAV-in-SAV procedures represent innovative adaptation of TAVI
technology. In the aortic position, TAVI has been performed within both stented and stent-
less surgical bioprosthetic valves. The Edwards Sapien/XT valve has been implanted using

. . 4 4 11
transfemoral, transapical and transaxillary approaches® > 7 """

(figure 4). The transapical
approach was initially the preferred strategy using the Edwards Sapien/XT valve, as greater
stability and coaxial implantation of the THV was achieved,* ** though transfemoral pro-
cedures are becoming more common."”” Medtronic CoreValve TAV-in-SAV procedures are
performed via transfemoral, transaxillary, and direct transaortic approaches (figure 5).” * ¥

Overall, results from small case series of high postprocedural gradients. Intuitively, valve
underexpansion should also adversely affect leaflet and stent durability. In contrast, the rigid
base ring of a stented valve may provide the necessary platform to produce a nearly circular
TAVTI that allows for optimal leaflet geometry and durability. The largest TAV-in-SAV series
published to date has TAV-in-SAV procedures in high risk patients suggest an acceptable
short term safety profile (75-100% 30 day survival).*>” " *****' Similar outcomes have been
reported following TAV-in-SAV for stented and stentless (homograft and xenograft) valves;
however, insufficient data are available to compare outcomes from these different valve de-
signs. Significant paravalvular aortic regurgitation, which is associated with adverse outcomes
in TAVI for de novo aortic stenosis, occurs infrequently in TAV-in-SAV procedures. Impor-
tantly, the acute haemodynamic results achieved with TAV-in-SAV procedures are suboptimal
(approximately 20 mm Hg) compared to TAVI for de novo aortic valve stenosis (usually 10
mm Hg (see online supplementary table S1)). Thus, longer term follow-up is required to con-
firm the efficacy of these interventions, particularly if these procedures are to be considered

in younger patients. An inability to completely expand the THV inside the rigid base ring
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B

Figure 4 Edwards Sapien TAV-in-SAV procedure. Transapical implantation of a 23 mm Edwards Sapien TAV
inside a 21 mm Medtronic Mosaic bioprosthesis. (A) Fluoroscopic identification of the Medtronic Mosaic valve.
(B) Positioning of the Edwards Sapien valve. (C) Deployment of the Edwards SAPIEN valve. (D) Final contrast
aortography. Images courtesy of German Heart Centre, Munich.

of the SAV may be responsible for these reported 100% technical procedural success, one
periprocedural death due to low output cardiac failure, and transvalvular mean gradients >20
mm Hg in 44% of patients."'’ Mortality at 30 days was 17%.

A specific concern relating to TAV-in-SAV procedures is the risk of ostial coronary oc-
clusion with bioprosthetic valves where tissue is mounted external to the valve frame or in
prostheses with no stent frame (stentless valves).’ In particular, THV deployment within the
Mitroflow valve (Sorin Group, Burnaby, BC, Canada), where the leaflet tissue is mounted ex-

ternally over the stent, has been associated with ostial left main stem occlusion."” Anecdotal
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Figure 5 Medtronic CoreValve transcatheter aortic valve in surgical aortic valve (TAV-in-SAV) procedures.
Medtronic CoreValve prosthesis implantation within (A) Edwards Perimount, (B) Carpentier-Edwards Porcine
Supra-Annular Valve, and (C) Sorin Soprano bioprosthesis. Images courtesy of German Heart Centre, Munich.

evidence suggests that supravalvular implantation, a short distance between the coronary ostia

and the bioprosthesis, and extensive pannus formation are risks for ostial coronary occlusion.

TAV in surgical mitral valve
To date, only the Edwards Sapien/XT valve has been implanted into failing surgical biopros-

theses in the mitral position.* ® ** > **** The Medtronic CoreValve is not suitable for this
purpose due to its height. The majority of cases have been performed via the transapical
approach, although transvenous transseptal and open direct visualisation transatrial ap-
proaches have been described. In the largest series available (n=11), Cheung and colleagues
report 100% 30 day survival in a high risk cohort with a mean age of 81 +5 years, and a
mean Society of Thoracic Surgeons (STS) mortality risk score of 16.1%+5.8%." The median
postprocedural transvalvular gradient was 7 mm Hg. The narrow range of currently available
THYV sizes relative to surgical mitral bioprosthetic valves represents an important limitation
for TAV in surgical mitral valve (TAV-in-SMV) procedures. Surgical mitral prostheses range
from 25-31 mm; however, given that the 29 mm (internal stent diameter 26-28 mm) and 31
mm (internal stent diameter 28-30 mm) valves are the most commonly implanted, the largest
Edwards Sapien valve (29 mm) may be unsuitable for use in a number of patients.

TAV in surgical annuloplasty ring

Surgical mitral valve repair using an annuloplasty ring is frequently performed in patients
with severe mitral regurgitation (MR). In patients with ischaemic MR, undersizing of the
annuloplasty ring can result in recurrent MR in a significant proportion of patients. Animal
experiments have demonstrated the feasibility of TAV in surgical annuloplasty ring (TAV-in-
SAR) procedures using the Edwards Sapien/XT valve™ or the Melody valve."”' Successful
transapical TAV-in-SAR procedures have also been performed in high risk patients using the
Edwards Sapien/XT valve.'®
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TAV in surgical tricuspid valve

Both the Edwards Sapien/XT* * *'* and Medtronic Melody"*> THV's have been successfully
implanted into failing bioprostheses in the tricuspid position. Percutaneous transvenous ac-
cess using the femoral, subclavian, and jugular veins, and open direct visualisation transatrial
approaches, have been described. The largest reported series (n=15) reported significant re-
ductions in transvalvular gradients (12.9 to 3.9 mm Hg) postimplantation of the Medtronic
Melody valve within failing surgical tricuspid bioprostheses, without significant procedural

complications."”

TAYV in surgical pulmonary valve

The first VIV procedures related to implantation of the Medtronic Melody valve. This valve
was implanted in in the pulmonary position for failing valved conduits that had been used
for right ventricular outflow tract reconstruction. The first large series using this valve
(n=58) demonstrated significant improvement in postoperative transvalvular gradients,
right ventricular end-diastolic volume (EDV) and effective stroke volume, and increased left
ventricular EDV." No significant procedural complications or 30 day mortality was reported.
The Edwards Sapien/XT valve has also been used in this position with promising short and

medium term (median 22.5 months) results."”

TAV-IN-SAV: TECHNICAL CONSIDERATIONS

Transcatheter valve sizing

Details of the primary valve surgery, including the type and size of prosthesis used, the site of
implantation (annular or supra-annular), and the degree of aortic root calcification are crucial
to the success of TAV-in-SAV procedures. Reference tables are available for consultation if
the inner base ring diameter of the bioprosthesis is not listed.'” However, the availability of
these details does not diminish the key role of multimodal imaging in THV size selection.
Multidetector CT and transoesophageal and transthoracic echocardiography should be used
to establish the mode of bioprosthesis failure, and to determine the presence of severe cal-
cification or pannus formation that could result in a discrepancy in the manufacturer listed
inner base ring diameter. The presence of valve thrombosis or infective endocarditis is a
contraindication for VIV procedures.

Much debate surrounds the choice of imaging modality for optimal measurement of the
non-circular aortic valve annulus and THYV sizing. Transoesophageal echocardiography is the
most practical and frequently used modality; however, two dimensional measurements of the
three dimensional aortic annulus can lead to underestimation of the true dimensions of the
annulus."” This may result in valve undersizing and increase the risk of paravalvular aortic

w34

regurgitation."” Multidetector CT reconstruction of the annulus orthogonal to the centre
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axis of the left ventricular outflow tract allows for the assessment of minimal and maximal
diameter, circumference, and area measurements. As such, multidetector CT is becoming the
default imaging modality to assess aortic annular dimensions.

In the setting of native aortic valve stenosis, TAVIs are oversized relative to the annulus di-
ameter by 10-30%. Oversizing creates enough interference between the bioprosthesis and the
aortic valvar complex to ensure adequate anchoring and sealing. It is not known if sizing rules
should differ for TAV-in-SAV cases, or indeed if they should differ between non-distensible
stented valves and somewhat distensible stentless valves. The authors continue to advocate
manufacturer based sizing principles in the absence of any firm evidence. Other investigators
have suggested that the TAVI external diameter does not necessarily have to be larger than the
bioprosthesis internal diameter and can even match the internal diameter.”

One important preclinical study using a pulse generator evaluated the haemodynamic
consequences of implanting a 23 mm TAVI within degenerated small sized CE Perimount
bioprostheses (19, 12, and 23 mm)."” In all cases, the rigid base ring and stent posts prevented
complete expansion of the THV. Postimplantation transvalvular gradients were significantly
reduced in the 23 mm and 21 mm bioprostheses; however, there was no improvement within
the 19 mm Perimount bioprosthesis, which also demonstrated considerable central aortic
regurgitation. More recently, preliminary data suggest that the balloon expandable Edwards
Sapien/XT valve may yield greater postoperative transvalvular gradients in small surgical
bioprostheses (<20 mm) than the self-expanding thinner strut Medtronic CoreValve."* The
difference in postoperative gradients is probably a reflection of the intra-annular versus supra-

annular leaflet location of the Edwards Sapien/XT versus Medtronic CoreValve prosthesis.

The predilatation conundrum

Balloon aortic valvuloplasty (BAV) is routinely performed before TAVI in native aortic valve
stenosis. The rationale for aortic valve predilation includes improving the annular seating
space and assisting maximal THV expansion. In TAV-in-SAV procedures, practice patterns
are more heterogeneous. The clinical utility of dilating a non-distensible stented valve can
be debated. Where severe calcification is the mode of failure, there is probably some merit
in performing preimplantation predilatation; however, this may increase the risk of annulus
rupture in stentless valves, or the risk of embolisation of friable material. In light of these
potential risks, most experienced operators avoid preimplantation BAV unless deemed an
absolute necessity (see online supplementary table S1). The American College of Cardiol-
ogy/American Heart Association and European Society of Cardiology valvular heart disease
guidelines contraindicate percutaneous balloon interventions in the treatment of stenotic

w36 w37

aortic bioprostheses, and so routine preimplantation BAV is not recommended for VIV

procedures.
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Surgical bioprosthetic valve recognition

Stented surgical bioprostheses can be recognised by identifying the radiopaque components
of the base ring and/or stent on fluoroscopy (figure 6)."” ** If the base ring is metallic, one
should assess its shape (circular, boat, or scallop shaped) and ascertain if it is open or closed.
If the stent/frame is radiopaque, assess its design, shape and the angle it arises from the base
ring. In some cases, the stent/frame is radiolucent except for circular eyelets near the apices
(Medtronic Hancock IT or Mosaic prosthesis). Stentless valves are not radiopaque and cannot
be identified in the catheterisation laboratory; calcification of the prosthesis, if present, may

provide anatomical landmarks for valve positioning.

A

Figure 6 Fluoroscopic identification of stented surgical bioprostheses. (A) The Carpentier-Edwards (CE) Por-
cine Standard valve has a radiopaque wire that outlines the stent posts (U shaped loops) and the base ring. (B)
The CE Porcine Supra-Annular Valve is similar to the CE Porcine Standard valve (A) except that it has less
defined transition angles between the base ring and stent posts. (C) The CE Pericardial valve has a flattened
radiopaque base ring with three holes, and a narrow wire that outlines the three stent posts and the base ring.
(D) The Medtronic Mosaic valve has radiopaque metal eyelets only. (E) The Hancock standard valve has a radi-
opaque Haynes alloy flat base ring. (F) The Ionescu-Shiley low profile valve has three narrow wire arcs separated

by radiolucent areas. Figures 6A-E are reprinted, with permission, from Mehlman et al®®

THYV positioning
As with TAVI for native aortic valve stenosis, implant positioning is crucial to procedural
success. If radiopaque, the surgical bioprosthesis offers stable markers for positioning the TAV

(figure 4). If radiolucent, THV positioning is performed in the usual fashion using aortic an-
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giography, transoesophageal echocardiography, a pigtail catheter lying in the base of the pros-
thetic leaflets, and/or identification of calcific spots. The fluoroscopic viewing angle should be
perpendicular to the base ring, or selected in the usual fashion using contrast angiography. If
possible, the THV should be coaxial within and lie 3-4 mm below the base ring of the surgical
prosthesis. Transapical implantation may offer superior coaxial alignment than retrograde
access; however, both access routes have been associated with acceptable procedural success
rates."’

Significant aortic regurgitation, a common occurrence with degenerated bioprosthetic
valves, may compromise the stability of the THV during implantation and increase the risk
of valve embolisation.* In such cases, rapid pacing is advised to reduce cardiac output and
stabilise the position of the THV. Postimplant dilation may be required in cases of significant
paravalvular aortic regurgitation or underexpansion of the prosthesis associated with elevated

transvalvular gradients.

FUTURE PERSPECTIVES: CHALLENGES AND OPPORTUNITIES

To date, the published results of VIV procedures have been encouraging, and advocate the
continued development of this innovative adaptation of THV technology. However, there
remain important knowledge gaps that must be addressed: patient selection criteria; VIV
sizing criteria; understanding the clinical impact of elevated transvalvular gradients; potential
galvanic (metal-on-metal) corrosion; the potential for THV thrombosis following VIV pro-
cedures; and durability issues. Dedicated prospective trials are required to further our under-
standing of these procedures and are currently being considered by the THV manufacturers
in order to secure expanded clinical indications for their products.

Although in their infancy, VIV procedures have the potential to revolutionise the manner
in which we treat valvular heart disease. Less invasive and perhaps safer redo procedures may
mitigate against the upfront use of metallic surgical valves and their associated requirement
for anticoagulation. Indeed, anecdotal evidence suggests that in specific cases, cardiac sur-
geons are already applying a strategy of implanting a bioprosthetic surgical valve for patients
<60 years old, with the intention of performing a subsequent VIV procedure if required.
This strategy, although appealing on many fronts, requires further study. Undoubtedly, the
future of VIV procedures lies in the development of customised surgical bioprosthesis and/or
dedicated VIV transcatheter aortic, mitral, and pulmonary valves. The unrelenting evolution

of transcatheter valve technology suggests that this future may soon become a reality.

192



Transcatheter heart valve implantation for failing surgical bioprostheses

CONCLUSIONS

An ageing population, longer life expectancy, and increased use of bioprosthetic valves has led
to an increase in elderly and high risk patients with degenerated surgical bioprostheses. Trans-
catheter implantation of commercially available TAV's represents an emerging and potentially
advantageous alternative to redo surgery. Indeed, TAV-in-SAV procedures have the potential
to become the standard of care for structural valve dysfunction, though large prospective
comparisons with long term follow-up are fundamental to the development of the field.
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Transcatheter heart valve implantation for failing surgical prostheses: key points

Bioprosthetic surgical aortic valve construction

> A thorough understanding of the design characteristics of bioprosthetic surgical aortic valves is crucial
for the success of transcatheter aortic valve in surgical aortic valve (TAV-in-SAV) procedures.

> Stented valves consist of a base ring covered by a fabric sewing cuff from which a stent or frame arises to
support the valve leaflets.

> Theinner base ring diameter (inner stent diameter) is the distance between the inner surfaces of the base
ring, and represents the maximum available diameter for TAV implantation.

> Stentless valves do not have a base ring or the stent/frame support for the leaflets, and may be of hetero-
graft, autograft or homograft origin. TAV-in-SAV procedures

> Both the Edwards Sapien/XT and Medtronic CoreValve have been used successfully for TAV-in-SAV
procedures.

> Results from small case series suggest TAV-in-SAV implantation is associated with acceptable medium
term results with an acceptable safety profile (75-100% 30 day survival).

> Dedicated prospective trials with longer term follow-up are required to confirm the efficacy of TAV-in-
SAV procedures. Other valve-in-valve procedures

> The Edwards Sapien/XT transcatheter heart valve has been implanted into failing surgical bioprostheses
in the mitral, tricuspid and pulmonary positions with acceptable medium term outcomes.

> The Edwards valve has also been successfully implanted into failing surgical annuloplasty rings in the

mitral and tricuspid positions.
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ABSTRACT

Bioprosthetic heart valves are preferentially selected over mechanical prostheses in the
majority of patients undergoing valve replacement surgery. These bioprostheses are prone
to structural degeneration, and hence an increasing number of patients are presenting with
bioprosthetic failure requiring redo surgery. In selected high-risk cases, successful implanta-
tion of a transcatheter aortic valve (TAV) within the failing bioprosthetic surgical aortic valve
(SAV) or mitral valve (SMV) has been performed. Herein, we summarise the available evi-
dence, describe the technical challenges, and highlight important procedural considerations

for these innovative interventions.

Keywords: aortic stenosis, surgical bioprosthesis, TAVI, TAV-in-SAV, TAVR, valve-in-valve,

valve replacement surgery
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Failing surgical bioprosthesis in aortic and mitral position

INTRODUCTION

In the 1970s, commercialisation of bioprosthetic surgical heart valves revolutionised the treat-
ment of aortic and mitral valve disease. These devices afforded elderly patients and others
at considerable risk of bleeding the opportunity for curative surgical aortic or mitral valve
replacement. Today, these prostheses are more frequently used than their mechanical equiva-
lent'. Indeed, recent guidelines have recognised bioprosthetic heart valves to be the standard
of care for patients 260 years of age requiring aortic valve replacement and those 265 years old
undergoing mitral valve replacement’.

In the last decade we have seen another paradigm shift in the treatment of patients with
valvular heart disease. Transcatheter aortic valve implantation (TAVI) has again extended the
promise of curative intervention to patients with severe aortic stenosis (AS) at excessive risk
for aortic valve replacement’. As with most medical innovations, the remit of this technology
has been extended beyond that initially conceived.

Perhaps the most interesting adaptation of TAVI is the treatment of patients with degen-
erative surgical bioprostheses. Most recently, the Medtronic CoreValve® (Medtronic, Min-
neapolis, MN, USA) has received Conformité Européenne approval for implantation within
failing aortic bioprosthetic valves. This article aims to provide an update on the available

evidence supporting this innovative use of transcatheter heart valve (THV) technology.

SURGICAL BIOPROSTHESIS FAILURE

Bioprosthetic heart valves are increasingly preferred to mechanical prostheses as lifelong
anticoagulation can be avoided. This advantage is mitigated by structural deterioration of
bioprosthetic valves, which have an average lifespan of between 12 and 20 years**. Improved
bioprosthetic valve design has reduced the rate of structural deterioration and has resulted in
these valves being used in younger patient cohorts’. Hence, patients with failing surgical bio-
prostheses are more frequently encountered. Redo aortic or mitral valve replacement surgery
is the treatment of choice for these patients. Operative mortality for an elective redo aortic
valve surgery is between 2% and 7%, and is comparable to the primary valve surgery in low-
risk cohorts®. However, a significant number of high-risk patients are declined redo surgery, or
have protracted postoperative recovery and adverse outcomes’. In these cases, implantation of
a transcatheter aortic valve (TAV) within a surgical aortic valve (SAV) or mitral valve (SMV)

may offer a less invasive and effective alternative to conventional surgery (Figure 1).
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Figure 1 Case examples of TAV-in-SAV procedures. Transapical implantation of an Edwards SAPIEN valve
inside: (A) Carpentier-Edwards Perimount; (B) Sorin Soprano; and (C) Medtronic Mosaic. Implantation of a
Medtronic CoreValve within (D) Edwards Perimount; (E) Carpentier-Edwards porcine supra-annular valve;
and (F) Sorin Soprano.

CLASSIFICATION OF SURGICAL BIOPROSTHETIC VALVES

Understanding the construction of surgical bioprostheses and their failure modes is fun-
damental to successful valve-in-valve (VIV) procedures. These valves may be classified as
stented or stentless, with the stented prostheses being more frequently encountered. Stented
valves usually have a rigid base ring from which a stent or frame arises to support the valve
leaflets (Figure 2)°. The base ring and support frame are covered by pericardium or a synthetic
material that protects the frame, and acts as an anchoring suture cuff. The base ring and frame
are composed of metal alloys or plastics and can be radiolucent or radiopaque. The valve
leaflets are of xenograft or homograft origin, and can be mounted inside (PERI-MOUNT™
[Edwards Lifesciences, Irvine, CA, USA], Epic [St. Jude Medical, St. Paul, MN, USA], Han-
cock II® [Medtronic, Minneapolis, MN, USA]) or outside (Mitroflow® [Sorin Group, Milan,
Italy] Trifecta™ [St. Jude Medical, St. Paul, MN, USA]) the frame (Figure 3). Bioprosthetic
valves are usually placed at the level of the native aortic annulus though specific supra-annular
designs are available (Magna [Edwards Lifesciences], Mosaic® [Medtronic]) to maximise the

effective orifice area.
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Valve leaflets

3

Internal stent diameter

External stent diameter

Sewing ring diameter

B Stent posts Valve leaflet
(internally mounted)

Valve height

Figure 2 Carpentier-Edwards Peri-

Internal stent diameter mount Magna Ease aortic valve. A &
External stent diameter
Sewing ring diameter

B) Dimensions and design features of a
stented bioprosthetic valve.

Stentless valves do not have a base ring or frame to support the leaflets and are of heterograft,
autograft or homograft origin (Figure 4). A fabric suture cuff covers the inflow portion of the
valve, thereby enabling fixation at the site of the excised native valve.

SIZE LABELLING OF SURGICAL BIOPROSTHESIS

The labelled size of stented surgical bioprostheses corresponds to the external diameter of
the base ring rather than the internal stent diameter that is relevant for THV sizing for VIV
procedures (Figure 2). The internal stent diameter represents the available diameter for THV
implantation within the relatively non-distensible base ring. Tables detailing these diameters
in all surgical bioprostheses are available’; however, pannus and calcification can lead to a

discrepancy between observed and expected inner stent diameters. Thus, pre-implantation
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Stented hioprosthetic valves
CE Perimount Medtronic Hancock St. Jude Epic

Supra-annular valves Externally mounted leaflets
CE Perimount Medtronic Mosaic St. Jude Trifecta Sorin Mitroflow
Magna Ease

v

Figure 3 Stented bioprosthetic valves. CE: Carpentier-Edwards.

Stentless bioprosthetic valves

Sorin Freedom Medtronic Freestyle Edwards Prima Plus St. Jude Toronto

&b

Figure 4 Stentless bioprosthetic valves.

multislice computed tomography remains crucial for THV sizing. Similar to stented valves,
the labelled size of stentless valves and homografts usually corresponds to the valve’s outer
diameter. The inner diameter of the valve is usually available though the absence of a base
ring makes these prostheses more compliant than stented valves. Thus THV sizing can be

performed in a manner akin to TAVT for native aortic valve stenosis.
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MECHANISMS OF SURGICAL BIOPROSTHESIS FAILURE

Bioprosthetic valve failure results from malfunction of the leaflets or the supporting structures
(base ring or frame). Common mechanisms of valve failure include wear and tear, leaflet
calcification, pannus formation, thrombosis, and infective endocarditis'. Leaflet tissue de-
terioration is the most common cause of bioprosthetic valve failure. Although leaflet failure
usually occurs insidiously, failing leaflets can tear off the frame and can result in abrupt aortic

or mitral insufficiency.

PERCUTANEOUS TREATMENT OF FAILING SURGICAL AORTIC
BIOPROSTHETIC VALVES: TAV-IN-SAV

Evidence critically evaluating the safety and efficacy of TAV-in-SAV procedures remains lim-
ited. While randomised trials comparing redo surgery with THV implantation have not been
performed, several small case series and the Global Valve-in-Valve Registry have reported
encouraging and intriguing results”''™"’. The latter is a voluntary registry that currently in-
cludes 459 TAV-in-SAV cases and 88 TAV-in-SMV cases performed in 55 centres worldwide.
In this registry, high-risk patients (mean Society of Thoracic Surgeons [STS] risk of mortality
score >11.9%) underwent TAV-in-SAV procedures for bioprosthetic regurgitation (30.7%),
stenosis (39.2%), or mixed regurgitation and stenosis (30.1%). Most patients (79.7%) had

failing stented surgical bioprosthetic valves.

CLINICAL OUTCOMES

30-day outcomes

Patients successfully discharged from the hospital following TAV-in-SAV experience improve-
ment in symptoms, as demonstrated by a reduction in New York Heart Association (NYHA)
functional class". At 30 days, more than 85% of patients report NYHA Class I/1T symptoms"*,
Reported 30-day mortality rates are between 4.2% and 17%'"". The Global Valve-in-Valve
Registry has reported 30-day rates of all-cause and cardiovascular mortality of 7.6% and 6.5%,
respectively (Ran Kornowski EuroPCR 2013, personal communication). These results are
comparable to other TAVI cohorts and appear to confirm the safety of these complex inter-
ventions'® . Importantly, physician experience is associated with improved acute procedural

results™".
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Long-term results

Six-month and one-year survival rates range from 86% to 94% and 84% to 92%, respec-
tively'*'*'*"". In the Global Valve-in-Valve Registry, survival at one year was 85% in Medtronic
CoreValve patients and 81.3% in Edwards SAPIEN patients (p=0.44) (Ran Kornowski Eu-
roPCR 2013, personal communication). Transvalvular gradients also appear to be stable out
to one-year follow-up'*". According to the indication for VIV implantation, one-year survival
was 91.2% in patients with aortic regurgitation, 83.9% in those with mixed disease, and 76.6%
in patients with bioprosthetic stenosis (p=0.01). Indeed, baseline bioprosthetic stenosis was
the strongest predictor of mortality at one year (Hazard Ratio: 4.8; 95% confidence interval 1.8
to 12.5, p=0.002) (Ran Kornowski EuroPCR 2013, personal communication).

Longer-term follow-up is required to confirm the efficacy of TAV-in-SAV procedures. This
is especially true in patients with high post-procedural transvalvular gradients, as underex-
pansion of the THV can lead to suboptimal valve function, impaired leaflet coaptation, and

increased leaflet stress and dysfunction®"*.

Stroke

The reported incidence of major 30-day stroke ranges from 0% to 2.4%™'*'>'°. Thus, it appears
that periprocedural stroke may be less common with VIV procedures than with TAVI for
native AS (3.8% to 5.0%)'>". The lower than expected incidence of stroke in TAV-in-SAV pro-
cedures is probably multifactorial: patients tend to be younger than those undergoing TAVI
for native AS; bioprosthetic regurgitation usually involves less extensive aortic calcification
than native AS; and pre-implantation balloon dilatation is performed more sparingly and less

aggressively in TAV-in-SAV procedures.

PROCEDURAL OUTCOMES

Coronary obstruction

Coronary obstruction following TAVI for native AS is rare (0.35%)”. In contrast, the reported
incidence of coronary occlusion is ten times higher (3.5%) in patients undergoing TAV-in-
SAV". The higher incidence may be explained by: 1) the position of the surgical bioprosthesis
(annular or supra-annular: the latter reduces the distance to the coronary ostia); 2) the design
features of the bioprosthesis (stented or stentless; internal or external leaflet mounting; leaflet
length); and 3) the presence of bulky pannus. In particular, Mitroflow stented valves, which
have externally mounted, elongated leaflets, and Freedom stentless valves (Sorin Group) have
a higher incidence of left main occlusion'*'**,

Left main rather than right coronary occlusion predominates due to the lower position
of the left coronary ostium relative to the aortic annulus. Rapid haemodynamic instability,

. . 2 . .
ST-segment changes, and ventricular arrhythmias are common®. Coronary occlusion compli-
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cating TAVT for native AS can usually be effectively treated percutaneously with success rates
of 90% and in-hospital mortality of 8.3%”. In contrast, percutaneous intervention during
TAV-in-SAV is more challenging, as the bioprosthetic valve posts or leaflets inhibit guidewire

passage (Figure 5)*. In-hospital mortality due to coronary occlusion in the Global Valve-in-

Valve Registry was 57.1%"".

Figure 5 Left main coronary occlusion following TAV-in-SAV. Fluoroscopic images of a stenotic Medtronic
Mosaic valve in the aortic position being treated by TAV-in-SAV with an Edwards SAPIEN valve. A) Position-
ing of the Edwards SAPIEN valve inside the failing bioprosthesis. Note the impressive calcification adjacent to
the left main (arrow). B) Aortography following TAV-in-SAV demonstrates left main occlusion (dashed arrow).
C) Stenting of the left main. D) Final result of left main stenting.

Requirement for pacemaker

Approximately 10-40%* and 4-7%** of patients require a permanent pacemaker after Co-
reValve and Edwards SAPIEN implantation for native AS, respectively. The requirement for
pacemaker following TAV-in-SAV procedures is lower. In the Global Valve-in-Valve Registry
pacemakers were implanted in 12.2% of CoreValve and 4.9% of Edwards SAPIEN recipients,
respectively (Ran Kornowski EuroPCR 2013, personal communication). The non-distensible

base ring of the surgical prosthesis, paravalvular fibrotic change, and relatively high implanta-
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tion of the THV probably protect the conduction apparatus from the full distension force of

the THV and mitigate against conduction disturbance.

Transvalvular gradients

Elevated post-implantation transvalvular gradients appear to be the Achilles heel of TAV-
in-SAV procedures. Mean gradients are higher following TAV-in-SAV procedures (=15-20
mmHg) than TAVI for native AS (=10 mmHg)”'*"*. High post-procedural gradients (mean
gradient >20 mmHg) were reported in 28.4% in the Global Valve-in-Valve Registry". This
observation results in a large proportion of cases failing to meet the updated Valve Academic
Research Consortium (VARC) definition of acute procedural success”. Elevated gradients
may be explained by pre-existing prosthesis patient mismatch, which occurs in up to 52% of
patients with a stented aortic bioprosthesis®', or by incomplete expansion of the THV within
the rigid base ring of the surgical prosthesis™. This problem is most frequently encountered
in those with surgical prostheses of small internal diameter (<20 mm). The limited number
of available THV sizes has resulted in many patients being treated with THVs that would
conventionally have been considered too large for the measured internal diameter of the fail-
ing surgical bioprosthesis. Thus, the relation of the THV diameter to the surgical bioprosthesis
diameter (“prosthesis-to-prosthesis match™”) may be associated with elevated transvalvular
gradients. It is interesting to speculate that the introduction of the 23 mm CoreValve and 20
mm Edwards SAPIEN valve may yield a reduction in postprocedural transvalvular gradients,
especially in those with small surgical bioprostheses.

Mean postprocedural gradients are also =5 mmHg higher with TAV-in-SAV using the Ed-
wards SAPIEN than with the CoreValve (p<0.0001)". This difference is most apparent inside
small surgical bioprostheses, where 43% of Edwards SAPIEN cases had transvalvular gradients
>20 mmHg compared to 24% of CoreValve cases (Ran Kornowski EuroPCR 2013, personal
communication). It is likely that the supra-annular functionality of the CoreValve provides
a larger potential orifice area than the intra-annular position of the Edwards SAPIEN valve.
Hence, the CoreValve is the preferred THV for patients with smaller surgical bioprostheses.

Elevated transvalvular gradients and prosthesis-patient mismatch following SAVR are
associated with congestive heart failure, perioperative and long-term mortality’’. However,
the advanced age and comorbid status of patients undergoing TAV-in-SAV may render the
long-term consequences of prosthesis-patient mismatch less significant. Close patient follow-
up and further study are required to establish the long-term clinical significance of prosthesis-

patient mismatch™,

Paravalvular leak
Moderate to severe paravalvular leak occurs less frequently with TAV-in-SAV than TAVT for

native AS. However, important (grade >2) paravalvular leaks continue to occur in approxi-

mately 5% of cases'’. Moderate paravalvular leak appears to occur more commonly following
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CoreValve implantation (8.9%) than with the Edwards SAPIEN valve (2.5%). Paravalvular
leaks may occur between the THV and the surgical bioprosthesis or between the surgical

bioprosthesis and the native annulus.

PROCEDURAL CONSIDERATIONS

Pre-implantation balloon valvuloplasty

Opinions remain divided on the role of pre-implantation balloon aortic valvuloplasty (BAV)
for TAV-in-SAV procedures. In cases where extensive calcification is present, BAV may be
logical. However, the merit of BAV within the non-distensible base ring of stented biopros-
theses or in cases of primary aortic regurgitation is uncertain. Surgical bioprostheses are
more susceptible to tearing than native aortic leaflets and ensuing haemodynamic instability
can render TAV-in-SAV procedures more challenging®. More importantly, intervention on
degenerated surgical bioprostheses carries a higher risk of debris embolisation and stroke.
Indeed, balloon dilatation of prosthetic left-sided heart valves is contraindicated by societal
guidelines>*. Despite these recommendations, BAV was performed in 27.7% of cases in the
Global Valve-in-Valve Registry (16.1% CoreValve; 46.2% Edwards SAPIEN)".

Malposition of the THV
THV malposition during TAV-in-SAV procedures occurs frequently. The Global Valve-in-

Valve Registry reported initial malposition in 15.3%, additional manoeuvres to retrieve the
CoreValve in 8.9%, and implantation of a second THV in 8.4%'*. Malposition occurs more
commonly during intervention on stentless surgical bioprostheses and particularly with the
Medtronic Mosaic valve'®. Several factors may account for the high rates of malposition.
Firstly, the large variety of surgical valves with different constructions and fluoroscopic
markers creates uncertainty in identifying the optimal position for implantation”’. Second,
in patients with predominant aortic regurgitation, the elevated stroke volume contributes to
prosthesis instability during implantation. Third, the limited number of available THV sizes
has necessitated the implantation of relatively larger THV's than in TAVI for native AS, thus
making the implant more difficult.

A thorough understanding of the design and fluoroscopic identification of the surgical
bioprosthesis is therefore essential. An iPhone app that helps identify the features of currently
available surgical bioprostheses is available (http://www.ubqo.com/viv). Rapid ventricular
pacing should be considered in patients with significant aortic regurgitation to reduce stroke
volume and valve instability. In cases with limited fluoroscopic implantation landmarks,
transoesophageal echocardiography should be used for device positioning. It is satisfying to

note that the most recent data presented from the Global Valve-in-Valve Registry demonstrate
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that the requirement for implantation of a second THV has fallen to 4.4% (Ran Kornowski

EuroPCR 2013, personal communication).

PERCUTANEOUS TREATMENT OF FAILING SURGICAL MITRAL
BIOPROSTHETIC VALVES: TAV-IN-SMV

Successful implantation of the Edwards SAPIEN valve within a failing surgical mitral valve
was first reported in 2009%. In subsequent years, several case reports and small series have
demonstrated the feasibility and safety of this technique with both Edwards SAPIEN and
Medtronic Melody THVs™ ™',

Safety and efficacy

Cheung et al have recently reported their institutional experience of 23 transapical TAV-in-
SMV cases®. In this high-risk cohort (mean STS score 12.2 + 6.9%) declined conventional
redo mitral valve replacement surgery, the mechanism of bioprosthetic failure was stenosis
in 30.4%, regurgitation in 39.1%, and mixed in 30.4%. VARC-defined device success was
achieved in 100% of cases and there was no 30-day mortality. The mitral transvalvular
gradient significantly decreased from 11.1 + 4.6 mmHg to 6.9 + 2.2 mmHg following the
VIV procedure, and all patients had no more than mild paravalvular mitral regurgitation.
Haemodynamic or structural deterioration was not observed during follow-up, though one
patient underwent a further valve-in-valve-in-valve procedure due to atrial migration of the
Edwards SAPIEN valve. Heart failure symptoms improved in all but one patient (NYHA Class
I/II). At a median follow-up of 753 days the Kaplan-Meier survival rate was 90.4%. Long-term
durability and efficacy require further study.

Procedural considerations

The majority of TAV-in-SMV cases have been performed using the transapical approach
which provides direct and coaxial access to the failing mitral bioprosthesis. Alternative access
routes are more technically challenging and include the transatrial approach using a right-
sided thoracotomy®, and the transvenous transseptal approach'’. As stentless bioprostheses
are used very infrequently in the mitral position, THV implantation can usually be performed
using fluoroscopy. In cases where the sewing ring is radiopaque, the use of transoesophageal
echocardiography is recommended. Similar to TAV-in-SAV procedures, THV sizing for failing
mitral bioprostheses has been guided primarily by the manufacturers’ reported internal stent
diameter, as well as screening computed tomography and intraprocedural echocardiography.
These latter imaging modalities add important information regarding the failure mode of the
surgical valve. In the series by Cheung and colleagues, 10% oversizing of the Edwards SAPIEN

valve relative to the surgical bioprosthesis was considered appropriate®.
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Unanswered questions

Although the frequency of VIV interventions is growing, it is important to note that there
remain significant gaps in our understanding of these procedures. Long-term efficacy and
durability remain unknown, particularly in patients with underexpanded THVs and high
transvalvular gradients. A comparative effectiveness analysis comparing VIV with redo sur-
gery has not yet been performed. The optimal degree of THV oversizing inside the surgical
bioprosthesis is unknown. Antiplatelet and anticoagulant regimens are untested. In which
anatomical or patient groups are these procedures best avoided? Which THV should be pref-
erentially used for annular or supra-annular surgical bioprosthesis? What are the implications
of prosthesis-patient mismatch in this patient population? Should specific VARC outcomes
be developed for VIV procedures? Further study is required to address these important ques-

tions.

CONCLUSIONS

Current data support the treatment of patients with failing surgical bioprostheses at high op-
erative risk using THV technology in specialised centres. Although considerable gaps in our
understanding of the long-term efficacy of these procedures remain, results to date suggest
that these innovative procedures have the potential to become the standard of care for surgical

bioprosthetic valve dysfunction.
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TAVT for Failing Surgical Aortic Bioprostheses

INTRODUCTION

Among elderly subjects undergoing surgical aortic valve replacement (SAVR), implantation
of bioprosthetic heart valves is considered to be the standard of care.”* These prostheses are
recommended for patients 260 years of age or in those at high risk of bleeding with systemic
anticoagulation."? Consequently, the use of bioprosthetic heart valves now greatly outweighs
their mechanical equivalents.” Despite advances in bioprosthetic design, valve durability
remains the Achilles’ heel; current iterations are expected to degenerate within 12 to 20 years
and in some cases even sooner.”* Redo SAVR is recommended for stenotic or regurgitant
bioprostheses, though surgery is often denied due to elevated operative risk in these elderly
patients with comorbid medical conditions.®® In such patients, implantation of a transcatheter
aortic valve (TAV) within the degenerated bioprosthetic surgical aortic valve (SAV) has proven
to be feasible, safe, and effective.”"* Nevertheless, limitations of TAV-in-SAV implantation in-
clude a relatively higher rate of malposition and coronary occlusion, device underexpansion,
and residual aortic stenosis, compared to native aortic valve TAV implantation (TAVI). This
chapter aims to describe the pre-procedural planning, implantation techniques, and evidence
for these TAV-in-SAV procedures.

BIOPROSTHETIC SURGICAL AORTIC VALVE CONSTRUCTION

Bioprosthetic SAV's are comprised of two essential components: the valve leaflets and a sup-
porting frame/structure (Figure 1)."" The leaflets may be of xenograft or homograft origin.
Xenografts are most frequently composed of bovine pericardium or are whole porcine aortic
valves. Less frequently, thinner porcine pericardium may be used for leaflet construction.
Typically, the leaflets are prepared with an anti-calcification treatment (e.g. ThermaFix™,

Figure 1. Stented Aortic Bioprosthesis
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Figure 1. (A and B) Carpentier-Edwards Perimount Magna Ease aortic valve. Dimensions and design features
of a stented bioprosthetic valve. With permission from Mylotte et al. Eurolntervention. 2013;9:577-S83.
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Edwards Lifesciences, Irvine, CA, USA) and preserved in glutaraldehyde. Bioprosthetic heart
valves can be further categorized according to the leaflet support structure (Figure 2): A)
stented prostheses where the leaflets are supported by a mechanical frame; or B) stentless

prostheses where the leaflets are supported by xeno- or homograft tissue.

Figure 2. Stented and Stentless Bioprosthetic Valves
A B C
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Figure 2. Stented and stentless bioprosthetic surgical valves. (A) Stented pericardial bovine bioprosthetic valves.

(B) Stented porcine aortic valve bioprostheses. (C) Stentless bioprosthetic valves. With permission from Mylotte
et al. Heart 2013 99: 960-967.

A) Stented Bioprostheses

The basic construction of all stented bioprosthetic heart valves is consistent: valve leaflets
sutured to a rigid supporting frame constructed of metallic alloys (titanium or cobalt-
chromium), pyrolytic carbon, or polymeric materials (polymers) (Figure 3)."* The stent frame
or posts are covered by pericardium or by a synthetic material for protection. A circular or
scallop shaped sewing ring is attached to the frame and is usually covered in by a fabric sewing
cuff that is used to secure the bioprosthesis to the native aortic root. The valve leaflets may be
sited either at the level of the annulus (intra annular Link below)) or above the annulus (supra
annular (link to below)) (Figure 4). The latter is designed to increase the effective orifice area

and improve the haemodynamics of the prosthesis. In most cases, the valve leaflets are sutured
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inside the supporting frame, however the Mitroflow (Sorin, British Columbia, Canada) and
Trifecta (St. Jude, St Paul, Minnesota, USA) (Link to individual images) bioprostheses have

externally mounted leaflets wrapped as a sleeve around the frame.

Figure 3. Stented Bioprosthetic Valve Construction
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Figure 3. (A) Carpentier-Edwards Perimount bovine pericardial valve. (B) Medtronic Hancock II porcine aor-
tic valve. (C) Sorin Mitroflow bovine pericardial valve. With permission from Mylotte et al. Heart 2013 99:
960-967.

Figure 4. Intra and Supra Annular Bioprostheses
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Figure 4. (A) Intra (Carpentier Edwards Perimount) and supra (Carpentier Edwards Perimount Magna Ease)
annular bioprostheses. Note (B) the location of the sewing ring is different.
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Fluoroscopic Identification of Stented Bioprosthesis

The stent frame or posts and the sewing ring may be radiolucent or radiopaque, according to
their composition. Fluoroscopic identification of stented surgical bioprostheses is performed
by discerning differences in the shape of the frame and/or the design and location of the
sewing ring." The Aortic Valve-in-Valve (VIV) application includes a user-friendly, compre-

hensive, guide that assists in the identification of aortic bioprosthetic valves.

B) Stentless Bioprostheses

Stentless bioprostheses do not have a supporting frame and/or ring. Rather, these valves are
entirely constructed from human (homograft) or porcine (xenograft) aortic root tissue."
Examples include: Edwards Prima; Medtronic Freestyle, Sorin Freedom; St Jude Toronto SPV.
These prostheses were principally developed to yield superior haemodynamic results to their
stented equivalents. Stentless bioprostheses have not been proven to enhance durability when
compared to their stented equivalents.'® Furthermore, their propensity towards heavy aortic

root calcification and lack of fluoroscopic markers can make TAV-in-SAV more challenging."”

FAILURE MODES OF SURGICAL BIOPROSTHESES

The increasing use of surgical bioprosthetic valves has resulted in physicians encountering
bioprosthesis failure with greater frequency. First generation bioprosthetic heart valves were
particularly prone to failure: up to one-third of younger patients underwent reoperation
within 10 years." Technical advances have rendered these early prostheses obsolete, and have
improved valve durability: freedom from structural valve failure at 15-years was reported in
43% of those treated with the first generation Hancock bioprosthesis (Medtronic, Minneapolis,
Minnesota, USA) and in 19% treated with the second-generation Hancock valve."”* Current,
third-generation bioprostheses are expected to further reduce the incidence of structural valve
failure, though long-term durability data are not yet available. Overall, the median life-span of
surgical bioprostheses is currently between 12 to 20 years with current prostheses,”* however
there appears to be a cohort of patients that experience early valve failure: the median time
to failure in the Global VIV registry was 9 years."” It is also conceivable that because many
bioprosthetic recipients are elderly and high-risk for redo surgery, that the true incidence
of aortic bioprosthesis failure may be under-reported. Smoking, younger age, persistent left
ventricular hypertrophy and small prosthesis sizes are predictors of requirement for reop-
eration.”® In addition, metabolic syndrome, diabetes mellitus, renal insufficiency, and higher
mean valve gradient at baseline significantly contribute to structural valve deterioration over
time of bioprostheses.”"

Valve leaflet deterioration, due to wear and tear, progressive calcification, infective en-

docarditis, thrombosis or extensive pannus formation is the most common mechanism of
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bioprosthetic failure (Figure 5).""* Structural fatigue of the valve frame or stent posts, and
paravalvular regurgitation in the presence of a functionally normal prosthesis may also neces-
sitate redo surgery. Isolated bioprosthetic stenosis is observed more frequently than isolated
regurgitation in stented bioprostheses whereas stentless bioprostheses commonly fail with
predominant regurgitation or mixed valve failure.”” In the preliminary report of the Global
VIV registry (n=202), bioprosthesis mode of failure was stenosis (42%), regurgitation (34%),
or combined stenosis and regurgitation (24%).

Figure 5. Aetiology of Surgical Bioprosthesis Failure

Figure 5. Pathological specimens demonstrating the aetiology of bioprosthetic valve failure. (A) Wear and tear.
(B) Calcific degeneration. (C) Pannus. (D) Endocarditis. (E) Thrombus. With permission from Piazza N et al.
JACC Intv 2011;4:721-32.

SIZE LABELLING OF SURGICAL BIOPROSTHESES: IMPLICATIONS
FOR TAV-IN-SAV

Understanding the sizing nomenclature of surgical bioprostheses is of utmost importance
for planning and executing properly the TAV-in-SAV procedures (Figure 1). The internal
stent diameter represents the internal diameter of the frame of stented surgical bioprostheses,
without the valve leaflets. This measurement, among other scaffold dimensions (external stent
diameter; sewing ring diameter), is commonly available from the prosthesis manufacturer.
However, when the valve leaflets are considered, the dimensions of the bioprosthesis with
internally mounted leaflets are smaller than the labelled inner stent diameter. This, “true”
internal diameter is typically 2.0 mm smaller for valves with internally mounted porcine
leaflets (Hancock II), Mosaic, CE Porcine SAV, Epic and Biocor) and 1.0 mm smaller in valves
composed of pericardial tissue (Perimount, Perimount 2700, Magna, Magna Ease, Soprano).”
With externally mounted leaflets, the internal stent diameter is equal to the “true” internal
diameter.” The presence of heavy leaflet calcification and/or pannus can further reduce the
diameter available for TAV implantation.

The manufacturer-labelled diameter of stentless valves typically corresponds to the external
(aortic root diameter) of the valve. Although the labelled diameter can be somewhat variable,
due to the ability to distend these pliable valves, the “true” internal diameter is approximately

1.5 mm (Prima), 3 mm (Freestyle), or 2 mm (Toronto SPV) smaller than the labelled size.”
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TAV SIZING

In TAVT for native aortic valve stenosis, oversizing the transcatheter heart valve (THV) rela-
tive to the aortic annulus is required (1) to anchor the prosthesis and prevent valve migration;
(2) to provide sealing and avoid paravalvular leaks; and (3) to minimise patient-prosthesis
mismatch. The degree of THV oversizing is prosthesis specific (Edwards SAPIEN: 4 to 20%;
CoreValve 7 to 30%) and is greatly influenced by the imaging modality (echocardiographic
vs. computed tomography [CT]) and by the method of diameter calculation (area; mean
diameter; perimeter).

Currently, the amount of THV oversizing and the optimal method of THV-sizing for
TAV-in-SAV procedures remain unknown. The required degree of THV oversizing relative
to the degenerated bioprosthesis may be less than that advised for native aortic stenosis, as
prosthesis anchoring and sealing appear to be superior within the frame of the surgical valve
and the rate of significant post-procedural paravalvular aortic regurgitation appears low.
Although the risk of excessive oversizing with regard to annular rupture is low in these cases,
aggressive oversizing may hypothetically risk high post-implantation transvalvular gradients
and may threaten longer-term valve durability. There is consensus, that CT evaluation of the
“true diameter” of the degenerated bioprosthesis may be the most appropriate method of
sizing.'"”** CT affords assessment of the impact of the valve leaflets, calcification, and pannus
formation on the manufacturer-labelled internal diameter. The authors strongly recommend

the sizing algorithm proposed in the Aortic VIV application.

EVIDENCE FOR TAV-IN-SAV PROCEDURES

Evidence supporting the safety and efficacy of TAV-in-SAV procedures was initially derived
from case reports and small series."* '****" In 2010, the Global VIV registry began collecting
data from centres performing TAV-in-SAV procedures across the globe.'> Most recently, this
voluntary registry reported outcomes on 459 patients (n=213: CoreValve; n=246 Edwards
SAPIEN) with a failed surgical aortic bioprosthesis treated by TAV-in-SAV.*

The complexity of these procedures was demonstrated by satisfactory procedural success
and clinical results but also by high rates of TAVI malposition: stented prostheses (8%); stent-
less prostheses (14%); and by the requirement for a second transcatheter valve in 4.5%. Coro-
nary artery obstruction occurred in 2% and conversion to surgical aortic valve replacement
was required in 3.4%. Overall 30-day mortality was 7.6%, (7.0% CoreValve and 8.1% Edwards
SAPIEN). At 1-year, 85% of CoreValve and 81.3% of Edwards SAPIEN treated patients were
alive (p=0.44). The strongest independent predictors for post-procedural mortality were a

small surgical valve size (label size <=21mm) and stenosis as the failure mechanism.”’

222



TAVT for Failing Surgical Aortic Bioprostheses

PROCEDURAL COMPLICATIONS

Post Implantation Gradients

In the setting of THV implantation for native aortic valve stenosis, mean transvalvular
gradients average 5 to 15 mmHg. In contrast, mean transvalvular gradients following TAV-
in-SAV are frequently higher: 10 - 25 mmHg. In the Global VIV registry, 28.4% of cases
had elevated post-procedural gradients.”” Consequently, a large proportion of TAV-in-SAV
cases do not meet the Valve Academic Research Consortium (VARC) definition for acute
procedural success **. The restricted area for THV expansion within the degenerated surgical
bioprosthesis or pre-existing patient-prosthesis mismatch is the most likely explanations for
these elevated gradients. Indeed, the smaller the surgical bioprosthesis, the higher the gradient
that can be expected following THV implantation.” Importantly, the Medtronic CoreValve
seems to deliver superior haemodynamic performance than the Edwards SAPIEN in surgical
bioprostheses of small (< 20 mm) or intermediate (>20 < 23 mm) internal diameter.”* This
discrepancy arises from the different design characteristics of these devices: the functional
component of the Edwards SAPIEN system is located at the level of the native annulus while
the CoreValve's leaflets are supra-annular (Figure 6). Thus, the CoreValve is ultimately less
constrained by the rigid frame of the surgical bioprosthesis into which it is implanted and
provides a larger effective orifice area. Whether this haemodynamic superiority translates into

enhanced long-term clinical outcomes is not yet know. Going forward, it is expected that

Figure 6. Bench Morphology of TAV-in-SAV

Figure 6. Bench morphology of the Medtronic CoreValve (left) and Edwards SAPIEN valve (right) within
stented surgical bioprosthetic valves.
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the newly developed 23mm CoreValve and 20mm Edwards SAPIEN prostheses will impact
positively on post-implantation gradients.**

TAV-in-SAV procedures have been performed using a range of prostheses: Medtronic
CoreValve,'"” Medtronic CoreValve Evolut R,** Medtronic Melody,” Edwards SAPIEN,” St
Jude Portico,” and Symetis Acurate.”” Most procedures however, have been performed with

either the Edwards SAPIEN or Medtronic CoreValve systems."?

THYV Malposition

THYV malposition was reported in 15.3% of cases in the Global VIV registry."> Consequently,
high rates of additional manoeuvres to reposition or retrieve the valve or implantation of a
second THV (8% of total cohort) were observed.'> More recently, the requirement for im-
plantation of a second THV appear to have fallen to 4.3%.’" Operator experience is likely to
have had an important role in these improving results:* improved understanding of biopros-
thesis construction and mode of failure; understanding the ideal implant position for a given
bioprosthesis (e.g. different for annular and supra annular bioprostheses); and utilization
of intra-procedural multimodality imaging. Stentless bioprostheses and stented valves with
radiolucent sewing rings (Epic, St. Jude; Mosaic, Medtronic) provide the greatest challenge to

accurate THV positioning.

Paravalvular Leak

Significant paravalvular regurgitation between the THV and the surgical bioprosthesis are
uncommon (5%)." The frame of the surgical valve appears to improve THV sealing and thus
the majority of cases of significant paravalvular regurgitation arise from THV malposition.”*
In the absence of malposition, incomplete THV expansion may be treated with post implanta-

tion balloon dilatation.

Coronary Obstruction

There is an elevated risk of coronary obstruction with TAV-in-SAV procedures compared to
TAVT for native aortic stenosis.”*** Coronary obstruction was observed in 3.5% of cases in the
initial publication of the Global VIV registry. Most recently, the rate of coronary obstruction
in the expanded registry was reported to be 2%.”" Left coronary artery obstruction occurs
more commonly and is usually associated with haemodynamic instability and ventricular ar-
rhythmia.*’ The most common mechanism for coronary obstruction is thought to be displace-
ment of the leaflets of the bioprosthesis towards the ostium of the coronary artery or towards
the sinutubular junction. A reduced distance between the bioprosthetic leaflets and/or stent
posts and the coronary ostia may increase the risk of coronary occlusion. Several factors may
increase this risk: low-lying coronary arteries and/or sinutubular junction; narrow aortic
sinuses of Valsalva; supra annular bioprosthesis; elongated leaflets; bulky pannus or calcifica-

tion.”* The design of the surgical bioprosthesis may increase the risk of coronary obstruction.
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Stentless bioprostheses (Freedom, (Sorin, British Columbia, Canada) and Trifecta (St Jude,
St. Paul, Minneapolis, USA) add links) or those with externally mounted leaflets (Mitroflow,
Sorin) increase the risk of coronary obstruction as the leaflets may extend outward in a tubular
fashion following TAV-in-SAV.

Stroke

Degenerated surgical bioprosthetic valve leaflets may be heavily calcified and/or friable, and
prone to tearing, and therefore may have embolic potential. It was assumed therefore, that
TAV-in-SAV procedures might carry a higher risk of stroke than TAVT for native aortic steno-
sis. The Global VIV registry reported major stroke rates of 0.9% for CoreValve and 2.4% for
Edwards SAPIEN recipients. These rates are comparable to published series for TAVI in native
aortic stenosis.” Nonetheless, lack of pre-implantation valvuloplasty during TAV-in-SAV in
most cases may have contributed to the low risk of stroke among failed bioprosthetic valve

patients.

TAV-IN-SAV: PROCEDURAL TIPS AND TRICKS

Patient Selection

The patient work-up for a TAV-in-SAV procedure should be extensive and thorough. Details
of the initial surgical procedure should be sought and the indication for surgery, type and
size of the surgical prosthesis documented. The bioprosthetic stenosis or regurgitation, or
both, requires confirmation with echocardiography. However, it must be demonstrated that
the bioprosthesis is indeed failing and stenotic, rather than there being a chronically elevated
gradient due to a small surgical valve. Similarly, in cases of significant bioprosthesis incom-
petence, it is important to demonstrate that the aortic regurgitation is transvalvular rather
than paravalvular. Ruling out active bioprosthetic infective endocarditis or valve thrombosis
as failure mechanisms can also be achieved with echocardiography and laboratory testing. We
advocate that all patients under consideration for TAV-in-SAV undergo CT analysis for the
purposes of THV-sizing and access route selection and transoesophageal echocardiography in

cases with predominant regurgitation in order to exclude paravalvular leak.

THYV Selection

The choice of THV for implantation should be individualized for each patient. In the majority
of cases, the Edwards SAPIEN (Figure 7) or CoreValve (Figure 8) are likely to be equally
efficacious. Patients with bioprostheses of small (<20 mm) internal diameter may benefit from
the superior haemodynamic results associated with the CoreValve.” Consideration of the risk
of coronary ostial occlusion may also influence THV selection. New generation, fully retriev-

able THV devices or those with aortic leaflet clipping (Jena valve) may be preferable if the risk
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Figure 7. Edwards SAPIEN TAV-in-SAV
.
.

Figure 7. Edwards SAPIEN TAV-in-SAV procedure. Transapical implantation of a 23 mm Edwards SAPIEN
TAV inside a 21 mm Medtronic Mosaic bioprosthesis. (A) Fluoroscopic identification of the Medtronic Mosaic

valve. (B) Positioning of the Edwards SAPIEN valve. (C) Deployment of the Edwards SAPIEN valve. (D) Final
contrast aortography. With permission from Mylotte et al. Heart 2013 99: 960-967.

Figure 8. Medtronic CoreValve TAV-in-SAV

. .
Figure 8. Medtronic CoreValve transcatheter aortic valve in surgical aortic valve (TAV-in-SAV) procedures.
Medtronic CoreValve prosthesis implantation within (A) Edwards Perimount, (B) Carpentier-Edwards Porcine

Supra-Annular Valve, and (C) Sorin Soprano bioprosthesis. With permission from Mylotte et al. Heart 2013
99: 960-967.
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of coronary occlusion is deemed to be high. Furthermore, if the risk of coronary occlusion
seems high, a safety wire (with/without a loaded stent) can be placed in the coronary arteries

to facilitate and/or expedite percutaneous coronary intervention (Figure 9).

Figure 9. TAV-in-SAV with Prophylactic Left Main Coronary Protection.

Figure 9. Implantation of a Medtronic CoreValve within a 19 mm Sorin Mitroflow bioprosthesis, facilitated by
placing a 0.014 guide wire into the distal left circumflex. Note the pre-mounted balloon in the left main stem.

Balloon Predilatation

Current guidelines discourage balloon valvuloplasty of degenerative bioprostheses on the
left side of the heart as a single procedure because of a significant risk of hemodynamic
compromise following inadvertent leaflet tear.” ** Certainly, there is little to be gained from
pre-emptive balloon valvuloplasty in the setting of primary bioprosthesis regurgitation or in
transapical cases with antegrade crossing of the aortic valve. In contrast, if difficulty crossing a
stenotic bioprosthesis or if suboptimal THV expansion is envisaged due to severe calcification
or pannus formation, then upfront valvuloplasty with an undersized balloon may be appropri-

ate.

THYV Positioning

As with TAVI for native aortic stenosis, the optimal fluoroscopic angle for implantation
should be chosen. This is achieved by lining up the fluoroscopic markers, particularly the
sewing ring along a single plane. Understanding the construction of the surgical bioprosthesis

is axiomatic.'’ The recently developed Aortic VIV Application (Link) provides a very useful
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guide for THV positioning in available bioprostheses. In stented bioprostheses, the sewing
ring is the most rigid structure and provides the anchor for THV implantation. For supra
annular bioprostheses, the Edwards SAPIEN and the CoreValve should be positioned 15-20%
and 4 mm below the lowest fluoroscopic part of the stent, respectively. For intra annular bio-
prostheses, the Edwards SAPIEN and the CoreValve should be positioned 15-20% and 4 mm
below the sewing ring, respectively. Intraprocedural transoesophageal echocardiography is
strongly recommended to aid in positioning in cases with stentless valves or for stented valves
with radiolucent sewing rings or when the leaflets are noncalcified or regurgitant. Stable guide
wire position and coaxial implantation of the THV are essential for accurate positioning.
Ventricular pacing should be considered for patients with greater than mild bioprosthetic
regurgitation. The Edwards SAPIEN valve is probably best inflated gradually and slowly, as
small adjustments can be made during deployment to optimise positioning. Cautious initial
deployment of the CoreValve is essential as further positioning of the THV is extremely dif-
ficult or even impossible once firm contact has been made with the frame of the surgical valve.
Ventricular pacing or breath-hold may also facilitate deployment. Second-generation TAVI
systems that are recapturable and repositionable will hopefully reduce the incidence of THV

.. 4
malposition.’

Durability of TAV-in-SAV
Since TAV-in-SAV is a relatively new procedure, the long-term durability of such approach

has to be defined. Anecdotal cases of earlier than expected valve deteriorations have been
presented at professional meetings, yet rarely reported in the medical literature.” The long-
term quality and functionality of the implanted catheter-based valve in the setting of TAV-in-
SAV will dictate how widely this therapeutic strategy can be offered to patients with surgical
bioprosthetic valve deterioration.

Figure 10. Bioprosthetic Heart Valves Gallery
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Trifecta

CE Porcine SAV

CE Porcine Standard

Perimount

Figure 10. Surgical bioprosthetic valves visualized from the side and the corresponding fluoroscopic image, and

from above, with corresponding fluoroscopic image (left to right)
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ABSTRACT

Aims

Transcatheter aortic valve implantation for a failing surgical bioprosthesis (TAV-in-SAV)
has become an alternative for patients at high risk for redo surgical aortic valve replacement
(redo-SAVR). Comparisons between these approaches are non-existent. This study aimed to
compare clinical and echocardiographic outcomes of patients undergoing TAV-in-SAV versus
redo-SAVR after accounting for baseline differences by propensity score matching.

Methods and results

Patients from seven centres in Europe and Canada who had undergone either TAV-in-SAV
(n=79) or redo-SAVR (n=126) were identified. Significant independent predictors used for
propensity scoring were age, NYHA functional class, number of prior cardiac surgeries, ur-
gent procedure, pulmonary hypertension, and COPD grade. Using a calliper range of +0.05,
a total of 78 well-matched patient pairs were found. All-cause mortality was similar between
groups at 30 days (6.4% redo-SAVR vs. 3.9% TAV-in-SAV; p=0.49) and one year (13.1% redo-
SAVR vs. 12.3% TAV-in-SAV; p=0.80). Both groups also showed similar incidences of stroke
(0% redo-SAVR vs. 1.3% TAV-in-SAV; p=1.0) and new pacemaker implantation (10.3% redo-
SAVR vs. 10.3% TAV-in-SAV; p=1.0). The incidence of acute kidney injury requiring dialysis
was numerically lower in the TAV-in-SAV group (11.5% redo-SAVR vs. 3.8% TAV-in-SAV;
p=0.13). The TAV-in-SAV group had a significantly shorter median total hospital stay (12 days
redo-SAVR vs. 9 days TAV-in-SAV; p=0.001).

Conclusions

Patients with aortic bioprosthesis failure treated with either redo-SAVR or TAV-in-SAV have
similar 30-day and one-year clinical outcomes.

Keywords: prior cardiovascular surgery, valve-in-valve, valve restenosis
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INTRODUCTION

Transcatheter aortic valve implantation in a failing surgical aortic valve (TAV-in-SAV) was
first reported in 2007 in an elderly patient with multiple comorbidities and at extreme risk for
redo surgery'. Since then, numerous small TAV-in-SAV case series have demonstrated good
results with this procedure, with 30-day risk of mortality ranging from 0% to 7.4%"".

The historical gold standard treatment for patients with a failing surgical bioprosthesis
is redo-SAVR. Although the clinical outcomes of redo-SAVR approach those of the index
procedure in low-risk patients, periprocedural mortality rates increase significantly in those at
high risk, with in-hospital mortality ranging from 2.3 to 16.4%"”. This is especially true in the
elderly as the odds ratio of mortality for redo-SAVR is 1.49 (1.10-1.97) per decade’. TAV-in-
SAV is a less invasive procedure that obviates the need for sternotomy and cardiopulmonary
bypass, and eliminates the risk of injury to a substernal internal mammary arterial graft in
patients with previous coronary artery bypass grafting (CABG).

Recently, a 459-patient TAV-in-SAV registry® reported 30-day and one-year mortality
rates of 7.6% and 16.8%, respectively. Of note, moderately elevated post-procedural mean
gradients >20 mmHg were reported in 27% of patients. In March 2015, the FDA approved
the Medtronic CoreValve® (Medtronic, Minneapolis, MN, USA) for the treatment of a failing
surgical bioprosthesis in high/extreme surgical risk patients. In October 2015, the Edwards
SAPIEN XT (Edwards Lifesciences, Irvine, CA, USA) received the same approval.

Studies comparing matched patients undergoing redo-SAVR or TAV-in-SAV are currently
inexistent. While observational case series suggest similar clinical outcomes between the two
approaches, patient characteristics are often dissimilar, making any comparison difficult and
possibly futile*’. Adequately powered prospective randomised trials are unlikely given the
sample size requirements in this very specific subgroup of patients'.

To investigate the comparative clinical effectiveness between TAV-in-SAV and redo-
SAVR, we conducted a propensity score-matched analysis across seven international centres.
Results from this study could validate the use of TAV-in-SAV as an alternative to redo-SAVR.

METHODS

Patient selection and identification of the study population

Patients were eligible for study inclusion if they had undergone TAV-in-SAV or redo-SAVR
for a failing aortic bioprosthesis (stenosis, regurgitation or both) between January 2007 and
January 2015 in one of seven centres in Europe and Canada: Antwerp University Hospital,
Antwerp, Belgium; Ferrarotto Alessi Hospital, Catania, Italy; German Heart Centre, Munich,
Germany; Lille University Health Centre, Lille, France; Rigshospitalet, Copenhagen, Den-

mark; Royal Victoria Hospital, Montreal, Canada; and Universititsklinikum Bonn, Bonn,
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Germany. All patients were identified by retrospective assessment of institutional databases.
The selection of patients for TAV-in-SAV or redo-SAVR was performed at an institutional
level, following consideration of the risk profile of each case and Heart Team assessment. For
all patients, centres submitted a dedicated case report form detailing patient baseline charac-
teristics, echocardiographic data, procedural information and scheduled clinical follow-up.
The study included all consecutive patients who were potential candidates for either a
TAV-in-SAV or redo-SAVR. Patients were excluded if they underwent redo-SAVR for para-
valvular leak, valve thrombosis or endocarditis. Concomitant coronary revascularisation per-
formed by either percutaneous or surgical techniques was permitted. Local ethics committees
approved the retrospective collection of data, and all subjects gave written informed consent

for their intervention.

Data collection and study endpoints

Baseline data were complete for all patients, except logistic European System for Cardiac
Operative Risk Evaluation (EuroSCORE) and STS scores which were unavailable in 35%
of redo-SAVR patients. The primary endpoint was 30-day mortality. Secondary endpoints
included one-year mortality, stroke, myocardial infarction, new pacemaker implantation,
acute kidney injury requiring dialysis, post-procedural mean gradient, and length of hospital
stay. Endpoints were defined according to the updated Valve Academic Research Consortium
(VARC) criteria'". Pulmonary hypertension was defined as systolic pulmonary artery pressure
above 50 mmHg as estimated by tricuspid regurgitation jet on Doppler echocardiography.
Procedure urgency was defined as being performed in a hospitalised patient rather than

electively.

Statistical analysis

Baseline clinical and surgical characteristics were compared using Fisher’s exact test for
categorical variables and the Student’s t-test for continuous variables. Propensity scores were
derived by including age and sex with pre-treatment variables that were independently associ-
ated with treatment selection at p<0.10 in a multivariable model of all variables. Propensity
scores among patients undergoing either TAV-in-SAV or redo-SAVR were then matched us-
ing a calliper range of £0.05 to obtain matched pairs of patients. Replacements were permitted
(maximum of four uses) in the redo-SAVR group.

In addition to matching, we also compared redo-SAVR and TAV-in-SAV using the in-
verse probability of treatment weights technique. Patients with propensity scores below the
2.5" percentile in the TAV-in-SAV group and above the 97.5" percentile in the redo-SAVR
group were removed. Next, a weight was attributed to each remaining patient according to
the inverse of their propensity score, and comparisons were performed on this weighted and

trimmed data set.
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Survival at 30 days and one year was plotted using Kaplan-Meier curves and between
group differences were calculated using the log-rank test. A p-value <0.05 was considered
significant. Statistical analyses were performed with SPSS, Version 23 (IBM Corp., Armonk,
NY, USA).

RESULTS

Baseline characteristics

A total of 205 consecutive patients meeting inclusion and exclusion criteria underwent
redo-SAVR (n=126) or TAV-in-SAV (n=79) for a failing aortic bioprosthesis during the study
period. Patients undergoing TAV-in-SAV were older, more likely to have had multiple prior
cardiac surgeries, be in NYHA functional Class III or IV, have higher logistic EuroSCORE and
STS scores, and display more comorbidities (Table 1).

Standardised differences between groups after trimming and weighting were less than 0.20

(i.e., small) for all variables except atrial fibrillation and number of previous surgeries (Table 1).

Propensity score matching

Pre-treatment variables found to be independent predictors of treatment selection and used
for propensity scoring were age, NYHA functional class, number of prior cardiac surgeries,
urgent procedure, pulmonary hypertension, and chronic obstructive pulmonary disease
(COPD) grade (Table 2). These variables were all associated with assignment to TAV-in-SAV,
with the exception of urgent procedure, which was associated with redo-SAVR.

Propensity score matching generated 78 pairs of patients. Baseline characteristics were
similar between groups after propensity matching (Table 1). In each pair, redo-SAVR oc-
curred at a median of 421 days before TAV-in-SAV. However, in 28 of 78 pairs, TAV-in-SAV
predated redo-SAVR.

The surgical and bioprosthesis characteristics of matched patients are displayed in Table
3. The mean delay between index procedure and either redo-SAVR or TAV-in-SAV was 8.2
and 9 years, respectively (p=0.30). This delay was less than three years in 16.4% of the total
population, with regurgitation being the most common mode of failure in this “accelerated
failure” subgroup. While pure regurgitation was the mode of failure in half the patients in the
redo-SAVR group (50.0%), pure stenosis was the most common mode of failure in TAV-in-
SAV patients (51.3%). In total, 25 patients in the redo-SAVR group (32%) had coronary artery
disease (CAD) necessitating revascularisation. Of these, 21 underwent concomitant CABG at
the time of surgery; the other four underwent PCI as conduits for bypass were unavailable. In
the TAV-in-SAV group, 33 patients (42%) had CAD necessitating revascularisation (p=0.25
vs. redo-SAVR group). PCI was performed before TAV-in-SAV in 32 patients, and at the time

of procedure in one patient. A Carpentier-Edwards (Edwards Lifesciences) was the failing
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bioprosthesis in 19 patients of the redo-SAVR group (24.4%) and 34 patients of the TAV-
in-SAV group (43.6%). Other valves were found less frequently. Types and sizes of surgical
bioprostheses or transcatheter heart valves (THV) used in both groups are also displayed in
Table 3. Among patients undergoing TAV-in-SAYV, self-expanding and balloon-expandable
THV were used in similar proportions, and transfemoral access was chosen in 53.8% of
patients. Conversion to open surgery did not occur in any of the TAV-in-SAV patients, and

requirement for a second THV during the procedure occurred in four (5.1%) cases.

Clinical outcomes

Table 4 describes clinical outcomes at 30 days and one year for both groups before and after
propensity score matching. Time-to-event curves comparing both treatment modalities after
matching are depicted in Figure 1. Thirty-day follow-up was complete in 99.4%, and 88.5%
at one year. Thirty-day Kaplan-Meier mortality was 2.5% higher in the redo-SAVR group
compared to the TAV-in-SAV group, but this difference did not reach statistical significance
(6.4 vs. 3.9%, respectively; p=0.49). One-year mortality was similar between groups (13.1
redo-SAVR vs. 12.3% TAV-in-SAV; p=0.80). Similar results were found when using inverse
probability of treatment weights (Table 5). when stratified by failure mechanism and failing
prosthesis size. There was no difference in 30-day mortality between patients who underwent
TAV-in-SAV with the Edwards THV compared to those who underwent TAV-in-SAV with
the Medtronic CoreValve THV (3.1 vs. 4.3%, respectively; p=0.77).

[}
=
N

Log-rank p-value=0.80

._.
o
1

Cumulative incidence (%)

o 1 2 3 4 5 6 7 8 9 10 1 12
No. at risk Months after procedure
Redo-SAVR 78 73 61 61
TAV-in-SAV 78 74 61 58
—— Redo-SAVR —— TAV-in-SAV

Figure 1 Cumulative incidence of all-cause mortality. Cumulative incidence (%) of all-cause one-year mortal-
ity in redo-SAVR (red line) and TAV-in-SAV (blue line). There was no difference in one-year mortality between
groups.
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Table 2 Independent predictors of treatment assignment.

Variable OR p-value
Age (per 1-year increment) 1.128 <0.0001
NYHA class (per 1 class increment) 1.553 0.06
Number of prior surgeries (per surgery) 4.704 0.008
Urgent procedure 0.218 0.02
Pulmonary hypertension 2.059 0.1
COPD grade (per 1 grade increment) 1.469 0.1

Odds ratios (OR) values above 1 indicate association with TAV-in-SAV. COPD: chronic obstructive pulmonary
disease; NYHA: New York Heart Association

w
=
1
[ —

N
=3
1

Cumulative incidence (%)

No. at risk Months after procedure
Subgroup 1 13 12 10 7
Subgroup2 60 55 45 45
Subgroup3 65 62 55 51
Subgroup 4 17 17 17 15
- = = TAV-in-SAV for stentless valve ~—— Redo-SAVR for stented valve
—— TAV-in-SAV for stented valve = - - Redo-SAVR for stentless valve

Figure 2 Cumulative incidence of all-cause mortality stratified by failing bioprosthesis type. Cumulative inci-
dence (%) of all-cause one-year mortality in TAV-in-SAV for failing stentless valve (group 1, dashed blue line),
redo-SAVR for failing stented valve (group 2, solid red line), TAV-in-SAV for failing stented valve (group 3,
solid blue line), and redo-SAVR for failing stentless valve (group 4, dashed red line). There was a statistically
significant difference in one-year mortality between groups 1 and 4.

Secondary outcome measures

Propensity-matched groups did not differ with respect to the following clinical outcomes:
stroke, myocardial infarction and new pacemaker implantation. Patients with a failing stent-
less bioprosthesis had a higher rate of new pacemaker implantation compared to those with
a stented bioprosthesis, regardless of treatment modality (23.3 vs. 6.4%; p=0.01). There was
three times more renal failure requiring dialysis in the redo-SAVR group compared to the
TAV-in-SAV group; however, this difference did not reach statistical significance (11.5% vs.
3.8%, respectively; p=0.13). Median total hospital length of stay was three days shorter in the
TAV-in-SAV than in the redo-SAVR group (9 vs. 12 days, p=0.001) (Table 4). Similar results

were found when using inverse probability of treatment weights (Table 5).
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Table 3 Procedural and bioprosthesis characteristics of PS-matched patients.

Variable Redo-SAVR (n=78) TAV-in-SAV (n=78) p-value
Time since last SAVR (years) 8.245.1 9.0+4.3 0.3
Type of failing Stented 60 (78) 65 (83) 0.68
bioprosthesis Stentless 17 (22) 13 (17)
Label size of failing <21 mm 32 (41) 18 (23) <0.0001
bioprosthesis >21 mm and <25 mm 14 (18) 40 (51)
>25 mm 19 (24) 17 (22)
Unknown 13(17) 3(4)
Mechanism of failure Stenosis 24 (31) 40 (51) 0.001
Regurgitation 39 (50) 17 (22)
Mixed 15 (19) 21 (27)
Centre Munich 23 (30) 33 (42) 0.1
Copenhagen 19 (24) 11 (14)
Bonn 16 (21) 11 (14)
Lille 7(9) 6(8)
Montreal 8 (10) 4 (5)
Catania 4(5) 7(9)
Antwerp 1(1) 6(8)
Type of bioprosthesis Stented 77 (99)
used for redo-SAVR  gianiless 1(1)
Label size <21 mm 48 (62)
>21 mm and <25 mm 16 (21)
>25 mm 15 (19)
THV type CoreValve 46 (59)
Edwards (SAPIEN/XT/ SAPIEN 3) 32 (41)
THYV size 23 45 (58)
26 26 (33)
29 4(5)
31 3(4)
THYV access site Transfemoral 42 (54)
Transapical 24 (31)
Other 12 (15)
Conversion to open surgery 0(0)
Requirement for a second THV 4 (5)

Echocardiographic outcomes

At 30 days, redo-SAVR was associated with a lower mean gradient compared to TAV-in-
SAV (14.3 mmHg vs. 18.1 mmHg, p=0.01). This difference was due to a significantly higher
mean gradient in the Edwards TAV-in-SAV group (21.3+7.2 mmHg) compared to patients
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in the CoreValve TAV-in-SAV group (15.4+6.7 mmHg) and the redo-SAVR group (14.3%6.2
mmHg) (Figure 3A). This difference between devices was found regardless of failing device
inner diameter (Figure 3B). Furthermore, post-procedural transaor-tic gradients >20 mmHg
were more than twice as likely in the Edwards TAV-in-SAV group (51.9%) compared to the
CoreValve TAV-in-SAV and redo-SAVR groups (22.6 and 17.1%, respectively). Figure 3C dis-
plays mean post-procedural gradients stratified according to the type of failing bioprosthesis.
Independent predictors of higher post-procedural gradients were a failing stented bioprosthe-
sis (increase of 2.5 mmHg; p=0.02), treatment with an Edwards THV (increase of 4.7 mmHg
compared to redo-SAVR and 4.3 mmHg compared to CoreValve; both p<0.01), and lower
EuroSCORE (increase of 0.31 mmHg per 5% decrease in EuroSCORE; p=0.02).

DISCUSSION

The major findings of this propensity-matched comparison of redo-SAVR and TAV-in-SAV
for failing aortic bioprostheses are as follows: 1) redo-SAVR and TAV-in-SAV for a failing
bioprosthesis showed similar rates of 30-day and one-year mortality; 2) total hospital length
of stay was shorter with TAV-in-SAV than redo-SAVR; 3) mean post-procedural gradients
were higher with Edwards TAV-in-SAV compared to redo-SAVR and CoreValve TAV-in-SAV;
and 4) failing stentless bioprostheses were associated with a higher rate of new pacemaker
implantation and a lower mean post-procedural gradient, regardless of treatment modality.
Mortality rates of 3.9% at 30 days for TAV-in-SAV are nearly two times lower than those

reported in other studies™'”

. The Valve-in-Valve registry reported a 30-day mortality rate
of 7.6% in patients with a similar risk profile®. This may be due to site selection bias, as we
included only high-volume centres in the present study. While smaller valve sizes and valve
stenosis were shown to be associated with higher mortality rates in the Valve-in-Valve registry,
this was not found to be the case in our study.

With respect to the surgical group, the 6.4% and 13.1% mortality rates at 30 days and
one year, respectively, are comparable to those reported in the surgical literature. Jones et al
reported a 30-day mortality rate of 6.4% in an all-comers series®. itz et al reported 30-day
and one-year mortality rates of 16.4% and 23%, respectively, in a cohort of 71 octogenarians”.
However, comparisons to this last series may be inappropriate because patients with emergent
indications such as endocarditis and thrombosis were excluded from our study.

The higher mortality rates with TAV-in-SAV in patients with a failing stentless biopros-
thesis should be treated with circumspection as they are based on only four events in a small
subgroup. Only one death occurred in the first 30 days, indicating that mortality may be due

to patient characteristics more than procedural failure.
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Table 5 Thirty-day and one-year outcome comparisons of TAV-in-SAV vs. redo-SAVR (trimmed groups, in-
verse probability of treatment weights).

Variable OR or coefhicient (95% CI) p-value

Thirty-day outcomes
Death 0.98 (0.12-8.40) 0.99
Stroke 2.18(0.13-35.70) 0.59
Myocardial infarction 2.51 (0.15-41.20) 0.52
Renal failure requiring dialysis 1.21 (0.24-6.11) 0.82
New pacemaker implantation 0.99 (0.31-3.15) 0.99
Mean gradient (mmHg) +5.37 (2.49-8.26) <0.001
Mean gradient greater than 20 mmHg 6.70 (1.37-32.70) 0.02
Total hospital length of stay (days) -4.59 (-10.15, -0.97) 0.11
One-year mortality 0.74 (0.24-2.31) 0.61

Odds ratios and continuous coefficients use redo-SAVR as reference group. SAVR: surgical aortic valve replace-
ment; TAV-in SAV: transcatheter aortic valve in surgical aortic valve

Values are mean+SD or n (%). PS: propensity score; SAVR: surgical aortic valve replacement; TAV-in-SAV:
transcatheter aortic valve in surgical aortic valve: THV: transcatheter heart valve

The main advantage of stentless bioprostheses over stented valves seems to be the superior
haemodynamic profile achieved after the procedure with lower mean gradients. This is due to
the increased space in the aortic root of patients with stentless valves.

Redo-SAVR also allows increased space in the aortic root compared to TAV-in-SAV.
However, the CoreValve bioprosthesis, with its supra-annular leaflet position, yielded similar
post-procedural gradients to redo-SAVR, while the Edwards THV (intra-annular leaflets)
produced higher gradients, regardless of failing device size"”. The CoreValve device may be
better suited to tackle TAV-in-SAV but, in our study, higher mean gradients did not seem to
translate into midterm clinical events.

There was no difference between TAV-in-SAV and redo-SAVR with respect to other
clinical outcomes. The rate of renal failure requiring dialysis was numerically higher in the
redo-SAVR group, but statistical significance was not found, possibly because of lack of power.
The similar outcomes regarding pacemakers (something which is different from the litera-
ture concerning procedures performed on the native aortic valve) may be due to the more
extensive debridement involving the ventricular septum in redo-SAVR (thereby increasing
the pacemaker rate in that group) and the relative “shielding” of the septum by the failing
prosthesis stent for TAV-in-SAV (thereby decreasing the pacemaker rate in that group).
The relatively high rate of new pacemaker implantation in the stentless bioprosthesis group
undergoing TAV-in-SAV may be related to baseline conduction disturbances, the absence
of “shielding”, and deeper than usual implantation in these challenging cases. As reported

in previous comparisons between TAVR and SAVR, less invasive approaches are associated
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Figure 3 In-hospital mean gradient by treatment type. A) Post-procedural mean aortic gradient for patients
in the redo-SAVR group (red circle), CoreValve TAV-in-SAV group (blue circle), and Edwards TAV-in-SAV
group (blue square). Error bars represent 95% confidence interval. B) In-hospital mean gradient stratified by
failing bioprosthesis true inner diameter and replacement device. P-values are for comparisons between Ed-
wards (black) and redo-SAVR grouped with CoreValve (red and blue) for each size. Error bars represent 95%
confidence interval. Only one case was performed with the Edwards device for the smallest size (<19 mm). C)
In-hospital mean gradient stratified by failing bioprosthesis type. Post-procedural mean aortic gradient for
patients with a failing stented bioprosthesis (left) and a failing stentless bioprosthesis (right). P-values are for
comparisons between redo-SAVR (red) and TAV-in-SAV (blue). Error bars represent 95% confidence interval.
The difference in gradients for pooled stented vs. stentless bioprostheses was statistically significant (p=0.005).

with shorter durations of hospital stay'. Total duration of hospital stay was similar to those
reported in the PARTNER A trial.

LIMITATIONS

The present study has limitations inherent to all retrospective analyses. First, reasons for
treatment allocation cannot be fully resolved, despite attempts for propensity matching. The

large residual standardised differences after PS matching are a possible marker of residual
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confounding. Certain baseline characteristics, such as failing bioprosthesis size and mecha-
nism of failure, were dissimilar. Both of these are proven to be related to better outcomes in
TAV-in-SAV. On the other hand, STS scores may appear to favour redo-SAVR. In this context,
the direction and magnitude of bias cannot be determined. Matching for bioprosthesis would
have been ideal, but impractical because the number of matched pairs would decrease. Smaller
valves were treated more often by redo-SAVR because there are fewer transcatheter devices
available for small surgical valves (for example, for a 19 mm Carpentier-Edwards SAV, only
the Edwards SAPIEN 20 mm is recommended). Including more patients from more centres
would not, in our view, modify the proportions of small surgical valves treated by redo-SAVR
or TAV-in-SAV. With respect to revascularisation, groups differ because PCI was undertaken
before the procedure in the TAV-in-SAV group, rather than during the procedure, as in redo-
SAVR. Sites decided to perform PCI before TAV-in-SAV or CABG during redo-SAVR based
on different criteria and did not report this in the same manner. Therefore, adjustment for
this variable could not be performed. This retrospective trial used data that were not audited,
and the collected haemodynamic data were not core laboratory adjudicated. STS scores were
not available for a significant proportion of surgical patients. However, most of the elements
that make up the STS score were not missing and fairly well balanced after matching. We
preferred not to calculate missing STS scores with the data at hand, as these calculated “post
hoc” values would be biased by the use of a calculator version that does not match the date
of the procedure, giving artefactually low values'. In addition, the logistic EuroSCORE was
almost identical between groups after matching. Follow-up was limited to one year, limiting
the long-term assessment of haemodynamic findings. However, results up to one year are
the current standard in studies focused on the elderly (mean age >77 years in each group)
undergoing this type of procedure. Large randomised controlled trials would palliate most of
these limitations. Realistically, as these are relatively infrequent procedures, we may never see

an adequately powered randomised trial.

CONCLUSIONS

Patients with aortic bioprosthesis failure treated with either redo-SAVR or TAV-in-SAV have

similar 30-day and one-year clinical outcomes.

IMPACT ON DAILY PRACTICE

Patients with a failing aortic bioprosthesis at high risk for redo surgery have similar outcomes
whether they undergo TAV-in-SAV or redo-SAVR.
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ABSTRACT

Background

Limited information exists describing the results of transcatheter aortic valve (TAV) replace-
ment in patients with bicuspid aortic valve (BAV) disease (TAV-in-BAV).

Objectives

This study sought to evaluate clinical outcomes of a large cohort of patients undergoing TAV-
in-BAV.

Methods

We retrospectively collected baseline characteristics, procedural data, and clinical follow-up
findings from 12 centers in Europe and Canada that had performed TAV-in-BAV.

Results

A total of 139 patients underwent TAV-in-BAV with the balloon-expandable transcatheter
heart valve (THV) (n = 48) or self-expandable THV (n = 91) systems. Patient mean age and
Society of Thoracic Surgeons predicted risk of mortality scores were 78.0 + 8.9 years and 4.9 +
3.4%, respectively. BAV stenosis occurred in 65.5%, regurgitation in 0.7%, and mixed disease
in 33.8% of patients. Incidence of type 0 BAV was 26.7%; type 1 BAV was 68.3%; and type
2 BAV was 5.0%. Multislice computed tomography (MSCT)-based TAV sizing was used in
63.5% of patients (77.1% balloon-expandable THV vs. 56.0% self-expandable THV, p = 0.02).
Procedural mortality was 3.6%, with TAV embolization in 2.2% and conversion to surgery in
2.2%. The mean aortic gradient decreased from 48.7 + 16.5 mm Hg to 11.4 £ 9.9 mm Hg (p
< 0.0001). Post-implantation aortic regurgitation (AR) grade >2 occurred in 28.4% (19.6%
balloon-expandable THV vs. 32.2% self-expandable THV, p = 0.11) but was prevalent in
only 17.4% when MSCT-based TAV sizing was performed (16.7% balloon-expandable THV
vs. 17.6% self-expandable THYV, p = 0.99). MSCT sizing was associated with reduced AR on
multivariate analysis (odds ratio [OR]: 0.19, 95% confidence intervals [CI]: 0.08 to 0.45; p <
0.0001). Thirty-day device safety, success, and efficacy were noted in 79.1%, 89.9%, and 84.9%
of patients, respectively. One-year mortality was 17.5%. Major vascular complications were
associated with increased 1-year mortality (OR: 5.66, 95% CI: 1.21 to 26.43; p = 0.03).

Conclusions

TAV-in-BAV is feasible with encouraging short- and intermediate-term clinical outcomes.
Importantly, a high incidence of post-implantation AR is observed, which appears to be miti-
gated by MSCT-based TAV sizing. Given the suboptimal echocardiographic results, further

study is required to evaluate long-term efficacy.

Keywords: aortic stenosis, aortic valve replacement, bicuspid aortic valve, transcatheter aortic

valve implantation, transcatheter aortic valve replacement
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Transcatheter aortic valve replacement in bicuspid aortic valve disease

Bicuspid aortic valve (BAV) is a heritable disease affecting 0.5% to 2% of the general popula-
tion, with a strong male predilection (1-3). BAV stenosis and/or regurgitation is the most
common indication for surgical aortic valve replacement (SAVR) in patients <70 years of
age. Nonetheless, a recent study that examined surgically excised aortic valves observed that
one-fifth of patients older than 80 years of age had underlying bicuspid pathology; echocar-
diography had identified only two-thirds of these patients as having bicuspid morphology
(4). BAV has been excluded from the landmark clinical trials involving transcatheter AVR
(TAVR) (5,6). Theoretically, abnormal cusp fusion, pronounced asymmetry of the valve
orifice and annulus, heavily calcified and fibrotic leaflets, and calcified raphe (Figure 1) could
have adverse effects on the expansion of transcatheter aortic valves (TAV), ultimately leading
to paravalvular aortic regurgitation (AR) and poor hemodynamic function (7-9). The small
number of published case reports and series describing the feasibility of TAV implantation in
BAYV stenosis (TAV-in-BAV) have been limited in their demonstration of safety and efficacy
(10-16). Given the possibility that there are a significant number of elderly patients with BAV
stenosis currently undergoing TAVR and that there is a shift toward treating younger patients
with TAVR, a better understanding of the clinical outcomes of patients subjected to TAV-in-
BAV is necessary (17,18).

FIGURE 1 Bicuspid Aortic Valve Stenosis
Multislice computed tomography of a type 1 (left-right) bicuspid aortic valve. Axial (A), sagittal (B), and coro-
nal (C) images demonstrate the asymmetrical nature of the bicuspid aortic root.

This multicenter study sought to assess the safety and efficacy of TAV-in-BAV in a large group
of patients. More specifically, we sought to assess hemodynamic, echocardiographic, and
clinical outcomes, along with the association between BAV morphology and TAV prosthesis

type on these aforementioned outcomes.

METHODS

Participating centers and patients

The TAV-in-BAV registry, a multinational collaboration of interventional cardiologists and
cardiac surgeons from high-volume TAVR centers, collected data from patients who under-

went TAV-in-BAV from 12 participating centers in Europe and Canada (Online Table 1). Data
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have been prospectively collected since October 2013. Patient selection for TAV-in- BAV was
performed at an institutional level, following consideration of the risk profile of each case
and discussions by the Heart Team. In each case, centers submitted a dedicated case report
form detailing patient baseline characteristics, echocardiographic and/or multislice computed

tomographic (MSCT) data, procedural information, and scheduled clinical follow-up.

Bicuspid aortic valve

BAV was defined as a spectrum of abnormal aortic valve morphology consisting of 2 functional
cusps with less than 3 zones of parallel apposition between cusps (19). BAV classification was
assigned according to the number and spatial orientation of the raphe (Figure 2). Type 0,
commonly referred to as “pure BAV,” has 2 normally developed cusps, sinuses, and commis-
sures and no raphe. Type 1 has 3 anlagen, 2 underdeveloped, and 1 fully developed cusps, 1
underdeveloped commissure, 2 fully developed commissures, and 1 raphe whose orientation
in relation to the sinuses defined subcategorization (left-right; right-non; and left-non). Type
2 has 3 anlagen, 2 underdeveloped cusps, 1 fully developed cusp, 2 underdeveloped com-
missures, 1 fully developed commissure, and 2 raphe (19). Consistent with findings by prior
publications, cases of commissural fusion with a raphe <3 mm long were not considered to
represent BAV (20). All participating sites retrospectively confirmed the diagnosis and clas-
sification of BAV using multimodal imaging: transthoracic and transesophageal echocardiog-
raphy (TEE) and MSCT. When both TEE and MSCT were performed, cases were excluded if

the diagnosis of BAV was not consistent or remained speculative.

Endpoints and definitions

Procedural, 30-day mortality and other major clinical endpoints were defined according to the
updated Valve Academic Research Consortium (VARC) criteria (21). Of particular interest
were the composite clinical endpoints of valve efficacy, safety, and success (21). Post-implant
AR represented an important nonclinical endpoint (22). Regurgitation was defined as the
sum of transvalvular and paravalvular regurgitation following prosthesis implantation and re-
moval of the stiff guidewire. At each institution, the severity of regurgitation was qualitatively
assessed and graded using TEE according to established guidelines (23,24). Regurgitation was
categorized as paravalvular, transvalvular, or mixed and was classified as none (0), trace (I),
mild (IT), moderate (III), or severe (IV) (23,24).

The dimensions of the aortic valve annulus were measured using TEE or MSCT. TAV
sizing was thus defined as either TEE- or MSCT-based. The ellipticity ratio was determined
using the formula “long/short-axis” in patients who underwent MSCT analysis. The cover
index describes the amount of transcatheter heart valve (THV) oversizing relative to native
aortic annulus and was defined by the formula: ([{prosthesis diameter — annulus diameter}/
prosthesis diameter] x100) (25,26).
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TABLE 1 Baseline Characteristics

Characteristic All Patients Sapien CoreValve p Value
(n=139) (n=48) (n=91)

Age, yrs 78.0 + 8.9 77.6 £9.7 782+ 84 0.71
Males 78 (56.1) 30 (62.5) 48 (52.7) 0.29
BMI, kg/m’ 25.7+5.8 26.5+£6.9 253 %52 0.25
Diabetes mellitus 34 (24.5) 14 (29.2) 20 (22.0) 0.41
NYHA functional class 3.0+0.6 3.0+0.5 29+0.6 0.33
NYHA functional class ITI/TV 114 (82.0) 44 (91.7) 70 (76.9) 0.04
Previous MI 26 (18.7) 9 (18.8) 17 (18.7) 0.99
Previous PCI 30 (21.6) 9 (18.8) 21(23.1) 0.67
Previous CABG 14 (10.1) 5(10.4) 9(9.9) 0.99
Peripheral vascular disease 17 (12.2) 6 (12.5) 11 (12.1) 0.99
Previous stroke 8 (5.8) 4(8.3) 4 (4.4) 0.45
Atrial fibrillation 34 (24.5) 7 (14.6) 27 (29.7) 0.06
Pulmonary hypertension* 34 (24.5) 10 (20.8) 24 (26.4) 0.68
eGFR, ml/min 61.0 £25.4 61.2+21.2 60.9 £27.2 0.95
eGFR, <60 ml/min 70 (50.4) 23 (47.9) 47 (51.6) 0.74
STS PROM 49+34 50+39 4.8 +3.1 0.96
Logistic EuroSCORE 14.8 £ 10.6 153 £10.7 14.5 £10.7 0.68
EuroSCORE II 4.6 +3.6 53+4.0 43+34 0.12
Echocardiography

Aortic valve mean gradient, mm Hg 48.7 +16.5 49.9 +15.5 48.1+17.1 0.54

Aortic valve area, cm? 0.6+0.2 0.7+0.2 0.6+0.2 0.006

Estimated annulus diameter, mm 23.2+23 242+24 232+3.7 0.09

LV ejection fraction, % 50.4 + 14.6 50.9 + 14.1 50.1 +14.9 0.76

LV ejection fraction, <40% 41 (29.5) 13 (27.1) 28 (30.8) 0.70
MSCT aortic annulus dimensionst

Mean diameter, mm 245+34 240+22 247 +3.9 0.25

Long diameter, mm 27.6£2.8 27.0+2.7 28.0+2.8 0.09

Short diameter, mm 222+25 21.6+£2.3 22.7+25 0.04

Ellipticity ratio 1.25+0.12 1.26 £ 0.12 1.24+0.12 0.44

Values are mean + SD or n (%). p Values represent comparisons between the balloon-expandable and self-
expandable valve prostheses.

" Pulmonary artery systolic pressure >60 mm Hg.

t Total of 88 patients underwent MSCT analysis.

BMI = body mass index; CABG = coronary artery bypass graft; eGFR = estimated glomerular filtration rate;
LV = left ventricle; MI = myocardial infarction; MSCT = multislice computed tomography; NYHA = New York
Heart Association; PCI = percutaneous coronary intervention; PROM = predicted risk of mortality; STS =
Society of Thoracic Surgeons.
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Type O Type1 Type 2
No raphe One raphe Two raphe

FIGURE 2 Classification of BAV
Classification of BAV according to the description of Sievers et al. (19). BAV = bicuspid aortic valve; L = left
coronary cusp; N = non coronary cusp; R = right coronary cusp.

Statistics

Continuous variables are presented as mean * SD, medians, and ranges and were compared
using Student ¢ test, Mann-Whitney test, or paired ¢ test for repeated measures. Categorical
variables are presented as frequencies and percentages and were compared using the chi-
square or Fisher exact test. Rates of 1-year mortality were shown using Kaplan- Meier curves,
and between-group differences were analyzed with the log-rank test. Logistic regression was
performed with the entire cohort to identify possible predictors of 1-year survival and post-
implantation AR. All variables that could plausibly be associated with these outcomes were
evaluated in a univariate approach, and then factors with a p value of <0.08 in the univariate
analysis were combined in a multivariate logistic regression model. A p value of <0.05 was
considered significant. Analyses were performed using SPSS version 20.0 (IBM Corp., Ar-
monk, New York).

RESULTS

Patients

A total of 139 elderly patients underwent TAV-in-BAV across 12 participating centers be-
tween April 2005 and January 2014. Isolated stenoses occurred in 91 patients (65.5%), isolated
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regurgitation in 1 patient (0.7%), and mixed disease in 47 patients (33.8%). The baseline
demographics of the study patients are outlined in Table 1. The mean age was 78.0 + 8.9 years,
and the mean Society of Thoracic Surgeons (STS) predicted risk of mortality (PROM) score
was 4.9 + 3.4%.

Bicuspid morphology

Evaluation of the morphology of the aortic valve was performed using TEE in all patients.
MSCT was performed for the purpose of sizing the TAV in 88 cases (63.3%). Among these pa-
tients, the annuli were elliptical with an average ellipticity ratio of 1.25 + 0.12. The BAV type was
definitively established in 120 patients (86.3%) and remained uncertain in 19 patients (13.7%),
despite multimodal imaging. Among patients with a confirmed BAV type (Table 2), 32 patients
(26.7%) were type 0, 82 (68.3%) were type 1 (left-right: n = 60; right-non: n = 15; and left-non:
n=7),and 6 (5.0%) were type 2. Diameter of the aortic sinuses (mean: 34.7 + 3.3 mm; range: 29
to 41 mm), root (mean: 32.7 + 5.8 mm; range: 22 to 41 mm), and ascending aorta (mean: 35.9

+ 6.1 mm; range: 25 to 46 mm) indicated that no patient had significant ascending aortopathy.

Procedures

Table 3 outlines the procedural characteristics and results of the TAV-in-BAV procedures. A
balloon-expandable THV (SapienXT, Edwards Lifesciences, Inc., Irvine, California) (Figure 3)
and self-expandable THV (CoreValve, Medtronic, Inc., Minneapolis, Minnesota) (Figure 4) were
used in 48 patients (34.5%) and 91 patients (65.5%), respectively. Transfemoral vascular access was
performed in 78.5% of cases, and pre-implantation balloon aortic valvuloplasty was performed in
98.6% of cases. A TAV was subsequently implanted in 137 cases (98.6%). Of 2 patients who did
not receive a TAV, 1 case had severe aortic incompetence and fatal cardiogenic shock following
balloon valvuloplasty (balloon-to-annulus ratio: 0.9), and in 1 case, the balloon-expandable valve
failed to cross the native aortic valve. The mean diameter of the transcatheter valve was 27.8 +

TABLE 2 Bicuspid Aortic Valve Type

Valve Type All Patients (n = Sapien (n = 40) CoreValve (n = 80) p Value
120)
Type 0 32 (26.7) 8(20.0) 24 (30.0) 0.28
Type 1 82 (68.3) 31(77.5) 51 (63.8) 0.15
LR 60 (50.0) 26 (65.0) 34 (42.5)
RN 15 (12.5) 2 (5.0) 13 (16.3)
LN 7 (5.8) 3(7.5) 4(5.0)
Type 2
LR/RN 6 (5.0) 1(2.5) 5(6.2) 0.66

Values are n (%). Classification of bicuspid aortic valve morphology according to Sievers et al. (19).
LN = left - non; LR = left - right; RN = right - non.
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2.2 mm and was significantly smaller in patients receiving the balloon-expandable valve than
in those receiving the self-expandable THV (26.3 + 2.2 mm vs. 28.5 + 1.8 mm, respectively; p =
0.0002). Similarly, the cover index was significantly smaller in patients treated with the balloon-
expandable THV (8.9 £ 5.7% vs 16.3 + 9.8%, respectively; p < 0.0001). Post-implantation balloon
dilation was required in 25 cases (18.1%; balloon-expandable THV n = 5; self-expandable THV
n = 20), and there were 3 (2.2%) episodes of TAV embolization (balloon-expandable THV n
= 2; self-expandable THV: n = 1). A second TAV was implanted in 5 patients (3.6%; balloon-
expandable THV n = 1; self-expandable THV n = 4), and 3 cases (2.2%) were converted to SAVR
(balloon-expandable THV n = 2; self-expandable THV n = 1). SAVR was required for 1 annular
rupture, 1 balloon-expandable THV embolization, and 1 self-expandable THV malposition. Pro-
cedural mortality occurred in 5 patients (3.5%) and was attributed to cardiac tamponade resulting
from guidewire perforation of the left ventricle (n = 2), major vascular complication, annular

rupture, and the case of severe AR following balloon aortic valvuloplasty, as described previously.

FIGURE 3 Newer Generation Balloon-Expandable TAV-in-BAV
TAV-in-BAV with a newer generation 29-mm balloon-expandable THV (Sapien XT, Edwards Lifesciences).

(A and B) Multislice computed tomography of bicuspid aortic valve stenosis (type 1, RN). (C and D) Same
patient after implantation with the newer generation balloon-expandable valve. RN = right - non; TAV-in-BAV
= transcatheter aortic valve in bicuspid aortic valve; THV = transcatheter heart valve.
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TABLE 3 Procedural Information and Outcomes

Characteristic All Patients (n = 139) Sapien (n=48) CoreValve (n = p Value
91)

TAV size, mm 27.8+2.2 263+2.2 285+ 1.8 0.0002
23 mm 10 (7.2) 10 (20.8) - -
26 mm 50 (36.0) 23 (47.9) 27 (29.7) 0.04
29 mm 59 (42.4) 15 (31.3) 44 (48.4) 0.07
31 mm 20 (14.4) - 20 (22.0) -

MSCT cover index, % 13.2+£9.1 89+57 16.3+£9.8 <0.0001

MSCT-based TAV sizing 88 (63.3) 37 (77.1) 51 (56.0) 0.02

Vascular access
Femoral 109 (78.5) 30 (62.5) 79 (86.8) 0.002
Subclavian 5(3.6) - 5(5.5) -
Apical 12 (8.6) 12 (25.0) - -
Aortic 12 (8.6) 6(12.5) 6 (6.6) -
Carotid 1(0.7) - 1(1.1) -

General anesthesia 85 (61.1) 33 (68.8) 52 (57.1) 0.20

Balloon predilation 137 (98.6) 51 (100.0) 89 (97.8) 0.54

Predilation balloon size, mm 22.5+2.1 21.9+22 229+2.0 0.008

Balloon postdilation* 25(18.1) 5(10.6) 20 (22.2) 0.11

Postdilation balloon size, mm* 26.5+2.3 24.7+2.5 26.8+2.1 0.07

TAV malposition* 9(6.5) 2(4.3) 7(7.8) 0.72

TAV embolization* 3(2.2) 2(4.3) 1(1.1) 0.27

Need for 2nd TAV* 5(3.6) 1(2.1) 4 (4.4) 0.66

Tamponade 5(3.6) 0 5(5.7) 0.16

Aortic root rupture 1(0.7) 1(2.1) 0 -

Conversion to SAVR 3(2.2) 2(4.2) 1(1.1) 0.30

Postimplantation echocardiography

Aortic regurgitation, grade (1-4)* 1.1+09 1.0+0.9 1.1+0.9 0.53
>Grade 2 38 (28.4) 9 (19.6) 29 (32.2) 0.11
>Grade 3 8 (6.0) 3(6.5) 5(5.5) 0.99
Aortic valve gradient, mm Hg* 11.4+9.9 11.7+ 8.7 11.3+104 0.82
Aortic valve area, cm™ 1.7+ 0.5 1.6+0.4 1.7+ 0.5 0.23
Contrast media, ml 174 + 88 176 + 118 172 + 81.5 0.17

Fluoroscopy duration, min 20 (14-28) 14 (9-25) 20 (15-29) 0.004

Values are mean + SD, n (%), or median (interquartile range). p values represent comparisons between the
Edwards Sapien and Medtronic CoreValve prostheses.

* Refers to 137 patients who received a TAV.

MSCT = multislice computed tomography; SAVR = surgical aortic valve replacement; TAV = transcatheter
aortic valve.
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FIGURE 4 Self-Expandable TAV-in-BAV
TAV-in-BAV with a 29-mm self-expandable THV (CoreValve; Medtronic). (A and B) Multislice computed to-
mography of bicuspid aortic valve stenosis (type 1, LN). (C and D) Same patient with the self-expandable valve.

LN = left - non; other abbreviations as in Figure 3.

Clinical outcomes

The median duration of hospital stay was 8 (interquartile range: 5 to 11) days (Table 4). The 30-
day rates of death, myocardial infarction, and stroke were 5.0%, 2.2%, and 2.2%, respectively.
Any instance of bleeding occurred in 37 patients (26.6%), life-threatening bleeding occurred
in 10 patients (7.2%), and major vascular complications occurred in 9 patients (6.5%). Overall,
110 patients (79.1%) met the combined safety endpoint, and device success was observed in
125 patients (89.9%). At 30 days, the combined efficacy endpoint was achieved in 118 patients
(84.9%).

Follow-up was available for all patients. At the time of data lock, 136 patients (97.8%)
and 129 patients (92.8%) had reached 6- and 12-month follow-up examinations, respectively.
The Kaplan-Meier survival curve is shown in the Central Illustration. There were 13 deaths
(9.6%) at 6 months and 21 (17.5%) at 12 months; causes of death between 30 days and 1 year (n
= 16) were congestive cardiac failure (n = 6), cancer (n = 3), unknown (n = 3), gastrointestinal
hemorrhage (n = 1), stroke (n = 1), lung disease (n = 1), and a road traffic accident (n = 1). On
multivariate analysis (Table 5), major vascular complications were associated with increased
1-year mortality (odds ratio [OR]: 5.66; 95% confidence interval [CI]: 1.21 to 26.43; p = 0.03).
At 1 year, 60.4%, 30.2%, and 9.4% of patients were assessed at New York Heart Association
(NYHA) functional class I, II, or III, respectively.

Post-procedural echocardiography

Among the 137 patients who received a TAV, the mean aortic valve gradient decreased from
48.7 £ 16.5 mm Hg at baseline to 11.4 + 9.9 mm Hg at 30 days (p < 0.0001), whereas the
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TABLE 4 Clinical Outcomes

Characteristic

All patients (n =139)  Sapien (n=48) CoreValve (n=91) p Value

Hospital stay, days 8(5,11) 7 (4,12) 8(6,11) 0.38
Mortality
Procedural 5(3.6) 1(2.1) 4(4.9) 0.66
At 30 days 7 (5.0) 3(6.3) 4(4.9) 0.69
At 6 months’ 13 (9.6) 7 (14.6) 6 (6.6) 0.12
At 1 yeart 21(17.5) 10 (20.8) 11 (12.5) 0.12
Myocardial infarction 3(2.2) 0 3(3.3) 0.55
Periprocedural 3(2.2) 0 3(3.3) -
Spontaneous 0 0 0 -
Stroke 3(2.2) 1(2.1) 2(2.2) 0.99
Disabling 2(1.4) 1(2.1) 1(1.1) -
Non disabling 1(0.8) 0 1(1.1) -
Bleeding 37 (26.6) 8 (16.7) 29 (31.9) 0.07
Minor 18 (12.9) 2(4.2) 16 (17.6) -
Major 9(6.5) 4(8.3) 5(5.5) -
Life-threatening 10 (7.2) 2(4.2) 8 (8.8) -
Acute kidney injury (stage 3) 3(2.2) 1(2.1) 2(2.0) 0.99
Vascular complications 30 (21.6) 6 (12.5) 24 (26.4) 0.08
Minor 21 (15.1) 2(4.2) 19 (20.9) -
Major 9(6.5) 4(8.3) 5(5.5) -
New pacemaker 32(23.2) 8 (16.7) 24 (26.7) 0.21
Device success 125 (89.9) 43 (89.6) 82 (90.1) 0.99
Combined safety endpoint 110 (79.1) 39(82.2) 71 (78.0) 0.83
Combined efficacy endpoint 118 (84.9) 42 (87.5) 76 (84.5) 0.81

mean aortic valve area increased from 0.6 + 0.2 cm” at baseline to 1.7 + 0.5 cm” at 30 days (p
< 0.0001). Post-implantation AR grade >2 (paravalvular in 92% of cases) was present in 38
patients (28.4%) at 30 days. When only those patients with MSCT-based TAV sizing were con-
sidered, the incidence of AR grade >2 was 17.4%. On multivariate analysis, MSCT-based TAV
sizing was independently associated with a reduction in the incidence of post-implantation
AR grade 22 (OR: 0.19; 95% CI: 0.08 to 0.45; p < 0.0001) (Table 6). Male sex (OR: 4.29; 95%
CI: 1.63 to 10.79; p = 0.003) was the only independent predictor of increased AR grade >2.
AR grade >2 occurred in 13.3% of BAV type 0 patients, 34.2% of type 1, and 16.6% of type 2
(type 0 vs. type 1: p = 0.03).
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TABLE 5 Predictors of 1-Year Survival

Characteristic Univariate Analysis Multivariate Analysis
Odds Ratio 95% CI p Value Odds Ratio 95% CI p Value

Age 1.06 0.99-1.13 0.10

Males 1.15 0.45-3.95 0.77

STS PROM 1.06 0.94-1.19 0.38

Mean aortic gradient 1.00 0.97-1.03 0.94

Aortic valve area 0.08 0.01-1.50 0.09

LV ejection fraction <40% 1.14 0.42-3.08 0.80

Annulus size 1.03 0.88-1.19 0.74

TAV size 0.94 0.77-1.16 0.59

MSCT-based TAV sizing 1.32 0.49-3.55 0.58

Bicuspid type 1 1.29 0.45-3.69 0.63

CoreValve 0.44 0.17-1.15 0.08 0.38 0.14-1.04 0.06
Year of procedure 0.91 0.67-1.22 0.51

Diabetes 0.53 0.14-1.93 0.33

NYHA functional class II/III 2.57 0.56-11.85 0.23

Pulmonary hypertension 1.85 0.67-5.11 0.24

eGFR <60 1.44 0.56-3.69 0.45

TAV malposition 4.29 0.89-20.80 0.07 5.05 0.93-27.31 0.06
TAV embolization 5.30 0.32-88.27  0.25

Requirement for 2nd TAV 2.63 0.23-30.35 0.44

Major vascular complications 1.12 1.40-26.81 0.02 5.66 1.21-26.42 0.03
New pacemaker 0.73 0.23-2.36 0.61

AR grade >2 1.55 0.56-4.32 0.40

AR = aortic regurgitation; CI = confidence interval; other abbreviations as in Table 1.

Prosthesis choice

Baseline characteristics among patients treated with the balloon-expandable THV were simi-
lar to those of patients who received the self-expandable THYV, although NYHA functional
class III or IV was more common in the balloon-expandable valve cohort (p = 0.04). MSCT-
based TAV sizing was also performed more frequently in the balloon-expandable THV cohort
(56.0% vs. 77.1%, respectively; p = 0.02), and the transfemoral approach was more common
among self-expandable valve patients (p = 0.002). There was a trend toward an increased
incidence of post-implantation AR grade >2 among the self-expandable valve-treated patients
(19.6% vs. 32.2%, respectively; p = 0.11). When patients undergoing MSCT-based TAV sizing
were considered, the incidence of AR grade >2 was similar between the 2 prostheses (6 of
37 [16.7%] vs. 9 of 50 [17.6%], respectively; p = 0.99). The choice of TAV was not associated

with post-implantation AR in multivariate analysis. There were no significant differences in
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TABLE 6 Predictors of Aortic Regurgitation Grade >2

Characteristic Univariate Analysis Multivariate Analysis

Odds Ratio 95% CI p Value  Odds Ratio 95% CI p Value
Age 0.95 0.96-1.03 0.63
Males 3.50 1.50-8.20 0.004 4.29 1.63-10.79 0.003
STS PROM 0.85 0.75-1.04 0.05 0.88 0.75-1.04 0.13
Mean aortic gradient 0.99 0.97-1.02 0.61
Aortic valve area 3.20 0.34-29.86 0.31
LV ejection fraction <40% 1.40 0.62-3.14 0.41
Annulus size 0.93 0.82-1.04 0.20
TAV size 1.10 0.92-1.31 0.31
MSCT-based TAV sizing 0.23 0.10-0.51  <0.0001 0.19 0.08-0.45  <0.0001
Bicuspid type 1 2.14 0.82-5.56 0.11
CoreValve 1.93 0.82-4.54 0.13
Year of procedure 0.78 0.60-1.03 0.08

Abbreviations as in Tables 1 and 5.

procedural outcomes between patients receiving the two types of valves. At 12 months, death
occurred in 10 patients who received the balloon-expandable valve (20.8%) and in 11 self-
expandable valve recipients (12.5%; log-rank: p = 0.46) (Central Illustration).

Values are n (%). Totals of 136* and 129t patients who reached 6-month or 1-year follow-
up examination, respectively.

SAVR = surgical aortic valve replacement.

DISCUSSION

This is the first large multicenter analysis of TAV implantation in patients with significant BAV
stenosis or regurgitation. We observed a 30-day mortality rate of 5%, a 30-day stoke rate of 2%,
and a device success rate of 90%. One-year mortality was 17.5%, and the patients were NYHA
functional class I or II. These results suggest that TAV-in-BAYV is feasible and associated with
encouraging short- and intermediate-term clinical outcomes. The current analysis, however,
demonstrated a high incidence of post-implantation AR grade >2 (28.4%), although this was
reduced to 17% in those with MSCT-based TAV sizing.

265



Chapter 13

100
*Log rank P 0.46
90 —
g 80 \_l_l_
=
>
=
S 70
a
— All patients
Balloon-expandable THV
60 — — Self-expandable THV
50 T T T 1
0 90 180 270 360
Time (days)
Patients at risk
All patients 139 130 125 N4 106
Balloon-expandable THV 48 42 38 36 35
Self-expandable THV 91 88 85 78 73

Mylotte, D. et al. J Am Coll Cardiol. 2014; 64(22):2330-9.

Kaplan-Meier survival curve of patients undergoing transcatheter aortic valve in bicuspid aortic valve with the
balloon-expandable THV (blue line) or self-expandable valve (orange line) prostheses. The p value is the log-
rank comparison between the 2 valves. THV Y% transcatheter heart valve.

Procedural safety and efficacy
Treatment of BAV disease with TAV technology is considered an off-label indication. Surgi-

cally excised bicuspid valves typically demonstrate leaflet fusion (raphe) and extensive nodular
calcification. The histo-architectural distribution of calcific deposits in BAV leaflets is different
from that of stenotic tricuspid valves (27). Extensive calcium deposition in the body of BAV
leaflets and asymmetrical nature of the bicuspid aortic root could impair TAVR outcomes
(19,28). Anecdotally, registry participants suggested that guidewire crossing and THV posi-
tioning were more difficult with bicuspid than tricuspid aortic valve stenosis. Nevertheless,
the acute procedural results were acceptable, with acute TAV embolization occurring in 2.2%,
conversion to SAVR in 2.2%, and encouraging 30-day rates of VARC-defined device success
(89.9%), safety (79.1%), and efficacy (84.9%). These results are comparable to those reported
for TAVR in tricuspid aortic stenosis (5,6,29-32).

Traditionally, TAVR has been reserved for patients at excessive or high risk for surgery
(STS PROM >10%). More recently, it has been recognized that current risk models are ill
equipped to accurately gauge risk among TAVR recipients (33). TAVR technology is therefore
being applied to patients at lower predicted risk, following discussions by the institutional
heart team. In our study, the expected 30-day mortality (STS PROM) was 4.9%, indicting
an intermediate-risk cohort. We observed remarkable similarities between expected and

observed (5.0%) 30-day mortality rates. Mortality continued to accrue, however, increasing
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to 17.5% at 1 year. By comparison, Piazza et al. (34) performed a propensity-matched analysis
comparing TAVR to SAVR among 205 intermediate-risk patient pairs (STS PROM 3% to 8%)
with severe tricuspid aortic valve stenosis. They reported mortality in the TAVR and SAVR
cohorts of 7.8 and 7.1%, respectively, at 30-days and 16.5 and 16.9%, respectively, at 1 year.
One-year outcomes in the current study compare favorably to those reported for other TAV-
in-BAV cohorts (11,15). The 1-year outcomes probably reflect the advanced age, heavy burden
of comorbidities, and other adverse features inherent in TAVR cohorts that are not captured
by current risk prediction models (33). The high rates of post-implantation AR also may have
influenced 1-year mortality (22).

Post-implantation AR

In the current analysis, AR grade >2 occurred in 28.4% of patients. This rate is consistent
with that reported in smaller TAV-in-BAV series (13-15) and compares poorly with reported
rates (<20%) of AR following TAV for tricuspid aortic valve stenosis (30,35,36). Notably, the
incidence of AR grade >2 was 17.4% when only patients who underwent MSCT-based sizing
were considered and was similar between balloon- and self-expanding prostheses (16.7% vs.
17.6%, respectively; p = 0.99). Consistent with prior studies (37,38), MSCT-based TAV sizing
was associated with reduced paravalvular regurgitation and should be considered a manda-
tory element of patient screening for TAV-in- BAV. Nevertheless, MSCT-based TAV sizing is
unlikely to represent a panacea for post-implantation AR in BAV because the unique anatomic
features of BAV pathology appear to present a challenge for first-generation TAVI systems. The
TAV frame may be unable to expand completely and appose to the native annulus in the pres-
ence of pronounced annular ellipticity (mean ellipticity ratio: 1.25 + 0.12), heavy calcification,
and calcified raphe. The latter may have contributed to the increased rate of post-implantation
AR observed in patients with BAV type 1 compared with those with type 0 (34.2 vs. 13.3%, re-
spectively; p = 0.03). Aortic root dilation and/or angulation, as well as concomitant native aortic
valve incompetence, may further impede accurate TAV positioning and contribute to the risk of
paravalvular regurgitation. Given the strong association between post-procedural AR and both
short- and long-term mortality (22,35), the high incidence of AR observed in BAV patients is
disconcerting, and the suboptimal echocardiographic outcomes mandate further longer term

follow-up to ascertain the clinical implications of aortic incompetence in BAV cohorts.

Comparison with SAVR

Comparisons between current study outcomes and those of historical surgical series of patients
undergoing isolated SAVR for BAV disease are challenging. Most surgical series included
younger and lower-risk patients who do not reflect the complexities of the current cohort
(39,40). Furthermore, such comparisons are also likely to be confounded by considerable
selection bias, whereas in our study, each case was discussed by a dedicated heart team whose

members recommended TAV-in-BAV rather than SAVR. Surgery, however, should remain
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the treatment of choice for BAV disease, especially in low-risk patients or in the presence of
aortic root dilation. Ultimately, a randomized comparison between TAV-in-BAV and SAVR

will be required to prove equivalent safety and long-term efficacy.

Choice of prosthesis

BAV morphology presents potential advantages and disadvantages for balloon-and self-
expanding TAV systems. The balloon-expandable valve exerts greater radial force and may
circularize the native annulus, obliterating potential sites of paravalvular AR. Calcified
nodules or raphe, however, may impair complete prosthesis expansion, thereby necessitating
post-implantation balloon dilation or, potentially, resulting in residual paravalvular leakage.
The self-expanding THV could have greater propensity to such paravalvular regurgitation
given the reduced radial strength relative to balloon-expandable systems. The greater compli-
ance of self-expanding prostheses and the supra-annular position of the leaflets could, how-
ever, mitigate the unequal circular stress at the level of the annulus and potentially improve
long-term hemodynamic outcomes. In our study, clinical outcomes among patients treated
with balloon expandable TAV were similar to those observed in patients treated with the self-
expanding prostheses. We observed a trend toward increased rates of post-implantation AR
grade >2 with the self-expandable THV; however, the considerably lower use of MSCT-based
TAV sizing in the self-expandable THV cohort might have accounted for this difference. Sub-
group analysis of patients undergoing MSCT-based TAV sizing demonstrated no significant
between-group differences in the rates of post-implantation AR. Further study is required to
evaluate the comparative effectiveness of the balloon-expandable and self-expandable valve
systems in patients with BAV disease.

Currently unproven emerging TAV technology with dedicated sealing cuffs (Sapien 3
[Edwards Lifesciences]), repositionable systems (CoreValve Evolut R [Medtronic], Portico [St.
Jude Medical, Minneapolis, Minnesota], or Lotus [Boston Scientific, Natick, Massachusetts])
may have the potential to reduce post-implantation AR (41-44).

Study limitations

The study findings should be interpreted in light of the study design. This predominantly
retrospective voluntary registry of TAV-in-BAV cases necessitates cautious interpretation, and
definitive conclusions should be avoided. The exact indication for proceeding with TAV-in-
BAYV rather than SAVR was not available for each patient, although all cases were reviewed
by the institutional heart team. Adverse events and post-implantation AR, which may be
operator and laboratory dependent, were adjudicated by the participating centers rather than
by a core laboratory. Information about the depth of implantation and invasive hemodynamic
data, such as the AR index, were not available in this study. The cover index and annular
ellipticity were not entered into the multivariate regression because MSCT data were only

available in 64% of patients.
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CONCLUSIONS

TAV-in-BAV is feasible, with encouraging short-and intermediate-term clinical outcomes. A
high incidence of post-implantation aortic regurgitation is observed following TAV-in-BAV.
The incidence of post-implantation paravalvular leak is moderated by MSCT-based TAV
sizing, which should be considered mandatory for TAV-in-BAV. Longer-term follow-up of a
larger cohort of patients is required to more completely assess the efficacy and durability of
TAV implantation in patients with bicuspid disease.

PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE 1: TAVR of bicuspid aortic valves is associated with high
rates of grade >2 post-implantation aortic regurgitation.

COMPETENCY IN MEDICAL KNOWLEDGE 2: Sizing of the prosthesis based on measurements obtained
by multislice computed tomography can reduce the likelihood of developing post-implantation aortic regur-
gitation in patients with bicuspid aortic valves undergoing TAVR.

TRANSLATIONAL OUTLOOK: Further studies are needed to determine whether later generation TAVR
devices reduce the risk of aortic regurgitation after TAVR in patients with bicuspid aortic valves.

ABBREVIATIONS AND ACRONYMS

BAV = bicuspid aortic valve

CI = confidence interval

MSCT = multislice computed tomography
NYHA = New York Heart Association

OR = odds ratio

SAVR = surgical aortic valve replacement

STS PROM = Society of Thoracic Surgeons predicted risk of mortality
TAV-in-BAV = transcatheter aortic valve in bicuspid aortic valve

TAVR = transcatheter aortic valve replacement
TEE = transesophageal echocardiography
THV = transcatheter heart valve

VARC = Valve Academic Research Consortium
APPENDIX

For a supplemental table, please see the online version of this article.
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ABSTRACT

Objectives
The purpose of this study was to assess the feasibility and safety of transcarotid transcatheter

aortic valve replacement (TAVR).

Background

Many candidates for TAVR have challenging vascular anatomy that precludes transfemoral
access. Transcarotid arterial access may be an option for such patients.

Methods
The French Transcarotid TAVR Registry is a voluntary database that prospectively collected

patient demographics, procedural characteristics, and clinical outcomes among patients
undergoing transcarotid TAVR. Outcomes are reported according to the updated Valve Aca-

demic Research Consortium criteria.

Results
Among 96 patients undergoing transcarotid TAVR at 3 French sites (2009 to 2013), the mean

age and Society of Thoracic Surgeons predicted risk of mortality were 79.4 + 9.2 years and
7.1 £ 4.1%, respectively. Successful carotid artery access was achieved in all patients. The
Medtronic CoreValve (Medtronic, Inc., Minneapolis, Minnesota) (n = 89; 92.7%) and Edwards
SAPIEN valves (Edwards Lifesciences, Irvine, California) (n = 7; 7.3%) were used. Procedural
complications included: valve embolization (3.1%), requirement for a second valve (3.1%),
and tamponade (4.2%). There were no major bleeds or major vascular complications related
to the access site. There were 3 (3.1%) procedural deaths and 6 (6.3%) deaths at 30 days. The
1-year mortality rate was 16.7%. There were 3 (3.1%) cases of Valve Academic Research Con-
sortium-defined in-hospital stroke (n = 0) or transient ischemic attack (TIA) (n = 3). None
of these patients achieved the criteria for stroke and none manifested new ischemic lesions on
cerebral computed tomography or magnetic resonance imaging. At 30 days, a further 3 TIAs

were observed, giving an overall stroke/TIA rate of 6.3%.

Conclusions

Transcarotid vascular access for TAVR is feasible and is associated with encouraging short- and
medium-term clinical outcomes. Prospective studies are required to ascertain if transcarotid

TAVR yields equivalent results to other nonfemoral vascular access routes.

Keywords: aortic stenosis, carotid vascular access, transcatheter aortic valve replacement
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Substantive peripheral vascular disease and small-caliber iliofemoral vasculature renders
transfemoral transcatheter aortic valve replacement (TAVR) challenging or impossible in up
to one-quarter of TAVR candidates (1-3). In such cases, a variety of alternate vascular access
routes have been described: transapical (4), transaxillary (5), direct aortic (6), and transcaval
(7). Each of these alternative strategies may be undesirable in certain clinical and anatomical
situations, and each may be associated with adverse clinical consequences, including greater
invasiveness, post-procedural pain, delayed mobility and patient discharge, and perhaps,
increased mortality in the case of the transapical route (8). Transcarotid vascular access for the
purposes of TAVR has been suggested as an access route with the potential to mitigate some
of the disadvantages of other nonfemoral approaches (9). Manipulation of the carotid arter-
ies and insertion of large-bore sheaths for the delivery of transcatheter heart valves (THVs),
however, could potentially increase the risk of stroke. Importantly, there remain few published
data describing the safety and efficacy of this approach.

We sought to address this knowledge gap by describing the procedural and clinical out-

comes of a large cohort of consecutive patients undergoing transcarotid TAVR.

METHODS

Patients

The French Transcarotid TAVR registry is a collaborative initiative developed by interven-
tional cardiologists and cardiac surgeons performing transcarotid TAVR. This voluntary
database has prospectively collected consecutive patient data from 3 participating centers
(Hopital Cardiologique, Lille; Hopital Louis Pradel, Lyon; and Hopital Henri Mondor, Paris)
since April 2009, including patient demographics, clinical and procedural characteristics, and
clinical outcomes.

At each participating institution, patients with severe aortic stenosis considered by the
institutional Heart Team to be at high or excessive surgical risk were considered for TAVR.
In all cases, multimodal vascular access assessment was performed to determine the optimal
vascular access route for TAVR. Nonfemoral vascular access was considered in patients with
iliofemoral or descending aortic anatomy at high risk for vascular complications who would
potentially benefit from TAVR. In April 2009, the first transcarotid TAVR was performed
using the Medtronic CoreValve (Medtronic, Inc., Minneapolis, Minnesota) in a patient with-
out traditional vascular access options (9). Subsequently, experience with this technique has
increased, and in some centers, transcarotid vascular access has become the default access of
choice when transfemoral TAVR is not possible (10). All patients provided written informed

consent for the intervention.
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Pre-procedural screening.

TAVR candidates underwent anatomic assessment with contrast angiography or, more
recently, multislice computed tomography. Patients with small-caliber (<6 mm), heavily calci-
fied, severely tortuous, or stenotic iliofemoral anatomy or those with significant descending
aortic pathology were considered to be candidates for transcarotid TAVR. The dimensions
of the carotid, subclavian, and vertebral arteries were carefully assessed using multislice
computed tomography and Doppler ultrasonography. Patients with evidence of significant
(250%) common or internal carotid artery stenosis, with plaque considered to be at high
risk of embolization, or with congenital variants of the aortic arch (e.g., Bovine arch) were
not considered for transcarotid TAVR. A common carotid artery minimal luminal diameter
threshold of 7.0 mm was considered appropriate for transcarotid vascular access. Prior ipsi-
lateral carotid artery intervention, contralateral carotid artery occlusion, or stenosis/occlusion
of the vertebral arteries were also considered to be contraindications to transcarotid TAVR.
The arterial circle of Willis serves as a potential collateral pathway that maintains cerebral
perfusion in cases of diminished afferent blood supply through the internal carotid arteries.
Cerebral magnetic resonance angiography (MRA) can accurately delineate the components
of the circle of Willis and determine the adequacy of collateral blood flow (11,12). In all
cases, screening cerebral MRA was performed and interpreted by neuroimaging specialists to
evaluate collateral cerebral blood flow, and patients with suspected inadequate collateral flow
were excluded. In cases with equivocal cerebral MRA, transcranial echo Doppler was also
performed in an attempt to further identify patients with the potential for cerebral hypoperfu-

sion.

Procedures.

The participating institutions adopted a standardized procedural technique, in which the left
common carotid artery was preferentially selected for all TAVR devices. The left side provides
superior coaxial alignment between the aortic root and the THV during deployment, and af-
fords simpler cardiac catheterization and operating room configuration. All patients received
aloading dose of aspirin (300 mg) and clopidogrel (300 mg), prophylactic antibiotics, and had
central venous access for insertion of a temporary pacing wire. Control angiography during
the procedure necessitated insertion of a 6-F vascular access sheath via the radial or femoral
arteries. Intra-operatively, cerebral perfusion was continually monitored using cerebral oxim-
etry with near-infrared spectrometry (Equanox 7600, Nonnin Medical Inc., North Plymouth,
Minnesota). The proximal left common carotid artery was exposed via a small incision 2 cm

above the left clavicle (Figure 1).
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FIGURE 1 Exposure of the Left Common Carotid Artery
Exposure of the left common carotid artery (black arrow) for transcatheter aortic valve replacement.

The carotid artery was carefully dissected to avoid injury to the vagus nerve, which was
retracted from the immediate surgical field. Vascular clamps were used to achieve proximal
and distal control of the carotid artery, and percutaneous access was then achieved by inser-
tion of a 5-F vascular access sheath. The stenotic aortic valve was then crossed in the usual
fashion, using a straight-tip guide wire and a Judkin’s right or Amplatzer left 1 diagnostic
catheter. A pre-shaped Amplatzer Super stiff guide wire was then positioned in the apex of the
left ventricle, and a 14-F sheath was inserted for the purposes of performing balloon aortic
valvuloplasty. Thereafter, sequential dilation of the carotid artery was performed in selected
cases with 16- and 18-F dilators, and an 18-F vascular access sheath (CoreValve cases, Cook
Medical, Bloomington, Indiana) or the Edwards e-sheath (Edwards Lifesciences, Irvine, Cali-

fornia) were then carefully advanced into the ascending aorta (Figure 2).
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The 14-F vascular access sheath in situ in the left common carotid artery (black arrow). Note the vascular access
sheath is stabilized through a 1-cm incision cranial to the carotid dissection field.

Intravenous heparin was administered to maintain an activated clotting time 2250 s. Standard
TAVR implantation techniques were followed as previously described (9,13). After valve
deployment, the 18-F sheath was carefully retracted, and vascular clamps were used to mini-
mize blood loss while the arterial access site was surgically repaired using 6/0 Prolene suture

(Figure 3). A control angiogram was performed to assess artery patency, and patients were

then transferred to the intensive care unit for overnight monitoring.

FIGURE 3 Vascular Closure
Proximal (A) and distal (B) vascular clamps are used to control access site bleeding during surgical closure of

the left common carotid arteriotomy (C).
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Clinical endpoints and follow-up.

Procedural, 30-day, and 1-year major clinical endpoints were defined according to the updated
Valve Academic Research Consortium criteria (14). Stroke was of particular interest, and was
defined as an acute episode of a focal or global neurological deficit and a change in the level
of consciousness; hemiplegia, hemiparesis, numbness, or unilateral sensory loss; aphasia or
dysphasia; hemianopia; amaurosis fugax; or other neurological signs or symptoms consistent
with stroke (14). Stroke diagnosis required input from a stroke physician and/or diagnostic
neuroimaging. Nonfocal global encephalopathy was not defined as stroke without neuroimag-
ing evidence of cerebral infarction (14). The duration of symptoms and/or the demonstration
of an ischemic or hemorrhagic lesion on neuroimaging further defined stroke (=24 h; positive
imaging) or transient ischemic attack (TIA) (<24 h; negative imaging). Stroke was further
classified as ischemic, hemorrhagic, or undetermined. Finally, stroke was categorized as dis-
abling or nondisabling, the former being determined by a modified Rankin score of 2 or more
at 90 days and an increase in at least 1 modified Rankin score category from an individual’s

pre-stroke baseline (15).

Statistical analysis.

Continuous variables are presented as mean + SD or median and range, and repeated measures
were compared using a paired Student ¢ test. Categorical variables are presented as frequencies
and percentages. The 1-year rate of death is shown using a Kaplan-Meier curve. Analyses were
performed using SPSS version 20.0 (IBM Corp., Armonk, New York).

RESULTS

A total of 96 elderly patients underwent transcarotid TAVR across 3 participating sites
between April 2009 and December 2013. The mean age and Society of Thoracic Surgeons
predicted risk of mortality score of the transcarotid TAVR patients was 79.4 + 9.2 years and 7.1
+ 4.1%, respectively (Table 1). Most patients (92.7%) described New York Heart Association
functional class III or IV, and one-fifth had previously had cardiac surgery.
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TABLE 1 Baseline Characteristics of Transcarotid TAVR Patients (N = 96)

Age, yrs 79.4£9.2
Female 38 (39.6)
Logistic EuroScore 21.7 129
EuroScore II 72%58
STS PROM 7.1+4.1
NYHA functional class III or IV 89 (92.7)
Diabetes mellitus 31(32.3)
Coronary artery disease 54 (56.3)
Prior myocardial infarction 16 (16.7)
Prior coronary artery bypass grafting 18 (18.8)
Prior stroke or TIA 10 (10.4)
Atrial fibrillation 39 (40.6)
Prior cardiac surgery 21 (21.9)
Permanent pacemaker 13 (13.5)
Pulmonary hypertension* 11 (11.5)
Peripheral arterial disease prohibiting TAVR 96 (100)
Aortic valve area, mm’ 0.8+0.3
Aortic valve mean gradient, mm Hg 45.7+13.7
Left ventricular ejection fraction, % 50.5 + 16.7

Values are mean + SD or n (%).

* Pulmonary artery systolic pressure >60 mm Hg.

NYHA = New York Heart Association; STS PROM = Society of Thoracic Surgeons predicted risk of mortality;
TAVR = transcatheter aortic valve replacement; TIA = transient ischemic attack.

Successful carotid artery vascular access was achieved in all patients. The majority of
cases were performed under general anesthesia (98.9%) using the left common carotid artery
(88.5%) (Table 2). The Medtronic CoreValve and Edwards SAPIEN THV were implanted in
89 (92.7%) and 7 (7.3%) patients, respectively. Procedural complications included: THV em-
bolization (n = 3, 3.1%), implantation of a second THV (n = 3, 3.1%), and cardiac tamponade
due to left ventricular wire perforation (n = 4; 4.2%). There were 4 (4.2%) cases of both major
bleeding and major vascular complications; none involved the carotid vascular access site
(Table 3). Conversion to SAVR was not performed in any case. Post-implantation hemody-
namics demonstrated a significant reduction in transvalvular mean gradient from 45.7 + 13.7
mm Hg to 5.7 + 3.9 mm Hg (p < 0.0001) and an increase in effective orifice area from 0.8 + 0.3
cm’to 1.9 + 0.4 cm” (p < 0.0001). More than mild post-implantation aortic regurgitation was
observed in 20 (21.5%) patients.
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TABLE 2 Procedural Characteristics of Transcarotid TAVR Patients (N = 96)

General anesthesia 95 (98.9)
Left carotid vascular access 85 (88.5)
Pre-implant balloon valvuloplasty 93 (96.9)
Pre-implant valvuloplasty balloon size, mm 234+1.9
Post-implant valvuloplasty 9(9.4)
Medtronic CoreValve 89 (92.7)
Edwards SAPIEN 7(7.3)
23 mm 2(2.1)
26 mm 25 (26.0)
29 mm 53 (55.2)
31 mm 16 (16.7)
THYV embolization 3(3.1)
Procedural valve-in-valve 3(3.1)
Tamponade 4(4.2)
Conversion to SAVR 0(0.0)
Mean gradient, mm Hg 5.7+3.9
Estimated orifice area, cm’ 1.9+0.4
Aortic regurgitation*
Grade 0 31 (33.3)
Grade 1 42 (45.2)
Grade 2 17 (18.3)
Grade 3 3(3.1)
Grade 4 0(0.0)

Values are n (%) or mean + SD.

* Data available in 93 patients.

SAVR = surgical aortic valve replacement; TAVR = transcatheter aortic valve replacement; THV = transcatheter
heart valve.

There were 3 (3.1%) procedural deaths: 1 case of left main coronary artery occlusion,
and 2 patients who experienced cardiac tamponade. At 30 days, there were an additional 3
deaths (aspiration pneumonia and multiorgan failure; spontaneous ventricular fibrillation;
and gastrointestinal hemorrhage), resulting in a 30-day mortality rate of 6.3%. The median
duration of hospital stay was 11 days (inter-quartile range: 9 to 15 days). Long-term follow-up
was available in all patients: median follow-up 360 days (interquartile range: 265 to 606 days).
The 1-year mortality rate was 16.7% (Figure 4).
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TABLE 3 Clinical Outcomes of Transcarotid TAVR Patients (N = 96)

Mortality
Procedural 3(3.1)
30-day 6 (6.3)
1-year 16 (16.7)
Bleeding
Minor 34 (37.4)
Major 4(4.2)
Life-threatening 4(4.2)
Vascular complications
Minor 4(4.2)
Major 4(4.2)
Myocardial infarction 1(1.0)
Acute kidney injury (grade 3) 7(7.3)
New pacemaker* 22 (26.5)
Hospital stay, days 11 (9-15)
Composite endpoints
Device success 86 (89.9)
Early safety 89 (92.7)
Clinical efficacy 89 (92.7)

Values are n (%) or median (interquartile range).
* A total of 22 of 83 patients required new pacemaker.
TAVR = transcatheter aortic valve replacement.
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FIGURE 4 1-Year Mortality After Transcarotid TAVR
Kaplan-Meier survival curve of patients undergoing transcarotid transcatheter aortic valve replacement
(TAVR).

There were 3 (3.1%) cases of Valve Academic Research Consortium-defined in-hospital stroke
(n=0) or TIA (n = 3) (Table 4). All patients underwent computed tomographic or magnetic
resonance neuroimaging and were assessed by a consultant neurologist. Two TIAs were noted
immediately post-operatively and 1 on post-operative day 1. These events were localized as
ipsilateral (n = 1) or contralateral (n = 2) to the carotid vascular access site. Clinical features
of the events included hemiparesis (n = 2) and aphasia (n = 1); however, neuroimaging did
not show new ischemic lesions in any case. Pre-operatively, all patients were prescribed dual
antiplatelet therapy, and all received intraprocedural heparin. Two additional cases of tran-
sient nonfocal global encephalopathy with normal neuroimaging were not defined as stroke/
TIA. At 30 days, a further 3 TIAs were observed (1 ipsilateral, 2 contralateral), thus yielding
an overall event rate of (6.3%). In-hospital atrial fibrillation occurred in each of these addi-
tional cases, and the events occurred despite treatment with aspirin and oral anticoagulation.
Clinical localization relative to the carotid vascular access site was ipsilateral in 1 case and
contralateral in 2 cases. Neuroimaging did not demonstrate any new ischemic lesions in any
of these patients. Two further neurological events were noted during long-term follow-up: an
ischemic stroke causing aphasia and visual field defect on day 51, and a hemorrhagic stroke
on day 409.
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TABLE 4 Stroke and TIA in Transcarotid TAVR Patients (N = 96)

In-hospital stroke or TTA 3(3.1)
TIA 3(3.1)
Stroke 0(0)
Ipsilateral localization 1(33)
Hemorrhagic stroke 0(0)
In-hospital atrial fibrillation 1(33)
CHA, DS,-VASc score* 3.8+0.8
Aortic valve pre-dilation 3(100)
THYV post-dilation 1(33)

30-day stroke or TIA 6 (6.3)
TIA 6 (100)
Stroke 0(0)
Ipsilateral localization 2(33)
Hemorrhagic stroke 0(0)
In-hospital atrial fibrillation 4 (67)
Discharge anticoagulation 4(67)
Discharge dual antiplatelet therapy 2(33)

Values are n (%).

* CHA,DS,-VASc (congestive heart failure, hypertension, age >75 years, diabetes mellitus, stroke/transient
ischemic attack, vascular disease, age 65-74 years, sex category) score (24).

TIA = transient ischemic attack; other abbreviations as in Table 2.

DISCUSSION

This study provides information on the largest cohort of patients undergoing transcarotid
vascular access for TAVR. The salient findings from this study are: transcarotid TAVR is tech-
nically feasible in appropriately selected patients; carotid vascular access site complications
are rare; and the 30-day rate of stroke or TIA was 6.3%, although all of these ischemic events
were transient in nature.

Initially approved TAVR systems in the United States required vascular access sheaths
with 18- to 24-F inner diameter. Such large-bore catheters are problematic for the 25% to 30%
of patients with peripheral arterial disease and, in particular, for elderly females with small
iliofemoral anatomy (3,16). The sheath to femoral artery ratio is considered to be the most
powerful predictor of TAVR-related vascular complications (3), and using this measurement
almost one-quarter of TAVR candidates require an alternate vascular access route (1,2). A
variety of alternative access solutions have been described (4-6), each with specific advantages
and disadvantages. Most recently, transcaval TAVR has produced encouraging short-term
outcomes (7). It is likely that the proportion of patients undergoing TAVR using alternate vas-

cular access routes will fall due to advances in transcatheter technology (some current devices
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are now 14- to 16-F) (17,18); however, these technologies are not yet available worldwide,
and patients with severe peripheral arterial disease will remain a considerable challenge for
transfemoral access regardless of sheath size.

Transcarotid TAVR with a self-expanding prosthesis was first performed in Lille in 2009
(9). The technique has subsequently been adopted by several European and U.S. centers
(9,13,19,20) and has been performed with both self- and balloon-expandable prostheses (13).
The surgical approach to the carotid artery is relatively uncomplicated due to its superficial
location, and operative experience with the carotid arteries is widely available among car-
diovascular surgeons. For the purposes of TAVR, the left common carotid is preferentially
chosen, as it allows superior coaxial alignment of the THV with the aortic annulus (Figure 5).
We prefer to perform transcarotid TAVR under general anesthesia, although regional anesthe-
sia has been successfully performed (19). Important procedural differences from other access
routes include routine sequential dilation of the artery (10- to 16-F dilators) and insertion of
the 18-F sheath at the time of THV deployment (after balloon valvuloplasty). In the current
series, we did not experience major vascular complications or major bleeding related to the

vascular access site. There were no access-related deaths.

FIGURE 5 Transcarotid TAVR
Transcarotid transcatheter aortic valve replacement (TAVR). (A) Selective angiography of the left common
carotid artery, (B) positioning, and (C) deployment of a 29-mm Edwards Sapien XT valve.

At 30 days, 6 patients (6.3%) had evidence of transient cerebral ischemia. Significantly, none
of these events met the criteria for stroke, and neuroimaging did not demonstrate new isch-
emic lesions in any case. These data compare favorably with stroke rates reported in other
alternate access series, where the rate of stroke is higher than that observed in transfemoral
cohorts (18,21). Webb et al. (18) reported a 30-day stroke rate of 5.6% among patients un-
dergoing contemporary transaortic or transapical TAVR with the SAPIEN 3 valve (Edwards
Lifesciences), whereas a stroke rate of 4.3% was described for alternate-access CoreValve im-
plantation in the Advance registry (21). It is intriguing that 4 of 6 TIAs were clinically located
contralateral to the site of vascular access. This suggests that there may be several potential
stroke mechanisms during transcarotid TAVR: 1) embolization of carotid artery plaque due to

arterial puncture and instrumentation; 2) access site trauma providing a nidus for thrombosis
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with subsequent embolization; 3) inadequate collateral perfusion through the circle of Willis;
and 4) embolization of debris during balloon valvuloplasty or THV implantation. The low rate
of stroke observed in this study may be attributed to carful patient selection (common carotid
artery minimal lumen diameter >7.0 mm), mandatory pre-treatment with dual antiplatelet
agents, and adequate intraoperative anticoagulation (activated clotting time >250 s). We
also limited the duration of antegrade ischemia by placing the large bore introducer sheath
only when necessary. Nevertheless, there remains the potential to further reduce the risk of
cerebral ischemia by limiting THV post-dilation (22), using embolic protection devices (23),
and by further refining the anatomical selection criteria for transcarotid TAVR. A total of 4
of 6 episodes of TIA were located to the right cerebral hemisphere in patients that underwent
TAVR using the left common carotid artery. Although we believe this observation is due to
the play of chance, we must acknowledge that there is a possibility that embolization from the
aortic valve may preferentially access the cerebral vasculature via the right common carotid
artery, and therefore, using the right common carotid artery for transcarotid TAVR could be
associated with a reduced risk of stroke. More study is required into the mechanism of stroke
with this technique.

The observed 30-day mortality rate (6.3%) was relatively high compared with contem-
porary series. However, this patient cohort was unsuitable for transfemoral TAVR, and
thus the mean Society of Thoracic Surgeons predicted risk of mortality score of 7.1% may
underestimate the true risk features of this group. Furthermore, this series includes all patients
undergoing transcarotid TAVR since 2009, and the complication rates probably reflect our
learning curve with TAVR and this technique using first-generation TAVR devices.

Ultimately, we believe that transcarotid TAVR should be considered as an alternative
to transapical, transaortic, transcaval, or trans-subclavian procedures. Because there exists
limited comparative data between alternate access routes, a patient-centric individualized ap-
proach to vascular access should be undertaken by the institutional Heart Team. Transcarotid
TAVR may have particular benefits over procedures requiring thoracotomy or sternotomy in
patients with advanced lung disease or prior sternotomy, where recovery from surgery could
be protracted. Similarly, transcarotid TAVR is technically less challenging than the transcaval
approach. Longer-term follow-up is, however, required to demonstrate the efficacy of this

approach.

Study limitations.

The study findings should be interpreted in light of the study design. This prospective study
included a small number of patients at selected high-volume TAVR centers, and the results
demand cautious interpretation. It is possible that the true rate of neurological events has been
underestimated, as systematic evaluation by a neurologist was not performed prior to and
following TAVR. We were, however, very focused on neurological outcomes, and there was a

low threshold for neurologist evaluation and/or neuroimaging.
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CONCLUSIONS

Transcarotid vascular access for TAVR is feasible and is associated with encouraging short- and
medium-term clinical outcomes. Prospective studies with longer-term follow-up are required
to ascertain if transcarotid TAVR yields equivalent safety and efficacy to other nonfemoral

vascular access routes.

PERSPECTIVES

WHAT IS KNOWN? A significant proportion of patients undergoing TAVR are not suitable for transfemo-
ral vascular access. In such cases, a range of vascular alternate access routes have been described, including
the transapical, transaortic, trans-subclavian, and transcaval approaches. Transcarotid vascular access has
been previously described and may be a minimally invasive and more straightforward technique compared
with the aforementioned approaches; however, little information is available describing the performance and
outcomes associated with this strategy.

WHAT IS NEW? This study describes the largest cohort of patients undergoing transcarotid TAVR to date. It
demonstrates that carotid vascular access for the purposes of TAVR is feasible and safe. This approach safely
facilitated the implantation of both self- and balloon-expandable THVs. Importantly, no patient in this series
experienced a stroke; however, a 30-day rate of TIA of 6.3% was observed.

WHAT IS NEXT? The results of this study suggest that transcarotid TAVR should be considered a reason-
able vascular access route in patients who are not suitable for a transfemoral approach. Indeed, this technique
may have specific advantages over the more invasive transapical or transaortic strategies in certain patient
cohorts. Larger series with extended follow-up are required to definitively prove the safety and efficacy of

this technique.

ABBREVIATIONS AND ACRONYMS

MRA = magnetic resonance angiography
TAVR = transcatheter aortic valve replacement
THV = transcatheter heart valve
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ABSTRACT

The CoreValve Evolut R with EnVeo R delivery catheter is a novel transcatheter heart valve
(THV) system with enhanced features that have the potential to improve the safety of
transcatheter aortic valve implantation (TAVI). The newly designed delivery catheter is 14
Fr-equivalent and thus expands the option of transfemoral TAVI to a greater proportion of
patients. Most importantly, the EnVeo R delivery catheter allows the valve to be recaptured
and repositioned during deployment, thus minimising the consequences of THV malposition.
Furthermore, the nitinol frame of the CoreValve Evolut R has been redesigned for superior
interaction, consistent radial force and optimised cover index across the sizing range, and
conformability with the native annulus, thereby hypothetically reducing stress on the left
bundle branch. Although large series with long-term follow-up are required to demonstrate
the safety and efficacy of this device, we present the first human experience with the Evolut

R system.
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INTRODUCTION

The emergence of second-generation transcatheter aortic valve implantation (TAVI) systems is
timely, as this technology is being evaluated in lower-risk patients. Extending the remit of TAVI
to lower-risk patients necessitates more flexible, user-friendly and safer devices. Among the TAVI
physician’s “wish list” are smaller calibre and more flexible delivery catheters with the ability to
recapture, reposition, or remove the transcatheter heart valve (THV) from the body if necessary.
The newly designed CoreValve Evolut R™ (Medtronic, Minneapolis, MN, USA) is a low-profile
system that encompasses these important requirements. Herein, we describe the technical fea-

tures of this novel system and describe the first-in-human experience with this device.

COREVALVE EVOLUT R TRANSCATHETER HEART VALVE

The CoreValve Evolut R represents a significant step in the evolution of the Medtronic CoreV-
alve family of THVs. The design features of prior iterations have been described elsewhere', and
the Evolut R retains many of the characteristics of its predecessors: a radiopaque self-expanding
nitinol support frame, supra-annular trileaflet porcine pericardial leaflets, and porcine pericar-
dium fabric skirt. As before, the Evolut R will be available in 23, 26, 29 and 31 mm sizes.

The cell geometry and frame of the Evolut R have been redesigned to optimise frame

interaction with the native anatomy, to improve conformability to the aortic annulus and

Figure 1 The CoreValve Evolut R. The CoreValve Evolut R has been redesigned to provide more consistent
radial force across the sizing range with modified cell geometry to improve conformability to the aortic annulus.
The new valve release mechanism has a paddle design to prevent hang-ups and the porcine pericardial leaflets
are treated with alpha-amino oleic acid (AOA®) to retard mineralisation.
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reduce paravalvular leak (Figure 1). The inflow has more consistent radial force across the
sizing spectrum, and the outflow has been shortened and reshaped to provide improved
alignment between valve housing and the native sinus, which is expected to reduce stress on
the left bundle branch. The EnVeo R catheter valve release mechanism now features a paddle
design in place of the previously used tabs, thereby allowing a more consistent release from
the delivery catheter. Finally, the valve leaflets are now routinely treated with alpha-amino

oleic acid (AOA”®) to impede calcium deposition.

ENVEO R™ DELIVERY CATHETER WITH INLINE™ SHEATH

The new EnVeo R delivery catheter (Medtronic, Minneapolis, MN, USA) features a complete
redesign of the AccuTrak system (Medtronic) that is currently employed for CoreValve and
CoreValve Evolut (Medtronic) implantation (Figure 2). The EnVeo R catheter with InLine
sheath (Medtronic) allows the valve to be delivered without the requirement for a separate
introducer sheath. As a 14 Fr-equivalent delivery system (true 18 Fr outer diameter) the
EnVeo R system represents a 4 Fr reduction in profile compared to the currently used 18 Fr
introducer sheaths (approximately 22 Fr outer diameter). Alternatively, the EnVeo R catheter
can be introduced through an 18 Fr introducer sheath, if required. The EnVeo R catheter also
features a new ergonomic handle that affords more comfortable and stable hand positioning
during valve deployment, and an independent mechanism for catheter tip retrieval after im-
plantation. The new system also provides stable and accurate valve deployment by engineering
the delivery capsule to be retracted (or advanced) in increments equal to the distance that the
deployment wheel is turned (i.e., 1:1 valve deployment). Most importantly, the novel laser-cut
nitinol-reinforced capsule provides the ability to resheath or recapture the partially deployed
THV (up to 80% of maximal deployment) in order to reposition or retrieve the implant.

A 15 Fr 12 Fr 18 Fr capsule

= gﬁ : g COREVALVE | = {
NN

B
15 Fr 14 Fr equivalent 18 Fr capsule

e, -

Figure 2 The EnVeo R delivery system. The AccuTrak delivery system (A) has been replaced by the EnVeo R
delivery catheter with InLine sheath technology (B). The new system is now a 14 Fr-equivalent system that can
deliver the transcatheter heart valve without the requirement for a separate introducer sheath. The modified
valve capsule now allows the valve to be fully recaptured and repositioned during deployment.
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CLINICAL APPLICATIONS

In the PARTNER trial (cohorts A and B), implantation of a second THV due to malposition or
severe aortic incompetence occurred in 2.47% of cases and is even more common when THV's
are used to treat degenerated surgical bioprostheses™’. Considering the litany of complications
associated with THV malposition (mitral valve injury, severe paravalvular leak, conduction
abnormalities, THV embolisation) and the independent association with increased one-year
cardiovascular mortality®, the capacity to recapture and reposition or remove a malpositioned
THYV is of considerable importance. The ability to recapture a partially deployed THV also
allows the operator to attempt more challenging anatomy, knowing that the system can be
retrieved if suboptimal results are encountered. On a cautionary note, attempts to optimise
THYV implantation by repeatedly recapturing and repositioning the THV could potentially
increase the risk of embolic events and could represent a downside to recapturable TAVI
systems®. Further study is required to assess this important issue.

Compared to their predecessors, the EnVeo R catheter and InLine sheath represent a sig-
nificant reduction in the profile of the delivery system. The Evolut R 14 Fr-equivalent system
compares favourably to the expanded diameter of the 14-16 Fr eSheath and the 18 Fr sheath
used by the Edwards SAPIEN 3 and CENTERA systems (Edwards Lifesciences, Irvine, CA,
USA), respectively. Given that major vascular complications are associated with considerable
morbidity and mortality*, and that the ratio of the outer diameter of the delivery sheath to the
femoral artery (SFAR) is a strong predictor of these complications’, the 4 Fr reduction in sheath
size is likely to extend the potential and safety of transfemoral TAVI. Applying the SFAR ratio
to the EnVeo R system, transfemoral TAVI can be safely performed in patients with iliofemoral
diameters as small as 5.4 mm. Indeed, if the 20% oversizing ratio between the introducer sheath
(18 Fr: outer diameter 7.2 mm) and the minimal femoral artery diameter (6 mm) is maintained,

then femoral anatomy as small as 5 mm could be navigated with the EnVeo R delivery catheter.

FIRST HUMAN EXPERIENCE

The first-in-human experience with the 23 mm CoreValve Evolut R system took place at
the McGill University Health Centre in Montreal, Quebec, Canada, in September 2013. The
recipient was a 70-year-old female with progressive dyspnoea (NYHA III) due to severely ste-
notic degenerated aortic bioprosthetic valve (mean gradient 41 mmHg; effective orifice area:
0.61 cm®). The Heart Team considered her too high risk for redo aortic valve surgery as she
had previously undergone two coronary artery bypass surgeries and had multiple comorbid
medical conditions (Society of Thoracic Surgeons mortality risk score: 7.9%). The degenerated
aortic bioprosthesis (19 mm Carpentier Edwards Perimount Magna Ease) had an internal

stent diameter of 16.5 mm on multislice computed tomography (Figure 3A and Figure 3B).
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The 23 mm Evolut R is suitable for native annuli between 18 and 20 mm in diameter; however,
smaller diameter degenerated surgical bioprostheses have been successfully treated’. The
CoreValve Evolut R was successfully implanted via the right femoral artery using the EnVeo
R delivery catheter and InLine sheath (Figure 3C - Figure 3E) (Moving image 1). In this
case, it was not necessary to recapture the Evolut R during deployment. Post implantation,
the peak-to-peak and mean transaortic valve gradients were gratifyingly low: 6 mmHg by
invasive pressure recording and 8 mmHg by echocardiography, respectively (Figure 3F). It is
likely that the supra-annular position of the CoreValve Evolut R leaflets accounted for this low

post-procedural gradient. There was no central or paravalvular aortic regurgitation.

Figure 3 CoreValve Evolut R: first-in-human experience. The first-in-human CoreValve Evolut R was implant-
ed inside a 19 mm Carpentier Edwards Perimount Magna Ease (manufacturer labelled internal stent diameter
17.5 mm) (A). The internal stent diameter of the degenerated aortic bioprosthesis was 16.5 mm on multislice
computed tomography (B). The EnVeo R delivery system was advanced through the tortuous calcified iliofemo-
ral anatomy (C), and the CoreValve Evolut R was positioned appropriately. The final position of the Evolut R
was acceptable (E), and the post-implantation transvalvular gradient decreased from 41 mmHg to 6 mmHg (F).
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LIMITATIONS

Herein, we describe the first human experience with the CoreValve Evolut R. Although this
device has been specifically designed to improve procedural outcomes, demonstration of
device safety and clinical efficacy requires verification. For example, the potential to reduce
the repeated attempts to position the THV optimally could potentially increase the risk of
embolic events. To this end, the results of the ongoing CoreValve Evolut R Clinical Study
(ClinicalTrials.gov Identifier: NCT01876420) are eagerly awaited.

CONCLUSIONS

The CoreValve Evolut R is a low-profile THV system that will extend the possibility of
transfemoral TAVI to more patients. Coupled with the ability to recapture and reposition the
THY, the CoreValve Evulot R has the potential to improve the accuracy and safety of TAVI

procedures.

IMPACT ON DAILY PRACTICE

The redesigned CoreValve Evolut R system should impact daily clinical practice in several
ways. First, the 4 Fr reduction in the diameter of the EnVeo R delivery catheter should extend
the possibility of transfemoral TAVI to a greater proportion of patients. It is possible that
patients with minimal femoral artery diameters as small as 5 mm could become transfemoral
TAVTI candidates. Second, the new delivery system allows one to one release or recapture of
the THYV, thereby providing for more stable valve implantation. Most importantly, the ability
to recapture and reposition the CoreValve Evolut R during deployment is expected to improve
the safety of TAVI. This important feature will potentially reduce THV malposition, embolisa-
tion, and the requirement for implantation of multiple THVs.

CONEFLICT OF INTEREST STATEMENT

N. Piazza is a consultant for Medtronic. G. Martucci is a proctor for Medtronic. The other
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ABSTRACT

Aims
A comprehensive description of transcatheter heart valve (THV) failure has not been per-
formed. We undertook a systematic review to investigate the aetiology, diagnosis, manage-

ment, and outcomes of THV failure.

Methods and results

The systematic review was performed in accordance with the PRISMA guidelines using
EMBASE, MEDLINE, and Scopus. Between December 2002 and March 2014, 70 publica-
tions reported 87 individual cases of transcatheter aortic valve implantation (TAVI) failure.
Similar to surgical bioprosthetic heart valve failure, we observed cases of prosthetic valve
endocarditis (PVE) (n = 34), structural valve failure (n = 13), and THV thrombosis (n = 15).
The microbiological profile of THV PVE was similar to surgical PVE, though one-quarter
had satellite mitral valve endocarditis, and surgical intervention was required in 40% (75%
survival). Structural valve failure occurred most frequently due to leaflet calcification and
was predominantly treated by redo-THV (60%). Transcatheter heart valve thrombosis oc-
curred at a mean 9 + 7 months post-implantation and was successfully treated by prolonged
anticoagulation in three-quarters of cases. Two novel causes of THV failure were identified:
late THV embolization (n = 18); and THV compression (n = 7) following cardiopulmonary
resuscitation (CPR). These failure modes have not been reported in the surgical literature.
Potential risk factors for late THV embolization include low prosthesis implantation, THV
undersizing/underexpansion, bicuspid, and non-calcified anatomy. Transcatheter heart valve
embolization mandated surgery in 80% of patients. Transcatheter heart valve compression

was noted at post-mortem in most cases

Conclusion

Transcatheter heart valves are susceptible to failure modes typical to those of surgical bio-
prostheses and unique to their specific design. Transcatheter heart valve compression and late

embolization represent complications previously unreported in the surgical literature.

Keywords: Aortic stenosis, Transcatheter aortic valve implantation, Transcatheter heart valve

failure, Prosthetic valve endocarditis, Heart valve failure
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INTRODUCTION

Transcatheter aortic valve implantation (TAVI) is a rapidly proliferating technology with the
potential to become the dominant treatment strategy for aortic valve stenosis in patients at
excessive- or high-operative risk.' Improving procedural safety and promising medium-term
clinical efficacy have encouraged the application of transcatheter heart valve (THV) technol-
ogy to lower risk cohorts.”” In this context, understanding the modes of THV failure and
demonstrating valve durability and long-term clinical efficacy are of vital importance.

It is estimated that ~200 000 patients worldwide undergo surgical aortic valve replacement
(SAVR) annualy.® Bioprosthetic surgical heart valves are the most frequently implanted pros-
theses, especially in older patients, despite the potential for these valves to fail.” Avariety of
failure modes have been described for surgical bioprostheses, including infective endocarditis
(IE), thrombosis, and structural valve failure (SVF) (degeneration of bioprosthetic tissue or
stent de-formation). Surgical bioprosthetic failure has been clearly described and quantified,*’
while in contrast, a systematic description of THV failure has not been performed.

We sought to describe the clinical characteristics, failure modes, and outcomes of THV
failure by performing a systematic review of the published literature addressing this important

subject.

METHODS

This systematic review was performed in accordance with the PRISMA guidelines."” We con-
ducted an independent review of citations from EMBASE, Google Scholar, MEDLINE, and
Scopus between December 2002 and March 2014. All published studies in English reporting
patient-level data on THYV failure were identified. Two authors (D.M. and A.A.) screened the
title and/or abstract for suitability, and then examined, in detail, all potentially suitable manu-
scripts to finalise eligibility. Uncertainties were resolved by discussion with another reviewer
(N.P.). Each publication was reviewed and in cases of duplication, only the most complete
report was included. The citation lists of included articles were examined for further relevant
publications. The following combined keywords were used: transcatheter aortic valve or THV
or percutaneous valve and IE, abscess, complication, embolization, migration, malposition,
valve failure, restenosis, cardiopulmonary resuscitation (CPR), chest compression, deforma-
tion, thrombosis, occlusion, and explant.

Published studies meeting the following criteria were included in the study: (i) case reports and
series detailing individual causes of post-procedural TAVI failure; (ii) large registries and random-
ized controlled trials detailing specific incidences of TAVI failure, where sufficient patient-level de-
tail is provided (failure mode, and/or presentation, and/or diagnosis, management, and outcome).

Studies describing only an incidence of TAVT failure without specific case detail were excluded.
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Definitions

Prosthetic valve endocarditis (PVE) was defined according to the updated Valve Academic
Research Consortium (VARC) criteria,' and was classified as possible or definite according to
the modified Duke criteria.'” Transcatheter heart valve embolization represents an SVF occur-
ring when the forces acting on the valve frame overcome the strength of the valve’s attachment
to the native aortic annulus."” Late THV embolization may be defined as valve migration after
a successful TAVI procedure where further THV-related intervention is not envisaged. Trans-
catheter heart valve SVF was defined according to the updated VARC criteria:'! valve-related
dysfunction demonstrated by a mean aortic valve gradient 220 mmHg, an effective orifice
area of 0.9 (BSA > 1.6 cm’ ) to 1.1 cm’® (BSA < 1.6 cm?®) and/or a Doppler velocity index <
0.35, and/or moderate or severe prosthetic valve regurgitation (regurgitant volume . 30 mL,
regurgitant fraction . 30%, effective regurgitant orifice area .0.10 cm?), or the requirement for
a repeat procedure (TAVI or SAVR). We defined THV compression as distortion of the valve
on non-invasive imaging or at autopsy, potentially impairing valve function or necessitating
further intervention. Compression had to be temporally related to chest wall trauma or CPR.
Transcatheter heart valve thrombosis was defined according to the updated VARC criteria:"'
non-infective thrombus attached to the valve leaflets or frame that impedes blood flow, valve

function, or is sufficiently large to require treatment.

Statistics

Categorical variables were reported as number (%), and continuous variables were reported
as mean and SD or median and interquartile range, according to distribution. Analyses were
performed with SPSS version 17.0 (SPSS Inc., Chicago, IL, USA).

RESULTS

The initial literature search identified a total of 2400 publications (Figure 1). Removal of non-
pertinent studies and duplicates by title screening yielded 82 potentially relevant articles that
were examined in detail. Finally, 70 publications fulfilled our study inclusion and exclusion
criteria, and reported 87 individual cases of THV failure (Figure 2). All studies discussed single
case reports or small series and the baseline characteristics of these patients were typical of On
average, late THV embolization occurred 43 + 41 days (range: 4 h to 370 days) after the index
procedure. Valve embolization was retrograde into the left ventricular outflow tract (LVOT)

in 16 (89%) cases and anterograde into the aorta in 2 (11%).
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Potentially relevant articles
n = 2400

.| Not relevant after title and
abstract review (n = 2318)

A
Full articles screened
n=82

Manuscripts excluded
(n=12)
Reviews, editorials (n = 4)
Duplicate data (n = 4)
No patient level data (n = 4)

Y
Articles eligible for inclusion
n=70

Figure 1 Electronic literature search. Summary of the literature search results.

Transcatheter heart valve-prosthetic valve endocarditis

A total of 26 publications, describing 34 cases of THV PVE were identified (Table 1).""*
Among these patients, the median age was 83 (77, 85) years and most (n = 20, 59%) presented
risk factors predisposing to PVE: diabetes mellitus (# = 10), chronic kidney disease (n = 12),

immunosuppression (n = 2), and recurrent infections (n = 4). Several factors may have con-

Number of cases

Figure 2 Transcatheter heart valve failure. Aetiology of transcatheter heart valve failure in this systematic re-
view. the elderly high-risk cohorts undergoing TAVT in previously reported ' large registries.
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tributed to the development of PVE, including suboptimal THV positioning causing injury to
the anterior mitral valve leaflet,"””"** failure to administer antibiotic prophylaxis prior to TAVI
(n=1) or dental (n = 3) procedures.

There were 29 (85%) cases of definite and 5 (15%) cases of possible PVE according to the
modified Duke criteria. The median time to IE diagnosis was 6 (3, 12) months, with early
(<60 days), intermediate (60 days to 1 year), and late (>1 year) IE classified in 6 (18%), 21
(62%), and 7 (20%) patients, respectively. Cases of PVE were noted with both the Edwards
SAPIEN (Edwards Lifesciences Inc., Irvine, CA, USA) (n = 20, 59%) and Medtronic CoreV-
alve (Medtronic Inc., Minneapolis, MN, USA) (n = 14, 41%) prostheses. Similar numbers of
PVE cases were observed with transfemoral and transapical vascular access (both n = 12).
A total of 27 patients had positive blood cultures with a microbiological profile typical to
that previously documented in surgical bioprosthetic PVE: Enterococcus species (n = 10),
coagulase-negative Staphylococci (n = 5), Staphylococcus aureus (n = 3), Streptococcus species
(n = 5), and Histoplasma capsulatum (n = 1). Three patients were culture negative and blood
cultures were not performed in two cases. Echocardiography demonstrated mobile vegeta-
tions or abscess formation in 18 patients, progressive THV stenosis/regurgitation in 3 cases,
and was reportedly normal in 3 patients. Abscess formation was described in 8 cases: aortic
root (n = 3), aortic sinus (n = 2), annular (# = 1), and paravalvular (n = 2). Interestingly,
‘bridging’ endocarditis between the aortic THV and a satellite infection on the mitral valve
was noted in 8 (24%) patients.

Treatment options for PVE include targeted antibiotic therapy or surgical intervention. In
the current series, 20 (59%) patients were treated medically (7 died in-hospital, 13 discharged
home [1 death at 3 months with sepsis, 6 alive at 1 year, 6 further outcome unknown), and
14 (41%) underwent surgical intervention (3 died, 9 discharged home, 2 outcome unknown).
Surgical intervention consisted of THV retrieval and SAVR (n = 13), with concomitant aortic
root replacement (n = 2), mitral or tricuspid repair/replacement (n = 5).

Discussion: prosthetic valve endocarditis

The incidence of surgical PVE is estimated at 0.3-1.2% per patient-year."” To date, the inci-
dence of early THV PVE has been reported to be between 0.3 and 3.4%.>*** Amongst 180
consecutive TAVI recipients (median follow-up 319 days), Puls et al. observed five cases of
PVE, thus yielding an incidence rate of 3.4% at 1-year.”® Direct comparisons between these
rates may be misleading given the complexity of patients undergoing TAVI and heterogeneity
in reporting styles. In the PARTNER (Placement of Aortic Transcatheter Valves) trial (Cohort
A), PVE occurred at a similar rate in the surgical and transcatheter groups (1.5 and 1.0%,
respectively, P = 0.61)." The incidence of PVE mayalso be influenced by patient risk profile
and behaviour: diabetes mellitus, oral hygiene, and adherence to antibiotic prophylaxis.**

Physician behaviour, and in particular adherence to recommendations regarding antibiotic
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prophylaxis, can also impact on the development of PVE.* Accurate quantification of the risk
of THV PVE will require further study of large patient populations with extended follow-up.

While one can speculate that the less invasive nature of TAVI could be reflected in lower
rates of early PVE, the converse is also plausible. The non-sterile environment of many cardiac
catheterization laboratories, high-risk profile of TAVI patients, and specific technical issues,
including the infrequent requirement to remove, resheath, and reim-plant a malpositioned
THYV could potentially increase the risk of PVE (Figure 3). It is therefore of critical importance
that every effort is made to minimize the risk of PVE: patient education, especially regarding
the importance of post-implantation antibiotic prophylaxis; early treatment of coincident
infections; and maintenance of a sterile environment during the index procedure. Interest-

ingly, 24% of PVE cases involved ‘satellite’ endocarditis of the mitral valve,''***3*%

suggesting
that ‘bridging-PVE’ may occur when a low-lying aortic THV that is in direct contact with the
mitral apparatus.*® Secondary mitral valve involvement has been reported in ~10% of native

aortic valve endocarditis cases and is associated with a poor prognosis.”

Figure 3 Transcatheter heart valve-prosthetic valve endocarditis. (A and B) An explanted CoreValve implanted
within a 23-mm St. Jude Epic bioprosthesis with evidence of infective endocarditis. Reprinted with permission
from Seeburger et al.”’

Confirming the diagnosis of THV PVE can be challenging as elderly TAVI patients may pres-
ent insidious and atypical symptomatology, and have a co-existing predisposition to infectious
pathogens.'? High rates of empiric antibiotic therapy in the elderly and difficulty in assessing
the typical echocardiographic features of PVE can also hinder diagnostic certainty.”** New
valvular regurgitation is also difficult to differentiate from post-procedural paravalvular leaks
and prosthetic dehiscence does not occur as radial force rather than sutures anchor the THV
in situ. Consequently, the modified Duke criteria may be more difficult to apply in TAVI
cohorts.”” This diagnostic uncertainty is demonstrated by delayed diagnosis observed among
several THV PVE cases.'%**>%7%

Targeted antibiotic therapy remains the first line of treatment for THV PVE. While con-
ventional indications for operative intervention in the setting of PVE may be less applicable to
high-risk TAVI cohorts, in this series surgical management of PVE (THV retrieval and SAVR
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and concomitant aortic root replacement, mitral or tricuspid repair) was associated with
encouraging outcomes (75% survived to hospital discharge). Thus, surgery for PVE should
not be discounted among TAVT recipients, and Heart Team discussion is encouraged for all

such cases.

Late transcatheter heart valve embolization

Late THV embolization represents a new complication previously unreported in the surgical
bioprosthetic valve literature. We identified 18 cases of late THV embolization associated with
the Edwards SAPIEN (n = 15) and Medtronic CoreValve (n = 3) (Table 2)."**** The mean age
of these patients was 77 + 6 years.

The initial THV position was described as correct in 4 patients and low in 6 (THV posi-
tion not described in 8 cases: 6 uneventful procedures, 2 no procedural outcome reported).
Suboptimal procedural outcomes resulted in implantation of a 2nd THV (n = 2), elevated
transvalvular gradients (n = 4), and/or moderate aortic regurgitation (n = 1: severe transval-
vular regurgitation; n = 3: moderate paravalvular regurgitation). The clinical presentation of
THYV embolization was usually with rapid haemodynamic collapse (n = 2) or acute pulmonary
oedema (n = 10). Two patients had late embolization diagnosed as an incidental finding on
echocardiography and one developed progressive heart failure. Echocardiographic studies
demonstrated severe aortic incompetence in 10 (56%) of cases, LVOT obstruction in 5 (28%),
and interaction with the anterior mitral valve leaflet and mitral regurgitation in 4 (22%).

Management of THV embolization included acute haemodynamic stabilization or heart
failure management, as required. Subsequent surgical intervention (THV retrieval and SAVR)
was performed in 14 of 18 patients (78%), with survival to hospital discharge noted in 62%
of cases. One patient deteriorated rapidly following THV embolization, and the Heart Team
considered further surgical intervention to be futile. Three patients were treated by implanta-
tion of a second THV within the embolized prostheses in the LVOT (TAV-in-TAV): success-
ful implantation of a 29 mm Edwards SAPIEN within a 26 mm Edwards SAPIEN (patient
discharged home); implantation of a 29 mm CoreValve within a 31 mm CoreValve (patient
died from cerebral anoxia); and successful implantation of a 26 mm Edwards SAPIEN in a 29

mm CoreValve (patient discharged home).

Discussion: late transcatheter heart valve embolization

Several patient and procedural factors may pre-dispose to late THV embolization (Figure 4):

(i) undersizing of the THV,**® (ii) underexpansion of an appropriately sized THV due to

51,60 V 56,57,60,64,65
>

aortic root calcification,”* (iii) low implantation of the TH

53,6.

(iv) bicuspid aortic

50,55,59

valve,”** (v) sparsely calcified native anatomy providing insufficient THV anchoring,

(vi) asymmetric aortic root calcification,”® (vii) presence of a surgical mitral bioprosthetic

51,52

valve that may displace the THV superiorly,” " (viii) initial unstable THV position, and (ix)

basal septal bulging.
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Figure 4 Late transcatheter heart valve embolization. (A and B) Fluoroscopic and echocardiographic images of
late embolization of an Edwards SAPIEN valve into the left ventricular outflow tract. Green arrow showing the
hinge point of the native valve leaflets. Reprinted with permission from Lauten et al.*"

Suboptimal acute procedural results were noted in several cases of late THV embolization:

57,59 54,55,61 In

moderate paravalvular aortic regurgitation,”” and high transvalvular gradients.
this setting, elevated gradients could potentially be explained by undersizing or incomplete
expansion of the THV,* low implantation with consequent ‘overhang’ of the native stenotic
leaflets,*"”

deep implantation of the THV is obviously a risk factor for delayed embolization into the

or by inversion of the THV following rotation within the LVOT.” Initial excessively

LVOT, and was described in 6 cases in the current series.”*”**** Indeed, low implantation
may have been more prevalent in this series, but the depth of prosthesis implantation was not
described in all reports.

Left ventricular (89%) rather than aortic (11%) embolization was predictably more com-
mon given the fact that the retrograde forces acting on the THV in diastole amount to 10
times the anterograde forces in systole,”” and that deep THV implantation may have been
a precipitating factor. The clinical presentation of late THV embolization was variable, but
most patients (80%) developed abrupt left ventricular failure and cardiogenic shock. Urgent
operative intervention, to remove the embolized THV and replace the aortic valve, was per-
formed in most cases (78%). Two-thirds of patients that underwent urgent surgery survived
to hospital discharge. This observation underscores the importance of the Heart Team and
supports operative intervention among selected TAVI recipients. Among the three patients
treated with TAV-in-TAV, two survived to hospital discharge. The haemodynamic results of
the TAV-in-TAV procedures were not reported.

Structural valve failure
To date, 13 individual reports of THV SVF have been reported: 9 Edwards SAPIEN and 4

CoreValve (Table 3).”””7 The mean age of these patients was 80 + 7 years and the mean time

to SVF was 24 + 26 months (range: several days to 5.5 years). Among the 7 cases detailing
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acute procedural results, 3 had no aortic regurgitation, 3 mild paravalvular leaks, and 1 mild
transvalvular leak. The latter case initially required post-implantation balloon dilatation for
moderate paravalvular leak and over subsequent days developed progressive transvalvular
aortic regurgitation requiring implantation of a 2nd THV. Excluding this patient, 3 asymp-
tomatic patients were diagnosed with moderate valve dysfunction on echocardiography, and
the remaining 7 cases represented with recurrent dyspnoea or congestive heart failure. Echo-
cardiography demonstrated moderate prosthesis stenosis or regurgitation in 5 cases, severe
stenosis in 5, and severe regurgitation in 3 cases.

Structural valve failure was attributed to severe leaflet calcification (n = 3), cusp rupture
(n = 1), THV underexpansion (n = 2), and tissue ingrowth (n = 2) causing restrictive leaflet
function. The failure mode was unclear or not described in 6 cases. Three asymptomatic
patients with moderate valve dysfunction were managed conservatively, and the remaining
patients underwent THYV retrieval and SAVR (n = 4) or implantation of a second THV within
the previously sited valve (n = 6) (TAV-in-TAV). Among the 4 patients who underwent THV
retrieval and SAVR, intraoperative findings were: (Case 1) normal functioning CoreValve
with no pannus or paravalvular leak, (Case 2) ingrowth of inflammatory tissue restricting
the non-coronary leaflet of an Edwards SAPIEN XT, (Case 3) incomplete expansion of an
Edwards SAPIEN valve within a 21 mm Hancock bioprosthesis, and (Case 4) severe calcifica-
tion of both surfaces of the CoreValve leaflets. Favourable clinical outcomes were reported in
all cases, except in one patient that underwent TAV-in-TAV and suffered a peri-procedural

stroke.

Discussion: structural valve failure

Bioprosthetic SVF is a chronic degenerative process characterized by calcium phosphate de-
position and extracellular matrix deterioration. The aetiology primarily relates to the chronic
mechanical stresses on the valve leaflet’s regions of maximal flexion, thus compromising
structural integrity of leaflet tissue and initiating calcium deposition.”® Glutaraldehyde fixa-

tion, residual leaflet antigenicity, and systemic "'

atherosclerosis may also contribute to the
pathogenesis of SVE.

With surgical bioprosthetic valves, freedom from re-operation or death at 10 and 15 years
are between 70-90 and 50-80%, respectively.*’ Freedom from re-operation or death, however,
is not synonymous with SVE which is defined according to echocardiographic or haemody-
namic criteria. Thus, surgical SVF may be under-reported in the literature.

With respect to TAVI, the relative infancy of this technique prohibits meaningful discus-
sion of the rates of long-term SVE. Nevertheless, the short- to medium-term incidences of
THV SVF are low."*”>® In a pan-Canadian study of 339 TAVI recipients, Rodes-Cabau et
al." reported no cases of SVF at a mean follow-up of 42 + 15 months. Among 88 consecutive

l.75

patients with 5-year follow- up, Toggweiler et al.”” reported structural valve deterioration in

3.4% of cases: moderate stenosis (n = 1), moderate regurgitation (n = 1), and moderate mixed
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disease (n = 1). There were no cases of reoperation. Similarly, in the PARTNER trial (Cohort
A), no patients in either the surgical or transcatheter groups had SVF at 2 years of follow-up.*
Although much longer-term follow-up (.10 years) will be required to demonstrate the true
incidence of SVF associated with TAVI, this may be difficult to accrue due to the elderly and
high-risk nature of TAVI recipients.

Among the reported cases of THV SVE leaflet calcification, tissue ingrowth (pannus), and
incomplete THV expansion were the most commonly described failure mechanisms.*”'”7*”7
There may be, however, specific failure mechanisms unique to THV (Figure 5). In particular,
the haemodynamic sheer stress on the THV leaflets may be significantly increased in cases
of incomplete THV expansion or in very elliptical annuli.®*”*”**%* THV thrombosis can also
mimic SVE by presenting with elevated transvalvular gradients, and should be excluded us-
ing multimodal imaging. In one case, the authors speculated that post-implantation balloon
dilatation may have resulted in tearing of a CoreValve leaflet, inducing severe transvalvular

aortic regurgitation.” Balloon expansion has been demonstrated to cause microscopic leaflet

Figure 5 Transcatheter heart valve structural failure. (A-C) Extensive leaflet calcification on the outflow and
inflow aspects of an explanted CoreValve. Reprinted with permission from Ong et al.”*
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injury;*® however, the frequency with which post-implantation is performed suggests that
balloon-related trauma is unlikely to represent an important cause of SVE. In surgically im-
planted bioprosthetic valves, tearing of valve leaflets has been observed in up to 70-80% of
cases implanted for over 10 years, and is often accompanied by calcification.” Tearing of the
valve leaflet in a horizontal plane running parallel to the sewing ring is unique and is reported
in 10-15% of cases.” This type of leaflet tearing, to our knowledge, has not yet been observed
in TAVL

The majority of patients with SVF requiring intervention were treated with TAV-in-TAV
(60%), rather than SAVR (40%). Outcomes of both procedures were excellent, with no deaths
and only one peri-procedural stroke in a patient that underwent transapical TAV-in-TAV.”*

Transcatheter heart valve compression

Compression of a bioprosthetic heart valve is a recently described phenomenon that may be to
be unique to balloon-expandable THVs. We identified seven cases of Edwards SAPIEN valve
compression that occurred following CPR in the setting of cardiac arrest (Table 4).****** The
median time to cardiac arrest was 3 days (range: 12 min to 42 days). Transcatheter heart valve
compression was identified on fluoroscopy in one case and at autopsy in all others. Although
the resuscitation efforts were ultimately unsuccessful in all patients, it was not possible to
implicate THV compression in the demise of these patients that had suffered serious life-
threatening complications. No patient received any specific intervention for THV compres-

sion.

Discussion: Transcatheter heart valve compression

Prior studies have reported compression of both coronarystents and of the Melody trans-
catheter pulmonary valve (Medtronic) following CPR.”*** Despite the relative frequency of
peri-procedural CPR in the setting of TAVI, THV compression remains a rarely reported
event.” Underreporting is likely as almost all cases were diagnosed post-mortem. To date,
all cases of THV compression involve balloon-expandable TAVI systems, specifically the
Edwards SAPIEN prostheses. Although speculative, balloon-expandable THV may be
more susceptible to deformation compared with self-expanding THYV, as the stainless steel
(SAPIEN) or cobalt-chromium (SAPIEN XT) composition does not have the shape memory
properties of Nitinol (CoreValve) (Figure 6). Although normal CoreValve integrity has been
reported following prolonged CPR (Personal communication; Nawwar Al-Attar, PCR London
Valves 2011), self-expanding THV compression is conceivable in the presence of significant
frame fractu