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The subspecialty of interventional cardiology was born out of the clinical 
need for lesser invasive approaches to serious cardiovascular disorders, ini-
tially coronary artery disease. The evolution of this subspecialty has been 
fostered by the relentless drive to recognize and overcome obstacles, pro-
pelled by creativity and ingenuity. This pattern is clearly evident in the pro-
gression from balloon angioplasty to bare metal stents to several generations 
of drug-eluting stents, aided by advances in intravascular imaging, physio-
logic lesion assessment, and adjunct pharmacotherapy. These developments 
over the last 4 decades have led to increasing success rates, reduced compli-
cations, and greater durability of outcomes such that percutaneous coronary 
intervention has become by far the most widely utilized revascularization 
modality for patients with coronary atherosclerosis and has been demon-
strated to save lives and improve quality of life for millions of patients around 
the world.

As the subspecialty of coronary intervention matured, the spark of inven-
tion spread to other applications, most extraordinarily to the treatment of 
patients with severe aortic stenosis. Aortic stenosis is a “simple” but debilitat-
ing disease that affects 5% or more of elderly patients, robbing quality and 
years of life. Aortic stenosis is becoming an increasingly important societal 
issue given the aging of the general population. And 1–2% of younger patients 
have a congenitally bicuspid valve, which prematurely can fail. Fortunately, 
surgical aortic valve replacement (SAVR) is an excellent operation that is 
successful in most. However, SAVR is still a major surgery, and as such car-
ries substantial perioperative risks and morbidity. Some patients are too high 
risk to undergo SAVR, while others would prefer a less invasive option, with 
fewer complications and faster recovery.

Transcatheter aortic valve implantation (TAVI, as it is most commonly 
called in Europe), also known as transcatheter aortic valve replacement 
(TAVR, the term more widely used in the USA), was born out of this clinical 
need. In hindsight a brilliant but simple concept, the TAVI device at its core 
consists of a stent frame with a bioprosthetic valve contained within. Delivered 
most commonly through femoral access, the crimped stent valve is typically 
passed retrogradely across the stenotic aortic valve and then either via bal-
loon expansion or self-expanding properties is implanted in the aortic annu-
lus, excluding the native diseased valve. The first procedure was performed 
by Alain Cribier in Rouen, France, on April 16th, 2002, in an inoperable and 
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desperately ill 57-year-old man in refractory cardiogenic shock due to critical 
calcific aortic stenosis. The procedure was successful, igniting extraordinary 
enthusiasm, accelerated development efforts, and subsequent proof of clini-
cal safety and efficacy of a new procedure to a degree heretofore not previ-
ously seen in medicine.

Initially TAVI was applied to very elderly patients at prohibitive surgical 
risk with severe aortic stenosis. A large-scale randomized trial demonstrated 
that a balloon-expandable device markedly improved quality of life and 
reduced mortality, with one life saved for every five patients treated—an 
almost unheard of magnitude of benefit. Similar outcomes were demonstrated 
with a self-expanding TAVI device in a similar patient population in a non-
randomized study. TAVI with both balloon-expandable and self-expanding 
versions was subsequently shown in large randomized trials to have similar or 
even slightly higher rates of survival compared with SAVR in high-risk surgi-
cally eligible patients with severe aortic stenosis. But high complication rates 
with these early generation devices were evident, especially bleeding and 
vascular events, among others, and in some studies stroke tended to be more 
common than with surgery. In addition, severe peripheral vascular disease in 
some patients necessitated TAVI introduction through a transapical myocar-
dial approach in some patients, a less desirable route fraught with more fre-
quent complications.

Consistent with the history of interventional cardiology, once these issues 
were recognized they were addressed by improved technology and technique. 
Lower profile devices were developed translating to less bleeding and adverse 
vascular events, and fewer patients requiring transapical access. Paravalvular 
leaks in some devices were reduced by the addition of an external sealing 
cuff. An excessive rate of pacemakers with other devices was lowered with an 
optimal technique. Improved vascular closure approaches were developed. 
And so forth.

With these improvements large-scale randomized trials were progres-
sively performed with each class of device first in intermediate-risk patients 
and then low-risk patients with severe aortic stenosis, demonstrating first 
comparable outcomes but most recently improved survival free from stroke 
and hospitalization compared with SAVR. Indeed, the rapidity with which a 
massive amount of high-quality randomized trial evidence was generated to 
support the safety and efficacy of these devices is unparalleled in the annals 
of medicine. And more is on the way, with ongoing studies in bicuspid aortic 
stenosis in younger patients, asymptomatic patients with severe aortic steno-
sis, moderate aortic stenosis with heart failure, predominant aortic regurgita-
tion, treatment of failed surgically implanted valves and rings, and implants 
in diseased native mitral valves with heavy annular calcification. Additional 
studies are addressing the optimal periprocedural and long-term pharmaco-
therapy to prevent leaflet thrombosis after TAVI while minimizing bleeding. 
Novel approaches have been developed to prevent cerebral embolization, and 
avert or treat rare but serious complications such as coronary obstruction and 
aortic rupture. Large-bore closure devices have been introduced which prom-
ise to further reduce vascular complications and shorten time to ambulation 
and discharge. Dozens of novel TAVI designs have been developed to allow 

Foreword



ix

the device to be more easily repositioned or recaptured, to enhance tissue 
biocompatibility and longevity, treat patients with aortic insufficiency and 
dilated aortic roots, and further enhance the reproducibility and safety of the 
procedure.

An undeniable success story, the development, evolution, practice, and 
future of TAVI deserve documentation in a major textbook. In this regard 
Transcatheter Aortic Valve Implantation: Clinical, Interventional and 
Surgical Perspectives, edited by Arturo Giordano, Giuseppe Biondi-Zoccai, 
and Giacomo Frati, is an incredible effort in which the pathophysiology of 
aortic valve disease, diagnosis of severe aortic stenosis and patient selection 
for TAVI, alternative TAVI devices, techniques, outcomes, and adjunct tech-
nologies are thoroughly reviewed. The role of the heart team is emphasized, 
with the preferences of the informed patient at the center of clinical decision-
making. The 48 chapters in this book contributed by more than 100 authors 
comprehensively describe the past, present, and future of this astonishing 
journey.

Gregg W. Stone
Columbia University Medical Center, 

New York, NY, USA
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Preface

The beginning is the most important part of the work

Plato

Cardiovascular disease represents one of the major causes of mortality, mor-
bidity and resource use worldwide [1]. Rosy declines in the incidence of car-
diovascular death in high-income countries have been partly offset by 
increased incidence and prevalence of several cardiovascular conditions in 
other countries, and a shift from coronary artery disease to other conditions. 
Accordingly, and also thanks to an overall increase in life expectancy, clini-
cians have seen an overall increase in the prevalence and burden of degenera-
tive aortic valve stenosis [2, 3].

Such booming need for appropriate management of aortic valve disease 
poses several challenges [4]. First, the role of prevention and medical therapy 
is still very limited, if present at all, thus restricting the opportunity for simple, 
cheap, and large-scale approaches [5]. Second, aortic valve disease in general 
and degenerative aortic valve stenosis in particular often occur in elderly sub-
jects fraught with major comorbidities, which heavily impact on treatment 
choices and subsequent management [6]. Third, surgical aortic valve replace-
ment with a mechanical or biologic prosthesis has remained until recently the 
gold standard treatment for severe aortic disease in fit patients [7]. However, it 
represents major surgery requiring cardiopulmonary arrest and extracorporeal 
circulation, with substantial risk and cost implications.

Thanks to the pioneering efforts of Gruentzig, Labadibi and Cribier 
[8–10], among many others, severe aortic valve stenosis can now be man-
aged with a minimally invasive technique: transcatheter aortic valve implan-
tation (TAVI), also called transcatheter aortic valve replacement (TAVR). 
Despite its junior age, transcatheter aortic valve implantation has already 
managed to reach and overcome several important milestones. Indeed, 
devices have evolved dramatically from first-generation to more refined ones 
[11]. Accompanying clinical evidence has been accrued spanning from ran-
domized trials to observational studies and case series, supporting the adop-
tion of this technology in several settings, including prohibitive risk patients, 
intermediate risk patients, failed bioprostheses, highly selected cases of aor-
tic regurgitation, and, most recently, low-risk subjects [12–15]. But the 
greatest driver of transcatheter aortic valve implantation successes is surely 
the team effort which has been sought from the beginning by all researchers, 
practitioners, and stakeholders involved. Indeed, transcatheter aortic valve 
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implantation has proved as a landmark example of heart team involvement 
in device development, patient selection, procedural strategy, and subse-
quent management [16].

Several good books have been compiled on the topic of transcatheter aor-
tic valve implantation or transcatheter valve repair at large, including the 
recent concise manual by Watkins et al. [17], as well as the leading textbooks 
by Ailawadi and Kron [18], and Tamburino et al. [19]. Yet, no work to date 
has explicitly aimed at capitalizing the successes of the heart team approach 
in the design and leadership of an authoritative textbook devoted to transcath-
eter aortic valve implantation.

Our aim was explicitly this. The editor team comprises a leading interven-
tional cardiologist with hands-on transcatheter aortic valve implantation, an 
expert clinical cardiologist with established track record in evidence synthe-
sis and non-structural cardiac interventions, and a pioneering cardiac sur-
geons with expertise in valve repair as well as translational research. 
Accordingly, chapters have been provided by leading clinicians, invasive car-
diologists, and surgeons, with the shared belief that different perspectives 
may be integrated in a constructive fashion through the heart team approach, 
for the ultimate benefit of patients as well as everybody involved in their care.

More precisely, this textbook has been divided in five main sections. The 
first part of the work deals with the pathophysiology of aortic valve disease 
and most promising translational perspectives, including the role of inflam-
mation and key hemodynamic issues. The second section focusing on clinical 
aspects of direct relevance for patient selection. Specifically, risk scores, 
imaging modalities, concomitant coronary artery disease, gender differences 
and implementation issues are all systematically analyzed. The third part 
includes chapters with an obvious interventional focus, including several 
chapters dedicated to the various available devices, individualized device 
choice, as well as ancillary management including antithrombotic therapy 
and renal protection. The fourth section maintains a direct surgical perspec-
tive, emphasing the role of the heart team, use of alternative accesses, and 
hybrid procedures. The last part of the textbook provides more thought-
provoking contributions, for instance on medical therapy, pure aortic regurgi-
tation, and bioresorbable valves.

In conclusion, we are confident that this comprehensive book on trans-
catheter aortic valve implantation will prove useful to clinicians, interven-
tionists and surgeons by providing a plethora of important pieces of 
information, while emphasizing the need for heart team involvement and 
shared decision-making.
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History of Transcatheter Aortic 
Valve Implantation

Hans R. Figulla, Markus Ferrari, Marcus Franz, 
and Alexander Lauten

Transcatheter valve technology (TVT) began 
with pulmonary valvuloplasty (1982), mitral val-
vuloplasty (1984), and later, aortic valve valvulo-
plasty (1986) [1–3]. Percutaneous aortic balloon 
valvotomy was first introduced into the therapeu-
tic armamentarium in 1986 to treat for palliative 
purposes patients with aortic stenosis [4]. While 
mitral and pulmonary valvuloplasty have good 
long- term results, the high restenosis rate after 
aortic valvuloplasty initiated the development of 
percutaneous aortic valves, which began in the 
early 1990s to early 2000s; this was followed by 
the first human implants of a pulmonary valve, 
by Bonhoeffer et al., for the treatment of a ste-

nosis in a pulmonary conduit, and an aortic valve 
replacement by Cribier et al. [5–9].

The pathway to these first successful human 
implants was paved with frustrations and draw-
backs owing to the pessimistic views of our sur-
gical colleagues, who exclusively dominated the 
field of valvular replacement at that time. The 
conservative view of valvular replacement was 
driven by the dogma that stenotic and sclerotic 
aortic valves had to be excised owing to their 
calcium burden and that a biological valve to be 
implanted should not be stressed by any com-
pression, as is the case during the wrapping of 
catheter valves. Although this argumentation was 
never verified, it frequently pops up when the 
question of transcatheter aortic valve implanta-
tion (TAVI), also called transcatheter aortic valve 
replacement (TAVR), durability comes up. As 
cardiologists, we had the somehow naive but suc-
cessful view that calcified aortic valves might 
not need to be excised, driven by our coronary 
angioplasty experience and by the indirect view 
of fluoroscopy, which showed that the calcified 
tissue would be sloughed off into the surround-
ing tissue without the need for removal and an 
extended lumen could be created.

We started our first in  vitro experiments in 
1995 after we had written a patent application 
for a self-expanding stent valve device, which 
extended in the ascending aorta to create friction 
on the stent, so the valve might not be dislodged 
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by the diastolic pressure into the left ventricle 
(Figs. 1.1 and 1.2).

At that time we were very skeptical that this 
would be sufficient, because so far all surgical 
valves had been fixed with multiple sutures, 
and even these sometimes broke. However, the 
in vitro experiments demonstrated that the valve 
stayed in position [10, 11]. Another concern 
was that the native leaflets left in place might 
obstruct the coronary ostia. In fact, in the case of 
a large annulus with large leaflets, low coronary 

takeoff, and a small sinus of Valsalva, this might 
happen.

1.1  The Development 
of Balloon-Expandable TAVI 
Devices

In the early 1990s, Alain Cribier began to work 
on a percutaneous aortic valve by means of a 
balloon-expandable stent. Cribier reported later, 

Technology 1996Fig. 1.1 Self-expanding 
1996 valve prototypes 
from H.R. Figulla and 
M. Ferrari (Courtesy 
H.R. Figulla and 
M. Ferrari)

Fig. 1.2 First 
experiments measuring 
the dislocation forces on 
the stent in vitro and the 
hemodynamics of a 
valve fixed to the 
self-expanding stent, 
performed in 1995 by 
H.R. Figulla and 
M. Ferrari (Courtesy 
H.R. Figulla and 
M. Ferrari)

H. R. Figulla et al.
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between 1995 and 1999, that a stent in a native 
aortic specimen could be fixed sufficiently to 
up to 2 kg, but the biomedical industry did not 
show any interest, an experience we also faced 
at that time period [12]. However, his idea was 
already protected by the patents of Anderson 
and Knudsen, which had to be bought if any 
commercialization of this idea might be suc-
cessful [5]. The vision of the Percutaneous 
Valve Technologies (PVT, Fort Lee, NJ, USA) 
company founders in 1999, Stan Row, Stan 
Rabinowitch, and Martin Leon, allowed Cribier 
to acquire this patent and to finance further work, 
ending in the first human implant in 2002 [4]. 
The PVT company was acquired by Edwards 
Lifesciences (Irvine, CA, USA) (in December 
2003) and then the Cribier-Edwards valve was 
developed; it was available in two sizes, for 
annulus diameters of 23 mm and 26 mm, with an 
introducer sheath size of 22 or 24 French. This 
valve was used in compassionate cases only, and 
had a 30-day mortality rate of 20% and frequent 
paravalular leaks (Revive Trial, Recast Trial 
2005) [13, 14].

The procedure used in the first human implants 
by Alain Cribier was the antegrade transseptal 
route, with a venous arterial loop allowing in 
order to cross the large rigid valve covering the 
implant balloon, the atrial septum, and mitral 
valve antegrade into the stenotic aortic valve. The 
procedure was difficult and mitral leaflet damage 
was a risk.

The prostheses were available in two sizes (23 
and 26 mm); the larger sizes were used in order 
to avoid the paravalvular leakage that was fre-
quently observed in the first series. John Webb in 
Toronto, in cooperation with Edwards, developed 
the retrograde transarterial implantation tech-
nique with a deflectable pusher sheath to allow 
easy crossing of the aortic arch and the stenotic 
valve [15, 16].

Webb and colleagues also performed the first 
transapical valve implantations [17]. The Edwards 
transapical route was promoted by Walther et al. 
as an easier (“the front door approach”) way to 
deploy the valve, reflecting the large size of the 
transfemoral introducer sheaths [18].

1.2  New Concepts and New 
Clinical Results

The transapical route created the need for close 
cooperation between cardiologists and heart sur-
geons, and the idea of the heart team approach 
was born. However, meanwhile, in all propensity 
scores for risk adjustments, the so-called front 
door approach demonstrated 30-day mortal-
ity almost double that of the arterial transfemo-
ral route; therefore, at present, the transapical 
route is used only if no femoral arterial access 
is possible.

Following animal implants by Laborde 
in 2005 and the foundation of the CoreValve 
(Irvine, CA, USA) in 2001 by Jacques Seguin, 
Eberhard Grube carried out the first human 
implants of a CoreValve device in 2005 [19, 20]. 
The results were promising, and the concept of 
TAVI by means of a self- expanding valve could 
be demonstrated.

In 2006, at the American College of 
Cardiology (ACC) meeting, Grube reported 
on the first 14 patients treated with the 
self-expanding CoreValve device. At that 
time only 9 of these patients had an unevent-
ful course during the first 14 days. The device 
could be introduced by the transarterial femoral 
route. The company was acquired by Medtronic 
(Minneapolis, MN, USA) in February 2009, after 
improvements of the device showed easy and 
uneventful deployments.

At that time the improvements of the tech-
nology focused on the development of smaller 
introducers, bigger valves to address larger 
annuli, and alternative access routes. While 
the development of transapical access in the 
CoreValve device was not successful, the devel-
opment of an 18F device allowed more patients 
to be treated and greatly improved the success 
rate (Fig.  1.3). Other companies also reported 
the results of new- concept devices in animal tri-
als in 2005, e.g., the JenaValve with clip tech-
nology, the Direct Flow (Santa Rosa, CA, USA) 
device with its hydrolic-ring fixation, and Sadra 
Medical (Los Gatos, CA, USA) with its mesh 
wire stent (Fig. 1.4).

1 History of Transcatheter Aortic Valve Implantation
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1.3  Clinically Approved Devices 
and Future Developments

In 2007 the Edwards Sapien valve and CoreValve 
were the first to come onto the European mar-
ket with a Conformité Européenne (CE) mark 
and since then the stage has been set for further 
improvement. The acceptance of these devices, 
especially in the German market, was huge, and 
all over Europe registries were installed to moni-
tor the safety and efficiency of these new prod-
ucts [21–23].

In 2007 the PARTNER trials enrolled 
surgically inoperable patients for either TAVI or 

medical randomization. Within 1 year the medical 
group had an absolute mortality rate 20% higher 
than that in the TAVI group [24].

In the so-called PARTNER A trial, in high- 
surgical- risk patients, the results showed that 
TAVI was equivalent to surgical therapy, so the 
United States Food and Drug Administration 
(FDA) approved the marketing of the CoreValve 
and Sapien XT products from 2012 onwards 
in the United States for inoperable or very 
high-risk patients with a Society for Thoracic 
Surgery (STS) score above 10 [25].

Since 2007, several companies have brought 
devices to the market, while some companies 

CoreValve Self-Expanding Bioprothesis
Clinical Experience: 337 Patients

Generation 1
25F

Generation 2
21F

Generation 3
18F (258 pts)14 patients 65 patients

Procedural success: 92 %

2004-2005 2005-2006 Oct 2007

Updated october 2007, TCT

Fig. 1.3 The CoreValve 
road of device evolution 
over patients with 
different surgical risk 
(Courtesy E. Grube, at 
Transcatheter 
Cardiovascular 
Therapeutics 2007)

JenaValve Edwards/PVT
Medtronic/
CoreValve

Medtronic/Ventor

Direct Flow Sadra

Sapien ReValving Lotus

HLT (Bracco) Symetis Hansen

JenaClipTM Embraoer AorTx

Fig. 1.4 Transcatheter aortic valve devices in 2005 (Courtesy of JenaValve)

H. R. Figulla et al.
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have even disappeared meanwhile, owing to 
technical or financial difficulties.

The JenaValve, with its transapical device, 
is the only device with CE approval for pure 
aortic regurgitation. However, the company 
subsequently withdrew the transapical device 
and meanwhile is working in clinical trials with 
its transfemoral device (see Chap. 6.1) (Fig. 1.5).

The high acceptance of TAVI by cardiologists 
and patients is possible, because even early in 
2006, the audience at the meeting of the European 
Association for Percutaneous Cardiovascular 
Intervention (Euro PCR), in a poll at that meet-
ing, foresaw that this technique would be used 
to replace a majority of surgical aortic valve 
implants (Fig. 1.6).

At present, in elderly patients above 75 years, 
TAVI is the preferred therapy irrespective of the 
individual risk [26].

New indications for TAVI are presently under 
study. As depicted in Table 1.1, there are inves-
tigations of TAVI in low-risk patient groups, as 
compared with surgical valve replacement, and 
TAVI investigations in asymptomatic patients 
with severe stenosis, in those with valve areas 
greater 1  cm2 with congestive heart failure to 
reduce afterload, and in high-risk patients with 
aortic stenosis (Table 1.1).

In future, TAVI might completely replace 
surgical aortic valve replacement (SAVR) with 

CE marked TAVI in Europe

-CoreValve,
-Edwards

-JenaValve
-Symetis

Portico Direct Flow Engager Lotus Sapien 3 Evolute R

NVT

2007
2011 11/2012 1/2013 2/2013 9/2013 1/14

2/15
3/17

Fig. 1.5 CE-marked 
devices on the European 
market in 2018. The 
JenaValve and Lotus are 
temporarily unavailable

How long do you think will it take before it became
standard of practic for percutaneous aortic valve
replacement?
Presented at PCR Barcelona 2006

56.6%

35.6%

60

50

40

30

20

10

0

6.9%

1.1%

1-3 years 4-10 years >10 years Never

Fig. 1.6 Poll at the meeting of the European Association 
for Percutaneous Cardiovascular Intervention (Euro PCR) 
in 2006 about the future of transcatheter aortic valve 
implantation (Courtesy of H.R. Figulla)

Table 1.1 New indications for transcatheter aortic valve 
implantation (TAVI) presently under investigation

• Low-risk trials: PARTNER III, Medtronic: low risk
•  Severe asymptomatic aortic stenosis (AS): EARLY trial
•  Moderate AS + congestive heart failure (CHF): 

UNLOAD trial
• High-risk patients with aortic regurgitation (AR)

1 History of Transcatheter Aortic Valve Implantation
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biological valves, and if the risk of TAVI is less 
than that of surgery, broader and earlier indica-
tions for the treatment of aortic stenosis might be 
warranted.
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Interventional Anatomy of Aortic 
Valve
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2.1  Aortic Root Anatomy

The anatomy of the aortic root is complex, with 
morphological changes during the cardiac cycle. 
The aortic root extends from the basal attachment 
(nadir) of the aortic valve cusps to the sino- tubular 
junction. Aortic root components are the sinuses of 
Valsalva, which support the semilunar cusps, the 
fibrous interleaflet triangles, and the valve cusps 
themselves (Fig.  2.1). Proper functioning of the 
aortic valve depends on the proper relationship 
between the cusps within the aortic root. The tip 
of the semilunar cusp attachment, usually located 
between the sinus and tubular portions of the aorta, 
is the site of commissure, where adjacent cusps 
touch each other. The three commissures may be 
considered as the upper border of the semilunar 
valve attachment. At commissural level, in semi-
lunar cuspshere is a sharp anatomical disconti-
nuity, at difference from atrioventricular valves, 
where continuity is present between adjacent leaf-
lets at commissural level. The space between the 
cusp attachment is called interleaflet triangle and 
represents the most distal component of the left 
ventricular outflow tract; on the other hand, some 
ventricular myocardium overcomes the ventricu-
lar arterial junction, becoming part of the Valsalva 
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Fig. 2.1 (a) The aortic valve apparatus consists of three 
cusps (“semilunar valve”) attached to the aortic sinusal 
wall; (b) The semilunar cusps are attached to the aortic 
sinusal wall with a crown-like shape. The tip of this 
attachment corresponds to the commissure, located 
between the sinus and tubular portions of the aorta (sino- 
tubular junction). The spaces in between the cuspal attach-
ment are called interleaflet triangles. Note the fibrous 
continuity of the posterior noncoronary cusps with the 
anterior (“aortic”) leaflet of the mitral valve. Arrows indi-
cate the origin of the coronary arteries. (R right, L left, 
P posterior) [2]
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sinus, which means that the anatomic ventriculo-
arterial junction does not necessarily correspond to 
the hemodynamic junction [1]. Each of the inter-
leaflet triangle is in potential communication with 
the pericardial space or, in the case of the triangle 
between the two coronary sinuses, with the tis-
sue plane between the back of the subpulmonary 
infundibulum and the front of the aorta. The tri-
angle between the noncoronary and the right coro-
nary sinuses incorporates the membranous septum.

Anatomic factors influencing a safe and 
proper device deployment during transcatheter 
aortic valve implantation (TAVI), also called 
transcatheter aortic valve replacement (TAVR) 
[2], relevant for interventional cardiologist to 
avoid risk of complications [3–6], include annu-
lar diameters, sinuses of Valsalva dimensions, 
and coronary ostia location; calcium deposits 
size (bulkiness) and location; subaortic septum 
thickness and morphology; and relationship with 
the membranous septum and the mitral valve.

2.2  Aortic Valve Stenosis

Three are the main causes of aortic valve stenosis 
in the adult: rheumatic valve disease, dystrophic 
calcification of a tricuspid valve, and dystrophic 
calcification of a congenitally unicuspid or bicus-
pid aortic valve [7, 8] (Fig. 2.2).

Rheumatic valve disease results from the 
fusion of the commissures between the cusps 
leading to a reduced central orifice with stenosis 

or steno-incompetence. Rheumatic aortic valve 
disease is often accompanied by concomitant 
rheumatic mitral valve disease.

Due to the dramatic decrease of rheumatic 
fever and increased life expectancy, aortic steno-
sis in Western countries is nowadays mostly due 
to dystrophic calcification of bicuspid or tricus-
pid aortic valves.

Dystrophic calcification of a tricuspid valve is 
characterized grossly by thickening of the cusps 
and calcification with coarse calcific nodules, on the 
aortic side of the cusps, which results in increased 
valve stiffness, reduced cusp excursion, and pro-
gressive valve orifice narrowing in the absence 
of commissural fusion. Microscopically, changes 
include increased fibrous tissue, lipid accumulation, 
and calcific deposits. Aortic root or ascending aorta 
dilatation is frequently observed in patients with 
degenerative calcific aortic valve diseases, due to 
increased aortic stiffness with age and atherosclero-
sis. Morphologically, the aneurysm is characterized 
by loss of elastic lamellae in the tunica media.

Bicuspid aortic valve is the most common 
congenital cardiovascular anomaly, with a preva-
lence of 1–2% in the general population [9]. It is 
characterized by two cusps instead of the normal 
three, most frequently due to fusion of the left and 
right cusps, with an antero-posterior disposition. 
The presence of a bicuspid aortic valve is asso-
ciated with an increased incidence of complica-
tions such as stenosis, regurgitation, endocarditis, 
aneurysm of the ascending aorta, and risk of aortic 
dissection [10]. These complications tend to man-

a b c

Fig. 2.2 Three are the main causes of aortic valve steno-
sis in the adult: (a) rheumatic valve disease with commis-
sural fusion; (b) dystrophic calcification of a tricuspid 
valve, characterized by coarse calcific nodules on the aor-

tic side of the cusps in the absence of commissural fusion; 
(c) dystrophic calcification of a congenitally bicuspid aor-
tic valve, with fusion of the left and right cusps and an 
antero-posterior disposition
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ifest at an earlier age in patients with a bicuspid 
valve. Moreover, other congenital cardiovascular 
abnormalities may be associated with a bicuspid 
aortic valve, in particular aortic coarctation.

2.3  Rings Within the Aortic Root

The aortic root presents three different annuli or 
rings, not all corresponding to discrete anatomic 
structures [11–13]:

• The virtual basal ring, the lowest attachment 
points of the cusps, representing the inlet from 
the left ventricular outflow tract into the aortic 
root;

• The anatomic ring, crown-shaped due to the 
semilunar cusp attachment to the aortic sinus 
wall;

• The commissural ring, corresponding to the 
sino-tubular junction, between the sinusal por-
tion and the tubular ascending aorta. The sino- 
tubular junction is a true ring. It forms the outlet 
of the aortic root into the ascending aorta.

Marked variations exist in the shape and dimen-
sions of the aortic root, even during the cardiac 
cycle. Measurements for TAVI are made in mid-
systole, when dimensions are at their maximum. 
The virtual basal ring may be not circular but ellip-
tical in the majority of patients [14]. Eccentricity 
of the annulus is associated with a higher incidence 
of paravalvular aortic regurgitation and stent mis-
deployment, leading to prosthetic valve distortion 
and premature failure by leaflet tear or fibrosis.

When planning TAVI, accurate measurement 
of the aortic root dimensions is essential to deter-
mine eligibility for the procedure and the appro-
priate device size, reducing the risk of prosthesis 
mismatch. Patients with aortic dimensions out-
side the size range of available TAVI valves are 
not candidate for the procedure. An oversized 
prosthetic valve can result in folding of leaflet 
tissue, which may alter the function and reduce 
the durability of the valve. Moreover, valve over-
sizing is at increased risk of aortic root rupture, 
significant conduction disturbance requiring 
pacemaker implantation or device under expan-

sion. On the contrary, if the valve prosthesis is 
too small for the patient, the prosthesis will be 
stenotic and may lead to paravalvular regurgita-
tion or device embolization.

2.4  Semilunar Cusps

The semilunar cusps are usually three, two ante-
rior and one posterior (Fig. 2.1). The anterior right 
is the one hosting the right coronary ostium (right 
coronary cusp), the anterior left is the one host-
ing the left coronary ostium (left coronary cusp), 
and finally the posterior is the noncoronary cusp. 
The latter is in fibrous continuity with the anterior 
(“aortic”) leaflet of the mitral valve and in rela-
tionship (and potential communication) with the 
left atrium, the atrial septum, and the right atrium. 
The anterior right is attached at the base to the 
myocardium of the ventricular septum (Fig. 2.1b), 
whereas the anterior left is attached partially to the 
myocardium of the antero-lateral wall of the left 
ventricle and partially to the fibrous continuity 
of the anterior mitral leaflet. Therefore, approxi-
mately two thirds of the aortic root is connected to 
the muscular ventricular septum, with the remain-
ing one third in fibrous continuity with the mitral 
valve, forming the so-called fibrous trigones.

The interleaflet triangle between the anterior 
right coronary cusp and posterior noncoronary 
cusp is in continuity with the membranous septum 
(Fig. 2.1); the postero-inferior border is the topo-
graphic landmark of the His bundle (Fig. 2.3).

The semilunar cusps touch each other during 
diastole, normally 1 mm below the free margin, 
thus ensuring orifice closure and avoiding blood 
regurgitation. In the middle of the closure line, 
a small fibrotic nodule (nodule of Arantius) may 
be present.

Microscopically, a semilunar cusp consists of 
three layers (Fig. 2.4): (a) ventricularis, facing the 
ventricular cavity and consisting of a thin fibro-
elastic layer; (b) fibrosa, facing the aortic wall 
(3–4 times thicker than the ventricularis), mostly 
consisting of collagen fibers, which are waived 
and allow an elongation during diastole, thus 
ensuring cusp pliability and “elasticity” [15]; (c) 
spongiosa, in the middle, made up of non-fibril-

2 Interventional Anatomy of Aortic Valve
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lar extracellular matrix (ground substance) with 
proteoglycans.

Interstitial cells are scattered within all the 
three layers and particularly abundant in the 
spongiosa. An endothelial lying covers both sides 
of the semilunar cusp.

Particular considerations before TAVI include 
valve cusps number and morphology and extent 
and distribution of calcifications, which may pre-
dict the patient’s risk of paravalvular leak.

Bulky calcification of the aortic valve cusps 
facilitates positioning of the percutaneous valve 

a

R P
L

b

Fig. 2.3 Membranous septum and location of the atrio-
ventricular conducting tissue on the right side (a) and left 
side (b). The postero-inferior border of the membranous 

septum is the topographic landmark of the His bundle, 
which is running under the commissure between the right 
coronary and posterior noncoronary cusps

collagen
crimp
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corrugations
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Fig. 2.4 (a) Histology 
of the semilunar cusp 
three layers with the 
ventricularis (thin 
fibroelastic layer), the 
fibrosa, (mostly 
consisting of collagen 
fibers), and the 
spongiosa in the 
middle (non-fibrillar 
extracellular matrix 
with proteoglycans). 
(b) Schematic 
depiction of layered 
aortic valve cuspal 
structure and 
configuration of 
collagen and elastin 
during systole and 
diastole (modified 
from [8])
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but is a risk factor for embolization and for asym-
metric expansion of the valve, with possible para-
valvular leak [16].

Other significant risk factors for paravalvu-
lar leak following TAVI are annular calcifica-
tion, calcification of the mitral-aortic fibrous 
continuity and bicuspid aortic valve [17]. 
Bicuspid aortic valve has long been consid-
ered a contraindication to TAVI procedure, due 
to the unfavorable anatomy including annular 
eccentricity, asymmetrical valve calcification, 
unequally sized leaflets, and concomitant aor-
topathy [10, 18, 19].

2.5  Coronary Artery Ostia

The coronary arteries usually arise from the two 
anterior sinuses of Valsalva with a distinct orifice, 
located just underneath the sino-tubular junction, 
at a distance of 10–15 mm from the basal attach-
ment in adult hearts. The opening of the cusp 
during systole does not block the coronary ostia 
[20, 21] (Fig. 2.5). Origins of the coronary arter-
ies above the sino-tubular junction are considered 
anatomical variations [22].

Variations in the location of the coronary ostia 
and measurement of the height of the coronary 
take-off in relationship to the length of the coro-
nary cusps are important before TAVI to minimize 
the risk of myocardial ischemia. In case of a low 
coronary origin (<10 mm), the new guidelines rec-
ommend surgical aortic valve replacement [23]. 
The new valve prostheses are made by a skirt of 
tissue within the stent to create a seal and prevent 
paravalvular leak. When the coronary arteries 
take origin low within the sinuses of Valsalva and/
or the prosthesis is placed too high, the skirt may 
obstruct their orifices [24]. Furthermore, when 
the valve is deployed, the native cusps may poten-
tially obstruct the flow into the coronary arter-
ies. Moreover, calcific fragments of the native 
valve may embolize, causing coronary occlusion. 
Delayed coronary obstruction is an uncommon 
complication occurring hours and days following 
TAVI, more commonly valve-in-valve procedures 
and use of self-expandable valves, requiring stent 
implantation [25]. It is probably due to the dis-
placement of a calcified native valve cusp, previ-
ous surgical valve leaflet or bioprosthetic valve 
fibrous  pannus, and embolization of a thrombus 
located on the TAVI valve.

LC
Sinus

a bFig. 2.5 The coronary 
ostia are usually located 
just underneath the 
sino-tubular portion, at a 
distance of 10–15 mm 
from the basal 
attachment in adult 
hearts. (a) Gross view of 
the left ventricular 
outflow tract; (b) 
histology of the 
sino-tubular portion of 
the aorta, at the level of 
the coronary artery 
origin. (LC, left 
coronary)
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2.6  The Left Ventricular Outflow 
Tract and the Central Fibrous 
Body

The left ventricular outflow tract (LVOT) is com-
posed of a muscular component (the muscular 
ventricular septum) and a fibrous component (the 
fibrous continuity between the aortic and mitral 
valves). The presence of a subaortic septal bulge 
and asymmetrical septal hypertrophy may be an 
obstacle for the proper seating of the aortic pros-
thesis within the left ventricular outflow tract, 
with paravalvular leak. The presence of calcific 
nodules along the mitro-aortic fibrous continuity 
can also account for paravalvular leak due to mal- 
apposition of the device.

As a result of the semilunar attachment of 
the aortic valve cusps, there are three triangular 
extensions of the left ventricular outflow tract 
to the level of the sino-tubular junction. These 
interleaflet triangles are formed of the aorta wall 
between the sinuses of Valsalva, with potential 
communication with the pericardial space. The 
two interleaflet triangles bordering the noncoro-
nary cusp are also in fibrous continuity with the 
fibrous trigones, the mitral valve, and the mem-
branous septum [12, 26].

The fibrous continuity is thickened to form 
the left and right fibrous trigones. The inter-
leaflet triangle between the noncoronary and 
left coronary cusp is part of the fibrous con-
tinuity. Placement of the aortic valve prosthe-
sis too low within the left ventricular outflow 
tract may impinge on the anterior leaflet of the 
mitral valve and impair its function. The inter-
leaflet triangle between the right coronary and 
noncoronary aortic cusps is continuous with 
the membranous septum. The crest of the mus-
cular ventricular septum, at the inferior border 
of the membranous septum, is the site of the 
atrioventricular conduction axis. Together, the 
membranous septum and the right fibrous tri-
gone form the central fibrous body of the heart 
[26, 27].

Rupture of the “device landing zone” is a 
rare but severe complication of TAVI and mostly 
occurs in the subannular area of the left ventricu-
lar outflow tract [28] (Fig. 2.6).

2.7  The Conduction System

The atrioventricular node is located within the 
right atrium in the triangle of Koch, demarcated 
superiorly by the tendon of Todaro, inferiorly by 
the attachment of the septal leaflet of the tricuspid 
valve, and posteriorly by the orifice of the coro-
nary sinus (Fig. 2.3a). The atrioventricular node 
is located just inferior to the apex of the interleaf-
let triangle adjacent to the membranous septum, 
separating the noncoronary and right coronary 
cusps of the aortic valve, and therefore the 
 atrioventricular node is in close proximity to the 

a

LC
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RVOT

b

*

Fig. 2.6 Rupture of the landing zone after TAVI. (a) 
After opening of the LVOT, the prosthesis appears cor-
rectly implanted with no interference with the right and 
left coronary ostia, the anterior mitral valve leaflet, and 
the subaortic septum. Note the aortic annulus rupture 
(probe inside) at the nadir of the left coronary cusp (LC). 
(b) View of the LVOT after removal of the aortic valve 
prosthesis: note the amount of calcific nodules distributed 
along the mitro-aortic fibrous continuity and at the level of 
the right and left fibrous trigones. A perforation (asterisk) 
is visible at the nadir of the left coronary cusp, 1 cm below 
the ostium of the left main trunk (arrow), in correspon-
dence of a calcific nodule which was outward displaced 
during the TAVI procedure. (RVOT, right ventricular out-
flow tract; NC, non coronary; LC left coronary)
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subaortic region and membranous septum of the 
left ventricular outflow tract [29, 1] (Fig. 2.3b). 
Pathologies involving the aortic valve, in par-
ticular dystrophic calcification, can lead to heart 
block or intraventricular conduction abnormali-
ties. The atrioventricular node continues as the 
bundle of His, penetrating to the left through the 
central fibrous body. On the left side, the con-
duction axis is located immediately beneath the 
membranous septum and runs superficially along 
the crest of the ventricular septum, giving rise to 
the fascicles of the left bundle branch [29].

The topographic anatomy can explain the 
onset of conduction abnormalities after TAVI 
[30–32].

An atrioventricular block requiring a per-
manent pacemaker implantation occurs in 
10–50% of patients following TAVI, mostly with 
CoreValve due to deep valve implantation [31] 
(Fig. 2.7).

Figure 2.3 shows the anatomic relationship of 
the aortic annulus and its proximity to the con-
duction system.

2.8  The Mitral Valve

Dystrophic calcification of the mitral annulus is 
frequently associated with degenerative aortic 
valve stenosis. This condition seems to be associ-
ated with mitral regurgitation [33] and conduc-
tion abnormalities [34] after TAVI.

Mitral valve complications of the TAVI were 
first reported with the trans-septal approach. Injury 
may occur when the device passes through the 
anterior leaflet during delivery. Moreover, the ven-
tricular portion of the TAVI prosthesis may contact 
the anterior leaflet of the mitral valve. In particular, 
when the placement of the device is too low into 
the left ventricle it may interfere with the move-
ment of the anterior leaflet of the mitral valve [35].

2.9  Access Site

Among the various possible assess sites, trans-
femoral access remains the most preferred option 
for TAVI. However, this approach is contraindi-

a b

d e

c

Fig. 2.7 Iatrogenic AV block after TAVI. (a) Diagram 
illustrating anatomic relation between a deep prosthesis 
implantation into left ventricular outflow tract affecting 
electrical conduction system; (b) electrocardiogram 
showing right bundle branch block and 60 mmHg trans-
aortic gradient at baseline. (c) Electrocardiogram showing 
complete AV block immediately after TAVI. (d) Computed 
tomography scan of heart explanted at autopsy showing 
the deep positioning of CoreValve within left ventricular 

outflow tract, overlapping membranous septum (dotted 
circle), and crest of interventricular septum. (e) Gross 
anatomic view of left ventricular outflow seen from 
below: the expansion of prosthesis frames in subaortic 
region compresses the ventricular septum and overlapping 
proximal branching of left bundle branch (dotted lines). 
Ao aorta, LV left ventricle, MS membranous septum, MV 
mitral valve, RV right ventricle, VS ventricular septum
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cated in patients with ileo-femoral atheroscle-
rosis, porcelain aorta, calcifications, tortuosity, 
abdominal aneurysms, or previous vascular sur-
gery. Alternative sites include transapical, trans-
aortic, axillary/subclavian, and carotid access 
[36]. The transapical and transaortic approaches 
are more invasive, requiring a left minithoracot-
omy. These approaches are usually reserved for 
patients with severe peripheral vascular disease.

Stroke during or after TAVI may occur from 
thromboemboli [37], infective endocarditis [38], 
aortic injury (e.g., dissection or atheroemboli), 
hypotension, hemorrhage, or dislodgement of 
calcific fragments during valvuloplasty. No dif-
ference regarding cerebral complications is found 
related to the access site.

Vascular complications, in terms of bleeding 
at the insertion site, are the most common of the 
procedure and contribute to procedural mortality, 
particularly in patients with significant periph-
eral vascular disease. As smaller systems are 
developed, serious vascular injuries are expected 
to occur less frequently. Funding This work 
was supported by Registry of Cardio-Cerebro-
Vascular Pathology, Veneto Region, Italy.
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Pathophysiology of Aortic Valve 
Stenosis

Gabriele Di Giammarco and Daniele Marinelli

3.1  Introduction

Calcified aortic valve disease (CAVD) is the most 
common cause of heart valve disease in the west-
ern countries. EuroHeart Survey reports a preva-
lence in the general population of 43.1% with the 
most common cause being degenerative disease 
(81.9%). The prevalence of aortic valve stenosis 
in patients older than 70 years and candidate for 
intervention is 54.3% [1].

The process leading to aortic valve stenosis 
was considered in the past as isolated degenera-
tion at valvular level. Recently, increasing evi-
dence demonstrates a more complex process 
involving the left ventricular outflow tract beyond 
the valve itself, and this mechanism is responsi-
ble for the progression of the degree of stenosis.

3.2  Pathogenesis of CAVD

3.2.1  Anatomy of the Aortic Valve 
Leaflet

The aortic valve leaflet is less than 1  mm of 
thickness and its surface is covered by 
endothelium. The inner structure is composed of 
three layers:

 – The ventricularis, in the ventricular face of the 
leaflet composed of fiber rich in elastin 
arranged radially and perpendicularly to 
leaflet margin;

 – The arterialis, or fibrosa, in the aortic face of 
the leaflet made of strong collagen fibers 
oriented circumferentially;

 – The spongiosa, between the arterialis and 
ventricularis made of loose connective tissue 
composed of mesenchymal cells, fibroblast, 
and mucopolysaccharide-rich matrix.

The organization of these three layers confers 
to the leaflets the characteristics of pliability and 
resistance to offer a very low obstacle to the left 
ventricle ejection during systole and the capacity 
to support the high aortic pressure during diastole.
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3.2.2  The Initial Alteration 
of the Aortic Valve: 
The Sclerosis

Aortic valve sclerosis (AS) is defined as the 
presence at echocardiography of focal leaflet 
thickening with unmodified leaflet mobility 
preserving the commissures; its incidence is 
close to 25% in subjects of age 64–75 rising to 
48% in patients older than 84 years [2–4].

The sclerosis of the valve does not cause 
hemodynamic alteration although it is possible 
on physical examination to catch a systolic mur-
mur; echocardiography generally demonstrates 
an aortic valve flow velocity lower than 2.5 m/s.

The process of AS is complex and involves 
many different mechanisms as shown in 
Table 3.1.

In hypercholesterolemic rabbits, aortic valve 
sclerosis is related to a progressive accumulation 
of lipids, endothelial disruption, modification of 
the connective tissue, and presence of osteopon-
tin and inflammatory cells [5]. Otto et al. demon-
strated the presence of some similarities between 
atherosclerosis and AS.  They found on human 
autoptic specimens of aortic valve (with different 
stages of disease progression) the presence of 
basal membrane disruption, thickening between 
the basal membrane and elastic lamina, and intra- 
and extracellular infiltration of lipids. At the same 
time they found important dissimilarities in the 
number of smooth muscular cells and the promi-
nent mineralization process differentiating the 
two pathological processes [6].

Inflammation plays also a crucial role in the 
development of aortic valve sclerosis. In speci-
mens of aortic valve some authors demonstrated 
T-lymphocyte infiltration and non-foam and 
foam cell macrophages [7, 8]. Soluble mediator 
of inflammation such as interleukin-1-beta and 
transforming growth factor beta-1 are overex-
pressed in AS and CAVD leading to extracellular 
matrix remodeling due to increased activity of 
matrix metalloproteinases-1 and calcification 
process associated with cell apoptosis [9, 10].

Angiotensin-converting enzyme and angiotensin 
II are also overexpressed at the level of the aortic 
valve lesion, suggesting that chronic inflammation 
process increased calcification with a positive 
feedback mechanism [11].

Another element that supports the 
inflammatory genesis of the lesions of aortic 
valve sclerosis is the overexpression of 
intercellular adhesion molecule 1 (ICAM-1), 
vascular cell adhesion molecule 1 (VCAM-1), 
and endothelial selectin (E-selectin) [12].

The role of mechanical stress on aortic valve 
leaflet in promoting the pathological changes is 
also supported by evidence of accelerated calcifi-
cation of bicuspid aortic valve, a valve configura-
tion characterized by higher shear stress on the 
leaflets, although patients with a bicuspid aortic 
valve may have also a genetic predisposition to 
calcification [13].

The association between aortic valve 
calcification, hypertension, and increased 
stiffness of the aortic root is reported in literature 
and this may lead to an increase of mechanical 
stress on the valve [14].

As previously suggested there is a partial 
overlapping in the pathogenesis of atherosclero-
sis and aortic valve sclerosis. Patients with CAVD 
often have the same risk factors for vascular ath-
erosclerosis such as hypertension, dyslipidemia, 
smoking, diabetes, and metabolic syndrome [15–
17]. On the other hand it is not uncommon in the 
clinical experience to observe patients affected 
by CAVD without any evidence of atherosclero-
sis on systemic and/or coronary arteries.

Miller et  al. demonstrated that the oxidation 
process in aortic valve calcification is increased, 
and it is associated with uncoupled nitric oxide 

Table 3.1 Mechanism and risk factors of aortic valve 
sclerosis and calcification

1. Age
2. Atherosclerosis risk factors:
    (a) Hypertension
    (b) Dyslipidemia
    (c) Smoking
    (d) Metabolic syndrome
3. Lipid accumulation
4. Inflammation
5. Oxidation process
6. Genetic mutations
7. Mechanical stress
8. Calcium metabolism alteration
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synthases activity. Consequently they showed 
that oxidation process differs greatly in aortic 
valve stenosis compared to arteries [18].

The influence of genetic factors in the 
development of AS and CAVD is demonstrated 
by the mutation in the signaling transcriptional 
regulator NOTCH-1 associated with bicuspid 
aortic valve calcification and different aortic 
valve abnormalities [19].

3.2.3  Progression to AS to CAVD

The rate of progression from AS to CAVD and 
severe aortic valve stenosis is reported in few 
prospective studies. In one of the largest studies 
enrolling more than 2000 patient, the rate of pro-
gression from AS to aortic stenosis was 16%, 
with mild stenosis in 10.5%, moderate stenosis in 
3%, and severe stenosis in 2.5%. The average 
time from diagnosis of AS to valve stenosis was 
8 years [20].

The most important determinant in evolution 
from valve sclerosis to valve stenosis is the cal-
cium deposition. It leads to a decreased leaflet 
motion with consequent pressure gradient 
increase across the valve.

The accumulation of calcium in the leaflets is 
favored by an ossification-like mechanism medi-
ated by osteogenic cells and a range of pro- 
calcific mediators; it ultimately leads to the 
presence in the valve of cartilaginous and bone 
tissue as showed in histological evaluation of sur-
gical excised aortic valve leaflets [21].

3.2.4  Hemodynamic Progression 
of Aortic Valve Stenosis

The progression of aortic valve stenosis can be 
evaluated by means of velocity across the valve 
and the effective geometric area. According to 
the velocity follow-up the rate of hemodynamic 
progression of aortic valve stenosis is reported to 
be 0.3 m/s per year starting from the initial diag-
nosis with a reduction of 0.1 cm2 of aortic valve 
area. The determinants of aortic valve stenosis 
progression are not well elucidated because many 

of the studies are retrospective. Older age, male 
sex, hypertension, high body mass index, chronic 
renal disease, calcium metabolism disorders, the 
initial aortic valve area, the presence of valve cal-
cification at echocardiography, and CT scan are 
predictors of disease progression and incidence 
of adverse events as well [22, 23].

The progression of aortic valve stenosis is the 
key factor in induction of pressure overload on 
the left ventricle leading to hypertrophy and 
fibrosis.

3.3  Left Ventricle Hypertrophy

The pressure overload generated by aortic valve 
stenosis induces a concentric left ventricular 
hypertrophy characterized by a parallel replica-
tion of the sarcomere with the consequence of 
increased wall thickness. The main goal of this 
process is to maintain in the normal range the 
peak systolic wall stress of the myocardium pre-
serving the left ventricular contractility [24].

However, there is a large amount of evidence 
demonstrating that myocardial hypertrophy 
determined by aortic valve stenosis is, at the end, 
a maladaptive process.

The Framingham Study was the first to 
demonstrate the association between myocardial 
hypertrophy and incidence of heart failure [25].

Patients affected by the same grade of left 
ventricular outflow obstruction show a different 
grade of hypertrophy.

This situation is probably responsible for the 
different clinical manifestations in presence of 
the same degree of left ventricular obstruction.

It is clearly demonstrated that there is no 
correlation between the degree of outflow obstruction 
and the amount of left ventricular hypertrophy. It 
may suggest that many other humoral, behavioral, 
and genetic factors are responsible for the extent of 
left ventricle response to the same degree of 
obstruction [26–28] (Table 3.2).

The lack of correlation between the degree of 
obstruction and left ventricular hypertrophy was 
firstly demonstrated with transthoracic echocar-
diography and recently confirmed by nuclear 
magnetic resonance. Dweck et  al. analyzed 91 
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patients with isolated aortic valve stenosis with 
magnetic resonance demonstrating that the 
degree of obstruction did not correlate with the 
extent and pattern of left ventricular hypertrophy. 
Moreover they were able to show that a large per-
centage of patients with aortic valve stenosis had 
a pattern of myocardial hypertrophy that is asym-
metric and differs significantly from the typical 
concentric feature [29].

Some genetic factors play a significant role in 
the development and extent of myocardial hyper-
trophy. It is demonstrated that the presence of poly-
morphism of Angiotensin Converting Enzyme gene 
is responsible for more pronounced hypertrophy in 
the presence of the same degree of obstruction. The 
I/D polymorphism is reported to be be associated 
with variation of left ventricular mass [30].

The role of coexisting arterial hypertension 
and increased arterial afterload is crucial in the 
development of left ventricle hypertrophy.

The association of hypertension and 
left ventricle remodeling in asymptomatic 
patients affected by aortic valve stenosis was 
demonstrated by Riek et al. in a sub-study of the 
Simvastatin and Ezetimibe in Aortic Stenosis 
trial. The authors measured the left ventricle 
mass, diameters, wall thickness, degree of 
hypertrophy, and other functional parameters and 
demonstrated that the presence of hypertension is 
a factor influencing the left ventricular geometry, 
increasing left ventricular mass, wall thickness, 
and higher prevalence of hypertrophy [31].

The arterial compliance decrease in patients 
affected by aortic valve stenosis is a common 
finding as often these patients are old and affected 
by systemic arterial hypertension and diabetes, 
well-known factors of arterial stiffness increase.

Briand et al. investigated the impact of reduced 
arterial compliance in the development of left 
ventricle increased afterload in patients affected 
by aortic valve stenosis. To take in account both 

factors of increased afterload (aortic valve steno-
sis and reduced arterial compliance), they calcu-
lated the valvular-arterial impedance (Zva). In the 
multivariate analysis the only hemodynamic pre-
dictive factor of increased afterload and left ven-
tricle dysfunction, expressed by a reduction in 
ejection fraction, was the valvular-arterial imped-
ance with an odds ratio of 4.2 (1.7–10.3) [32].

The increased valvular-arterial impedance has 
influence on the outcome of the patients affected 
by aortic valve stenosis. Hachicha et al. in a 4-year 
follow-up study demonstrated that, regardless of 
aortic valve replacement, patients with a value of 
Zva greater than 3.5 had a poorer outcome com-
pared with patients in whom Zva was lower [33].

A high degree of left ventricular hypertrophy 
is a strong risk factor for poor patient outcome. 
Cioffi et al. clearly demonstrated that an inappro-
priate left ventricular hypertrophy (left ventricle 
mass greater than 10% of expected) in asymp-
tomatic aortic valve stenosis is a strong predictor 
of adverse outcome (Exp b 3.08; CI 1.65–5.73) 
independently of diabetes, transaortic valve peak 
gradient, and extent of valvular calcification. 
Among patients with LV hypertrophy, those with 
inappropriate left ventricular hypertrophy had a 
risk of adverse events 4.5-fold higher than coun-
terparts with appropriate left ventricle mass [34].

The worse outcome observed in patients with 
a greater left ventricle hypertrophy could be 
related to a high incidence of ventricular dilata-
tion and failure.

In conclusion left ventricle remodeling in AS 
is only partially caused by the severity of valve 
stenosis and many other co-factors influence the 
response of the ventricle to an increased afterload.

3.4  The Evolution of Left 
Ventricular Function 
in Aortic Stenosis: 
From Hypertrophy 
to Dilatation

With the progression of the disease and the increased 
afterload of the left ventricle, the final evolution 
is the left ventricular dilation through a complex 
process involving cellular apoptosis, myocardial 
fibrosis, and ischemic events (Table 3.3).

Table 3.2 Factors influencing the grade of left ventricle 
hypertrophy other than aortic valve stenosis

1. Age
2. Male sex
3. Obesity
4. ACE gene polymorphism
5. Systemic arterial hypertension
6. Increased arterial stiffness
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This phase corresponds to the onset of 
symptoms of the aortic valve stenosis and is 
associated with a reduced prognosis and higher 
incidence of adverse events.

The apoptosis in hypertrophic myocardium is 
reported to cause the loss of 5–10% of myocar-
dium per year; this condition will overcome the 
number of myocyte regeneration with a final net 
myocardium loss [35]. Cheng et al. demonstrated 
that increased stretching of cardiomyocytes 
determines an increased apoptotic rate by 21 
times [36]. Moreover, they also showed that, in 
association with increased oxidative stress, the 
myocardium decreased its contractile force. 
Another important pro-apoptotic stimulus is the 
angiotensin II.  Increased angiotensin II release 
can be directly stimulated by myocardium 
stretching; moreover, angiotensin II itself will 
increase myocyte apoptosis activating p53. The 
use of AT-1 receptor blocker blocks apoptosis 
process [37].

Another mechanism of left ventricle 
dysfunction is the presence of myocardial ischemia 
that is caused by increased wall tension, reduced 
capillary density, and increased oxygen demand.

It is well known that in physiologic 
hypertrophy there is a constant between the 
increased muscular mass and capillary network 
maintaining normal rate of perfusion of the 
myocardium. In pathological hypertrophy, as in 
case of aortic stenosis, the rate of capillary growth 
(with parallel increased distance between 
capillary network and cardiomyocytes) is 
inadequate to satisfy the increased myocardial 
oxygen demand contributing to myocardium loss 
[38].

The cellular loss related to apoptotic pathways 
and ischemic events is the cause of constant 
increase of fibrosis in the myocardium of the left 
ventricle in patients affected by aortic valve ste-
nosis as reported by some authors who clearly 

demonstrated the increase of interstitial fibrous 
tissue in the myocardium [39, 40].

The mechanism on the base of increased 
fibrosis is based on a augmented synthesis of type 
I and III collagen by cardiac fibroblasts and 
myofibroblasts and unchanged or decreased 
collagen types I and III degradation by matrix 
metalloproteinases [41]. The mechanical 
overstretching of myocardium plays a role in the 
increased production of type I collagen and 
reduction of the activity of collagenase with a net 
balance towards fibrosis increase [42].

In a recent paper, Treibel et al. evaluated the 
myocardial fibrosis in 133 patients affected by 
severe aortic valve stenosis using intraoperative 
bioptic specimens of the left ventricle and 
nuclear magnetic resonance evaluating the late 
gadolinium enhancement and the extracellular 
volume fraction quantification. All the measure-
ments demonstrated the presence of three types 
of myocardial fibrosis pattern: endocardial 
fibrosis, microscars (mainly in the subendo-
myocardium), and diffuse interstitial fibrosis. 
They were also able to demonstrate that the use 
of a multiparametric evaluation with late gado-
linium enhancement and extracellular volume 
fraction can adequately predict a worse recov-
ery of left ventricular function also after sur-
gery [43].

3.5  Conclusion

The knowledge of the mechanism of aortic valve 
disease progression and calcification may repre-
sent a new start to discover novel therapeutic tar-
get with the aim to reduce the incidence of the 
disease and to optimize the timing of surgical or 
transcatheter aortic valve implantation improving 
the outcome of the patients.
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Table 3.3 Determinants of progression from ventricle 
hypertrophy to dilatation

1. Apoptosis
2. Unbalanced oxygen supply
3. Myocardial ischemia
4. Myocardial fibrosis
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4.1  Introduction

In the last decade, computational tools have been 
increasingly and extensively used for the virtual 
simulation of transcatheter aortic valve implanta-
tion (TAVI), also called transcatheter aortic valve 
replacement (TAVR). The reason is twofold: on 
one side, from the medical point of view, TAVI 
is turning out to be not only a consolidated mini-
mally invasive technique for inoperable patients 
but also a very promising solution even in high- 
or intermediate- risk patients [1–4]; on the other 
side, from the engineering point of view, com-
putational tools and simulation technologies are 
becoming more and more powerful, allowing 
realistic virtual reproduction of real, even com-
plex, procedures in short time.

Computer simulations of TAVI can in fact 
potentially produce a reliable prediction of the 
final configuration of the implanted device in a 
specific patient. This is the main reason of suc-
cess of such innovative technologies. In particu-
lar, simulation results may let the medical team 

explore aspects and details that are not possible to 
observe in any other way, being the intervention 
minimally invasive (not open-chest) but, most 
importantly, simulation results represent possible 
predictions of the operation outcome. The real, 
tremendously high, potentiality of these tools 
indeed belongs to such an aspect. Obviously, 
computational models need to be accurate, reli-
able, and robust to appropriately represent reality 
and suggest correct scenarios to the interven-
tional operators.

In order to satisfy such accuracy, reliability, and 
robustness requirements computational models 
have to take into account the patient-specific ana-
tomical details, the characteristics of the patient’s 
arteries (e.g., elasticity), the boundary conditions 
(i.e., how the considered model is kinematically 
linked to the surrounding structures), the loads 
acting on the anatomical structure, etc.

All these conditions can be translated into 
mathematical equations aiming at modeling 
the specific physical phenomenon. They are in 
general differential equations too complicated 
to be solved by classical analytical methods. 
Therefore, numerical methods have been intro-
duced to let the computer solve such equations 
in an approximated fashion. Currently, the 
finite element method (FEM) is undoubtedly 
the most popular and utilized technique in this 
context [5–7].

In few and very simple words, FEM consists 
in subdividing the region under investigation into 
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smaller parts (called finite elements) and then 
carrying out the approximation (usually a poly-
nomial) over each single element. For the sake 
of clarity, Fig.  4.1 summarizes the main ingre-
dients needed to predict with finite elements the 
diastolic performance of a (healthy or diseased) 
aortic valve taken as example.

With respect to such an example, TAVI com-
puter models have to take into account further 
complexities (in addition to the abovemen-
tioned ingredients), such as, for example, the 
position and dimension of calcifications, that 
are known to strongly affect the final implan-
tation outcome, and, of course, the geometry 
and material of the prosthetic device to be 
implanted. Moreover, the expansion procedure 
has to be realistically reproduced by applying 
appropriate boundary conditions and loading 
actions to the model.

If all these aspects are taken into account and 
are correctly modeled, as previously mentioned, 
computer FEM simulations represent possible 
predictors of future scenarios of transcatheter 
valve replacement.

In particular, there are several complications 
that may occur when performing the TAVI pro-
cedure that may be predicted and, hopefully, 
avoided using virtual simulation tools when they 
are used to support the operation planning proce-
dure. In particular, also simpler structural analy-
ses (as opposed to more complex fluid-structure 
interaction ones) are highly powerful for predic-
tion purposes.

Paravalvular and transvalvular leaks that are 
purely hemodynamic complications associated 
with the presence of post-implant retrograde 
blood flow, for example, can be quite accurately 
predicted with simple structural simulations that 

GEOMETRY MATERIAL MODEL BOUNDARY CONDITIONS
and LOADS

Simulation Prediction

- Patient-specific aortic root - Constitutive laws to
model tissues

- Patient-specific valve

- Pressure, forces and
Constraints

EQUATIONS

APPROXIMATION
METHODS (e.g., FEM)

Healthy valve Diseased valve

Fig. 4.1 Main ingredients needed to obtain a predictive 
approximated solution of aortic valve performance 
through the finite element method (FEM). Images of the 

simulation prediction for the healthy and diseased valves 
are adapted from [8]
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allow evaluating the presence of possible orifices 
among the prosthetic leaflets during diastole 
(transvalvular leakage) or between the device 
skirt and the patient’s root structure (paravalvular 
leakage).

Coronary occlusion and device deformation 
can be easily evaluated by simply observing 
the simulated configuration of the implanted 
device. At the same time, stress computa-
tions can be simply performed to measure the 
effects of prosthesis deployment onto the native 
patient’s tissue (predicting possible injuries or 
inflammatory processes) or the risk of conduc-
tion impairments (by evaluating the combina-
tion of stress magnitude and location below the 
annular level).

In the present chapter, after proposing a 
synthetic literature review, we will mainly 
focus on two purely structural applications of 
finite element analysis to TAVI: one in case of 
balloon- expandable device, and one in case of 
self-expandable devices. The aim of the present 
chapter is thus to show in real cases what is the 
real current capability of computational tools to 
capture the real behavior of implanted devices 
and predict the postoperative performance of 
deployed prosthetic valve.

4.2  Computational Models: 
Literature Review

In the last decade, the number of publications 
dealing with finite element simulations of 
TAVI has constantly increased as depicted, for 
example, in Fig.  4.2. An exhaustive summary 
of the main publications on this topic can be 
found in [9].

From the first publication by Dwyer et  al. 
[10] aiming at characterizing the blood ejec-
tion force able to induce a prosthesis migra-
tion, several other works have been published 
also using patient-specific data. We here recall 
the first study using patient’s data (from a 
68-year-old male), proposed by Sirois et  al. 
[11]. The procedure of TAVI is quite complex 
and its main steps can be summarized in 
device crimping, positioning, and expansion. 

Additionally, each of the previously listed 
steps involves nontrivial physical phenomena, 
as the strong crimping of a complex-shape 
device made of materials exhibiting nonlinear 
behavior or the expansion of the same device 
that interacts with native tissues and calcifica-
tions. For this reason, many authors have 
focused their work on specific aspects of the 
entire TAVI procedure. Wang et  al. [12], for 
example, focused only on the deployment of a 
balloon-expandable device within a patient-
specific aortic root reconstructed from medical 
images. Analogously, Gunning et al. [13] ana-
lyzed in a patient-specific case the biopros-
thetic leaflet deformation due to the deployment 
of a self-expanding valve. For simplicity, some 
authors considered only the stent for their 
numerical investigations: Schievano et al. [14] 
and Capelli et  al. [15] proposed a FEA- based 
methodology to provide information and help 
clinicians during percutaneous pulmonary 
valve implantation planning. In these works, 
the implantation site has been simplified using 
rigid elements and, at the same time, the pres-
ence of the valve has been neglected. On the 
contrary, many other studies focus on the leaf-
lets neglecting the stent: for example, Smuts 
et al. [16] developed new concepts for different 
percutaneous aortic leaflet geometries by 
means of FEA, while Sun et  al. [17] have 
investigated the implications of asymmetric 
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Fig. 4.2 Number of published documents (grouped in 
periods of 2 years) found using Google Scholar with the 
following keywords: “TAVI finite elements”
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transcatheter prosthesis deployment on the 
bioprosthetic valve. It is worth mentioning the 
other following works by Auricchio et al. [18] 
that proposed a step-by-step strategy to simu-
late the entire implantation procedure (from 
crimping to expansion) of a realistic prosthetic 
valve model made of both a metallic frame and 
biological leaflets (Fig. 4.3).

Capelli et  al. [19] performed patient-specific 
analyses to explore the feasibility of TAVI in 
morphologies which are borderline cases for a 
minimally invasive approach. Tzamtzis et  al. 
[20] compared the radial force produced by 
a self- expandable valve (i.e., the Medtronic 
Corevalve) and a balloon-expandable one (i.e., 
the Edwards Sapien valve). The radial force of 
a self- expanding valve was also investigated by 
Gessat et  al. [21] who developed an innovative 
method for extracting such a force measure from 
images of an implanted device.

In the following two possible applications of 
the finite element method to simulate TAVI and 
obtain predictive indications potentially useful 
during the decision-making process are described 
in detail. The aim of the following sections is to 
prove the potentiality and capability of computa-
tional tools focusing on two different cases: a bal-
loon-expandable valve and a self-expandable one.

4.3  An Application to Balloon- 
Expandable Devices

In this section we focus on one of the currently 
available percutaneous aortic valve prosthesis, 
probably the most famous one, i.e., the balloon- 
expandable Edwards Sapien, which is basically 
composed of three biological leaflets sutured 
within a cobalt-chromium alloy stent.1 Details 
can be found in [22].

Two clinical cases of transcatheter aortic valve 
implantation will be investigated through struc-
tural finite element analysis. In particular, the 
impact of patient-specific anatomical features of 
the native aortic valve on the postoperative per-
formance of the balloon-expandable Edwards 
Sapien XT device will be analyzed. Stress distri-
butions, geometrical changes, coaptation values, 
and risk of paravalvular leakage will be computed 
and evaluated for both patients. Finally, com-
parison between the obtained numerical results 

1 In this section we take into consideration an Edwards 
Sapien XT valve, even if we know that currently also 
newer devices are available on the market. However, the 
ideas presented in the present section are definitely inde-
pendent from the device model and specific details.

a b c d

Fig. 4.3 Different frames of balloon expansion and stent 
apposition: (a) initial configuration; (b) the balloon starts 
to deploy the stent; (c) the balloon is fully expanded and 

the stent fully deployed; (d) final configuration after bal-
loon deflation. The figure is adapted from [18]
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and in  vivo postoperative measurements will 
be performed aiming at demonstrating that the 
proposed simulation strategy represents a valu-
able tool to predict clinically relevant aspects of 
TAVI. Realistic computer-based simulations are 
herein presented as a technology for virtual plan-
ning of TAVI procedures, which may improve the 
efficacy of the operation technique and support 
decision-making process.

4.3.1  Clinical Cases

Two patients who underwent TAVI were ret-
rospectively selected. Patient 1 had a positive 
outcome of TAVI, while Patient 2 presented a 
paravalvular leak at echocardiography and angi-
ography performed after procedure. Two different 
patients allow testing the engineering model in 
two extremely different conditions. Patients were 
83 and 84  years old, respectively, both males, 
suffering from severe comorbidities including 
extracardiac arteriopathy and coronary arteries 
disease for which they already underwent stent-
ing and bypass grafting. Each patient selected to 
undergo TAVI was studied through echocardiog-
raphy, CT scan, and coronary angiography. The 
two patients underwent TAVI in a hybrid room. 
For both patients transaortic access was chosen. 
General anesthesia was performed and ventricu-
lar tachycardia was induced (180–190  ppm) to 
have an almost static heart. Under angiographic 
view, valve pre-dilatation was performed using 
a 20 mm Edwards expandable balloon followed 
by valve delivery and catheter recovery (see 
Table 4.1).

TAVI procedure was successful. Angiography 
and echocardiography were performed in the 
operative room: both patients showed normal 
transaortic gradients, but Patient 2 presented a 
mild paravalvular leak. Patient 1 had regular stay-
ing and was discharged home on the ninth postop-
erative day. Patient 2 had major stroke requiring 
longer ICU staying and was discharged to a rehab 
hospital on the 28th day after implantation.

Both patients underwent echocardiographic 
control before discharge from hospital. Only 
Patient 2 showed paravalvular leak.

Patient 1 underwent clinical and echocar-
diographic follow-up at 1, 6, 12, 24, 36, and 
46  months after TAVI.  Transvalvular gradients 
still decreased, intravalvular regurgitation did 
not worsen, and no paravalvular leak appeared. 
Patient 2 was discharged to a rehab center where 
his neurological conditions improved, but he died 
of acute pneumonia 3 months after procedure. At 
1  month echocardiographic follow-up transval-
vular gradients kept stable and mild paravalvular 
leak remained.

4.3.2  Finite Element Analysis: 
Materials and Methods

The adopted computational framework to simu-
late transcatheter aortic valve implantation can be 
roughly divided into four main steps:

• Step 1: Processing of medical images.
• Step 2: Creation of analysis-suitable models.
• Step 3: Performance of all the required analy-

ses to reproduce the entire clinical procedure.
• Step 4: Postprocessing of the simulation 

results and comparison with follow-up data.

Step 1: Medical image processing. 
Preoperative CT examinations were performed 
at IRCCS Policlinico San Matteo (Pavia, Italy) 
using a dual-source computed tomography scan-
ner (Somatom Definition, Siemens Healthcare, 
Forchheim, Germany). To obtain contrast- 
enhanced images an iodinated contrast agent was 
injected. Scan main parameters for cardiac CT 
were as follows: scan direction, cranio-caudal; 

Table 4.1 Procedure data

Patient 1 Patient 2
Date of TAVI 25/01/2010 19/08/2011
Access Transapical Transapical
Anesthesia General General
Valve Edwards Sapien 

XT 26
Edwards Sapien 
XT 26

Total procedure 
time (min)

140 90

Contrast agent 
used (mL)

430 130

Fluoroscopy (min) 8 9
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slice thickness, 0.6 mm; spiral pitch factor, 0.2; 
tube voltage, 120 kV.

The CT data sets were processed using ITK- 
Snap v2.4 [23]. In particular, a confined region 
of interest (i.e., the aortic root from the left ven-
tricular outflow to the sinotubular junction) was 
extracted from the whole reconstructed body 
exploiting the contrast enhancement, cropping, 
and segmentation capabilities of the software. 
Using different Hounsfield unit thresholds, it was 
possible to discern the calcific component from 
the surrounding healthy tissue and evaluate it in 
terms of both location and dimension. Once the 
segmented region was extracted, we exported the 
aortic lumen as well as the calcium deposits as 
stereolithographic (STL) files. With 2D ultra-
sound technique aortic valve leaflets resulted 
visible. Prosound Alpha 10 machine (ALOKA, 
Tokyo, Japan) was used to measure specific leaf-
let dimensions and, in particular, the leaflet free 
margin length.

Step 2: Analysis-suitable models. Herein we 
describe the procedure to obtain analysis-suitable 
models of both the native aortic valve including 
calcifications and the prosthetic device.

Native aortic valve model. The obtained STL 
file of the aortic root was processed implementing 

in Matlab (The Mathworks Inc., Natick, MA, 
USA) a procedure able to define a set of splines, 
resembling the cross-sectional contours of the 
aortic lumen. These curves were used to auto-
matically generate a volume model of the aortic 
root wall, which was finally imported in Abaqus 
CAE software (Simulia, Dassáult Systems, 
Providence, RI, USA) for the finite element anal-
ysis setup. The geometrical model of the aortic 
root obtained by processing the STL file thus rep-
resented the starting point of the finite element 
analysis of TAVI. It is worth noting that we gen-
erated not only the aortic wall but also the native 
valve leaflets in order to get a complete and real-
istic model for the simulations (more details can 
be found in [22]).

Figure 4.4 shows the resulting aortic root 
model in the case of Patient 1; the model is com-
posed of the vessel wall, the native leaflets, and 
calcific plaque. The superimposition of the model 
on the 3D reconstructions derived from medical 
images shows a good correspondence; in par-
ticular, in Fig.  4.4b, c the closed model of the 
native aortic valve, obtained through a simulation 
of valve closure, highlights a good agreement 
between the real patient’s plaques and the posi-
tion of calcific shell elements.

View 1

View 1

Lumen (Real)
Calcium (Real)
Wall (Model)
Leaflets (Model)

Calcium (Model)

a b c

Fig. 4.4 Rendering of the STL file vs. aortic model cre-
ated for simulations: (a) the real aortic root lumen (red) 
and calcifications (yellow) are overlapped to the aortic 
wall model (gray); (b) the closed native leaflets (blue 
mesh) of our model are perfectly matching with real calci-

fications obtained by processing CT images; (c) top view 
is shown. The figure is adapted from [22] (For interpreta-
tion of the references to color in this figure caption, the 
reader is referred to the web version of the book)
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For the sake of simplicity, the material for the 
native aortic tissues is assumed to be isotropic 
and homogenous, as already assumed in [19, 24]. 
In particular, a nearly incompressible reduced 
polynomial form, calibrated on experimental 
data obtained from human samples for each sin-
gle leaflet and sinus [25], was used to reproduce 
material behavior. Aortic wall and native valve 
leaflets are assumed to have a uniform thickness 
of 2.5 and 0.5 mm, respectively [18]. Following 
[19], calcified tissue is assumed to be character-
ized by an elastic modulus of 10 MPa, a Poisson 
ratio of 0.35, and a density of 2000 kg/m3, while 
the thickness of calcific shell elements is chosen 
equal to 1.4 mm.

Prosthesis model. Both patients were treated 
with an Edwards Sapien XT size 26 device. A 
faithful geometrical model of the device is based 
on a high-resolution micro-CT scan (Skyscan 
1172 with a resolution of 0.17  μm) of a real 
device sample. Regarding the prosthetic valve 
leaflets, there are different beliefs concerning the 
constitutive characteristics of bovine pericardium 
after the fixation process. In the present work, we 
model the leaflets as an isotropic material [26] 
and, in particular, an elastic modulus of 8 MPa, 
a Poisson coefficient of 0.45, and a density of 
1100 kg/m3 are used following [27].

Step 3: Finite element analyses. The TAVI 
procedure is a complex intervention composed 

of several steps; to realistically reproduce the 
whole procedure, we set up a simulation strategy 
consisting in the following two main stages:

• Stent crimping and deployment: In this step, 
the prosthesis stent model was crimped to 
achieve the catheter diameter which, for a 
transapical approach, is usually 24 French; 
then, the prosthetic stent was expanded within 
the patient-specific aortic root to reproduce 
the implantation due to balloon expansion.

• Valve mapping and closure: The prosthetic 
leaflets were mapped onto the implanted stent 
and a physiological pressure was applied to 
virtually recreate the diastolic behavior of the 
implanted device.

All the numerical analyses were nonlinear 
problems involving large deformation and con-
tact. For this reason, Abaqus Explicit (Simulia, 
Providence, USA) solver was used to perform 
large deformation analyses.

Stent crimping and deployment. A cylindri-
cal surface was gradually crimped from an initial 
diameter of 28 mm to a final diameter of 8 mm 
(24 French). For the setup of stent apposition 
simulation (see Fig. 4.5a), the deformed configu-
ration of the stent was then reimported taking into 
account as initial state the tensional state resulting 
from the crimping analysis. To reproduce stent 
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Fig. 4.5 Procedural steps of TAVI reproduced through a 
computer-based simulation strategy: (a) the crimped 
stent is properly placed inside the aortic root model; (b) 
the stent is expanded within the patient-specific aortic 

root; (c) prosthetic leaflet closure is reproduced to evalu-
ate postoperative performance. The figure is adapted 
from [22]
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expansion, a pure and uniform radial displace-
ment was gradually applied to the nodes of a rigid 
cylindrical surface, which was assumed to repre-
sent the wall of the expanding balloon. The rigid 
cylinder was widened from an initial diameter of 
6 mm to a final diameter of 26 mm. During stent 
expansion the balloon axis remained always fixed. 
This assumption could be accepted as observed 
through intraoperative angiography which showed 
negligible axis rotation and translation.

Valve mapping and closure. Following the 
procedure presented in [18], to reproduce the 
realistic behavior of the prosthetic device and 
evaluate the postoperative prosthesis perfor-
mance, the prosthetic leaflets were mapped onto 
the implanted stent: precomputed displacements 
were assigned to the base of the valve and to the 
nodes of the leaflet commissures, which allowed 
to achieve a complete configuration of the 

implanted prosthetic device, as shown in Fig. 4.5c. 
Consequently, given the complete model of the 
implanted prosthetic device, we are able to repro-
duce the patient-specific post-operative behavior 
of the Sapien XT valve in terms of cyclic valve 
opening/closing. To simulate valve behavior at 
the end of the diastolic phase, a uniform physi-
ologic pressure of 0.01 MPa was applied to the 
prosthetic leaflets.

Step 4: Postprocessing and simulation out-
comes. The results obtained with the developed 
computational tools can be classified into two main 
groups: (1) from the simulation of stent expansion 
we can evaluate the impact of the metallic frame 
of the stent on the native calcified aortic root wall; 
(2) from the simulation of valve closure, we can 
predict the postoperative device performance.

In Fig.  4.6 von Mises aortic wall stresses 
induced by stent expansion are shown from two 
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Fig. 4.6 Impact of the prosthesis implant on the aortic 
root: von Mises stress [MPa] distribution along the vessel 
is reported to evaluate the interaction between the pros-
thetic stent and the aortic root wall; a huge difference in 
terms of maximum stress values is observable. This is 

attributable to the position and extension of calcifications 
of the aortic root as well as to the preoperative configura-
tion of the aortic annulus: for Patient 2 a very irregular 
and elliptic shape has been extracted from CT images. 
The figure is adapted from [22]
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different views for the two considered patients. 
Such a distribution should be ideally uniform, 
resembling a homogeneous interaction of the 
stent prosthesis with the aortic root base. The pre-
sented results suggest instead that the stresses are 
not uniformly distributed. In particular, in both 
cases, spots of concentrated stresses are visible in 
correspondence of the adhesion between the inner 
aortic wall and the metallic frame of the stent.

In Fig.  4.7a, a contour map representing the 
pointwise distance between the basal stent crown 
of the expanded stent and the inner aortic wall is 
shown. Higher values (up to 2 mm) are obtained 
for Patient 2 while a good and uniform degree 
of adherence is achieved after stent expansion 
in Patient 1. Such results are also confirmed by 
Fig. 4.7b where two proximal cross sections of the 
implanted device are represented. Greater orifices 
(for a total area of 36.9 mm2) between the stent and 
the aortic root wall are found for Patient 2 than for 
Patient 1 whose area associated with paravalvular 
leakage is negligible being equal to 4.1 mm2.

The native morphology of the aortic root and, 
in particular, the quantity and position of calci-
fications may induce a noncircular shape to the 
implanted device. In both cases, an elliptical 
shape of the device is obtained.

4.3.3  Discussion of the Obtained 
Results

It is well known and extensively reported in the 
literature that the selection of prosthetic device 
size and type is very important to avoid (or, at 
least, reduce) aortic regurgitation and/or other 
TAVI complications. Such a critical choice not 
only depends on annular dimensions but also on 
the complex native aortic root morphology, as 
well as on position and dimensions of calcifica-
tions [28]. Computational analyses, which take 
into account both the patient-specific structure 
of the native aortic valve and an accurate evalua-
tion of calcifications, can be used to predict sev-
eral parameters which, being of clinical interest, 
can support and guide device selection. In Sect. 
4.3 of the present chapter, a complete framework 
to reproduce transcatheter aortic valve implan-
tation has been developed and applied to two 
real clinical cases. Stress distribution is char-
acterized by concentrated spots of higher stress 
values induced by the contact between the stent 
and the aortic wall (see Fig. 4.6). Additionally, 
in agreement with [12], high values of the maxi-
mum principal stress are obtained in the aortic 
regions close to calcifications. On one side, 
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Fig. 4.7 Evaluation of the degree of apposition between 
the prosthesis stent and the patient-specific root anatomy: 
(a) the reconstructed model of the aortic root is repre-
sented in light gray, while the stent is shown in dark gray; 
on the basal crown of the stent, which, at the end of 
implantation, should completely adhere with the aortic 
annulus, a contour map of the radial distance [mm] 

between the inner aortic wall and the outer surface of the 
implanted stent is represented; (b) for both patients a 
cross section at the proximal side of the implanted device 
allows to highlight the holes between the stent and the 
aortic root wall, responsible for paravalvular leakage. 
Both figures are adapted from [22]
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higher stress values can be related to higher force 
of adherence between stent and aortic wall; on 
the other side, high stress patterns concentrated 
in the annular region can indicate a major risk 
of aortic rupture [29] which is a possible TAVI 
complication leading to cardiac tamponade and 
subsequent fatal events. If aortic rupture is quite 
unusual, paravalvular leakage is one of the most 
frequent complications which may occur after 
TAVI due to incomplete adherence of the pros-
thetic stent to the aortic wall. For both consid-
ered patients, we can quantitatively evaluate 
the area of the perivalvular holes, which can be 
assumed to be proportional to the amount of ret-
rograde perivalvular blood flow (i.e., perivalvu-
lar leakage). Interestingly, the obtained results 
are in agreement with postoperative medical 
data. Indeed, as reported in Fig.  4.8, quantita-
tive postoperative Doppler echocardiography 
has highlighted a significantly higher regur-
gitant flow in Patient 2 than in Patient 1, as 
observable by the diastolic recording. Also post-
implant angiographic movies showed an agree-
ment with our results since the postoperative 
retrograde flow, highlighted by a contrast agent, 
was qualitatively much more visible in Patient 2 
than in Patient 1. Finally, the computed eccen-
tricity of the implanted stent indicated that 
for both patients the positioned stent assumed 
a noncircular shape. For Patient 2 a slightly 
worst scenario was predicted. Eccentricity of 
the implanted stent directly influences valve 

closure and, in particular, coaptation. In fact, the 
occurring nonsymmetric closure is attributed to 
the elliptical stent configuration, in agreement 
with results by [30] showing that one leaflet 
closes below the other two producing a small 
central gap responsible for a regurgitant flow 
(see Fig. 4.8b). Even though we think that the 
geometrical asymmetry of the stent is the main 
determinant of the central gap obtained dur-
ing diastole, it is worth highlighting that the 
choice of the leaflet material model, which has 
been proven to have a strong impact on coapta-
tion values [31], may alter the obtained results. 
However, the resulting intravalvular gap is in 
agreement with follow-up evaluations which, in 
both patients, have highlighted a central “mild 
intraprosthetic leak” (extraction from postoper-
ative medical reports of Patient 1 and Patient 2).

4.4  An Application 
to Self- Expandable Devices

In this section we present the predictive capabili-
ties of the engineering models for the implanta-
tion of self-expandable transcatheter aortic valve 
device, again in patient-specific cases, with a 
special focus on the impact of prosthesis posi-
tioning on procedure outcomes. More details are 
reported in the paper by Morganti et al. [32]. The 
aim is to show that, through computational mod-
els and analyses, optimal positioning of the valve 

a b

Fig. 4.8 Postoperative Doppler echocardiography records show a lower retrograde blood flow for (a) Patient 1 than for 
(b) Patient 2. The figure is adapted from [22]

S. Morganti et al.



39

(that can be highly affected by patient-specific 
valve morphology and calcifications) can be a 
priori computed.

4.4.1  Finite Element Analysis: 
Materials and Methods

To set up the stent expansion analysis we followed 
the framework introduced in [22]. Accordingly, 
ITK-Snap v.2.4 was adopted to extract the STL 
representation of the aortic root and calcific depos-
its from CT images of a 75-year-old male patient. 
An in-house code was used to process the STL 
file and generate the finite element mesh of the 
aortic root (modeled with tetrahedral elements) 
including the native leaflets (modeled with shell 
elements under the assumption of a uniform). 
The lines of leaflet attachment and the leaflet 
free-margin lengths were obtained from the CT 
3D reconstruction and from short-axis ultrasound 
images, respectively. The smaller calcific spots 
and, especially, those extracted at the ascending 
aorta level were not considered. The STL file of 
calcifications was then processed using VMTK 
(Vascular Modeling ToolKit, http://www.vmtk.
org) to extract a regular tetrahedral mesh. Given 
the comparative nature of the present study 
focused on the prosthetic device postoperative 
configuration and performance, simplified elastic 
properties were adopted to model the aortic tis-
sue, the native leaflets, and the calcifications.

The Abaqus Explicit solver was used for all 
the simulations presented in this chapter section. 

A kinematic constraint was defined to couple the 
motion of the calcific deposits on the leaflets and 
the leaflets themselves. The Corevalve model 
(size 29) was generated from a micro-CT scan 
of the actual device that allowed a very accurate 
geometrical reconstruction. The Abaqus built-in 
constitutive model able to reproduce the super- 
elastic effect was used, with material properties 
assigned to the hexahedral elements of the struc-
tured stent mesh according to [33]. The simula-
tion of prosthesis implantation was performed 
in two steps: first, as sketched in Fig.  4.9c, the 
stress-free open configuration of the device is 
crimped within a rigid cylinder modeled with 
surface elements to a diameter of 6  mm (18F), 
then the rigid catheter is gradually removed 
with a sliding upwards movement to let the stent 
expand exploiting the Nitinol super-elastic effect 
(as depicted in Fig. 4.9d). Finally, the prosthetic 
valve was mapped inside the implanted stent 
and physiologic uniform pressure applied to 
the leaflets to reproduce the diastolic behavior 
(Fig. 4.9e). In Fig. 4.10 the main simulation steps 
are shown.

The simulation strategy described above was 
implemented and repeatedly used to evaluate the 
impact of different positioning choices on pros-
thesis postoperative configuration and perfor-
mance. In particular, three different implantation 
depths and angles were analyzed, as summarized 
in Fig. 4.11. The implantation depth d is defined 
as the distance between the lower end of the pros-
thesis metallic frame and the aortic annulus level 
(corresponding to the plane passing through the 

a b c d e

Fig. 4.9 Sketch of the simulation workflow. (a) Native 
aortic valve model reconstructed in the diastolic phase 
from CT images and ultrasound measures; (b) native 
valve opening; (c) Corevalve stent configuration after 

crimping; (d) Corevalve stent expansion; (e) prosthetic 
leaflets mapping inside the stent and valve closure. The 
figure is adapted from [32]
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three nadirs of the sinuses). The implantation 
angle ϕ is defined as the angle between the tan-
gent of the aortic root centerline at the annulus 
level and the axis of the crimped device (i.e., 
before expansion).

4.4.2  Postprocessing 
and Simulation Outcomes

Each simulated configuration was post-processed 
to extract quantitative measures of (1) prosthetic 
stent deformation, (2) grade of device apposi-
tion, and (3) prosthetic valve performance. In 
particular, stent deformation was evaluated by 
 measuring the eccentricity of the device cross 
section. In Fig. 4.12 an example of eccentricity 
measurement is reported for the configuration 
named T2 (see Fig. 4.11): On the left, three rep-
resentative cross sections (at the bottom, middle, 

and top of the stent) are shown. The nodes of 
the stent corresponding to the specific cross sec-
tion were extracted (red dots in Fig. 4.12a) and 
used to fit an ellipse (blue line) from which the 
minor (a) and major (b) axes are highlighted. The 
eccentricity was evaluated as the ratio between 
the two axes: e = b/a. As an example, the curve 
representing the eccentricity along the device 
height is shown in Fig. 4.12b.

The grade of device apposition and, con-
sequently, a correspondent measure of device 
anchoring could be evaluated by measuring the 
area of the contact surface between the stent and 
the aortic root (that we call stent-root interaction 
area). In particular, we considered only the ele-
ments of the aortic root whose contact pressure 
after stent expansion simulation was greater than 
zero and, then, we summed the areas of all the 
considered element faces belonging to the internal 
surface of the root. Such a “contact” measure could 
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Fig. 4.11 Summary of the simulated device configura-
tions within the patient’s aortic valve model; we name 
each configuration as follows: T0, the device is implanted 
with its lower end 1 mm below the annulus level; T1, the 
device is implanted with its lower end 4 mm below the 
annulus level; T2, the device is implanted with its lower 

end 8 mm below the annulus level; T1_R−10, the axis of 
the crimped device forms an angle of −10° with the axis 
of the aortic root; T1_R+10, the axis of the crimped device 
forms an angle of +10° with the axis of the aortic root. 
Figure adapted from [32]

1. Stent crimping 2. Catheter removing 3. Stent self-expansion Top view

Fig. 4.10 Procedural steps of Corevalve implantation reproduced through a computer-based simulation strategy

S. Morganti et al.



41

be improved and completed by a measure of the 
stress induced in the aortic root due to stent contact 
after expansion. The risk of paravalvular leakage 
could be associated with the mismatch (i.e., missed 
adhesion) between the implanted Corevalve stent, 
on one side, and the aortic valve structure (includ-
ing calcifications), on the other side. Following the 
strategy proposed in [22], the index of potential 
paravalvular leakage was related to the total area 
of such mismatch generating paravalvular orifices 
(highlighted by a red line in Fig. 4.13) measured 
taking a cross section of the whole model in the 
plane (Ω in Fig.  4.13b, c) through the three end 

points of the prosthetic leaflet commissures (C1, 
C2, and C3 in Fig. 4.13a). Finally, the coaptation 
area, measured as the total area of the leaflet ele-
ments in contact with each other, was computed to 
evaluate prosthetic leaflet performance.

4.4.3  Discussion of the Obtained 
Results

In this case, computational tools allowed to evaluate 
the impact of the positioning on the postoperative 
configuration and performance of the prosthetic 
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Fig. 4.12 Postprocessing of simulation outcomes: mea-
sure of post-implant stent eccentricity. (a) Three represen-
tative cross sections of the implanted device are shown; 

(b) the obtained eccentricity is plotted for 21 equally 
spaced stent sections. Figure adapted from [32]
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Fig. 4.13 Measure of the risk of paravalvular leakage: 
(a) top view of the prosthetic device; the three end points 
of the prosthetic leaflet commissures (C1, C2, and C3) are 
highlighted; (b) the plane Ω passes through the points C1, 

C2, and C3; (c) the cross section of the valve at the level 
of the plane Ω is taken into account to identify eventual 
paravalvular orifices and compute their area. The figure is 
adapted from [32]
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device used for percutaneous aortic valve replace-
ment. Finite element models were developed to 
achieve this goal starting from medical images of 
a real case, allowing to obtain the following results:

• Postoperative prosthetic valve configuration 
(in terms of stent deformation and leaflet 
coaptation): Measurements of the elliptic 
shape of the implanted device were used to 
evaluate stent deformation. In Fig.  4.14a the 
eccentricity (measured as described in Sect. 
4.4.2 of the present chapter) is plotted versus 
the stent height for configurations T0, T1, and 
T2, highlighting the impact of the positioning 
depth d, and in Fig. 4.14b for configurations 
T1, T1_R−10, and T1_R+10, highlighting the 
impact of the positioning angle Φ. The maxi-
mum distorsion (e  =  1.32) was obtained for 
the T1_R−10 configuration, while the most 
regular post-implant geometry was observed 
in the T1_R+10 configuration.

It is well known that the performance of the 
implanted valve is strongly affected by device 
deformation [34, 35] and results show that the 
device implantation strategy (i.e., the combina-
tion of implantation depth and angle) significantly 
affects stent distortion. In particular, Fig.  4.14a 
shows that the lower the valve is implanted, the 
worse is the situation in terms of postoperative 
stent regularity and symmetry, even if only one 
configuration (i.e., T2) leads to very poor results 
with an eccentricity higher than 10%, highlight-
ing an incomplete expansion of the metallic 
frame at almost all levels. The implantation angle 

also affects device deformation inducing, in one 
case (i.e., T1_R+10), a significant improvement 
in terms of regularity and, in the other case (i.e., 
T1_R−10), a relevant worsening (see Fig. 4.14b).

It is interesting to observe that such a measure 
of post-implant stent distortion is related to the 
measure of valve coaptation (Fig. 4.15): configu-
rations T2 and T1_R−10, which show a higher 
stent distortion, as reported in Fig.  4.14, are 
characterized by lower values of coaptation area 
(54.8 and 60.3 mm2) while the other three con-
figurations, which show similar distortion level, 
are associated with similar values of coaptation 
area. This result confirms that the deformation of 
the metallic frame of the prosthetic device affects 
the configuration of the leaflets, as already dem-
onstrated by [35].

• Measure of paravalvular leakage: The grade of 
mismatch (in terms of paravalvular orifice area) 
between the expanded stent and the internal 
aortic root surface was measured in the plane 
passing through the three commissural points 
of the prosthetic valve, as already mentioned 
and shown in Fig. 4.13. The obtained values are 
reported for each configuration in Table 4.2.
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Fig. 4.14 Measure of stent cross-section eccentricity for each simulated configuration. The figure is adapted from [32]

Table 4.2 Measures of prosthetic valve paravalvular 
leakage for each simulated configuration

Configuration Paravalvular orifice area [mm2]
T0 6.8
T1 12.9
T2 18.6
T1_R−10 5.3
T1_R+10 8.7

S. Morganti et al.



43

As reported by [36], the performance of the 
percutaneous procedure and, in particular, the 
occurrence of aortic regurgitation are affected 
not only by stent deformation but are also related 
to the size of the patient’s annulus and to the 
degree of native valve calcifications. The model 
here presented included both these ingredi-
ents, which were accurately reconstructed from 
patient- specific images, thus allowing a quantita-
tive evaluation of the lack of congruence between 
the native calcified valve and the device. Such a 
prosthesis- host mismatch, possibly due to inap-
propriate sizing or nonuniform expansion related 
to extensive calcifications, was measured in 
terms of paravalvular orifice dimension. As sum-
marized in Table 4.2, the lower-implanted device 
(T2) leads to the worst scenario with an associ-
ated mismatch area of 18.6 mm2. It is worth not-
ing that the obtained values could be reduced by 
device adjustment (which may occur some days 
after treatment) or by post-valve implant re- 
ballooning, which are both complex phenomena 
not included in our simulations. However, the 
medical operators can consider the simulation 
result itself as a prediction of the potential need 
of re-ballooning.

• The measure of the stent-root contact area as 
well as the measure of the average and maxi-
mum root wall stress may represent an 

indication of the grade of stent apposition and 
device anchoring; they are thus measured for 
each simulated configuration and reported in 
Fig. 4.16a, b.

The device anchoring and, from the opposite 
point of view, the risk of device migration can 
be quantitatively evaluated both from the aver-
age stress σav induced by the prosthesis expan-
sion in the aortic root (also associated with 
the radial forces of the metallic frame which 
tends to recover its expanded configuration 
once extracted from the catheter) and from the 
stent-root interaction area. As expected, the two 
measures are related: in fact, higher values of 
σav are associated with higher values of contact 
area between the frame and the native aortic 
structure (see configurations T1, T1_R+10, and 
T1_R−10), which could highlight a superior 
anchoring of the prosthesis. On the contrary, 
lower values of σav are associated with lower 
values of interaction area (configurations T0 
and T2), which could reveal a higher risk of 
device migration. Our results thus show that the 
stent-root interaction can be largely affected by 
implantation depth. All these information and 
data can be conveniently shared and discussed 
to the surgeon, and used to optimally plan the 
intervention or at least to predict (and avoid) 
possible complications.
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Fig. 4.15 Measure of prosthetic valve coaptation for each simulated configuration. Figure adapted from [32]
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4.5  Conclusions

In the present chapter, the potential of computer- 
based simulations as a supporting tool for medi-
cal operators during TAVI has been presented and 
discussed. The predictive capabilities of numeri-
cal analyses can really guide the decision-making 
process for very critical cases, when deciding 
the prosthetic device (and its size) providing the 
best possible performance, as well as the opti-
mal placement strategy, is not a trivial task for 

different reasons (LVOT morphology, amount 
and distributions of calcifications, etc.).

We have demonstrated that the outcomes 
of TAVI for both balloon-expandable and self- 
expandable devices can be preoperatively evalu-
ated based on high-resolution CT scans (routinely 
performed). In particular, treatment outcomes are 
predicted in terms of device deformation after 
implantation and consequent prosthetic valve 
performance and coaptation, potential pres-
ence of paravalvular leaks, anchoring conditions 
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(to avoid migration), and stress distributions 
within the aortic and cardiac wall (to predict 
possible local tissue damages or bundle branch 
impairment).

In the future, such results may be even 
improved by including fluid-structure interaction 
analyses providing an estimation of the postoper-
ative hemodynamic conditions. A more extensive 
validation study including a consistent number 
of patients has still to be performed. However, 
at present, the premises of computer- based pre-
dictive simulations have shown to be more than 
bright.
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Abbreviations

∆P Change in pressure (i.e. aortic 
transvalvular pressure gradient)

EOA Effective orifice area
GOA Geometric orifice area
PVL Paravalvular leakage
RBC Red blood cell
SAV Surgical aortic valve
SAVR Surgical aortic valve replacement
SCLT Subclinical leaflet thrombosis
STJ Sinotubular junction
TAV Transcatheter aortic valve
TAVI Transcatheter aortic valve implantation
ViV Valve-in-valve
WSS Wall shear stress

5.1  Introduction

Heart valves ensure unidirectional blood flow 
throughout the cardiac cycle, and their operation 
is directly controlled by the pressure difference 
and local flow dynamics upstream and 
downstream of the valve. This passive mechanism 
implies that the interaction between the valve 
components and their surrounding fluid 
environment is critical to optimal valve function. 
As a consequence, the haemodynamics, or blood 
motion, within the aortic root provides crucial 
information and indicators about the performance 
and prognostication of heart valves. Analyses of 
these haemodynamics enable improved design of 
prosthetic replacement heart valves by enhancing 
the valve performance. Taking inspiration from 
the flow dynamics observed in healthy, 
physiological valves, such as vortex generation 
patterns, may aid the improvement of the valve 
performance as well as improving less quantifiable 
flow properties such as turbulence levels or 
stagnation zones. In fact, non-physiologically 
high blood shear can result in blood damage in 
the form of haemolysis and/or platelet activation, 
whilst at the other extreme, low shear can lead to 
blood stagnation and thrombosis, with coagulation 
occurring more quickly on artificial surfaces [1].

Native valve pathologies, such as senile 
calcification, can severely alter the local flow 
downstream of the aortic valve, impairing its 
function. When the haemodynamic performance 
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is deemed to be insufficient and the native valve 
is replaced with a prosthetic valve, the 
haemodynamics of the region would ideally be 
returned to the healthy physiological state, but 
the current level of clinical intervention does not 
allow a full recovery of the optimum valve 
haemodynamics and results in increased peak 
blood flow velocity, formation of stagnant regions 
within the Valsalva sinuses, and/or local flow 
characteristics that increase the risk of 
haemolysis.

The non-invasive nature of transcatheter aortic 
valve implantation (TAVI), also called transcath-
eter aortic valve replacement (TAVR), provides 
treatment for patients who would be too weak for 
surgery, but also results in the calcified native leaf-
lets being kept in the aortic region, left in a forced 
open position between the prosthetic valve and 
the sinuses of Valsalva. As a consequence, besides 
the non-optimum haemodynamics comparable to 
those of a surgical aortic valve (SAV) procedure, 
TAVI results in further changes to the local flow 
dynamics. In order to fully clarify and interpret 
these changes, some basic review of the critical 
haemodynamic factors affecting the valve safety 
and performance is necessary, as well as a sum-
mary of the haemodynamic conditions occurring 
in healthy and pathological native valves and after 
correction with bioprosthetic SAVs and TAVs.

5.2  Haemodynamic 
Considerations

The pulsatile nature of blood flow results in four 
distinct stages of the cardiac cycle for the aortic 
valve: opening, open, closing, and closed.

As valve opening is initiated, it is important 
that the valve provides minimal resistance, 
promptly reconfiguring to offer the largest pos-
sible orifice area of the valve and, hence, con-
serve as much of the energy and pressure of the 
flow as possible [2]. In this stage, the valve 
resistance is related to the energy needed to 
reverse the leaflet curvature between the shut 
and open configurations. A prompt opening, 
requiring lower pressure differences across the 
valve leaflets, results in minimum flow energy 

loss, and lower levels of strain and stress in the 
leaflets [2].

During the ejection phase, the widest valve 
opening is desirable, as it would utilise as much 
of the aortic lumen as possible, reducing the ener-
getic losses. The valve opening is quantified by 
the geometric orifice area (GOA), defined as the 
smallest transversal section encompassed within 
the open leaflets at the maximum systolic pres-
sure. However, this parameter is difficult to mea-
sure in clinical environments and is not directly 
related to the systolic performance of the valve. 
In fact, the effective dimension of the ejected 
flow does not only depend on the area of the 
valve passage, but also on the downstream jet 
contraction due to leaflet profile and the exten-
sion and location of the vortices generated at the 
valve exit. Hence, a more indicative quantifica-
tion of the haemodynamic efficiency during valve 
opening is provided by the effective orifice area 
(EOA), which corresponds to the cross-sectional 
area of the blood streamtube (a tubular region of 
fluid delimited by streamlines, i.e. lines locally 
parallel to the flow) ejected through the valve 
during systole, at the downstream point of its 
maximum contraction (vena contracta) [3, 4]. 
The EOA is directly proportional to the systolic 
flow rate and inversely proportional to the trans-
valvular pressure drop (∆P) across the valve and 
can be easily estimated in vivo and in vitro. GOA 
and EOA are directly related to the cross-section 
geometry of the jet flow contraction. Another fac-
tor that may introduce fluid energy losses, con-
curring to increased ∆P, is the presence of 
turbulence generated by non-physiological peak 
blood velocities [5].

Valve closure is determined by a combination 
of reverse transvalvular pressure, associated with 
the drop in pressure in the left ventricle due to 
diastolic relaxation, and the action of the vortices 
in the sinuses, which guide the leaflets profile 
before and during closure [6]. The synergy 
between these two mechanisms reduces the clos-
ing regurgitant volume and the loss of flow 
energy. Similar to valve opening, a reduced resis-
tance to the change in leaflets’ curvature also 
contributes to reduce the stresses in the leaflets 
and minimise the energy consumed during 
closing.
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Once the valve is fully closed, the main factor 
responsible for the loss of performance is the 
leakage of blood from the aorta to the ventricle. 
In the case of native valves, this is typically due 
to valvular incompetency (intra-valvular leak-
age). For prosthetic valves and, in particular, 
TAVI devices, paravalvular leakage (PVL) exter-
nal to the functional leaflets, occurring through 
potential gaps between the implanted valve and 
the surrounding host tissues, can be a major con-
tributor to the regurgitant volume.

In summary, the overall left ventricular energy 
loss during the valve function is primarily associ-
ated with the ∆P across the aortic valve during 
systole, also related to the EOA, and with regur-
gitation during diastole [7].

However, other fluid dynamic parameters 
acting at a more local scale need to be taken into 
account, in order to evaluate the safety and effi-
cacy of heart valves. As mentioned above, altera-
tion of the physiological flow may induce 
turbulence, which is related to chaotic velocity 
fluctuations, and leads to increased aortic wall 
and leaflet stresses and an elevated risk of hae-
molysis. Also, during the cardiac cycle the levels 
of shear rate and shear stress experienced by the 
blood vary greatly, with undesirable phenomena 
resulting at both non-physiologically high and 
low shear rates [1], promoting red blood cell 
(RBC) damage [8]. High blood shear rate results 
into haemolysis, especially when exacerbated by 
prolonged exposure, with the rupture of RBCs 
releasing their contents, and increasing the plate-
let activation levels and thrombogenicity of the 
blood [1, 9]. Activated platelets are complemen-
tary to the aggregation of RBCs and have been 
identified as the primary cells involved in cardio-
embolism, via haemostasis and thrombosis [10, 
11]. As the flow has a significant role in platelet 
activation, any deviation from the healthy, physi-
ological behaviour is of clinical concern [10]. 
Although there is no consensus on the magnitude 
of turbulent viscous shear stress (calculated as 
the viscous dissipation of turbulent energy) or 
Reynolds shear stress (derived from the effect of 
convective acceleration upon the mean velocity 
profile) to be identified for the threshold of hae-
molysis, it is agreed that the higher the shear 
stress and the longer the exposure, the greater the 

amount of haemolysis [9, 12, 13]. In addition, the 
presence of turbulent blood flow, with associated 
high levels of turbulent stress, can also result in 
platelet activation and endothelial cell damage to 
the vessel walls [14, 15].

On the other end of the scale, shear stresses 
below a threshold of 0.4  Pa increase the likeli-
hood of thrombosis and cell aggregation, with 
platelets adhering to the surfaces leading to the 
formation of thrombi in sizes inversely propor-
tional to the shear forces produced in static and 
low-flow conditions [1, 16–18]. As well as the 
amount of flow stasis, thrombogenicity is affected 
by the amount and type of non-native material in 
contact with the blood, and the blood coagulabil-
ity, dependent upon blood properties such as hae-
matocrit and protein levels and any 
anti-coagulation regimen [18]. Washout of a 
region will decrease the risk of thrombosis, with 
a RBC residence time less than 10 s significantly 
reducing the chance of cell aggregation, and 
blood flow speeds higher than 0.05  m/s drasti-
cally reducing any persistent stagnation [18, 19]. 
The washout effect associated with the vortices 
shed from the aortic leaflets during systole 
reduces the prolonged presence of activated 
platelets in the sinuses of Valsalva [18]. Once 
thrombi form and grow, portions may break away 
from the primary site and block cardiovascular 
vessels, causing downstream areas of the body to 
become starved of oxygen and other nutrients, 
with potentially fatal consequences, such as a 
stroke or myocardial infarction [20]. Even if not 
detached, thrombus formation upon the biopros-
thetic leaflets has been identified as the primary 
event resulting in reduced leaflet motion [21], 
potentially causing suboptimal valve perfor-
mance and flow separation downstream of the 
valve.

5.3  Physiological 
Haemodynamics

5.3.1  Healthy

The proper operating function of the native 
healthy valve is directly controlled by the interac-
tion between the leaflets and the structural/fluid 
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dynamics established in the aortic root (Fig. 5.1a) 
[6, 22, 23]. The valve opens under the effect of an 
essentially radial flow, directed from the valve 
inflow towards the Valsalva’s sinuses and follow-
ing the root wall so as to realign with the root axis 
towards the sinotubular junction (STJ) [24]. This 
mechanism supports a prompt leaflet motion 
towards the open configuration, with the leaflets 

pushed into the sinuses until they assume an 
approximately circular orifice shape [25]. During 
this stage, a jet with a nearly flat velocity profile 
is ejected into the aortic root, with very little 
reverse flow through the aortic annulus during 
systole [25, 26]. At the beginning of systole, the 
interaction between this fast jet and the low iner-
tial flow in the developing boundary layer of the 

a

b

c

i ii iii iv

i ii iii iv

i ii iii iv

Fig. 5.1 Schematics of fluid flow within the aortic root 
throughout the cardiac cycle for physiological (a), post- 
surgical (b), and post-transcatheter valve implantation 
(c) configurations. (a) (i) As the valve opens, radial flow 
directed towards the sinuses from the valve inflow sup-
ports leaflet motion towards the open configuration; (ii) 
the leaflets assume an approximately circular orifice 
shape, as a jet is ejected through the valve, and vortices 
are generated at the leaflets’ edge  -  these vortices are 
subsequently captured within the Valsalva sinuses; (iii) 
at the end of systole, the pressure difference inversion 
and reverse flow generate a vortex ring with the opposite 
rotation, aiding valve closure; (iv) the vortex fills the 
whole sinus in diastole, washing out the region. (b) (i) 
The flow is similar to that in (a), although the presence 
of the sewing ring and covered stent reduces the orifice 
area and results in a vortex at the base of the sinus; (ii) a 
non- physiological vortex forms above the commissure 
stent post, impinging the jet flow, whilst the sinus vortex 
either remains in the sinus or migrates into the aortic 
root, depending on the relative size of the surgical valve. 

If the vortex migrates, a second vortex forms in its stead, 
with opposite rotation direction; (iii) this counter vortex 
is still effective in washing out the sinus and supporting 
valve closure; (iv) similar to A, during diastole, the vor-
tex fills the whole sinus and washes out the region. (c) (i) 
the native leaflets form a permanent pseudo-cylindrical 
structure around the prosthesis, decreasing the sinus vol-
ume, reducing flow in the lower regions of the sinus 
throughout the cycle, and potentially preventing the 
prosthetic valve from fully expanding to its designed 
geometry, thus narrowing the geometric orifice; (ii) the 
vortices generated by the opening of the valve do not 
remain at the bioprosthetic’s leaflets’ edges, but rather at 
the tip of the stationary native leaflets, delaying the 
opening of the valve and reducing sinus washout; (iii) 
during valve closure, the vortical structures observed in 
the physiological configuration are not present, reducing 
washout of the sinuses and delaying valve closure; (iv) 
the sinus filling vortex observed in (a) and (b) is not 
present, reducing washout during diastole
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root results in the formation of vortices at the 
valve exit [26, 27]. These vortices are captured in 
the sinuses throughout the forward flow phase, up 
to the early stages of diastole, disappearing only 
after complete valve closure [26]. As the vortices 
are confined, the central jet flow is unrestricted as 
it spreads out across the aortic root at the STJ, 
occupying most of the root section [26]. The 
presence of the vortices in the sinuses also con-
tributes to stabilise the leaflets’ position during 
the forward flow phase, keeping them away from 
the aortic lumen [27]. The flow becomes more 
complex further downstream in the aortic arch 
[25, 26].

In late systole and early diastole, the pressure 
difference inversion and reverse flow generate a 
vortex ring spinning in the opposite direction to 
that observed after valve opening. Though axial 
pressure alone is sufficient to close the valve, this 
vortical structure promotes a swift and efficient 
closure [27, 28], minimising the closing regurgi-
tation. The location and size of these vortices 
affect the pressure within the sinuses, with opti-
mal position aiding the coronary flow and pres-
sure gradient across the coronary ostia [28]. The 
closing vortex fills the whole sinus throughout 
diastole, providing continuous washout of the 
region, even when the overall blood velocity is 
zero.

Physiological flow conditions are also 
essential in maintaining the healthy mechanical 
properties and function of the tissues of the 
leaflets and root. In fact, together with the annulus 
expansion and contraction during the cycle, the 
physiological opening and closing mechanisms 
described above minimise the levels of shear and 
bending stresses in the leaflets, high levels of 
which would typically result in tissue degrada-
tion [29]. Moreover, it has been reported that the 
majority of aortic valve diseases occur on the 
aortic side of the valve, which might be directly 
linked with the more unstable flow conditions 
and shear rate present on the downstream side of 
the valve, as opposed to the comparably more 
uniform and regular ventricular flow [27]. Altered 
velocity gradients (i.e. shear rate) leading to 
abnormal viscous forces at the root wall have 
been shown to potentially change gene expres-

sions, resulting in endothelial remodelling and 
alterations of the root geometry [30]. Healthy 
aortic root regions experience an average wall 
shear stress (WSS) of 13.3  Pa at peak systole, 
with an increase in WSS towards the leaflet tips 
[31]. Oscillating shear stress at a magnitude 
lower than that experienced physiologically is 
associated with regions prone to atherosclerosis, 
resulting in a far more aggressive and prolifera-
tive phenotype [17].

5.3.2  Pathological and Surgically 
Corrected

Various pathologies can affect the performance 
of the aortic valve, with degenerative aortic valve 
stenosis due to senile calcification currently the 
most prevalent valvular disease, affecting about 
3% of individuals over the age of 65 [32] and 
more than 10% of adults over the age of 75 [33]. 
Treatment of calcific aortic stenosis via pharma-
cological therapies is currently limited and palli-
ative, being unable to reverse or prevent the 
progression of aortic stenosis [34]. As a result of 
the increased leaflet stiffness due to calcification, 
the resultant haemodynamics are altered, with a 
reduction in EOA and less complete closing of 
the valve [27]. As the main jet cross section 
reduces in size, the peak velocity correspond-
ingly increases — for example, a mildly stenotic 
valve of orifice area 1.5 cm2 (for a reference STJ 
diameter of 2.5  cm) can  result in a ∆P of 
20 mmHg and peak jet velocities up to 70% faster 
than in the healthy condition [35, 36]. 
Consequentially, the elevated levels of shear 
stress and turbulence intensity increase the likeli-
hood of damage to the root walls and blood, 
whilst the jet itself is typically angulated and off- 
centred [36]. Combined with commonly asym-
metrical leaflet calcification across the aortic 
valve leaflets, this can result in very complex 
patient-specific conditions, especially when sur-
face irregularities of calcified leaflets are taken 
into account [27].

For a more severe stenosis, the ∆P may rise 
above 40 mmHg and the EOA may drop beneath 
1 cm2, with the outflow jet diameter significantly 
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decreased at the base of the aorta, reducing the 
size of the central jet and increasing the flow’s 
peak velocity by up to four times that of the phys-
iological condition [27, 35]. This is accompanied 
by increased flow separation and highly turbulent 
shear layers between the central jet and the walls 
of the aortic  root, enough to cause damage to 
RBCs and platelets within the flow, and to the 
endothelial cells on the aortic walls [27]. In addi-
tion to the elevated risk of thrombosis and throm-
boembolism, the altered wall shear stress can 
lead to dilation of the ascending aorta, whilst the 
increased force of the faster jet can weaken the 
distal portion of the ascending arch [36].

Valve stenosis can also significantly alter the 
flow in the Valsalva sinus, with the systolic vorti-
ces becoming larger and more distorted, and 
located further from the leaflet tips soon after 
generation [31]. As a result, rather than being 
confined within the sinuses during valve closure 
and enhance the efficiency of this phase, the vor-
tices leave the sinus region during late systole 
[26, 31], causing further deterioration to the car-
diovascular performance. In addition, the reduced 
recirculation in the sinus might be linked to the 
decrease in coronary flow, which has been 
encountered alongside an increase in leaflet stiff-
ness [37].

Surgical valve replacement via bioprosthetic 
substitutes aims to restore healthy functional 
conditions and physiological haemodynamics. 
However, whilst biological tissue valves are more 
biomechanically compatible than their mechani-
cal counterparts, they are still not able to repro-
duce the healthy physiological state (Fig.  5.1b) 
[2, 26]. In fact, the presence of the supporting 
stent and the implantation strategy determine a 
mismatch between the aortic root and the shape 
and position of the prosthetic leaflets. The pres-
ence of the sewing ring and pledget-armed 
sutures used to fix the valve into place at the basal 
annulus, together with the restriction due to the 
stent thickness, result in a reduction of the GOA 
[38]. Similarly, the structures of the man-made 
commissures and the increased stiffness of the 
crosslinked tissue determine the formation of a 
non-physiological vortex above the commis-
sures, which expands as the flow rate decreases in 

late systole. This impinges upon the central jet 
flow [26] and affects the flow in the sinus [39]. 
Depending on the proportion between the bio-
prosthetis and the host root, the start-up vortex 
generated in early systole remains in the sinus, as 
in the physiological case, or migrates into the 
aortic root, narrowing the flow and decreasing the 
potential performance of the valve [26]. In its 
stead, a second vortex forms in the sinus, with a 
direction of rotation opposite to that of the initial 
vortex, which is still effective in providing 
washout of the sinuses and supporting valve 
closure  —  the configuration produces similar 
levels of regurgitation to a larger surgical valve 
with vortical structures more closely aligned to 
those observed physiologically [26].

All these factors contribute towards producing 
a slightly stenotic valve performance, 
characterised by an increase of peak jet velocity 
and ∆P of 70% and 60% respectively, whilst the 
EOA reduces by 30%, when compared to that of 
a native valve in the same size aortic root [26, 
40]. The smaller leaflet lengths appear to reduce 
the closing regurgitant volume, mitigating some 
of the loss due to the  smaller EOA [26]. 
Bioprosthetic valve performance can be 
improved by using stentless configurations, 
which give less forward flow obstruction and 
improved haemodynamic performance com-
pared to their stented equivalents [40]. However, 
their production and implantation procedure are 
more complex, and their performance can be 
affected by the irregularity of the host anatomy, 
and by procedural inaccuracies. In fact, the leaf-
lets are normally designed to operate properly in 
a regular circular configuration, which is diffi-
cult to attain in the absence of a supporting stent. 
Generally, stentless valves are reported to restore 
flow velocities closed to the physiological ones, 
and better coronary flow than their stented equiv-
alents, due to the resultant lower transvalvular 
pressure drop and the decreased turbulence 
downstream of the valve [41].

The leaflets of bioprosthetic valves are usually 
constructed out of porcine or bovine tissue [42], 
which makes them vulnerable to calcification, 
resulting in valve stenosis and associated higher 
∆P and peak blood flow velocity [40]. Leaflets 
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have been constructed from polymeric materials 
to prevent calcification, but these tend to have 
more constricted flow orifices, reducing valve 
performance, decreasing the central jet diameter, 
and increasing the shear stresses experienced by 
the blood flow [43]. 

5.3.3  TAVI Haemodynamics

Transcatheter valves merge some of the features 
of stented and stentless bioprosthetic valves, 
maintaining the presence of a frame which sup-
ports and leads the prosthetic leaflets’ attachment 
line, but minimising its thickness to about 0.5 mm 
[44, 45]. Due to the presence of the pathological 
native leaflets, the functional orifice area of the 
transcatheter aortic valve (TAV) may be limited 
by the irregularly calcified native valve leaflets, 
and operate at a configuration that is suboptimal, 
normally smaller than the fully expanded design 
geometry [46, 47]. In fact, the nature of the 
implantation procedure, whether trans-femoral, 
trans-apical, or otherwise, implies an inherently 
increased level of variability of prosthetic valve 
positioning than in an equivalent surgical aortic 
valve replacement (SAVR) procedure [48]. 
Deviation from the ideal position by a few milli-
metres can potentially result in alteration of val-
vular haemodynamics, decreased ventricular 
performance, decreased TAV durability, seal zone 
mismatch leading to severe PVL, coronary artery 
obstruction, conduction abnormalities, and/or 
increased wall stress potentially resulting in valve 
embolization or annulus rupture [48, 49]. 
Moreover, implanting the TAV into an annulus 
with a relatively high degree of ovality, exacer-
bated by heavy calcification or an inhomogeneous 
implantation layer, can result in the TAV itself 
being warped and/or deployed with an oval shape, 
without the possibility to correct this imperfection 
[46, 50]. High level of eccentricity may lead to 
large increase in regurgitation, probably due to the 
lack of leaflet apposition [46, 51]. Oversizing is 
commonly used to overcome this issue and attain 
more secure valve anchoring, but it can adversely 
affect the valve haemodynamics [52, 53]. In fact, 
excess leaflet tissue relative to the stent orifice 

area results in severe/moderate stenosis of the 
TAV, increasing ∆P by up to three times [54].

Despite the mentioned limitations, 
transcatheter valves still result in reduced patient 
prosthesis mismatch compared to SAV, as the 
valve expands to fit into an annulus which, in 
turn, distends to an extent, accommodating a 
better valve fit [45]. As a result, the procedure is 
normally characterised by a larger increase in the 
systolic performance, with ∆P below 10 mmHg 
and EOA up to 2.0  cm2, for a reference STJ 
diameter of 2.5  cm, with this performance 
maintained at follow- up [45, 55].

Nevertheless, the fluid dynamics of the region 
after TAVI are different to both the healthy native 
aortic region and a post-SAVR aortic region 
(Fig. 5.1c), with some of the prominent compli-
cations observed being flow separation regions 
downstream of the valve, energy losses across the 
valve, non-physiological coronary flow, and PVL 
[42]. Further complications can also occur down-
stream of the valve, and TAVI is associated with 
an increased risk of stroke, cerebral embolism, 
and silent ischaemic lesions post-implantation 
[56–59].

The difference in flow pattern is mainly due 
to the fact that the calcified leaflets are not 
removed during the implantation, but rather 
radially displaced into the Valsalva’s sinuses, in 
a permanently open position. As a result, the 
volume of these sinuses is reduced by the pres-
ence of the displaced native leaflets, and radial 
flow during systole is confined to the upper 
regions of the sinus, around the free edges of the 
native leaflets [60]. Consequently, average flow 
velocity in the sinuses of Valsalva is reduced to a 
quarter of the physiological velocity, and the 
peak velocity in the region is halved [61]. This 
reduction in the fluid velocity and shear rate 
increases the chance of formation of thrombi 
[24, 62], whose fracture and downstream trans-
portation can eventually lead to neurological 
pathologies [56–59].

The space between the native leaflets and the 
TAV stent can be regarded as a neo-sinus, with a 
size dependent upon not only the geometry of the 
native region and the prosthesis, but also the 
angular orientation of the TAV — non-alignment 
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of the TAV with the commissures may further 
reduce the flow within sinuses [63]. Flow in the 
neo-sinuses may be particularly prone to stagna-
tion and associated thrombosis; so lowering the 
heart rate whilst increasing the stroke volume 
maintains the cardiac output but improves the 
flow in this region, reducing the chance of leaflet 
thrombosis [63]. As previously mentioned, the 
flow within the Valsalva sinuses plays a key role 
in blood supply to the coronary arteries and sinus 
washout [6, 22, 64].

The described configuration of the implant 
also determines major variations in both the fluid 
mechanics and operating mechanisms of the 
valve [24]. In the case of TAVI devices, the start-
 up vortices generated during opening do not hold 
in position at the tip of the dynamic leaflets inside 
the upper part of the sinus, but form further 
downstream at the edge of the native leaflets, 
which act as a continuous wall [24]. This is asso-
ciated with reduced washout of the sinuses [24, 
51] and some delay of around 10 ms in the open-
ing of the valve [61, 65].

During systole, in most designs the valve stent 
prevents the operating leaflets from opening 
beyond 90°, resulting in a narrower, centrally 
located systolic jet [61, 65], characterised by 
higher peak velocities, up to double that in 
healthy native valves [5, 25, 64]. The raised cen-
tral jet velocities produce higher viscous shear 
stresses, up to 6 Pa [51], which, however, is still 
below the haemolytic threshold [60].

During valve closing, the return of fluid in the 
axial direction is not accompanied by the vortical 
structures observed in the physiological configu-
ration, reducing washout of the sinuses [24]. The 
presence of the static native leaflets also alters 
the effect of the fluid suction generated by the 
closing leaflets upon the fluid within the sinuses 
[60]. Consequently, valve closure is delayed by 
about 10  ms [61, 65], and extended and pro-
longed stagnation zones develop between each 
sinus and its corresponding native leaflet 
throughout the entire cardiac cycle, with a shear 
rate below 100 s−1 [24, 48].

During the closed stage, PVL is far more 
common than in SAV, due to the elliptical shape 
of the native annulus combined with heavy cal-

cification of the region, which can lead to a 
reduction of annular sealing [41, 75–77]. 
Asymmetrical deployment may also result in 
intra-valvular leakage, as full closure of the 
leaflets is inhibited by the deployed frame shape 
[46, 66]. The high level of PVL is mitigated to 
an extent by redilation of the prosthesis and, in 
more recent devices, by the use of external skirts 
around the upstream base of the valve frame 
[65, 67]. Despite these improvements, moderate 
and severe PVL is still frequent in TAVI and is 
associated with increased mortality [66]. In fcat, 
PVL produces substantial energy losses in dias-
tole, imposing a higher workload upon the left 
ventricle [54]. This  form of leakage may be 
reduced in the months post- procedure by tissue 
overgrowth from the surrounding physiology 
and/or coagulation of blood filling in the gaps 
between the prosthesis and host tissue. However, 
mild leakages are reported as remaining con-
stants, and the statistics indicating decreases in 
severe or moderate PVL over time may be 
biased by the increased mortality associated 
with higher levels of PVL [66, 68].

The regions of flow stagnation described as a 
result of TAV implantation can lead to thrombo-
embolic complications [60, 64]. In particular, the 
regions of permanent low level of shear rate 
observed at the base of the Valsalva’s sinuses, 
associated with the rheology of blood, lead to a 
substantial increase in the local dynamic viscos-
ity, thus prolonging residence time and producing 
thrombogenic conditions [24]. This effect is miti-
gated in the coronary sinuses, as the flow access-
ing the coronary arteries slightly increases the 
shear stress in the sinus [39]. The sinus flow 
alterations can have a detrimental effect upon the 
coronary reserve, with reductions of up to 20% of 
the coronary flow [22, 69, 70]. This is not neces-
sarily a critical problem, as myocardial demand 
typically reduces as a result of improved left ven-
tricular performance, but this may depend on the 
long-term myocardial needs of the individual 
patient [41].

The effect of TAV on coronary artery flow is 
not agreed upon in the literature. There are 
reports that the post-TAV implantation flow of 
some coronary arteries is increased from the 
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pathological level, thanks to decreased central 
flow velocity, reducing the resultant Venturi 
effect during systole, and improved coronary bed 
pressure gradients [41]. However, there are also 
reports that sinus flow alterations resulting from 
TAVI in aortic roots with low positioned coro-
nary ostia may have a reduction in coronary flow 
by up to 20% [68]. Coronary ostia have an 
increased risk of being obstructed when in the 
vicinity of native leaflets thickened due to calcifi-
cation, a problem exacerbated by using an over-
sized TAV relative to the native region [62, 71]. 
The implantation procedure itself can also cause 
obstruction, whether due to fragmentation of the 
calcified native leaflet during TAV insertion, high 
implantation of the TAV, or as a consequence of a 
balloon expansion method [55].

Non-ideal positioning of the TAV also 
increases the risk of coronary ischaemia and con-
duction abnormalities of the heart, with atrioven-
tricular block occurring after 16% of procedures, 
compared to 1% of SAVR [44, 72–74].

Increased blood residence times have also 
been observed close to the leaflets and around the 
non-physiological neo-sinus zone in general, 
resulting in more thrombotic conditions [75]. As 
a result, risk of clinical thrombotic events is not 
insignificant after TAVI, particularly in the first 
3 months following the implant, with most cases 
occurring within 6 months; although the variance 
in manifestation is large, with some events occur-
ring within 2 weeks of the procedure and others 
not becoming present for over 9 months [76, 77]. 
If the thrombosis does not directly affect the 
valve performance, this may be undetected for 
some time, as subclinical leaflet thrombosis 
(SCLT) results in the presence of lesions and 
reduced leaflet motion, but not to the extent that 
the valve performance is noticeably affected [78, 
79]. Though the performance of the valve is not 
affected, SCLT can be associated with transient 
ischaemic attacks and strokes, so prevention may 
improve long-term clinical outcomes [78]. 
Clinical thrombotic behaviour is observed when 
the thrombosis reduces the mobility of the pros-
thetic leaflets, thus increasing the transvalvular 
pressure drop [76, 77]. Clinical thrombosis is 
treatable by oral anti-coagulation, such as 

Heparin or Warfarin, which restores both TAV 
function and, correspondingly, haemodynamic 
performance for 75% of patients, although this 
anti-coagulation treatment is not a viable option 
for all patients [64, 76]. The increased level of 
co-morbidities of the older patients who require 
TAVI is possibly an important contributing factor 
to thrombosis [79], though it is plausible that the 
valve thrombosis is caused by the leaflets them-
selves, due to the high levels of inflammatory 
cells in the thrombus. In fact, leaflet damage 
occurring during balloon expansion can result in 
native leaflet fissuring, perforation, and endothe-
lial denudation [76, 77], increasing the likelihood 
of thrombosis [78, 79]. It is still debated if the 
metallic frame of TAVs may act as a nidus for 
thrombi until endothelialization occurs, although 
it is plausible that the level of turbulent shear 
stresses in the region should provide sufficient 
washout [64, 76, 79]. Folding or geometric con-
finement of the leaflets may increase the blood 
residence time, indicated as a permissive factor in 
TAV leaflet thrombosis, with no preference to 
occurrence on the leaflet associated with the non- 
coronary sinus [75]. The lower rate of thrombosis 
in bioprostheses when the native valve is excised 
suggests that the lack of native leaflet ablation for 
TAVI may be another source of thrombosis, as 
their presence causes a reduction of sinus wash-
out during systole [24, 63].

5.3.4  Valve-In-Valve

Another relevant application of TAVI is their use 
for the treatment of dysfunctional or underper-
forming bioprosthetic valves [55, 66, 71], by 
expanding the device inside a previously 
implanted prosthesis, in a valve-in-valve (ViV) 
configuration.

The approach further narrows the orifice area, 
and therefore it may not be indicated for patients 
requiring small prostheses, as this additional 
reduction may result in critically reduced valve 
performance [66, 80, 81]. Supra-annular posi-
tioning can help to reduce this negative effect, 
allowing the transvalvular pressure drop to halve, 
but increase the risk of further reduction of the 
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flow in the sinuses [82]. In fact, as the flexibility 
of the stent posts of the host prosthetic valve is 
greater than the annulus, they tend to splay out-
wards, resulting in a ‘flower pot’ arrangement 
[53] which results in a less constrained operating 
configuration for the operating leaflets, especially 
at their free margin. Moreover, this provides a 
wedge effect which improves the securing of the 
valve, especially in the case of balloon- 
expandable devices, where the post-ballooning 
recoil results in the radial forces being reduced as 
the prosthesis is fitted into the rigid section at the 
base of the host stent [83].

Though effective in dropping the energetic 
losses during systole, the ‘flower pot’ arrange-
ment narrows the available access to the 
Valsalva’s sinuses, resulting in further reduction 
of the sinus washout [80]. However, the increase 
in stagnation is less severe in the coronary 
sinuses, as the flow towards the ostia generates 
some motion in the region [39]. Still, the chance 
of coronary obstruction is raised after ViV treat-
ment, especially when the original prosthesis had 
badly calcified leaflets, the ostia are located close 
to the annulus, the aortic region and STJ have a 
narrow diameter, and/or the sinuses themselves 
are particularly narrow [41, 68, 71, 80].

Blood residence time is reported to increase 
also in the neo-sinuses, in proximity of the TAV 
leaflets, with a longer residence time during sys-
tole (about 40% longer) and higher mean value of 
residence time from the end of systole until mid- 
diastole (about 150% longer), elevating the 
thromboembolic risk of the valve [75]. In addi-
tion, other ViV issues include bad positioning of 
the TAV (15% of procedures), leaflet thrombosis 
(4%), coronary artery obstruction (3.5%), and 
increased conduction issues for ViV configura-
tions than for TAVI within a native valve [66, 80].

5.4  Conclusion

Being able to circumvent the necessity of surgery 
when replacing the aortic valve is the vital value 
of TAVI, enabling weak patients who would be at 
high risk of morbidity from surgery to receive life 
changing improvements to their cardiac function. 
However, this primary benefit necessarily comes 

with some drawbacks, which need to be fully 
understood, appreciated, and assessed when pon-
dering the opportunity to expand the crucial 
advantages of TAVI to lower risk patients and 
devising new generation valves.

The presence of the native leaflets reduces the 
sinus volume [60], restricting the flow in the 
Valsalva sinus chambers [61] and minimising the 
development of vortical structures and associated 
flow, especially at the basal end of the sinuses 
[24]. Coronary arteries with particularly low 
ostia seem to be at higher risk of reduced flow or 
blockage by either the native leaflet or a detached 
thrombus from the basal portion of the sinus [62, 
71]. Similarly, the region between the native and 
the bioprosthetic leaflets is also particularly 
prone to stagnation and thrombus formation [75]. 
In the case of valve-in-valve procedures, the 
functional orifice area is further reduced, whilst 
blood residence time in the sinuses is increased 
again due to even more diminished sinus washout 
[66, 80, 81]. These thrombogenic conditions 
could be linked to the increased rates of strokes 
and transient ischaemic attacks [56–59], as well 
as the more recent concern of subclinical leaflets 
thrombosis [78, 79]. Anti-coagulation treatment 
can be used to control these thrombotic concerns, 
although this comes with the inherent risks and 
management of the anticoagulant drugs them-
selves [64, 76].

In terms of orifice area, the TAV’s design and 
method of expansion enables a better fit into the 
annulus than the rigid SAV [45]. However, the 
positioning of transcatheter devices is currently 
less precise and affected by the asymmetries of 
the host region [46, 50], and these factors have 
been linked to increased leakage of the biopros-
thesis [46, 51].

Despite these drawbacks, the resultant blood 
flow through a TAV after implantation is much 
improved from that of a moderately stenotic 
valve — blood velocity is decreased [5, 64], and 
the shear stress of the aortic region is normally 
maintained below the haemolytic threshold [51, 
60]. The bioprosthetis produces good  pressure 
gradients, generally below 10  mmHg [45, 55], 
and these benefits normally outweigh the disad-
vantages highlighted above, especially in high- 
risk patients.

J. Salmonsmith et al.



57

References

 1. Corbett SC, Ajdari A, Coskun AU, N-Hashemi 
H. In vitro and computational thrombosis on 
artificial surfaces with shear stress. Artif Organs. 
2010;34(7):561–9.

 2. Burriesci G, Marincola FC, Zervides C.  Design of 
a novel polymeric heart valve. J Med Eng Technol. 
2010;34(1):7–22.

 3. Gorlin R, Gorlin SG.  Hydraulic formula for 
calculation of the area of the stenotic mitral valve, 
other cardiac valves, and central circulatory shunts. 
I. Am Heart J. 1951;41(1):1–29.

 4. Akins CW, Travis B, Yoganathan AP.  Energy loss 
for evaluating heart valve performance. J Thorac 
Cardiovasc Surg [Internet]. 2008;136(4):820–33. 
https://doi.org/10.1016/j.jtcvs.2007.12.059

 5. Saikrishnan N, Gupta S, Yoganathan AP. 
Hemodynamics of the Boston Scientific Lotus™ 
valve: an in  vitro study. Cardiovasc Eng Technol. 
2013;4(4):427–39.

 6. Bellhouse BJ, Bellhouse FH. Mechanism of closure 
of the aortic valve. Nature. 1968;217:86–7.

 7. Rahmani B, Tzamtzis S, Sheridan R, Mullen MJ, 
Yap J, Seifalian AM, et  al. In vitro hydrodynamic 
assessment of a new transcatheter heart valve 
concept (the TRISKELE). J Cardiovasc Transl Res. 
2017;10(2):104–15.

 8. Dasi LP, Simon HA, Sucosky P, Yoganathan AP. Fluid 
mechanics of artificial heart valves. Clin Exp 
Pharmacol Physiol. 2009;36(2):225–37.

 9. Leverett LB, Hellums JD, Alfrey CP, Lynch EC. Red 
blood cell damage by shear stress. Biophys J. 
1972;12(3):257–73.

 10. Morbiducci U, Ponzini R, Nobili M, Massai D, 
Montevecchi FM, Bluestein D, et  al. Blood damage 
safety of prosthetic heart valves. Shear-induced 
platelet activation and local flow dynamics: a 
fluid-structure interaction approach. J Biomech. 
2009;42(12):1952–60.

 11. Heemskerk JWM, Bevers EM, Lindhout T.  Platelet 
activation and blood coagulation. Thromb Haemost. 
2002;88(2):186–93.

 12. Caro CG, Pedley TJ, Schroter RC, Seed WA.  The 
mechanics of circulation. 2nd ed. Cambridge: Oxford 
University Press; 2012.

 13. Yen JH, Chen SF, Chern MK, Lu PC.  The effect 
of turbulent viscous shear stress on red blood cell 
hemolysis. J Artif Organs. 2014;17(2):178–85.

 14. Bluestein D, Chandran KB, Manning KB.  Towards 
non-thrombogenic performance of blood recirculation 
devices. Ann Biomed Eng. 2010;38(3):1236–56.

 15. Hope MD, Sedlic T, Dyverfeldt P.  Cardiothoracic 
magnetic resonance flow imaging. J Thorac Imaging. 
2013;28(4):217–30.

 16. Baskurt OK, Meiselman HJ.  Blood rheology 
and hemodynamics. Semin Thromb Hemost. 
2003;29(5):435–50.

 17. Malek AM, Alper SL, Izumo S. Hemodynamic shear 
stress and its role in atherosclerosis. J Am Med 
Assoc [Internet]. 1999;282(21):2035–42. http://
jama.jamanetwork.com/article.aspx?doi=10.1001/
jama.282.21.2035

 18. Corbett SC, Ajdari A, Coskun AU, Nayeb-Hashemi 
H.  Effect of pulsatile blood flow on thrombosis 
potential with a step wall transition. ASAIO J. 
2010;56(4):290–5.

 19. Wootton DM, Ku DN.  Fluid mechanics of vascular 
systems, diseases, and thrombosis. Annu Rev Biomed 
Eng. 1999;1(1):299–329.

 20. Chandran KB, Rittgers SE, Yoganathan AP. Biofluid 
mechanics—the human circulation. 2nd ed. Boca 
Raton: CRC Press; 2012.

 21. Makkar RR, Fontana G, Jilaihawi H, Chakravarty T, 
Kofoed KF, De Backer O, et al. Possible subclinical 
leaflet thrombosis in bioprosthetic aortic valves. N 
Engl J Med. 2015;373(21):2015–24.

 22. Van Steenhoven AA, Van Dongen MEH.  Model 
studies of the closing behaviour of the aortic valve. J 
Fluid Mech. 1978;90:21–32.

 23. Leyh RG, Schmidtke C, Sievers HH, Yacoub 
MH. Opening and closing characteristics of the aortic 
valve after different types of valve-preserving surgery. 
Circulation. 1999;100(21):2153–60.

 24. Ducci A, Pirisi F, Tzamtzis S, Burriesci G. 
Transcatheter aortic valves produce unphysiological 
flows which may contribute to thromboembolic events: 
An in-vitro study. J Biomech. 2016;49(16):4080–9.

 25. Sacks MS, David Merryman W, Schmidt DE. On the 
biomechanics of heart valve function. J Biomech. 
2009;42(12):1804–24.

 26. Toninato R, Salmon J, Susin FM, Ducci A, Burriesci 
G. Physiological vortices in the sinuses of Valsalva: 
an in  vitro approach for bio-prosthetic valves. J 
Biomech. 2016;49(13):2635–43.

 27. Sacks MS, Yoganathan AP.  Heart valve function: a 
biomechanical perspective. Philos Trans R Soc B Biol 
Sci. 2007;362(1484):1369–91.

 28. Korakianitis T, Shi Y.  Numerical simulation of 
cardiovascular dynamics with healthy and diseased 
heart valves. J Biomech. 2006;39(11):1964–82.

 29. Balachandran K, Sucosky P, Yoganathan 
AP.  Hemodynamics and mechanobiology of 
aortic valve inflammation and calcification. Int J 
Inflam [Internet]. 2011;2011:263870. http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=3133
012&tool=pmcentrez&rendertype=abstract

 30. Barker AJ, Markl M.  Editorial. The role of 
hemodynamics in bicuspid aortic valve disease. Eur J 
Cardiothorac Surg. 2011;39(6):805–6.

 31. Amindari A, Saltik L, Kirkkopru K, Yacoub M, 
Yalcin HC.  Assessment of calcified aortic valve 
leaflet deformations and blood flow dynamics using 
fluid- structure interaction modeling. Informatics Med 
Unlocked. 2017;9(September):191–9.

 32. Otto CM, Lind BK, Kitzman DW, Gersh BJ, 
Siscovick DS.  Association of aortic valve sclerosis 

5 Haemodynamic Issues with Transcatheter Aortic Valve Implantation

https://doi.org/10.1016/j.jtcvs.2007.12.059
http://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.282.21.2035
http://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.282.21.2035
http://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.282.21.2035
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3133012&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3133012&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3133012&tool=pmcentrez&rendertype=abstract


58

with cardiovascular mortality and morbidity in the 
elderly. N Engl J Med. 1999;341:142–7.

 33. Lindroos M, Kupari M, Heikkilä J, Tilvis R. Prevalence 
of aortic valve abnormalities in the elderly: an 
echocardiographic study of a random population 
sample. J Am Coll Cardiol. 1993;21(5):1220–5.

 34. Díez JG.  Transcatheter aortic valve implantation 
(TAVI): the hype and the hope. Tex Heart Inst 
J [Internet]. 2013;40(3):298–301. http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=3709
202&tool=pmcentrez&rendertype=abstract

 35. Ostadfar A.  Biofluid mechanics—principles and 
applications. 1st ed. London: Academic Press; 2016.

 36. Yoganathan AP.  Fluid mechanics of aortic stenosis. 
Eur Heart J. 1988;9(Suppl E):13–7.

 37. Nobari S, Mongrain R, Gaillard E, Leask R, Cartier 
R.  Therapeutic vascular compliance change may 
cause significant variation in coronary perfusion: 
a numerical study. Comput Math Methods Med 
[Internet]. 2012;2012:791686. http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=3303
727&tool=pmcentrez&rendertype=abstract

 38. Capelli C, Corsini C, Biscarini D, Ruffini F, 
Migliavacca F, Kocher A, et al. Pledget-armed sutures 
affect the haemodynamic performance of biologic 
aortic valve substitutes: a preliminary experimental 
and computational study. Cardiovasc Eng Technol. 
2017;8(1):17–29.

 39. Hatoum H, Moore BL, Maureira P, Dollery J, 
Crestanello JA, Dasi LP.  Aortic sinus flow stasis 
likely in valve-in-valve transcatheter aortic valve 
implantation. J Thorac Cardiovasc Surg [Internet]. 
2017;154(1):32–43.e1. https://doi.org/10.1016/j.
jtcvs.2017.03.053

 40. Yoganathan AP, He Z, Casey Jones S.  Fluid 
mechanics of heart valves. Annu Rev Biomed Eng. 
2004;6:331–62.

 41. Ben-Dor I, Malik R, Minha S, Goldstein SA, Wang 
Z, Magalhaes MA, et  al. Coronary blood flow in 
patients with severe aortic stenosis before and after 
transcatheter aortic valve implantation. Am J Cardiol. 
2014;114(8):1264–8.

 42. Padala M, Sarin EL, Willis P, Babaliaros V, Block 
P, Guyton RA, et  al. An engineering review of 
transcatheter aortic valve technologies. Cardiovasc 
Eng Technol. 2010;1(1):77–87.

 43. Leo HL, Dasi LP, Carberry J, Simon HA, Yoganathan 
AP.  Fluid dynamic assessment of three polymeric 
heart valves using particle image velocimetry. Ann 
Biomed Eng. 2006;34(6):936–52.

 44. D’Errigo P, Barbanti M, Ranucci M, Onorati F, 
Covello RD, Rosato S, et  al. Transcatheter aortic 
valve implantation versus surgical aortic valve 
replacement for severe aortic stenosis: Results 
from an intermediate risk propensity-matched 
population of the Italian OBSERVANT study. Int J 
Cardiol [Internet]. 2013;167(5):1945–52. https://doi.
org/10.1016/j.ijcard.2012.05.028

 45. Clavel MA, Webb JG, Pibarot P, Altwegg L, 
Dumont E, Thompson C, et  al. Comparison of the 
hemodynamic performance of percutaneous and 

surgical bioprostheses for the treatment of severe aortic 
stenosis. J Am Coll Cardiol. 2009;53(20):1883–91.

 46. Kuetting M, Sedaghat A, Utzenrath M, Sinning 
JM, Schmitz C, Roggenkamp J, et  al. In vitro 
assessment of the influence of aortic annulus 
ovality on the hydrodynamic performance of self-
expanding transcatheter heart valve prostheses. J 
Biomech [Internet]. 2014;47(5):957–65. https://doi.
org/10.1016/j.jbiomech.2014.01.024

 47. Tang GHL, Lansman SL, Cohen M, Spielvogel D, 
Cuomo L, Ahmad H, et al. Transcatheter aortic valve 
replacement: current developments, ongoing issues, 
future outlook. Cardiol Rev. 2013;21(2):2944–8.

 48. Groves EM, Falahatpisheh A, Su JL, Kheradvar 
A.  The effects of positioning of transcatheter aortic 
valve on fluid dynamics of the aortic root. ASAIO J. 
2014;60(5):545–52.

 49. Vahl TP, Kodali SK, Leon MB. Transcatheter aortic 
valve replacement 2016—a modern-day “through 
the looking-glass” adventure. J Am Coll Cardiol 
[Internet]. 2016;67(12):1472–87. https://doi.
org/10.1016/j.jacc.2015.12.059

 50. Stuhle S, Wendt D, Houl G, Wendt H, Schlamann 
M, Thielmann M, et  al. In-vitro investigation of the 
hemodynamics of the Edwards Sapien transcatheter 
heart valve. J Heart Valve Dis. 2011;20(1):53–63.

 51. Gunning PS, Saikrishnan N, Mcnamara LM, 
Yoganathan AP.  An in  vitro evaluation of the 
impact of eccentric deployment on transcatheter 
aortic valve hemodynamics. Ann Biomed Eng. 
2014;42(6):1195–206.

 52. Piazza N, de Jaegere P, Schultz C, Becker AE, 
Serruys PW, Anderson RH.  Anatomy of the aortic 
valvar complex and its implications for transcatheter 
implantation of the aortic valve. Circ Cardiovasc 
Interv. 2008;1:74–81.

 53. Tseng EE, Wisneski A, Azadani AN, Ge L Engineering 
perspective on transcatheter aortic valve implantation. 
Interv Cardiol [Internet], 2013;5(1):53–70. http://
www.futuremedicine.com/doi/abs/10.2217/ica.12.73

 54. Azadani AN, Jaussaud N, Matthews PB, Ge L, Guy 
TS, Chuter TAM, et al. Energy loss due to  paravalvular 
leak with transcatheter aortic valve implantation. Ann 
Thorac Surg. 2009;88(6):1857–63.

 55. Fishbein GA, Schoen FJ, Fishbein MC. Transcatheter 
aortic valve implantation: status and challenges. 
Cardiovasc Pathol [Internet]. 2014;23(2):65–70. 
https://doi.org/10.1016/j.carpath.2013.10.001

 56. Kahlert P, Knipp SC, Schlamann M, Thielmann M, 
Al-Rashid F, Weber M, et  al. Silent and apparent 
cerebral ischemia after percutaneous transfemoral 
aortic valve implantation: a diffusion-weighted 
magnetic resonance imaging study. Circulation. 
2010;121(7):870–8.

 57. Astarci P, Glineur D, Kefer J, D’Hoore W, Renkin J, 
Vanoverschelde JL, et al. Magnetic resonance imag-
ing evaluation of cerebral embolization during per-
cutaneous aortic valve implantation: comparison 
of transfemoral and trans-apical approaches using 
Edwards Sapiens valve. Eur J Cardiothorac Surg. 
2011;40(2):475–9.

J. Salmonsmith et al.

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3709202&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3709202&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3709202&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3303727&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3303727&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3303727&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1016/j.jtcvs.2017.03.053
https://doi.org/10.1016/j.jtcvs.2017.03.053
https://doi.org/10.1016/j.ijcard.2012.05.028
https://doi.org/10.1016/j.ijcard.2012.05.028
https://doi.org/10.1016/j.jbiomech.2014.01.024
https://doi.org/10.1016/j.jbiomech.2014.01.024
https://doi.org/10.1016/j.jacc.2015.12.059
https://doi.org/10.1016/j.jacc.2015.12.059
http://www.futuremedicine.com/doi/abs/10.2217/ica.12.73
http://www.futuremedicine.com/doi/abs/10.2217/ica.12.73
https://doi.org/10.1016/j.carpath.2013.10.001


59

 58. Schaff HV. Transcatheter aortic-valve implantation—
at what price? N Engl J Med. 2011;364(23):2256–8.

 59. Rodes-Cabau J, Webb JG, Cheung A, Ye J, Dumont 
E, Feindel CM, et  al. Transcatheter aortic valve 
implantation for the treatment of severe symptomatic 
aortic stenosis in patients at very high or prohibitive 
surgical risk. Acute and late outcomes of the 
multicenter Canadian experience. J Am Coll Cardiol. 
2010;55(11):1080–90.

 60. Ducci A, Tzamtzis S, Mullen MJ, Burriesci G Phase- 
resolved velocity measurements in the Valsalva sinus 
downstream of a Transcatheter Aortic Valve. In: 16th 
int symposium on applications of laser techniques to 
fluid mechanics, July. 2012. p. 9–12.

 61. Ducci A, Tzamtzis S, Mullen MJ, Burriesci 
G.  Hemodynamics in the Valsalva sinuses after 
transcatheter aortic valve implantation (TAVI). J 
Heart Valve Dis. 2013;22(5):688–96.

 62. Horne A, Reineck EA, Hasan RK, Resar JR, 
Chacko M.  Transcatheter aortic valve replacement: 
historical perspectives, current evidence, and future 
directions. Am Heart J [Internet]. 2014;168(4):414–
23. http://linkinghub.elsevier.com/retrieve/pii/
S0002870314004372

 63. Kapadia S, Tuzcu EM, Svensson LG.  Anatomy 
and flow characteristics of neosinus: important 
consideration for thrombosis of transcatheter aortic 
valves. Circulation. 2017;136:1610–2.

 64. Saikrishnan N, Yoganathan A.  Transcatheter valve 
implantation can alter the fluid flow fields in the aortic 
sinuses and ascending aorta: an in vitro study. J Am Coll 
Cardiol [Internet]. 2013;61(10):E1957. http://content.
onlinejacc.org/article.aspx?articleid=1666166%5Cn 
ht tp : / / l inkinghub.e lsevier.com/re t r ieve/pi i /
S0735109713619579

 65. Kumar G, Raghav V, Lerakis S, Yoganathan AP. High 
transcatheter valve replacement may reduce washout 
in the aortic sinuses: an in-vitro study. J Heart Valve 
Dis [Internet]. 2015;24(1):22–9. http://www.ncbi.
nlm.nih.gov/pubmed/26182616

 66. Lerakis S, Hayek SS, Douglas PS. Paravalvular aortic 
leak after transcatheter aortic valve replacement: 
current knowledge. Circulation. 2013;127(3):397–407.

 67. Davies WR, Thomas MR. European experience and 
perspectives on transcatheter aortic valve replacement. 
Prog Cardiovasc Dis [Internet]. 2014;56(6):625–34. 
https://doi.org/10.1016/j.pcad.2014.02.002

 68. Azadani AN, Jaussaud N, Ge L, Chitsaz S, TAM C, 
Tseng EE.  Valve-in-valve hemodynamics of 20-mm 
transcatheter aortic valves in small bioprostheses. 
Ann Thorac Surg. 2011;92(2):548–55.

 69. Bellhouse BJ, Bellhouse FH, Reid KG.  Fluid 
mechanics of the aortic root with application to 
coronary flow. Nature. 1968;219:1059–61.

 70. Sirois E, Wang Q, Sun W.  Fluid simulation of a 
transcatheter aortic valve deployment into a patient- 
specific aortic root. Cardiovasc Eng Technol. 
2011;2(3):186–95.

 71. Stock S, Scharfschwerdt M, Meyer-Saraei R, 
Richardt D, Charitos EI, Sievers HH, et  al. In vitro 
coronary flow after transcatheter aortic valve-in-valve 

implantation: a comparison of 2 valves. J Thorac 
Cardiovasc Surg [Internet]. 2016;153(2):255–63. 
https://doi.org/10.1016/j.jtcvs.2016.09.086

 72. Piazza N, Onuma Y, Jesserun E, Kint PP, Maugenest 
AM, Anderson RH, et  al. Early and persistent 
intraventricular conduction abnormalities and 
requirements for pacemaking after percutaneous 
replacement of the aortic valve. JACC Cardiovasc 
Interv. 2008;1(3):310–6.

 73. van der Boon RM, Nuis R-J, Van Mieghem NM, 
Jordaens L, Rodés-Cabau J, van Domburg RT, et al. 
New conduction abnormalities after TAVI—frequency 
and causes. Nat Rev Cardiol. 2012;9(8):v454–63.

 74. Rubín JM, Avanzas P, Del Valle R, Renilla A, Ríos 
E, Calvo D, et  al. Atrioventricular conduction 
disturbance characterization in transcatheter aortic 
valve implantation with the corevalve prosthesis. Circ 
Cardiovasc Interv. 2011;4(3):280–6.

 75. Vahidkhah K, Javani S, Abbasi M, Azadani PN, 
Tandar A, Dvir D, et al. Blood stasis on transcatheter 
valve leaflets and implications for valve-in- valve 
leaflet thrombosis. Ann Thorac Surg [Internet]. 
2017;104(3):751–9. https://doi.org/10.1016/j.
athoracsur.2017.02.052

 76. Córdoba-Soriano JG, Puri R, Amat-Santos I, Ribeiro 
HB, Abdul-Jawad Altisent O, del Trigo M, et  al. 
Valve thrombosis following transcatheter aortic valve 
implantation: a systematic review. Rev Esp Cardiol 
(Engl Ed). 2015;68(3):198–204.

 77. De Marchena E, Mesa J, Pomenti S, Marin Y Kall 
C, Marincic X, Yahagi K, et al. Thrombus formation 
following transcatheter aortic valve replacement. 
JACC Cardiovasc Interv [Internet]. 2015;8(5):728–
39. https://doi.org/10.1016/j.jcin.2015.03.005

 78. Chakravarty T, Søndergaard L, Friedman J, De 
Backer O, Berman D, Kofoed KF, et al. Subclinical 
leaflet thrombosis in surgical and transcatheter 
bioprosthetic aortic valves: an observational study. 
Lancet. 2017;389(10087):2383–92.

 79. Trantalis G, Toutouzas K, Latsios G, Synetos A, Brili 
S, Logitsi D, et  al. TAVR and thrombosis. JACC 
Cardiovasc Imaging. 2017;10(1):86–7.

 80. Midha PA, Raghav V, Okafor I, Yoganathan AP. The 
effect of valve-in-valve implantation height on sinus 
flow. Ann Biomed Eng. 2017;45(2):405–12.

 81. Dvir D, Lavi I, Eltchaninoff H, Himbert D, Almagor 
Y, Descoutures F, et  al. Multicenter evaluation of 
Edwards SAPIEN positioning during transcatheter 
aortic valve implantation with correlates for device 
movement during final deployment. JACC Cardiovasc 
Interv [Internet]. 2012;5(5):563–70. https://doi.
org/10.1016/j.jcin.2012.03.005

 82. Midha PA, Raghav V, Sharma R, Condado JF, Okafor 
IU, Rami T, et al. The fluid mechanics of transcatheter 
heart valve leaflet thrombosis in the neo-sinus. 
Circulation. 2017;136(17):1598–609.

 83. Azadani AN, Jaussaud N, Matthews PB, Ge L, 
Chuter TAM, Tseng EE. Transcatheter aortic valves 
inadequately relieve stenosis in small degenerated 
bioprostheses. Interact Cardiovasc Thorac Surg. 
2010;11(1):70–7.

5 Haemodynamic Issues with Transcatheter Aortic Valve Implantation

http://linkinghub.elsevier.com/retrieve/pii/S0002870314004372
http://linkinghub.elsevier.com/retrieve/pii/S0002870314004372
http://content.onlinejacc.org/article.aspx?articleid=1666166\n
http://content.onlinejacc.org/article.aspx?articleid=1666166\n
http://linkinghub.elsevier.com/retrieve/pii/S0735109713619579
http://linkinghub.elsevier.com/retrieve/pii/S0735109713619579
http://www.ncbi.nlm.nih.gov/pubmed/26182616
http://www.ncbi.nlm.nih.gov/pubmed/26182616
https://doi.org/10.1016/j.pcad.2014.02.002
https://doi.org/10.1016/j.jtcvs.2016.09.086
https://doi.org/10.1016/j.athoracsur.2017.02.052
https://doi.org/10.1016/j.athoracsur.2017.02.052
https://doi.org/10.1016/j.jcin.2015.03.005
https://doi.org/10.1016/j.jcin.2012.03.005
https://doi.org/10.1016/j.jcin.2012.03.005


Part II

Clinical Perspectives



63© Springer Nature Switzerland AG 2019 
A. Giordano et al. (eds.), Transcatheter Aortic Valve Implantation, 
https://doi.org/10.1007/978-3-030-05912-5_6

Risk Scores for Aortic Valve 
Interventions

Tom Kai Ming Wang, Ralph Stewart, 
Mark Webster, and Peter Ruygrok

6.1  Introduction

Transcatheter aortic valve implantation (TAVI), 
also called transcatheter aortic valve replacement 
(TAVR), has expanded rapidly over the last 
decade as a proven treatment for severe aortic 
valve disease and as an alternative to aortic valve 
replacement (AVR) [1, 2]. Randomised trials to 
date have evaluated the efficacy and safety of 
TAVI in high- risk [3, 4] and intermediate-risk [5, 
6] surgical candidates comparable to AVR, and 
low-risk patient trials are underway. Amongst a 
multitude of factors in the preoperative evalua-
tion of patients by the clinician and multidisci-
plinary heart team, as well as in research and 
guidelines, risk models play a central role [1–6]. 
Accurate prediction and stratification by risk 
models are therefore critical in the decision-mak-
ing and management of possible TAVI candi-
dates, as they have been in many forms of cardiac 
interventions and surgeries.

This chapter aims to provide an overview 
regarding risk modelling pertinent to aortic valve 

interventions. It begins with statistics, then con-
temporary surgical risk scores and their perfor-
mance for AVR and TAVI, the development of 
novel TAVI-specific risk models, followed by 
clinical implications and future direction of this 
important field.

6.2  Statistics of Risk Modelling

Risk models have been developed and used in all 
areas of diagnostic, prognostic and therapeutic 
medicine [7, 8]. The constituents of any risk 
model include a number of independent variables 
(also known as predictors, factors or parameters), 
the dependent variable (which can be a disease, 
event or outcome) and the equation connecting 
these. Each variable may be quantitative or cate-
gorical, and the dependent variable may be cross- 
sectional or longitudinal.

In cardiac surgery and interventions, operative 
mortality in-hospital or within 30  days is the 
commonest endpoint in the construction of a risk 
model. Other outcomes of interest include long- 
term mortality from 1 year onwards, stroke, myo-
cardial infarction, bleeding, renal failure, redo 
operations, intensive care or hospital stay or com-
posite endpoints. The parameters range even 
more widely, including demographics, presenta-
tion, past history, investigation and procedural 
characteristics. Risk models are developed from 
a cohort of patients which may be different in 
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place (such as multicentre cohorts) or time (such 
as several years apart), from which these vari-
ables have been collected for multivariate analy-
sis. In general risk models perform best in the 
cohorts they were derived from. Sometimes the 
cohort is randomly split into a development 
cohort to construct the risk model and a valida-
tion cohort to test the performance of the devel-
oped risk model. As both groups come from the 
same original cohort, the validation cohort is not 
a truly external and  independent sample [9]. 
Validation should be performed in foreign cohorts 
before wider clinical utility.

The commonest way to develop a multivariate 
risk model is using logistic regression, based on 
binary cross-sectional outcomes such as opera-
tive mortality. Selection of variables to be anal-
ysed in logistic regression is not always 
straightforward as there is no standardised strat-
egy [7, 8]. Full model approach, univariate test-
ing for significance and backward elimination 
approach are the methods used [9]. The estimated 
risk formula from logistic regression is 1/(1 + e−

(β
0
+Σβ

i
X

i
)), where each variable Xi is the number 

predefined for the presence of an independent 
variable, βi is their corresponding coefficient, and 
β0 is the constant which calibrates the equation. 
For each Xi, the odds ratio is calculated by eβ

i. 
Online calculators are frequently designed to 
enable clinicians to more rapidly calculate the 
formula. Apart from logistic scores, additive 
scores are also used regularly in clinical practice, 
although these are also typically developed from 
logistic regression. The score is then a sum of 
coefficients which are usually the odds ratio of 
each parameter rounded to the nearest whole 
number. Of note, calibration cannot be assessed 
for the additive model as the score does not rep-
resent the predicted risk.

The two main measures of risk model accu-
racy are discrimination and calibration. 
Discrimination reflects how strongly a higher 
score for a patient equates to a higher chance of 
having the outcome. It is assessed using the area 
under the receiver-operative characteristic curve, 
also known as the c-statistic when applied to 
binary outcomes. The curve plots true positive or 
sensitivity against false positive or 1-specificity, 

and a straight line or c-statistic 0.5 means no dis-
crimination, with stronger discrimination the fur-
ther from 0.5 the c-statistic. The plot also allows 
the determination of the optimal sensitiv-
ity × specificity cutpoint which may have clinical 
relevance. Discrimination slope is another tech-
nique calculated by differences in the mean scores 
of patients with and without outcomes [10–12].

Calibration assesses whether the predicted 
risk is an accurate estimate of the observed risk 
for patients and cohorts. The observed-to- 
expected ratio directly compares the mean score 
and observed event rate of a cohort, where <1.0 
and > 1.0 implies over- and underestimation of 
the score. The Hosmer-Lemeshow test is another 
measure of calibration, where P < 0.05 indicates 
discordance and poor calibration between the 
outcome and the score [11]. Finally, calibration 
plots graphically evaluate with observed and pre-
dicted risk, with the slope measuring strength of 
association and intercept measuring degree of 
systematic bias [8].

Other accuracy measures of risk scores include 
the Brier score, coefficient of determination R2 
and reclassification [8]. The Brier score is a qua-
dratic equation of the mean-squared difference 
between the score and observed outcome of all 
patients in the cohort. A higher number means 
relatively lower accuracy, although the range of 
values is also determined by the observed rate. 
The R2 is also the correlation coefficient squared 
with range of 0 to 1, examining the strength of 
association between two continuous measures, 
and therefore only applies to quantitative out-
comes. Reclassification is the concept of the pro-
portion of patients reclassified appropriately or 
not when adding another parameter or risk model 
for prediction [13]. The net reclassification index, 
reclassification statistic and tables can be used to 
examine this novel measure.

6.3  Surgical Risk Scores 
and Aortic Valve Surgery

Cardiac surgery carries one of the highest risks 
amongst all medical procedures, and risk models 
play a critical role in the decision-making of 
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treatment modality and have guided periopera-
tive care for at least the last two decades. A num-
ber of risk models have been developed for 
cardiac surgery, including the EuroSCOREs, the 
Society of Thoracic Surgeons’ (STS) Score, 
Northern New England Cardiovascular Disease 
Study Group Score, New York’s cardiac surgery 
reporting system, Ambler Score, ACEF Score 
and so on [14–23]. The EuroSCOREs and STS 
Score are by far the most widely used, detailed in 
Table 9.1 for AVR, and both have online calcula-
tors [15, 16, 18]. They are also the guideline- 
recommended risk models for both AVR and 
TAVI pre-procedural assessment [1, 2].

The original EuroSCORE was based on 
19,030 consecutive patients having all types of 
cardiac surgery across 8 European countries dur-
ing September–November 1995. It was initially 
published as an additive model in 1999 [14] and 
then logistic model in 2003 [15]. It was designed 
to estimate operative mortality within 30 days or 
during the same hospital admission, which 
occurred in 4.8%, and was internally validated. 
The commonest form of surgery was isolated 
CABG in 64% followed by valve surgery in 30%. 
It was the only widely used cardiac surgery risk 
score for many years. Over time however it began 
to consistenly  overestimate  operative mortality, 
seen in many studies and two meta-analyses one 
specific for valve surgery, although discrimina-
tion remained adequate with c-statistic of 0.73–
0.77 [24, 25]. This is due to improving surgical 
outcomes from evolving surgical technique, 
selection of patients and perioperative manage-
ment over time. A new risk model was therefore 
warranted at this time around 10 years ago.

The EuroSCORE II was based on 22,381 con-
secutive patients undergoing cardiac surgery 
across 43 countries around the world beyond 
Europe during May–July 2010 [16], with operative 
mortality of 3.9% and a slightly different set of 
parameters in the final model. In this cohort, iso-
lated CABG and valve surgery numbers were sim-
ilar at 47% and 46% respectively. The goal was for 
improved calibration which it achieved in external 
validation of recent studies and meta- analyses, 
although discrimination is not dissimilar to 
EuroSCORE with c-statistic of 0.73–0.79 [26–28]. 

Guidelines followed suit replacing EuroSCORE 
with EuroSCORE II in its recommendations for 
clinical use in coronary and valve surgery [2].

The Society of Thoracic Surgeons database is 
a United States cardiothoracic surgery database 
established in 1998 [29] and by 2008 included 
90% of cardiac surgery providers in the United 
States and is amongst the largest registry in the 
world [17–19]. The STS scores were published in 
2009, based on their 2002–2006 cardiac surgery 
experience, and have two unique features. The 
first is that there are separate models for different 
types of cardiac surgery, for which the two that 
are relevant here are the isolated AVR model and 
the isolated AVR and coronary artery bypass 
grafting (CABG) models [18, 19]. There were 
67,292 and 66,074 patients, respectively, in the 
developmental cohort of these two models, with 
operative mortality of 3.2 and 5.6%.

The second feature is that STS scores have 
separate logistic models for a range of outcomes 
beyond operative mortality [17–19]. These 
include defined morbidity outcomes of stroke, 
renal failure, prolonged ventilation >24 h, medi-
astinitis and reoperation in-hospital, composite 
morbidity or mortality and short or long length of 
hospital stay. The STS Score appears to have a 
more complex calculation with more parameters 
than the EuroSCOREs, but that is solely due to 
the greater number of outcomes it can predict. It 
also has good discrimination and calibration in 
contemporary cohorts of cardiac surgery similar 
to EuroSCORE II with c-statistic of  0.75–0.76 
[27, 28]. The STS Score has gained popular use, 
especially in the United States, and is the other 
main risk model suggested by guidelines for clin-
ical practice [2]. Notably all these surgical risk 
models are developed using logistic regression, 
and none predict long-term outcomes such as 
mortality [14–23].

6.4  Applying Surgical Risk 
Scores to TAVI

Prior to surgical risk scores being validated for 
TAVI, they had already been readily used in the 
workup of TAVI patients. This was because TAVI 
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was introduced as an alternative to AVR for severe 
aortic valve disease patients in both clinical trials 
and practice. The exception is patients recruited 
for the original PARTNER IB trial comparing 
TAVI to medical therapy in the so-called “inoper-
able” patients; however as TAVI indications have 
widened into intermediate- and lower- risk 
patients, these patients who sometimes have futile 
prognosis constitute a diminishing proportion of 
all TAVI patients [30]. Therefore, the risk scores 
are mainly used to predict the mortality risk of 
AVR in such patients to then decide whether 
TAVI should be considered, rather than predicting 
the mortality risk of TAVI. This is important to 
understand, for the reason that AVR is tradition-
ally the gold standard for management of such 
patients and that the surgical risk scores had not 
been formally evaluated in TAVI at the time.

The TAVI randomised trials, perhaps because 
most were undertaken in the United States, gener-
ally used the STS Score as guideline for patient 
selection. The PARTNER I trials suggested STS 
Score >10% to be deemed high surgical risk and 
then used the surgeon’s judgement of whether to 
be included in the  PARTNER IA TAVI versus 
AVR in high-risk “operable” trial or  the 
PARTNER IB “inoperable” trial mentioned previ-
ously [3, 30]. In fact, the mean STS scores in the 
four arms of the two trials were similar at 11.2–
12.1%. The CoreValve trial was different in that 
patient selection relied on “consensus” judgement 
that individuals’ 30-day risk of death was >15% 
and complication risk <50% without specifying 
use of a particular risk model. The mean STS 
Scores of the TAVI and AVR arm in this study 
were 7.3–7.5%, highlighting discrepancy between 
clinical judgement and risk scores [4]. The 
PARTNER II study used an STS Score of 4–8% 
as a selection criterion for intermediate- risk 
patients, with the mean STS Score being 5.8% 
[5]. Finally, the SURTAVI trial, another study of 
intermediate-risk patients, had wider STS Score 
eligibility  of 3–15%, and had the lowest mean 
STS Score of 4.4–4.5% amongst all trials [6].

What is also fascinating in the randomised tri-
als were the 30-day mortality rates reported. In 
general they were significantly lower than their 
corresponding STS Score suggesting significant 

overestimation by the score and poor calibration 
[3–6, 30]. This was not just for TAVI but for AVR 
as well, with observed/expected ratio of 0.38–
0.71. However, the STS Score still had some dis-
criminative ability, where subgroups with a 
higher STS Score mostly had higher observed 
30-day mortality for the same procedure, either 
TAVI or AVR, even with the poor calibration. 
Discrimination was not formally evaluated in 
these trials.

The performance of surgical risk scores to 
predict outcomes after TAVI, particularly their 
discriminative ability, has only been evaluated 
very recently, and observational study findings 
are summarised well in a meta-analysis [31]. 
This meta-analysis pooled 24 studies during 
2011–2015, totalling 12,346 TAVI patients to 
evaluate the discrimination and calibration of the 
EuroSCORE, EuroSCORE II and STS Scores for 
mortality after TAVI.  Importantly, the discrimi-
nation of 30-day mortality was only modest for 
all three scores with c-statistic of 0.62, as well as 
of 1-year mortality c-statistic of  0.58–0.66. In 
terms of calibration, the Peto odds ratio indi-
cated  significant overestimation at 0.31 for 
EuroSCORE, slight underestimation of 1.26 for 
EuroSCORE II and adequate at 0.95 for STS 
Score. In the Labbe plots, whereas EuroSCORE 
II somewhat underestimated operative mortality 
in all studies, the STS Score appeared to under- 
estimate in lower-risk studies and over-estimate 
in higher-risk studies.

There are several reasons for why surgical risk 
scores perform suboptimally in the TAVI studies. 
Firstly, the surgical risk models were designed 
for cardiac surgery including AVR rather than 
TAVI; however, this would not explain why they 
also had poor calibration for the AVR arm of the 
randomised trials. Secondly, to a certain extent, 
surgical outcomes may have improved further in 
recent years when the later trials were published 
in 2014–2017 compared to when the STS Score 
was published based on 2002–2006 cohorts a 
decade ago. TAVI outcomes are also expected to 
improve with time, experience and newer tech-
nology. Thirdly, and perhaps the most important 
reason, is that risk models generally don’t per-
form as well at the extreme ends of risk, for 
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which patients considered for TAVI are mostly on 
the higher-risk end of the spectrum, only a small 
proportion of patients in the developmental 
cohort of risk scores are high risk. This observa-
tion has been reported elsewhere for high-risk 
cardiac surgery patients, although the STS Score 
may perform better than EuroSCORE II in this 
subgroup [31–33]. Finally, there may be other 
important predictors of TAVI not incorporated in 
surgical risk scores, which will be discussed later.

6.5  TAVI-Specific Risk Models

Due to the inadequate performance of conventional 
surgical risk models for TAVI, a number of risk 
models developed from TAVI cohorts have recently 
been published, including the OBSERVANT, post-
TAVI, FRANCE-2, TAVI2-SCORe, CoreValve 
and STS/ACC/TVT scores, listed in Table 9.2 [34–
39]. The OBSERVANT, FRANCE-2, CoreValve 
and STS/ACC/TVT scores were for 30-day or in-
hospital mortality, while the postTAVI, TAVI2-
SCORe and CoreValve score again were for 1-year 
mortality. Whereas logistic regression is used to 
construct the multivariate model for 30-day mor-
tality, Cox proportional hazard regression is used 
to construct the multivariate model for a longitudi-
nal or survival outcome such as 1-year mortality. 
Where reported, the 30-day or in-hospital mortal-
ity was 5.3–7% [35, 37–39] and 1-year mortality 
15–23%, which are higher than 30-day mortality 
of 2–5% but similar 1-year mortality of 7–31% of 
the TAVI arms of randomised trials (2–5%) 
[34–39].

The size of these cohorts are small, despite the 
longer duration of patient selection at 1.5–5 years, 
with the only model with comparable develop-
mental cohort size to surgical risk models being 
the STS/ACC/TVT score. As a result, a smaller 
number of independent predictors were identified 
in multivariate analysis and therefore less param-
eters in the risk model than surgical scores. 
Furthermore, the parameters of some of these 
scores have not been used before in surgical risk 
scores such as low albumin, assisted living, home 
oxygen and falls of the CoreValve score [38], 
porcelain aorta and aortic valve gradient of the 

TAVI2-SCORe [37] and the TAVI approach of 
the FRANCE-2 and STS/ACC/TVT scores [36, 
39]. These unique predictors can also partly 
explain why surgical risk models don’t perform 
well in TAVI patients.

From Table 9.2 we can see that the c-statistics 
of TAVI-specific scores for its developmental 
cohort were 0.67–0.79, ranging from modest to 
moderate discrimination and lower for their 
respective TAVI validation cohort from the same 
publication [34–39]. These c-statistics are at best 
similar if not slightly lower than internal valida-
tion results of surgical risk models described pre-
viously and perhaps suggest a higher complexity 
in the modelling of TAVI patients. Despite 
this, the early results of discrimination are prom-
ising for TAVI-specific scores compared to using 
surgical risk scores in TAVI.  Somewhat disap-
pointingly, only the STS/ACC/TVT score 
reported the constant of its risk model formula so 
that the logistic score could be calculated [39], 
whereas the other scores reported their multivari-
ate analysis results without the constant, and usu-
ally publishes an  additive score, which then 
doesn’t allow the assessment of calibration [34–
38]. True external validation studies comparing 
the performance of TAVI-specific risk scores in 
other cohorts unrelated to any of the development 
cohorts are eagerly awaited.

6.6  Clinical Implications 
and Future Directions

The EuroSCORE II and STS Score continue to 
be the risk model of choice in the management of 
severe aortic valve disease in international guide-
lines [1, 2, 40]. They have moderate discrimina-
tion and adequate calibration for AVR; however 
as noted previously, caution needs to be taken in 
the higher-risk patients considered for TAVI 
where the scores could be less accurate. The fig-
ure calculated from these two logistic risk models 
should only be used to estimate operative mortal-
ity if the patient underwent AVR, rather than 
TAVI, which may not be the same [4, 5]. The 
American guidelines propose STS Score >8% for 
operative mortality as high risk, 4–8% as inter-
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mediate risk and <4% as low risk, and these were 
considered in TAVI randomised trials and reason-
able benchmarks in clinical practice [1]. An esti-
mated risk of >50% for composite mortality or 
major morbidity at 1 year was deemed prohibi-
tive risk, although how this is assessed wasn’t 
described, relying on clinical judgement. TAVI- 
specific scores as discussed earlier show some 
early promise in improving discrimination for 
TAVI outcomes into the moderate range com-
pared to surgical risk scores.

Beyond the risk models above, there are other 
important predictors and factors to take into 
account [1, 2, 40]. An important one is the con-
cept of frailty, and these indices encompass many 
aspects of function including independence in 
activities of daily living such as feeding, bathing, 
dressing and toileting, grip strength, cognition, 
mobility and speed, with both subjective and 
objective measures [41–43]. Several studies and 
one meta- analysis found frailty to be associated 
with increased early and late mortality as well as 
morbidities after TAVI [44–47]. It has been a 
challenge to attempt to incorporate this into an 
overall risk model with other predictors of TAVI 
outcomes, although the CoreValve score did 
manage to do that [38]. As stand-alone criteria, 
guidelines recommend frailty indices to be 
divided into low risk (no frailty), intermediate 
risk (mild frailty) or high risk (moderate or severe 
frailty) so that it can be more easily applied [1].

Two other important groups of determinants 
to consider are severe organ compromise and 
procedure-specific issues [1]. Severe organ com-
promise is often overlooked in risk models 
because they are usually uncommon and indi-
vidual variables not powered to be divided into 
levels of severity. This can include severe right 
ventricular systolic dysfunction, severe lung dis-
ease or oxygen requirement, severe neurologi-
cal  impairment such as disabling stroke, 
dementia and Parkinson  Disease, active  and 
especially metastatic malignancy, liver cirrhosis 
and severe malnourishment. The presence of any 
one or more of these may put patients at higher 
and at times prohibitive risk for a procedure. 
Procedural- specific issues which could make 
TAVI both risky and technically difficult to per-

form include porcelain or heavily calcified 
aorta or aortic annulus, severe vascular disease, 
tortuous arterial anatomy and chest deformities. 
Again these may automatically put patients at 
higher risk.

Clearly further research is required in this 
important field. In terms of TAVI-specific scores, 
external validation studies are required and pend-
ing, but also publication of full logistic risk mod-
els is crucial for calibration and clinical use, 
rather than just additive risk models. Incorporation 
of other predictors not found in conventional risk 
models will also be important, either directly as 
part of the development of newer risk models or 
like the guidelines be used as a combination of 
criteria or algorithm. The importance of accurate 
risk stratification will continue as TAVI is 
expanded into lower-risk patients and newer 
technologies emerge, where clinicians will have 
even more difficult decisions to make regarding 
treatment modality for patients in front of them 
and the options available in different settings and 
countries.

6.7  Conclusion

Risk modelling plays an important role in the 
management of patients in clinical  practice, 
including cardiac surgery and interventions. Risk 
models are commonly created using logistic 
regression, and their accuracy is assessed in terms 
of discrimination and calibration. The most 
widely used contemporary  cardiac surgery risk 
scores are the EuroSCORE II and STS Scores, 
with good performance in estimating operative 
mortality risk for patients undergoing cardiac 
surgery, and could influence the decision-making 
of their treatment modality. The scores perform 
less well in TAVI, and therefore, TAVI-specific 
scores are in development and appear to have 
improved accuracy. Other factors especially 
frailty and severe organ dysfunction are also 
important determinants. It is critical for the clini-
cian and multidisciplinary heart team to take all 
these factors into account to make  the optimal 
decision in the treatment of patients with severe 
aortic valve disease.
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Role of Rest and Stress 
Echocardiography in Transcatheter 
Aortic Valve Implantation

Quirino Ciampi, Fiore Manganelli, 
and Bruno Villari

7.1  Rest Echocardiography 
in Aortic Stenosis

7.1.1  Echocardiographic Criteria 
of Severity

Aortic stenosis (AS) is the most common valvu-
lar disease, and echocardiography is the key tool 
for the diagnosis and evaluation of AS and is the 
primary noninvasive imaging method for AS 
assessment [1].

In the echocardiographic evaluation of AS 
severity, we should use a stepwise integrated 
approach, according to the European Society of 
Cardiology (ESC) guidelines [2].

The first step is the evaluation of valve mor-
phology suspicious of AS: transthoracic imag-
ing is usually adequate, although transesophageal 
echocardiography is superior in assessing aortic 
valve morphology and it may be helpful when 
image quality is suboptimal. The most common 
cause of valvular AS is calcific aortic stenosis of 
a tricuspid valve in elderly patients and bicuspid 
aortic valve in younger patients (age <65 years) 
[3].

Two-dimensional (2D) echocardiography 
allows to identify a number of cusps in systole, to 
assess cusp mobility and commissural fusion and 
the presence, extension, and severity of aortic 
valve calcification. Additional remarkable find-
ings are the presence of left ventricular (LV) 
hypertrophy and the evaluation of LV systolic 
function.

The second step is to quantify the severity of 
AS by trans-aortic valve velocities measured 
using continuous-wave Doppler [4, 5]. Mean 
transvalvular aortic gradient, i.e., the pressure 
difference between the LV and aorta in systole, is 
the standard measure of stenosis severity [1, 2, 4, 
5]. A mean transvalvular pressure gradient 
≥40 mmHg or peak jet velocity ≥4 m/s identifies 
a severe AS [2]. For an accurate measurement of 
the trans-aortic jet velocity, multiple acoustic 
windows should be used in order to determine the 
highest velocity: in fact, alignment errors in 
Doppler beam lead to an underestimation of the 
true velocity and, consequently, of the calculated 
gradients resulting in an underestimation of AS 
severity.

Different pathophysiological conditions may 
be associated with significant pressure difference 
between the LV and aorta in systole, such as 
hypertrophic obstructive cardiomyopathy or sub-
valvular aortic stenosis (Fig. 7.1). The shape of 
continuous-wave Doppler velocity curve may be 
helpful in distinguishing the level and severity of 
obstruction.
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Trans-aortic jet velocities and gradients are 
flow dependent: in the presence of associated 
aortic regurgitation, high cardiac output states, 
such as anemia, hyperthyroidism, or arterial- 
venous shunts, may result in an increase in trans- 
aortic flow velocities, while a low cardiac output 
may result in relatively low velocities.

Therefore, in the presence of severe trans- 
aortic valve gradient (i.e., peak jet velocity is 
≥4 m/s and mean transvalvular pressure gradient 
≥40 mmHg), with high-flow status excluded, we 
can confirm the diagnosis of severe AS.

On the other hand, in the presence of low-
flow condition (i.e., peak jet velocity is <4 m/s 
and mean transvalvular pressure gradient 
<40 mmHg), we have to search for other echo-
cardiographic parameters to exclude a severe AS.

Aortic valve area (AVA) is a relatively flow- 
independent variable that is calculated using the 
continuity equation. It is based on the principle of 
the conservation of mass: flows through the 
LVOT and through the stenotic aortic valve are 
equal (Fig. 7.2) [6]. Even if carefully performed, 
one major limitation of the method remains the 
LVOT area calculation from its diameter. Another 
source of error ensues from geometrical assump-

tion of a circular shape of the LVOT that is some-
what elliptical, rather than circular, resulting in 
an underestimation of LVOT area and, as a conse-
quence, of SV and eventually of AVA [6–9].

Planimetric evaluation of AVA, primarily by 
2D echocardiography, has also been proposed; 
however, the presence of valvular calcification 
causes shadows or reverberations limiting identi-
fication and accurate delineation of the aortic 
valve orifice.

The presence of AVA <1 cm2 is diagnostic for 
severe AS [2].

Any of the three criteria, a valve area <1.0 cm2, 
a peak velocity ≥4.0  m/s, or a mean gradient 
≥40 mmHg, can be considered to suggest severe 
AS.  Ideally, all the criteria must be consistent 
with each other. In the case of conflicting criteria, 
it is important to integrate these criteria with 
additional imaging findings and clinical data 
before a final judgment.

In the presence of a valve area ≥1.0  cm2 
despite a peak velocity ≥4 m/s and mean gradient 
≥40 mmHg, high cardiac output state should be 
excluded.

More challenging is the discordant finding of 
a valve area <1.0 cm2 with a peak velocity <4 m/s 

HOCM

Subvalvular
Aortic stenosis

Aortic
stenosis

Fig. 7.1 Differential diagnosis of different pathophysiological conditions with high aortic valve peak velocity. HOCM 
hypertrophic obstructive cardiomyopathy

Q. Ciampi et al.



77

and mean gradient <40 mmHg. In this situation, 
measurement errors for all components (trans- 
aortic velocity, LVOT velocity, LVOT area) need 
to be carefully excluded.

7.1.2  Low-Flow Low-Gradient Aortic 
Stenosis with Reduced LVEF

When LV systolic dysfunction with reduced SV 
coexists with severe AS, the AS velocity and gra-
dient may be low, despite a small valve area [10]. 
A widely used definition of low-flow low- 
gradient (LF-LG) “classical” AS with reduced 
ejection fraction requires the following parame-
ters and includes the following conditions [10]:

• Effective AVA <1.0 cm2.
• Mean aortic transvalvular pressure gradient 

<40 mmHg.
• LVEF <50%.
• SVi (stroke volume index) <35 mL/m2.

One reason for the confirmed combination of 
an AVA less than 1 cm2 in the presence of a peak 
velocity lower than 4  m/s and a mean gradient 
less than 40 mmHg is a reduced flow in the pres-
ence of LV dysfunction (LVEF < 50%). As defi-
nition of low flow, a SVi of 35 mL/m2 or less has 
been commonly used and was included in the 
current ESC guidelines [2].

7.1.3  Aortic Stenosis Low-Flow Low 
Gradient with Preserved LVEF

The most challenging finding in clinical practice 
is a valve area <1 cm2 with a peak velocity <4 m/s 
and a mean pressure gradient <40 mmHg despite 
normal LVEF. The entity of “paradoxical” low- 
flow low-gradient AS with preserved LVEF [11] 
has been introduced in this setting and appears to 
be typical of elderly patients, with small left ven-
tricular cavities, marked hypertrophy, and history 
of hypertension, resulting in reduced transvalvu-

AV area = CSA LVOT TVI
LVOT

TVIAS
∗

AV area = 2.1
93.2

∗

AV area = 0.37 cm2

16.2

Fig. 7.2 Aortic valve area (AVA) calculated using conti-
nuity equation: SV stroke volume, CSALVOT cross-sectional 
area at the level of the left ventricular outflow tract 
(LVOT). TVILVOT velocity time integral at the level of 

LVOT measured with pulsed-wave Doppler proximally to 
the aortic valve. TVIAs velocity time integral at the level of 
aortic valve determined from the continuous-wave 
Doppler peak trans-aortic velocity signal
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lar flow (for which SVi <35 mL/m2 is a surrogate) 
despite normal LVEF. However, this entity has to 
be diagnosed with particular care because other 
more frequent reasons for the finding of a small 
valve area and low gradient in the presence of 
normal LVEF may be more likely such as techni-
cal factors in AVA calculation and have to be 
carefully excluded.

“Paradoxical” LF-LG AS with preserved sys-
tolic function is characterized by:

• AVA <1 cm2.
• AV mean gradient <40 mmHg.
• Normal LVEF (>50%).
• Stroke volume index <35 mL/m2.
• Zva (valvuloarterial impedance) ≥5.5 mmHg/

mL m2.

The Zva is defined as the ratio of the esti-
mated LV systolic pressure to the stroke volume 
indexed [12].

Lastly, in LF-LG AS patients, the projected 
AVA (AVAProj) [1, 13] is an important echocar-
diographic parameter. AVAProj is calculated using 
AVA, assessed with continuity equation, at rest 
and at peak stress, and transvalvular flow rate 
(Q) obtained by dividing stroke volume by the 
LV ejection time measured on the continuous-
wave Doppler spectral envelope of aortic flow. 
The projected AVA at a normal transvalvular 
flow rate (250 mL/min) was calculated using the 
equation:

AVA AVA
AVA AVA

proj rest
rest peak

peak rest

rest

= -
-

-
´ -( )

Q Q

Q250

7.2  Rest Echocardiography 
in Transcatheter Aortic Valve 
Implantation

7.2.1  Selection of AS Patients

As the number of patients undergoing transcath-
eter aortic valve implantation (TAVI), also called 
transcatheter aortic valve replacement (TAVR), 

continues to increase, echocardiographic study 
plays an important role throughout all stages of 
the procedure [14–16]. Many echocardiographic 
parameters should be assessed, including evalua-
tion of left and right ventricular size and function, 
associated aortic regurgitation, or other valvular 
diseases. Once the diagnosis of severe AS has 
been confirmed (see previous paragraph), further 
evaluation of the aortic valve and the aortic root 
is required.

Detailed anatomic characteristics of the aor-
tic valve including leaflet mobility, thickness, 
and degree of calcification should be described. 
Patients with a bicuspid aortic valve have been 
excluded from major trials for TAVI [17]. 
Bicuspid aortic valves present various problems 
for TAVI: very elliptical aortic valve orifice and 
asymmetric calcifications are frequently associ-
ated, may preclude full expansion of prosthesis 
with resulting paravalvular leak, and increased 
shear stress on the valve, thereby contributing to 
early degeneration. Nevertheless, reports of TAVI 
in patients with bicuspid aortic valve have been 
documented [17, 18].

Accurate sizing of the aortic annular dimen-
sion is critical to the success of TAVI, as it will 
guide the selection of valve type and size [14–16]. 
Annular anteroposterior diameter is measured in 
the parasternal long-axis view (Fig.  7.3). The 
measurement should be made at the lowest hinge 
point of insertion of the aortic valve cusps. As the 
annulus is usually elliptical, further measure-
ments in an orthogonal plane should be 
 performed, using parasternal short-axis view 
(Fig.  7.3). When transthoracic two-dimensional 
echocardiographic measurements of the annulus 
are uncertain, transesophageal echocardiographic 
evaluation may be necessary (Fig. 7.3) [14, 19]. 
Transesophageal echocardiography is superior 
because it allows better image quality and more 
accurate measurement of the aortic annular 
diameter.

Measurement of the distance between the aor-
tic annulus and ostia of the coronary arteries will 
help appropriate valve selection. During TAVI, 
the native aortic valve leaflets are crushed against 
the walls of the aortic root. This can cause aortic 
rupture and/or coronary ostial obstruction with 
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potentially life-threatening complications [14, 
16]. Measurement of right coronary ostial dis-
tance can be made on 2D transesophageal echo-
cardiographic imaging modality for annulus 
sizing, but identification of left coronary ostium 
requires 3D transesophageal echocardiography 
or CT examination [14].

It is important to assess the characteristics of 
the ascending aorta, the aortic arch, and the 
descending thoracic aorta since the presence of 
aortic arch atheromas may increase the risk of 
periprocedural embolization. It is also necessary 
to exclude significant mitral valve disease, 
thrombus in left atrium or in left atrial appen-
dance or in left ventricle, and to assess baseline 
LV function. Furthermore, a significant LVOT 
obstruction due to septal hypertrophy should be 
ruled out [14, 15].

7.2.2  Intraprocedural Monitoring

Transesophageal echocardiography may be used 
during TAVI to confirm the echocardiographic 
findings during work-up and to assist monitoring 
during different stages of the procedure [14]. 
However, the need of general anesthesia and the 
potential obstruction of the fluoroscopic view by 
the transesophageal probe are clear disadvan-
tages of periprocedural transesophageal echocar-
diography that reduce its use.

Both 2D and 3D techniques have a complemen-
tary role during TAVI [16]. 3D transesophageal 
echocardiography provides better spatial visualiza-
tion than 2D; therefore, it allows better appreciation 
of the guidewire path and evaluation of the prosthe-
sis position on the balloon, relative to the native 
valve annulus and surrounding structures [20].

Transesophageal echocardiography

Transthoracic echocardiography

Fig.  7.3 Top panel: transthoracic echocardiography, 
annular anteroposterior diameter in AS patient in paraster-
nal long-axis view zoomed on the left ventricular outflow 
tract (LVOT) and in parasternal short-axis view. Bottom 

panel: transesophageal echocardiography in AS patient on 
the left ventricular outflow tract (LVOT) in lower trans-
esophageal view and in short-axis upper transesophageal 
view
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Immediately after prosthesis deployment, 
echocardiographic evaluation is used to confirm 
satisfactory positioning and function of the pros-
thesis: when the prosthesis is positioned too low, 
it may impinge on the mitral valve apparatus, or 
it may be difficult to stabilize in patients with 
marked subaortic septal hypertrophy. If the pros-
thesis is implanted too high, it may migrate up 
the aorta, obstruct the coronary ostia, or be asso-
ciated with significant paravalvular leak.

Echocardiography is capable to verify that all 
the prosthetic cusps are moving well and that the 
valve stent has assumed a circular configuration. 
Some mild regurgitation through the prosthesis 
may be transiently observed when the delivery 
system has not yet been pulled back and/or guide 
wire is still across the valve. Trace or mild para-
valvular leaks usually have a benign course [15]: 
a transverse (short-axis) view across the LVOT, 
just beneath the prosthesis, is very helpful in dif-
ferentiating transvalvular from paravalvular leaks 
(Fig. 7.4). In addition, the circumferential extent 
of regurgitant jets from this view appears to be a 
practical method for preliminary evaluation of 
the degree of paravalvular leak and to decide if 
post-dilatation is necessary; in fact, paravalvular 
leak may occur secondary to undersizing of the 
prosthesis, restricted cusp motion, incomplete 
expansion, or incorrect positioning of the device 
[14, 20, 21].

A complete echocardiography assessment 
should include pericardium, LV function, and the 
mitral valve [14, 15] during the procedure. An 
enlarging pericardial effusion, due to wire per-
foration of the left or right ventricle, may cause 
sudden cardiac tamponade and acute hemody-

namic compromise that must be promptly recog-
nized. Acute LV dysfunction with regional wall 
motion abnormalities may be secondary to ostial 
occlusion by fragment embolization or by an 
obstructive portion of the valve frame. Although 
this complication may be fatal, successful man-
agement of ostial occlusions with percutaneous 
angioplasty or bypass surgery has been reported 
[21]. Sudden worsening of mitral regurgita-
tion may occur as a consequence of ventricular 
pacing or by direct damage or distortion of the 
subvalvular apparatus (i.e., implantation of the 
device too low within the LVOT): this may cause 
temporary or, in the case of chordal or leaflet 
rupture, permanent distortion and severe mitral 
regurgitation [14].

Imaging of the aortic root after TAVI is man-
datory to detect tear or rupture, and the integrity 
of the ascending aortic wall should also be 
assessed.

7.2.3  Post-TAVI Follow-Up

Echocardiographic post-TAVI follow-up is simi-
lar to that of postsurgical aortic valve replace-
ment [2]. Calculation of gradients across the 
valve and effective orifice area should be per-
formed and other indices of valve opening, with 
awareness that the gradients tend to be lower than 
the equivalent aortic valve size by surgical 
replacement.

A second area of difficulty arises with the accu-
rate quantification of aortic regurgitation which 
may consist of central regurgitation and paraval-
vular leak, the latter not infrequently including 

SAXLAX5c

Fig. 7.4 2D color Doppler in showing regurgitation (paravalvular leak) post-TAVI in apical five-chamber view (5C), in 
parasternal long-axis view (LAX), and in parasternal short-axis view (SAX)
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multiple small jets [21]. Accurate assessment of 
the severity of post-TAVI aortic regurgitation is 
difficult in the absence of  validated methods to 
quantify paravalvular leak (Fig. 7.4) [13].

The ESC appropriateness criteria for the use 
of cardiovascular imaging in heart valve disease 
in adults suggest annual echocardiographic sur-
veillance after TAVI procedure [22].

7.3  Stress Echocardiography 
in AS

Stress echocardiography (SE) has an established 
role in the evaluation of patients with valvular 
heart disease and can significantly aid in clinical 
decision-making. The evaluation of LF-LG AS 
with reduced LVEF is the first indication for SE 
in valvular heart disease [23].

Patients with severe AS and left ventricu-
lar systolic dysfunction (LVEF <40%) often 
have a low mean aortic transvalvular gradient 
(<40  mmHg). This entity represents a diagnos-
tic challenge because it is difficult to distinguish 
patients who have severe AS from those with 
pseudo-severe AS [1, 24, 25]. In truly severe AS, 
the small area of the aortic valve contributes to 
an increase in afterload, a reduction in LVEF, and 
cardiac output. In pseudo-severe AS, the sever-
ity of AS is overestimated since the reduction of 
the opening force generated by the underlying 

LV systolic dysfunction results in an incomplete 
opening of the valve and, as a consequence, to 
a reduced AVA [25]. In patients with LF-LG AS 
with LV dysfunction, it may be helpful to deter-
mine the transvalvular gradient and the AVA both 
in resting conditions and during low-dose dobu-
tamine stress echocardiography (up to 20  mcg/
kg/min), to differentiate severe (true AS) from 
pseudo-severe AS [24–28]. Patients who have 
pseudo-severe AS will show an increase in the 
aortic valve area and little change in gradient 
in response to the increase in transvalvular flow 
rate, while those with severe aortic stenosis will 
have a fixed valve area with an increase in stroke 
volume and in gradient [24–27].

The main goal of dobutamine stress is to 
increase the transvalvular flow rate while not 
inducing myocardial ischemia (low-dose). The 
key element in “classical” LF-LG AS with 
reduced LVEF is the evaluation of the LV con-
tractile reserve: patients with reduced LV con-
tractile reserve show an increased risk of adverse 
events [24–26]. The imaging assessment relies on 
the evaluation of LV systolic function (changes in 
ejection fraction or global longitudinal strain) 
and flow reserve (increase in stroke volume 
≥20%) [24–26] and analysis of changes in pres-
sure gradients and in AVA (Fig. 7.5). The increase 
in stroke volume >20% is indicative of signifi-
cant LV contractile reserve [27, 28]. The lack of 
stroke volume increase during dobutamine SE 

AV peak gradient: 53 mmHg

AV mean gradient: 37 mmHg

SVi: 22 ml/m2

COi: 1.9 l/min/m2

AVA: 0.37 cm2

AV peak gradient: 86 mmHg

AV mean gradient: 57 mmHg

SVi: 29 ml/m2

COi: 2.8 l/min/m2

AVA: 0.36 cm2

Rest Stress

Fig. 7.5 Low dose of dobutamine stress echocardiography with evaluation at rest and at peak stress of AV aortic valve 
peak and mean gradient, SVi stroke volume index, COi cardiac output index, and AVA aortic valve area
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can result from (1) afterload mismatch due to an 
imbalance between the severity of the stenosis 
and myocardial reserve, (2) inadequate increase 
of myocardial blood flow due to associated coro-
nary artery disease, and/or (3) irreversible myo-
cardial damage due to previous myocardial 
infarction or extensive myocardial fibrosis [29]. 
Further modality can be achieved by a noninva-
sive assessment of LV contractile reserve through 
changes in LV force, a load-independent index of 
left ventricular contractility [30, 31].

LV contractile reserve is usually evaluated 
through the improvement in LVEF, but under 
some circumstances, it may even be misleading, 
due to its dependence not only on myocardial 
contractility but also on preload and afterload, as 
well as heart rate and synchronicity of contrac-
tion [30]. However, the LV contractile reserve 
assessed by LV force is profoundly different from 
LVEF from the conceptual, methodological, and 
clinical viewpoint. It is independent from preload 
and afterload changes [31], which affect LVEF, 
and requires only the measurement of systolic 
blood pressure by cuff sphygmomanometer and 
end-systolic volume by 2D echocardiography, 
rather than end-diastolic and end-systolic volume 
(Fig.  7.6). Moreover, LV contractile reserve is 
more prognostically powerful than ejection frac-
tion changes in identifying patients at higher risk, 
both in patients with normal and in those with 

markedly abnormal resting left ventricular func-
tion, with all forms of stress echocardiography—
exercise, dobutamine, and dipyridamole [31–34]. 
In AS patients, for the evaluation of LV force, it 
should add to systolic blood pressure the peak AV 
gradient (Fig. 7.6). This parameter will be tested 
in Stress Echo 2020, a prospective, multicenter 
study aimed to obtain original safety, feasibility, 
and outcome data of multiparametric approach in 
different subsets of pathophysiological condi-
tions beyond coronary artery disease, such as val-
vular heart disease [35].

Preliminary papers suggest a potential role for 
SE in the correct evaluation of the severity of 
LF-LG “paradoxical” AS with preserved LVEF 
[36]. Dobutamine stress echocardiography has 
been proposed in this setting. The same dobuta-
mine stress echocardiographic parameters and 
criteria described for classical LF-LG AS can be 
applied to paradoxical LF-LG AS in order to 
identify true-severe stenosis. Approximately, 
one-third of patients with paradoxical LF-LG AS 
has pseudo-severe AS, which is similar to that 
observed in classical LF-LG AS [36]. Dobutamine 
stress echocardiography should not be performed 
in patients with restrictive LV physiology pattern, 
which is frequently found in the paradoxical 
LF-LG AS population. Exercise stress echocar-
diography may be useful in patients with para-
doxical LF-LG who claim to be asymptomatic or 

LV EDV/ESV: 93/54 ml

LV EF: 41% 

(SP+AVPG)/ESV=(110+53)/54 = 3.01 mmHg/ml 

LV Force = (SP+AVPG)/ESV at peak = 6.56 mmHg/ml = 2.18 (NV ≥2.0)

(SP+AVPG)/ESV at rest 3.01 mmHg/ml 

Rest Stress

LV EDV/ESV: 96/35 ml

LV EF: 63% 

(SP+AVPG)/ESV=(150+86)/36 = 6.56 mmHg/ml 

Fig. 7.6 Low dose of dobutamine stress echocardiogra-
phy with evaluation at rest and at peak stress of EDV end- 
diastolic volume, ESV end-systolic volume, LVEF left 

ventricular ejection fraction, SP systolic blood pressure, 
AVPG aortic valve peak gradient, and NV normal value
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have equivocal symptoms to ascertain the symp-
tomatic status and to differentiate true- vs. 
pseudo-severe AS [36]. Data are very interesting 
but they require further confirmation on larger 
populations.

7.4  Stress Echocardiography 
in TAVI

The main factors that have been associated with 
increased risk of mortality under conservative 
management as well as after aortic valve replace-
ment in patients with classical LF-LG AS include 
(1) very low LVEF (<35%) at rest or at dobuta-
mine stress echocardiography, (2) severe impair-
ment of LV longitudinal systolic function at rest 
or at dobutamine stress echocardiography, and (3) 
absence of LV contractile reserve [24–29, 37, 38].

In LF-LG classical severe AS, patients with 
LV contractile reserve have a much better out-
come with aortic valve replacement (percutane-
ous or surgical technique) than with medical 
therapy [28, 29]: absence of LV contractile 
reserve during dobutamine SE is observed in 
approximately one-third of patients and is associ-
ated with high operative mortality (6–33%) with 
surgical aortic valve replacement [29, 37, 38]. 
However, this factor does not predict lack in LV 
function improvement and in symptomatic status 
improvement and late survival after surgery [37, 
38]. Thus, the absence of LV contractile reserve 
should not preclude consideration for surgical or 
transcatheter aortic valve replacement [38], but it 
is associated with high intra- and perioperative 
mortality [37].

The recent ESC guidelines suggest that the 
management of patients with low-gradient aortic 
stenosis is more challenging: in the setting of 
LF-LG classical AS with reduced LVEF, inter-
vention is indicated in symptomatic patients with 
severe low-flow, low-gradient (<40 mmHg) aor-
tic stenosis with reduced ejection fraction and 
evidence of LV contractile reserve (class I), in 
symptomatic patients with LF-LG classical AS 
with reduced LVEF without LV contractile 
reserve (class IIa), excluding pseudo-severe aor-
tic stenosis [2].

In patients with LF-LG classical AS without 
LV contractile reserve during low-dose dobuta-
mine stress echocardiography, TAVI may provide a 
good alternative to surgery [39–41]. In patients in 
whom recovery of LV function and the regression 
of symptoms after procedure are uncertain (e.g., 
patients with extensive myocardial fibrosis, severe 
frailty, and/or severe comorbidities, such as oxygen-
dependent chronic obstructive pulmonary disease), 
a staged approach with balloon valvuloplasty first 
followed by surgical or transcatheter aortic valve 
replacement (if LV function/symptoms improve) 
may be the preferred strategy [42]. The PARTNER 
I trial cohort A (high risk) showed no significant 
difference between transcatheter and surgical aor-
tic valve replacement in the subset of patients with 
classical LF-LG AS [43]. However, patients with-
out LV contractile reserve (i.e., patients with higher 
surgical risk) were excluded from this trial, there-
fore introducing a selection bias. In a nonrandom-
ized study including LF-LG patients with and those 
without LV contractile reserve, TAVI was associ-
ated with better and faster recovery of LVEF [39].

The recent ESC guidelines suggest that 
patients with low-flow, low-gradient aortic steno-
sis and preserved LVEF are the most challenging 
subgroup. Data on their natural history and out-
come after surgical or catheter intervention 
remain controversial [44–46]. In such cases, 
intervention should only be performed when 
symptoms are present and if a comprehensive 
evaluation suggests significant valve obstruction.
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Role of Computed Tomography 
in Transcatheter Aortic Valve 
Implantation

Zhen Qian

8.1  Introduction

Computed tomography (CT) plays a critical role 
in appropriate patient selection and procedural 
planning for transcatheter aortic valve implanta-
tion (TAVI), also called transcatheter aortic valve 
replacement (TAVR). Contrary to surgical aortic 
valve replacement, in which the size of the valve 
can be directly measured using a sizing probe, 
the catheter- based TAVI procedure heavily relies 
on the preprocedural imaging for a comprehen-
sive assessment of the aortic root, the aorta, and 
the peripheral access vessels [1]. Pre-TAVI imag-
ing of high quality has been shown to be crucial 
for achieving optimal outcomes of TAVI [2, 3]. 
The dimensions of the aortic annulus and the aor-
tic root need to be measured before the TAVI pro-
cedure using an imaging approach for proper 
selection and sizing of the transcatheter heart 
valve (THV). Peripheral vessels, including the 
iliofemoral and subclavian arteries, and the aorta 
also need to be imaged before TAVI to assess the 
potential risks of the occurrence of periproce-
dural vascular complications that are associated 
with variant TAVI access routes. Furthermore, 
preprocedural imaging can also be utilized to 

evaluate the extent of valvular calcification in the 
aortic root and the left ventricular outflow tract 
(LVOT). The amount and spatial distribution of 
the aortic valve calcification are believed to be 
associated with complications such as the occur-
rence of post-TAVI paravalvular leak (PVL) and 
the needs of installing permanent pacemakers 
(PPM). Imaging may provide quantitative infor-
mation of the calcification to improve the strat-
egy of the THV selection and optimize the 
deployment technique accordingly. Finally, 
imaging can also be used post TAVI to assess the 
position and frame deformation of the THV and 
evaluate the mobility of the THV leaflets and 
diagnose subclinical leaflet thrombosis.

Imaging in TAVI was historically done using 
two-dimensional (2D) imaging techniques, such 
as the transthoracic echocardiography (TTE), 
transesophageal echocardiography (TEE), and 
angiography. Compared to these 2D imaging 
modalities, CT imaging has unique advantages 
[4]. The aortic root has a double-oblique orienta-
tion with an oval-shaped annulus, which makes 
it difficult to be viewed and accurately assessed 
using a 2D imaging technique [5]. CT is intrin-
sically a noninvasive three-dimensional (3D) 
imaging technology. Modern multi-detector row 
CT (MDCT) scanners (64-detector row and/or 
higher) achieve a submillimeter isotropic reso-
lution and a good balance between the spatial 
and temporal resolving power. CT imaging in 
TAVI typically provides a full volumetric cover-
age of the region from the supraclavicular level 
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to below the common femoral artery, which 
makes it possible to retrospectively select the 2D 
 double- oblique image slices or 3D subregions for 
a detailed assessment of the targeted anatomies. 
Compared to other 3D imaging techniques, such 
as the 3D TEE and cardiac magnetic resonance 
(CMR) imaging, CT is superior in terms of the 
spatial resolution and the capability of imag-
ing calcifications. However, on the other hand, 
CT imaging in TAVI requires the administra-
tion of an iodinated contrast media to enhance 
the differentiability between the soft tissue and 
the blood pool. Because of the average patients’ 
advanced age, renal disease is a common comor-
bidity among the TAVI patients, which is in need 
of special cautions to prevent the occurrence of 
contrast-induced nephropathy (CIN). In patients 
with severe renal dysfunction, alternative imag-
ing modalities, such as CMR and 3D TEE, could 
be performed as a replacement of the contrast- 
enhanced CT.

Currently, several types of THVs are available 
for the TAVI procedure. In this chapter, we will 
focus on the two types of THVs that are most 
commonly used: the balloon-expandable 
Edwards Sapien series (Edwards Lifesciences, 
Irvine, CA), including the Sapien, Sapien XT, 
and Sapien 3 valves, and the self-expandable 
CoreValve series (Medtronic, Minneapolis, MN), 
including the CoreValve Classic, Evolut R, and 
Evolut Pro valves. We will review the role of CT 
imaging in TAVI using those two types of THVs 
as examples and discuss the data acquisition pro-
tocols and the image processing and evaluation 
techniques of the CT images.

8.2  Preprocedural CT for TAVI

8.2.1  CT Imaging Protocols

CT imaging in TAVI can be generally performed 
on a modern multi-detector row CT scanner that 
is capable of acquiring coronary CT angiography 
(CTA). The minimum hardware requirement 
includes a 64-detector row or higher CT scanner 
with electrocardiography (ECG)-gating capacity 
and a dual-head power injector for contrast media 

administration. Patient preparation is similar to 
that of conventional coronary CTA, in which the 
patient remains in supine position and is asked to 
hold breath during image acquisition. Beta- 
blocker is not typically used because it may 
worsen symptoms of aortic stenosis.

The scan range should be determined by the 
diagnostic question and the patient’s condition, 
specifically the renal function. In patients with 
impaired renal function, the scan range can be 
shortened to focus on the aortic root only to 
reduce the dose of contrast media. However, in 
the majority of TAVI patients, evaluation of the 
peripheral access arteries is often required, in 
which the scan range needs to cover a large area 
from the neck base to below the common femoral 
artery. In order to reduce the radiation dose and 
the use of contrast media, a two-step imaging 
strategy is often implemented. As shown in 
Fig. 8.1, first, a prospective ECG-triggered or a 
retrospective ECG-gated acquisition is performed 
to cover the cardiac region, which is similar to the 
acquisition of a conventional coronary 
CTA. Then, it is followed by a non-gated acquisi-
tion to cover the full scan range from the supra-
clavicular level to the groin level. The ranges and 
timing of the two steps should be adjusted based 
on the available CT hardware. For example, for 
CT scanners with a wide detector, the scan range 
of step one can be expanded to the neck base, fol-
lowed by an immediate step two with a contigu-
ous scan range from the diaphragm to the groin 
level. On the other hand, for high-speed CT scan-
ners, such as the dual-source MDCT, it may be 
possible to omit step two and scan the whole 
range using a single prospective ECG-triggered 
high-pitch spiral acquisition.

ECG gating is a prerequisite of CT imaging of 
the aortic root. The dimension of the aortic annu-
lus varies in cardiac phases. In most cases, it 
reaches the maximum annular diameter in peak 
systole [6]. To avoid selecting an undersized 
THV, it is recommended to image the aortic root 
in the systolic phase to capture the largest annular 
dimension. Another important rationale of using 
an ECG-gated acquisition for the cardiac region 
is to freeze the motion of the aortic root as much 
as possible in order to improve the CT image 
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quality. Compared to prospective ECG- 
triggering, retrospective ECG-gated acquisition 
is typically associated with a higher dose of radi-
ation exposure, but a better tolerance to irregular 
and/or fast heart rhythm. Depending on the 
patient’s condition and the hardware of the CT 
scanner, the prospective ECG-triggered tech-
nique or the retrospective ECG-gated technique 
with a tube current modulation can be elected at 
the physician’s or CT technician’s discretion. The 
systolic phase (30–40% R-R interval) is usually 
targeted for data acquisition and reconstruction.

The choice of CT imaging parameters in TAVI 
greatly depends on the CT hardware. For centers 
with prior experiences of performing coronary 
CTA, it is recommended to start with the param-
eters of the coronary CTA protocol and adjust 
accordingly based on the clinical needs. The 
reconstruction slice thickness should be <1 mm 
to allow accurate geometric assessment of the 
aortic root. The tube voltage of TAVI CT can be 
set to lower than that of coronary CTA because 
image noise does not affect the assessment of the 

aortic root to the same extent as to coronary 
CTA.  More importantly, a lower tube voltage 
may increase the attenuation of the contrast- 
enhanced aortic root and, therefore, reduce the 
necessary dose of the contrast media. In CT scan-
ners with high tube current capacities, imaging 
with a high tube current and a low tube voltage 
has been implemented to greatly reduce the dose 
of the contrast media [7]. Spectral imaging- 
enabled CT scanners have also been used to cut 
the contrast dose [8].

To ensure the presence of adequate contrast in 
the aortic root and the peripheral arteries, image 
acquisition should be initiated by using a 
Hounsfield unit (HU)-based bolus tracking method 
or using a test bolus. However, the latter induces 
the use of an additional contrast dose (typically 
20 mL). In the bolus tracking method, the region 
of interest (ROI) can be placed in an area close to 
the aortic root but with less motion, such as in the 
left atrium or in the proximal descending aorta. 
The attenuation threshold and the time intervals 
between the triggering time, the first-step imaging 

Fig. 8.1 The scan range 
of TAVI CT. The two 
scan ranges are selected 
based on the scout 
image of the patient. The 
scan range of the first 
step that covers the 
cardiac region is 
depicted in the red box. 
The scan range of the 
second step that covers 
from the supraclavicular 
level to the groin level is 
depicted in the green 
box
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of the heart, and the second- step imaging of the 
peripheral arteries should be adjusted based on the 
considerations of a number of factors, including 
the CT hardware, the contrast media injection rate 
and duration, the patient size, the severity of the 
aortic stenosis, and the patient’s cardiac function. 
In some slower CT systems, an additional contrast 
injection may be needed in between the first and 
second steps. As stated previously, renal insuffi-
ciency is not a rare comorbidity in TAVI patients, 
which requires special considerations to reduce 
the dose of the contrast media. A common practice 
is to use a lower contrast injection rate, such as 
3–4 mL/s, as compared to the 5 mL/s in conven-
tional coronary CTA protocols. The pre-TAVI CT 
imaging and the TAVI procedure should also be 
performed on different days to reduce the burden 
of impaired renal function.

8.2.2  Evaluation of Pre-TAVI CT

Accurate assessment of the aortic annular dimen-
sion is critical for the selection of the optimal 
THV size. Aortic annulus is a virtual fibrous ring 
connecting the left ventricle and the aortic root. 
Some TAVI CT post-processing software pro-
vides automated functions for aortic annulus 
detection and measurement. However, manual 
assessment is also straightforward to perform. 
The aortic annulus can be found by rotating the 
3D CT image in a double-oblique fashion and 
looking for the three hinge points of the aortic 
cusps, i.e., the three lowest insertion points of 
the aortic leaflets to the aortic root. As shown in 
Fig. 8.2, these three hinge points define the aor-
tic annulus plane, in which the aortic annulus 
can be delineated. Because CT is an isotropic 3D 
imaging technique with a submillimeter resolu-
tion, studies have shown it is superior to 2D 
echocardiography in predicting post-TAVI com-
plications, such as PVL, and determining the 
ideal THV size [9, 10]. A number of different 
measurements of the annular dimension have 
been proposed. The mean diameter of the annu-
lus can be calculated as the average of the lon-
gest and shortest diameters of the oval-shaped 
annulus. The perimeter-derived diameter Dp and 

the area- derived diameter DA can be calculated 
assuming a circular annulus: Dp  =  P/π and 
D Ap = 2 /p , respectively, where P  is the 
annular perimeter and A is the annular area.

The selection of the THV size should be guided 
by the measurements of the aortic annulus. THV 
manufacturers, including Edwards Lifesciences 
and Medtronic, provide guidelines for THV size 
selections based on the annular dimensions derived 
from preprocedural imaging. Because of the sys-
tematic measurement discrepancy between differ-
ent imaging modalities, the sizing scales are 
usually technique specific. In the early generations 
of the THVs, the manufacturer- provided sizing 
scale was derived from 2D echocardiography due 
to the lack of CT imaging data. Therefore, caution 
must be exercised when interpreting those guide-
lines. Modified sizing scales for CT-derived annu-
lar dimension have been proposed and have been 
validated for improving the outcome of TAVI [11]. 
It is recommended to use those modified sizing 
scales that are tailored to CT imaging. In the newer 
generations of THVs, the sizing scales for echo-
cardiography and CT are usually both provided by 
the manufacturers. In the self-expandable valves, 
the mean diameter and the perimeter-derived 
diameter are mostly used to determine the THV 
size, mainly because of the elliptical shape of the 
self-expandable valve post valve deployment. On 
the contrary, in the balloon-expandable valves, the 
annular area and/or the area-derived annular diam-
eter is mostly used for valve sizing because of the 
more circular shape of the balloon-expandable 
valve post valve deployment. Generally, the size of 
the selected THV should be larger than the native 
aortic annulus to prevent PVL. The oversizing of 
the annular area can be set to about 10% in the 
balloon-expandable valves [12], and the oversiz-
ing of the annular perimeter can be set to about 
10–25% in the self-expandable valves [13]. The 
presence and the severity of aortic calcification 
should also be considered for determining the 
degree of THV oversizing, specifically for annulus 
with a borderline dimension. In patients with a 
heavily calcified aortic root, a lower oversizing 
degree should be considered.

In addition to the annulus dimension, a num-
ber of other geometric parameters of the aortic 
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root should be measured from the CT image for 
the selection of the THV types and sizes. Because 
the balloon-expandable valves and the self- 
expandable valves are two very different designs, 
the required measurements by the two systems 
are also different. As shown in Fig.  8.3a, b, in 
balloon-expandable valves, it is required by the 
manufacturer to measure the distances from the 
coronary ostia to the annular plane to assess the 
risk of coronary obstruction. In addition, the 
length of the aortic leaflets and the presence of 
severe leaflet calcification may also be reported, 
because they have been shown to contribute to 
coronary obstruction in balloon-expandable 
valves [14], too. As shown in Fig. 8.3c–e, manu-
facturer’s guideline of the self-expandable valve 

requires the assessment of the diameter of the 
ascending aorta, which is measured at 4 cm above 
the annular plane, and the diameter and height of 
the sinus of Valsalva. Because the self- expandable 
valve has a taller profile that extends into the 
ascending aorta after deployment, such measure-
ments are needed to ensure the appropriate 
anchoring and apposition of the self-expandable 
valve in the aortic root.

CT imaging has a unique strength in assessing 
the extent and morphology of calcium deposi-
tions in the aortic root, which have been shown to 
be related to various complications post TAVI 
[15–17]. Excessive aortic root calcification is 
considered a risk factor of device landing-zone 
rupture. Calcification in the sinus of Valsalva, 

a

d

b c

Fig. 8.2 Assessment of the aortic annulus. (a) The annu-
lar plane is defined by the three hinge points, i.e., the right 
coronary hinge point (red), the left coronary hinge point 
(blue), and the noncoronary hinge point (green). (b, c) In 
the longitudinal views, the hinge points are the lowest 

insertion points of the aortic leaflets to the aortic root. (d) 
The aortic annulus can be delineated in the cross-sectional 
view of the annular plane. Annular size can be measured 
as the maximum and minimum diameters, the annular 
area, the average diameter, and the annular perimeter
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specifically on the leaflets, may also increase the 
risk of coronary obstruction. Moreover, landing- 
zone calcification could lead to an incomplete 
sealing between the THV and the native aortic 
root, which is believed to be an important cause 
of the occurrence of PVL post TAVI. Aortic root 
calcification may also interfere with the THV 
deployment and result in valve malapposition, 
requiring a post-dilation after the initial valve 
deployment. In addition, recent development in 
the design of THVs, such as adding a sealing cuff 
to the Sapien 3 [18] and an outer wrap to the 
Evolut Pro [19], has significantly reduced the rate 
of PVL occurrence post TAVI. However, the rates 
of needing new permanent pacemaker (PPM) 
implantations in both types of THVs remain high. 
Calcifications in the LVOT, specifically in the 
areas below the left and right coronary cusps, 
have been shown to be associated with increased 
risks of the use of PPM [20].

Calcification in the vicinity of the aortic root 
should be qualitatively graded and reported. The 
morphology and spatial distribution of the cal-
cium depositions, such as the presences of large 
nodular calcifications in the annulus and streaks 
of calcification protruding into the LVOT, may 
also be reported for their clinical significances. 
Quantitative assessment of calcification is tradi-
tionally performed on non-enhanced CT images 
using the conventional Agatston score [21], vol-

ume score [22], or mass score [23] method. It is 
optional to perform a non-enhanced CT acquisi-
tion of the aortic root region before the contrast 
administration for the purpose of calcium quanti-
fication at the physician’s discretion. However, 
this will also lead to an increased radiation expo-
sure to the patient. Caution must also be exer-
cised when using a lower tube voltage (<120 kV) 
in the non-enhanced CT acquisition, where the 
conventional calcium cutoff (130 HU) should be 
adjusted. Methods that use a higher attenuation 
threshold to derive calcium volume and calcium 
mass in contrast-enhanced CT images have been 
proposed [24]. However, there is currently no 
large studies that support the accuracy and effec-
tiveness of these quantitative calcium analysis 
methods in enhanced CT images.

8.2.3  Angiographic Projection 
Angles

During the TAVI procedure, the interventionist 
relies on the 2D fluoroscopic projection image of 
the aortic root to guide the THV deployment. The 
2D projection angle needs to be adjusted to be 
perpendicular to the center line of the aortic root 
and parallel to the aortic annulus plane, which is, 
as previously stated, defined by the three lowest 
insertion points of the aortic valve leaflets. If the 

a d

eb c

Fig. 8.3 Measurements of the aortic root. (a) and (b) 
show the measurements of the left and right coronary 
heights, respectively, which are defined as the distances 
from the coronary ostia to the annular plane. (c) shows the 

measurement of the sinus height, the sinus width, and the 
diameter of the sinotubular junction (STJ). (d, e) show the 
measurement of the diameter of the ascending aorta 4 cm 
above the annular plane
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pre-TAVI CT imaging had not been performed, 
the interventionist would be required to manually 
find the 2D projection angle by performing 
repeated aortograms to fine-tune the fluoroscopy 
orientation. This would lead to increased radia-
tion and contrast doses administered to the patient 
and lengthen the procedural time. Assuming the 
positioning of the patient during the pre-TAVI CT 
acquisition is the same as during the actual TAVI 
procedure, a series of 2D projection angles can 
be derived from the pre-TAVI CT image to pre-
dict the appropriate fluoroscopic projection 
angles in the TAVI procedure. Although the 
assumption of the unchanged patient positioning 
does not always hold true, such a prediction 
before TAVI could reduce the need for the multi-
ple aortograms and more importantly, reduce the 
contrast media volume, which is often a critical 
issue in the elderly population of the TAVI 
patients [25, 26].

The angiographic projection angle can be 
automatically calculated using a designated TAVI 
CT post-processing software based on the three 
leaflet insertion points [27]. As shown in Fig. 8.4, 
the projection angle can also be manually derived 
by rotating the 3D rendering of the heart and 
searching for a viewing angle that aligns the three 
insertion points to form a straight line. Once a 

projection angle is determined, theoretically an 
infinite number of projection angles can be 
obtained by revolving the projection around the 
center line of the aortic root. However, such 
angles are often restricted by the physical envi-
ronment. The setup of the catheterization labora-
tory and the configuration of the angiography 
equipment need to be considered for the selection 
of the appropriate projection angles.

8.2.4  Evaluation of Vascular Access

The delivery system of TAVI is designed to trans-
port the THV to the aortic root for deployment 
without an open-chest surgery. The delivery of 
the TAVI valve can be done via different access 
routes. For the commonly used CoreValve and 
Sapien valves, the most frequently used access 
route is the iliofemoral axis. Other less frequently 
used routes may include the transaxillary, trans-
aortic, and transapical accesses. The selection of 
the access route of TAVI should be made based 
on a comprehensive consideration of the charac-
teristics of the THV valve, the delivery system, 
and the vascular anatomy/pathology of the 
patient. Because of the isotropic 3D imaging 
capability, preprocedural CT angiography plays a 

Fig. 8.4 Method of 
finding the angiographic 
projection angle. The 
angiographic projection 
angle can be derived by 
rotating the 3D-rendered 
reconstruction of the 
heart and aligning the 
left (L), right (R), and 
noncoronary (N) hinge 
points to form a straight 
line
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critical role in finding the optimal access route to 
minimize the potential risks of vascular compli-
cations, which have been defined by the Valve 
Academic Research Consortium [28].

To assess the appropriateness of the potential 
transfemoral access route using a peripheral CT 
angiography, starting from the access site of the 
transfemoral route, the complete endovascular 
delivery pathway, including the common femo-
ral, the external iliac, the common iliac, the 
descending aorta, the aortic arch, the ascending 
aorta, and the aortic root, should be evaluated. 
Ideally, the luminal diameter of the endovascular 
pathway should be always larger than the sheath 
size of the THV delivery system to ensure a 
smooth passage of the transcatheter device. 
However, the sheath size and the introducer pro-

file vary in type and size of the TAVI valve. 
Moreover, the development of a delivery system 
with a smaller sheath size and a lower profile 
introducer has been actively carried out by both 
TAVI vendors. A continuous improvement of the 
delivery system has been witnessed over the gen-
erations of the TAVI valves. Therefore, the evalu-
ation of the delivery pathway should be performed 
on a THV-specific basis. The ratio of the sheath 
size to the femoral artery size (SFAR) has been 
proposed recently [6], in which a threshold of 
1.05 has been shown to be predictive of peripro-
cedural vascular injuries. Depending on the type 
and size of the valves, the minimum luminal 
diameters have also been recommended [29].

As shown in Fig. 8.5a, for the measurement 
of the minimum luminal diameter, the peripheral 

a b

Fig. 8.5 Analysis of the CT angiography for the evalua-
tion of the vascular access. (a) The peripheral CT angiog-
raphy is typically depicted using a curved multiplanar 
reformation. Minimum luminal diameter is measured in 
the potentially most stenotic segments. The degree and 

morphology of calcification can also be visualized. (b) 
The 3D-rendered volumetric reconstruction of the ilio-
femoral axis can be used for the evaluation of vessel 
tortuosity
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CT angiography is usually depicted using a 
curved multiplanar reformation for an initial 
visual assessment of the iliofemoral axis. Both 
the left and right iliofemoral pathways should be 
analyzed. Along the center line of the pathway, 
the most stenotic locations that may potentially 
lead to delivery failures can be annotated for fur-
ther inspection. The luminal areas and diameters 
at those locations can be measured in the cross- 
sectional views of the artery. It must be noted 
that the minimum luminal diameter is not the 
only factor that determines the appropriateness 
of the access route. It has been shown that in 
relatively compliant arteries without excessive 
calcification, a short segment with a minimum 
luminal diameter 1–2  mm smaller than the 
sheath size may still allow a successful TAVI 
deployment [30, 31].

In addition to the luminal diameters, a number 
of other variables, such as the regional calcium 
burdens and calcium morphologies, the degrees 
of the arterial tortuosities, and any vascular 
anomalies, should also be reported for full con-
sideration. Atherosclerosis and calcium burdens 
should be qualitatively graded. The extent and 
morphology of the atherosclerotic calcification, 
which are important for the interpretation of the 
CT angiography, should be reported. The partial 
volume artifact associated with severe calcifica-
tions may overestimate the stenosis degree of the 
target vessel and result in a lower estimation of 
the luminal diameters. On the other hand, if the 
morphology of the calcification exhibits a cir-
cumferential or horseshoe pattern, it may more 
likely restrict the expansion of the artery when 
the delivery sheath passes. Moreover, the arterial 
tortuosity is also a risk factor when atherosclero-
sis and calcification are presented. As shown in 
Fig.  8.5b, the 3D-rendered volumetric recon-
struction of the iliofemoral axis is often used for 
the evaluation of vessel tortuosity.

If the transfemoral access route is deemed not 
suitable for the TAVI procedure, the potential 
transaxillary, transaortic, and transapical access 
routes should also be assessed. The aforemen-
tioned CT analysis technique of the transfemoral 
access can be similarly applied to the transaxil-
lary approach. For the evaluation of the transaor-

tic access, CT image can be used to identify the 
aortic access site and select the optimal delivery 
trajectory. In the preparation of the transapical 
approach, the location of the left ventricular apex 
can also be identified in the CT image to facilitate 
the transapical puncture.

8.3  Postprocedural Imaging

Postprocedural follow-up CT imaging is not rec-
ommended for routine clinical use in TAVI 
patients. The exact clinical role of post-TAVI CT 
remains unclear. However, CT has been used as a 
valuable tool to evaluate the position and the 
shape of the valve post TAVI in the aortic root. 
CT has been successfully used to reveal THV 
migration and strut fractures and degenerations 
[32]. Moreover, subclinical leaflet thrombosis 
post TAVI has been found using CT imaging, 
which is believed to be associated with increased 
risks of strokes and/or transient ischemic attacks 
[33]. Subclinical leaflet thrombosis can be identi-
fied as hypoattenuating lesions adjacent to the 
bioprosthetic leaflets with reduced leaflet motions 
using 4D CT acquisitions [34, 35].

8.4  Conclusion

CT imaging has emerged as the standard of care 
to be routinely performed before the TAVI proce-
dure for patient screening, THV selection, and 
access route evaluation. Evidences from recent 
trials showed that it may be appropriate to expand 
the indication of TAVI to patients with intermedi-
ate or even low risk of surgery [36]. Given such 
an emerging expansion of the TAVI indication, 
preprocedural planning of TAVI has become even 
more critical for the prevention of post-TAVI 
complications. CT-based annular sizing has been 
shown to be superior to 2D echocardiography in 
reducing the occurrence of PVL post TAVI [2, 
10]. CT allows a more accurate and more repro-
ducible 3D assessment of the aortic root and the 
endovascular pathway than the other 2D imaging 
modalities. Moreover, CT has a unique ability of 
imaging calcification and vessel tortuosity. In this 
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chapter, we have reviewed the role of CT imaging 
in TAVI and discussed the data acquisition proto-
cols and the image processing and evaluation 
techniques. CT imaging may also potentially 
play an important role in the postprocedural eval-
uation of TAVI.
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9.1  Introduction

Magnetic resonance imaging (MRI) is a noninva-
sive imaging technique that combines a powerful 
magnetic field with radiofrequencies in order to 
produce three-dimensional detailed anatomical 
images without the use of ionizing radiation. 
Cardiovascular MR (CMR) imaging is gaining 
importance in clinical and interventional cardiol-
ogy as an emerging diagnostic tool to evaluate a 
wide spectrum of cardiovascular diseases. In a 
single exam, in fact, it can provide detailed infor-
mation on cardiac and aortic anatomy, myocar-
dial tissue characterization, and valve morphology 
and function. CMR is considered the gold stan-
dard imaging modality to assess cardiac volumes 
and function and to quantify myocardial mass 

[1]. Valve pathology can be accurately evaluated 
through the use of different CMR sequences such 
as cine imaging and phase-contrast (PC) velocity 
mapping.

Computed tomography (CT) and echocardiog-
raphy play a pivotal role in the setting of transcath-
eter aortic valve implantation (TAVI), also called 
transcatheter aortic valve replacement (TAVR), 
thanks to the excellent spatial resolution of CT 
and the wide availability and optimal temporal 
resolution of echocardiography. However, MRI is 
a noninvasive, radiation-free emergent alternative 
for both preoperative assessment and postopera-
tive surveillance in patients undergoing TAVI, and 
there is increasing evidence that it can offer equiv-
alent information to the other imaging modalities. 
In addition, MRI can provide incremental diag-
nostic and prognostic information, thanks to its 
unique properties, such as detailed anatomic 
assessment and advanced tissue characterization.

In current clinical practice of preoperative 
evaluation for TAVI, non-contrast MRI is com-
monly performed in patients with contraindica-
tions to CT such as severe renal function 
impairment (GFR < 30 mL/min/m2) or history of 
allergic reactions to iodinated contrast media. 
Furthermore, it has an important role in the eval-
uation of patients with inadequate acoustic win-
dow or in the event of discrepancy between 
echocardiographic parameters and symptoms, 
particularly in the context of low-gradient aortic 
stenosis (AS) and/or left ventricular systolic dys-
function [2, 3].
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There is a growing evidence base to suggest 
that tissue characterization using post-contrast 
CMR sequences such as late gadolinium enhance-
ment (LGE) or novel non-contrast sequence (T1 
mapping) provides prognostic information in 
patients with AS, and its incremental value is 
increasingly recognized in the clinical decision- 
making of patients who are potential candidates 
for valve correction [4–7].

MRI is also feasible and safe in the postopera-
tive setting because the most widely implanted 
TAVI prostheses (Medtronic CoreValve® and 
Edward Sapien®) are MRI conditional in the 
static fields of 1.5 or 3.0 Tesla scanners [8]. One 
of the major determinants of procedural success, 
i.e., the degree of paravalvular aortic regurgita-
tion, can be easily assessed with PC sequence, 
regardless of the presence of image artifacts 
around the prosthesis.

This chapter will explore the current role of 
MRI in the evaluation and management of 
patients undergoing TAVI and will offer a per-
spective on its future potential.

9.2  Pre-procedural Planning

9.2.1  Patient Selection: 
Determination of Severity 
of Aortic Stenosis

Transthoracic echocardiography (TTE) is the 
standard method for the evaluation of the severity 
of AS [9]. However, 20% of the TTE examina-
tions result to be nondiagnostic due to subopti-
mal image quality [10]. In the setting of AS 
assessment in potential TAVI candidates, when 
echocardiography is not feasible or anatomical 
and functional measurements are inconsistent or 
even discordant, CMR may be a reliable alterna-
tive using either direct planimetry of the aortic 
valve orifice or velocity-encoded CMR tech-
niques and assessing the hemodynamic status, 
which is particularly relevant in low-flow-low- 
gradient AS [3].

Two principal sequences are used for the 
assessment of the aortic stenosis: (1) cine imag-
ing, which produces short movies showing heart 

and valve motion throughout the cardiac cycle, 
obtained with ECG triggering, and (2) velocity- 
encoded PC imaging, which is able to visualize 
moving fluid and analyze flows and velocities 
through a plane. Both sequences do not need con-
trast administration and thus can be performed 
safely in patients with renal failure.

Aortic valve area and morphology: CMR is a 
reliable technique to evaluate the morphology 
and function of the aortic valve. High-quality 
images can be acquired in any plane or phase of 
the cardiac cycle without limitations of acoustic 
windows, allowing for correct alignment and 
accurate measurements of the aortic valve orifice 
either with direct planimetry or continuity 
equation- based measurement. Direct planimetry 
is the most used technique and is achieved by 
placing a cine imaging plane through the valve 
tips in systole, starting from the left ventricular 
outflow tract (LVOT) views. Image slice must be 
thin (4–5  mm) and precisely at the valve tips. 
Acquisition of multiple thin slices in the aortic 
root parallel to the valve orifice is advisable in 
order to identify the true orifice, which is the 
smallest area between the aortic valve cusps at 
the time of maximal opening in ventricular sys-
tole (Fig. 9.1). This technique had shown a good 
agreement with transesophageal echocardiogra-
phy in previous studies [11, 12] but can be lim-
ited by the difficult visualization of the aortic 
leaflets due to the presence of heavy calcifica-
tions, flow turbulence artifacts, and respiratory 
artifacts. Alternatively, the aortic valve area 
(AVA) can be computed from PC images using 
the continuity equation. Peak velocities are com-
puted in regions of interest drawn in the transval-
vular and LVOT plane, approximately 1  cm 
below the aortic annulus, and the LVOT dimen-
sions are measured at the same level from cine 
images. By using the modified Bernoulli equa-
tion, peak and mean gradients are obtained.

Flow quantification: CMR enables direct flow 
quantification using through-plane PC velocity 
mapping [13] and allows for direct quantification 
of important parameters such as stroke volume, 
peak aortic valve velocity, peak and mean aortic 
gradient using the modified Bernoulli equation, 
and aortic regurgitant volume and fraction, with 
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high reproducibility [14]. The imaging plane 
should be positioned in the aortic root, a few mil-
limeters distal to the tips of the aortic valve leaf-
lets, and must be orthogonal to the aortic flow jet 
(Fig. 9.2). CMR presents advantages over echo-
cardiography in those cases where aortic roots 
are angulated or when the stenotic jets are not 
parallel to the LVOT resulting in difficult echo 
beam alignment. Nevertheless, one of the major 
drawbacks of the technique in this setting is that 
temporal resolution of CMR is lower than that of 
continuous-wave Doppler echocardiography 
(25–50 ms vs. 2 ms), and this often leads to the 
underestimation of aortic valve velocity measure-
ments, especially when peak velocities exceed 
3.5  m/s [15]. Additionally, a wrong slice posi-
tioning, i.e., not perpendicular to flow, inhomo-
geneous magnetic field, arrhythmias and turbulent 
post-stenotic flow can cause inaccuracies in 
measurements.

Hemodynamic assessment: Accurate measure-
ment of left and right ventricular volumes, func-
tion, and mass are crucial for assessing the impact 
of valve lesions on the ventricles. CMR is the 
gold standard technique for this purpose as it 
does not rely on geometrical assumption for vol-
ume biplane calculation as echocardiography but 
is based on the Simpson’s method of disks sum-
mation, whereby the sum of cross-sectional areas 
is multiplied by slice thickness (usually 8  mm) 
leading to precise volumetric assessment 

(Fig. 9.3). In the setting of low-flow-low-gradient 
AS, which accounts approximately for 5–10% of 
patients with severe AS [16], CMR can diagnose 
a low-flow state by deriving the stroke volume 
index (SVI) either from the aortic flow data or 
from the volumetric analysis of the left ventricle 
(low-flow state is defined when SVI <35 mL/m2) 
[17]. Moreover, adding a stress perfusion 
sequence to the protocol, LV function assessment 
can be repeated during administration of low- 
dose dobutamine in order to evaluate the contrac-
tile reserve and differentiate pseudo-aortic 
stenosis from real aortic stenosis [9].

9.3  Valve Sizing

Accurate measurement of the aortic annulus is 
essential for appropriate valve sizing in 
TAVI.  Although this was initially performed 
using TTE or TEE, there is growing evidence that 
3D techniques such as multidetector CT (MDCT) 
or CMR can provide more precise measurements, 
avoiding potential complications of over- and 
under-sizing such as aortic annular rupture and/
or paravalvular aortic regurgitation (PAR). 
MDCT has become the reference standard for 
aortic root measurements, thanks to its excellent 
spatial resolution, but it requires ionizing radia-
tion and the administration of iodinated contrast 
agents. It has been reported that approximately 

Area: 0,63 cm
2

a b c

Fig. 9.1 Determination of severity of aortic stenosis by 
planimetry method. Starting from the two orthogonal 
views of the left ventricle outflow tract ((a) 3-chamber 
view and (b) coronal view), a cine imaging plane is placed 
through the aortic valve tips in systole. The planimetric 

area can be calculated on the short axis plane (c) manually 
drawing the anatomical aortic valve orifice area at the 
time of maximal opening of the valve during systole. The 
derived calculated area of 0.63  cm2 is consistent with 
severe aortic stenosis
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20% of patients undergoing TAVI present contra-
indication to MDCT due to renal failure, high 
heart rate, or arrhythmias [18]. CMR can be a 
contrast- free, noninvasive valuable alternative, 
thanks to its high spatial resolution and multipla-
nar imaging reconstruction capabilities, and can 
provide comprehensive and accurate pre-proce-
dural measurements of the aortic annulus, of the 
dimensions of the aortic valve leaflets, and of the 
height of the coronary ostia.

Precise measurement of the annulus is neces-
sary to avoid mismatch between annulus and 
prosthesis. The aortic annulus has an ellipsoid 
shape, with larger coronal than sagittal diame-

ters. Measurement of the annulus by CMR is 
performed meticulously at the plane of the vir-
tual basal ring, identified by joining the basal 
attachments of aortic valve leaflets and is feasi-
ble both with multiplanar 2D and 3D sequences. 
Sagittal and coronal 2D cine imaging of the 
LVOT can be used to measure annulus diame-
ters, while a short- axis cine stack can be used to 
calculate the annular area, which is the most 
reproducible value (Fig. 9.4). 3D reconstruction 
performed by using non-contrast-enhanced nav-
igator-gated 3D whole-heart sequence has been 
shown to give accurate measurements of the 
annulus perimeter, area, and diameters, thanks 

c

ba

Fig. 9.2 Example of CMR assessment of aortic valve 
severity using through-plane phase contrast velocity map-
ping: from phase (a) and magnitude (b) images flow mea-

surements of peak aortic valve velocity, peak and mean 
aortic gradient, stroke volume, regurgitant volume and 
regurgitant fraction can be derived (c)
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to its submillimeter resolution [19]. From the 
same 2D and 3D CMR images, reliable mea-
surements of the coronary ostia height and aor-
tic valve leaflets length can also be obtained, 
which are of fundamental importance to prevent 
the occlusion of the coronary arteries caused by 
the displacement of the native aortic leaflets 
toward the aortic wall following prosthesis 
implantation.

CMR has demonstrated excellent correlation 
with CT-based measurements related to aortic 
root dimension, with a low intra- and interob-
server variability [20], even in the setting of 
valve-in-valve TAVI planning, despite the pres-

ence of image artifacts generated by the metal 
components of the original aortic prosthesis [21].

9.4  Choice of Access

The evaluation of the best access route for TAVI is 
commonly performed using CT, which can accu-
rately image the aorta and the peripheral vessel and 
evaluate caliber, tortuosity, and calcification. MRI 
could represent an alternative for access planning, 
but the suboptimal visualization of calcifications, 
which are often present and abundant in elderly 
patients’ peripheral vasculature, limits the use of the 

END-DIASTOLE END-SYSTOLE

Fig. 9.3 Morphological and functional MRI analysis of 
the left ventricle. Endocardial borders are outlined manu-
ally in both the end-diastolic and end-systolic phase in all 
short-axis cine images. Epicardial borders are contoured 
in end-diastole in order to measure LV mass. LV volumes, 

ejection fraction, stroke volume, cardiac output are calcu-
lated by the software (Circle Medical Imaging) using 
Simpson’s method of disks summation, whereby the sum 
of the ventricular cavity areas is multiplied by slice 
thickness
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technique in the assessment of aortoiliac access, 
which represents more than 90% of the current 
implants. MRI angiography (or MRA) could over-
come this shortcoming, but it requires contrast 
administration, which can cause nephrogenic sys-
temic fibrosis in patients with preexisting severe 
renal dysfunction [22] and as such is not a valid 
alternative to CT in these patients. Conversely, when 
transfemoral access is contraindicated due to severe 
peripheral artery disease, MRI can be useful for pre- 
procedural planning of alternative access, measuring 
the distance from the ascending aorta access site to 
the skin and to the aortic valve plane in case of trans-
aortic access or the distance between LV apex from 
the sternum and skin surface in case of transapical 
access, similar to CTA but without using ionizing 
radiation and contrast agent [23]. In patients with so-
called porcelain aortas, CMR is considered a sec-
ond-line image modality, and CT remains the 
standard of choice not only because it permits better 
visualization of calcium but also because in this 
instance contrast agent administration is not required.

9.5  Predicting Prognosis

9.5.1  Myocardial Fibrosis

Myocardial fibrosis is the hallmark of the myocar-
dial adaptation to the chronic pressure overload 
due to aortic stenosis. The increased LV wall 
stress secondary to the valve disease is initially 
compensated by LV hypertrophy to maintain 

good systolic function. However, the persistence 
of the increased afterload may lead to cellular 
apoptosis, myofibroblast activation, and changes 
in the extracellular matrix, with deposition of col-
lagen I and loss of myofibers. Chronic ischemia 
caused by oxygen supply-demand mismatch and 
impaired coronary flow reserve may also play a 
role [24]. This structural remodeling, character-
ized by the transition from myocardial hypertro-
phy to myocardial fibrosis, results in adverse 
effects on systolic and diastolic LV function and 
can lead to heart failure, affecting prognosis.

The greatest advantage of MRI over other 
imaging modalities is its unique ability to per-
form tissue characterization, providing “in vivo 
histology” based on the inherent different mag-
netic properties of human tissues. CMR is the 
gold standard noninvasive imaging modality to 
visualize and quantify myocardial fibrosis, by 
using (1) late gadolinium enhancement (LGE) 
sequence for the evaluation of focal replacement 
fibrosis and (2) T1 mapping sequence, for assess-
ing more diffuse patterns of interstitial fibrosis.

Late gadolinium enhancement (LGE): LGE 
sequence involves the intravenous administration of 
gadolinium-based contrast agents and is considered 
the reference method to quantify focal replacement 
fibrosis by MRI [25]. The technique relies on the 
altered washout of the contrast agents within the 
damaged myocardial tissue, with fibrotic myocar-
dium appearing bright, while normal myocardium 
appears as black on late inversion recovery 
T1-weighted imaging. The strong correlation 

a b c

Fig. 9.4 Aortic annulus measurement by MRI. Starting 
from the two orthogonal views of the left ventricle outflow 
tract ((a) 3-chamber view; (b) coronal view), a cine imag-

ing plane is placed in the virtual basal ring. Maximum and 
minimum diameter and annulus area can be measured at 
this level (c)
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between histologic findings of myocardial biopsy 
reported in previous studies [26] has confirmed the 
accuracy and reliability of this method, which has 
become the technique of choice to assess and quan-
tify myocardial replacement fibrosis. LGE is 
detected in up to 62% of patients with severe aortic 
stenosis [5, 6, 27, 28], both with ischemic and non-
ischemic patterns. While the ischemic LGE pattern 
involves the subendocardium along a coronary 
artery perfusion territory, the nonischemic pattern is 
mid- wall or epicardial and can be either diffuse, 
patchy, focal, or linear but typically spares the endo-
cardium and does not follow a coronary distribution 
territory. In patients with moderate to severe AS, the 
presence of LGE has been reported as an indepen-
dent predictor of mortality, increasing the risk of 
death of 6–8 times, being of incremental value to 
ejection fraction alone in the risk stratification of 
these patients [5]. In patients undergoing AVR and 
TAVI, the presence and extent of myocardial fibro-
sis detected by LGE predict increased perioperative 
risk and worse all-cause and cardiovascular disease-
related survival, mainly due to an increased risk of 
sudden cardiac death [6]. Therefore, it has been sug-
gested that fibrosis could serve as a substrate for 
life-threatening arrhythmias, raising the possibility 
that prophylactic implantable cardioverter defibril-
lators may improve long-term survival in this popu-
lation. Moreover, previous studies reported that 
myocardial fibrosis does not regress significantly 
after surgery, and it correlates with incomplete LV 
functional recovery and worse New  York Heart 
Association functional class [4, 6, 29]. Therefore, 
although the current clinical management of 
patients with AS is based mainly on the assessment 
of valvular parameters, EF, and symptoms [17], 
LGE has all the potential to improve patient selec-
tion, timing of intervention, operative approach, and 
primary prevention of sudden cardiac death.

T1 mapping: T1 mapping has recently emerged 
as a novel MRI technique to assess noninvasively 
the presence of diffuse interstitial fibrosis that may 
go undetected on LGE imaging (Fig.  9.5). This 
technique relies on T1 relaxation time of tissues, a 
measure of how fast the nuclear spin magnetization 
returns to its equilibrium state after a radiofre-
quency pulse. The myocardial T1 time can be mea-
sured without contrast (native T1 mapping) or 
following the administration of intravenous gado-

a

c

b

Fig. 9.5 Characterization of myocardial fibrosis by LGE 
(a), native T1 mapping (b) and post-contrast T1 mapping (c)
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linium-based contrast agent (post-contrast T1). By 
combining both measures, the myocardial extracel-
lular volume (ECV) fraction can be calculated. 
Since myocardial fibrosis has different relaxation 
properties compared to the normal myocardium 
and the ECV is expanded in the damaged tissue, 
even subtle changes can be detected and quantified. 
Native T1 mapping values are higher in patients 
with aortic stenosis and further increase in symp-
tomatic compared with asymptomatic patients [7, 
30]. Albeit not performed routinely, native T1 val-
ues and myocardial ECV fraction have been found 
to be predictors of poor prognosis in patients with 
aortic stenosis [7, 31] and thus hold promise to 
improve risk stratification in patients undergoing 
AVR and TAVI by detecting early and potentially 
reversible myocardial changes.

9.6  Aortic Stiffness

Arterial stiffness is an early marker of adverse mor-
phological and functional vessel changes. A reduced 
compliance of the aortic wall is associated with 
aging and has been shown to be an independent pre-
dictor of cardiovascular events and mortality in gen-
eral population and in patients with arterial 
hypertension, diabetes, and severe renal failure [32, 
33]. In patients with aortic stenosis, valve dynamics 
and the combination of multiple risk factors can 
lead to aortic stiffening [34]. Previous studies have 
shown that aortic stiffness improves after both AVR 
and TAVI [35, 36], likely due to the recovery of the 
damaged aortic root endothelium, which has an 
important role in the production of vasorelaxant fac-
tors. Moreover, aortic biomechanics have been pro-
posed as a predictor of outcome in patients 
undergoing TAVI, which can help in the risk strati-
fication of patients undergoing the procedure [36]. 
Aortic distensibility and pulse wave velocity are the 
two main parameters to assess aortic stiffness and 
can be accurately calculated by CMR. Aortic dis-
tensibility is measured from two-dimensional cine 
images acquired in the transverse plane perpendicu-
lar to the aortic lumen at different levels of the ves-
sel. It is calculated as follows:

Aortic distensibility
maximum area minimum area

minimum area

=
-

´DDP

where ΔP is the pulse pressure in mmHg [37]. 
Pulse wave velocity (PWV) is the most reproduc-
ible and validated parameter to assess aortic stiff-
ness. It is calculated from axial phase-contrast 
images by dividing the distance between the 
ascending and descending thoracic aorta by the 
transit time of the flow wave. PWV values are 
higher in stiffened arteries because they conduct 
the pulse wave faster compared to more distensi-
ble arteries [38]. Another method based on CMR 
analysis allows to estimate PWV and hence dis-
tensibility based on fractional changes in aortic 
area and changes in aortic flow velocity [39].

9.6.1  Post-procedure Assessment

9.6.1.1  Assessment of Paravalvular 
Aortic Regurgitation

Paravalvular aortic regurgitation (PAR) is the most 
common complication following TAVI and, when 
moderate to severe, affects negatively the progno-
sis [40]. Although TTE is the first-line test for PAR 
quantification, the presence of poor acoustic win-
dow, turbulent flows, multiple and eccentric regur-
gitant jets, and irregular regurgitant orifices can 
affect both accuracy and consistency of the echo-
cardiographic measurement. TEE is a possible 
alternative and easily quantifies the arc of the para-
valvular leak, but its use during TAVI has been 
reduced by the general switch to conscious seda-
tion, and the procedure is cumbersome and not 
well accepted. CMR overcomes these limitations 
by offering a direct quantification of retrograde 
diastolic flow in the proximal aorta through PC 
velocity mapping imaging, regardless of the visu-
alization of location and direction of PAR jets. The 
scan plane is placed perpendicular to the long axis 
of the proximal ascending aorta, 2–3 mm above 
the valve prosthesis, avoiding regions of flow tur-
bulence, aliasing, and susceptibility artifacts. By 
using dedicated software, the cross-sectional area 
of the aorta is contoured throughout the cardiac 
cycle to define regions of interest (ROI), and the 
volume of blood moving in an anterograde and ret-
rograde direction through the ROI is determined, 
allowing calculation of forward and reversal flow 
volumes (Fig. 9.6). The aortic regurgitant fraction 
is calculated as reverse flow volume/forward flow 
volume  ×  100. The same PC analysis can be 
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repeated selecting a plane in the descending aorta: 
the presence of holodiastolic flow reversal at this 
level is a supportive element of the severity of aor-
tic regurgitation.

At present, there is no general agreement about 
the cutoffs to define the degree of PAR with 
CMR. Most of the current published data has used 
the values of regurgitant fraction previously iden-
tified for native aortic regurgitation (mild ≤20%, 
moderate 21–39%, severe ≥40%), but these have 
not been validated in the setting of PAR after 
TAVI [41]. The lack of consensus is partially due 
to the modest correlation between 2D echocar-
diography and CMR in the grading of PAR, where 
in general 2D echocardiography underestimates 

its entity compared to CMR and patients who are 
diagnosed with mild PAR by echocardiography 
often show CMR-derived regurgitation fractions 
>20% [42–44]. By using the VARC-2 criteria 
(mild<10%, moderate 10–29%, severe >30%), it 
was demonstrated that the cutoff of severe PAR 
was better at identifying patients at greater risk of 
2-year all-cause mortality and mortality and hos-
pitalization for heart failure [44, 45]. Importantly, 
compared to 2D TTE and 3D TTE, CMR has 
shown dramatically lower intraobserver and 
interobserver variability (intraobserver variability 
73% by 2D TTE, 16% by 3D TTE vs. 2.2% by 
CMR; interobserver variability 108% by 2D TTE, 
24% by 3D TTE vs. 1.5% by CMR) [42].

FORWARD
FLOW 

REVERSE FLOW

a

c e

d

b

Fig. 9.6 Quantification of paravalvular aortic regurgita-
tion in a patient post-TAVI using through-Plane Phase- 
Contrast Imaging. The scan plane is placed perpendicular 
to the long-axis of the proximal ascending aorta above the 
valve prosthesis (a, b). The volume of blood moving in an 

anterograde and retrograde direction the cross sectional 
area of the aorta (c, d) is analyzed by the software and the 
calculation of forward and reverse flow volumes is auto-
matically performed (e)
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9.6.1.2  Assessment of Myocardial 
Injury: LGE Analysis

CMR with LGE is the gold standard technique for 
detection and quantification of myocardial injury, 
as it is able to detect myocardial necrosis of size 
<1 g, thanks to its high spatial resolution. Although 
cardiac biomarkers are ubiquitously elevated after 
TAVI, not all patients present signs of new myocar-
dial injury on CMR images. It is estimated that 
only approximately 20% of patients develop new 
areas of LGE after the procedure, and this is com-
monly associated with an impairment of LV sys-
tolic function [46]. The pattern of LGE is mostly 
ischemic, with subendocardial or transmural local-
ization, usually of small size (average 1.8% of the 
LV mass) and multifocal distribution, suggesting 
that the leading cause of myocardial damage may 
be coronary embolism. However, other LGE pat-
terns have been described, such as that of extensive 
myocardial infarction secondary to coronary ostia 
occlusion or the apical scarring following a trans-
apical access procedure [47]. While troponin eleva-
tion after TAVI appears to correlate with short-term 
and long-term outcomes [48], the prognostic 
importance of CMR-detected new myocardial 
injury after the intervention has still to be clarified.

9.6.1.3  Assessment of Reverse 
Ventricular Remodeling: 
Volumetric Analysis and Strain

The elimination of pressure overload by TAVI 
leads to a reduction of LV size and mass, improve-
ment in LV systolic function and LV strain. Such 
favorable reverse remodeling is affected by the 
presence of PAR and correlates with clinical out-
comes [49]. Reverse remodeling of the right ven-
tricle is also observed, with a similar reduction of 
volumes and improvement of systolic function, 
and this appears to be more favorable after TAVI 
than after SAVR [50].

CMR is considered the ideal technique to 
monitor reverse remodeling of both left and right 
ventricles after TAVI due to its accurate volumet-
ric estimation of cardiac chambers. Recently, 
new sophisticated CMR techniques of strain 
imaging have been introduced to study myocar-
dial deformation and to detect more subtle con-
tractile changes compared to EF. The most widely 

used technique is called feature-tracking CMR, 
and it is based on post-processing of standard 
cine images, similar to the strain analysis per-
formed by echocardiographic speckle tracking, 
but with a lower observer variability [51]. After 
the manual contouring of the endocardial border 
in long- and short-axis cine imaging, the software 
identifies features along the cavity-myocardial 
tissue boundary and tracks them throughout the 
cardiac cycle, calculating global and regional 
radial, circumferential, longitudinal strain 
(Fig.  9.7). Patients with AS show impaired LV 
mechanics in relation to the extent of LV hyper-
trophy and fibrosis and cardiac surgery risk pro-
file of the patient; after TAVI, a significant 
improvement of myocardial deformation param-
eters is observed in all three directions, with a 
later additional change due to the reduction of LV 
hypertrophy observed in the long term [52].

9.6.1.4  Cerebral Microembolism
Diffusion-weighted MRI (DW-MRI) is nowadays 
the most powerful tool for diagnosing acute isch-
emic brain injury, being more sensitive and spe-
cific than CT and conventional MRI [53, 54]. 
DW-MRI is able to detect the restriction of water 
diffusion from extracellular to intracellular com-
partment in cerebral tissue caused by hypoxic 
edema within minutes of the onset of ischemia. 
The regional decrease of diffusion is visible as 
hyperintensity on DW-MRI images and as hypoin-
tensity on quantitative maps of the apparent diffu-
sion coefficient (ADC). Lesions can be quantified 
in number, size, and location using this modality. 
Although the incidence of stroke within 30 days 
of the TAVI procedure is low (approximately 5% 
[55], with very few truly disabling strokes), cere-
bral microemboli detected by DW-MRI are fre-
quent, occurring in 58–91% of patients. They are 
usually clinically silent and their impact on prog-
nosis is still unclear [56, 57]. Furthermore, 80% 
of new brain lesions demonstrate reversal during 
the 3-month follow-up, without leaving any resid-
ual signal change [58]. The use of cerebral protec-
tion devices during TAVI procedure has shown to 
reduce the  frequency and the size of ischemic 
cerebral lesions, but its clinical benefit remains to 
be demonstrated [59].
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9.7  Limitations of the Technique

CMR presents potential drawbacks in patients 
undergoing TAVI. The first is the limitation of the 
technique in detection of calcification of cardiac 
structures, which are well imaged with CT.  As 
mentioned before, the suboptimal temporal resolu-
tion of CMR and other specific technical limitations 
can cause underestimation of peak trans-stenotic 
velocities, potentially leading to the underestima-
tion of the degree of the aortic valve severity in 
the pre-procedural planning of TAVI. Cine images 
are susceptible to variability of the heart rate, and 
image quality can be compromised in patients with 
arrhythmias. Additionally, MRI is contraindicated in 
patients with conventional permanent pacemakers 
and intracardiac defibrillators, which are common in 
patients undergoing TAVI. The recent introduction 
of MRI-conditional devices has opened this tech-

nology also for patients with these devices but they 
can still produce prominent imaging artifacts, which 
might reduce image quality and limit the study inter-
pretation. Finally, not only the CMR examination is 
substantially longer than CT acquisition or echocar-
diography, but it also requires multiple breath holds, 
which can be problematic for elderly patients.

9.8  Future Perspectives

9.8.1  4D Flow

Advances in MRI technology are leading to 
the development of new sequences that may 
provide additional insight into the pathophysi-
ology of cardiac diseases. The 4D flow MRI 
technique is one of the most valuable and visu-
ally appealing examples of a new tool with 
great clinical potential as it allows for a sophis-

Fig. 9.7 Myocardial deformation analysis by CMR- 
Feature Tracking. After the manual countouring of the LV 
endocardial and epicardial borders in long- and short- axis 
cine images in end-diastole, radial, circumferential and 

longitudinal strain measurements are calculated by a dedi-
cated software (Circle Medical imaging) in the 17 LV 
segments
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ticated evaluation of the hemodynamics of the 
cardiovascular system both qualitatively and 
quantitatively [60]. The technique provides a 
three-dimensional representation of blood flow 
over time, thanks to a complete spatial and tem-
poral coverage of a volume of interest by using 
the intrinsic magnetic properties of blood flow, 
without the use of a contrast agent. This tech-
nique provides a noninvasive in vivo assessment 
of blood flow dynamics, enabling the analysis of 
parameters such as wall shear stress, turbulent 
kinetic energy, pressure difference, and pulse 
wave velocity throughout the heart and major 
vessels of the cardiovascular system (Fig. 9.8) 

[61, 62]. Clinical applications of 4D flow are 
still in the early stage but are likely to expand 
in the near future. Previous studies have dem-
onstrated that changes in the morphology of 
the aortic valve such as bicuspid valves result 
in altered blood flow dynamic [63]. Both TAVI 
and AVR lead to altered blood flow parameters 
in the ascending aorta, with more intense flow 
eccentricity and regional elevation of wall shear 
stress when compared to healthy controls, but 
further research is needed to understand their 
significance in terms of prognosis [64], espe-
cially if TAVI is going to be performed in an 
increasingly younger patient population. The 
development of faster acquisition sequences 
along with user-friendly image processing soft-
ware is overcoming the main limitations of the 
techniques, which are the long acquisition time 
and the difficult processing and interpretation of 
data, contributing to the implementation of the 
technique in daily clinical practice.

9.8.2  MRI-Guided Procedure

MRI is considered an attractive and promising 
tool for guiding TAVI, since it potentially over-
comes inherent shortcomings of X-ray fluoros-
copy and angiography, which are currently used 
for the procedure guidance. Compared to these 
imaging modalities, a real-time CMR approach 
offers an image acquisition with unlimited 
plane orientation with superior soft-tissue con-
trast, without ionizing radiations and contrast 
agent. In a single session, MRI may provide 
comprehensive pre-interventional assessment 
(as previously described in this chapter), opti-
mal guidance through the vasculature and dur-
ing valve delivery, the possibility to evaluate 
immediately procedure- related complication, 
and, after the procedure, the validation of the 
procedural success. This approach has been 
shown to be feasible in preclinical studies in 
animal models using modified CMR-compatible 
delivery catheter without ferromagnetic com-
ponents [65, 66], but at present, further studies 
for validation and clinical use assessment are 
still needed.

Fig. 9.8 Example of aortic 4D-flow CMR showing 
velocity streamlines in the aorta. Image courtesy of 
Giovanni Biglino, Bristol Heart Institute, Bristol, UK 
(unpublished data)
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9.9  Conclusion

MRI is emerging as a robust noninvasive, 
radiation- free imaging modality for assessing 
patients undergoing TAVI. Thanks to its high spa-
tial resolution and the unique strength of tissue 
characterization, it offers the possibility of a 
comprehensive pre- and postoperative assess-
ment and supports the clinician in the decision- 
making process. In view of the fast development 
of the technique, MRI holds promise to overcome 
its current limitations and to play a central role in 
the field of structural interventional cardiology.
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Concomitant Coronary Artery 
Disease and Aortic Stenosis

Carolina Espejo, Gabriela Tirado-Conte, 
Luis Nombela-Franco, and Pilar Jimenez-Quevedo

10.1  Introduction

Transcatheter aortic valve implantation (TAVI), 
also called transcatheter aortic valve replace-
ment (TAVR), has been established worldwide 
as the standard of care in nonsurgical candi-
dates and high-surgical-risk patients with symp-
tomatic severe aortic stenosis (AS). Following 
the latest results of randomized trials [1, 2], 
TAVI is becoming more frequently used to treat 
AS in patient at lower-risk. The TAVI procedure 
can lead to a clinical and functional improve-
ment in high-risk aortic stenosis patients; nev-
ertheless, long-term outcomes are determined 
primarily by comorbidities beyond aortic valve 
disease. As risk factors for AS are similar to 
atherosclerosis risk factors, coronary artery dis-
ease (CAD) is a common finding in patients 
with AS [3–5].

The presence of CAD, variously identified as 
angina, reduced left ventricular function, previ-
ous myocardial infarction, or surgical revascular-
ization, negatively affects prognosis in patients 
undergoing surgical valve replacement [6, 7] 
(SAVR) and is consequently evaluated in the 
most commonly used surgical risk scores. In 
addition, combining coronary artery bypass 

grafting (CABG) and SAVR increases risk com-
pared with CABG alone [8]. The recommenda-
tion for patients with a primary indication for 
aortic/mitral valve surgery and coronary artery 
diameter stenosis ≥70% is to perform CABG 
(class Ic) [9]. Conversely, the prognostic implica-
tions of CAD in patients with severe AS undergo-
ing TAVI and also the need of PCI are subject to 
ongoing debate. The European guidelines on 
myocardial revascularization, recommend, PCI 
in patients with a primary indication to undergo 
TAVI and a coronary artery diameter stenosis 
>70% in proximal segments (IIa) [9]. In contrast, 
current valvular guidelines [10] state that com-
bined PCI and TAVI is feasible but more data are 
required before a firm recommendation can be 
made. In this chapter we will review the informa-
tion available to date on coronary disease in 
patients with severe AS susceptible to TAVI.

10.2  Assessing the Severity 
of Coronary Artery Disease 
in Patients Undergoing TAVI

Currently, the literature shows no consensus on 
the importance of CAD in patients undergoing 
TAVI.  The variability in the definition of CAD 
used to evaluate the prognostic implications in 
these patients makes it difficult to know the true 
effect of the disease on short- and long-term clin-
ical outcomes [11].
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Another challenge in evaluating CAD in 
patients with AS is the classification of lesion 
severity. Noninvasive functional testing in the 
presence of AS is difficult, given the global sub-
endocardial ischemia which is often present. 
Myocardial perfusion scans can be falsely posi-
tive in up to 20% of cases, mainly due to the pres-
ence of ventricular hypertrophy, fibrosis or scar 
formation in the myocardium, and dilation of the 
left ventricle. In addition, myocardial perfusion 
has been shown to be abnormal in the absence of 
coronary disease in severe AS on cardiac mag-
netic resonance imaging [12, 13]. For this reason, 
the use of stress tests to detect CAD associated 
with severe valvular disease is discouraged 
because of their low diagnostic value and poten-
tial risks [11]. In patients without AS, the use of 
invasive functional test such as fractional flow 
reserve (FFR) to assess the severity of the coro-
nary lesions and to guide revascularization 
reduces major adverse cardiac events (MACE), 
compared with angiography- guided revascular-
ization [10]. Regarding functional invasive 
techniques, AS may influence coronary hemody-
namics and functional indexes may vary in this 
clinical and physiological context. In this regard, 
Pesarini et al. [14] evaluated the functional rele-
vance of 133 coronary lesions assessed by FFR in 
54 patients with severe AS during the TAVI pro-
cedure before and after the valve implantation. 
Although overall FFR values did not differ before 
and after the aortic valve stenosis removal 
(0.89 ± 0.10 versus 0.89 ± 0.13; P = 0.73), differ-
ent trends were found after TAVI. Positive FFR 
values (FFR  ≤  0.8) worsened after TAVI 
(0.71  ±  0.11 versus 0.66  ±  0.14). Conversely, 
negative FFR values (FFR > 0.8) improved after 
TAVI (0.92 ± 0.06 versus 0.93 ± 0.07). Similarly, 
FFR values in coronary arteries with lesions pre-
senting percent diameter stenosis >50 worsened 
after TAVI (0.84  ±  0.12 versus 0.82  ±  0.16; 
P = 0.02), whereas FFR values in arteries with 
mild lesions (percent diameter stenosis <50) 
trended toward improvement after TAVI 
(0.90  ±  0.07 versus 0.91  ±  0.09; P  =  0.69). 
Despite these variations in the FFR value before 
and after TAVI, the indication to treat the lesions 

only changed in the 6% of the cases. On the other 
hand, the use of the non- hyperemic index instan-
taneous wave-free ratio (iFR) [15] in patients with 
AS showed significant and mostly erratic individ-
ual variations after valve treatment. In fact, the 
delta iFR was influenced by the extent of the 
transaortic gradient drop induced by TAVI. 
Compare to iFR, it seems that FFR assessment in 
patients with severe AS undergoing TAVI pro-
vides more reliable information about the func-
tional relevance of coronary lesions.

One important aspect that may affect the out-
come of patients who undergo TAVI is the exten-
sion and complexity of the CAD according to the 
SYNTAX score (SS) [16]. In this published 
study, the preoperative SS, determined from 
baseline coronary angiograms, showed that 
patients with high SS (SS >22) compared with 
low SS (SS < 22) or not CAD had a significant 
increase in the composite endpoint of cardiovas-
cular death, stroke, or myocardial infarction (MI) 
at 1 year. This increase was driven by differences 
in cardiovascular mortality, whereas the risk of 
stroke and MI was similar across the three groups. 
In addition, after revascularization, the residual 
SS was also associated with poor clinical out-
come at 1 year in this patients [16]. Recently, the 
value of the SS-II in predicting outcomes in 
patients undergoing TAVI has been evaluated. 
The SS-II is a clinical tool that combines the ana-
tomical SS and some clinical characteristics for 
risk assessment. This study showed that an 
increase in SS-II was associated with higher 
30-day mortality and major bleeding. Moreover, 
patients with SS-II scores in the 3rd tertile had an 
increased 1-year risk of death and MACE com-
pared with patients in the 1st and 2nd tertile. The 
highest SS-II tertile was an independent predictor 
of long-term mortality and MACE [17].

In summary, the standard noninvasive func-
tional tests are not useful to assess the severity or 
impact on prognosis of CAD in patients undergo-
ing TAVI. However, the use of specific risk scores 
(SS and SS II) that consider the extension and 
complexity of CAD and, the invasive functional 
evaluation of individual lesions with FFR may 
contribute to predicting CAD impact in long-term 
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clinical outcome and can guide revascularization 
and clinical decision-making, especially if lower-
risk patients are to be treated with TAVI.

10.3  Indication 
for Revascularization 
in Patients Referred to TAVI

Although the prevalence of CAD is high, ranging 
from 44.3% to 77.6% (Fig. 10.1) [5, 18, 19] the 
optimal treatment of the disease in patients 
undergoing TAVI remains to be elucidated. Many 
of these patients may require percutaneous coro-
nary intervention (PCI), and the key question is 
the identification of patients with both diseases 
are amenable to perform a coronary revascular-
ization in addition to TAVI implantation.

First, it is essential to know the prognostic role 
of CAD in patients undergoing TAVI. Second, it 
is important to define highly significant CAD 
among these elderly patients with multiple 
comorbidities in order to identify patients who 
can be referred for combined procedure of TAVI 
implantation and PCI.

The prognostic role of CAD in patients under-
going TAVI remains unknown. Whereas the pres-
ence of CAD negatively affects prognosis in 
patients undergoing SAVR [7], results obtained 
in those undergoing TAVI are controversial. The 
risk scores applied in patients with severe AS 
were validated for surgical patients, and might 
have low accuracy in the TAVI population [20], 

which limits evaluation and risk classification in 
these patients.

There is no consensus on the optimal approach 
in treating concomitant CAD in patients sched-
uled to TAVI. On the one hand, some studies have 
shown that CAD associated with severe AS was 
related to a greater mortality [20, 21]. Others have 
found that patients with critical ostial disease 
without revascularization more frequently had 
myocardial infarction within 1  year than those 
with revascularization prior to TAVI [22]. In 
another trial, 3-year-survival rates were similar in 
patients with significant CAD undergoing both 
procedures, TAVI and PCI, and in those patients 
without CAD who received only TAVI [23], point-
ing to a potential benefit of revascularization in 
patients with both diseases.

Nevertheless, limited reports in the literature 
(mostly observational studies) demonstrate 
higher mortality rates in patients with CAD who 
receives only TAVI [20, 23]. On the other hand, 
several studies have found that CAD has no effect 
upon outcomes [18, 24], calling into question a 
mixed approach with both PCI and TAVI. One of 
the studies that found no advantage in a com-
bined management approach compared major 
cardiovascular events and mortality in patients 
with CAD undergoing TAVI alone versus the 
combined procedure. No significant differences 
were found in the rate of MACE and mortality at 
1 year; however, the incidence of MI was higher 
when PCI was not performed [22]. In addition, 
Griese et  al. found a increased cardiovascular 
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mortality and 30-day myocardial infarction in 
patients who underwent PCI and TAVI than in 
patients receiving TAVI alone [25]. D’Ascenzo 
et  al. presented the first pooled analysis on the 
prognostic role of CAD in TAVI; involving 2472 
patients that were treated with Edwards SAPIEN 
or CoreValve prosthesis. Although CAD was a 
common anamnestic finding in these patients, it 
did not affect midterm outcome of the studied 
procedures after adjustment for several con-
founding factors [18]. Finally, the ongoing 
ACTIVATION study will be the first randomized 
trial to compare no PCI strategy versus PCI prior 
to TAVI. This study will shed a light on the opti-
mum treatment approach in these patients [11].

Considering the available data, an individual-
ized approach should be used in order to select the 
best strategy in each patient. In addition a clear 
definition of highly significant CAD must be 
established in each patient. Usually, coronary 
artery stenosis is regarded as highly significant if 
the stenotic artery vascularizes a large myocardial 
territory which affects a large myocardial area 
[23]. According to the most recent European 
guidelines on myocardial revascularization, percu-
taneous revascularization along with TAVI, must 
be considered in patients with stenosis >70% in 
proximal coronary segments of the main vessels, 
including left anterior descending coronary artery, 
right coronary, or circumflex coronary artery (class 
IIa, level of evidence C) [10]. Likewise, coronary 
lesions should be amenable to PCI with a high 
likelihood of successful PCI. Thus, candidates for 
a mixed procedure must be selected from among 
symptomatic patients with significant and techni-
cally approachable flow- limiting stenosis [20].

Once patients amenable to a mixed procedure 
are identified, it is important to balance risks and 
benefits according to each patient’s individual 
medical profile.

Potential benefits of PCI strategy could be 
amelioration of left ventricular ejection fraction 
owing to an improvement in coronary flow [11, 
18, 19, 23]. In this way, patients may better with-
stand the TAVI procedure [20].

Nonetheless, potential PCI risks should be 
taken into account in those patients undergoing 
TAVI.  Risk of death, myocardial infarction, 
CABG or stroke, as well as vascular access 

complication or renal failure, may limit a com-
bined approach in some frailty and elderly 
patients. For instance, up to 1% may experience 
stent thrombosis, which is also favored by peri-
ods of marked hypotension during the TAVI pro-
cedure especially, during the rapid ventricular 
pacing [11]. The antiplatelet therapy used after 
stenting may have an impact on the risk of bleed-
ing during TAVI procedures [24, 26, 27]. In addi-
tion, angiography performed from 5 days to 24 
hours before the TAVI procedure is associated 
with increased risk of renal failure, which is also 
observed in a hybrid procedure that lasts longer 
and used more contrast than the single procedure 
[11, 28].

In summary, the lack of definitive data on pre- 
procedural revascularization has led to some 
variability between centers regarding indication 
and timing. Current guidelines do not provide 
specific directions, and the management must be 
individualized and multidisciplinary in patients 
having both significant CAD and severe AS. 
Concurrent coronary revascularization may be 
needed, particularly if multivessel or left main 
coronary disease is present, although it is unclear 
if 30-day mortality is influenced by revascular-
ization status [19]. Until more definitive random-
ized data are available from randomized trials, 
the Heart Valve Team should decide on a 
case-by-case basis whether to revascularize 
before TAVI or simultaneously, according to the 
individual patient’s anatomic, clinical, and physi-
ological characteristics.

10.4  Timing for Revascularization: 
Concomitant vs. a Staged 
Approach

There is no consensus on optimal timing for 
treating CAD in patients with severe AS. Once a 
patient’s clinical condition and risks have been 
evaluated, the patient can be referred to a mixed 
strategy, which combines PCI and TAVI [19, 23]. 
The chronology of interventions remains contro-
versial, and has been the subject of discussions 
about the most appropriated strategy [9, 10]. Two 
options are currently under discussion: perform-
ing PCI and TAVI simultaneously or carrying out 
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a staged intervention with PCI prior to TAVI. 
There are examples in the literature for each of 
these two choices, reporting on attempts to 
answer the question about choosing the most fea-
sible and safe management approach (Fig. 10.2).

10.4.1  Staged PCI and TAVI

Some authors promote a staged procedure, which 
consists of revascularization in the first place fol-
lowed by a second stage with TAVI procedure 

a
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e h
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Fig. 10.2 Combined elective percutaneous coronary inter-
vention (PCI) and transfemoral transcatheter aortic valve 
implantation (TAVI). (a, b) Coronary angiograms in RAO/
caudal and AP projections revealing severe left main coro-
nary artery (LMCA) ostial stenosis in a patient with severe 
aortic stenosis and cardiogenic shock. (c, d) Successful PCI 
of LMCA stenosis with drug-eluting stent (3.5 × 8 mm). (e) 

Transesophageal echocardiography (TEE) showing left 
ventricular outflow tract and severe calcific aortic valve ste-
nosis. (f) Transfemoral TAVI with 23-mm Edwards 
SAPIEN 3 valve in a concomitant procedure. Final result in 
the aortography (g) and TEE (h, i) showing LMCA patency 
(black arrow) and mild paravalvular leak (asterisk). After 
TAVI patient was discharged without any complication
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[21, 29]. Performing revascularization before 
TAVI implantation could have benefits in terms 
of limiting radiation or preserving renal function, 
as well as some technical advantages, since com-
plex anatomies and difficult procedures should 
be carefully addressed. A prior PCI allows focus-
ing on a more specific treatment of technically 
difficult stenosis [19, 21, 23] and a protective 
effect against the ischemic burden of the TAVI 
procedure may be achieved. Furthermore, left 
ventricular systolic function might be improved 
helping patients to better endure the TAVI proce-
dure [11, 19]. Finally, procedural risks during the 
TAVI performance would be reduced, since both 
the complexity and duration of the TAVI inter-
vention would decrease. A shorter procedural 
time also lowers radiation exposure and the 
amount of contrast required; thereby, preserving 
renal function [19, 23]. In fact, as much of the 
available literature shows, there is no definitive 
evidence of increased complications when PCI is 
performed prior to TAVI, compared to standard 
management. For instance, Abdel-Wahab and 
Jaffe have reported that a PCI procedure staged 
prior to TAVI had a rate of adverse events compa-
rable to the group of patients undergoing only 
TAVI [21].

On the other hand, reasons against this 
approach are mainly concentrated on the risk of 
bleeding owing to antiaggregant therapy and risk 
of stent thrombosis. Regarding stent thrombosis, 
hypotension during the rapid right ventricular 
pacing could play a role increasing the risk of 
thrombosis beyond discontinuation of medica-
tion intake [11]. Likewise, performing PCI before 
TAVI may increase the risk of bleeding complica-
tions during later TAVI due to antiplatelet therapy 
[24, 26, 27]. In this regard, Pilgrim et  al. per-
formed a prospective study to investigate predic-
tors of periprocedural bleeding in TAVI patients. 
Paradoxically, against the odds, rates of life-
threatening and major bleeding according to ther-
apeutic regimen (dual antiplatelet therapy, single 
antiplatelet therapy, vitamin K antagonist only, or 
antiplatelet therapy in combination with vitamin 

K antagonist) did not present significant differ-
ences. Moreover, there were no significant differ-
ences in bleeding for both approaches, staged and 
simultaneous TAVI and revascularization [24].

Among other potential complications, renal 
failure must be contemplated despite the staged 
approach, since angiographies performed from 5 
days to 24 hours before the procedure may be 
related with an increased risk of renal failure 
owing to cumulative dose of contrast. Moreover, 
carrying out this strategy, patients would require 
two hospital admissions with additional costs 
[11, 19, 23].

Despite theses arguments against the staged 
procedure, two studies observed no valve-related 
complications when PCI was performed prior to 
TAVI [21, 29]. Considering differences in 
patient’s profiles and vascular anatomies, revas-
cularization prior to TAVI can be considered 
when greater PCI complexity is anticipated, in 
order to reduce periprocedural complications and 
optimize revascularization outcomes.

10.4.2  Concomitant PCI and TAVI

The second therapeutic option is a simultaneous 
approach with concomitant PCI and TAVI. The 
strength of this method is that it might eliminate 
potential complications associated with not treat-
ing one of both diseases at the same time [19]. 
Several studies have shown that a combined 
treatment of severe AS and significant coronary 
lesions is a safe and feasible procedure [19, 30]. 
A concomitant approach may reduce hospital 
admissions as well as risk of bleeding related to 
DAPT [19]. Penkalla et al. analyzed a cohort of 
389 patients undergoing TAVI combined with 
PCI, and reported that early survival and 3-year 
survival were comparable between patients 
undergoing the combined procedure and those 
without CAD who received only TAVI, even 
though simultaneous treatment is expected to 
have greater procedural complexity than a con-
ventional method [23].
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On the other hand, the main drawbacks of con-
comitant PCI and TAVI are the amount of radia-
tion and of contrast involved, as well as a longer 
procedural time. An increased risk of renal failure 
also might be observed, due to a large amount of 
contrast used [11, 19, 23]. It should not be forgot-
ten that complex CAD may add unacceptable risk 
for intervention in certain difficult cases, so the 
global procedural and personal risks must be bal-
anced according to each patient’s profile. A 
simultaneous mixed method should be consid-
ered as long as procedural complexity allows it.

In conclusion, each approach could be 
adopted in compliance with the patient’s charac-
teristics and needs. Some authors suggest that 
revascularization prior to TAVI could be more 
desirable than performing both procedures at 
once in terms of safety or procedural time. offer-
ing the advantage of treating more severe CAD 
in a focused procedure, when a complex PCI is 
foreseen. This might reduce subsequently com-
plications during the TAVI procedure and might 
improve left ventricular ejection fraction before 
the TAVI intervention, and may decrease proce-
dural time or the amount of contrast [11, 21, 29]. 
Conversely, both CAD and AS can be resolved at 
once, by applying a combined method, which 
reduces further complications associated with an 
additional invasive procedure. This approach 
should be strongly considered if PCI complexity 
is expected to be low (Table 10.1) [19, 30].

10.4.3  Therapy After 
Revascularization in TAVI

There is no robust evidence about the optimal 
antiplatelet regimen after TAVI. Current European 
guidelines establish recommendations in the stan-
dard isolated TAVI procedure, which consist in 
low-dose aspirin and a thienopyridine after TAVI, 
followed by ASA or a thienopyridine alone [10]. 
The American Heart Association (AHA) guide-
lines recommend ASA 75–100  mg daily and 
clopidogrel 75 mg daily for 6 months after TAVI, 

followed by monotherapy with aspirin 75–100 mg 
to lifelong. The dosage and duration of DAPT are 
not further specified [31]. These recommenda-
tions are based on expert opinion; owing to the 
limited studies to date, heterogeneity in therapies 
between centers has been reported [32].

In this regard, specific recommendations for 
combined treatment with PCI and TAVI have not 
been established. In order to define the optimal 
antiplatelet regimen, bleeding risk factors and 
coronary stent choice must be considered.

• Risk of bleeding
 Despite its clinical benefits, TAVI is associ-

ated with the risk of hemorrhagic events, both 
periprocedural and postprocedural. The risk of 
bleeding could be increased in patients who 
take antiplatelet therapy, especially those ones 
undergoing dual antiplatelet therapy [32].

 The incidence of periprocedural life- 
threatening and major bleedings in patients 
undergoing TAVI ranges from 5 to 38% 
[32, 33]. As mentioned above, Pilgrim et  al. 
analyzed predictors of periprocedural 
bleeding in TAVI patients identifying renal 

Table 10.1 Advantages and drawbacks in combined pro-
cedures considering timing

Staged procedures
Concomitant 
procedures

Advantages −  Lower radiation 
exposure

−  Smaller amount 
of contrast

−  Decrease in the 
complexity of 
the TAVI 
procedure

√  Complex 
coronary 
stenosis

−  Both problems at 
once, less further 
complications

− One admission
−  Less risk of 

bleeding
√  Complexity 

expected low

Drawbacks −  Risk of bleeding 
in 2nd step

−  Risk of stent 
thrombosis

−  More than one 
admission

−  Higher radiation 
rate

−  Larger amount of 
contrast

−  Not recommended 
for complex 
anatomies
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impairment, diabetes, and transapical 
approach (TA) as independent risk factors for 
life-threatening bleeding events. Moreover, 
patients with periprocedural bleeding events 
had a higher logistic EuroSCORE, more 
advanced renal disease, and a greater 
New York Heart Association functional class. 
Significant differences in bleeding events 
according to therapeutic regimen (DAPT or 
SAPT, anticoagulant alone, or in combination 
with antiplatelet agents) or concomitant revas-
cularization procedures were not found [24]. 
Additionally, Bogdan Borz et al. performed a 
multivariate analysis and found that TA access 
was the only independent predictor of life-
threatening bleeding (OR 3.7, 95% CI 
1.73–7.9, p = 0.001). The presence of carotid 
stenosis (OR 7.86, 95% CI 1.2–51.55, 
p  =  0.032) and TA route (OR 5.2, 95% CI 
1.02–26.53, p = 0.047) were independent pre-
dictors of major bleeding [34].

 Among patients undergoing combined proce-
dures with PCI and TAVI, antiplatelet regimen 
should be accurately addressed so as to prevent 
bleeding events as much as possible, especially, 
in those who receive a staged intervention.

• Coronary stent choice to treat CAD in TAVI 
patients

 Bleeding risk and stent thrombosis risk should 
be balanced in order to choose the most suit-
able type of stent in each patient. Drug-eluting 
stents reduce the risk of restenosis as well as 
the risk of stent thrombosis, while the main 
advantage in bare metal stents is the reduced 
lengh of DAPT. In addition, the type of stent 
selection is especially relevant in patients with 
atrial fibrillation (AF) who require anticoagu-
lant therapy [26, 27, 32].

• Antiplatelet regimen in patients undergoing 
TAVI and PCI

 Different antiplatelet regimens have been het-
erogeneously applied since specific guidelines 
have not been defined in patients undergoing 
TAVI.  Hassell et  al. performed an analysis 
including 672 patients receiving dual (n = 257) 
or single (n  =  415) antiplatelet therapy, and 
did not observe significant differences in 
30-day net adverse clinical and cerebral events 

(NACE), between aspirin-only and DAPT 
after TAVI (pooled OR 0.83, 95% CI 0.48–
1.43, p = 0.50). Moreover, a trend toward less 
life-threatening and major bleeding was 
observed in favour of ASA (pooled OR 0.56, 
95% CI 0.28–1.11, p = 0.09) [32]. Similarly, 
in the ARTE randomized trial [35], SAPT 
reduced the risk for major or life-threatening 
events while not increasing the risk for MI or 
stroke. Consequently, the additive value of 
clopidogrel warrants further investigation 
since DAPT fails to reduce stroke rates, while 
simultaneously increasing bleeding rates in 
patient undergoing TAVI.

 There is limited evidence to support decision- 
making on antiplatelet therapy following TAVI 
and PCI. Abdel Wahab et al. propose preload-
ing with clopidogrel 600 mg + ASA 500 mg 
and continuing clopidogrel 75 mg for 6 months 
and aspirin indefinitely. For those patients 
who have indication for oral  anticoagulation, 
treatment with oral vitamin K antagonist and 
clopidogrel has been suggested [21]. Pasic 
et al. and Penkalla et al. recommend the same 
strategy based on preloading with 600  mg 
clopidogrel and 100  mg aspirin followed by 
75 mg clopidogrel daily for 6 months for bare-
metal stents and for 12 months for drug-elut-
ing stents, together with a daily 100 mg aspirin 
permanently [19, 23].

 In patients with AF, balancing risk and bene-
fits of additional antithrombotic treatment is 
challenging, and limited evidence is available 
to support this decision. The recommended 
regimen consists of triple therapy (dual anti-
platelet therapy + anticoagulant therapy) for 3 
or 12  months (depending on the bleeding 
risk), followed by anticoagulant + antiplatelet 
monotherapy [32].

 In conclusion, a regimen with dual antiplatelet 
therapy (aspirin  +  clopidogrel) for 6 or 
12 months according to each type of stent, fol-
lowed by lifelong antiplatelet in monotherapy, 
is the most extended strategy in patients under-
going both PCI and TAVI [19, 21, 23]. The 
presence of AF complicates the therapeutic 
choice, pushing toward a regimen based on 
triple therapy during the early-period after 
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TAVI [26]. The revascularization leads to pro-
longed duration of DAPT increasing the period 
of bleeding risks (Table 10.2) [19, 23, 32].
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11.1  Introduction

Epidemiology of aortic stenosis (AS) is today 
pandemic in industrialized countries. Recent 
studies highlight that the prevalence of AS in the 
elderly (age ≥75  years) is as high as 12.4%. 
Moreover, severe AS is detected in about 3.4% of 
these patients, of which approximately 75.6% 
have symptoms [1].

The current management of patients with 
severe AS includes three options: medical ther-
apy; surgical treatment, which is still considered 
the gold standard [2]; and the rapidly emerging 
technology of transcatheter aortic valve implan-
tation (TAVI), also called transcatheter aortic 
valve replacement (TAVR). Among symptomatic 
patients with severe AS, 40.3% can potentially be 
today TAVR candidates, being this number 
expected to grow consistently in the near future.

In the absence of contraindications, a patient is 
deemed “TAVR-eligible” in case of severe symp-
tomatic AS and high surgical risk [3]. Within this 
population, the so-called prohibitive risk patient 
(PRP) subset, which includes patients who are not 
suitable for conventional surgery, accounts for the 
considerable amount of 12.3% [1]. These num-
bers could potentially increase in the near future.

As TAVR may offer a real therapeutic option to 
PRPs on top of medical therapy, the focus on this 
particular patient population deserves today more 
consideration. It is worth, however, to mention that 
overtreatment in patients who derive little long-term 
benefit due to irreversible and severe coexisting 
conditions must be avoided and that TAVR risk/
benefit ratio in these patients has to be carefully 
assessed. Therefore, the delicate balance between 
feasibility and appropriateness is emerging in this 
particular patient cohort as an evolving challenge.

The aim of this chapter is to compare, analyz-
ing available literature, the outcome of such a 
challenging prohibitive population whether med-
ically managed or undergoing TAVR.

11.2  TAVR as a Game Changer

Given its association with ageing, by the time 
AS becomes clinically apparent, patients who 
require treatment often develop severe comor-
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bidities. Historically, as high as 30% of elderly 
patients with symptomatic severe AS are at 
excessive perioperative procedural risk not 
allowing corrective surgery for a number of dif-
ferent reasons [4].

Chronological age is certainly a risk factor for 
morbidity and mortality after cardiac surgery, 
although number and severity of pathology- 
related comorbidities are important additional 
factors for the perioperative and long-term prog-
nosis of these high-risk patients. PRP population 
shows in fact a greater prevalence of cerebrovas-
cular disease, left ventricular dysfunction, diabe-
tes mellitus, chronic obstructive pulmonary 
disease, renal impairment, and peripheral arterial 
disease [5].

Retrospective studies have shown that the 
overall operative mortality in octogenarians 
undergoing AVR is about 6% [6] and that 1- and 
5-year survivals are up to 90% and 70%, respec-
tively. Predictors of 6-month postoperative mor-
tality in this cohort of patients include female 
gender, preoperative renal failure, severe chronic 
obstructive pulmonary disorder (COPD) requir-
ing oral steroid treatment, and postoperative 
stroke [7].

Up to the recent past, patients who were con-
sidered to be at excessive risk for traditional sur-
gery were considered for medical therapy only 
[2]. With the advent of TAVR, this paradigm has 

changed. Specifically, it has been demonstrated 
that TAVR is an effective method to improve 
quality of life and decrease mortality for high- 
risk patients with severe symptomatic AS [8]. 
Therefore, TAVR can be viewed as a real “game 
changer” in PRPs, although medical therapy 
remains an available option that must be care-
fully evaluated in managing of this fragile patient 
population.

11.3  Randomized Controlled 
Studies

Useful information in this regard can be drawn 
from pivotal TAVR randomized controlled trials. 
In this context, the Placement of Aortic 
Transcatheter Valves (PARTNER) [9] and the 
CoreValve [10] studies represent the most impor-
tant breakthrough in the field of transcatheter 
treatment of AS for high-risk patients. Table 11.1 
shows the mean characteristics of these trials.

In the PARTNER trial, patients enrolled 
showed severe aortic stenosis (aortic valve area 
[AVA] less than 0.8  cm2, mean gradient 
>40 mmHg, or jet velocity >4 m/s) with NYHA 
class II symptoms. They were divided into two 
cohorts: cohorts A, including patients considered 
to be candidates for surgery despite a high surgi-
cal risk, as defined by a Society of Thoracic 

Table 11.1 TAVR randomized controlled trials

Definition Trial design Control
N° 
pts Primary endpoints

Extreme risk or inoperable patients
PARTNER I-B: >50% 
risk of death or 
irreversible morbidity at 
30 days

Prospective, 
randomized 1:1

Medical therapy, 
including BAV

358 Rate of death from any cause over the 
duration of the trial
Co-primary endpoint was the rate of a 
hierarchical composite of the time to death 
from any cause or the time to the first 
occurrence of repeat

US CoreValve: >50% risk 
of death or irreversible 
morbidity at 30 days

Registry Performance goal 487 1-year all-cause mortality and major stroke 
(versus performance goal)

High-risk surgical patients
PARTNER I-A: >15% 
risk of 30-day death (with 
STS >8)

Prospective, 
randomized 1:1

AVR 699 1-year all-cause mortality

US CoreValve: >15% risk 
of 30-day death

Prospective, 
randomized 1:1

AVR 790 1-year all-cause mortality
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Surgeons (STS) risk score of 10% or higher or by 
the presence of coexisting conditions that predict 
a risk of death by 30 days after surgery of 15% or 
higher; cohort B, including patients who were not 
considered to be suitable candidates for surgery 
because of coexisting conditions with a predicted 
probability of 50% or more of either death by 
30  days after surgery or a serious irreversible 
condition.

Pertinent exclusion criteria were bicuspid or 
non-calcified aortic valve, acute myocardial 
infarction, substantial coronary artery disease 
requiring revascularization, a left ventricular 
ejection fraction of less than 20%, a diameter 
of the aortic annulus of less than 18  mm or 
more than 25 mm, severe (>3+) mitral or aortic 
regurgitation, a transient ischemic attack or 
stroke within the previous 6 months, and severe 
renal insufficiency. Notably, mean age was 
83 years.

The PARTNER cohort A trial showed for the 
first time that in high-risk patients with severe AS 
both surgery and TAVR were associated with 
similar rates of survival at 1 year. In this patient 
cohort, 358 patients with severe AS who were not 
eligible for AVR were randomly assigned to 
either medical care (including balloon aortic val-
vulotomy) or TAVR with an Edwards SAPIEN 
valve via transfemoral approach.

The PARTNER cohort B trial specifically pro-
vided for the first time the evidence of a benefit of 
TAVR versus standard medical therapy in 
prohibitive- risk patients [11–14]. The 1-year 
mortality rate was reduced in TAVR group com-
pared with medical therapy, including balloon 
aortic valvulotomy (30.7 vs. 50.7%). Of note, 
this outcome remained stable up to 2, 3, and 
5 years. NYHA functional class was also better 
for TAVR patients (86 vs. 60% in NYHA I or II at 
5 years). In the TAVR group, authors found mod-
erate or severe paravalvular aortic regurgitation 
in 12.4% of patients at 30  days, which was 
reduced at 8.8% at 1 year and at 4.5% at 3 years.

Although the stroke rate was significantly 
higher in TAVR rather than medical therapy 
group at 30 days, at 2 and 3 years, such neuro-
logic complication was similar in both groups at 
5 years [9].

The CoreValve Extreme Risk United States 
Pivotal Trial was a prospective single-arm study, 
comparing TAVR with the self-expanding 
CoreValve to a pre-specified estimate of 12-month 
mortality or major stroke versus medical therapy 
(43%, based upon the results of a meta-analysis 
and data from the PARTNER cohort B) [10]. The 
inclusion criteria included severe AS and func-
tional impairment in an AS high-risk population 
with life expectancy exceeding 1 year.

The results of this study indicated consistent 
mortality benefit with TAVR in comparison with 
standard therapy, as well as improved NYHA 
functional status and fewer hospitalizations over 
the 3-year follow-up. Moreover, authors found a 
durable valve function improvement with mini-
mal signs of deterioration over the follow-up. 
However, it has to be mentioned that mortality in 
the TAVR-treated patients was high at 3  years 
(about 50%), suggesting the need for accurate 
patient selection in such a fragile patient 
population.

The following table summarizes these main 
studies.

11.4  Registries

TAVR registries represent another important 
source to have insights on outcomes and benefits 
in the real-world context.

The first European consensus document on 
TAVR, called Valve Academic Research 
Consortium (VARC), with standardized defini-
tions on clinical endpoints, was published in 
October 2011. The goals of VARC are combining 
the expertise to reach a consensus for selecting 
appropriate clinical endpoints and standardizing 
definitions for single and composite clinical end-
points [15]. The VARC-2 definition [16] is an 
updated version from the first VARC definition. 
For the major complications, the VARC-2 refines 
the selection and definitions of TAVR-related 
clinical endpoints and stresses the understanding 
of patient risk stratification and case selection, 
using Logistic EuroSCORE and STS-Score to 
select suitable patients. The VARC-2 definitions 
for TAVR registry study was published in 2013 
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[17]. In a large report, 20 TAVR registries are 
listed according to VARC-2 definitions [18]. 
Overall, the take-home message is that mortality 
and complication rates are reduced over time 
despite an unchanged risk of patient profile. This 
feature appears to be not dependent on valve type 
or access site and is part of practice of evenly 
experienced centers [19, 20].

The recent published UK TAVI registry rep-
resents to date the largest country-based long-
term experience with up to 6-year follow-up 
[21]. In agreement with US Transcatheter Valve 
Therapy (TVT) registry report, UK TAVI reg-
istry provides a model of patient selection and 
is reflective of a “real world” clinical experi-
ence in the management of very sick patients 
with severe comorbidities. Along the same line 
in the setting of high-risk-profile patients, the 
FRANCE-2 (FRench Aortic National CoreValve 
and Edwards) registry, including all patients from 
all centers in France, was set to analyze late clini-
cal outcome and its determinants in all high-risk 
patients who underwent TAVR in France dur-
ing a 2-year period [22]. This prospective reg-
istry included all symptomatic adults (NYHA 
functional class ≥ II) requiring TAVR for severe 
AS, with contraindications to AVR or consid-
ered at high risk by a multidisciplinary team. 
The primary endpoint was death from any cause 
at 1 month, 6 months, or 1, 2, 3, 4, or 5 years. 
Secondary safety endpoints were major adverse 
cardiovascular or cerebrovascular events, cardiac 
events, cardiac or vascular surgery, bleeding or 
stroke during follow-up, and NYHA functional 
class. Secondary efficacy endpoints were success 
rate and complications on the VARC criteria. The 
overall 30-day mortality was 9.2% (388 patients). 
For patients suitable for a transfemoral approach, 
all-cause mortality at 3 years was 39.6% and car-
diovascular mortality 15.9%; for those suitable 
for a transapical approach, all-cause mortality 
was 47.7% and cardiovascular mortality 21.2%. 
All-cause and cardiovascular mortality rates were 
significantly lower with the femoral approach at 
all assessment time points: 1, 2, 3, and 4 years. 
Multivariate predictive factors of 3-year all-cause 
mortality comprised male sex, low BMI, atrial 
fibrillation, dialysis, NYHA functional class III or 

IV, higher logistic EuroSCORE, transapical and 
subclavian approaches, need for permanent pace-
maker implantation, and post-implant peripros-
thetic AR grade ≥2 of 4. The majority of severe 
events according to VARC criteria occurred dur-
ing the first month, and the incidence was subse-
quently below 2% per year. Hospital readmission 
for any reason occurred in 1032 (28.1%) patients 
between 30 days and 1 year, 557 (21.5%) patients 
during the second year, and 515 (25.6%) patients 
during the third year. At 3 years, 90.0% of surviv-
ing patients were asymptomatic or only not par-
ticularly symptomatic (NYHA functional class I 
or II).

Taken together, the sustained clinical improve-
ment and acceptable rate of clinical events after 
the first month from implantation strengthen cur-
rent guidelines for TAVR in high-risk patients on 
top of medical therapy alone. It has to be high-
lighted that in such a risky subset, particular 
attention may be deserved for those cases in 
which the transfemoral approach is not suitable.

11.5  Patient Stratification

According to the current practice, a patient is 
deemed at low risk for surgical treatment if the 
estimated 30-day mortality is <4%, at intermediate 
risk if 4–10%, high risk if >10%, and very high 
risk if >15% [23]. Such a risk assessment is imper-
ative to identify patients who are likely not to ben-
efit from AVR and may be TAVR candidates. In 
this evaluation, an expected improvement in qual-
ity of life (QoL) has also its importance to discrim-
inate between responder and non-responder 
patients. Moreover, prognostic indices of life 
expectancy may also play a central role in moving 
beyond arbitrary age-based cutoffs.

As for the sicker PRP population, stratifica-
tion is crucial to identify appropriate TAVR can-
didates. The main risk scores today available are 
the Society of Thoracic Surgeon (STS) and the 
EuroSCORE II scores. Although they both have 
the capacity to reliably predict operative mortal-
ity in AVR, their usefulness for TAVR is not yet 
confirmed. In a study by Rosa et  al. [24], STS 
is shown to often overestimate the in-hospital 

G. Ricciardi et al.



131

and 30-day mortality TAVR rates, while the 
EuroSCORE II underestimates such outcomes. 
This divergence is probably due to the fact that 
STS score is composed of 40 clinical parameters 
for calculation, while the EuroSCORE II only 
requires 18 items. Despite that, the STS score has 
not proven to be able to predict mortality better 
than EuroSCORE in the TAVR patient popula-
tion. For this reason, the STS has released a spe-
cific TAVR calculator, which is a risk-adjusted 
mortality estimate recommended to use as guid-
ance in the overall conversation about the TAVR 
procedure (http://tools.acc.org/tavrrisk/#!/con-
tent/evaluate/). Interestingly, the adjusted TAVR 
in-hospital mortality risk includes a stratification 
for access site and a careful evaluation of prior 
acuity of cardiac events.

On the base of the large body of evidence 
about patient risk profile in TAVR, besides ordi-
nary contraindications related to anatomic fea-
tures and critical clinical conditions, absolute 
contraindications to candidate a patient for TAVR 
treatment must include the following clinical 
issues:

 – Estimated life expectancy <12 months due to 
non-cardiac conditions

 – Unexpected improvement of QoL after treat-
ment because of severe comorbidities

 – Severe concomitant mitral or tricuspid valve 
disease with a major impact on patient’s 
symptoms

It is worth to note that, particularly for a prohibi-
tive risk assessment going beyond the classical 
parameters, the capability of a reliable prediction 
both of life expectancy and of quality of life will be 
in the future increasingly important, since the main 
goal of TAVR in PRPs who are likely to survive 
beyond 1 year must be a relevant improvement of 
symptoms and related functional status.

11.6  The Heart Team

The Heart Team (HT) plays a further important 
part of the decision-making of the best manage-
ment option for high-risk patients with severe 

AS. HT should consist of at least interventional 
cardiologists, cardiovascular surgeons, imaging 
specialists, and anesthesiologists. The discussion 
within HT members allows for a careful decision- 
making process, taking into an account the local 
experience. The decision to classify a patient at 
high risk despite low or intermediate STS score, 
in fact, is often based on other factors or comor-
bidities, such as cancer history and frailty, that 
are not included in the standard risk scores. 
Moreover, within the PRPs are included other 
variables surgery-wise technically extremely 
challenging, such as porcelain aorta, a hostile 
chest wall, or redo-surgery with the presence of 
bypass grafts in proximity to the sternum [25].

11.7  Toward a Consensus for Risk 
Definition for the Sicker 
Patients

In an effort to identify best candidates to TAVR, 
the elegant study by Brecker and Aldea [26] 
reviewed therapy options for PRPs with severe 
AS, taking into account risks, benefits, and pos-
sible complications. For patients with prohibitive 
surgical risk (defined as ≥50% probability of 
death or serious irreversible complications) or 
with an absolute contraindication to AVR, they 
recommended TAVR over medical therapy for 
those individuals in which a transfemoral TAVR 
is feasible. The transfemoral access for TAVR is 
commonly preferred to alternative sites, because 
of the greater experience gained with this 
approach and the reported superior outcomes. 
For those patients in which transfemoral TAVR is 
technically demanding or not feasible, authors 
suggest to perform an individualized risk-benefit 
assessment of medical therapy versus alternative 
access TAVR by the Heart Team. This evaluation 
should take into consideration important vari-
ables such as life expectancy, frailty, comorbidi-
ties, specific anatomy, and, finally, patient’s 
preferences. In the PARTNER 2 Trial and United 
States Pivotal Trial, the benefits of TAVR over 
surgery were higher in the transfemoral cohort of 
patients. However, it is unclear how much the 
increased mortality observed in patients undergo-
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ing alternative strategies is due to procedural 
access per se and how much is dependent on the 
excessive risk associated with the presence of a 
severe peripheral vasculopathy.

In a study by Freeman et al. [27], authors con-
ducted a retrospective analysis to determine mor-
tality rate differences, admission profiles, and 
associated healthcare costs in a real-world setting 
of two groups of high-risk patients with severe 
symptomatic AS medically vs. TAVR managed. 
Survival analysis demonstrated that patients 
treated with TAVR are more likely to survive 
compared with the medical therapy group and 
that TAVR patients experience significantly less 
hospital admissions per year.

Interestingly, a recent study by Barbash et al. 
shows that procedural TAVR success rates are 
high irrespective of the patient’s risk without sig-
nificant differences in most of the periprocedural 
complications as well as mortality [23]. Of 
importance, the difference between low-, inter-
mediate-, and high-risk patient is almost found in 
terms of short- and long-term mortality. 
Assessment of the specific complications accord-
ing to the mechanism by which they occur may 
provide some insights to clarify this finding. In 
fact, vascular complications are typically associ-
ated with anatomic and technical aspects and are 
not affected by patients’ comorbidities. For the 
same reason, tamponade and other procedural 
complications (i.e., conversion to open heart sur-
gery and need for permanent PM) remain stable 
across risk categories. Instead, some baseline 
comorbidities can influence the result of the 
TAVR procedure. Among these, the higher preva-
lence of peripheral vascular disease and previous 
stroke and the higher rate of renal failure explain 
the higher stroke rates and the higher acute kid-
ney injury rates in the high-risk group of patients.

Another important consideration emerging 
from this study is that the mortality curves of 
low-, intermediate-, and high-risk patients 
diverge early, with significantly higher in- hospital 
mortality rate in intermediate- and high-risk 
patients [23]. This mortality difference is stable 
also after adjustment for multiple covariants that 
may affect the outcome. In addition, comorbidi-
ties exhibited by this group of patients may con-

tribute especially to higher non-cardiovascular 
deaths, which may be an important driver for its 
poor long-term survival.

Finally, the selection of transcatheter heart 
valve is not influenced by patient’s risk; neverthe-
less, high-risk patients often receive smaller- 
sized valves, whereas low-risk patients receive 
larger-sized valves. In addition, high-risk patients 
show higher rate of valve-in-valve procedure. 
Generally speaking, the access for TAVR is more 
frequently transfemoral in low-risk patients when 
compared to intermediate- and high-risk patients 
(95% vs. 88% vs. 81%, respectively), with lower 
rates of general anesthesia (19% vs. 28% vs. 
31%, respectively). Instead, patient’s risk does 
not influence the procedure fluoroscopy time, 
contrast use, or the procedural success, which are 
comparable between patient groups.

Taking these data together, it can be assumed 
that TAVR has now gained widespread accep-
tance as an alternative treatment modality for 
high surgical risk patients with symptomatic 
severe AS and represents today the preferred 
treatment modality for appropriately selected 
PRPs [28]. It has however to be highlighted that 
high priority of caring physicians must be in the 
future the development of better clinical research 
models to assess TAVR futility from a patient’s 
perspective. The final decision to proceed or 
withhold therapy must be carefully individual-
ized and should take into consideration a careful 
assessment of the patient’s expectations by means 
of a patient-centric approach [29].

11.8  Future Directions

The extraordinary evolution of TAVR technology 
since the early proof-of-concept cases has impor-
tantly contributed to the widespread clinical 
acceptance of this new, less-invasive therapy. 
Looking ahead, future directions are meant to 
further reduce the interventional trauma, in an 
attempt to widen indications for those patients 
who are at higher risk, including the PRP 
population.

TAVR standardization has undoubtedly 
resulted into a high procedural success and less 
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complication rates. The focus has today shifted 
toward the simplification of the procedure. This 
strategy is known as the “minimalist” approach. 
The components of a minimalist TAVR strategy 
include percutaneous transfemoral vascular 
access, monitored anesthesia control (i.e., con-
scious sedation) without general anesthesia, 
reduction or elimination of intra-procedural TEE 
guidance, reduction or elimination of balloon 
pre-dilation before valve implantation, and pre- 
specified care plans to encourage rapid ambula-
tion and early hospital discharge [30]. Some 
high-volume centers are already promoting a 
minimalistic strategy with conscious sedation 
and without routine use of TEE as the standard 
approach for most TAVR patients [31].

The adoption of minimalist periprocedural 
approaches is nowadays gaining interest [32]. In 
2014, the European Society of Cardiology 
Transcatheter Valve Treatment Sentinel Registry 
described the rapid increase in the adoption of 
local anesthesia, moving from 37.5% of all pro-
cedures in the early 2011 to 57% a year later, 
without any alert for deleterious effects on out-
comes [33].

Another option for patient triaging is the so- 
called “hybrid” strategy, which encourages a 
minimalist approach in straightforward cases 
with adequate imaging windows for transthoracic 
echocardiography and a more conventional 
approach in either high-risk or ambiguous cases, 
wherein the virtues of TEE guidance would be 
especially advantageous. This hybrid strategy 
requires careful preoperative assessment of 
comorbidities and identification of high-risk ana-
tomic features with CT angiography to optimally 
risk-stratify patients.

As for available devices, it seems that the 
majority of patients with AS who are candidates 
for TAVR can be treated with similar excellent 
clinical outcomes by using either Sapien or 
CoreValve devices. Nevertheless, in the 
prohibitive- risk subset of patients, it is necessary 
to pay attention to specific anatomic factors or 
clinical circumstances in the choice of the opti-
mal valve to minimize procedural complications. 
As an example, CoreValve technology can be 
more challenging to implant in horizontal aortas 

and, due to the higher rates of pacemaker implan-
tation, may be less favorable in patients with 
heart failure and reduced left ventricular func-
tion. Conversely, in patients with considerably 
high risk of annulus rupture due to severe calcifi-
cation and frailty of the aortic valve apparatus, 
the self-expanding CoreValve may be a viable 
option.

Currently, three large randomized trials in the 
United States (each including approximately 
1000 patients) are on-going comparing new 
TAVR devices versus devices already approved 
by the US Food and Drug Administration 
(CoreValve and Sapien). These studies should 
provide in the future further interesting head-to- 
head comparisons among novel TAVR technolo-
gies [34].

TAVR has also emerged as a novel, less- 
invasive therapy for failed bioprosthetic surgical 
valves [35] with the so-called “valve-in-valve” 
procedure. Based on clinical registry data, the self-
expanding CoreValve and the balloon- expandable 
Sapien XT valve have been approved for use 
in high-risk patients with aortic bioprosthetic 
valve failure. In the largest international registry 
of transcatheter aortic valve-in-valve implanta-
tions [36], using both balloon- expandable and 
self-expanding transcatheter valves, early hemo-
dynamic findings were encouraging, and 1-year 
survival was 83.2%. Of note, in this multicenter 
report, stenotic degeneration of the surgical bio-
prosthesis and small valve implant size (usually 
resulting in higher post-procedural gradients) 
were associated with worse clinical outcomes. 
From a technical standpoint,  compared with 
native valve TAVR, transcatheter valve-in-valve 
therapy results in less frequent PVR and new 
pacemakers but more common coronary occlu-
sions, particularly in surgical valves, in which the 
leaflets are sutured outside the stent frame [35]. 
This option is particularly appealing in the PRP 
population with bioprosthetic valve degeneration/
failure in which conventional surgery is deemed 
at high risk. Further controlled studies, currently 
lacking, are required to define the advantage of 
TAVR vs. surgery for PRP patients in this context.

An interesting recently emerged additional 
topic is the possibility to perform TAVR proce-
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dure in nonagenarians. Since the prevalence of 
severe symptomatic AS increases with age, the 
management of nonagenarians has nowadays 
gained consideration. Even if this population is 
often composed of frail patients who suffer from 
severe comorbidities, some are in such good 
health conditions, without relevant concomitant 
diseases, and still enjoy a good quality of life 
with a low level of disability. Indeed, according 
to Fries’ theory [37], the age at which disease and 
functional impairment appear is progressively 
postponed, resulting in the phenomenon of “com-
pression of morbidity,” which in parallel influ-
ences the important concept of “healthy life 
expectancy.”

According to this statement, TAVR may offer 
a valid therapeutic alternative to selected nonage-
narian patients with symptomatic severe AS [38, 
39]. A recent study by Noble et  al. [40] shows 
that TAVR in selected nonagenarians is safe and 
effective. It was previously reported in a single- 
center experience that TAVR outcome in 26 
nonagenarians showed a 30-day overall mortality 
of 15% [41]. In Noble’s work the 30-day mortal-
ity rate was 8.7%. Importantly, approaches other 
than TF accounted for more than half of the 
30-day overall mortality. This is probably one 
factor that may be a discriminant in the decision- 
making process in nonagenarians.

The results from these experiences are encour-
aging and compare favorably with 8–20% of 
30-day mortality rate reported for cardiac surgery 
in selected nonagenarians [42–45]. Indeed, in the 
recent multicenter study of eight Italian centers, 
cardiac surgery in nonagenarians represented 
only 1.2% of their cardiac surgery activity [43]. 
Interestingly, the oldest patient in Noble’s single- 
center experience, 99 years at the time of the pro-
cedure, was still alive at 20 months of post-TAVR 
implant with an excellent quality of life [46].

Some important lessons can be learned at this 
point about age and interventional risk. The first 
notion is that age itself should not preclude the 
possibility of performing TAVR in accurately 
selected patients; conversely, it should be high-
lighted that the absence of comorbidities has to 
be carefully assessed in patients with very 
advanced age.

11.9  Conclusions

Given the potential impact of TAVR in AS, we 
believe that the balance in the decision-making 
process for TAVR in the high- and prohibitive- risk 
population will be one of those relevant issues to be 
solved to make the economic burden of the National 
Health Systems sustainable. As long as the mean 
age of TAVR patients will increase, physicians will 
face more and more AS patients with very high and 
prohibitive risk. The triage will be a hard task to 
operate in the absence of strict guidelines.

The explosive demographics of aortic stenosis 
will then eventually force payers and physicians 
to set guidelines for TAVR especially for the 
older and frail patients, in order to discriminate 
those individuals in which the procedure can be 
really effective.

Ultimately, we believe that such a difficult 
balance will be only reached if all players 
involved will take full responsibility in the single 
interest of patients and caregivers.
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12.1  Introduction

Although follow-up after transcatheter aortic 
valve implantation (TAVI), also called transcath-
eter aortic valve replacement (TAVR), is vari-
able across programs, it is widely accepted that 
patients require close monitoring, as they are often 
elderly and have many comorbid conditions [1]. 
Procedural complications are most common in 
the first 30 days following TAVI [2], and follow-
 up in that time frame should be with the Heart 
Valve Team. After the first month, patient care can 
be transitioned back to the referring cardiologist 
and primary care provider. Current recommenda-
tions from the American College of Cardiology 
Expert Consensus [3] are for initial primary care 
follow-up within 3 months of the procedure and 
for primary cardiology follow-up at 6 months and 
then annually. Such close monitoring is impor-
tant because readmission rates approach 50% in 
the first year following TAVI, and readmission 
is associated with poorer clinical outcomes [4]. 
More than half of these readmissions are related to 
noncardiac causes such as infection (often access 

site), bleeding, and respiratory failure. Among the 
cardiac causes for readmission, heart failure and 
arrhythmias are the most common [2, 4].

Immediately following valve implantation, 
the valve should be assessed with any or all of 
the following methods: measurement of hemo-
dynamics, echocardiogram, and ascending aorto-
gram (Fig. 12.1). The purpose of this evaluation 
is to determine, intraprocedurally, the degree of 
paravalvular regurgitation and to guide further 
interventions, such as valvuloplasty. In addition, 
the underlying rhythm and the presence of any 
conduction disturbances should be evaluated, in 
case backup pacing is needed (Table 12.1).

The Valve Academic Research Consortium-2 
(VARC-2) recommends that the first clinical, 
electrocardiographic, and echocardiographic 
exam following TAVI should be performed prior 
to discharge, followed by 1  month, 6  months, 
1 year, and yearly thereafter [5].

12.2  Clinical Follow-Up

12.2.1  Antithrombotic Therapy

While it is generally agreed upon that antiplate-
let or antithrombotic agents are needed follow-
ing TAVI, the optimal regimen and duration are 
still unknown. Current recommendations include 
aspirin 75–100 mg daily indefinitely and clopi-
dogrel 75  mg daily for 3–6  months, which is 
based upon the initial clinical trials investigating 
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balloon- expandable and self-expanding trans-
catheter valves [6–8]. If patients are already 
taking dual antiplatelet therapy for another con-
dition (i.e., coronary stents), then no change is 
needed. Patients who have an indication for sys-
temic anticoagulation (atrial fibrillation, deep 
vein thrombosis, mechanical valve, etc.) should 

be treated according to the guidelines for their 
respective condition (novel oral anticoagulant 
or vitamin K antagonist). In these patients, it is 
generally agreed upon that aspirin or clopidogrel 
be added to the regimen. Because the incidence 
of leaflet thrombosis is higher than once real-
ized (7–15% on computed tomography studies) 
[9–13], there are ongoing trials investigating the 
use of systemic anticoagulation in addition to 
antiplatelet therapy.

12.2.2  Conduction/Rhythm 
Disorders

A large Transcatheter Valve Therapies (TVT) 
Registry assessing more than 26,000 patients 
undergoing TAVI demonstrated a 10% inci-
dence of permanent pacemaker (PPM) implanta-
tion and 7% incidence of new atrial fibrillation 
[14]. In addition, although the incidence of new 
left bundle branch block (LBBB) has decreased 
with the newer-generation valves, it still devel-
ops in nearly one quarter of patients [15]. An 
electrocardiogram (ECG) should be performed 
in recovery to determine any immediate conduc-
tion or rhythm changes and again before dis-
charge, as some changes resolve within the first 
24 h. Routine ECG monitoring is also necessary 

Paravalvular leak (PVL)

Leaflet immobility/thrombosis

LV function

Mitral regurgitation

Pulmonary hypertension

1. TTE
2. If suspicion remains, TEE
3. If inconclusive, cardiac MRI

1. TTE
2. If suspicion remains, MDCT
3. If not feasible, TEE

1. TTE
2. If inconclusive, cardiac MRI

1. TTE
2. If inconclusive, TEE

1. TTE
2. If inconclusive, right heart
    catheterization 

Suspect if diastolic murmur, wide pulse
pressure, heart failure symptoms 

Suspect if heart failure
symptoms, TIA or CVA 

Screen if “at-risk”

1. Valvuloplasty
2. Valve-in-Valve TAVI
3. Percutaneous plug

1. Anticoagulation
2. Valve-in-Valve TAVI

1. Medications
2. Oxygen

1. Medications
2. Implantable Defibrillator

1. Medications
2. Mitral valve surgery
3. Mitralclip 

IMAGING MODALITY TREATMENT OPTIONSPARAMETER TO ASSESS

Fig. 12.1 Evaluation of cardiac parameters following TAVI, and their potential management

Table 12.1 Clinical considerations and their timing fol-
lowing TAVI

Clinical considerations Timing
Antiplatelet/anticoagulant Initiate prior to discharge

Continue 3–6 months
Longer based on comorbid 
disease

Electrocardiogram (heart 
rhythm)

Immediately 
post-procedure
Prior to discharge
1 month
As clinically indicated

Echocardiogram (valve 
function)

Prior to discharge
1 month
Yearly

Quality of life 1 month
1 year
Possibly yearly

Cerebrovascular event CT/MRI as clinical 
indicated
Possibly neurocognitive 
testing

Exercise training Following recovery from 
procedure
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in follow-up, as the risk of heart block requiring 
PPM implantation extends beyond the time of 
discharge [16, 17], and the persistence of LBBB 
can affect left ventricular ejection fraction (EF) 
and may alter treatment decisions (resynchroni-
zation therapy). Our practice is to perform ECG 
at 1-month follow-up and regularly as indicated 
by the patient’s symptoms and/or comorbid 
conditions.

Early data reported new-onset atrial fibrilla-
tion in approximately one third of patients under-
going TAVI [18], whereas more recent data show 
less than 10% of patients with this complica-
tion [14]. The timing of onset is most often dur-
ing or within 48 h of the procedure (~60%) and 
often resolves within 24 h (~75%) of onset [18]. 
However, it can develop even after discharge and 
sometimes becomes persistent [18]. Predictors 
of atrial fibrillation include age, left atrial size, 
non-transfemoral access, and post- implant val-
vuloplasty [18, 19]. New-onset atrial fibrilla-
tion is associated with higher risk of stroke [18], 
making early identification important as it may 
change the anticoagulation strategy. If ECG does 
not show atrial fibrillation, but there is clinical 
suspicion, a heart monitor should be prescribed.

12.2.3  Cerebrovascular Events

Clinically evident cerebrovascular events occur 
in 2–5% of patients within 30  days post-TAVI 
[14, 20, 21], but subclinical events are much 
more common. New ischemic brain lesions are 
found by diffusion-weighted magnetic resonance 
imaging (MRI) [22–24] in 65–85% of patients, 
and high-intensity transient signals are notable 
on transcranial Doppler in nearly all patients 
undergoing TAVI [25]. These findings do not cor-
relate with clinical events, however, and their role 
in routine post-TAVI care remains questionable. 
The long-term impact of subclinical embolism 
in this elderly population is unknown, although 
neurologic studies show they cause subtle deficits 
in physical and cognitive function and portend a 
twofold increase in the risk of subsequent demen-
tia [26]. Neurocognitive testing can be used to 
detect changes in higher-order cerebral func-

tion, but there are a number of different tests that 
assess different factors (memory, learning, atten-
tion, language), and the results depend on which 
test is used. The surgical literature has used audi-
tory evoked potentials to assess neurocognitive 
function, a test which is objective and reproduc-
ible [27, 28], but this has not been studied in 
TAVI.  The few studies investigating cognitive 
function after TAVI have used more subjective 
scales and have shown some improvements in 
cognitive function, possibly related to improved 
cardiac output and cerebral perfusion, but also 
some cognitive decline [25, 29]. At this point, 
the neurologic follow-up after TAVI is driven by 
clinical presentation, and brain imaging with CT 
or MRI should be pursued when there is suspi-
cion for an acute event.

12.2.4  Quality of Life

Aortic valve replacement is known to alter the 
natural history of severe aortic stenosis as well 
as improve quality of life (QOL) to age-adjusted 
population norms [30, 31]. There are numer-
ous ways to assess for improvement in patients’ 
QOL following TAVI, both general and disease- 
specific. The Kansas City Cardiomyopathy 
Questionnaire (KCCQ) has been validated as a 
reliable assessment of symptoms, functional sta-
tus, and quality of life in severe aortic stenosis 
[32]. The landmark TAVI trials (PARTNER and 
CoreValve) showed improved health-related 
QOL [33, 34] using both the KCCQ and two 
general health questionnaires, more so in those 
patients treated via the transfemoral versus trans-
apical approach. This improvement has been 
repeatedly demonstrated in “real-life cohorts” as 
TAVI has become more widespread, but not all 
patients derive the same benefit [35, 36].

The largest improvement in health status 
occurs within 30 days of TAVI, with some addi-
tional improvement appreciable out to 1 year in 
the majority of patients [36]. Factors associated 
with worse health status at 1 year include worse 
health status at baseline, slow gait speed, nonfem-
oral access, lower mean aortic valve  gradients, 
and comorbid conditions such as lung disease, 
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stroke, diabetes mellitus, atrial fibrillation, and 
PPM [36]. Health status should be assessed with 
the KCCQ at minimum of 1  month and 1  year 
following TAVI and possibly yearly thereafter.

The four domains assessed by the KCCQ 
include physical limitation, symptom frequency, 
QOL, and social limitation. Following TAVI, 
the greatest improvements are noted in the 
QOL domain, with the smallest increase noted 
in the physical limitation domain [36]. Lack of 
improvement in exercise capacity is associated 
with increased rehospitalization and mortal-
ity [37], whereas exercise after TAVI has been 
shown to be safe and effective as measured by 
muscle strength, peak oxygen consumption, and 
QOL [38]. Exercise training should be recom-
mended to patients following recovery from their 
procedure, either in the form of cardiac rehabili-
tation or other less formal activities.

12.3  Imaging Follow-Up

The mainstay of imaging follow-up after TAVI 
is echocardiography. This should be focused 
on hemodynamic assessment (valvular gradi-
ents, valve area), quantification of regurgitation, 
and other cardiac parameters affected by valve 
replacement (chamber size and function, other 
valvular pathologies).

Echocardiography prior to discharge estab-
lishes baseline transcatheter valve function, 
including peak velocity across the valve, mean 
gradient across the valve, valve area, and assess-
ment of paravalvular regurgitation [39]. Many 
patients who undergo TAVI have other concomi-
tant cardiac disease, including coronary disease 
[40], systolic dysfunction, mitral valve disease, 
or pulmonary hypertension. Routine echocar-
diography is equally important in following 
these factors, as they can be positively and nega-
tively affected by the hemodynamic changes that 
accompany aortic valve replacement. Tracking 
these changes can help to ensure the patient is 
receiving guideline-directed medical therapy. As 
the durability of transcatheter prosthetic valves is 
still unknown [41], annual evaluation is needed 
for the detection of long-term complications 

(device migration, thrombus formation, endo-
carditis, valve degeneration). Many definitions 
have been suggested for structural valve degen-
eration in TAVI, but none has been agreed upon 
[42]. Monitoring the abovementioned parameters 
(regurgitation, stenosis, calcification) is therefore 
important, as changes over time may indicate 
degeneration of the prosthesis and warrant fur-
ther investigation or intervention.

12.3.1  Paravalvular Regurgitation

The incidence of paravalvular regurgitation fol-
lowing TAVI has decreased with the advent of 
newer-generation prostheses. A meta-analysis 
looking at patients treated with first-generation 
CoreValve and Sapien valves between 2002 and 
2012 estimated moderate to severe regurgitation 
in 11.7% of patients [43], whereas the newer- 
generation valves are reported to have 1–5% 
incidence [44–46]. Factors associated with para-
valvular regurgitation include a heavily calcified 
annulus [44], undersized prosthesis [45], and 
malpositioning of the prosthesis [46].

As mentioned above, aortography can be used 
intraprocedurally to assess the degree of paraval-
vular regurgitation and is accomplished by grad-
ing the density of contrast opacification of the left 
ventricle [47]. This method is highly subjective 
and also dependent on the volume of contrast 
used, the position of the catheter, and the strength 
of fluoroscopy used and is therefore not ideal.

The mainstay of detecting paravalvular regur-
gitation following TAVI is echocardiography, 
either transesophageal (during the procedure, if 
general anesthesia is used) or transthoracic (dur-
ing the procedure, if moderate sedation is used, 
and in long-term follow-up). Current experts in 
echocardiography recommend a grading scheme 
that relies on various parameters, including 
prosthesis position and shape, left ventricular 
size and function, and data from color Doppler 
images in multiple views [48]. Regurgitation is 
more severe in valves that are too low or too high 
in the annulus and have irregular shapes, and in 
which there is space visible between the native 
and prosthetic valves. Deterioration in ven-
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tricular size and/or function over time suggests 
significant paravalvular regurgitation. In trans-
esophageal echocardiography (TEE), the mid-
esophageal long-axis and short-axis views and 
the transgastric view are best to visualize para-
valvular jets with color Doppler. In transthoracic 
echocardiography (TTE), color Doppler assess-
ment in the parasternal long and short axis and 
the apical five- chamber and three-chamber views 
are most helpful and should be performed in both 
traditional and off-axis views. Using these views, 
in both modalities, the severity of regurgitation 
is based on the number and location of jets, the 
size of the jet, the circumferential extent of the 
jet, and more quantitative measures including 
regurgitant volume and fraction and effective 
regurgitant orifice area. The presence of multiple, 
eccentric, and irregularly shaped jets as well as 
acoustic shadowing from calcium or the pros-
thesis itself can limit the ability of TTE to accu-
rately quantify paravalvular regurgitation [48]. 
As higher degrees of regurgitation correlate with 
worse outcomes, including mortality and heart 
failure rehospitalization [49], accurate quantifi-
cation is important to identify patients who may 
benefit from additional treatment such as valvu-
loplasty, second valve implant, or paravalvular 
leak closure.

Cardiac MRI (CMR) has emerged as the pre-
ferred imaging modality to determine the extent 
of paravalvular regurgitation when echocardio-
graphic findings are inconclusive. CMR accu-
rately and reproducibly quantifies the regurgitant 
volume and fraction [50] independent of the 
number or shape of the jets [48] and reclassifies 
the severity in approximately 50% of patients 
[51, 52].

12.3.2  Structural Valve Degeneration

Valvular degeneration is most common in the 
form of valvular stenosis, although transvalvular 
regurgitation and mixed stenosis/regurgitation 
are also possible [42]. Stenosis can result from 
leaflet immobility or leaflet thrombosis, terms 
which are not interchangeable as immobility can 
result for a number of reasons (pannus, incom-

plete stent deployment, etc.). Leaflet immobility 
has been defined as diffuse thickening of one or 
more transcatheter heart valve cusps identifi-
able in multiple views [53, 54], whereas leaflet 
thrombosis is any thrombus attached to or near 
the valve, resulting in some degree of blood 
flow obstruction and interference with valve 
function, or large enough to warrant treatment 
[55]. A large registry demonstrated that 4.5% of 
patients develop valve hemodynamic deteriora-
tion, defined as greater than 10 mmHg increase 
in mean transprosthetic gradient between dis-
charge and follow-up [56]. Several studies have 
shown that higher aortic valve gradients are pres-
ent in most (~90%) patients with leaflet thrombo-
sis [57–59], but leaflet immobility is not always 
associated with elevated aortic valve gradients. 
TTE is not sensitive enough to visualize within 
the stent frame and assess leaflet motion [9].

While there are no randomized controlled 
trials comparing imaging modalities for leaflet 
immobility, small series and anecdotal experi-
ence have indicated the superiority of both mul-
tidetector computed tomography (MDCT) and 
TEE over TTE [9, 53, 60]. The most common 
findings on TEE are thickened leaflets, immobile 
or restricted leaflets, and thrombotic apposition of 
leaflets, whereas a thrombotic mass is less often 
visualized [54, 57]. Despite its superiority over 
TTE, up to 10% of patients with leaflet immobil-
ity or thrombosis will have no abnormal findings 
on TEE [10]. Findings on MDCT include hypo-
attenuated masses attached to the aortic cusp, 
leaflet thickening, or reduced leaflet motion [11, 
53, 54]. Hypo-attenuating lesions always involve 
the base of the leaflet and extend toward the cen-
ter, and reduced leaflet motion is identified by the 
presence of wedge-shaped or semilunar opacities 
in both systole and diastole (normal leaflets only 
seen on diastole) [9].

Leaflet immobility and thrombosis can pres-
ent clinically as exertional dyspnea or congestive 
heart failure [57], and thrombosis has been asso-
ciated with increased incidence of transient isch-
emic attack (TIA) and stroke [9, 59]. However, 
a large portion (30%) present subclinically and 
are diagnosed based on imaging findings alone 
[57]. TTE can act as an initial screening tool, 
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and the presence of rising aortic valve gradients 
should prompt either empiric treatment with sys-
temic anticoagulation or further imaging inves-
tigation. However, normal TTE findings should 
not rule out the presence of leaflet immobility/
thrombosis when the suspicion is high. MDCT 
should be performed in symptomatic patients and 
those with stroke or TIA [61]. TEE is a reason-
able alternative in patients in whom MDCT is 
not feasible (renal failure, availability, etc.). In 
addition, MDCT or TEE should be considered in 
asymptomatic patients who are considered at-risk 
for leaflet immobility or thrombosis [61]. Risk 
factors include male gender, absence of systemic 
anticoagulation, larger sinuses of Valsalva, larger 
bioprosthetic valve size, balloon-expandable 
prosthesis, and valve-in-valve procedures [10, 11, 
54]. Numerous studies have shown restoration of 
leaflet function with systemic anticoagulation 
[9, 10, 12], with both novel oral anticoagulants 
and vitamin K antagonists considered reason-
able options. Either aspirin or clopidogrel should 
be continued even if anticoagulation is initiated, 
and repeat imaging should be considered after 
3–6 months of treatment.

12.3.3  Other Cardiac Parameters

Many cardiac parameters are affected by the 
hemodynamic changes that accompany aortic 
valve replacement, including systolic function, 
mitral regurgitation (MR), and pulmonary hyper-
tension. In patients with left ventricular dysfunc-
tion, an improvement in EF is often detectable 
prior to discharge [62, 63]. In fact, reverse 
remodeling begins to occur even before changes 
in EF are noticeable, as measured by speckle 
tracking and strain imaging [64, 65]. Significant 
MR is associated with increased early and late 
mortality in patient undergoing TAVI [65–67], 
and worsening MR after TAVI portends even 
worse survival [68]. The degree of MR improves 
in 50–60% of patients following TAVI, whereas 
it remains stable in approximately 40% and 
deteriorates in less than 10% [66, 67, 69, 70]. 
Improvement is more likely to occur in func-
tional MR as opposed to degenerative MR [71] 

and is related to improved left ventricular hemo-
dynamics and decreased leaflet tethering fol-
lowing aortic valve replacement [69]. Predictors 
of persistent or worsening mitral regurgitation 
include degenerative valve findings on echo-
cardiography and calcified mitral apparatus or 
mitral annular diameter greater than 35.5  mm 
on MDCT [67]. Lastly, pulmonary hypertension 
(PHTN) has been shown to improve in 32–57% 
of patients after TAVI, as assessed by TTE 
[72–74]. Echocardiographic factors associated 
with persistent PHTN following TAVI include 
greater than moderate mitral or tricuspid regur-
gitation, atrial fibrillation/flutter, early (E) to 
late (A) ventricular filling velocities (E/A ratio), 
and left atrial volume index [74]. The severity 
of PHTN pre- and post-TAVI predicts mortality, 
and improvement in pulmonary artery pressures 
is associated with better prognosis [75].

Routine echocardiography is important in fol-
lowing all of these factors to ensure the patient 
is receiving optimal treatment. Accurate assess-
ment of left ventricular function can help guide 
medical and device therapy, and persistent or 
worsening severe mitral regurgitation can often 
be treated with percutaneous mitral valve repair 
or replacement. Higher pulmonary pressures are 
associated with more frequent heart failure hos-
pitalizations [73] and may identify patients who 
would benefit from closer follow-up. CMR can 
be helpful in measuring left ventricular function 
and mass when TTE findings are uncertain and in 
quantifying mitral regurgitation when TTE and/
or TEE is equivocal.

12.4  Conclusion

Close follow-up after TAVI involves not only 
careful attention to clinical variables but also to 
specific cardiac parameters. Beginning imme-
diately after valve implantation and continuing 
at regular intervals, the functional and general 
health status of patients should be monitored and 
further imaging pursued when clinically indi-
cated. Such care can help optimize quality of life 
as well as guide therapy for comorbid conditions 
or valve degeneration.
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Cardiac Biomarkers 
in Transcatheter Aortic Valve 
Implantation

Paul L. Hermany and John K. Forrest

13.1  Introduction

Transcatheter aortic valve implantation (TAVI), 
also called transcatheter aortic valve replacement 
(TAVR), has become the standard of care for 
patients with severe symptomatic aortic stenosis 
or severe aortic stenosis with evidence of worsen-
ing left ventricular function who are at increased 
risk for surgical aortic valve replacement (SAVR) 
[1–4]. This indication has recently been expanded 
to patients at an intermediate surgical risk [5, 6] 
and is currently being investigated in low-risk 
patients. The approach to and appropriateness 
of AVR in many patients with severe aortic ste-
nosis must be met with clinical equipoise and a 
careful consideration of the merits and risks of 
a transcatheter versus surgical strategy. Part of 
this consideration, in addition to a detailed con-
versation with the patient regarding goals of care 
and expectations and careful review of valvular 
and vascular anatomy, is an accurate risk assess-
ment. Historically, a surgical risk calculation has 
been made by evaluating the patient and utiliz-
ing risk scoring models. Risk scores serve two 
main purposes in the evaluation of patients for 
TAVR. Firstly, they ascribe a degree of risk to a 

patient to better help guide the decision to pur-
sue a percutaneous versus surgical approach to 
AVR (or medical management). Secondly, they 
better help the clinician identify, upfront, patients 
who may respond suboptimally to TAVR.  Risk 
score models such as Society of Thoracic 
Surgeons (STS) score, logistic EuroSCORE, and 
EuroSCORE II have been derived in cardiac sur-
gery patients, and thus extrapolation to predict-
ing outcomes in patients undergoing TAVR must 
be exercised with caution. Alternative methods, 
therefore, with higher accuracy and prognostic 
value must be developed for assessing patients 
with aortic stenosis.

One of the growing areas of interest in risk 
assessment and risk model development is the 
role of cardiac biomarkers. Cardiac biomarker 
levels have been studied in both preoperative risk 
assessment and in guiding the postoperative man-
agement and predicting the postoperative out-
comes of patients undergoing both percutaneous 
and surgical aortic valve replacement since the 
first TAVR studies. There is expanding evidence 
that cardiac biomarkers may help predict adverse 
outcomes in higher-risk patients, which may 
influence the decision of how to manage their aor-
tic stenosis and how to best optimize the patient’s 
clinical condition prior to valve replacement.

In this chapter, we review the commonly used 
cardiac biomarkers and discuss their relationship 
to myocardial injury as well as adverse cardiac 
physiology and hemodynamics. We consider the 
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standardized definitions of myocardial injury and 
infarction and debate the prognostic and pre-
dictive value of the biomarkers with regard to 
post- procedural morbidity and mortality. Lastly, 
we examine novel biomarkers which may prove 
useful in the management of patients with aortic 
stenosis who are undergoing TAVR.

13.2  Standardized Definitions 
of Myocardial Injury

The Valve Academic Research Consortium 
(VARC) consists of representatives of a collec-
tion of academic research organizations, sur-

gery and cardiology societies, members of the 
US Food and Drug Administration, and select 
independent experts. This group was tasked with 
creating a consensus statement identifying and 
defining various clinical endpoints to provide 
uniformity in data collection for trials evaluating 
TAVR.  The most recently published consensus 
document from this group (VARC-2) provides 
definitions for both periprocedural and spon-
taneous myocardial infarction in the setting of 
TAVR (Fig.  13.1). Periprocedural myocardial 
infarction occurs ≤72  h from valve implanta-
tion and is associated with new ischemic signs 
or symptoms and elevated cardiac biomarkers. 
Elevated biomarkers [preferably creatine kinase-

Peri-procedural MI (≤72 h after the index procedure)
     New ischaemic symptoms (e.g. chest pain or shortness of breath),
        or new ischaemic signs (e.g. ventricular arrhythmias, new or
        worsening heart failure, new ST-segment changes,
        haemodynamic instability, new pathological Q-waves in at least
        two contiguous leads, imaging evidence of new loss of viable
        myocardium or new wall motion abnormality) AND
     Elevated cardiac biomarkers (preferable CK-MB) within 72 h after
        the index procedure, consisting of at least one sample
        post-procedure with a peak value exceeding 15× as the upper
        reference limit for troponin or 5× for CK-MB.a If cardiac
        biomarkers are increased at baseline (>99th percentile), a furhter
        increase in at least 50% post-procedure is required AND the
        peak value must exceed the previously stated limit
  Spontaneous MI (>72 h after the index procedure)
      Any one of the following criteria
      Detection of rise and/or fall of cardiac biomarkers (preferably
        troponin) with at least one value above the 99th percentile URL,
        together with the evidence of myocardial ischaemia with at least
        one of the following: 
     Symtoms of ischaemia
     ECG changes indicative of new ischaemia [new ST-T changes or
         new left bundle branch block (LBBB)]
     New pathological Q-waves in at least two contiguous leads
     Imaging evidence of a new loss of viable myocardium or new wall
          motion abnormality
 Sudden, unexpected cardiac death, involving cardiac arrest, often
     with symptoms suggestive of myocardial ischaemia, and
     accompanied by presumably new ST elevation, or new LBBB,
     and/or evidence of fresh thrombus by coronary angiography
     and/or at autopsy but death occurring before blood samples
     could be obtained, or at a time before the appearance of cardiac
     biomarkers in the blood.
 Pathological findings of an acute myocardial infarction 

aPreviously in the original VARC it was 10× and 5× for troponin and
CK-MB, respectively.

Fig. 13.1 Definition of 
myocardial infarction by 
VARC-2 criteria
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MB (CK- MB)] in this setting occurred within 
72  h and consist of at least one sample post-
procedure with a peak value exceeding 15× the 
upper reference limit (URL) for troponin or 5× 
for CK-MB (previously defined as 10× URL for 
troponin and 5× URL for CK-MB) [7]. If cardiac 
biomarkers are increased at baseline (>99th per-
centile), a further increase in at least 50% post-
procedure is required, and the peak value must 
exceed the previously stated limit.

A spontaneous myocardial infarction in the 
setting of TAVR as defined by the VARC-2 con-
sensus document occurs 72 h or later following 
valve replacement and is defined as a rise and/or 
fall of cardiac biomarkers (in this case, preferably 
a troponin assay is used) with at least one value 
above the 99th percentile of the upper reference 
limit, which is coupled with evidence of myocar-
dial ischemia. Such evidence may include at least 
one of the following: symptoms, ECG changes 
suggesting new ischemia (e.g., new ST-T changes 
or new left bundle branch block), new patho-
logical Q waves in at least two contiguous leads, 

imaging evidence of a new loss of viable myocar-
dium or new wall motion abnormalities, sudden 
cardiac death involving cardiac arrest (often with 
symptoms suggesting myocardial ischemia and 
accompanied by new ST elevation or new LBBB 
and/or evidence of fresh thrombus by coronary 
angiography and/or at autopsy), and pathological 
findings of an acute myocardial infarction [7].

By comparison, criteria for defining an acute 
myocardial infarction in certain clinical scenarios 
were proscribed in the Third Universal Definition 
of Myocardial Infarction consensus document 
published in 2012 by a Joint ESC/ACCF/AHA/
WHF Task Force [8]. Similar to the VARC-2 cri-
teria, this document considered clinical (presence 
of biomarker elevation, ECG evidence, and symp-
toms), imaging (including evidence on invasive 
testing of coronary thrombosis and loss of myo-
cardial viability or new wall motion abnormality 
by noninvasive testing), and pathologic features. 
Five subtypes of MI (Fig. 13.2) were defined in 
this document two of which considered MI in the 
setting of recent cardiac procedures. In the set-

Type 1: Spontaneous myocardial infarction

Type 2: Myocardial infarction secondary to an ischaemic imbalance

Type 3: Myocardial infarction resulting in death when biomarker values are unavailable

Type 4a: Myocardial infarction related to percutaneous coronary intervention (PCI)

Type 4b: Myocardial infarction related to stent thrombosis

Type 5: Myocardial infarction related to coronary artery bypass grafting (CABG)

Spontaneous myocardial infarction related to atherosclerotic plaque rupture, ulceration, fissuring, erosion, or dissection with 
resulting intraluminal thrombus in one or more of the coronary arteries leading to decreased myocardial blood flow or distal  
platelet emboli with ensuing myocyte necrosis. The patient may have underlying severe CAD but on occasion non-obstructive or 
no CAD.

In instances of myocardial injury with necrosis where a condition other than CAD contributes to an imbalance between 
myocardial oxygen supply and/or demand, e.g. coronary endothelial dysfunction, coronary artery spasm, coronary embolism, 
tachy-/brady-arrhythmias, anaemia, respiratory failure, hypotension, and hypertension with or without LVH.

Cardiac death with symptoms suggestive of myocardial ischaemia and presumed new ischaemic ECG changes or
new LBBB, but death occurring before blood samples could be obtained, before cardiac biomarker
could rise, or in rare cases cardiac biomarkers were not collected.

Myocardial infarction associated with stent thrombosis is detected by coronary angiography or autopsy in the setting of 
myocardial ischaemia and with a rise and/or fall of cardiac biomarkers values with at least one value above the 99th pencentile URL.

Myocardial infarction associated with PCI is arbitrarily defined by elevation of cTn values >5 × 99th percentile URL in patients with
normal baseline values (≤99th percentile URL) or a rise of cTn values > 20% if the baseline values are elevated and are stable
or falling. In addition, either (i) symptoms suggestive of myocardial ischaemia, or (ii) new ischaemia ECG changes or new LBBB,
or (iii) angiographic loss of patency of a major coronary artery or a side branch or persistent slow or no-flow or embolization, 
or (iv) imaging demonsration of new loss of viable myocardium or new regional wall motion abnormality are required.

Myocardial infarction associated with CABG is arbitrarily defined by elevation of cardiac biomarker values >10 × 99th percentile 
URL in patients with normal baseline cTn values ((≤99th percentile URL). In addition, either (i) new pathological Q waves 
or new LBBB, or (ii) angiographic documented new graft or new native coronary artery occlusion, or (iii) imaging eveidence of 
new loss of viable myocardium or new regional wall motion abnormality.

Fig. 13.2 Third universal definition of myocardial infarction. Adopted from consensus documented put forth by Joint 
ESC/ACCF/AHA/WHF Task Force
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ting of percutaneous coronary intervention (PCI), 
biomarker elevation of 5× the URL (or >20% rise 
above baseline if baseline levels were elevated) 
was considered suggestive of MI.  For coronary 
artery bypass grafting (CABG), biomarker eleva-
tion >10× URL corresponded with new infarction 
in patients with normal (≤99th percentile URL) 
baseline levels. These cutoffs were arbitrarily 
defined, and no criteria were provided for abnor-
mal biomarker elevation in the setting of aortic 
valve replacement.

Exploration into the association of abnor-
mal levels of circulating cardiac biomarkers and 
TAVR outcomes has been limited, to a degree, 
by inconsistency in the definition of myocardial 
injury and infarction. These are important clini-
cal endpoints in such research, and thus consis-
tent nomenclature is crucial for the comparison 
and interpretation of data across studies aim-
ing to answer similar questions. The VARC-2 
definition of MI in the setting of TAVR is not 
without criticism as some data has suggested 
overestimation of MI rates when using troponin 
cutoffs as particularized by the VARC-2 criteria 
and a possible underestimation when employ-
ing CK-MB cutoffs. In one series looking at 515 
patients undergoing TF and TA-TAVR, 88.1% 
of patients undergoing TF-TAVR had VARC-2-
defined MI versus 9% by CK-MB thresholds in 
the same cohort [9]. There is certainly difficulty 
in interpreting the clinical significance of these 
elevations, but a standardized definition provides 
the uniformity and consistency necessary for 
higher- quality research and analysis. For this rea-
son, we endorse following the VARC-2 criteria 
when evaluating patients for possible myocardial 
infarction following TAVR and encourage its 
standardized use in future TAVR research.

13.3  Biomarker Types

A variety of cardiac biomarkers have been stud-
ied over the years, and laboratory assays have 
made use of varying biomarker kinetics to help 
guide the appropriate blood testing and test inter-
pretation in the hours and days following myo-
cardial injury.

13.3.1  Causes of Elevation

While the detection of cardiac biomarkers in the 
blood stream suggests myocardial breakdown, the 
mechanism by which these proteins are released 
requires further clinical investigation. Elevations 
in biomarker assays may be seen in the setting 
of acute cardiac thrombosis, demand ischemia in 
the setting of underlying nonocclusive but flow-
limiting coronary disease (where oxygen demand 
of the myocardium outweighs supply provided 
by coronary flow as seen in a number of clinical 
conditions), myocardial/pericardial inflamma-
tion (pericarditis, myocarditis, infiltrative dis-
ease, auto-inflammatory, viral/bacterial disease, 
etc.), high-intensity activity (e.g., high-intensity 
aerobic and anaerobic exercise and/or prolonged 
periods of exercise), poor clearance (i.e., renal 
disease and reduced glomerular filtration rate), 
and false-positivity as induced by cross-reactive 
antibodies.

Cardiac biomarker elevation following TAVR 
is commonly observed. In one series, 67% of 
patients were found to have elevated biomarker 
levels relative to their pre-procedure baseline 
[10]. The approach to TAVR is an important fac-
tor in defining this rate as roughly one-half of 
patients undergoing transfemoral TAVR experi-
ence a significant rise in CK-MB levels, whereas 
up to 97% of patients undergoing transapical 
TAVR have abnormally high levels of circulat-
ing CK-MB in the postoperative period [10]. 
These differences reflect the invasiveness of 
the transapical approach with direct myocardial 
injury inherent to the procedure as well as patient 
selection. Transapical (TA) access is most often 
reserved for patients with significant vascular dis-
ease whose iliofemoral system is not amenable to 
a transfemoral (TF) approach. Concurrent with 
their peripheral vascular disease, patients under-
going TA-TAVR have an increased incidence of 
comorbid conditions placing them at a higher 
perioperative risk for cardiac ischemia. The first-
generation transcatheter heart valve systems were 
associated with near universal myocardial injury 
by troponin I assay with 97% of TF cases and 
100% of TA cases demonstrating elevated post-
procedural levels. In the same patients, only 47% 
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of TF cases demonstrated myocardial injury by 
CK-MB levels (95% by CK-MB for TA cases) 
[11]. In another cohort of 150 patients undergoing 
TAVR, elevated troponin I levels were observed 
in 90% of patients and elevated CK-MB eleva-
tions in 50% [12]. This disparity reflects differ-
ences in biomarker kinetics (Fig. 13.3) and assay 
sensitivity. As discussed below, there are also sig-
nificant differences in specificity of these assays 
as they pertain to clinically significant myocar-
dial injury, ventricular function, and cardiovascu-
lar mortality. As such, it is important to note that 
not all biomarker elevations correlate with clini-
cally significant myocardial injury.

With regard to TAVR, there are several mech-
anisms for biomarker release into the systemic 
circulation. Access considerations and patient 
selection, discussed above, certainly influence 
the presence and degree of biomarker eleva-
tion, but, ultimately, it is the development of 
biomechanical stress leading to cardiac myocyte 
apoptosis that results in the release of cardiac 
biomarkers. Factors which trigger this cascade 
include transient global ischemia in the set-
ting of anesthesia induction, valve deployment, 
pre- or post-deployment balloon valvuloplasty, 
ventricular and atrial tachyarrhythmia, sudden 
heart block, and rapid ventricular pacing; acute 
changes in preload conditions as may be seen 

with severe aortic insufficiency; acute coronary 
occlusion as a result of embolic phenomena or 
direct flow impedance by the native valve leaflets 
or the implanted valve itself; and direct myocar-
dial injury. Both early and more recent data have 
suggested that mechanically expanding systems 
and, to a lesser extent, self-expanding systems 
result in more frequent and sizeable increases 
in biomarker elevation relative to baseline than 
balloon- expandable systems [13]. Interestingly, a 
deeper depth of implantation has been associated 
with higher circulating biomarkers presumably 
due to contact with the muscular septum, and the 
absence of periprocedural beta-blocker therapy 
has been linked to increased rate of myocardial 
injury following TAVR [14]. Beta-blocker use 
may help mitigate acute upregulation of sympa-
thetic nervous system in patients with systolic 
dysfunction during TAVR and temper some of 
the above physiologic stressors triggered during 
TAVR leading to myocardial injury. The clinical 
role of beta-blockers in TAVR, though currently, 
has yet to be well-defined.

13.3.2  Troponins

Cardiac troponins I (24 kDa) and T (37 kDa) are 
large proteins that, along with cardiac troponin 
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C, are found in the contractile structure of myo-
cardial cells and make up the troponin complex, 
a thin filament that regulates calcium-modulated 
striated muscle actomyosin ATPase activity 
(Fig.  13.4). Troponins I and T are exclusively 
found in cardiac muscle (troponin C is found in 
both skeletal and cardiac muscle), and their clini-
cal utility in the detection of myocardial injury 
and necrosis is predicated on wide commercial 
availability and well-validated data correlating 
troponin elevation with myocardial damage. 
More recently high-sensitivity (Hs) troponin 
assays have been used in the screening of patients 
presenting with a chest pain syndrome helping to 
guide and triage their care in the acute setting. 
The interpretation of low-level, mild troponin 
elevation or discordant biomarker data especially 
when coupled with a complicated medical his-
tory or, conversely, a lack of other clinical fea-
tures (i.e., ECG changes, symptoms, evidence of 
cardiac dysfunction, etc.) can be challenging and 
often requires input from an appropriately trained 
cardiac consultant.

In the natural progression of aortic valve 
stenosis, where gradual narrowing of the aortic 
valve leads to increased afterload and left ven-
tricular wall stress, decreased coronary perfusion, 
and reduced cardiac output with concomitant 
left ventricular remodeling, troponin elevation 
has had some modest utility in predicting out-
comes and identifying patients at higher risk of 
mortality prior to intervention. Baseline Hs-TnT 
abnormalities in such patients who are observed 

with medical management correlated with poorer 
clinical outcomes over a 5- to 7-year follow-up 
period [16].

In the setting of surgical aortic valve replace-
ment (SAVR), troponin levels have been evalu-
ated in the pre-, peri-, and post-procedural period 
to better predict outcomes following valve 
replacement. Recent data published evaluating 
3-year outcomes in Norwegian patients undergo-
ing SAVR found that elevated baseline Hs-TnT 
levels were associated with increased all-cause 
mortality regardless of treatment type assigned; 
however after adjusted analysis, elevated preop-
erative Hs-TnT provided no significant prognos-
tic information in patients who underwent SAVR 
[17]. Another study of 57 patients with moderate 
to severe aortic stenosis demonstrated that detect-
able levels of troponin in the pre-AVR evalua-
tion period were independently associated with 
increased mortality [18].

As the clinical experience with TAVR has 
grown, increasing evidence has become available 
examining the impact of troponin elevations on 
short- and long-term clinical outcomes following 
valve replacement. Pre-procedural troponin ele-
vations have been associated with poorer 1-year 
mortality despite subsequent successful TAVR 
[19]. This speaks to the importance of early 
identification of patients with severe aortic ste-
nosis preferably prior to symptom onset for close 
observation and identification of early symptoms 
before echocardiographic left ventricular dys-
function is detected. Identification of biomarker 
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abnormalities in the pre-procedural period allows 
the clinician to identify higher-risk, decompen-
sated patients who would benefit from optimiza-
tion prior to undergoing TAVR.

While data supporting the prognostic utility of 
troponin elevation following TAVR is provoca-
tive, there are some data tempering the enthusi-
asm for troponins as a predictive marker in TAVR 
patients. In post hoc analysis of the PARTNER 
trial, which evaluated high (cohort A) or extreme 
(cohort B) surgical risk patients with severe 
symptomatic AS, those who underwent TF-TAVR 
with the early-generation Sapien valve system 
(Edwards Lifesciences) were stratified into three 
groups based on elevations in cardiac biomark-
ers on postoperative day 1. Those at the highest 
tertile of troponin elevation had a nearly 100-fold 
increase in all-cause mortality and cardiovascular 
mortality at 30 days when compared to those in 
the lowest tertile [20]. In the same analysis, the 
degree of biomarker elevation was not predic-
tive of 30-day and 1-year outcomes in patients 
who underwent transapical (TA)-TAVR. TA- and 
transaortic (TAo)-TAVR have demonstrated the 
near ubiquitous presence of VARC-2 significant 
troponin elevation in the post-procedural period; 
however a transapical approach correlates with a 
greater magnitude of rise, and this translated to 
poorer left ventricular function and poorer sur-
vival in mid- and long-term follow-up [10, 21]. 
Such an effect most likely applies, as well, to 
transfemoral patients where a greater magnitude 
in troponin rise does seem to correlate with more 
significant decline in LV function. Clinically sig-
nificant decline (>5% drop from baseline LVEF) 
though often occurs when troponin levels exceed 
0.8  μg/L [11]. Another study evaluating only 
TF-TAVR in 201 patients using early-generation 
valve systems found that both elevated base-
line and post-procedural hsTnT were predictive 
of 1-year mortality [22]. In contrast, a series of 
474 patients who underwent TF-TAVR showed 
that troponin elevations >15 ULN had no impact 
on 1-year survival, although troponin elevation 
was associated with post-procedural conduc-
tion abnormalities [23]. Similarly, another early 
TAVR series showed uniform myocardial injury 
post-TAVR by troponin elevation; however the 

degree of troponin elevation did not correlate 
with increased 1-year mortality [24].

Ultimately, cardiac troponins appear to dem-
onstrate some prognostic utility in predicating 
poorer short- and long-term outcomes following 
TAVR. This conclusion is tempered by a hand-
ful of data showing no prognosticative role for 
cardiac troponin elevations. In patients under-
going TF-TAVR, this discordance likely reflects 
the sensitivity of troponin assays for detection of 
myocardial injury and necrosis which may often 
be trivial and subclinical in its magnitude. Indeed, 
the magnitude of troponin release is certainly 
influential to its predictive power. In TA-TAVR 
patients, the near ubiquity of troponin elevation 
in the immediate post-procedural period makes 
a dichotomous comparison of outcomes difficult. 
Troponin assays are relatively rapid and widely 
available making their use practical in the clini-
cal setting. The routine assessment of post-TAVR 
troponin levels, especially in patients without 
clinical evidence of myocardial ischemia, does 
not seem to provide any additive benefit to 
patient management. In the pre-AVR evaluation 
period, elevated troponin levels may be useful in 
identifying patients (in the absence of obstruc-
tive coronary disease) earlier in the progression 
of their disease possibly prior to symptom onset. 
This may better guide follow-up strategy and 
timing of valve replacement, although there are 
no data to suggest that earlier intervention based 
on the appearance of abnormal troponin levels 
in the absence of symptoms confers any signifi-
cant long-term mortality benefit over a traditional 
strategy of replacement at time of symptom onset 
or LV dysfunction (EF <50%).

13.3.3  Creatine Kinase-MB

Creatine kinase (CK) is a dimer composed of 
some combination of two (M and B) subunits. 
CK, therefore, exists in the bloodstream as isoen-
zymes CK-MM, CK-BB, or CK-MB. Total CK 
measurements reflect the total concentration of 
these circulating isoenzymes. CK regulates high- 
energy phosphate production and use in contrac-
tile proteins and is involved in the cleavage and 
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shuttling of high-energy phosphate bonds from 
the mitochondria where ATP is produced to the 
cytoplasm for cellular use [25]. While CK-MM 
is the predominant isoform found in striated 
muscle (97% of CK), CK-MB is clinically rel-
evant as it comprises only 3% of CK found in 
striated muscle but 15–40% of CK activity 
found in cardiac muscle. CK-BB, meanwhile, is 
found in the bladder, gastrointestinal tract, and 
brain. The disproportionate concentration of the 
CK-MB isoenzyme in cardiac muscle makes it a 
useful clinical marker for myocardial injury and 
cardiac myocyte necrosis. That CK-MB is found 
in non- cardiac muscle may confound the inter-
pretation of elevated CK-MB levels especially in 
the setting of total CK level elevation (as may be 
seen, e.g., with skeletal muscle trauma or rhab-
domyolysis). The fraction, or relative index, of 
CK-MB to CK is a useful adjunctive indicator of 
myocardial injury with a value greater than 5% 
consistent with myocardial injury especially in 
the setting of an elevated total CK level. When 
properly timed, direct immunologic assay for 
CK-MB has an excellent specificity for acute 
myocardial infarction approaching 100% in some 
reports [26].

Several studies looking at the clinical rel-
evance of elevated cardiac biomarkers in the 
setting of TAVR have suggested that post-proce-
dural CK-MB elevation corresponds with poorer 
long- term clinical outcomes. CK-MB elevations 
>5× ULN appear to have a higher positive predic-
tive value for post-procedural mortality than tro-
ponin elevations >15× ULN, an observation that 
reflects the higher specificity of CK-MB assays 
potentially at the expense of sensitivity. Elevated 
CK-MB levels have been associated with an 
increase in 30-day and 1-year mortality as well as 
increased rates of AKI [12]. CK-MB elevations 
have been predictive of poorer post-procedural 
left ventricular function [10, 11], and the mag-
nitude of CK-MB elevation has also been shown 
to be a critical predictor of mortality as patients 
with >5-fold increases had significantly higher 
rates of death than those patients with no or lesser 
increase relative to baseline [10]. In a post hoc 
analysis of the PARTNER trial, Paradis and col-
leagues found that cardiac biomarker elevation in 

patients undergoing TF-TAVR predicted 30-day 
all-cause and cardiovascular mortality and that 
post-procedural CK-MB elevation predicted 
1-year mortality [20]. CK-MB levels >5× ULN 
have been associated with higher bleeding rates 
and higher rates of stroke [23].

When compared to troponin, CK-MB demon-
strates higher specificity for myocardial necro-
sis at the expense of sensitivity. In the setting of 
TAVR, significant CK-MB elevation appears to 
correlate better with clinically significant myo-
cardial injury as evidenced by an association with 
poorer subsequent cardiac function and prognos-
ticates increased morbidity and mortality in the 
short- and long-term follow-up period.

13.3.4  B-Type Natriuretic Peptide 
(BNP) and NT-proBNP

Brain (B-type) natriuretic peptide (BNP) is a 
32-amino acid protein found in cardiac myocytes 
and brain tissue (where it was first identified). 
In healthy individuals, BNP concentrations are 
highest in the atria; however, in response to alter-
ations in left ventricular loading conditions, the 
protein is synthesized in and released from the left 
ventricle. In the production of BNP, preproBNP 
is first proteolyzed to proBNP (a 108- amino acid 
protein) which is subsequently cleaved to form 
BNP and N-terminal proBNP.  Natriuretic pep-
tides act as vasodilatory and, as their name sug-
gests, diuretic agents in reaction to upregulation 
of the neurohormonal response (activation of the 
renin-angiotensin- aldosterone axis and sympa-
thetic nervous system) seen in acute heart failure 
(Fig.  13.5). BNP is a well-validated marker of 
left ventricular wall stress induced by a variety 
of adverse cardiac conditions affecting normal 
left ventricular hemodynamics. BNP is particu-
larly sensitive to acute alterations in preload and/
or afterload and, as such, is a biomarker of both 
systolic and diastolic dysfunction. It is believed 
that in heart  failure conditions, natriuretic peptide 
metabolism is dysregulated resulting in a dispro-
portionately high level of biologically inactive 
proteins (viz., intact proBNP, BNP by-products, 
and NT-proBNP). These inactive compounds 
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may cross-react with BNP assays, explaining 
higher laboratory measurements in acute heart 
failure despite an ineffective counter response to 
neurohormonal activation [15].

For years, the literature on the natural course 
of aortic stenosis has highlighted the importance 
of natriuretic peptide evaluation in patients with 
aortic stenosis. Natriuretic peptides have been 
associated with mortality and the extent of myo-
cardial remodeling and have aided in predicting 
the transition from asymptomatic to symptomatic 
AS, as well as identification of high-risk patients 
[16, 17, 27]. In a large clinical series of over 1900 

patients with at least moderate aortic stenosis, 
BNP clinical activation (defined as a ratio of the 
subject’s BNP to the maximum normal values 
of age- and sex-matched controls greater than 
1) was associated with higher mortality regard-
less of symptomatology, and the hazard ratio for 
mortality incrementally increased as the degree 
of clinical activation increased [28]. This ratio 
allows for patient-specific normalization of BNP 
values and may be a more clinically useful mea-
surement especially when comparing BNP lev-
els in a spectrum of patients. BNP elevation also 
correlates with degree of diastolic dysfunction in 
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patients with severe aortic stenosis with higher 
levels demonstrating greater specificity for mod-
erate or severe diastolic impairment [29] and has 
been shown to be predictive of adverse outcomes 
in patient with low-flow, low-gradient severe aor-
tic stenosis [30]. The utility of BNP measurement 
in asymptomatic patient with severe AS to better 
perform risk stratification has prompted its rec-
ommendation in the European guidelines on the 
management of valvular heart disease [31, 32].

In the surgical and transcatheter management 
of aortic stenosis, pre-procedural BNP has been 
useful in predicting long-term outcomes. In one 
series examining patients who underwent balloon 
aortic valvuloplasty (BAV), SAVR, and TAVR, 
patients with the lowest levels of pre-intervention 
BNP had significantly lower 10-month mortal-
ity than those with the highest levels regardless 
of intervention strategy. Interestingly, those who 
underwent SAVR and those who underwent 
TAVR both had significant absolute declines in 
their BNP levels at 1 year with gradual decline 
during that timeframe. Those patients who under-
went BAV had an initial decline in their BNP dur-
ing the first 30 days with a subsequent uptrend 
to their pre-procedural baseline at 1  year [33]. 
This mimics with the general course of patients 
who have undergone BAV and have initial symp-
tomatic relief but achieve no significant long-

term mortality benefit and frequently become 
symptomatic again within months. TAVR and 
SAVR, on the other hand, have consistently 
demonstrated a sustained clinical and mortality 
benefit over medical management. High base-
line BNP levels confer a three- to fivefold risk 
in short- term, 6-month, and 2-year all-cause mor-
tality (ACM) and 2-year cardiovascular mortality 
when compared to low baseline levels in patients 
undergoing TAVR [34, 35]. Additionally, persis-
tently high BNP levels confer the highest risk of 
cardiovascular and all-cause mortality following 
TAVR (Fig. 13.6) [34], and high pre-procedural 
BNP has been associated with lower device 
deployment success rates during TAVR.

In addition to BNP, NT-proBNP—the biologi-
cally inactive by-product of proBNP proteoly-
sis—is a well-validated prognosticator in patients 
with AS and those undergoing TAVR.  Not sur-
prisingly, elevations in NT-proBNP levels corre-
late with increasing transaortic valvular gradients 
[36, 37]—a corollary of disease severity, onset 
of symptoms, and timing of valve replacement. 
NT-proBNP has been shown to be independently 
predictive of 1-year mortality in TAVR patients 
[38]. NT-proBNP ratio (measured level/maxi-
mum normal level for age- and gender-matched 
controls) is an alternative method to measure 
and interpret natriuretic peptide levels akin to 
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the previously discussed BNP clinical activation 
ratio. The NT-proBNP ratio has been evaluated in 
post- TAVR patients and strongly correlates with 
short- and long-term outcomes following valve 
implantation. In a series of 244 patients who 
underwent TAVR, the group with a ratio <4.2 had 
an 8.5% 1-year all-cause mortality, whereas those 
with a ratio >4.2 had a 32.1% all-cause mortal-
ity at 1 year. Interesting, there were no deaths in 
the group of patients with a post-procedural ratio 
of <1.5 [39]. The predictive value of proBNP in 
one study was found to outperform the logistic 
EuroSCORE which has been used routinely, in 
conjunction with the STS score, in the periopera-
tive risk assessment of patients with severe aortic 
stenosis [40].

Measuring natriuretic peptides to diagnose 
heart failure and stratify patients according to 
their short- and long-term mortality risk may 
have limitations in some select patient popu-
lations. BNP levels are known to be lower in 
obese patients. This paradox has been incom-
pletely explained but may be a consequence of 
increased clearance of active natriuretic peptides 
by increased expression of clearance receptors on 
adipocytes. Increased lipid deposition in the heart 
has been hypothesized to result in a lipotoxic car-
diac effect secreting adipokines and cytokines 
which may inhibit the cardiac endocrine system 
and reduce production of natriuretic peptides. 
On a systemic level, abnormalities in endocrine 
function and hormonal concentrations in obese 
patients may also inhibit cardiac endocrine func-
tion [41]. Measurement of BNP and interpreta-
tion of normal or only modestly elevated absolute 
values in this group must be done so cautiously 
with careful consideration of and evaluation for 
other clinical signs and symptoms of heart fail-
ure. A few studies in elderly patients with severe 
aortic stenosis have shown a tempered or no 
predictive value of BNP in predicting long-term 
outcomes [33, 42]. However, there are data to 
support the prognostic utility of natriuretic pep-
tides in patients at extreme age. Patients over the 
age of 90  years who had elevated NT-proBNP 
levels demonstrated a >2.5-fold increase in car-
diovascular mortality (2.3-fold increase in all- 
cause mortality) [43].

Natriuretic peptides have proven to be a use-
ful marker in both the pre- and post-AVR period. 
Their presence in the circulation reflects a differ-
ent cellular process than that suggested by the 
release of cardiac troponins and creatine kinase-
 MB although there is often overlap in the pres-
ence of these biomarkers. Circulating BNP and 
the by-products of its metabolism can be a sensi-
tive and powerful surrogate for acute changes in 
left ventricular loading conditions and may serve 
as an additional data point in the pre-procedural 
evaluation period to hasten the course to valve 
replacement. Additionally, the ability to identify 
high-risk patients in the post-AVR setting is quite 
useful to the clinician and can better inform sur-
veillance strategy and medical management of 
these patients.

13.4  Novel Biomarkers

There are a number of novel biomarkers cur-
rently being studied in patients with aortic steno-
sis with varying degrees of success in predicting 
outcomes and comorbidity associated with aortic 
stenosis itself and TAVR.  Most of the markers 
discussed below are used routinely in clinical 
practice although a few are measured in the eval-
uation of other medical conditions and could be 
potentially employed in the clinical realm for 
aortic stenosis.

13.4.1  microRNAs

microRNAs (miRNAs) are small (~21 nucleo-
tides in length), noncoding RNA molecules 
that help regulate gene expression at the post-
transcriptional level. Circulating signatures of 
miRNA have been shown to differentiate sub-
types of cardiac hypertrophy [44], implicated in 
cardiac remodeling and heart failure [45], and 
identified in various myotonic and muscular dys-
trophies affecting cardiac tissue [46, 47].

In patients with severe aortic stenosis under-
going TAVR evaluation in Hannover, Germany, 
miRNA molecules found in higher concentra-
tions in cardiac muscle (including miRNA-1, 
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miRNA-21, miRNA-30e, miRNA-33, miRNA- 
133a, miRNA-155, and miRNA-206) were 
measured via PCR assay. Of these markers, 
miRNA-206 was negatively associated with 
LVEF following TAVR, suggesting higher cir-
culating levels of miRNA-206 may reflect active 
cardiac conditions following valve implantation. 
Interestingly in murine models, low levels of cir-
culating miRNA-206 had an inhibitory effect on 
cardiomyocyte hypertrophy [48].

Another study looking at myocardial fibrosis 
and abnormalities in global longitudinal strain 
(GLS) by echocardiography in patients with 
severe aortic stenosis examined circulating lev-
els of miRNA-21 which has been associated with 
myocardial fibrosis. miRNA-21 levels were high 
in these patients with severe AS when compared 
to expected circulating levels. Furthermore, 
abnormalities in GLS were observed in these 
patients. Such findings suggest a correlation 
between AV stenosis and echocardiographic 
abnormalities in GLS and elevated levels of cir-
culating miRNA as surrogates for myocardial 
fibrosis [49]. Similarly, Villar et al. [50] demon-
strated elevated miRNA-21 levels in AS patient 
when compared to controls.

Data on miRNA role in predicting cardiac 
outcomes are limited by small sample sizes. 
Additionally, the role miRNA plays in observed 
cardiac dysfunction is unclear and may be caus-
ative or simply a downstream marker of cardiac 
dysfunction. There are some data to suggest these 
miRNA molecules may target and upregulate 
TGF-B1, a key agent in the pathologic remodel-
ing of the heart in response to pressure overload 
by inducing cardiac myocyte hypertrophy and 
interstitial fibrosis [51].

13.4.2  Acylcarnitines

Long-chain acylcarnitines have been associated 
with maladaptive left ventricular remodeling, 
and circulating levels were reduced following 
transcatheter AVR, suggesting a potential role 
in assessment of acylcarnitines as a biomarker 
for abnormalities in LV function and LV mass 
index [52]. To date, there is no evidence to sup-

port the prognostic role of acylcarnitines in short- 
and long-term outcomes following TAVR, but 
these early data provide a foundation for further 
research.

13.4.3  GDF-15

Growth differentiating factor (GDF)-15 is another 
protein which may prove to be a useful biomarker 
in the evaluation and risk stratification of patient 
with aortic stenosis. GDF-15 a cytokine within 
the family of TGF-B expressed in cardiac myo-
cytes, macrophages, vascular smooth muscle 
cells, and endothelial cells. It is induced by stress 
specifically related to tissue injury and inflam-
matory states. There is evidence to suggest that 
GDF-15 may predict a lack of reverse remodeling 
and correlates strongly with 1-year all- cause mor-
tality in patients following TAVR. When added 
to STS score along with the marker CRP, GDF-
15 improves the score’s c-index and provided a 
net reclassification improvement. Furthermore, 
GDF-15 levels were inversely related to improve-
ment in global longitudinal strain at 1 year sug-
gesting that lower GDF-15 levels correlate with 
the reversal of myocardial fibrosis and LV dys-
function following TAVR [53]. Another study 
evaluating predictors of 1-year mortality fol-
lowing TAVR identified GDF-15, in addition to 
logistic EuroSCORE and EuroSCORE II, as the 
strongest predictors of outcomes among a num-
ber of cardiac biomarkers and scoring systems 
[54]. As with many novel biomarkers discussed 
in this section, the clinical application of GDF-
15 will hinge upon more robust data supporting 
its use.

13.4.4  Soluble ST2

Soluble ST2 is a cytokine found in the inter-
leukin- 1 receptor class of immunomodulatory 
compounds and shows a modest correlation 
with adverse outcomes in patient following 
TAVR.  Elevated circulating levels of sST2 are 
associated with poorer 1- and 2-year survival 
in patients with aortic stenosis undergoing 
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TAVR.  Adding sST2 to STS score has been 
shown to improve prediction of 2-year survival; 
however sST2 is a less robust prognosticator than 
NT-proBNP and standard surgical risk scores 
[55, 56]. A larger series of 345 patients with AS 
referred for AVR evaluated a panel of novel bio-
markers including GDF15, sST2, NT-proBNP, 
galectin-3, high-sensitivity cardiac troponin T, 
myeloperoxidase, high-sensitivity CRP, and 
monocyte chemotactic protein-1. Of these mark-
ers, sST2 along with the presence of GDF15 and 
NT-proBNP was predictive of poorer outcomes 
following AVR with similar prognostic power in 
both the transcatheter and surgical cohorts. When 
adjusted for STS score, the presence of all three 
of these markers conferred a >4.5-fold increase 
in 1-year mortality [57]. Given the limited stand- 
alone predictive power of sST2, its role in the 
management of patients with aortic stenosis 
remains uncertain, but it may be useful as a com-
ponent of a panel of markers employed in the 
evaluation of AS patients prior to AVR to better 
identify their peri- and post-procedural risk.

13.4.5  Blood Cell Markers

Neutrophil-to-lymphocyte ratio (NLR), as a 
marker of inflammation, has been evaluated 
in patients with severe calcific aortic stenosis. 
NLR was shown predictive of MACE defined 
as a composite of all-cause mortality, cardiac 
death, and nonfatal myocardial infarction. 
Furthermore, 5-year survival rates differed 
significantly among groups stratified by low 
(84.6% for NLR ≤2), intermediate (67.7% for 
NLR of 2–9), and high (42.6% for NLR >9) 
ratios [58]. This is an appealing marker as this 
ratio can be easily and affordably obtained from 
routine complete blood counts. At this time, the 
clinical utility of NLR is limited by a lack of 
comprehensive supportive data.

Alterations in distribution of monocyte sub-
sets, which are defined by the expression profiles 
of surface molecules CD14 and CD16, have been 
observed in various cardiovascular disease states 
[59–61]. Flow cytometry performed in 57 patients 
undergoing TF-TAVR showed a decline in inter-

mediate subtype (CD14++CD16+) monocytes 
shortly after valve replacement despite no abso-
lute change in monocyte counts. This suggests 
a shift in monocyte distribution due to modula-
tion of the cardiac disease state by AVR. Lower 
levels of intermediate monocytes corresponded 
with better cardiac function and improvement in 
NYHA class [62].

13.4.6  Cellular Microparticles

Endothelial cell microparticles (EMPs) are a col-
lection of small phospholipid vesicles released 
from endothelial cells. Elevated concentration of 
EMP reflects endothelial dysfunction and may be 
seen in a variety of conditions often as a marker 
of inflammation or shear stress. Compared to 
production of endogenous inflammatory proteins 
such as CRP, EMP release is more rapid occur-
ring just after endothelial injury [63]. Following 
TAVR, EMP levels have been shown to decrease 
due to improved endothelial function and wall 
shear stress [64, 65].

13.4.7  Galectin-3

In both heart failure with reduced ejection frac-
tion and heart failure with preserved ejection 
fraction, galectin-3 has emerged as a novel 
potential prognostic marker [66–68]. Galectin-3 
is a proinflammatory molecule implicated in the 
process of vascular osteogenesis characteristic of 
atherosclerosis. In vitro studies of galectin-3 have 
shown induction of inflammatory, osteogenic, 
and fibrotic markers. Spontaneous galectin- 3 
expression has also been demonstrated in valvu-
lar interstitial cells, and thus it is  hypothesized 
that galectin-3 plays an active role in progression 
of calcification seen in senile aortic stenosis [69]. 
Such cells sampled from patients with advanced 
aortic stenosis have higher levels of galectin-3 
than those cells from controls without aortic 
stenosis. Baldenhofer et  al. [70] prospectively 
observed 101 patients undergoing TAVR and used 
a dichotomous cutoff of 17.8  ng/mL to define 
groups with low versus high levels of circulating 
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serum galectin-3. Those in the higher group had 
a 4.5-fold increase in 1-year cardiovascular event 
rates and a >5-fold increase in 1-year all-cause 
mortality. This data suggests a strong correlation 
between adverse clinical events and elevated cir-
culating levels of galectin- 3 in patients undergo-
ing TAVR. Galectin-3 shows promise as a cardiac 
biomarker with validated utility in heart failure 
and with more clinical research may have a clini-
cal role in post-TAVR risk stratification.

13.4.8  Mid-Regional 
Pro-Adrenomedullin

Adrenomedullin is a natriuretic and vasodila-
tory agent and is expressed in a wide spectrum of 
clinical conditions including cardiovascular and 
non- cardiovascular diseases such as sepsis, pneu-
monia, chronic renal insufficiency, and chronic 
obstructive pulmonary disease [71–73]. Mid-
regional pro-adrenomedullin (MR-proADM) is a 
marker of cardiac hemodynamic stress and has 
been shown to have prognostic utility in patients 
with heart failure [74]. With the aim to predict 
all-cause mortality, this novel marker was evalu-
ated in 153 patients who underwent TAVR and 
subsequently compared to an external valida-
tion cohort of 205 patients undergoing TAVR. In 
patients with MR-proADM levels above the 75th 
percentile, mortality was 31% at 9 months ver-
sus 4% in those with levels below that threshold. 
When added to EuroSCORE II, MR-proADM 
significantly improved the model’s net reclassi-
fication index [75].

13.4.9  Novel Markers for Prediction 
of Acute Kidney Injury After 
TAVR

Acute kidney injury (AKI) is one of the more com-
monly realized complications following TAVR, 
owing to contrast exposure; transient alterations 
in hemodynamics including decreases in cardiac 
output and arterial pressures; and patient risk fac-
tors including underlying renal disease, advanced 
age, diabetes, and heart failure. Early detection of 

AKI relies on serial measurement of serum cre-
atinine levels, calculation of estimated glomerular 
filtration rate (eGFR), and close monitoring of 
changes in urinary output. Such prompt detection 
is crucial for the early initial medical manage-
ment to optimize renal perfusion. Early detec-
tion of AKI is hindered; however, by limitations 
inherent to serum creatinine, changes in which are 
often delayed 1–2 days after injury has occurred. 
Additionally, eGFR calculations are often inac-
curate in the setting of acute alterations in renal 
function. Ideally, renal injury would be detected 
prior to a decline in urine output which is often 
a downstream consequence of progressive renal 
dysfunction. To this end, several novel biomark-
ers have been proposed in the setting of TAVR, to 
more powerfully and rapidly identify patients at 
risk of AKI and long-term renal impairment.

Cystatin C, an alternative marker for renal 
function, has previously been suggested to more 
accurately reflect renal function following car-
diac surgery when compared to s-creatinine 
levels [76]. In patients undergoing TAVR, post-
procedural cystatin C levels may identify a larger 
cohort of patients at risk for late-onset AKI than 
s-creatinine levels [77]. Routine clinical use of 
cystatin C in post-TAVR management of patients 
is hindered by a paucity of supportive data and 
lack of widespread assay availability.

Urinary G1 cell cycle arrest biomarkers, tis-
sue inhibitor of metalloproteinases-2 (TIMP-2), 
and insulin-like growth factor binding protein 7 
(IFGBP7) have been implicated as key markers 
of AKI. In a small series of patients undergoing 
TAVR, in the post-procedural period, urinary cell 
cycle arrest biomarkers demonstrated superior 
diagnostic accuracy for the prediction of AKI 
than serum creatinine [78].

Serum B2-microglobulin has been shown to be 
a possible predictor of end-stage kidney disease 
and was evaluated along with several other poten-
tial biomarkers, including cystatin C and neutro-
phil gelatinase-associated lipocalin (NGAL), in 
80 patients undergoing either SAVR or TAVR. In 
the cohort of 40 patients who underwent TAVR, 
serum B2-microglobulin and cystatin C were the 
strongest predictors of early detection of acute 
kidney injury with serum B2-microglobulin dem-
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onstrating the highest area under the curve (AUC) 
of the novel markers studied [79]. In this study, 
NGAL was not shown to be a powerful predic-
tor of AKI; however following cardiac surgery, 
NGAL has been shown to be an early and sig-
nificant predictor of AKI [80]. NGAL concentra-
tion in renal proximal tubules increases rapidly 
in response to renal hypoperfusion injury, and 
these increases can be detected much earlier than 
rises in serum creatinine—often within 1 h [81]. 
Given these unique qualities of NGAL, there may 
yet be some clinical utility for its measurement 
in patients following aortic valve replacement; 
however supportive data is lacking at this time.

13.5  Conclusion

Degree of myocardial injury and left ventricle wall 
stress appears to be the common dominator in the 
ability to predict long-term outcomes in patients 
undergoing TAVR.  In clinical practice, the mark-
ers by which these conditions are measured include 
biomarkers for cardiac necrosis and injury (tropo-
nin, CK-MB as the principle proteins) and b-type 
natriuretic protein (as marker of acute left ventricu-
lar systolic and diastolic dysfunction in response to 
changes in loading conditions). The utility of these 
individual markers, especially in the case of myo-
cardial injury detection, relates to the sensitivity 
of their assays and the definitions laid out in such 
guidelines as the VARC-2 consensus document. 
Markers that are highly sensitive for such injury 
may overestimate events and identify subclinical 
injury not particularly helpful in the management 
of patients with aortic stenosis undergoing TAVR. It 
is important, therefore, not just to consider whether 
abnormal levels of circulating biomarkers are pres-
ent or not but to consider the magnitude of elevation 
as a correlate of extent of myocardial injury. The 
highest levels of circulating biomarkers which are 
more powerfully associated with increases in com-
plication, morbidity, left ventricular dysfunction, 
and mortality rates may be more useful in the post-
procedural management of TAVR patients.

In addition to the commonly used biomark-
ers in clinical practice today, there is exciting 
research into novel markers that may help to bet-

ter predict clinical outcomes following TAVR 
and identify patients in the preoperative setting 
who may be at higher risk for adverse events. 
Continued evaluation of these emerging bio-
markers as well as refinement of procedural risk 
prediction models will hopefully improve our 
ability to care for an ever-growing patient popu-
lation with severe aortic stenosis.
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Abbreviations

AR Aortic regurgitation
BE Balloon-expandable
CMR Cardiovascular magnetic resonance 

imaging
DBP Diastolic blood pressure
LV Left ventricle
LVEDP Left ventricular end-diastolic pressure
LVOT Left ventricular outflow tract
MRI Magnetic resonance imaging
PAR Paravalvular aortic regurgitation
SAVR Surgical valve replacement
SE Self-expandable
TAVI Transcatheter aortic valve implantation
TEE Transesophageal echocardiography
THV Transcatheter heart valve
TTE Transthoracic echocardiography
VARC Valve Academic Research Consortium

14.1  Introduction

Transcatheter aortic valve implantation (TAVI), 
also called transcatheter aortic valve replacement 
(TAVR), has become standard therapy for high-
risk and inoperable patients. The major particu-

larity of the technique, which differentiates it 
from classical surgical valve replacement 
(SAVR), is that the native valve is preserved, and 
the prosthesis is implanted and fixed in the native 
annulus via mechanical constraint. The apposi-
tion to the native, calcified leaflets and annulus 
can be imperfect, and the incomplete sealing can 
lead to paravalvular aortic regurgitation (PAR). 
PAR has been dubbed the “Achilles’ heel” of 
TAVI, being one the significant complications of 
the technique [1].

This chapter reviews the incidence, mecha-
nisms, and clinical impact of PAR, with an 
emphasis on the relationship with transcatheter 
heart valve (THV) design, its prevention, and 
treatment.

14.2  Incidence

PAR is a frequent complication of TAVI, and 
the majority of patients have some degree of 
PAR (Table  14.1). This contrasts with the low 
incidence of PAR after SAVR illustrated by an 
incidence of more than mild aortic regurgita-
tion (AR) of 4.2% in a large Canadian cohort of 
3201 patients [2]. The recent meta-analysis per-
formed by Villablanca et  al. [3] which included 
46 observational studies and 4 randomized con-
trolled trials enrolling a total of 44,247 patients 
found an incidence of moderate or severe AR 
of 6.7% after TAVI compared to only 0.8% in 
patients treated with SAVR. The relative risk of 
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residual AR was seven times higher after TAVI 
than after SAVR. This finding was confirmed in 
a separate analysis of observational and random-
ized trials, with a stronger signal in randomized 
trials, which were more likely to use a core labo-
ratory. The effect was similar in high-risk and 
in low-risk patients. Another meta-analysis [4], 
which included four randomized trials, two with 
the self-expandable (SE) CoreValve (Medtronic, 
Minneapolis, Minnesota) and two with the 
Edwards Sapien valve (Edwards Lifesciences, 
Irvine, California), found that moderate or severe 
AR was six times more likely to occur after TAVI 
when compared to SAVR.  However, there was 
significant statistical heterogeneity between trials.

Even if these meta-analyses give a clear signal 
in favor of an increased risk of PAR after TAVI, 
the precise assessment of PAR incidence after 
TAVI is difficult due to the high variability 
between studies and the differences in the 
reported severity of AR.  This heterogeneity is 
caused by several factors: (1) use of various 
methods of imagery for evaluating PAR, like 
transthoracic echocardiography (TTE), trans-
esophageal echocardiography (TEE), and aortic 
angiography; (2) frequent absence of a core labo-
ratory, especially in the early period of the tech-
nique; (3) variability in the moment of assessment 
of PAR (periprocedural, at discharge or at 
30  days); (4) use of different grading schemes; 
and (5) the evolution of various TAVI devices and 
improvement in technique. The publication of the 
Valve Academic Research Consortium (VARC) 
consensus report in 2011 overcomes the inherent 
limitations of the initial publications of TAVI out-
comes, including the evaluation of PAR [5]. An 
update version appeared in 2012 [6].

The interventional community and the indus-
try responded to the issue of PAR by improving 
the technique and the devices used. Last- 
generation THV were conceived with the goal of 
decreasing the risk of PAR. The impact of valve 
design can be seen with the reduction of PAR 
obtained with the Sapien 3 THV (Edwards 
Lifesciences, Irvine, California) when compared 
with previous models and in the very low rate of 
moderate or severe residual PAR obtained with 
the Lotus Valve (Boston Scientific, Natick, MA, 

USA), of 1% [7], or the Direct Flow valve (Direct 
Flow Medical, Santa Rosa, CA, USA), 1.2% [8].

Moderate to severe PAR was observed in 1.6% 
after Sapien 3 implantation compared to 6.9% 
after Sapien XT, according to the meta-analysis 
performed by Ando et  al. [9]. Another meta- 
analysis confirmed these findings, with a lower 
incidence of PAR with the Sapien 3 valve: 5.58% 
vs. 19.35%, OR: 0.27 [10]. The improvement 
with the Evolut-R THV as compared to the previ-
ous CoreValve is less spectacular: the Swiss reg-
istry, using VARC-2 definitions, found no 
significant difference in PAR ≥  2 between the 
two devices (8.5% vs. 10.6%) [11]. However, the 
analysis of SE devices from the TVT registry 
found a significant reduction of moderate or 
severe PAR in favor of Evolut-R: 4.4% vs. 6.2%, 
p  < 0.001 [12]. The latest generation of Evolut 
PRO valve showed no moderate or severe regur-
gitation in the pilot study including 60 patients 
[13]. The majority of patients, 72.4%, showed 
absent or trace PAR. While the interpretation of 
these results is of course limited by the small 
sample size and non-randomized selection of 
patients, the data suggest a significant improve-
ment in annular sealing added by the presence of 
the external pericardial wrap on the distal portion 
of the metallic frame.

Various comparisons of the balloon- 
expandable (BE) and SE THV exist in the litera-
ture, but the majority are observational [14–18]. 
The CHOICE trial was the first trial to perform a 
randomized comparison of the Sapien XT and 
CoreValve THV [19]. The incidence of more than 
mild PAR was significantly lower with the Sapien 
XT valve, 4.1% vs. 18.3%, RR 0.23; 95% CI 
0.09–0.58; p  <  0.01. These findings were con-
firmed in a recent analysis of the French registry 
[20], where the use of the self-expanding THV 
was associated with a higher risk of significant 
PAR: OR 2.03 [1.46–2.83], P < 0.0001. The com-
parative meta-analysis by Agarwal et  al. [21], 
which included 35,347 patients from 5 random-
ized trials and 28 multicenter registries, reported 
a higher incidence of moderate or severe PAR 
with the CoreValve THV, 15.5% vs. 8.9%. The 
difference between the next generation of BE and 
SE devices, the Sapien 3 and the Evolut R, is less 
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important, but the statistical power of the avail-
able studies is limited [15, 17, 18]. Two of these 
studies found comparable rates of moderate or 
severe PAR, while one found a higher rate with 
the Evolut R device.

A novel SE device, the Symetis Acurate Neo 
TF™, presented a statistically nonsignificant dif-
ference in moderate or severe PAR, when com-
pared to the Sapien 3 THV [22].

14.3  Causes and Predictors

The presence of a residual PAR after TAVI logi-
cally depends on the presence of a free space 
between the prosthesis and the native annular 
complex, including the native leaflets, the aortic 
annulus, and the left ventricular outflow tract 
(LVOT). Secondly, the annular sealing is gener-
ally performed by a tissue skirt attached to the 
stent frame, which has an external component in 
the last generation Sapien 3 and Evolut Pro 
THV.  The Lotus Valve System comes with an 
external adaptive seal, and the Direct flow THV 
presents an inflatable aortic and ventricular ring 
designed to minimize the risk of PAR.

Taking these two factors into account, it can be 
deduced that all situation that will tend to decrease 
the contact between the sealing part of the pros-
thesis and the native annular complex will lead to 
residual PAR. Several factors have been described 
in the literature [23–28]. The meta-analysis by 
Athappan et al. [29] found three major predictors 
of PAR: (1) valve undersizing, (2) aortic valve 
calcification, and (3) implantation depth.

14.3.1  Undersizing

Undersizing of the prosthesis will fail to generate 
a good apposition on the native annulus, increas-
ing the risk of PAR.  Various studies have con-
firmed this hypothesis [23, 30, 31]. Détaint et al. 
[23] first introduced the “cover index,” defined as 
[(prosthesis diameter − TEE annulus diameter)/
prosthesis diameter] × 100. Residual AR ≥ 2 was 
not observed in patients with a cover index >8%, 
which actually represents an oversize over 8%. 

While the initial studies of the cover index 
reported 2D diameters generally measured using 
TEE, it has been observed that 3D measurements 
are superior in predicting the occurrence of PAR 
[26, 32–34]. The use of 3D MSCT measures 
leads to a decrease in the incidence of PAR, as 
compared to 2D TEE measurements [33, 35]. It is 
widely accepted based on comparative studies 
that echocardiography tends to underestimate the 
annulus diameter and it is highly influenced by 
the oval shape of the annulus [26]. MSCT mea-
surements are highly reproducible, and an over-
size calculation based on annular area seems 
optimal as it is less influenced by the eccentricity 
of the annulus. An area oversize of 10% or more 
is associated with a significant reduction in PAR 
[34, 36]. It is important to underline that the 
majority of these studies were performed using 
the Edwards THV system.

14.3.2  Aortic Valve Calcification

Aortic valve calcification has been reported as a 
predictor of PAR in multiple studies [27, 36–40]. 
Interestingly, an analysis of the German registry 
did not find an association between the severity 
of the annular calcification and PAR, but it used a 
subjective visual assessment of the degree of cal-
cification [41]. The degree of calcification can be 
quantified using the Agatston score or calcium 
volume scoring. The location of the calcification 
is important in anticipating significant residual 
PAR, as is its asymmetrical distribution [36]. 
Presence of LVOT calcium seems to have a par-
ticular importance. The presence of any amount 
of LVOT calcification was the only independent 
predictor of more than mild PAR in a study with 
the Sapien THV [26]. It was also found to be an 
independent predictor of PAR after Lotus valve 
implantation, while the volume of the aortic val-
var complex did not reach statistical significance 
[27]. In a study including multiple devices, 
increasing annular complex calcification was 
associated with AR only if more than 10 mm3 of 
LVOT calcium was present [25]. Location of cal-
cium at the commissures is another significant 
predictor of residual PAR [38].
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14.3.3  Implantation Depth

Implantation depth is a particular issue especially 
for the CoreValve THV, as this device is longer 
and allows for a higher range of implantation 
depths compared with the BE THV. The depth of 
implantation is a predictor of PAR after CoreValve 
implantation [28, 30, 42–44]. A deep implanta-
tion leads to PAR because it reduces the sealing 
provided by the tissue skirt and leaks are possible 
above the skirt through the stent struts. A high 
implantation will not assure a good and complete 
contact between the valve and the annulus or the 
LVOT.  A small pilot study found an optimal 
implantation depth of 10 mm [42], which deep by 
current standards. A larger study reported a mean 
implantation depth of 6.7 mm in patients having 
less than moderate PAR [28]. The optimal depth 
has to minimize the risk of pacemaker implanta-
tion (recommended depth <6 mm [45]), and the 
final target implantation depth is the best trade- 
off between the risk of pacemaker implantation 
and significant PAR.  The target implant depth 
actually recommended by the manufacturer is 
between 3 and 5 mm.

14.3.4  Aortic Root Angulation

Another problem which seems to be specific to 
the SE THV due to its length and interaction with 
the aortic root is that of aortic angulation [24, 
42]. Greater angle between the LVOT and the 
aortic root has been associated with an increased 
risk of PAR in a pilot study [42]. Abramowitz 
et al. confirmed this finding in a larger cohort and 
found that an angle between the horizontal and 
annular planes greater than 48° best predicts the 
risk of significant PAR [24]. In contrast, aortic 
angulation did not impact the success of BE valve 
implantation.

14.4  Assessment

Multiple methods can be used to assess PAR, and 
a multiparametric approach is generally recom-
mended. The imaging techniques are (1) aortic 

angiography; (2) invasive hemodynamic pressure 
measurement (e.g., aortic regurgitation index); 
(3) echocardiography: TTE and TEE, the latter 
requiring general anesthesia; and (4) cardiovas-
cular magnetic resonance imaging (CMR). 
Natriuretic peptides can give an estimation of the 
importance of the PAR.

14.4.1  Aortic Angiography

Aortic angiography is performed by injecting 
20–40 mL of contrast medium in the ascending 
aorta generally at 15 mL/s via a pigtail catheter. 
The angiography is performed in the right ante-
rior oblique 30° projection or in the left anterior 
oblique projection 20° to 30°. The pigtail should 
be place 2 cm above the valve. It is best to per-
form the injection once the hemodynamics have 
normalized after implantation. Some protocols 
required a delay of 10 min after SE TAVI in order 
to allow full expansion of the device [30].

The Sellers classification [46] includes four 
grades of aortic regurgitation: grade 0, absence of 
aortic regurgitation; grade 1, small amount of con-
trast entering the left ventricle (LV) during diastole 
without filling the entire cavity and clearing with 
each cardiac cycle; grade 2, contrast filling of the 
entire LV in diastole, but with less density as com-
pared to contrast opacification of the ascending 
aorta; grade 3, contrast filling of the entire LV in 
diastole equal in density to the contrast opacifica-
tion of the ascending aorta; and grade 4, contrast 
filling of the entire LV in diastole on the first beat 
with greater density as compared to the contrast 
opacification of the ascending aorta.

The angiographic method represents a semi-
quantitative assessment of aortic regurgitation 
and is subject to various limitations. It is charac-
terized by possible inter-operator variability since 
it is a subjective visual evaluation. Position of the 
pigtail catheter and the quantity of contrast will 
influence the apparent AR severity. Angiography 
characterizes total AR, including transvalvular 
and PAR.  Since operators need to quantify the 
severity of PAR in order to see if further interven-
tion is needed, sometimes the angiography is per-
formed with the LV guidewire across the valve 
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which can cause additional, artificial AR, due to 
incomplete valve closure. While performing the 
aortography without the guidewire across the 
valve will solve this problem, recrossing the valve 
if post-dilatation is needed can create the risk of 
passing in the paravalvular space in some cases. 
Hemodynamic parameters, like high blood pres-
sure, can lead to overestimation of the grade of 
AR, while elevated heart rate can provoke an 
underestimation due to a shorter diastole.

The new angiographic technique using vid-
eodensitometry correlates well with CMR grad-
ing and has a low interobserver variability [47].

14.4.2  Hemodynamic Indices

Hemodynamic indices for evaluating PAR are an 
attractive idea since they are independent of the 
various echocardiographic limitations which 
characterize paravalvular jets. Sinning et al. [30] 
proposed a dimensionless AR index defined as 
[(DBP − LVEDP)/SBP] × 100 where DBP is the 
diastolic blood pressure, LVEDP is the left ven-
tricular end-diastolic pressure, and SBP is the 
systolic blood pressure. The pressure measure-
ment was made 10–15  min after implantation, 
and all patients received the CoreValve THV. The 
AR index decreased proportionally to the increase 
in echocardiographic severity of PAR.  They 
found that an AR index <25 predicted a signifi-
cant increase in 1-year mortality: HR: 2.9, 95% 
CI: 1.3–6.4; p < 0.009. Since the AR index can be 
evaluated periprocedurally, it allows the operator 
to decide if further intervention for reducing PAR 
is needed. Several factors can render the AR 
index imprecise. An elevated LVDEP before 
implantation, from causes independent of the 
presence of PAR, will tend to underestimate the 
AR index and therefore overestimate PAR sever-
ity. A rapid heart will increase DBP and the AR 
index, underestimating the real PAR severity.

The discriminating value of the AR index has 
not been confirmed in two other studies that 
assessed the impact of PAR on mortality. In a 
larger German cohort of 723 patients implanted 
with both types of valves, 1-year mortality was 
similar in patients with an AR index >25 and 

those with an AR index <25 [48]. Höllriegel et al. 
found that the AR index did not predict 1-year 
mortality in the univariate analysis, in a popula-
tion implanted with SE and BE valves [49].

Another proposed hemodynamic index is the 
diastolic pressure time (DPT) index [49]. It was 
formulated in order to account for the duration of 
the diastole and the variation in SBP. It is calcu-
lated as the ratio between the area between the aor-
tic and left ventricular pressure-time curves and 
diastolic duration. It is then adjusted by account-
ing for the SBP: DPT index adjusted  =  (DPT 
index/SBP) × 100. It was significantly higher in 
patients with less than moderate angiographic AR 
and an independent predictor of 1-year mortality. 
It was also superior to the AR index in predict-
ing mortality and had a significantly higher area 
under the ROC curve. Further studies are needed 
to confirm its value. An important limitation of 
this index is its relative complexity.

14.4.3  Echocardiography

Echocardiography, including TTE, TEE, and 3D 
echocardiography (3D TTE), is the most used 
method for evaluating PAR. TEE is usually used 
during periprocedural assessment and requires 
general anesthesia. Due to a gradual shift toward 
a minimalist approach to TAVI and increased use 
of conscious sedation [50], TEE is used less often 
during the TAVI procedure. 3D TTE had better 
concordance with CMR grading of PAR than 
TTE, in a study comparing the three techniques 
and using VARC-2 definitions. Correlation 
between regurgitation fraction (RF) assessed by 
3D TTE and CMR imaging was superior to cor-
relation between RF by 2D TTE and CMR imag-
ing [32]. 3D TTE also has lower interobserver 
variability, but it is of course subject to the same 
limitations of echogenicity.

The severity of aortic regurgitation can be 
evaluated using semiquantitative measures and 
quantitative measures. The semiquantitative 
measures include vena contracta width, pressure 
halftime, jet width in the left ventricular outflow 
tract, diastolic flow reversal in the descending 
aorta, and the more recently introduced circum-
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ferential extent of prosthetic valve paravalvular 
regurgitation. The used quantitative measures are 
regurgitation volume, regurgitation fraction, and 
the regurgitant orifice area. Echocardiographic 
criteria for PAR evaluation according to the 
VARC-2 consensus and the new 5-class grading 
scheme are presented in Table 14.2.

Precise assessment of PAR is challenging due 
to multiple factors. PAR can present multiple 
jets, and global quantification can be difficult. 
Since echocardiographic criteria having been 
developed for native valves and central jets, their 
application to eccentric, paravalvular leaks that 
do not fulfill the same hemodynamic assump-
tions can lead to imprecise grading. The paraval-
vular leak is generated by an irregular orifice that 
will provoke an eccentric, usually high velocity 
jet with a wide spray that can be overestimated 
by visual Doppler assessment. The quantitative 
PISA method assumes a hemispherical isoveloc-
ity area and a regular regurgitation jet that 
applies best for central valvular regurgitation.

The last guidelines for grading PAR use three 
grades, divided in mild, moderate, and severe, 
while the previous ones used a 4-grade classifica-
tion, grade 3 being considered moderate to severe 
[51]. The difference in grading adds to the diffi-
culty of a uniform assessment of PAR between 
studies. The latest expert statement defining para-
valvular leaks in surgical prosthesis adopted a 
5-grade classification Scheme [52], previously 
proposed by Pibarot et al. [53]. It grades PAR in 
(1) mild, (2) mild to moderate, (3) moderate, (4) 
moderate to severe, and (5) severe.

A particular method of quantifying PAR, found 
in the VARC criteria and in the 2009 ASE recom-
mendations for prosthetic valve evaluation [51], is 
the circumferential extent of the jet. However, the 
cutoff for severe PAR is different in the two docu-
ments, being 30% in the VARC-2 document and 
20% in the ASE recommendations. The circum-
ferential extent is evaluated in the parasternal 
short-axis view, by carefully sweeping the probe 
toward the cranial end of the prosthesis in order to 

Table 14.2 Comparative echocardiographic criteria for PAR evaluation according to the VARC-2 definitions and the 
new unifying 5-class grading scheme

VARC-2 Mild Moderate Severe
Unifying 5-class grading 
scheme Mild

Mild to 
moderate Moderate Moderate to severe Severe

Semi-quantitative 
parameters
Diastolic flow reversal in 
the descending aorta

Absent or brief early 
diastolic

Intermediate Prominent, 
holodiastolic

Absent or 
brief early 
diastolic

Intermediate Intermediate Holodiastolic 
(end-diastolic 
velocity >20 and 
<30 cm/s)

Holodiastolic 
(end-diastolic 
velocity ≥30 cm/s)

Circumferential extent of 
prosthetic valve 
paravalvular 
regurgitation (%)

<10 10 to 20 ≥30

<5 5 to <10 10 to <20 20 to <30 ≥30
Quantitative parameters
Regurgitant volume (mL/
beat)

<30 30–59 ≥60

<15 15 to <30 30 to <45 45 to <60 ≥60
Regurgitant fraction (%) <30 30–49 ≥50

<15 <15 to 30 30 to <40 40 to <50 ≥50
EROA (cm2) 0.10 0.10 to 0.29 ≥0.30

<5 5 to <10 10 to <20 20 to <30 ≥0.30

EROA effective regurgitant orifice area, PAR paravalvular aortic regurgitation. Adapted from Kappetein et al. [6] and 
Ruiz et al. [52]
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find the origin and the narrowest portion of the jet. 
In case of multiple jets, the evaluation becomes 
difficult, since the jet origins are not always at the 
same level. An addition is performed, and the jet 
is located using a clocklike orientation in a hori-
zontal plane. The location of the jets is usually at 
the level of valve commissures or at the level of a 
calcific nodule, due to malapposition of the stent 
[53]. A footnote in the VARC-2 consensus warns 
that this criterion is not well-validated and may 
overestimate the severity compared with the 
quantitative Doppler.

14.4.4  Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is an emerg-
ing valuable method for evaluating aortic regurgi-
tation in native and prosthetic valves. It is based 
on the velocity-encoded cardiovascular magnetic 
resonance imaging (CMR), also known as phase- 
contrast flow quantification, as a way of measur-
ing blood flow [54]. CMR is considered as the 
“gold standard” for measuring LV mass, function, 
and volumes [55]. It requires an 8- to 16-s breath 
hold [55]. An image slice perpendicular to the 
flow direction is chosen, and an encoding velocity 
is chosen, higher than flow velocity in order to 
avoid aliasing. Forward and regurgitant flow 
through the defined aortic region of interest, usu-
ally at the sino-tubular junction [54, 56] or proxi-
mal to the prosthesis [57] in case of PAR, is used 
to calculate regurgitant volumes and the regurgi-
tant fraction (RF) [55]. CMR quantification of AR 
is characterized by excellent intraobserver and 
interobserver agreement, being superior to TTE in 
this regard [58]. It is limited by the presence of 
metallic implants, claustrophobia, breath-holding 
issues, metallic artifacts, and arrhythmias. CMR 
quantification cannot discriminate between cen-
tral and paravalvular regurgitation, and it also 
includes the coronary blood flow, which can over-
estimate the degree of PAR.

The first study that assessed PAR after TAVI 
using CMR, published in 2011 by Sherif et  al., 
included only 16 patients, all implanted with the 
Medtronic CoreValve [59]. It did not study the cir-
cumferential extent of the regurgitant jet, and the 

echographic evaluation was based mainly on jet 
with in the LVOT assessed in the parasternal long-
axis view. A CMR RF less than 15% was graded 
mild, and a RF > 50% was graded severe, while 
31–50% was classified as moderate to severe. It 
included aortic angiography as standard evalua-
tion, which adds interesting information. The cor-
relation between echocardiographic and CMR 
grading of PAR was very low, with a weighted 
kappa of 0.2. The agreement between angiography 
and CMR, however, had a kappa value of 0.72. 
When compared to CMR, TTE underestimated 
PAR severity in half of the patients.

In the comparative study of Ribeiro et al., the 
authors assessed AR before and after TAVI with 
TTE and CMR in 50 patients, the circumferential 
jet extent being included in the echocardiographic 
criteria [54]. Over 95% of THV were BE. There 
were three categories of PAR, the second cate-
gory being categorized as “mild” instead of mod-
erate, and the third collapsed moderate and severe 
into “moderate/severe.” CMR cut point for severe 
AR was ≥30% and for mild AR  <  20%. The 
agreement between TTE and CMR was higher 
before TAVI, becoming poor after TAVI, with a 
weighted kappa of 0.3. Post-TAVI AR was under-
estimated by multiparametric TTE in two-thirds 
of patients when compared to CMR. The circum-
ferential extent of AR was poorly correlated with 
CMR grading, leading mostly to overestimation 
but also to underestimation of PAR grade 
(Fig. 14.1). The same tendency of overestimation 
when using the circumferential extent of AR was 
reported by Hartlage et al. [60], albeit this was a 
small sample study and used a RF of ≥40% for 
severe PAR.

Other authors sought the CMR cutoff for pre-
dicting more than mild PAR as evaluated by TTE 
and found the best discriminating value at 14% of 
RF, lower than the VARC-2 criterion. However, it 
is unclear which technique was considered the 
gold standard, and probably the cutoff is best 
determined by assessing the value that best pre-
dicts an impact on survival. Moderate to severe 
PAR, defined by a CMR RF ≥ 30%, had a nega-
tive impact on survival in a multicenter study of 
135 patients, the evaluation being performed at 
40 days post-TAVI [57].
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14.5  Impact on Mortality 
and Mechanisms

14.5.1  Impact

More than mild residual PAR after surgical valve 
replacement is associated with an almost double 
risk of mid-term mortality [2]. Given the much 
higher frequency of PAR after TAVI, its impact 
on mortality has been extensively studied. 
Various studies have confirmed an independent 

association between moderate or severe PAR and 
increased 1-year mortality, after multivariate 
analysis (Table 14.3). A meta-analysis of 45 stud-
ies, including 12,296 patients, has found a HR of 
2.27 for increased 1-year mortality in patients 
with moderate or severe PAR [29]. Mild residual 
PAR was also associated with a higher risk of 
1-year mortality, with a HR of 1.83, but it was no 
longer significant after sensitivity analysis. A 
more recent meta-analysis including 15,131 
patients confirmed the negative impact on sur-
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Fig. 14.1 Examples of discrepancies between echocardio-
graphic and cardiac magnetic resonance (CMR) quantifica-
tion of aortic regurgitation (AR). Example 1: transthoracic 
echocardiography showing jet arc length in the short-axis 
view that covers >30% of circumference (a) consistent with 
severe AR, whereas CMR shows a regurgitant fraction (RF) 

of 14% (b), which is consistent with mild AR by 
CMR. Example 2: transthoracic echocardiography showing 
jet arc length in the short-axis view that covers 10–20% of 
circumference (c) consistent with moderate AR, while 
CMR showed a RF of 36%, which is consistent with severe 
AR (d). From Ribeiro et al. [54] with permission
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vival of moderate or severe PAR, which doubles 
the risk of death at 1 year [61].

While the mortality risk associated with 
moderate or severe PAR is clearly established, 
the signals concerning a possible association 
of mild residual PAR and mortality should 
be interpreted carefully. The first study that 
reported an association between mild PAR and 
mortality was the 2-year follow-up analysis of 
the PARTNER A trial [62]. The authors later 
quantified the impact of mild PAR on mortal-
ity in a multivariate analysis of the PARTNER 
studies and ongoing registries, finding a mod-
erate but significant effect: HR 1.37, p = 0.012 
[63]. However, this effect was not confirmed 
in the US registry of the CoreValve THV [64]. 
The large real-life French registry, which 
included 3195 consecutive patients, found 
no association between post-procedural mild 
PAR and total cardiovascular mortality [65]. 
Another multicentric study using VARC-2 
definitions, including 1735 patients implanted 

with SE and BE THV, found no impact of mild 
PAR on mortality after a median follow-up of 
21 ± 17 months.

A recent analysis of the PARTNER II SAPIEN 
3 trial used a 5-class grading scheme to assess the 
impact of PAR on 1-year outcomes [66]. It 
included 1592 patients implanted with the Sapien 
3 THV at 51 centers in the United States and 
Canada. Mild and even mild to moderate PAR, 
representing 32.6% and 8.2%, had no effect on 
1-year mortality. This trial adds important infor-
mation, addressing specifically the issue of PAR 
classification, which has been hypothesized as 
one explanation of finding a mortality impact for 
mild residual PAR after TAVI.

14.5.2  Mechanisms

Native moderate AR does not have an impact on 
mortality, and only patients with chronic severe 
AR present a possible indication for valvular 

Table 14.3 Selected studies reporting the impact of PAR on mortality

Study 
author Study title N Year Valve type Imaging PAR grade

Impact on 
mortality Time point

Tamburino 
et al. [84]

Italian 
registry

663 2011 CoreValve Echo Moderate or 
severe

HR 3.78; 95% CI: 
1.57–9.10

1 year

Abdel-
Wahab 
et al. [85]

German 
registry

690 2011 Sapien and 
CoreValve

Angio Moderate or 
severe

OR 2.43, 95% CI: 
1.22–4.85

Inhospital

Moat et al. 
[86]

UK 870 2011 Sapien and 
CoreValve

Angio Moderate or 
severe

HR 1.66; 95% CI: 
1.10–2.51

1 year

Gilard 
et al. [50]

France 2 3195 2012 Sapien/XT and 
CoreValve

Echo Moderate or 
severe

HR 2.49; 95% CI: 
1.91–3.25

1 year

Hayashida 
et al. [98]

Registry 400 2012 Edwards and 
CoreValve

Echo Moderate or 
severe

HR 1.7; 95% CI: 
1.13–2.56

Median 
297 days

Kodali 
et al. [62]

PARTNER 699 2012 Sapien Echo Mild to 
severe

HR 2.11; 95% CI: 
1.43–3.10

2 years

Zahn et al. 
[99]

GARY 1391 2013 Sapien and 
CoreValve

Angio Moderate or 
severe

HR 2.43; 95% CI: 
1.36–4.32

Inhospital

Linke 
et al. [90]

ADVANCE 
registry

996 2014 CoreValve Echo Moderate or 
severe

HR 1.63; 95% CI: 
1.03–2.59 d

1 year

Van Belle 
et al. [20]

France 2 3195 2014 Edwards and 
CoreValve

Echo Moderate or 
severe

HR 2.43; 95% CI: 
1.83–3.25

Median 
306 days

Kodali 
et al. [63]

PARTNER 
pooled

2434 2015 Sapien Echo Mild HR 1.37; 95% CI: 
1.14–1.90

1 year

Kodali 
et al. [63]

PARTNER 
pooled

2434 2015 Sapien Echo Moderate or 
severe

HR 2.18; 95% CI: 
1.69–3.35

1 year

Herrmann 
et al. [92]

PARTNER II 
US

583 2016 Sapien 3 Echo Moderate HR 3.75; 95% CI: 
1.57–8.96

1 year

PAR paravalvular aortic regurgitation, HR hazard ratio, OR odds ratio
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replacement, when certain conditions are met 
[67]. Residual PAR after TAVI represents a vol-
ume overload on a ventricle adapted to a pres-
sure overload, concentrically hypertrophied and 
non- compliant. The supplementary volume 
overload leads to elevated diastolic pressures, 
which is the pathophysiological basis of the AR 
index as an indicator of PAR severity [30]. 
However, an elevated diastolic pressure could be 
due to other factors, like diastolic dysfunction, 
which lowers the specificity of the index. Various 
data indicate that the impact of residual PAR 
after TAVI depends on the pre-existing hemody-
namic conditions and previous adaptation of the 
left ventricle to a volume overload. The increase 
in LV end-diastolic volume provides hemody-
namic compensation in AR.

The impact of moderate or severe PAR was 
dependent on the baseline level of NT-proBNP in 
a TAVI population implanted with the Edwards 
THV [68]. Patients with baseline NT-proBNP 
over the median were not affected by the pres-
ence of moderate or severe PAR, while patients 
with a low NT-proBNP had a significant higher 
risk of 2-year mortality, with a HR of 4.6. 
Natriuretic peptides were associated with larger 
LV diameters, pre-existing AR  ≥  2 and mitral 
regurgitation, indicating a previous adaptation to 
volume overload. The same mechanism is sug-
gested by the strong interaction between the 
impact of moderate or severe PAR and the pres-
ence of AR at baseline in the FRANCE2 Registry 
[20]. In patients with baseline AR ≥ 2, residual 
AR ≥ 2 was not associated with increased 1-year 
mortality. A multicenter study taking into account 
the change in degree of AR after TAVI found that 
only acute moderate or severe AR (increase of at 
least 1 grade vs. baseline) had a negative impact 
on mortality, chronic moderate or severe AR after 
TAVI being mortality neutral [69]. One analysis 
of the Italian registry did not confirm the protec-
tive role of pre-existing AR [70]. It is found that 
LV dilation was protective in patients having a 
mixed, stenotic, and regurgitant disease at base-
line. These data underline the thesis that it is the 
volumetric and hemodynamic baseline condi-
tions that will influence how a patient will be 
affected by the residual PAR after implantation.

14.6  Treatment

Various measures have been described as useful 
for reducing residual PAR after TAVI implanta-
tion. Their indication and efficacy can be opti-
mized by using a systematic approach after TAVI 
in (1) grading the severity of PAR and (2) identi-
fying the mechanism responsible for PAR. While 
corrective measures should be envisaged in case 
of moderate or severe PAR, treatment of mild 
PAR should be reserved for patients in whom 
one anticipates poor tolerance of the AR (small 
ventricles, pure aortic stenosis, low pre-proce-
dural level of natriuretic peptides). One also has 
to keep in mind a possible spontaneous reduc-
tion in PAR degree with the SE THV, as the niti-
nol frame continues to expand, a phenomenon 
suggested by the findings from the CoreValve 
US Pivotal Trial [71].

Grading of the PAR is usually performed 
immediately after deployment via aortography. 
TTE can also be used and can locate the site of 
the AR (e.g., paravalvular vs. transvalvular, at the 
level of a calcific nodule, etc.). The operator usu-
ally has two practical solutions, depending on the 
mechanism: (1) perform post-dilation or (2) 
implant a second valve. Snaring of a too deep SE 
THV has been described [72] but is less needed 
with the current recapturable generation and high 
implantation target zones.

14.6.1  Post-dilation

If the valve is implanted in a correct position, the 
presence of PAR can be reduced using post- 
dilation. The presence of severe calcium in a mul-
ticenter study using the BE THV post- dilation 
was needed in 28% of patients and reduced PAR 
by at least 1° in 71% of patients [73]. This analy-
sis found that the volume of calcium and the 
transfemoral approach was independent predic-
tors of the need of post-dilation, while severe cal-
cification over 3874 mm3 was the only predictor 
of unsuccessful post-dilation. The frequency of 
post-dilation seems to differ between types of 
valves in the large clinical randomized trials and 
registries. The analysis of PARTNER I random-
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ized trial and registry reported a frequency of 12% 
[74], lower than the 22% found in the CoreValve 
US Clinical Trials [75], which is coherent with the 
higher frequency of PAR described after the SE 
THV implantation. The post-dilation after 
CoreValve implantation was highly efficacious, 
reducing the incidence of moderate or severe PAR 
by 75%. While the first study by Nombela-Franco 
et al. [73] reported an excess of cerebrovascular 
event in case of post- dilation, this was not con-
firmed by the larger trials with the BE and SE 
THV. Post-dilation appears to be a safe procedure, 
without an increased risk of neurological events 
or central AR. However, careful assessment of the 
position of the valve should be performed, since 
post- dilating a prosthesis implanted too high will 
increase the risk of embolization. The balloon 
should be adapted to the measured native aortic 
annulus and the size of the prosthesis in case of 
the SE THV, while generally 1 mL of volume is 
added in the balloon initially used to implant the 
BE THV. Massive calcification in the LVOT could 
expose the patient to the catastrophic risk of annu-
lar rupture, and the benefit of post- dilation should 
be assessed in function of PAR severity (Fig. 14.2).

14.6.2  Implantation of a Second 
Valve: Valve-in-Valve 
Procedure

This technique represents an option in case of 
incorrect height of implantation, too ventricular or 
too aortic. The second valve is placed in order to 
seal the perivalvular space which was “missed” by 
the first valve. In case of a lower position of the first 
BE valve, the risk of ventricular migration should 
be kept in mind, especially if the valve was under-
sized, and coaxiality should be maintained at all 
times. In the Italian CoreValve registry, the need for 
a second valve was due to a too ventricular deploy-
ment in 75% of patients [76]. Interestingly in the 
PARTNER trial and registries with the Sapien 
valve, half of indications for a second prosthesis 
were due to a transvalvular AR with leaflet mal-
function [77]. The risk of pacemaker implantation 
was increased, while the incidence of stroke and 
mortality was not statistically significant.

14.6.3  Percutaneous Paravalvular 
Leak Closure

This technique represents a later option of PAR 
reduction that is performed for significant symp-
toms associated with moderate or severe PAR. The 
device used is generally the Amplatzer Vascular 
Plug III (AVP III, AGA Medical Corp., Plymouth, 
Minnesota). It can be performed successfully [78], 
but the results are less favorable than with paraval-
vular closure after surgical valve replacement. The 
rate of success was only 60%, compared to 100% for 
surgical valve in a single-center series [79]. Various 
explanations for this finding are available. Since the 
native valve is in place, calcific nodules can impede 
the advancement of the material. Frequently, PAR 
post-TAVI presents multiple jets, and placement of 
a plug represents an incomplete solution. Another 
potential issue is interference with coronary flow. 
Cases selected for percutaneous closure should be 
carefully screened with pre-procedural imagery.

a

b

Fig. 14.2 Severe calcifications of the left ventricular out-
flow tract in patient implanted with a Sapien 3 valve 
(Panel a). In spite of intentional undersizing in order to 
avoid annular rupture, the final PAR was mild, illustrating 
the usefulness of the outer skirt (Panel b)
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14.7  Conclusion

PAR is one of the major complications after 
TAVI, being significantly more frequent than 
after surgical valve replacement. However, the 
technical evolution in the field has been spectac-
ular, and current devices have reduced the inci-
dence of significant PAR to less than 5%. The 
assessment of PAR is complex and should be an 
integrative multimodal process. Standardized 
definitions and expert consensus are now avail-
able and should clarify the problem of grading 
and improve the coherence between various 
reports. MRI presents various advantages over 
classical echocardiographic evaluation. While 
a clear impact on mortality has been observed 
for moderate or severe PAR, the association of 
mild PAR and decreased survival observed in 
the PARTNER trial has not been confirmed in 
subsequent studies. PAR should be evaluated 
immediately after the procedure along with its 
mechanism, which allows for several corrective 
measures to be applied.
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Transcatheter aortic valve implantation (TAVI), also 
called transcatheter aortic valve replacement (TAVR), 
has become a well-established technique for treating 
severe aortic stenosis. Although to date reassuring 
data coming from PARTNER 1 trial shows no struc-
tural valve deterioration in TAVI group at 5 years, 
valve dysfunction may occur over time [1]. Causes of 
valve dysfunction can be classified in (1) structural 
valve deterioration (i.e., calcification, leaflet fibrosis, 
tear, or flail), (2) non-structural valve deterioration 
(i.e., intra- or para-prosthetic, regurgitation, prosthe-
sis malposition, patient-prosthesis mismatch), (3) 
thrombosis, and (4) endocarditis.

Transcatheter aortic valve thrombosis (TAVT), 
albeit rare, is a known and potentially dramatic 
clinical manifestation. Part of the spectrum of 
valve thrombosis, subclinical leaflet motion 
abnormalities may result in “hypoattenuated leaf-
let thickening” (HALT) and/or “reduced leaflet 
motion” (RELM). HALT and RELM are rela-
tively recent entities in the field of transcatheter 
aortic valves and are more frequent than symp-
tomatic bioprosthetic aortic valve thrombosis.

Although valve thrombosis is a multifactorial 
phenomenon determined by the interplay of clin-
ical, anatomic, procedural, and pharmacological 
factors, three main mechanisms according to 
Virchow’s triad could be identified. These mech-
anisms involve valve surface, hemodynamic and 
homeostasis. Valve surface itself may promote 
thrombosis through adhesion of platelets, leuko-
cytes, and red blood cells, thrombin generation, 
and complement activation. Incomplete prosthe-
sis endothelialization, leaflet damage, and leaflet 
deterioration may further promote the activation 
of the coagulation cascade. Hemodynamic fac-
tors such as low cardiac output, valve malpo-
sitioning, and prosthetic hemodynamic profile 
may facilitate thrombus formation. Recently 
it has been hypothesized that TAV deployment 
may generate neo-sinus, the region between 
native and transcatheter aortic valve leaflets, in 
which complex flow patterns are implicated in 
valve thrombosis [2]. Lastly, homeostatic fac-
tors as primary or secondary hypercoagulable 
state or suboptimal anticoagulation therapy play 
a central role in pathogenesis of leaflet motion 
abnormalities.

15.1  Transcatheter Aortic Valve 
Thrombosis (TAVT)

Valve thrombosis has been defined, according to 
Valve Academic Research Consortium 2 criteria 
as “any thrombus attached to or near an implanted 
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valve that occludes part of the blood flow path, 
interferes with valve function, or is sufficiently 
large to warrant treatment” [3] (Fig.  15.1). 
Transcatheter aortic valve thrombosis has an 
incidence ranging from 0,61% to 2,8% [4, 5]. It 
can be classified, according to its timing, into 
acute (0–3 days after TAVI), subacute (3 days to 
3 months after TAVI), late (3 months to 1 year 
after TAVI), and very late (>1 year after TAVI) 
[6]. In the study by Latib et al. on 4.266 patients 
undergoing TAVI, all cases of TAVT were 
detected within 2 years after valve implantation 
with a median time to thrombosis of 181 days [4].

Depending on diagnostic certainty, it can be 
classified also as (1) definite, when clinical, imag-
ing, and pathological criteria are matched and 
there is a clinical response to initiation of antico-
agulation therapy; (2) probable, on the basis of 
clinical and imaging (CT or echo) criteria; and (3) 
possible, based on uncertain clinical criteria [6].

The majority of patients with clinical TAVT 
presents at follow-up with new onset or worsen-
ing of dyspnea; seldom they may present non-ST- 
elevation myocardial infarction and embolic 
events such as stroke or cardiac arrest. Laboratory 
tests may be useful for diagnosis since serum 
NT-proBNP was found to be significantly ele-
vated in patients with valve thrombosis [5]. 
Almost all patients (92.3%) present with signifi-
cantly increased mean aortic valve pressure gra-
dient, whereas 76.9% present with thickened 
leaflets or thrombotic apposition of leaflets, and 
only 23% had a thrombotic mass on leaflets [4].

Despite TAVT may occur without a specific 
underlying cause, several predisposing factors 
such as valve-in-valve procedures, obesity, use of 
a balloon-expandable valve, and a small prosthe-
sis size (<23 mm) have been identified as inde-
pendent predictor of TAVT [5, 7].

Several series showed higher postprocedural 
transprosthetic mean gradient after valve-in- valve 
TAVI [8]. Some authors suggest that valve- in- valve 
implantations may result in increased mechanical 
stress on leaflets and altered flow turbulence pro-
moting thrombosis. Interestingly, in paper by Jose 
et al., all cases of valve-in-valve thrombosis involved 
Hancock II and Mosaic, valves that are also at high 
risk of thrombosis after surgical replacement [5].

Is it known that a higher BMI may contribute, 
through a lipid-mediated inflammatory mecha-
nism, to aortic bioprosthesis degeneration. 
Moreover, diabetes and metabolic syndrome, two 
conditions strictly associated with obesity, may 
predispose to thrombosis [9]. The role of lipid- 
inflammatory pathway needs to be further eluci-
dated in the future.

Mechanism involved in the increased risk of 
TAVT in balloon-expandable valve is still not 
known; however it seems that valve over- and 
under-expansion, poor stent endothelialization, 
and native leaflet fissuring during balloon expan-
sion are implicated.

Although several studies demonstrated that 
patient-prosthesis mismatch is an independent 
predictor of bioprosthesis degeneration, whether 
a smaller prosthesis size is related to an 

a b c

Fig. 15.1 (a) A normal seating of the CoreValve with a 
translucent neointimal sheath covering the upper portion 
of the nitinol frame; note the presence on the aortic side of 
the valve of a brown-colored thrombotic host tissue with-

out calcification on the free edges of the valve leaflets; (b, 
c) white fibrous-like tissue covered the fabric skirt of the 
inflow portion of the device on outer and inner surfaces
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 augmented risk of valve thrombosis needs to be 
clarified [10, 11].

Treatment of choice in patients with TAVT is 
anticoagulation therapy which has been proven to 
be efficacious also in case of chronic and organized 
thrombi. Nowadays, preferred drugs for treatment 
of TAVT are vitamin K antagonist (VKA), but trial 
comparing novel oral anticoagulant versus dual 
antiplatelet therapy or VKA is currently on the 
way. In case of failure of anticoagulation therapy, 
the remaining option is transcatheter valve-in-valve 
procedure or surgical aortic valve replacement.

Since TAVT is a potential life-threatening con-
dition and median time to diagnosis is 6 months, 
some authors suggest a closer surveillance with 
imaging at 1, 3, and 6  months and then annual 
follow-up. Further studies are needed to under-
stand the optimal imaging technique among trans-
thoracic echo, transesophageal echo, and CT.

15.2  Subclinical Leaflet 
Thrombosis

On 2015, during an ongoing clinical trial, 
reduced aortic valve leaflet motion was noted on 
computed tomography of patients undergoing 

TAVI.  Makkar et  al., referring to a “possible 
subclinical thrombosis,” published data coming 
from Portico investigational device exemption 
(IDE) and two subsequent physician-initiated 
registries (SAVORY and RESOLVE), reporting 
an incidence of reduced leaflet motion of 40% in 
the Portico IDE study and of 13% in registries 
[12]. These findings lead the authors and the sci-
entific community to raise question about safety 
and durability of TAVI, and the Food and Drug 
Administration was obligated to publish a per-
spective declaring: “We at the FDA believe that 
the available clinical evidence supports the con-
clusion that these valves remain safe and effective 
and that findings to date concerning reduced leaf-
let motion have not changed the overall favorable 
benefit–risk balance for these valves when they 
are used for their approved indications” [13]. The 
fact that leaflet motion abnormalities were not 
observed in anticoagulated patients and resolve 
with initiation of anticoagulation suggests that 
these findings were related to valve thrombosis.

Based on CT findings, subclinical leaflet 
thrombosis can be classified in “hypoattenuated 
leaflet thickening” (HALT) and/or “reduced leaf-
let motion” (RELM) (Fig. 15.2). Leaflet motion 
can be defined as normal, mildly reduced (<50% 
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Fig. 15.2 Hypoattenuated leaflet thickening (HALT) on two-dimensional computed tomography (gray-scale images) 
and volume-rendered CT (color images) for multiple prosthesis types
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reduction), moderately reduced (50–70% reduc-
tion), severely reduced (>70% reduction), or 
immobile. The prevalence of HALT/RELM has 
been reported in three studies. Makkar et  al. 
reported their findings from 55 patients using 3D 
volume-rendered (VR) imaging. RELM was noted 
in 39 of 187 (20.9%) patients and in multiple trans-
catheter valve types, including the Portico valve, 
Edwards valves (Edwards SAPIEN, SAPIEN XT, 
and SAPIEN 3), Medtronic CoreValve, and the 
Lotus™ valve (Boston Scientific, Marlborough, 
MA, USA) [12]. Pache et  al. performed con-
trast CT in 156 patients undergoing TAVR with 
the SAPIEN 3 valve at a median of 5 days post 
TAVR. HALT was noted in 16 (10.3%) patients 
[14]. Leetmaa et al. performed computed tomog-
raphy (CT) in 140 patients with SAPIEN XT 
valves (Edwards Lifesciences) within 3  months 
postimplantation; TAVT (defined as HALT) was 
present in 5 patients (4%), 4 of these patients 
being asymptomatic with no echocardiographic 
evidence of significantly elevated gradients [15].

Recently, Chakravarty et al. published data on 
patients who had CT scans after surgical aortic 
valve replacement and TAVI, demonstrating a 
higher incidence of subclinical leaflet thrombosis 
in patients who underwent TAVI than in patients 
who underwent surgery (13% vs. 4%) [16].

Mylotte et al. hypothesized that several mech-
anisms may explain the higher incidence of leaf-
let thrombosis: (1) the elderly TAVI population is 
more likely to have coexisting prothrombotic 
conditions (e.g., cancer), (2) the metallic THV 
frame could potentially provide a nidus for 
thrombosis, (3) incomplete THV expansion can 
create leaflet folds and potential recesses for 
thrombus formation, (4) incomplete THV apposi-
tion to the aortic wall may delay  endothelialization, 
and (5) the native leaflets may overhang balloon-
expandable systems creating areas of diminished 
blood flow and stagnation [17].

Transthoracic echocardiography (TTE) plays 
a crucial role to exclude regurgitation and/or ste-
nosis, but it provides inadequate details to assess 
the possible presence of HALT/RELM. Although 
a greater proportion of patients with subclinical 
leaflet thrombosis had aortic valve gradients of 
more than 20 mmHg, it is conceivable that, after 

calculating normal gradients (which are usually 
higher than the native valve), even an expert 
echocardiographer may not carefully search for 
HALT/RELM.  The latter issue may imply that 
the real incidence of this phenomenon is far from 
being precisely depicted [16].

In some occasions, the transesophageal echo-
cardiogram (TEE) may be helpful to detect the 
RELM, before or after the CT scan findings; how-
ever, it is impractical to advocate the use of TEE 
in all cases, especially when normal gradients and 
no suspicious findings come from the TTE.

Theoretically, the CT scan acquisition and 
reconstruction can be deemed as the gold stan-
dard imaging tool to visualize the leaflets; how-
ever, it gives no hemodynamic information; thus 
the CT scan is actually “complementary” to the 
TTE/TEE, although in all the published series 
the CT scan has been used to confirm the 
diagnosis.

All acquisition protocols enabling the formal 
assessment of leaflet motion and thickening 
employ contrast CT with retrospective gating. 
The acquisition is usually performed in the 
cranio- caudal direction from the aortic arch to 
the diaphragm and images reconstructed at 
0.6 mm slices with 0.3 mm overlap with iterative 
reconstruction for evaluation at 10% intervals 
within the 0–90% RR range. To minimize radia-
tion exposure, a dose-modulation approach can 
be used, thus reducing dose in the 55–100% RR 
range (diastole).

CT images are usually reconstructed in the 
systolic phase using 3mensio Valves Version 7.0 
or Version 7.1 (3mensio Medical Imaging BV, 
Bilthoven, The Netherlands) and Vitrea® Software 
Version 6.7.2 (Vital Images, Inc., Minnetonka, 
MN, USA). The valve leaflets can be assessed 
using both 2D (axial cross-section assessment) 
and 3D-VR (volume rendered) imaging. The VR 
images can be generated using center line recon-
structions and the hockey puck feature in  3mensio 
or using front-cut plane or five thick slab VR 
functions in Vitrea. In Vitrea, the medium de- 
noising filter was employed.

Of note, while leaflets with normal motion are 
difficult to visualize on 4D VR-CT, leaflets with 
reduced motion can be clearly seen in 3D or 4D 
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images. Hypo-attenuating lesions can be studied 
on maximum intensity projection (MIP) 2D CT 
and correlated to reduced leaflet motion on 3men-
sio software with the use of the marker feature 
and on Vitrea software using the VR auto- 
alignment with MIP feature.

A discrepancy must be acknowledged between 
CT and echocardiographic findings. Despite a 
10–15% prevalence of subclinical thrombosis 
with CT, elevated gradients (a mean gradient of 
>20  mm Hg) with echocardiography are infre-
quent [12, 14, 15]. This observation implies that 
CT detects early subclinical thrombosis, whereas 
echocardiography detects the late consequences 
of thrombosis (i.e., valvular stenosis). This also 
indicates that not all thromboses result in valve 
degeneration, i.e., early thrombosis might resolve 
spontaneously.

Dynamic four-dimensional CT imaging 
was consistently used for detection of subclin-
ical thrombosis although consensus defini-
tions and quantification of leaflet thrombosis 
with CT are lacking, and it should be estab-
lished before prospective study and clinical 
use are carried out.

Moreover, the CT timing after TAVI to detect 
meaningful leaflet thrombosis is actually 
unknown. It has been postulated that the timing 
of imaging might affect the proportions of leaflet 
thrombosis with different valve types; however 
there is no “evidence” supporting a specific risk 
linked to a specific type of bioprosthesis [13].

Most of the patients with HALT/RELM are 
asymptomatic, and subclinical leaflet thrombo-
sis was incidentally found on CT.  Laboratory 
tests may show higher level of D-dimer and 
NT-proBNP [5, 18].

Leetmaa et al. and Pache et al. provided lim-
ited clinical follow-up, with no strokes, transient 
ischemic attacks (TIAs), or thromboembolic 
complications in patients with HALT [14, 15]. 
Makkar et al. reported no difference in the inci-
dence of stroke/TIA or thromboembolic compli-
cations in the Portico clinical trial; however, the 
presence of reduced leaflet motion was associ-
ated with a significant increase in the risk of TIA 
in the registries [19]. Chakravarty et al. demon-
strated that subclinical leaflet thrombosis was 

associated with increased rates of transient isch-
emic attacks and all strokes or TIAs [16].

The appropriate management of HALT/
RELM in asymptomatic patients with normal 
aortic valve pressure gradient remains unknown. 
Anticoagulation is associated with the resolution 
of the hypodense areas overlying the leaflets with 
restoration of normal leaflet motion, suggesting 
that thrombus formation is the primary event 
leading to reduced leaflet motion rather than con-
trary [12].

However, given the risks of chronic anticoagu-
lation, questions remain:

• Should all patients be offered such therapy?
• Should patients be selected according to imag-

ing findings?
• What is the optimal duration of treatment?
• With new oral anticoagulants being consid-

ered to be preferable over vitamin K antago-
nists, how and when should we reassess the 
efficacy of the treatment?

Before robust evidence that the imaging find-
ing of HALT/RELM alone is clinically relevant, 
the management of patients with TAVR should 
not change (both ESC and ACC/AHA guidelines 
provide a Class IIb recommendation for DAPT 
but do not recommend routine anticoagulation). 
Two randomized clinical trials, GALILEO and 
ATLANTIS, are currently ongoing and may pro-
vide important additional information on whether 
NOACs prevent thrombosis and improve out-
comes in patients undergoing TAVI.
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Gender-Related Differences 
in Transcatheter Aortic Valve 
Implantation

Brad Stair and John K. Forrest

16.1  Introduction

The natural history of aortic stenosis, as proposed 
by Ross and Braunwald in 1968 [1], has been 
confirmed in numerous studies over the last 
50  years and is characterized by a relatively 
benign, asymptomatic beginning with a rapid 
mortality rate once symptoms develop. This 
onset of symptoms heralds an unfavorable out-
come with more than half of patients succumbing 
to the disease over the next 2 years. Until recently, 
surgical aortic valve replacement (SAVR) was 
the mainstay of treatment. However, transcathe-
ter aortic valve implantation (TAVI), also called 
transcatheter aortic valve replacement (TAVR), 
has emerged as a less invasive treatment option in 
inoperable, high, and intermediate surgical risk 
patients [2–7] with current, ongoing trials explor-
ing low risk surgical patients [8, 9]. In contrast to 
most cardiovascular studies, females represent 
nearly half of patients undergoing TAVR. Through 
this, various distinctions in physiologic changes, 
clinical characteristics, and procedural outcomes 
have emerged between male and female patients. 
Here-in, these gender based differences in 
patients with AS are reviewed.

16.2  Physiologic Changes 
in Aortic Stenosis (Fig. 16.1)

16.2.1  Differences in Left Ventricular 
Response

Left ventricular hypertrophy as a response to 
pressure overload, such as that seen in aortic ste-
nosis, is an interplay of the hemodynamic load 
exerted on the ventricle and the resultant cardiac 
remodeling and performance. Females more 
often exhibit a concentric remodeling or hyper-
trophy pattern [10–14]. This type of pattern is 
characterized by increased left ventricular wall 
thickness without associated left ventricular dila-
tion, resulting in an increased relative left ven-
tricular wall thickness. This type of remodeling is 
associated with lower end-systolic left ventricu-
lar wall stress and smaller ventricular size. This 
often results in a lower stroke volume and higher 
systolic ejection fraction [15]. Hachicha et  al. 
showed that when stroke volume was indexed to 
body surface area, females with preserved left 
ventricular ejection fraction had a higher inci-
dence of American Heart Association/American 
College of Cardiology (AHA/ACC) Guideline 
Stage D3 paradoxical low-flow (defined as a 
stroke volume index of <35 mL/m2), low- gradient 
(PLFLG) aortic stenosis. Importantly, this hemo-
dynamic profile, more common in women, con-
ferred a lower 3-year survival compared with 
patients with normal left ventricular stroke 
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 volume [16]. This is in contrast to their male 
counterparts who are more likely to exhibit an 
eccentric remodeling or hypertrophy pattern [10]. 
This type of pattern is characterized by a normal 
or a modest increase in left ventricular wall thick-
ness with a more pronounced increase in ventric-
ular cavity dimension and thus decreased relative 
wall thickness. This type of remodeling is associ-
ated with higher end-systolic left ventricular wall 
stress and a larger ventricular size. In turn, sys-
tolic ejection fraction is often low normal or 
mildly reduced with higher stroke volumes. 
Stangl et al. showed that following TAVR, both 
sexes showed regression of hypertrophy, but 
improvement of left ventricular ejection fraction 
(LVEF) was significant only in women, poten-
tially reflecting a lower burden of irreversible 
myocardial damage before TAVR [14].

16.2.2  Differences in Aortic Valve 
Pathology

Valvular calcification is a unifying mechanism 
of AS in both men and women. Similar to data 
showing a lower overall volume of calcification 
in the coronary arteries in women as compared 
to men, the degree of aortic valve calcification 
(AVC) required to produce equivalent hemody-
namic consequence appears to be less in women 
than in men [17]. This has been an area of inter-
est recently with the advent of multidetector 
computed tomography (MDCT) and cardiac 
computed tomography (CCT). Multiple studies 
have shown that women tend to have less valvu-
lar calcification as compared to their male coun-
terparts. Shivani et al. showed that women with 
similar AS severity as men, presented with 
lower AVC loads [18]. This held even after tak-
ing into account various parameters such has 
body size and normalization for body surface 
area, LVOT size, and cross-sectional annulus 
area. They also showed that, in women, AS 
severity increases at a greater magnitude with 
any given AVC load or density increase than it 
does in men. Current AHA/ACC guidelines list 

moderate grade or greater AVC as one of the 
parameters to be considered in managing AS 
patients. This is due, in part, to the fact severe 
AVC and calcium density are independent pre-
dictors of mortality in AS patients. As a result, 
recommendations for sex-specific cutoffs for 
AVC have been established with score cutoffs 
for the identification of severe AS to be a total 
AVC of 2065 in men and 1275 in women. Use of 
these sex-specific measures of AVC has been 
shown to be predictive of survival in AS patients, 
independent of clinical and echocardiographic 
factors [19, 20].

16.2.3  Differences in Annulus, Left 
Ventricular Outflow Tract, 
and Sinus of Valsalva 
Dimensions

The aortic root has specific anatomic characteris-
tics, and with the advent of TAVR, the ability to 
make precise measurements to allow proper 
valve sizing has been paramount. Multiple stud-
ies have shown that females have both smaller 
annular and left ventricular outflow tract (LVOT) 
dimensions but overall similar aortic dimensions 
as compared to their male counterparts. This sim-
ilarity in ascending aortic dimensions between 
the sexes has been attributed to the more rapid 
growth of the ascending aorta experienced by 
women in the later years of life [21]. Buellesfeld 
et al. utilized computed tomography in consecu-
tive patients undergoing TAVR and showed larger 
annular and LVOT dimensions in men than 
women (area annulus: 483.1  ±  75.6  mm2 vs. 
386.9  ±  58.5  mm2, p  =  0.0002; area LVOT: 
478.2  ±  131.0  mm2 vs. 374.0  ±  94.2  mm2, 
p = 0.0024). Michelena et al. studied the impact 
that LVOT diameter has on AS severity grading 
in patients with normal left ventricular ejection 
fraction. The overwhelming majority (91%) of 
patients with small LVOT diameters were women 
[22]. LVOT diameter is a major determinant of 
AS severity as determined by echocardiography. 
Smaller LVOT diameters often result in AS 
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assessment discordance, with valve areas consis-
tent with severe AS and peak and mean gradients 
along with a dimensionless index suggestive of 
less severe AS. Sinus of Valsalva dimensions was 
significantly larger in men, whereas dimensions 
of the ascending aorta were comparable. They 
also showed that coronary heights were lower in 
women than in men [23]. Given these findings, to 
reduce the overdiagnosis of AS, the American 
Society of Echocardiography (ASE) has recom-
mended indexing aortic valve area to body size in 
the setting of a height <135 cm, body surface area 
<1.5 m2, or body mass index <22 kg/m2. In these 
circumstances an indexed AVA <0.6 cm2/m2 can 
be used to define severe AS [24]. These findings 
are critically important when considering TAVR 
in both genders.

16.2.4  Differences in Bicuspid Aortic 
Valve Anatomy

The presence of a bicuspid aortic valve, the most 
common congenital cardiac defect, occurs more 
frequently in males than in females. Bicuspid 
aortic valve morphology is classified based on 
the Sievers classification according to the number 
of cusps and the presence of raphes, as well as 
spatial position and symmetry of raphes and 
cusps. Type 0 is characterized by the presence of 
two symmetric cusps and one commissure with-
out evidence of a raphe, type 1 is characterized 
by the presence of one raphe, and type 2 when 
two raphes are present [25]. Aortic valve regurgi-
tation, aortic aneurysm, and infective endocardi-
tis are more commonly encountered in males, 
whereas aortic stenosis is more common in 
females. In patients with a bicuspid aortic valve 
undergoing SAVR, mortality is higher for both 
sexes as compared to the general population, and 
this difference is even more pronounced in 
females. Aortic regurgitation, though a more 
common finding in men, is a predictor of mortal-
ity only in females undergoing SAVR in bicuspid 
aortic valve morphology [26]. The experience of 
TAVR in bicuspid aortic valve stenosis is largely 
limited to small series [27–30] as TAVR trials 
excluded congenital bicuspid AS due to its unique 
morphological characteristics as compared to tri-

cuspid AS. Yoon et al., utilizing the Bicuspid AS 
TAVR registry, conducted the first large-scale 
study looking at clinical outcomes of TAVR in 
bicuspid AS compared to tricuspid AS. With the 
use of first-generation TAVR devices, more fre-
quent adverse procedural events occurred when 
compared to those receiving these devices for tri-
cuspid valve anatomy. When latest-generation 
devices were used, there was no significant dif-
ference in procedural complications, and the 
cumulative event rate for all-cause mortality at 
2-year follow-up was similar between the bicus-
pid and tricuspid groups [31]. Ongoing research 
and trials are being conducted in this arena.

16.3  TAVR

16.3.1  Differences in Baseline 
Characteristics 
and Presentation

Gender differences in baseline characteristics 
and clinical presentation are quite pronounced in 
those patients undergoing TAVR.  A secondary 
analysis of the PARTNER trial revealed women 
had lower rates of hyperlipidemia, diabetes, 
smoking, and renal disease but higher Society of 
Thoracic Surgeons Predicted Risk of Mortality 
scores (11.9% vs. 11.1%; P  <  0.001) [15]. In 
addition, several meta-analyses have shown 
women had lower rates of prior myocardial 
infarction, higher left ventricular ejection frac-
tion, lower rates of previous coronary revascular-
ization including both percutaneous coronary 
intervention and coronary artery bypass surgery, 
and lower rates of both peripheral vascular dis-
ease and stroke despite older age at time of pre-
sentation [14, 15, 32]. Interestingly, women 
appear to have a higher incidence of pulmonary 
hypertension with pulmonary artery pressures 
often exceeding 60 mmHg which may be related 
to higher trans-aortic gradients though the exact 
mechanism has yet to be elucidated [32, 33].

Frailty is also an important determinant of 
mortality post-TAVR which is largely unac-
counted for in the most commonly used risk 
assessment scores discussed below. At present, 
there are limited data regarding baseline gender 
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differences with respect to frailty. Some studies 
showed no difference in baseline frailty [34–36], 
while others reported women to be more frail 
than men [36]. An analysis of the US CoreValve 
Trials demonstrated women tended to be more 
frail and had more physical limitations than men. 
Women had a higher incidence of being 
wheelchair.

bound, a greater number of deficits in Katz 
activities of daily living, a higher incidence of 
low body mass index, and a slower 5-min gait 
speed. There was no difference in baseline albu-
min between women and men [37]. This is an 
important subject that deserves further evaluation 
as frailty has been shown to be a predictor of 
mortality following TAVR independent of 
gender.

The most commonly used risk assessment 
scores to determine 30-day mortality and mor-
bidity risks for patients undergoing cardiac sur-
gery are the Society of Thoracic Surgeons (STS) 
risk score [38] and the European System for 
Cardiac Operative Risk Evaluation (EuroSCORE) 
risk score [39]. Female gender is an independent 
risk factor in both risk assessments. This holds 
true with both isolated coronary artery bypass 
graft surgery and isolated valvular surgery. 
Brown et  al. conducted a STS database review 
over a 10-year period for patients who had under-
gone isolated aortic valve replacement in North 
America. This group found female patients had 
higher mortality, higher stroke rate, and longer 
postoperative stay relative to male patients. This 
was true for the overall population, the 1997 
group, and the 2006 group [40]. A similar analy-
sis using the EuroSCORE was conducted in 
patients undergoing any cardiac surgery in 
Europe with female gender being an independent 
predictor of increased mortality [41].

16.4  TAVR Approach and Valve 
Sizing

In the current era, transfemoral access is the most 
common and preferred implantation approach for 
patients undergoing TAVR.  In patients without 
adequate iliofemoral anatomy, alternate access 
routes include, but are not limited to, trans-aortic, 

trans-apical, trans-subclavian, trans-axillary, 
trans-carotid, and trans-caval access. Given the 
sheath and delivery system diameters, the size of 
the femoral arteries, as measured most often by 
computed tomography angiography (CTA), is a 
deciding factor in determining route of access. 
On average, women presenting for TAVR have 
smaller vessel sizes than their male counterparts. 
Smaller vessel caliber contributes to increased 
complication rates including bleeding and blood 
vessel damage [42, 43] but also to the greater use 
of alternative access routes which have been 
associated with greater mortality [44].

CTA has now become the standard for annulus 
sizing as transthoracic and transesophageal 
2-dimensional echocardiography, which was 
used as the primary sizing method in early TAVR 
studies, has been shown to underestimate annular 
size, thus increasing the risk of prosthesis-patient 
mismatch [2, 5]. Women have smaller aortic 
annuli then men, and, as a result, smaller trans-
catheter heart valve (THV) sizes are used in 
women. One meta-analysis showed greater than 
90% of females received 26 mm or smaller THVs 
in contrast to greater than 30% of males who 
received 29 mm and greater THVs [32]. As new 
generations of THVs have come to market, the 
size ranges have expanded to include both smaller 
and larger valve sizes across both self- and 
balloon- expandable platforms. Despite this, 
annular size is still clinically important when it 
comes to TAVR especially with respect to com-
plications and outcomes.

16.5  Procedural Complications

The Valve Academic Research Consortium 
(VARC) update defines vascular complications to 
include aortic or annular rupture, access-related 
injury, distal embolization, limb ischemia, and 
percutaneous closure device failure [45]. Data 
from the randomized control trial and continued 
access registry of the PARTNER I study have 
demonstrated higher vascular complications in 
females compared to males (17.3% vs. 10%; 
p  <  0.001) [15]. Data from the US CoreValve 
Trials also demonstrated higher major vascular 
complication rates in females compared to males 
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(9.7% vs. 4.9%; p < 0.01 at 30 days and 9.9% vs. 
5.3%; p < 0.01 at 1 year) [37]. These results are 
congruent with other meta-analyses. Hayashida 
et  al. showed that although women have lower 
rates of baseline peripheral vascular disease, their 
minimal vascular diameter is smaller than their 
male counterparts, resulting in a reduced sheath- 
to- femoral artery ratio, and this difference may 
partly explain the higher rates of vascular com-
plications [46]. The risk of aortic root and annu-
lar rupture also appears to be higher in women. In 
one series looking at 3067 patients undergoing 
TAVR, 37 developed annular rupture, of which 
74% were women [47]. Several anatomical and 
procedurally related risk factors were identified 
including smaller annular size, subannular cal-
cium, and oversizing with a balloon-expandable 
prosthesis >20% by area. As such, care should be 
taken when oversizing balloon-expandable pros-
theses in women with heavy subannular calcifica-
tion. Women also have a higher incidence of 
bleeding, including major and life-threatening 
bleeds, than do men as confirmed by several 
meta-analyses [15, 32, 37, 48].

Several recent studies have suggested that 
women suffer from higher stroke rates than men. 
PARTNER trial data showed a trend toward 
higher stroke rates in females not reaching statis-
tical significance [49]. CoreValve data showed an 
increased incidence of both all stroke and major 
stroke among women at both 30 days and 1 year 
[37] which was also seen in a meta-analysis by 
O’Connor [32]. Other meta-analyses have failed 
to demonstrate a significant gender difference in 
stroke rates [14, 48]. With growing experience 
and improved technology with newer-generation 
THV and the advent of cerebral protection 
devices, stroke rates continue to decline with 
TAVR. As these technologies continue to evolve, 
a better understanding of which patients are at 
increased risk of cerebrovascular complications 
will become increasingly important.

Another potential complication of TAVR is 
coronary artery obstruction. In general, coronary 
heights of 12 mm or less and sinus of Valsalva 
dimensions of 30  mm or less are identified as 
thresholds for increased risk [50, 51]. This has 
significant implications as women presenting for 

TAVR have lower coronary heights and smaller 
sinus of Valsalva dimensions as compared to men 
[23, 50]. This was shown by Ribeiro et al. where 
data collected from 81 centers worldwide 
revealed more than 80% of patients who devel-
oped coronary artery obstruction were women 
despite relatively equal gender representation in 
their registry data.

The presence of significant paravalvular leak 
(PVL), also referred to as paravalvular regurgita-
tion, is a known predictor of mortality [52]. For 
both balloon and self-expanding valves, PVL is 
most commonly a result of undersizing of the 
THV, prosthesis mal-apposition to the native 
annulus due to extensive calcification, or malpo-
sition of the THV. Two specific studies evaluated 
the CoreValve and noted a lower depth of implan-
tation, and a greater angle between the aorta and 
left ventricular outflow tract predicted PVL [53, 
54]. Moderate or greater PVL is known to be 
associated with higher mortality rates, and 2-year 
results from the PARTNER trial showed that 
even mild PVL was associated with increased 
mortality [55]. Early studies have consistently 
shown decreased PVL in women as compared to 
men. This is likely multifactorial, due in part to 
women having smaller annular sizes and less 
annular calcification and also due to the fact that 
in the early years of TAVR, larger valve sizes 
were not available, thus resulting more frequently 
in the undersizing of valves in men as compared 
to women. As THV technology has advanced, the 
newest-generation valves have not only increased 
in maximum diameter but have also incorporated 
a skirt or wrap covering the inflow portion of the 
THV frame to help improve the better seal 
between the valve and native annulus. These 
advancements in THV design have led to a 
decrease in overall rates of PVL and may eventu-
ally help bridge the gap in the rates of PVL 
between the sexes.

Patient-prosthesis mismatch (PPM) results 
when the effective orifice area (EOA) of a pros-
thetic valve is too small for a given patient’s body 
surface area. In the SAVR literature, studies have 
demonstrated that women experience PPM at 
significantly higher rates than men [56], and this 
has been associated with worse outcomes [57]. 
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These higher rates have been attributed to the 
need for smaller valve sizes in women. In TAVR 
however, rates of PPM seem to be lower than that 
seen with SAVR.  Both Pibarot et  al. [58] and 
Popma et  al. [59] demonstrated lower overall 
rates of PPM following TAVR compared with 
SAVR with a more pronounced difference in 
those patients with smaller aortic annular size. In 
patients with annular diameters <20 mm, severe 
PPM (defined as an indexed EOA <0.65 cm2/m2) 
occurred in 33.7% patients undergoing SAVR 
versus 19% undergoing TAVR (p = 0.002) [58]. 
These lower rates of PPM in TAVR may be 
explained in part by the presence of a sewing ring 
in surgical prostheses which is fixed in size and 
may result in a smaller annular diameter as com-
pared to THVs lack sewing rings and have only a 
think stent structure between the valve and the 
native annulus. It appears that rates for PPM are 
similar between males and females across most 
studies in spite of the fact that women frequently 
need smaller THVs [60–62]. This highlights a 
critical point to the potential benefit of TAVR in 
women who are surgical candidates but have 
smaller annular dimensions, given the lower inci-
dence of PPM as compared to SAVR where it is a 
known predictor of worse outcomes [63].

16.6  Outcomes

As previously discussed, women are generally at 
an increased risk for perioperative morbidity and 
mortality following SAVR as female gender is an 
independent risk factor in the STS risk stratifica-
tion system. This increased mortality has not 
born out in the TAVR trials. Multiple studies have 
now demonstrated that the mortality benefit 
gained in having a TAVR vs. SAVR is greater for 
women than it is for men. Several reasons have 
been postulated including the fact women tend to 
have smaller chests and smaller aortic root and 
annular dimensions which may pose technical 
challenges during surgery and may increase post- 
procedural complications. Women also tend to 
have concentric remodeling and paradoxical low- 
flow low-gradient severe aortic stenosis, both of 
which are associated with increased risk of 

hemodynamic instability, low output, and mortal-
ity following SAVR. In the PARTNER trial, mor-
tality rates were lower for females who underwent 
TAVR, compared to SAVR, both at 6 months and 
2  years, largely driven by the cohort who had 
undergone transfemoral TAVR [49]. In contrast, 
males did not demonstrate a survival advantage 
with TAVR, compared to SAVR.  Similarly, 
1-year survival for females who received self- 
expanding THVs was better than for females 
undergoing SAVR [5, 64]. Women also tend to 
have less incidence of moderate or greater PVL 
following TAVR which is a poor prognostic 
determinant. In addition, gender-related differ-
ences in left ventricular remodeling and fibrosis 
may lend to a more rapid and complete reversal 
of hypertrophy accounting for better outcomes 
following TAVR [36, 65].

Several studies and meta-analyses have evalu-
ated gender differences in survival following 
TAVR.  Despite higher rates of post-procedural 
complications including vascular complications, 
major bleeding, and stroke, female sex has been 
shown in a number of studies to be independently 
associated with improved survival at 1-year fol-
low- up [32, 48, 66]. A recent risk-adjusted analy-
sis of mortality using data from the Society of 
Thoracic Surgeons/American College of 
Cardiology TVT (Transcatheter Valve Therapies) 
registry concluded female sex was associated 
with improved survival [67]. O’Connor et  al. 
showed women had improved survival at a 
median follow-up of 387 days regardless of valve 
type or access route [32]. Stangl et  al. also 
showed a lower risk of death in women compared 
to men at both 30-day and >3 months follow-up 
even with the inclusion of two studies which 
demonstrated diminished or no benefit of TAVR 
in women [66]. Similarly, Conrotto et al. demon-
strated a lower mortality rate in women versus 
men (24% vs. 34% at a median follow-up of 
365 days) [48]. It is notable that the majority of 
these studies included patients treated early in the 
TAVR era using balloon-expandable valves, a 
time during which a complete range of valve 
sizes was not available (the first balloon- 
expandable valves were only available in 23 mm 
and 26  mm sizes, and the 29  mm size was not 

16 Gender-Related Differences in Transcatheter Aortic Valve Implantation



196

available until more recently). As such, undersiz-
ing was a frequent occurrence and likely contrib-
uted to some of the sex-related differences in 
outcomes. Data from the US CoreValve Trials 
showed that when larger valve sizes and dedi-
cated CTA annular sizing were included, no sig-
nificant mortality differences between the sexes 
existed out to 1 year [37].

The Women’s International Transcatheter 
Aortic Valve Implantation (WIN-TAVI) real- 
world registry is a prospective, observational reg-
istry of women undergoing TAVR for AS.  A 
recent report from this registry [68] evaluated 
VARC-2 [45] early safety endpoints at 30 days 
for 1019 women. In this study, the mean STS 
score was 8.3, and EuroSCORE was 17.8 with 
90.6% having a transfemoral approach TAVR 
with newer-generation devices used in just under 
half (42.1%). The 30-day VARC-2 composite 
endpoint occurred in 14.0% with 3.4% all-cause 
mortality, 1.3% stroke, 7.7% major vascular 
complications, and 4.4% VARC life-threatening 
bleeding. The primary endpoint was driven 
largely by vascular or bleeding events, consistent 
with previous studies, though the observed rate of 
these events was lower than previously reported. 
Several independent predictors of the 30-day 
VARC-2 composite safety endpoint were increas-
ing age, history of prior stroke, LVEF <30%, and 
TAVR device generation with remote history of 
pregnancy found to be associated with lower rate 
of the 30-day VARC-2 composite endpoint. 
Interestingly, both history of pregnancy and num-
ber of prior pregnancies were incremental predic-
tors of the 30-day primary safety endpoint. 
Women who had never been pregnant were more 
frequently smokers with significant left main dis-
ease or more severely calcified aortic valves, and 
more often considered frail. Pregnancy did not 
appear to influence 30-day mortality and vascular 
or bleeding events but did impact death and 
stroke rates at 30  days. The all-cause mortality 
and stroke rates were lower than reported in the 
meta-analysis by O’Connor [32] which may 
largely be due to the use of newer-generation 
THVs, more experienced operators, smaller 
sheath sizes, as well as antithrombotic drug regi-
mens at discharge.

16.7  Conclusion

TAVR trials are a unique setting with which to 
explore gender-related differences in aortic ste-
nosis as women represent such a large proportion 
of the study population. Women present with 
various differences in morphologic and physio-
logic responses as compared to their male coun-
terparts. Their symptomatology and baseline 
clinical profiles also differ greatly. While female 
sex is a risk factor for women undergoing SAVR, 
this has not played out in TAVR.  As such, the 
mortality benefit of TAVR (as compared to 
SAVR) is greater for women than it is for men. In 
addition, despite higher rates of procedural com-
plications as compared to men, early studies have 
shown improved survival in women as compared 
to men undergoing TAVR. While improvements 
in the latest generation of THVs, including 
expanded valve sizes and design elements to pre-
vent PVL may result in a narrowing of the mor-
tality differences between men and women, it 
remains clear that the benefits of TAVR for 
women are significant.
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17.1  Introduction

Over the decade and a half since Cribier’s 
description of the first human transcatheter aortic 
valve implantation (TAVI), also called transcath-
eter aortic valve replacement (TAVR), in 2002 
[1], uptake has increased exponentially across the 
world [2, 3]. In 2004, high-surgical-risk TAVR 
feasibility studies were initiated, leading to the 
Conformité Européenne (CE) mark being granted 

in 2007 [2–4] followed by Food and Drug 
Administration (FDA) and Health Canada 
approval in 2011 [3, 5]. Over this period, over 
350,000 procedures have been performed in more 
than 70 countries [3, 6]. Annually, there are over 
17,000 new TAVR candidates in Europe and over 
9000  in North America [7]. The indications for 
TAVR have evolved quickly from compassionate 
use as the last resort to being the first option 
for  inoperable/high-risk patients [8, 9] and 
more recently as reasonable alternative for 
intermediate- risk populations [10–12]. TAVR has 
evolved from a challenging intervention to a stan-
dardized, simple, and streamlined procedure that 
has become standard of care [6, 13].

As TAVR has made this transition to standard 
of care, implementation issues are increasing 
importantly. Two conceptual models are helpful 
to frame a discussion around implementation. 
The first framework, known as the “life cycle” 
[14], describes the gradual penetration of a new 
product over time, from the development of the 
required threshold of robust clinical evidence to 
device iteration, physician training, and subse-
quent health system planning for dissemination 
[14, 15]. Superimposed on this is the cultural 
change within and across medical/surgical sub-
specialties required to embrace new therapies 
[15]. The shape of the life cycle curve can be 
affected by different economic factors such as 
initial capital costs, timeline of recovering these 
costs, and models of making the technology yield 
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a profit proportionate to the costs and risks 
involved [14]. The second framework is termed 
the “disruptive technology or innovation” and 
describes a new technology that displaces an 
established one that shares the same market [14]; 
this would explain TAVR penetration as depen-
dent on the sharing of the surgical aortic valve 
(SAVR) market and then displacing SAVR. This 
framework also has multiple economic and cul-
tural aspects that influence the speed of dissemi-
nation. The focus of this chapter will be on these 
different concepts around TAVR implementation, 
specifically access, value, affordability, and the 
consequences of inadequate access, that of wait 
times and its adverse impacts. Finally, we will 
conclude a discussion on infrastructure needs, 
and how to balance access with quality of care, 
based on the relationship between procedural 
volume and outcomes.

17.2  TAVR Access

Despite the growth in TAVR demand, available 
data suggests that TAVR has remained relatively 
underutilized based on estimates of TAVR penetra-
tion in Europe and North America [5, 15]. The pen-
etration rate of TAVR is a metric of the use of that 
therapy among eligible patients. Thus, TAVR pen-
etration is a measure of actual TAVR use relative to 
potential use. Potential use is estimated by the 
prevalence of patients >75 years old, with symp-
tomatic severe aortic stenosis at high or excessive 
surgical risk that could potentially be treated with 
TAVR [15]. Mylotte et al. reported a 17.9% TAVR 
penetration rate in 2011  in western Europe. The 
highest estimated nation-specific TAVR penetra-
tion rates were in Germany (36.2%) and 
Switzerland (34.5%). The lowest penetration rates 
were in Spain (8.4%) and Portugal (3.4%) [15]. 
TAVR penetration in Central and Eastern Europe 
have remained largely unreported; the exception is 
in Poland, where The Polish Interventional 
Cardiology TAVI Survey (PICTS) highlighted a 
lower rate of TAVR penetration in Poland in com-
parison to countries of Western Europe, 1.72% 
penetration rate in 2011 and 5.2% in 2015 [16]. 
Reported penetration rates in the United States and 

Canada have been low compared to western Europe 
countries due to different regulatory requirements 
that delayed market access [5]; however, these have 
likely improved over time. Nonetheless, data from 
Canada suggests that even within the country 
across different regions, there is substantial ineq-
uity of access to TAVR [17].

Although the ideal penetration rate is not 
known, these statistics highlight the varied access 
to TAVR across jurisdictions [15]. The identifica-
tion of inequitable access to medical technologies 
is important. It generates discussion and leads to 
initiatives to address inequalities and the corre-
sponding impact on patient outcomes through 
payer- and physician-led programs [15]. 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 
[18]. This inequity could partially be attributed to 
differences in health regulatory systems, limited 
economic resources, expanding technological 
capabilities, and demographically driven demands 
[14]. Differences in procedural reimbursement and 
healthcare funding are critical barriers in the 
implantation and access of new medical devices 
such as TAVR [19]. Indeed, TAVR-specific reim-
bursement systems were associated with a 3.3-fold 
higher number of TAVR implants per million pop-
ulation and 2.5 times more TAVR implants per 
center than constrained systems [15]. To under-
stand and contrast reimbursement practices criti-
cally, one must first examine the value and 
subsequent affordability of TAVR.

17.3  Value and Affordability

Affordability and value are distinct concepts 
although both have an impact on reimbursement 
decisions and must be considered together. 
Affordability is the ability or inability to pay for 
an intervention from the perspective of the patient 
or the healthcare system. On the other hand, 
broadly speaking, value is measured as health 
outcomes achieved per dollar spent [20, 21]. 
Value is important as it defines the framework 
for  measuring performance and efficiency in a 
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healthcare system [21]. Thus, a discussion on 
affordability can only follow when value has 
been established via a cost-effectiveness analysis 
(CEA); assessing the affordability of an interven-
tion of low value is a futile exercise. Here, we 
briefly describe important concepts in health 
economics in order to understand the cost- 
effectiveness of TAVR [22].

A new medical intervention, whether it is a 
drug or device, often displaces an existing stan-
dard; thus, the first step in a CEA is to determine 
the relevant comparators. In TAVR, the relevant 
comparator is either medical management or 
SAVR, depending on the population under study. 
After determining the relevant comparator(s), 
there are several means to compare the value of 
new interventions to the standard of care. A spe-
cific type of CEA, where costs and quality- 
adjusted life years (QALYs) are compared is 
termed a cost-utility analysis and is the criterion 
standard for most policy-makers and reimburse-
ment agencies. These analyses output an incre-
mental cost-effectiveness ratio (ICER), 
interpreted as the additional cost for each addi-
tional unit of health. When a new intervention 
offers clinical superiority at a lower cost com-
pared to the standard of care, the intervention is 
deemed the “dominant” strategy and should be 
funded. Conversely, when a new intervention is 
clinically inferior and accompanied by higher 
costs, the new intervention is deemed economi-
cally “dominated” and should not be funded. 
However, most interventions provide incremental 
benefit at increased costs.

After the calculation of the ICER, in order to 
determine if the additional cost is reasonable, one 
must have a willingness-to-pay (WTP) thresh-
old—the threshold at which the intervention is 
considered cost-effective and therefore should be 
adopted. The American College of Cardiology 
(ACC) and American Heart Association (AHA) 
consider WTP thresholds based on a country’s 
gross domestic product (GDP) per capita: a 
WTP ≤ 1× GDP per capita is high value, a WTP 
between 1 and 3× GDP per capita is of moderate 
value, and a WTP ≥  GDP per capita is of low 
value [23]. Thus, in the North American context, 
ICERs less than $50,000/QALY represent high 

value, while ICERs greater than $150,000/QALY 
are of low value [23]. The cost-effectiveness of 
TAVR must be discussed in the context of the 
specific population being treated with the inter-
vention. As such, TAVR cost-effectiveness should 
be examined based on indications, which, at the 
present time, is related to estimated surgical risk 
as defined by the Society of Thoracic Surgeons 
(STS) Predicted Risk of Mortality (PROM) and 
restricted to patients with prohibitive, high, or 
intermediate surgical risk.

17.3.1  TAVR Versus Medical Therapy 
in Inoperable Patients

In patients at prohibitive surgical risk (STS- 
PROM 30  days >50%), balloon-expandable 
TAVR was compared against medical therapy in 
the Placement of Aortic Transcatheter Valves 
(PARTNER) 1B cohort [8]. A survival benefit 
was seen with TAVR along with marked improve-
ment in quality of life at 1 month. Using prospec-
tive economic data collected alongside the 
PARTNER 1B trial, Reynolds et al. showed that 
TAVR was economically attractive compared to 
medical therapy with an ICER of USD $61,889/
QALY over the lifetime time horizon from the 
US healthcare system perspective [24]. From the 
perspective of the Canadian healthcare system, 
Canadian cost data was combined with efficacy 
data from the PARTNER trial over a 3-year time 
horizon. An ICER of CAD $32,170/QALY was 
demonstrated [22]. Overall, these findings sug-
gest that TAVR is cost-effective compared to 
medical management for patients at prohibitive 
surgical risk and of either good or moderate value 
based on ACC/AHA WTP thresholds [22]. 
Prohibitive surgical risk can be attributed to ana-
tomical factors (i.e., porcelain aorta, previous 
CABG with patent grafts crossing midline) or 
irreversible medical comorbidities. One study 
found that TAVR was more economically attrac-
tive in prohibitive risk patients with anatomic 
factors compared to those with multiple comor-
bidities [25]. These findings suggest that careful 
patient selection plays an important role in con-
taining costs and maximizing benefits.
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17.3.2  TAVR Versus SAVR in High 
Surgical Risk

Patients at high surgical risk are defined as hav-
ing a STS-PROM score greater than 15% at 
30 days. An economic analysis performed using 
patient-level data from PARTNER 1A demon-
strated that transfemoral (TF)-TAVR was a domi-
nant strategy compared to SAVR, while non-TF 
TAVR was dominated by SAVR at 12  months 
[26]. A cost-effectiveness analysis of patients 
from the CoreValve Pivotal trial with a self- 
expandable valve system showed ICERs of USD 
$52,897/QALY and USD $62,767/QALY for TF 
and non-TF TAVR when compared to SAVR 
[22]. TAVR would be considered of moderate 
value with both ICERs. It is important to note 
that these results were obtained in an era where 
TAVR patients’ average intensive care unit (ICU) 
length of stay (LOS) was 3 days in clinical trials. 
Total and ICU LOS may have decreased in the 
current era of a minimalist approach to 
TAVR.  Overall, TAVR is likely to be cost- 
effective in the TF cohort compared to SAVR in 
the high-risk population, whereas non-TF TAVR 
may not be cost-effective compared to SAVR.

17.3.3  TAVR Versus SAVR 
in the Intermediate  
Surgical Risk

The efficacy for TAVR in the intermediate-risk 
population (STS-PROM 4–8%) has recently been 
examined in two large multicenter randomized 
clinical trials [10, 11]. A cost-effectiveness anal-
ysis using PARTNER 2 trial efficacy inputs and 
Canadian costing data showed that TAVR was 
likely to be cost-effective compared to SAVR 
although there was some uncertainty given the 
non-inferiority nature of the data [27]. This study 
demonstrated that important cost drivers in the 
intermediate-risk population included the cost of 
the TAVR system and ICU length of stay. A cost- 
effectiveness study by the study investigators for 
the PARTNER 2 trial was recently presented at 
TCT 2017  in Denver [28]. They used the as- 
treated population and compared the cost of 994 

patients undergoing TAVR with Sapien XT with 
944 patients undergoing SAVR from the perspec-
tive of the US healthcare system. They found that 
TAVR was the dominant strategy compared to 
SAVR.

In summary, TAVR has been shown to be cost- 
effective in the inoperable risk population, par-
ticularly for patients that were deemed inoperable 
due to anatomic factors. In the high-risk popula-
tion, the literature suggests cost-effectiveness 
when the TF cohort was compared to SAVR. In 
the intermediate-risk population, a single cost- 
utility analysis from the perspective of the 
Canadian healthcare system has demonstrated 
that TAVR was likely to be cost-effective with 
moderate uncertainty. Given its value in 
several populations, affordability becomes an 
important criterion by which to inform TAVR 
reimbursement.

17.3.4  TAVR Affordability

The literature on healthcare affordability in 
TAVR is limited, as much of the research has 
focused on value rather than affordability. A bud-
get impact analysis (BIA) allows for the analysis 
of the impact of a novel intervention on the pay-
er’s budget. Briefly, BIA forecasts the financial 
impact of implementing a new drug or interven-
tion by considering future costs from the payer’s 
perspective. Two scenarios are typically com-
pared, the “reference case” and the “new inter-
vention case” to evaluate the annual incremental 
cost over a period of interest. Guidelines recom-
mend 3–5  years as the time horizon [29]. The 
incorporated treatment costs should reflect local 
practice patterns and include any relevant com-
plication costs over the time period. The size of 
the market (i.e., number of patients eligible) for 
the new intervention must also be forecasted for 
both the new intervention and the reference case.

The size of the future TAVR market has been 
estimated by several investigators. Using deci-
sion analysis and Monte Carlo simulation, 
Osnabrugge estimated the number of patients 
with AS and number of TAVR candidates for sev-
eral European and North American countries 
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based on population demographic data [7]. In this 
analysis, there was an estimated 189,836 (95% 
CI: 80,281–347,372) TAVR candidates in Europe 
and 102,558 (95% CI 43,612–187,002) in North 
America, with an annual incidence of new TAVR 
candidates of 17,712 and 9189, respectively [7]. 
Importantly, this study only included patients at 
high or inoperable risk as the PARTNER 2 and 
SURTAVI trials were ongoing at the time of pub-
lication. They estimated in their sensitivity analy-
ses an additional 145,000 intermediate-risk and 
730,000 low-risk TAVR candidates across Europe 
and North America.

The enormous potential market of TAVR can-
didates, as well as the indication creep to lower- 
risk patients, is reflected by the temporal trends 
of TAVR adoption. In the TVT registry, there 
were 16,295 and 24,808 TAVR performed in 
2014 and 2015  in the United States [30]. The 
median STS score for these patients declined 
from 6.8% in 2013 to 6.3% in 2015, suggesting 
that the majority of these patients were interme-
diate risk. Analysis of the Applied Quality 
Improvement and Research in Healthcare data-
base, the mandatory quality control database for 
all SAVR and TAVR in Germany, showed that the 
number of TF-TAVR (10,299) exceeded the num-
ber of SAVR (9953) in 2014 [31]. Taken together, 
these findings suggest that the number of TAVRs 
will continue to rise substantially. These findings 
have tremendous implications for affordability, 
namely, what is the additional cost to treat all 
patients that are TAVR candidates. The authors 
estimated the budget impact of treating all eligi-
ble patients (inoperable and high risk) to be 
approximately $13.7 billion and $7.2 billion 
USD, respectively, based on an index hospitaliza-
tion cost of $70,000 from two cost-effectiveness 
analyses [7, 24, 26]. However, the above figures 
did not consider the shift of patients out the 
SAVR arm and into the TAVR arm in their 
calculation of the cost impact of TAVR 
implementation.

The importance of shifting patient groups 
from SAVR to TAVR and the associated impact 
on affordability and budget impact cannot be 
overemphasized. Illustrating this point, a budget 
impact analysis performed in Canada’s most pop-

ulous province, Ontario (~13 million people), 
estimated the impact of shifting a proportion of 
high-risk patients from SAVR to TAVR over a 
5-year time period in 2015 Canadian dollars from 
the perspective of the payer (Ontario’s Ministry 
of Health) [32]. The target rate of TAVR in the 
BIA was 61.23 TAVR procedures per million 
population, translating to over 4351 high-risk 
patients shifted from SAVR to instead receive 
TAVR between 2016 and 2020. The total budget 
impact over 5 years was found to be only $8.2 
million. This relatively modest amount recog-
nizes that as TAVR extends into populations that 
are currently treated with SAVR, TAVR afford-
ability is contingent on a shift of funds from 
SAVR—the required incremental new funds 
from outside the aortic valve envelop is modest. 
That said, a shift in funding has important impli-
cations on hospital capacity and infrastructure 
requirements, as well as physician and allied 
healthcare training and scope of practice. There 
will likely be substantial cultural barriers within 
and across specialties to such change that will 
require institutional leadership to overcome. As 
TAVR extends into lower-risk populations, this 
impact will be increasingly important.

17.3.5  Modifiable Costs

The costs of a TAVR procedure can be divided 
into the prosthesis and non-prosthesis costs, with 
the latter predominantly due to the index hospi-
talization. Cost drivers of care at index hospital-
ization for patients undergoing treatment with 
aortic valve replacement has been well studied 
using population databases housed in Ontario, 
Canada [33]. Using the Cardiac Care Network 
Registry to identify patients undergoing TAVR or 
SAVR with or without concomitant CABG, and 
micro-costing techniques, Wijeysundera et  al. 
showed that the median index hospitalization 
costs were higher for TAVR ($42,742 CAD IQR: 
$37,295 to $56,196) compared to SAVR 
($21,811, IQR $18,148 to $30,498) and SAVR 
with CABG (for $27,256, IQR $21,741 to 
$39,000). Patient-level cost drivers of care were 
identified: age >75 and renal impairment were 

17 Implementation Issues for Transcatheter Aortic Valve Implantation: Access, Value, Affordability…



206

significant predictors for both TAVR and SAVR, 
while lung disease was an important driver for 
TAVR only. Importantly, there were a number of 
potentially modifiable cost drivers, namely, that 
non-TF access TAVR was associated with a 30% 
increase in cost. Those with an ICU LOS less 
than 2 days had substantially lower costs, while 
those with overall hospital stays >3 days had sub-
stantially increased costs. Such modifiable cost 
drivers can be targets of quality improvement 
programs to improve overall efficiency of care 
delivery. Moreover, it is likely that there are areas 
for efficiency beyond the index hospitalization. It 
is an area of ongoing research as to the costs and 
their associated drivers in other relevant phases 
of TAVR care, specifically the pre-procedural 
period from referral and the post-procedural 
period beyond the index hospitalization.

McCarthy et al. compared Medicare payments 
for the cost of care of SAVR or TAVR in a propen-
sity score (PS)-matched study of 3304 pairs [34]. 
This study found that in 2012, Medicare spent 
$215 million on 4083 patients undergoing 
TAVR.  Hospital costs were higher for TAVR 
patients (median $50,200 USD 2012; IQR: 
39,800–64,300) compared to PS-matched SAVR 
patients ($45,500; IQR: $34,500–$63,300; 
p  <  0.01). This difference in cost was driven 
mainly by the higher TAVR prosthesis system. 
However, Medicare payments were lower for 
TAVR hospitalizations than for SAVR hospitaliza-
tions (median $49,500 vs. $50,400; p < 0.01). This 
meant that TAVRs contributed negatively to the 
margin of the hospital (i.e., on average, the hospi-
tal lost money per TAVR patient), while SAVR 
contributed positively to the margin of the hospital 
(−$3380 vs. +$2390). Importantly, this study 
found that there was a volume–outcome relation-
ship; centers that performed more than 50 annual 
TAVR cases were able to achieve a net positive per 
patient contribution margin compared to those that 
performed less than 50 cases (median +$7761 vs. 
−$9037). These findings suggest that reimburse-
ment for TAVR in 2012 was inadequate to cover 
the cost of performing the procedure. However, 
efficiencies in high- volume centers may have 
helped lower overall hospital costs to allow for a 
positive contribution margin for each case of 

TAVR.  This study reinforces the importance of 
efficiencies from care pathways to reduce non-
prosthesis-related costs to increase overall afford-
ability. Moreover, it illustrates that funding models 
require updating to keep pace with the rapidly 
changing landscape of valve disease, such that 
hospitals are not penalized for pursuing appropri-
ate percutaneous techniques such as TAVR.

17.3.6  TAVR Device Pricing 
and Procurement

Currently, the cost of TAVR prostheses ranges 
from $24,000 CAD to $36,000 USD, which is 
three- to fivefold greater than for surgical pros-
theses [26, 27, 35]. The cause for this price vari-
ability across TAVR devices remains unclear and 
has yet to be studied. However, cost variability 
for devices have been well studied in knee and 
hip arthroplasty surgery where the device implant 
accounts for the majority of the index episode of 
care hospitalization costs, similar to a TAVR pro-
cedure where the price of the device can account 
for almost half of the index hospitalization costs. 
A study examining the variability in knee or hip 
implant costs of 61 US hospitals found huge vari-
ation in the average implant cost (ranging from 
$1797 to $12,093 USD). Despite adjustment for 
patient and hospital characteristics, 37–60% of 
the total cost variance remain unexplained [36] 
and may be attributable to differences in hospital 
device procurement. Similarly, a wide variation 
in the cost of TAVR devices has been demon-
strated across different countries. Currently, the 
vast majority of TAVRs in the United States are 
performed using either the Medtronic CoreValve 
or the Edward Life Sciences Sapien valve sys-
tem. In Europe, other device manufacturers 
include JenaValve system. It is unclear whether 
the addition of new device manufacturers into the 
TAVR market will create sufficient competition 
to drive down the overall prices of the prosthesis. 
In orthopedics, there are five major joint implant 
manufacturers, and despite innovation and an 
increase in volume of patients requiring a 
 prosthesis, device costs have not decreased with 
time but, in fact, have increased [37].
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Importantly, for TAVR to be affordable, it 
requires that the procured prosthesis fits within a 
system of care where other cost drivers, such as 
LOS, and proportion of TF access are optimized. 
This sets the stage for innovative procurement 
practices such as value-based procurement, 
whereby a prosthesis is not selected purely based 
on lowest price, but instead there is industry sup-
port for process changes to achieve optimization 
on other non-prosthesis-related cost drivers, 
such as LOS. This can involve financial incen-
tives for achieving these benchmarks, all of 
which is negotiated as part of the procurement 
process.

17.4  TAVR Wait Times

These issues regarding reimbursement and 
affordability have resulted in restricted capacity 
for TAVR.  The imbalance between the demand 
and the TAVR capacity may result in long wait 
times. Wait-time management has been of 
increasing importance in many jurisdictions [38, 
39]. Canada and the majority of the Organization 
for Economic Cooperation and Development 
(OECD) countries monitor national waiting time 
statistics and have procedural waiting time 
benchmarks, across multiple areas of medicine 
[40, 41]. However, the field of wait-time manage-
ment has a number of inherent uncertainties, the 
first of which is how the wait-time metric is mea-
sured [42]. In the literature, there are different 
ways that are used to measure wait time for car-
diovascular interventions [42]. Some studies 
define wait time as the interval between the refer-
ral to a cardiovascular surgeon and the date of 
surgery [43]. Others define the wait time as the 
period between the day of the clinical decision to 
perform an intervention to the actual intervention 
date [44]. It is important to consider the entire 
waiting interval measured from first contact with 
the medical care provider to procedure date, 
given the fact that the patient is at risk throughout 
this period and there are processes within this 
time period that can be potentially improved and 
streamlined [45, 46]. This may require fidelity in 
the wait-time monitoring system such that if a 

patient has comorbidities that require attention 
first or is not sufficiently symptomatic to warrant 
intervention, the wait time can be put on hold and 
not penalize the institution.

There is a limited literature on wait times in 
TAVR and its consequences. An evaluation of 
378 patients from 3 hospitals during their early 
experience in TAVR showed a median wait time 
of 71  days [47]. An analysis of 4461 patients 
referred to TAVR in Ontario, Canada, from 2010 
to 2016 showed a median wait time of approxi-
mately 80  days, which has stayed essentially 
unchanged since funding was initiated [48]. 
There are currently no guidelines for an appropri-
ate TAVR wait time. The Canadian Wait-Time 
Alliance suggests a maximum wait time of 
42  days for SAVR.  Although TAVR wait times 
are markedly greater, the critical question is 
whether this is meaningful. A potential means to 
address this is to understand the magnitude of 
adverse consequences that occur during the wait-
ing period for TAVR and if there is any relation-
ship to the length of delay in treatment.

A previous paper estimated the hypothetical 
impact of increasing wait time on the effective-
ness of TAVR [49], applying a mathematical 
simulation model with data from the seminal ran-
domized clinical trials in this area. It was shown 
that TAVR wait time beyond 60  days would 
negate any potential benefit of TAVR over tradi-
tional surgical aortic valve replacement (SAVR) 
[49]. Data from the early period of use of TAVR 
showed mortality rates of 10–14% in patients 
waiting for TAVR [47, 50]. In Ontario, Canada, 
from 2010 to 2016, the cumulative probability of 
the TAVR wait-list mortality was 4.3% in a pre-
dominantly inoperative and high-risk population, 
with a relatively constant increase in mortality as 
wait time increased [48]. In other words, there 
did not appear to be a threshold wait time below 
which it was “safe” to delay the TAVR.

To place this mortality in context, previous 
contemporary registries and trials in TAVR show 
a 30-day all-cause mortality of 3.9% and 3.4% 
while that for SAVR is 4.1% and 6.5% for inter-
mediate- and high-risk patients, respectively [9, 
10, 51]. The latest randomized SURTAVI trial 
demonstrated even lower 30-day all-cause 
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mortality 2.2% for TAVR and 1.7% for SAVR 
[51]. We would argue that it is rational to expect 
that mortality while waiting for a procedure 
should be less than the procedural mortality, sug-
gesting that current wait-time mortality is unac-
ceptably high. Although the wait-list mortality in 
intermediate- risk patients is not known, and we 
would hypothesize that it would be lower than 
that for higher-risk patients, this argument 
remains true, given the even lower post-proce-
dural mortality in lower-risk patients.

In terms of other adverse events during the 
delay to TAVR treatment, approximately 14.7% 
of patients had a HF hospitalization while on the 
wait list [48]. HF hospitalization is also associ-
ated with substantial morbidity and healthcare 
costs. TAVR patients, whom require HF hospital-
ization prior to their TAVR, require a prolonged 
post-TAVR stay, which is associated with worse 
outcome and increased costs [52, 53].

Recently, it is increasingly recognized that a 
positive outcome for TAVR must include decrease 
in mortality and improvement in quality of 
life [54]. A critical determinant of post-TAVR 
improvement in quality of life is the pre- 
procedural status, and as such, any deterioration 
while waiting for TAVR is likely to have a sub-
stantial impact on post-TAVR recovery [55]. 
Indeed, patients awaiting TAVR have increasing 
symptoms with concomitant decreased quality of 
life [56], with a delay of greater than 6 weeks for 
TAVR associated with a significant higher decline 
in functional status and increase in frailty during 
the wait-time period [57].

Thus, if we accept that current TAVR wait 
times are excessive, the fundamental question is 
what should be considered the appropriate wait 
time for TAVR. As mentioned, to date, there is no 
consensus on the acceptable wait time for 
TAVR.  As a conceptual framework, we would 
argue that a single wait-time benchmark is not 
logical, but instead benchmarks should reflect the 
risk profile of the patients and the potential for 
adverse clinical consequences. Methods for tri-
aging patients on the wait list into low, medium, 
and high risk for wait-time deterioration should 
be informed by empiric evidence and remains an 
area of active research. The associated maximum 

wait times for each of these groups remain unde-
fined, with preliminary data suggest a wait time 
of between 42 and 60 days. To inform the required 
funding envelop and infrastructure needs, one 
must understand both the burden of disease and 
the maximum delay to treatment that is 
reasonable.

17.4.1  Infrastructure Complexities: 
Volume–Outcome 
Relationships

Optimizing TAVR capacity, and therefore wait 
times, requires both adequate funding and infra-
structure. As more hospitals initiate TAVR pro-
grams, this can address the infrastructure needs; 
however, balanced against this is the expertise 
required for both safe and efficient care, which 
requires a sufficient volume of cases. To date, 
there are no volume-based guidelines for TAVR 
[58, 59].

Some have recommended centralization of 
TAVR procedures in high-volume tertiary refer-
ral centers to ensure adequate operator and center 
volume for these complex procedures [60–62]. 
Mylotte and colleagues observed substantial 
variation in hospital volume in Europe and high-
lighted that there were potentially an excessive 
number of TAVR centers in some countries [15]. 
Different factors such as national political and 
financial concerns, population density, and pro-
file and different reimbursement strategies may 
have an important influence on the number of 
centers in each nation [15]. This topic has become 
of increasing importance after recent publica-
tions showing a clear inverse relationship 
between TAVR volume center and outcomes 
mortality [63–65], similar to that previously 
demonstrated for patients undergoing other sur-
gical cardiac interventions [66, 67].

A volume–outcome association was assessed 
using data from the STS/ACC TVT registry 
including 42,988 TAVR procedures conducted at 
395 hospitals from 2011 to 2015 [63–65]. 
Between the 1st case and the 400th case in the 
volume–outcome model, risk-adjusted adverse 
outcomes declined significantly in mortality 
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(3.57% to 2.15%), bleeding (9.56% to 5.08%), 
vascular complications (6.11% to 4.20%), and 
stroke (2.03% to 1.66%) [68]. Similar findings 
were also reported in the prospective German 
Quality Assurance Registry on TAVR comprising 
9924 patients undergoing transfemoral (TR) 
TAVR in 2014. The average inhospital mortality 
in the highest-volume centers performing ≥200 
TF-TAVR procedures annually was half of that of 
low-volume centers with <100 procedures [69]. 
Across the spectrum of hospital volumes ranging 
between 11 and 415 TF-TAVR patients per year, 
there was a statistically significant association 
between improved outcomes and increasing 
TF-TAVR volumes [69]. In a similar manner, 
Badheka and colleagues described an almost 
50% reduction in mortality rates in high- versus 
low-volume centers. Above and beyond mortal-
ity, length of hospital LOS and hospitalization 
costs were significantly higher in lower-volume 
centers [65]. In addition, a recent meta-analysis 
that included seven European national TAVR reg-
istries (UK, Swiss, Belgium, Italy, Spain, France, 
Germany) reported that limiting the number of 
TAVR centers to selected ones with concentrated 
expertise led to reduction in 30-day mortality, 
reinforcing that notion that TAVR should be 
restricted to highly specialized centers [70]. This 
issue reflects the nuanced and difficult decision- 
making required of policy-makers, in order to 
balance access with quality of care.

17.5  Conclusions

We have highlighted some of the many issues 
regarding the implementation of a resource- 
intensive intervention such as TAVR that extends 
beyond acquisition of the prosthesis but rather 
adoption of a novel system of care. Despite its 
growth, TAVR has demonstrated marked varia-
tion of access across jurisdictions, with inade-
quate capacity manifested by prolonged wait 
times and adverse consequences due to delays in 
treatment. The underlying causes are multifacto-
rial. Despite its high costs, there are modifiable 
drivers of cost, both prosthesis related and non- 
prosthesis related. Optimization of capacity, via 

optimization of funding models and infrastruc-
ture, is paramount to address these implementa-
tion barriers.
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18.1  Introduction

Transcatheter aortic valve implantation (TAVI), 
also called transcatheter aortic valve replace-
ment (TAVR), is a promising alternative to surgi-
cal aortic valve replacement. Even if TAVI may 
be successfully accomplished using various arte-
rial accesses, the vast majority of scientific evi-
dences on TAVI efficacy has been collected 
using the transfemoral approach. Both surgical 
and percutaneous insertion of the femoral sheath 
required for transfemoral access are contempo-
rary practiced. Yet, as compared with surgical 
arteriotomy, percutaneous approach represents 
the less invasive technique for TAVI and is asso-
ciated with the advantages of not requiring anes-
thesia and to facilitate patient recovery. The 
major drawback of transfemoral TAVI is repre-
sented by the fact that vascular complication 
after the procedure is a major source of TAVI-
related complications [1] which have the poten-
tial to affect the patient’s outcome after 
successful prosthesis implantation. We herein 

overview the main issues related with transfemo-
ral access selection in TAVI procedures.

18.2  Femoral Access Anatomy

The common femoral artery (CFA) is a short, 
large artery defined as the continuation of the 
external iliac artery (EIA) staring behind the 
inguinal ligament after giving the inferior epigas-
tric artery branch. The CFA, approximately 
3–4 cm distal to the inguinal ligament, gives the 
profunda femoris artery and continues to be the 
superficial femoral artery (SFA). At the origin, it 
is accompanied by the anterior crural nerve later-
ally and the femoral vein medially all enclosed in 
inferior extension of the transversalis fascia.

The surface anatomy of the CFA is indicated 
by the upper two thirds of the line drawn between 
the anterior superior iliac spine and symphysis 
pubis to the prominent tuberosity of the inner 
condyle of the femur, while the patient’s thigh is 
abducted and rotated outward. The relation of the 
femoral artery to the surface landmarks as the 
inguinal crease and the point of maximal pulsa-
tion is variable [2–4].

The size of the CFA artery is variable with an 
average diameter of 5–7 mm and average length 
of 3–5 cm; both diameter and length are larger in 
men and vary according to different demographic 
and clinical factors such as age, diabetes mellitus, 
body surface area, and race [2, 5–7].
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From the percutaneous intervention point, the 
safest site for arterial puncture is the anterior wall 
of the CFA over the femoral bone’s head [8, 9]. 
Too high puncture, above the level of the inguinal 
ligament, is associated with increased incidence 
of retroperitoneal hematoma which represents a 
dreadful complication [10]. Too low puncture, 
below the femoral bifurcation, implies higher 
risk of both ischemic complications (increased 
risk of arterial damage resulting in lumen com-
promise due to smaller artery size) and hemor-
rhagic complications (increased risk of 
hemostasis failure due to reduced compression 
efficacy in the absence of underlying femoral 
head) [11, 12].

18.3  Evaluation of the Femoral 
Artery Before Intervention

Preprocedural patient screening should include 
appropriate methods for full understanding of 
femoral artery features including the luminal 
size, vessel tortuosity, extension of atherosclero-
sis, and calcification. Only after this deep under-
standing, the patient’s eligibility for transfemoral 
TAVI can be assessed [13].

Various techniques have the potential to 
provide information regarding the suitability 
of the femoral artery for TAVI. The most com-
mon methods for femoral artery evaluation 
include angiography, ultrasound, multidetector 
computed tomography (MDCT), and magnetic 
resonance angiography (MRA). Such tech-
niques may provide different insights over var-
ious arterial features that might influence TAVI 
procedures. MDCT is actually regarded as the 
gold standard for effective workout in unselected 
TAVI patients since it allows both high-resolu-
tion three- dimensional bilateral aorto-iliofemo-
ral arterial axis assessment and careful annulus 
size measurement. The main disadvantage of 
MDCT is the use of contrast media. Of note, in 
the presence of heavy calcifications, MDCT 
may underestimate the arterial luminal 
dimensions.

18.4  Access Management 
Hardware

The main hardware used during transfemoral 
access management are the sheath, stiff guide-
wire, and the closure devices.

18.4.1  Sheaths

The TAVI procedure usually requires a sheath 
that should be able to accommodate the insertion 
and removal of the aortic prosthesis delivery sys-
tem. The sheath length is usually 30–35  cm in 
order to reach and cross the entire iliac artery 
course. Some TAVI manufactures offer sheaths 
which are specifically dedicated to the corre-
sponding prosthesis to warrant the best compati-
bility between sheath and delivery systems. 
Recently, the delivery system of the last evolu-
tions of CoreValve systems has been equipped 
with a dedicated and premounted 14 F sheath.

The aim of reducing the minimal arterial 
lumen necessary for prosthesis deployment pro-
duced the availability of “dynamic” sheaths. 
These are sheathes that can change their diameter 
after their insertion into the arteries. SoloPath 
(Terumo medical) is one of these examples which 
is a folded sheath with entry diameter of 11.5 Fr 
(3.8 mm) and, once inside the arterial access, has 
an inflatable balloon dilator allowing for radial 
dilatation allowing to reach 14  Fr (4.67  mm) 
internal diameter (ID) and 17  Fr (5.67) outer 
diameter [14]. This sheath has been safely applied 
in femoral arteries smaller than 5 mm [15].

The other main “dynamic” sheath is the 
eSheath (Edwards Lifesciences) which has a 
“sheet” technology that allows transient expan-
sion during the prosthesis passage. The 14  Fr 
eSheath has an outer diameter of 5.8  mm that 
reaches 7.65  mm during the prosthesis passage 
and turns down to 7.14  mm in case of 23  mm 
Sapien prosthesis and 7.26 mm in case of 26 mm 
Sapien prosthesis.

The 16 Fr version has 6.5 mm outer diameter 
that reaches 8.18  mm during the prosthesis 
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passage and turns down to 8.1 mm after the pros-
thesis passage [16].

An overview of the main characteristics of the 
sheaths required for the different TAVI systems is 
provided in Table 18.1.

18.4.2  Stiff Guidewires

The second important access management hard-
ware is the stiff guidewire which should be used 
to support the insertion of TAVI sheath. They are 
essential in order to reduce the risk of vascular 
damages potentially associated with the advance-
ment of stiff sheaths inside tortuous, frail, and 
atherosclerotic arteries. The stiff guidewires are 

also used to track the valvuloplasty balloons and 
the TAVI prosthesis into the left ventricle outflow 
tract. Recently, a novel use of stiff guidewires has 
been proposed in the context of TAVI to reduce 
its invasiveness: stiff guidewires may conduct the 
electrical energy allowing for retrograde left ven-
tricular pacing [17].

To date, vascular stiff guidewires which are not 
specific for TAVI are commonly used (Amplatz 
super stiff, Amplatz extra stiff, Backup Meier, 
Hi-Torque supra core, and Lunderquist extra stiff 
wire). It is important to keep in mind that adjec-
tives associated with stiff guidewires named as 
“superstiff,” “extra stiff,” and “ultra- stiff” do not 
provide any accurate expression of the stiffness 
degree [18]. More recently, new guidewires dedi-
cated to TAVI become available, and they share 
the characteristics of continuous tapered core and 
pre-shaped tips which should facilitate prosthesis 
delivery (Confida Brecker and Safari 2 wires).

Table 18.2 provides the main characteristics of 
the most popular stiff guidewires, while the 
degree of stiffness in relation to each other is 
graphically represented in Fig. 18.1.

All stiff guidewires can be used to support the 
sheath advancement, but not all of them can be 
used to support the prosthesis advancement. In 
particular, it is recommended to avoid the 
Lunderquist extra stiff wire for prosthesis 
advancement because its extraordinary stiff tip 
increases the risk of left ventricular damage.

Table 18.1 List of available transfemoral TAVI 
prosthesis and their compatible sheaths

Device 
name Sheath size

Recommended min. 
artery size

Sapien 3 14 F (20, 23, 
26 mm)
16 F (29 mm)

>5 mm (20, 23, 26)
>5.5 mm (29 mm)

Evolut R 14 F outer diameter 
(23, 26, 29, 34 mm)

>5 mm (23, 26, 29)
>5.5 mm (34)

Portico 18 F (23, 25 mm)
19 F (27, 29 mm)

>6 mm

Acurate 
Neo

18 F outer diameter >6 mm

Allegra 18 F >6 mm
LOTUS 
edge

14 F (23 mm)
15 F (25, 27 mm)

Not available

Table 18.2 Technical specification of main stiff guidewires used in TAVI

Name
Maximal 
length (cm) Tip shape Soft tip length Key structural features

Amplatz extra stiff (Cook 
Medical Inc.)

260 Straight or 
small J-tip

Available in 1, 3, and 6 cm PTFE-coated stainless 
steel

Amplatz super stiff 
(Boston Scientific)

260 Straight or 
small J-tip

Available in 1, 3, and 6 cm PTFE-coated stainless 
steel

Backup Meier (Boston 
Scientific)

260 J-tip
C-tip

15 cm
10 cm

PTFE-stainless steel, 
except distal 4 cm

Hi-Torque supra core 
(Abbott Vascular Inc.)

300 Straight tip 10 cm PTFE-coated with 
atraumatic tip

Lunderquist extra stiff 
(Cook Medical Inc.)

260 J-tip 4 cm PTFE-coated stainless 
steel

Confida Brecker 
guidewire (Medtronic 
Inc.)

260 Pre-shaped 
loop

Curve diameter 3 cm Continuous tapered 
core

Safari 2 (Boston 
Scientific)

275 Pre-shaped 
loop

Available in 2.9 cm, 4.2 cm, 
and 4.9 cm curve diameter

Continuous tapered 
core
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18.4.3  Vascular Closure Devices 
(VCD)

VCD represents a step through the management 
of transfemoral TAVI vascular access since their 
use has the recognized potential to render this 
procedure fully percutaneous.

To date, the most commonly used VCD for 
TAVI are two suture-based devices: the Prostar 
XL10F and Perclose ProGlide (Abbott Vascular 
Devices, Redwood City, CA, USA). These 
devices are designed to close 10 F and 8 F vascu-
lar access, respectively, but, in the case of large- 
bone sheath insertions, they may be deployed 
using the “preclosure” technique. This technique 
is based on the concept that the VCD suture is 
deployed before the sheath insertion (when the 
entry site has not been stretched beyond the size 
that is compatible with the specific device).

Prostar preclosure technique. The Prostar 
XL10F is a 0.035-in. guidewire-compatible 10 F 
device with a rotating barrel and four needles 
allowing to deploy two braided polyester sutures. 
When the device is in the correct position, indi-
cated by pulsatile blood return from the dedicated 
marker lumen, the needles are unlocked and 
pulled through the arterial wall. After device 
deployment, the sutures are secured with mos-
quito clamps. At procedure end, the sheath and 
the guidewire are removed, while proximal pres-
sure is maintained, and sutures are fastened indi-
vidually with a sliding knot. A knot pusher is 
used to ensure the approximation of the knot to 
the surface of the vessel wall [19].

Double Proglide preclosure technique. The 
Perclose ProGlide device is based on two needles 
that can deploy a single monofilament polypro-
pylene suture. To close the large sheath needed 
for TAVI, the preclosure technique is practiced 

by sequentially inserting two Proglide devices 
rotated in opposite sides 30–45°, to create an 
interrupted X-figure closure. After device deploy-
ment, the sutures are secured with mosquito 
clamps, and the TAVI sheath is inserted. At pro-
cedure end, arteriotomy closure is achieved by 
tying down the two knots using sequentially the 
two node pushers [20–22]. A newly proposed 
technique is the “parallel suture technique” which 
is based on the deployment of both Proglides 
with medial and lateral tension instead of apply-
ing any rotation. This results in a parallel suture 
deployment (instead of “X” configuration) which 
should resemble a standard surgical vascular 
suture [23].

Regarding the comparison between these 
devices, controversial results have been reported 
in different studies. A recent meta-analysis of 
TAVI and EVAR studies suggested higher safety 
for Double Proglide preclosure technique [24]. 
Yet, besides the technical differences between the 
two devices and the inherent limits of comparison 
study protocols, the individual operator’s experi-
ence with each of these techniques is a main mod-
ulator of preclosure technique efficacy.

18.5  Obtaining the Access

18.5.1  Surgical Access

The surgical access is obtained by transverse 
incision at the groin followed by careful 
 dissection of the subcutaneous tissue to expose 
the femoral artery. Then a U-shaped suture is 
deployed into the common femoral artery, and 
artery puncture and sheath insertion are per-
formed. At procedure end, two sutures are tight-
ened to achieve hemostasis [25].

Degree of wire stifness

Lunderquist Extra stiff Backup Meier Safari 2 Confida Amplaz super stiff Amplaz extra stiff

Fig. 18.1 Scale showing the degree of different stiff wire stiffness and their relation to each other
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The main advantages of the surgical access are 
the ability to perform a controlled puncture with 
the ability to select the puncture site, and in case 
of complications, it provides the ability to repair 
the femoral artery under direct vision.

18.5.2  Percutaneous Access

18.5.2.1  Arterial Stick
The percutaneous access is based on the Seldinger 
technique. Theoretically, the ideal percutaneous 
access in TAVI procedures is a single needle stick 
at the level of a healthy spot of the anterior wall 
of the common femoral artery during its course 
over the femoral head. Any deviation from these 
assumptions is associated with increased risk of 
complications which may have dreadful conse-
quences in the specific setting of TAVI.

As a consequence, techniques for meticulous 
guidance of TAVI access femoral puncture are 
usually practiced in percutaneous TAVI.  The 
more commonly adopted guidance for arterial 
stick is angiographic guidance using another 
(ancillary) arterial access that is previously been 
obtained. The “ancillary” arterial access may be 
either the contralateral femoral artery (routinely 
selected by most operators) or by the radial or 
brachial arteries and is used for both access guid-
ance and TAVI implantation guidance. To achieve 
high-quality angiography, from the ancillary 
access, a diagnostic (or guiding) catheter should 
selectively advance to cannulate the common 
iliac artery of the side selected for TAVI. More 
rarely, some operators use to stick the distal 
superficial femoral artery (with micropuncture 
kit). This technique has the advantage of facilitat-
ing both angiographic guidance (no need of cath-
eter manipulation for femoral artery angiography) 
and bailout interventions in the case of complica-
tions (direct access to the common femoral 
artery) but implies to have three simultaneous 
arterial accesses for a single TAVI procedure 
(since a further arterial access is needed for 
ascending aortography).

Independently, from the ancillary access selec-
tion, different angiography-based techniques may 
be practiced:

 1. Simple angiography before (to recognize arte-
rial track and anatomy) and after (to confirm 
appropriate entry site) arterial stick.

 2. Road mapping-guided arterial stick: angiogra-
phy is used to obtain (with the dedicated road-
map tool of the angiographic machine) 
persisting image of the artery during arterial 
stick.

 3. Guidewire-guided arterial stick: under angio-
graphic guidance, the J-tip of a regular 
0.035 in. guidewire is placed in the common 
femoral artery, and arterial stick is performed 
under fluoroscopy aiming at reaching the 
guidewire tip.

 4. Angio-guidewire-ultrasound (AGU) guidance: 
After J-tip placement in the common femoral 
artery, arterial stick is performed under ultra-
sound guidance (since the guidewire J is easily 
detected by ultrasound, the X-ray exposition 
for the operator’s hand is spared).

18.5.2.2  Safety Wire
In case of vascular complication at the procedure, 
the possibility to achieve successful complication 
management by endovascular interventions is the 
guidewire advancement across the injured vessel 
segment. To warrant fast endovascular manage-
ment of vascular complications, some operators 
use to early place and leave a guidewire across 
the TAVI access. This technique may be practiced 
with different guidewires (usually 0.014′ or 
0.018′) according to the local attitudes and 
requires full knowledge and availability of the 
endovascular equipment. This technique was 
proven to have significant reduction in serious 
complication and mortality [26].

18.6  Access Site Complications 
and Their Classification

Serious vascular access complication can occur in 
association with TAVI procedures, ranging from 
minor hematomas and small non-flow- limiting 
dissection to a life-threatening condition as arte-
rial rupture and avulsion; to obtain standardized 
definition for TAVI outcomes, the Valve Academic 
Research Consortium (VARC) has proposed a 
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definition which then was updated (VARC-2) 
which include standardization for both vascular 
and bleeding complications following TAVI pro-
cedure (Table 18.3).

The occurrence of vascular complications has a 
high impact on both procedural and clinical out-
comes, as it increases blood transfusion, renal 
impairment, and hospital stay. Furthermore, in the 
critical setting of fragile patient populations like 
TAVI candidates, vascular complications have 
been observed to predict late mortality. Table 18.4 
summarizes the main studies assessing the clinical 
impact of vascular complications TAVI outcome.

18.7  Predictors of Vascular 
Complications

Several factors may predispose to the development 
of vascular complications. The non- modifiable 
risk factors include the female gender [27], 
advanced age, and history of peripheral artery dis-

ease [28]. Of note, peripheral artery disease (espe-
cially in the presence of critical limb ischemia) has 
been found to independently affect the in-hospital 
mortality after TAVI procedure [29] (see 
Table 18.5). For instance, beyond peripheral ath-
erosclerosis, other adverse iliofemoral anatomic 
features like arterial tortuosities and vessel lumen 
size are known to influence vascular complication 
risk. Some authors suggested to stratify vascular 
complication risk by a simple scoring system 
which includes three simple points (minimal arte-
rial diameter, extension of iliac artery calcification, 
and the degree of tortuosity) [30].

The modifiable factors include the sheath size 
[27] and sheath-to-femoral artery ratio. A careful 
evaluation of the perfect matching between 
sheath size and artery segment is actually rou-
tinely suggested in order to limit the risk of vas-
cular complications. To facilitate this aim in the 
preoperative workout, dedicated softwares have 
been developed. As an example, Fig. 18.2 shows 
that, in a patient with complex arterial anatomy, 

Table 18.3 Valve Academic Research Consortium-2 classification of vascular access site and access-related 
complications

Major vascular complications
–  Any aortic dissection, aortic rupture, annulus rupture, left ventricle perforation, or new apical aneurysm/

pseudoaneurysm
–  Access site or access-related vascular injury (dissection, stenosis, perforation, rupture, arteriovenous fistula, 

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

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

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

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

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

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

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

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

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

Percutaneous closure device failure
–  Failure of a closure device to achieve hemostasis at the arteriotomy site leading to alternative treatment (other 

than manual compression or adjunctive endovascular ballooning)
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Table 18.4 Studies reporting on the frequency and clinical impact of vascular complication on TAVI outcome

Study Year
Total number 
of patients

Vascular 
complications 
definition

Vascular 
complications 
frequency (%) End points Conclusion

Ducrocq et al. 
[53]

2010 54 16.7 Transfusion
Reintervention
30-day mortality

Vascular 
complications are 
associated with a 
high need for 
transfusion and could 
lead to major events 
such as death or 
reintervention

Généreux 
et al. [54]

2012 419 27.2 Bleeding
Transfusion
Acute renal failure
30-day mortality
1-year mortality

Major VCs are 
associated with high 
mortality. However, 
the incidence and 
impact of major VC 
on 1-year mortality 
decreased in 
lower-risk 
populations

Czerwinska- 
Jelonkiewiez 
et al. [55]

2013 83 53.01 Early and late 
mortality (follow-up 
ranged 1–23 months, 
median 
12 ± 15.5 months)

Vascular 
complications are 
predictors of late 
mortality after TAVI

Mwipatayi 
et al. [56]

2013 100 (81 
transfemoral)

19.7 Blood transfusion
Length of stay in 
hospital
In-hospital mortality
30-day mortality

Vascular 
complications are 
associated with 
increased blood 
transfusion need, 
hospital stay, and 
costs

Steinvil et al. 
[57]

2015 403 19 In-hospital mortality
1- and 6-month 
mortality
1-year mortality

The implementation 
of the VARC-2 
criteria results in a 
higher rate of 
reported major VC 
after TAVI

Perrin et al. 
[58]

2015 102 22 Bleeding
Transfusion
30-day mortality

Major but not minor 
VCs are associated 
with increased 
mortality

Uguz et al. 
[59]

2016 211 16.1 Mortality The major vascular 
complications are 
predictive of 30-day 
mortality

Okuyama 
et al. [60]

2016 376 1-year mortality The VARC-2 
definition of VC 
offers better 
predictive value of 
survival than the 
VARC-1 definition
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compatibility with 14 F sheath has been assessed 
using the “straightened” iliofemoral artery lumen 
reconstruction by a dedicated computed tomo-
graphic software.

18.8  Management of Vascular 
Complications

Surgical management for vascular complications 
is associated with prolonged hospitalizations and 
risk of wound infection that can delay patient 

mobilization [31]. With the advances in endovas-
cular techniques, bailout vascular complication 
treatment may be effectively managed percutane-
ously with a high success rate and good short- and 
long-term outcomes [32]. To attempt endovascular 
management of vascular complications, operators 
should be familiar with different techniques and 
need to have basic peripheral intervention tools. 
Table  18.6 summarizes the endovascular equip-
ment that should be available in the catheterization 
laboratory when percutaneous management of 
TAVI-related vascular complications is planned.

Table 18.5 Studies assessing the prevalence and clinical impact of known peripheral arterial disease in TAVI

Study Year
Total number of 
patients

PAD 
prevalence 
(%) Main findings

Sinning et al. [61] 2012 1315 25.1 PAD was an independent predictor of mortality in 
patients with percutaneous and surgical TAVI

Kim et al. [62] 2018 115 31.3 Presence of PAD was significantly associated with 
increased rates of major vascular complication and 
immediate and late mortality

Malyar et al. [29] 2017 32,044 12.5 PAD is associated with an increased risk of 
periprocedural complications, while only CLI 
independently predicts increased in-hospital mortality

Fanaroff et al. [63] 2017 27,440 (19,660 
transfemoral 
approach)

24.5 PAD is associated with a higher incidence of 1-year 
adverse outcomes compared with absence of PAD

Fig. 18.2 A real-life example showing a “straightened” iliofemoral artery lumen reconstruction by a dedicated com-
puted tomographic software
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18.8.1  Percutaneous Vascular 
Closure Device Failure

The failure of vascular closure devices (VCD) is 
now considered by the VARC-2 as a specific 
entity. Risk factors for these VCD failure include 
excessive femoral artery calcifications, female 
gender, obese patients [33], and operator’s learn-
ing curve with such devices [34].

Prolonged manual compression may be suffi-
cient to manage VCD failure. Yet, operators who 
are familiar with endovascular technique use to 
practice “balloon-assisted hemostasis.” This 
technique consists in the inflation of an appropri-
ately sized peripheral balloon (inserted through 
the ancillary access) in the arterial leak caused by 
VCD failure. To speedup balloon-assisted hemo-
stasis, angiographic wire may be inserted before 
sheath removal.

18.8.2  Iliofemoral Dissection

Dissection of the iliofemoral arteries can occur 
with either surgical cut down or percutaneous 
sheath insertion. The key point to reduce arterial 
dissection risk is gentile sheath advancement. In 
case of resistance, the operator should avoid 
aggressive maneuvers and carefully check by 
fluoroscopy sheath progression (and eventual 
arterial calcification movement). Vaseline can 
be used to reduce the friction with the arterial 
wall.

Since most of these dissections are retro-
grade generated, the antegrade blood flow tends 
to keep the vessel open by favorably displacing 
the wall “flap” from the lumen. More extensive 
arterial dissection can lead to acute vessel 
occlusion which may have dreadful clinical 
consequences (extensive lower limb ischemia). 

Table 18.6 Materials for bailout endovascular management of vascular complications

Device Rationale
Sheaths or catheters
Diagnostic 5 F catheters Selective angiography to establish vascular complication type (when remote from 

access site sheath or when occurring after access site sheath removal)
Long (armored) sheaths Selective access to the iliac artery for bailout intervention in the case of 

contralateral femoral artery access availability
125 cm, 6 F guiding catheter Selective access to the iliac artery for bailout intervention in the case of 

contralateral radial/brachial artery access availability
Guidewires
0.035′ hydrophilic wire Easy access and support to cross with a diagnostic catheter the aortic bifurcation 

(crossover technique)
0.035′ stiff guidewire, 300 cm Deployment of long armored sheaths by contralateral femoral artery (“crossover” 

technique)
0.014′ or 0.018′, 300 cm, 
hydrophilic guidewires

Injured vessel fast crossing in the case of absence for sentinel wire

Balloons
Peripheral balloons (diameter: 
6–9 mm)

– Restoration of antegrade flow to avoid acute limb ischemia in the case of 
occlusion/stenosis in the iliofemoral arteries
– Immediate hemostasis in the case of hemorrhagic complications in the 
iliofemoral arteries

Large compliant aortic 
balloons

Immediate hemostasis by endovascular balloon occlusion of the aorta in the case of 
descending aorta rupture

Stents
Peripheral self-expandable 
nitinol stents (diameter: 
7–10 mm)

Iliofemoral arteries’ flow-limiting dissection/stenosis

Peripheral self-expandable 
covered stent (diameter: 
7–10 mm)

Vascular sealing in case of persistent blood extravasation after prolonged balloon 
inflation

18 Access Management for Transfemoral Transcatheter Aortic Valve Implantation



224

In such cases, prolonged peripheral balloon 
inflation may be attempted in order to restore 
flow (Fig. 18.3a). When balloon inflation fails 
to steadily restore arterial patency, peripheral 
self-expandable stent implantation of the appro-
priate size may safely seal the dissections 
(Fig. 18.3a).

18.8.3  Arterial Obstruction

The whole iliofemoral axis may be damaged  during 
the TAVI-related catheters’ manipulations. Arterial 
wall injury, especially when the artery wall is dis-
eased, and the vessel has adverse features like tor-
tuosity, may result in acute arterial lumen 
obstruction due to vessel dissections and thrombus 
development (these two mechanisms often being 
simultaneously present in the worse cases). Vessel 
wall obstruction, in the absence of extensive dis-
sections, occurs more commonly where the vessel 
lumen is smaller like into the distal iliac artery and 
the common femoral artery. This latter artery, par-
ticularly prone to lumen obstruction also due to the 
direct damage induced by TAVI sheath insertion. A 
recent study demonstrated significant femoral 
artery lumen shrinkage may commonly be induced 
by percutaneous TAVI with the use of suture-based 
closure devices [28]. This is probably the result of 
a focal geometric deformation of the common fem-
oral artery induced by the device’s sutures. It is rea-
sonable to speculate that this systematic subclinical 
entry site shrinkage may represent a predisposing 
factor for the occurrence of thrombotic phenomena 
or that this may exacerbate the hemodynamic con-
sequences of eventually occurring dissections. For 
instance, femoral shrinkage has been reported to be 
associated with vascular complications [28]. 
Despite the underlying mechanism (dissection/
thrombus), acute lumen obstructions may cause 
significant lower limb ischemia. Accordingly, any-
time lower limb ischemia is suspected (antegrade 
flow perturbation at angiography or Doppler), 
peripheral angioplasty balloon may be used to treat 
and dilate the injured arterial site. Usually, pro-
longed dilations of appropriately sized balloons are 
able (Fig. 18.3c) to restore appropriate lumen size. 
Yet, in the cases of significant recoil, peripheral 
stent implantation may be considered (Fig. 18.3c).

18.8.4  Pseudoaneurysm

The failure of arterial access sealing (or its 
reopening after initial sealing) may lead to insidi-
ous, continuous blood leak into the surrounding 

a

b

c

Fig. 18.3 Schematic representation of common vascu-
lar complication and their management. (a) Shows ilio-
femoral artery dissection which can be treated with 
appropriately sized balloon inflation, and in case of fail-
ure, a stent can be implanted to seal the dissection. (b) 
Shows iliofemoral artery perforation which can be 
treated with prolonged balloon inflation assisted with 
manual compression, and in case of failure, a covered 
stent can be implanted. (c) Shows iliofemoral artery ste-
nosis/obstruction; the vessel can be dilated with a bal-
loon; if the flow is still impaired, a stent can be implanted 
to maintain the flow
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soft tissue. In such condition, a fibrin shell may 
limit huge blood extravasation by determining 
pseudoaneurysm formation. Routine digital sub-
traction angiography of the access site at the pro-
cedure end will help arterial leak identification 
and prompt early management by balloon- 
assisted hemostasis with or without external 
compression.

If the angiographic diagnosis was not made 
immediately, it should be suspected in any patient 
with painful, pulsatile groin mass with possible 
murmur after the procedure.

Risk factors for pseudoaneurysm development 
include [35] advanced age, female gender, 
increased body mass index, low platelet count, 
and low puncture site (below the bifurcation), 
anticoagulation and antiplatelet administration, 
and continuation after the procedure [36].

The initial step of diagnosis remains the phys-
ical examination as it has a high sensitivity and 
accuracy approaching 100% especially the pres-
ence of a pulsatile mass [37, 38]. The physical 
examination should be followed by duplex scan 
where diagnosis is based on a triad of ultrasound 
findings: the hypoechoic sac near the femoral 
artery, a swirling high-resistance Doppler flow 
within the sac, and the “to and fro” or “yin-yang” 
waveform at the sac’s neck [39]. Doppler wave 
allows ruling out the presence of concomitant 
arteriovenous fistula (which has a characteristic 
low resistance with continuous diastolic flow pat-
tern). Once the pseudoaneurysm is diagnosed, 
prompt management is recommended since treat-
ment delay adversely affects the probability of 
success for nonsurgical strategies. The main pre-
dictors of favorable pseudoaneurysm outcome 
include low-volume flow inside the sac [40] and 
the sac neck length [41]. Small (<3.5 cm) pseu-
doaneurysms with favorable anatomy may be ini-
tially managed conservatively by local 
compression. Anyway, an active nonsurgical 
management is actually considered as the first- 
line therapy in the vast majority of clinical condi-
tions and includes ultrasound-guided compression 
[42] and ultrasound-guided thrombin injection 
[43–45]. Of note, thrombin injection is not rec-
ommended when the neck for the sac is not evi-
dent and when arteriovenous fistula has not been 

ruled out [46]. Most of centers actually use to 
consider vascular surgery only when large resid-
ual pseudoaneurysm is present after attempted 
ultrasound-guided compression and/or thrombin 
injection.

18.8.5  Iliofemoral Perforation 
and Rupture

The bulky and rigid TAVI sheaths and TAVI 
delivery systems have the potential for causing 
extreme damages into the arterial wall during 
their advancement. As previously discussed, stiff 
guidewires should reduce this risk by reducing 
the friction between devices and vessel wall. 
Nevertheless, vessel tortuosity, especially in cal-
cific arteries, has the potential for hindering 
device advancement onto stiff guidewires. In 
such circumstances, the most dangerous condi-
tion is associated by the occurrence of guidewire 
kinking. This situation should carefully be 
avoided, and anytime it occurs, guidewire 
replacement (eventually with a stiffer guidewire) 
is recommended.

Once iliofemoral perforation/rupture occurred, 
adverse clinical consequences inexorably follow 
and may range from immediate hemorrhagic 
shock to insidious developing retroperitoneal 
hematoma. Accordingly, prompt diagnosis may 
be pivotal, and it may easily be obtained by sub-
traction angiography which usually allows imme-
diate recognition of presence, site, and size of 
blood leakage. Intraprocedural angiography is 
highly recommended since (as compared with 
other diagnostic tests like CT scan) it allows 
immediate diagnosis on the operative table and 
may guide for appropriate endovascular manage-
ment. If blood extravasation is recognized, the 
main rescue maneuver is a balloon inflation prox-
imal to the vascular lesion and heparin reversal 
using protamine sulfate. This maneuver blocks 
blood loss thus preventing hemorrhagic shock. If 
the vascular injury is extensive, it is advisable to 
use an occlusion balloon which is a specified 
highly compliant balloon that can elongate easily 
and accommodate a wide range of vessel diame-
ter without the application of radial force to the 
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lacerated vessel [47]. Available 0.035′-compati-
ble occlusion balloons include the Coda occlu-
sion balloon catheter (Cook Medical Inc., 
Bloomington, IN) which is available in two sizes 
according to the balloon maximum diameter 
32 mm and 40 mm and the Equalizer occlusion 
balloon catheter (Boston Scientific, Natick, MA) 
available in four different sizes 20, 27, 33, and 
40 mm.

In the case of small perforations, prolonged 
balloon inflation may induce complete hemosta-
sis. Yet, if bleeding persists, an appropriately 
sized covered stent can be used as definitive treat-
ment [48] (Fig. 18.3b). Indeed, covered stents are 
now recommended as the first-line treatment of 
iatrogenic vascular injury [49].

18.8.6  Arterial Avulsion

A very rare subset of complication that can hap-
pen due to adherence of the large sheath to the 
arterial endothelium. The risk of avulsion can be 
reduced by early sheath removal and sheath rota-
tion during withdrawal (of note, rotation is not 
recommended with expandable sheaths [50]).

If there is arterial avulsion suspicion due to 
resistance at sheath withdrawal, angiographic 
diagnosis and endovascular hemostasis should 
be prepared before the sheath is removed in 
order to prompt, recognize, and manage this 
dreadful complication. Surgical repair may be 
the only treatment in the worse cases, while 
covered stents may stabilize short arterial 
lesions.

18.8.7  Access Site Infection

Access site infection appears to be more prevalent 
among patients undergoing surgical as compared 
with percutaneous femoral artery approach. 
Superficial skin infection may response well to 
antibiotics and appropriate wound medications. 
Yet, since deep infections may lead to serious com-
plication as septicemia and death [51, 52], prompt 
and careful diagnosis and management with even-
tual surgical curettage are recommended.
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Challenging Anatomy 
in Transcatheter Aortic Valve 
Implantation

Antonio Colombo and Nicola Buzzatti

19.1  Introduction

Transcatheter aortic valve implantation (TAVI), 
also called transcatheter aortic valve replacement 
(TAVR), emerged over the last decade as a valu-
able tool to treat patients affected by severe 
symptomatic aortic stenosis [1]. Thanks to the 
promising results achieved over the years, the 
population of patients who can be candidate to 
receive TAVI is continuously growing.

Careful preoperative anatomical assessment 
through computed tomography, procedural plan-
ning and technical execution are key to ensure the 
safety and the efficacy of the procedure. Indeed, 
some specific anatomies are associated with 
increased technical complexity, risk of complica-
tions and impaired results. Of note, multiple ana-
tomical challenges can be present at the same 
time, possibly transforming what should have 
been a quick low-risk minimally invasive inter-
vention in a true nightmare.

The purpose of this chapter is to discuss the 
most common of these unfavourable anatomical 
features for TAVI in the setting of native aortic 

stenosis. Unfortunately, for most of them, few 
data are still available. Several other even more 
rare anatomies can also be encountered, but 
reports are far too few to draw reliable evidence.

19.2  Bicuspid Aortic Valve

Bicuspid aortic valve (BAV) is a complex spectrum 
of disease, including several valvular anatomical 
variants ranging from true type 0 bicuspid valve 
(with no raphe) to forms in which three cusps can 
be identified, but they are unified by variably 
located raphes, Fig. 19.1a, b. Pure valve stenosis, 
pure regurgitation or both can be present.

The proportion of patients submitted to TAVI 
affected by BAV is about 2–6% [2, 3], but it is 
about 22% in octogenarians treated with SAVR 
[4]. BAV disease arise at younger age compared 
to tricuspid valves with calcifications progressing 
significantly after the forth decade of life. Vascular 
aortopathy due to aortic media abnormalities is 
present in up to 50% of affected persons, and it is 
an expression of the genetic basis of BAV [5].

Two are the major concerns regarding TAVI in 
BAV stenosis:

• BAV asymmetric shape and calcifications may 
impair adequate prosthesis expansion, func-
tion and durability, Fig. 19.2a.

• The associated aortopathy may increase the 
risk of aortic dissection and aortic annulus 
rupture, Fig. 19.2b.
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Despite these concerns, a number of high-risk 
or inoperable patients affected by BAV have been 
actually treated with TAVI over the years.

In a recent large multicentre experience, the 
outcomes of 546 matched pairs of patients 
affected by BAV vs. tricuspid aortic stenosis have 
been compared [6]. Overall, BAV was associated 
with higher rate of conversion to surgery (2.0% 
vs. 0.2%, P  =  0.006) mainly due to aortic root 
injury (9 out of 11 cases), need of second valve 
(4.8% vs. 1.5%, P  =  0.002) and higher rate of 
paravalvular regurgitation ≥moderate (10.4% vs. 
6.8%, P = 0.04). However, in spite of these pro-

cedural pitfalls, no difference in survival was 
observed at 30-day nor at 2-year. Of note, the 
increased rate of procedural complications in 
BAV was only observed in patients who received 
old-generation devices. Specifically, aortic rup-
ture was observed more frequently with the 
SAPIEN XT (Edwards Lifesciences Ltd., Irvine, 
CA, USA), whereas second valve need and 
 paravalvular regurgitation were more frequent 
with the CoreValve (Medtronic Inc., MN, USA) 
prosthesis. On the other hand, in patients who 
received new-generation devices (in particular 
SAPIEN 3 and Lotus (Boston Scientific, Natick, 

a b

Fig. 19.1 Bicuspid aortic valve variants at preoperative computed tomography. (a) Type 0, “true” bicuspid valve. (b) 
Type 1, with raphe between the right and left coronary cusps

a b c

Fig. 19.2 TAVI in bicuspid aortic valve. (a) Incomplete 
asymmetrical CoreValve stent expansion after implanta-
tion. (b) Distal aortic arch dissection during attempt of 

valve shaft advancement. (c) Successful implantation of a 
new-generation device (Lotus valve) with no residual aor-
tic regurgitation
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MA, USA), the results improved; nevertheless, 
there was a numerical trend highlighting the 
problems related to TAVI in BAV (conversion to 
surgery 1.3% vs. 0%, second valve need 1.3% vs. 
0.4%, paravalvular leak 2.7% vs. 1.8%, all 
P > 0.05) Fig. 19.2c.

The number of treated cases is still limited, 
and more experience is needed to fully clarify 
the role of TAVI in the setting of BAV. 
Nevertheless, the results provided by new-gener-
ation devices show promising low rates of com-
plications, similar to conventional tricuspid 
aortic stenosis. As a general rule, compared to 
tricuspid valves, a more cautious gentle approach 
to the procedure should still be adopted, trying to 
minimize the tissue trauma on the aorta and the 
aortic valve, for example, avoiding excessive 
prosthesis oversizing or even allowing some 
downsizing.

BAV in itself should not be considered an 
absolute contraindication to TAVI.  Instead, the 
anatomy of each single case should be carefully 
assessed prior to the procedure to rule out possi-
ble issues (concomitant aortic dilatation, valve 
size, location of calcifications) and choose the 
best prosthesis type for the specific anatomy.

19.3  Severe Aortic Calcifications

Severe calcifications are frequently seen in the 
setting of aortic stenosis. In SAVR, the aortic 
annulus is carefully decalcified, and the prosthe-
sis is sutured to the heart leaving no space 
between the two; on the contrary, in TAVI, a stent 
is expanded pushing/crushing/accommodating to 
the native calcific annular leaflets to provide ade-
quate sealing. For this reason, the rocky irregular, 
sometimes bulky calcium of aortic valve may 
lead to several issues following TAVI, and there-
fore it may require special technical attentions 
during procedure planning and execution. Pre- 
procedural computed tomography assessment of 
calcium location, shape, size, hardness and 
homogeneity is the first fundamental step for 
patient selection and procedure planning, 
Figs. 19.3 and 19.4. Unfortunately, precise shared 

criteria for calcium assessment are not yet avail-
able, and therefore personal experience currently 
still guides the decision-making.

When facing a patient who presents with 
severe calcifications of the aortic complex, the 
most important aspects to consider are:

• Increasing degrees of calcium, especially 
when located in the left ventricle outflow tract 
(LVOT), have been associated with increased 
paravalvular aortic regurgitation with all 
kinds of prostheses, and differences in inci-
dence of aortic regurgitation have also been 
observed with regard to prostheses type [7–
9]. Indeed, in moderate/severe calcifications, 
paravalvular leak appears to be higher with 
self- expandable compared to balloon-expand-
able valves, Fig. 19.5a. Of note, new-genera-
tion devices, thanks to the addition of a “skirt” 
outside the valve stent, have shown reduced 
paravalvular leak compared to previous-gen-
eration devices, independently from valve 
calcium severity [10], Fig. 19.5b. With these 
new prostheses, therefore the need of ample 
oversizing has been much reduced. Indeed, 
especially in the setting of severe calcifica-
tions, the use of a new-generation prosthesis 
allows to perform a minimal oversizing or 
even a small downsizing without increased 
risk of paravalvular leak.

• In case of severe calcifications, incomplete 
and asymmetric deployment can be observed 
with self-expandable prostheses [11], which 
in turn can cause not only paravalvular aortic 
regurgitation but possibly impaired leaflet 
long-term durability.

• Rupture of aortic root/annulus/LVOT/left 
ventricle has been repeatedly reported [9, 12, 
13], Fig. 19.6. The estimated incidence of tis-
sue rupture after TAVI is actually low, rang-
ing 0.5–0.9%, but mortality after such 
complication is very high, up to ≈50%. The 
small incidence makes difficult to draw defin-
itive information; nevertheless, aortic rupture 
has been more frequently observed in balloon- 
expandable compared to self-expandable 
prostheses, aortic annulus and LVOT being 
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a

c d

b

Fig. 19.3 Severe aortic complex calcifications at preop-
erative computed tomography. (a, b) Isolated, mostly leaf-
lets, valve calcifications. (c) Severe circumferential 
sinotubular junction calcifications, care should be taken in 

this case not to stretch and rupture the sinotubular junction 
with a balloon (pre-dilatation, valve nor post-dilatation). 
(d) Severe left ventricle outflow tract calcification at the 
level of the mitro-aortic continuity

Fig. 19.4 Preoperative 
computed tomography 
assessment of calcium 
hardness and 
homogeneity
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the most common sites of lesion, Fig.  19.7. 
Indeed, moderate/severe LVOT calcifications 
and excessive prosthesis oversizing (≥20%) 
have been associated with aortic rupture with 
balloon-expandable TAVI.  Notably, calcium 

can express its effect through direct tissue 
compression/rupture at the site of calcium 
location itself but also, acting as a corner-
stone, through prosthesis shift away from its 
location towards the opposite direction or 

a b

Fig. 19.5 Residual aortic regurgitation after TAVI. (a) 
Red arrow points the origin of aortic regurgitation from a 
calcific spot with an under-expanded CoreValve prosthe-

sis. (b) Green arrow points the lack of any regurgitation 
despite visible calcium with a new-generation device 
(Lotus valve)

a

b d f

c e g

Fig. 19.6 A case of left ventricle perforation during 
TAVI in which multiple unfavourable anatomical features 
were present at the same time. (a) Preoperative computed 
tomography showed calcifications extending in the LVOT, 
increased aortic angulation and bulgy interventricular sep-
tum. (b) Preoperative computed tomography 3D recon-
struction underlined the misalignment between the aorta 
and the left ventricle. (c) Abnormal position of the stiff 

wire inside the left ventricle prior to valve insertion during 
the procedure. (d) Expected correct wire position (green) 
compared to actual wrong observed wire position (red). 
(e) After the development of hypotension, pericardial 
effusion was documented. (f) Perforation of the lateral 
wall of the left ventricle was observed. (g) Emergent sur-
gery was required, confirming and correcting the lateral 
wall perforation
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through indirect transmitted tension on other 
weaker tissues. New-generation devices, 
thanks to their reduced need for oversizing, 
promise to limit the risk of tissue rupture, but 
no data to confirm this theory is available yet.

• The risk of definitive PM implantation is also 
increased [9, 14].

The role of predilatation is still debated in 
very calcified anatomies. On one side, it may 
facilitate valve crossing and positioning of the 
device as well as preparing the landing zone to 
minimize paravalvular leak and favour adequate 
valve expansion. Of course, this last aspect would 
be more important for self-expandable than for 
balloon-expandable valves. On the other side, the 
balloon itself can carry a risk of tissue rupture. A 
reasonable approach therefore could be to avoid 
predilatation with balloon-expandable devices 
and perform just a soft predilatation with other 
devices.

19.4  Increased Aortic Angulation

Since the early days of TAVI, increased angula-
tion between the aortic root and the LVOT has 
been reported to be associated with increased 
residual aortic regurgitation after the implanta-
tion of CoreValve devices [15]. Over the years, 
the angle between the horizontal plane and the 
plane of the aortic annulus became more com-
monly used to describe aortic angulation, and the 

term “horizontal aorta” defined extreme forms of 
angulation in which the aortic annulus is nearly 
vertical, causing technical difficulty in achieving 
optimal CoreValve prosthesis positioning [16]. 
Indeed, angulation >70° has been an exclusion 
criteria for randomized trials on CoreValve trans-
femoral TAVI [17].

A recent study compared the outcomes of 
patients with vs. without significant aortic angu-
lation, separately in balloon Edwards and self- 
expandable CoreValve prostheses [18]. While in 
the balloon-expandable devices, no impact was 
observed; in the self-expandable group, increased 
aortic angulation adversely influenced procedural 
success. In this last group, the numerical cut-off 
for aortic angulation with the highest sum of sen-
sitivity and specificity for device success was 
≥48°. Patients whose angulation was ≥48° were 
associated with an increased need for a second 
valve and, post-dilation, had increased fluoros-
copy time and increased valve embolization and 
had increased post-procedural paravalvular 
regurgitation. Follow-up mortality however up to 
6 months was similar. Commonly advocated rea-
sons for the difference between self- vs. balloon- 
expandable valves are the longer stent frame of 
self-expandable prostheses, which suffers from 
the dimensions and relative positions of ascend-
ing aorta-sinotubular junction-aortic annulus- 
LVOT, and the lack of flexibility and active 
steering of the delivery shaft, Fig. 19.8.

Several technical tips and tricks have been 
proposed to mitigate the effect of increased 

a b

Fig. 19.7 Calcifications in the left ventricle outflow tract with different dimensions, shapes and risk of rupture. (a) 
Oblong high-risk calcium. (b) Flat low-risk calcium
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aortic angulation during CoreValve implanta-
tion [19]. The most effective would be the use 
of a direct transaortic approach that would pro-
vide the best manoeuvrability and precision. In 
case of transfemoral route, best practice tech-
niques include alignment of the delivery cath-
eter along the greater curvature of the aorta 
using stiffer guidelines (e.g. Super Stiff 
Amplatz or Lunderquist 0.035-in. guidewires), 
stabilization of the delivery catheter using gen-
tle forward force on the delivery catheter 
guidewire positioned in the left ventricular 
apex, alignment of the delivery catheter marker 
to allow visualization of the inflow of the pros-
thesis in a coaxial alignment, slow deployment 
and controlled annular contact to stabilized the 
valve frame, avoidance of deeper implantation 
by forward tension on the delivery guidewire 
and retraction on the catheter.

New-generation self-expandable valves as 
well as other devices may be useful in the setting 
of angulated aorta, but no evidence is currently 
available.

It should also be remembered that while the 
horizontal aorta is routinely easily used to find 
patients with challenging aortic angulation, it 
remains a raw approximation. The true problem 
lies in the misalignment between the ascending 
aorta—virtual basal ring—left ventricle and its 
consequences on bending of the device shaft, 
valve stent and LV guidewire. Indeed, recent evi-
dences suggest that the angulation between 
ascending aorta—left ventricle inflow long axis 
would best predict residual aortic regurgitation 
after TAVI [20]. Finally the aortic angulation only 
takes into account a single two-dimensional angle 
between the aorta and the LV, whose real relation-
ship on the other hand is three- dimensional, but 

a

c d

b

Fig. 19.8 Pre-procedure CT showes an almost vertical aor-
tic annulus (a), successfully treated with a SAPIEN 3 pros-
thesis with no residual paravalvular leak (b). Pre-procedure 

CT showes a severely (>70%) horizontal aorta (c), treated 
with a CoreValve prosthesis. The device remained too low 
with residual moderate paravalvular leak (d).
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no clear knowledge is currently established on 
three-dimensional aorta-LV alignment and its 
impact on TAVI.

19.5  Low Coronary Arteries

With old-generation devices, coronary obstruc-
tion after TAVI was a rare complication occurring 
in <1% of cases, but it could lead to a high 30-day 
mortality (≈40%) despite prompt intervention 
[21]. The left main was most frequently involved. 
Low-lying coronary ostium and shallow sinus of 
Valsalva were observed to be predictive anatomi-
cal factors. Also, coronary obstruction was found 
to be more frequent in patients receiving balloon- 
expandable valves.

In the common practice, the safety threshold 
for coronary ostium distance from the aortic 
valve virtual basal ring is usually considered 
10  mm, but most cases below 10  mm can also 
easily be treated since the aortic root is usually 
wide enough, Fig. 19.9. Once again, preoperative 
careful assessment of the specific anatomy with 
computed tomography is key to identify patients 
who are at high risk for coronary obstruction, 
above all those with narrow aortic root.

In such risky anatomies, the choice, sizing 
and implantation technique of the device should 
be individualized for each single patient, the 
use of a repositionable device, avoidance of 
excessive oversizing and a slightly lower-than-
usual implantation being reasonable decisions. 
When high risk is anticipated, similar to the 

valve-in- valve setting, coronary protection [22] 
with wiring and stent standby should be 
considered.

Together with the increasing experience of 
operators, the use of new-generation devices also 
seems to reduce the incidence of coronary 
obstruction [23], although few data are still 
available.

19.6  Challenging Femoral Access

The transfemoral route has by now become the 
preferred option for TAVI because of the advan-
tages associated with its reduced invasiveness 
[24]. Over the years, the rapid evolution of 
devices and sheaths led to significant a reduction 
in the rate of transfemoral complications; never-
theless, vascular injuries remain still today 
observed in a not negligible ≈5% of patients [23]. 
Small vessel calibre (minimal artery diameter 
smaller than the external sheath diameter or 
sheath-to-femoral artery ratio >1.05), severe ves-
sel calcification (especially when circumferen-
tial) and centre experience have been identified 
as major predictors of iliofemoral vascular com-
plications [25].

Smaller introducers currently available in the 
clinical practice are down to 14Fr. Notably, in 
most cases and unless otherwise specified, the Fr 
size refers to inner sheath diameter, which means 
that the true outer diameter will be ≈2Fr larger. 
Indeed, vascular minimal lumen diameter 
≥5.5 mm is currently considered safe for TAVI.

a b c

Fig. 19.9 A case of low left main treated with TAVI. (a) 
Preoperative computed tomography showed low ostium 
of the left main but wide sinus of Valsalva. (b) Angiography 

prior to TAVI procedure confirms wide aortic root. (c) 
Final angiography after TAVI confirms good left main 
perfusion
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A limited number of cases of transfemoral 
TAVI in iliofemoral axes <5.5  mm have been 
reported [26]. In all these patients, pre-dilatation 
with semi-compliant balloons or dilatation with a 
Solopath sheath (Terumo, Somerset, NJ, USA) 
was used to allow the passage of the valve shaft, 
Fig.  19.10. Periprocedural vascular complica-
tions occurred in one fourth of patients. Recently, 
intra-vascular lithotripsy has provided initial 
promising results in selected TAVI patients 
affected by severely calcified ilio-femoral 
vessels.

Unlike vessel size and calcifications, tortuos-
ity of the arterial route has not been clearly asso-
ciated with increased vascular complications [25] 
because the arteries usually straighten out in the 

presence of a stiff wire. Nevertheless, severe tor-
tuosity can make the procedure extremely diffi-
cult due to impossible advancement of the 
catheters or impaired manoeuvrability. Tortuosity 
remains difficult to define, measure and standard-
ize. The most useful technical trick to overcome 
a difficult tortuosity in case a single stiff wire is 
not enough is to add a second stiff wire in the 
aortic root to be used as a “buddy-wire” [27]: this 
second wire will not only straighten the route but 
also provide direct support to the valve shaft to 
advance Fig. 19.11.

As a general safety rule, when a difficult 
access is anticipated, stiff wire should be used to 
insert even small introducers, and wiring of the 
superficial femoral artery from crossover or 

a b c d

Fig. 19.10 Severely calcific iliofemoral axis successfully 
treated with TAVI. (a) Diffused calcium, minimal lumen 
diameter ≈4 mm. (b) Pre-procedure angiography, diffused 
atherosclerosis with severe stenosis impairing wires and 

catheter passage. (c) 8 mm semi-compliant balloon dilata-
tion of the axis prior to TAVI sheath insertion. (d) Final 
angiography after TAVI sheath removal, adequate flow 
with no residual issue

a b c

Fig. 19.11 Severely tortuous transfemoral route success-
fully treated with TAVI. (a) Preoperative 3D computed 
tomography reconstruction. (b) With conventional single 

stiff wire, the valve shaft prolapses with impossible 
advancement. (c) With two (“buddy technique”) stiff wires, 
the valve shaft successfully advances to the aortic valve
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radial access should be pre-performed to allow 
the positioning of a balloon or even a covered 
stent if required [28].

Although today the boundaries of transfemo-
ral TAVI can be pushed to treat almost all patients 
that come at the cost of increased complication 
rate. Other approaches are available for TAVI and 
should be considered to offer the patients the 
lowest possible risk procedure. Specifically, 
trans-axillary access should be preferred as the 
top second option, provided that anatomy is suit-
able, because it is now feasible in a totally percu-
taneous fashion [29], and it is the only 
“alternative” route to have shown similar out-
comes to those of the transfemoral approach (bet-
ter than transapical and transaortic) [30].

19.7  Flipping the Therapy 
of Aortic Stenosis Upside 
Down?

Figure 19.12 depicts what has been in the past the 
evolution of other therapies for the correction of 
structural heart diseases (such as atrial septal 
defect and mitral stenosis).

Where does TAVI stand today in such 
process?

In the early days, patients submitted to TAVI 
have been inoperable or very high-risk patients 
for SAVR.  In such extreme cases, despite the 
roughness of initial devices, TAVI provided a 
benefit compared to medical therapy [31], 

 yielding similar if not even a better clinical out-
come compared to surgery [32, 33].

Over the following years, thanks to its promis-
ing results and rapid technological improvement, 
TAVI has become increasingly adopted in 
intermediate- risk elderly patients. In this health-
ier setting, TAVI confirmed to be a non-inferior 
alternative to surgery [34], and a survival benefit 
with the transfemoral approach compared to 
SAVR was actually observed [35, 36]. Indeed, 
TAVI has now become as a matter of fact the 
first-choice treatment for aortic stenosis in inter-
mediate- and high-risk elderly patients.

Today the use of TAVI is currently under 
investigation in low-risk patients [37], and out-
side the clinical trials, low-risk patients have 
been treated already [38]. Moreover, besides the 
risk profile, a trend towards treating a “younger” 
age population has also recently emerged, and 
indeed according to the 2017 European 
Guidelines, the “younger” age threshold of 
75 years now favours TAVI over SAVR [1].

The expansion of TAVI to younger, lower-risk 
patients (with a longer and more active life 
expectancy) makes more important than in the 
past the ability to provide optimal sustained long- 
term outcomes. In this scenario, it becomes cru-
cial that, as discussed in this chapter, some 
specific patient’s anatomies can increase the 
TAVI procedural risks (tissue perforation, coro-
nary obstruction, vascular complications) and 
leave suboptimal acute results (residual aortic 
regurgitation, conduction disturbances, prosthe-
sis under-expansion) which in turn can  undermine 

EVOLUTION OF INTERVENTIONS

Surgery is the only treatment

Surgery is the gold standard treatment

Surgery is the preferred treatment in low-intermediate risk

Transcatheter interventions are performed in intermediate risk

Surgery is performed in patients with contraindications to
transcatheter approach

Fig. 19.12 Evolution of 
structural heart 
interventions, courtesy 
of Francesco Maisano
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the long-term outcomes [25, 39]. Of note, 
although some of TAVI weak points may be 
reduced in the less diseased younger low-risk 
patients (e.g. less vascular complications in less 
calcific iliofemoral routes), others are likely to 
remain noteworthy or maybe become even more 
important (e.g. BAV, valve durability).

Today, we have reached the point where we 
start to face younger, low-risk, operable patients 
who have unfavourable anatomy for TAVI.  In 
such cases, we should pause and carefully assess 
if TAVI can provide the patient the safest, good, 
durable result he deserves and critically recog-
nize it that is not the case. If contraindications to 
TAVI are found and an optimal result cannot be 
anticipated, rediscussion within the Heart Team 
and with the patient should be done. After rebal-
ancing the individual pros and cons, TAVI may 
be confirmed to be acceptable or SAVR may be 
reconsidered, to provide to each person the saf-
est, more effective and more durable result.

Today, in the setting of younger, low-risk, 
operable patients, the quality bar for TAVI has 
been raised.

19.8  Conclusions

Some anatomical features may increase the TAVI 
procedure complexity and its risks, as well as 
impair the outcomes. Several technological 
improvement and technical expedients allow to 
overcome most challenges, but careful individual 
approach to each single patient is required. In the 
setting of younger, lower-risk, operable patients, 
an unfavourable anatomy should prompt towards 
a Heart Team patient-tailored rediscussion, and 
surgery may be reconsidered to provide each per-
son the best possible result.
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Abbott Structural Heart Program 
for Transcatheter Aortic Valve 
Implantation

Vincent J. Nijenhuis, Jorn Brouwer, 
Pierfrancesco Agostoni, and Jurrien M. ten Berg

20.1  Introduction

Transcatheter aortic valve implantation (TAVI), 
also called transcatheter aortic valve replacement 
(TAVR), plays a key role in the treatment of 
severe aortic stenosis. Pivotal TAVI studies that 
form the base for this treatment were carried out 
using the balloon- expandable Edwards SAPIEN 
and SAPIEN XT valves (Edwards Lifesciences, 
Irvine, CA) and the self-expanding CoreValve 
system (Medtronic Inc., Minneapolis, MN). 
These TAVI devices have achieved favorable 
results in terms of clinical outcomes and valve 
performance. However, complications such as 
valve malpositioning, paravalvular leak (PVL), 
and conduction disturbances requiring perma-
nent pacemaker implantation have emerged as 
important limitations of this procedure.

The Portico™ TAVI valve (Abbott Vascular, 
Abbott Park, IL) is a bovine pericardial tri-leaflet 
valve mounted inside a self-expanding nitinol 
stent. A porcine pericardial tissue skirt is sutured 
to the inside of the lower stent section and acts as 

a sealing cuff intended to reduce PVL. The device 
is designed for intra-annular placement and is 
fully re-sheathable, repositionable, and retriev-
able until deployed. The Abbott Structural Heart 
Portico™ TAVI system has been available com-
mercially in Europe and other geographies since 
2012. At the time of this publication, the Portico™ 
valve and accessory components are investiga-
tional devices in the United States and Canada. In 
the current chapter, we describe the properties of 
the valve system and the implantation techniques, 
summarize the experience and available data, and 
provide an outlook to future developments.

20.2  Abbott Portico™ TAVI System

20.2.1  Portico™ Transcatheter Aortic 
Valve

The Abbott Portico™ TAVI valve (Fig. 20.1) is a 
bovine pericardial tri-leaflet valve treated with 
Linx™ anti-calcification technology, mounted 
inside a self-expanding nitinol stent. A porcine 
pericardial tissue skirt is sutured to the inside of 
the lower stent section and acts as a sealing cuff 
intended to reduce PVL and to minimize leaflet 
contact with the stent. The device is designed for 
intra-annular placement and is fully re- sheathable, 
repositionable, and retrievable until deployed.

The Portico™ valve is available in four sizes 
(23 mm, 25 mm, 27 mm, and 29 mm) that are 
intended to treat patients with a native annulus 
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size ranging from 19 to 27  mm, respectively 
(see Table 20.1).

20.2.2  Abbott Portico™ Delivery 
Systems

Dedicated delivery systems for the Portico™ 
valve (Figs. 20.2 and 20.3) are available for trans-
femoral access with a working length of 110 cm 
and alternative access (axillary/subclavian and 
transaortic) with a working length of 65 cm. Both 
configurations share the same basic design for 
the distal deployment end, the sheath body, and 
the proximal handle.

Portico™ delivery systems are over-the-wire, 
0.035″ compatible systems and are 14 French (F) 
expandable sheath compatible. Both delivery 
systems use the same loading system according 
to the selected valve size.

The distal deployment end of the delivery sys-
tem features an atraumatic radiopaque tip along 
with a radiopaque inner member marker band. 
The radiopaque marker band provides a reference 
point for alignment of the Portico™ valve with 
the native annulus during initial valve deploy-

Fig. 20.1 Portico™ 
transcatheter aortic 
valve. Courtesy of 
Abbott Vascular, Abbott 
Park, IL

Table  20.1 Patient anatomical measurements

Portico™ valve size 
(mm)

Model 
number

Annulus size treated 
(mm)

Ascending aorta diameter 
(mm)

Vascular access diameter 
(mm)

23 PRT-23 19–21 26–36 ≥6.0
25 PRT-25 21–23 28–38 ≥6.0
27 PRT-27 23–25 30–40 ≥6.5
29 PRT-29 25–27 32–42 ≥6.5

Fig. 20.2 Portico™ transfemoral delivery system. 
Courtesy of Abbott Vascular, Abbott Park, IL
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ment. A protective outer sheath covers and con-
tains the valve in a collapsed profile, while the 
valve is held by the retainer receptacle. The outer 
sheath features a radiopaque distal marker band 
that serves as a reference point to determine the 
extent of valve deployment.

The macro adjustment slide on the proximal 
handle is used to open the distal sheath during 
valve loading and close the sheath after valve 
deployment.

When the deployment/re-sheath knob is 
turned, the outer sheath is retracted into the 
delivery system, allowing gradual deployment of 
the valve. The delivery system deploys the annu-
lus end of the valve first. The position of a par-
tially deployed valve can be evaluated, and if 
needed, the valve can be re-sheathed and rede-
ployed for optimal placement in the native anat-
omy. Valve re-sheathing and redeployment can 
be performed provided that the valve has not 
been fully released from the delivery system. 
The valve is re-sheathed by reversing the deploy-
ment/re-sheath knob.

The Portico™ TAVI system has been available 
commercially in Europe and other geographies 
since 2012. At the time of this publication, the 
Portico™ valve and accessory components are 
investigational devices in the United States and 
Canada.

20.2.3  Implantation of the Portico™ 
Valve

Important recommendations for optimal implan-
tation of the Portico™ valve include the use of 
balloon pre-dilation and slow, gradual deploy-
ment of the valve.

Balloon pre-dilation provides more room for 
the self-expanding TAVI implant to move freely 
during deployment, allowing a more precise, 
well-controlled deployment, and allows for sta-
ble hemodynamics. Usually, a 20 mm balloon is 
appropriate to achieve these benefits while mini-
mizing the chance of aortic regurgitation or annu-
lar damage.

Following pre-dilation, a very slow and grad-
ual deployment technique provides maximum 
positioning control and predictable deployment 
behavior, allowing the valve to be implanted at 
the position chosen by the operators.

The main steps of the optimal positioning and 
deployment of the Portico™ valve are discussed 
below.

20.2.3.1  Valve Positioning
The target implant depth is 3–5 mm below the 
annulus, i.e., relative to the bottom of the pig-
tail catheter in the non-coronary cusp 
(Fig. 20.4). The Portico™ valve provides stable 

Macro Adjustment Slide

Implant de-air lumen

Deployment/Re-sheath Knob

Locking Slide Guidewire/Flushing Port

Release Lever

Proximal Shaft

Fig. 20.3 Portico™ delivery system handle. Courtesy of Abbott Vascular, Abbott Park, IL
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hemodynamics throughout the deployment 
phase, and rapid pacing is usually not required. 
Once the target implant depth is reached, the 
dial knob on the proximal handle is turned rela-
tively quickly until the delivery sheath reaches 
the struts. At this point, the operator should 
wait for 45 s to release any retained energy in 
delivery system cable.

20.2.3.2  Deployment
During deployment, one operator should keep the 
struts at 3–5 mm below the annulus, while a sec-
ond operator slowly deploys the valve. 
Deployment should be done in small, sequential 
steps, each involving a single turn of the deploy-
ment knob followed by waiting approximately 
10 s to allow the nitinol stent to expand uniformly 
and settle into the annulus. Once the frame has 
started to “flower,” the struts need to be aligned to 
be able to evaluate the true depth below the annu-
lus. These steps are repeated until 80–90% 
deployment is achieved.

20.2.3.3  PVL Assessment
PVL is usually assessed after full release. The 
presence and degree of PVL is best assessed by a 
combination of aortogram, echocardiography, 
and hemodynamics. If more than trace PVL is 
observed, balloon post-dilation should be consid-
ered, using a balloon size that is not greater than 
the mean diameter of the native annulus, as mea-
sured by CT.

20.2.4  Future Outlook

20.2.4.1  Abbott Structural Heart 
Next-Generation TAVI 
Implant

The Abbott Structural Heart Next-Generation 
TAVI Implant (Fig. 20.5) will incorporate further 
design enhancements to minimize/eliminate 
PVL. Furthermore, design adaptations are aimed 
at further improvement of implant stability while 

Target
Depth

Target
Depth

3.5
mm

3.5
mm

4 mm

4 mm

27-29 mm
Valves

23-25 mm
Valves

Fig. 20.4 Positioning of the Portico™ valve. Target depth can be related to the height of the stent cells. Courtesy of 
Abbott Vascular, Abbott Park, IL

Fig. 20.5 Abbott SH Next-Generation TAVI Implant. 
Courtesy of Abbott Vascular, Abbott Park, IL
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maintaining excellent valve hemodynamics and 
durability, without any increase to the delivery 
profile.

20.2.4.2  Next-Generation FlexNav™ 
Transcatheter Valve Delivery 
System

Abbott’s Next-Generation FlexNav™ Tran-
scatheter Valve Delivery System (Fig.  20.6) is 
being designed to facilitate low-profile access with 
an integrated sheath (14F and 15F equivalent inner 
diameter for the two smaller and two larger valve 
sizes, respectively). In addition, design enhance-
ments are intended to achieve advanced trackabil-
ity and placement accuracy to reduce manipulation 
at the access site. A hydrophilic coating is being 
added to enhance insertion and deliverability. The 
handle is being redesigned with additional ergo-
nomic and ease of use elements.

20.3  Summary of Clinical 
Experience with the Portico™ 
TAVI System

20.3.1  Overview

Following an extensive preclinical test program, 
clinical investigations on the Portico™ TAVI 
valve and its delivery systems were started in 
2011. Meanwhile, prospective clinical studies 
have been completed in six cohorts, and four 
additional clinical trials are currently ongoing 
(Table  20.2). The series of evaluations were 

designed to establish a robust portfolio of safety 
and performance data on the Portico™ transcath-
eter heart valve and transfemoral delivery system 
in patients with severe symptomatic aortic steno-
sis, who are at high and extreme risk for conven-
tional surgical aortic valve replacement.

All clinical evaluations were completed under 
the following key considerations for consistency 
and to facilitate interpretation of results:

• Comparable patient cohort and outcome defi-
nitions, eligibility criteria, safety and effec-
tiveness endpoints, sample size, and overall 
methods across studies.

• Criteria and assessment methods follow Valve 
Academic Research Consortium (VARC I or 
II) definitions and standards.

• Neurological assessment methods follow US 
FDA guidance.

• Global expert advisory committee utilized for 
oversight, including a subject selection com-
mittee to confirm all subjects were appropriate 
candidates for transcatheter aortic valve place-
ment and met the high-risk designation.

Results from the two first-in-human (FIH) 
studies were published in 2012 [1, 2]. These stud-
ies were the foundation for the Portico™ TAVI 
System Conformité Européenne (CE) Mark study 
which included three separate cohorts and sup-
ported CE Mark approval for all four valve sizes 
in Europe. At completion, this study enrolled a 
total of 222 patients. Initial 30-day results of 
patients implanted with the 23  mm and 25  mm 
valves (n  =  100) were published in 2016 [3]. 
Thirty-day and 1-year outcome data for all four 
Portico™ valve sizes were published shortly 
thereafter [4, 5].

20.3.2  First-in-Human (FIH) Studies

Two FIH clinical investigations were conducted 
in Canada [2] and Europe [1] in 2011 to assess 
the technical feasibility and procedural safety of 
transfemoral implantation of the first available 
size (23 mm) Portico™ valve.

Fig. 20.6 Abbott’s Next-Generation TAVR FlexNav™ 
Delivery System. Courtesy of Abbott Vascular, Abbott 
Park, IL
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The Canadian FIH study enrolled ten patients 
from June to September 2011 from St. Paul’s 
Vancouver Hospital and Quebec Heart and Lung 
Institute, Quebec City, Canada. Shortly thereaf-
ter, the European FIH study was initiated, and ten 
additional high-risk patients were enrolled from 
August to September 2011 from the Royal 
Victoria Hospital, Belfast, Northern Ireland, 
UK. All patients enrolled in the FIH studies were 
followed up to 1 year.

Key inclusion criteria for patients enrolled in 
the FIH studies are listed in Table 20.3.

Baseline characteristics of the 20 subjects 
enrolled across the two FIH studies are presented 
in Table 20.4. All enrolled patients were female 
due to the annulus size range suitable for implan-
tation of the Portico™ 23 mm valve.

Procedural and 30-day safety outcomes in the 
FIH studies are summarized in Table 20.5 [1, 2]. 
Prosthetic valve delivery, deployment, removal 
of the delivery system, and percutaneous vascular 
closure were successful in all patients. Initial 
positioning of the Portico™ valve was subopti-
mal in 6 of the 20 patients. In all six cases, re- 
sheathing and repositioning of the valve was 
easily accomplished without withdrawing the 
system out of the aortic root. One patient had a 
moderate PVL because the valve was positioned 
too low; this resolved after snaring and pulling 
the valve a little higher. However, this patient 
required a second Portico™ 23 mm valve (TAVI- 
in- TAVI) to be implanted at 7 days post proce-
dure to resolve intermittent prosthetic leaflet 
dysfunction.

Table 20.2 Clinical investigations for the Portico™ TAVI system

Study series Sample size Geography Status Published results
Portico™ EU 
First-in-Human 
TF-23 mm

10 UK (1 site) 12-month follow-up 
completed

30-day results published 
(n = 10) [1]

Portico™ Canadian 
Special Access 
First-in-Human 
TF-23 mm

10 Canada (2 
sites)

Follow-up completed 30-day results published 
(n = 10) [2]

Portico™ Canadian 
Special Access Long 
Term Follow-up

10 Canada (2 
sites)

12-month follow-up 
completed

–

Portico™ TAVI 
system CE Mark 
study: 23 mm

50 EU (5 sites) 12-month follow-up 
completed

30-day results published 
(23/25 mm; n = 100) [3]

Portico™ TAVI 
system CE Mark 
study: 25 mm

50 EU (7 sites) 12-month follow-up 
completed

30-day results published 
(23/25 mm; n = 100) [3]

Portico™ TAVI 
system CE Mark 
study: 27/29 mm

120 EU/AUS (12 
sites)

12-month follow-up 
complete

30-day and 1-year results 
published 
(23/25/27/29 mm; n = 222) 
[4, 5]

Portico™ I PMCF 
study

1046 Worldwide 
(65 sites)

Enrollment and 30-day 
follow-up completed 1032 
total (973 cohort A; 59 
cohort B)

30-day results on cohort A 
to be presented at EuroPCR 
2018

Portico™ US 
Pivotal IDE Trial

758 (randomized vs. 
commercially 
available valve)

USA and 
Australia (70 
sites)

Enrollment completed in 
randomized arm. 
Enrollment in registries 
and follow-up ongoing

–

Portico™ 
Alternative Access 
CE Mark Trial

90 EU (12 sites) Enrollment and follow-up 
ongoing

–

Portico™ Japan 
PMA study

50 Japan (8 sites) Enrollment and follow-up 
ongoing

–

V. J. Nijenhuis et al.
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At 30 days post-TAVI, there were no reported 
deaths, myocardial infarctions, life-threatening 
or disabling bleeding events, or major vascular 
complications. One patient reported a minor 
stroke (modified Rankin score 1), and one patient 
experienced a minor vascular complication 
(hematoma). New left bundle branch block devel-

oped in five patients. None of the 18 patients 
without a pre-existing pacemaker required inser-
tion of a permanent pacemaker. Echocardiography 
at 30  days showed significant improvements in 
aortic valve area and mean transaortic gradient 
compared with baseline and none/trivial paraval-
vular aortic regurgitation in 14 patients (70%). 
Moderate paravalvular regurgitation was reported 
in only one case at 30 days. Compared to base-
line, all patients improved in functional status, 
with 16 patients (80%) classified as New  York 

Table 20.3 Portico™ 23  mm valve FIH studies—key 
inclusion criteria

Symptomatic severe aortic stenosis, confirmed by 
echocardiography
Native annulus diameter 19–21 mm
No atrial or ventricular thrombus
Mitral regurgitation < Grade 3
Normal–mild left ventricular hypertrophy (0.6–1.8 cm)
No subaortic stenosis
Annulus to aorta angle <70%
Sinus of Valsalva width ≥27 mm
Sinus of Valsalva height ≥15 mm
Ascending aortic diameter 28–36 mm
Aortic arch angulation: large radius turn. Patients with 
high angulation or sharp bend were excluded
Vascular access diameter >6 mm
Annulus eccentricity: maximum/minimum annulus 
diameter ratio ≥0.7

Table 20.4 Portico™ 23 mm valve FIH studies—base-
line characteristics

Characteristic
Canadian FIH 
(n = 10)

European FIH 
(n = 10)

Age at consent date 
(years)

82.4 ± 5.7 85.8 ± 2.7

Sex (female) 10 (100%) 10 (100%)
STS risk score (%) 8.1 ± 3.2 6.5 ± 2.4
Logistic 
EuroSCORE (%)

NA 18.9 (9.6)

NYHA II 2/10 (20.0%) 3/10 (30.0%)
NYHA III/IV 8/10 (80.0%) 7/10 (70.0%)
Mean AVA (cm2) 0.62 ± 0.15 0.7 ± 0.2a

Mean transaortic 
gradient (mmHg)

44.5 ± 17.5 40.7 ± 12.6

LVEF (%) 57.3 ± 13.8 64.4 ± 6.8
Prior CABG 1 (10%) 2 (20.0%)
Prior pacemaker 1 (10%) 1 (10.0%)
Frailty 7 (70%) NA
Porcelain aorta 1 (10%) 2 (20.0%)
Diabetes 5 (50%) 1 (10.0%)
Renal failure 3 (30%) 1 (10%)

Data presented as mean ± SD or n (%)
NA not available, STS Society of Thoracic Surgeons, 
NYHA New York Heart Association
aBased on data from six patients

Table 20.5 Portico™ 23 mm valve FIH studies—proce-
dural and 30-day outcomes

Characteristic
Canadian FIH 
(N = 10)

European FIH 
(N = 10)

Procedural outcomes
Local anesthesia 0 10 (100%)
Procedural time (min) NA 54 (10.4)
Valve-in-valve 1 (10%) 0
Re-sheathing (%) 4 (40%) 2 (20%)
30-day outcomes
Mortality 0 0
Major (disabling) 
stroke

0 0

Minor (non-disabling) 
stroke

1 (10%) 0

Myocardial infarction 0 0
Acute kidney disease, 
stage III

0 0

Major vascular 
complications

0 0

Minor vascular 
complications

1 (10%) 0

Life-threatening or 
disabling bleeding

0 0

Permanent pacemaker 0 0
New left bundle 
branch block

2 (20%) 3 (30%)

Readmission to 
hospital

0 0

Paravalvular aortic 
regurgitation
None/trivial 5 (50%) 7 (70%)
Mild 4 (40%) 3 (30%)
Moderate 1 (10%) 0
Severe 0 0
Aortic valve area 
(cm2)

1.3 ± 0.2 1.5 ± 0.3a

Mean transaortic 
gradient (mmHg)

10.9 ± 3.8 7.8 ± 3.2

Data presented as mean ± SD or n (%). NA not available
aBased on data from four patients
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Heart Association (NYHA) functional class I and 
4 patients (25%) as NYHA functional class II at 
30 days.

Results from the two FIH studies showed that 
implantation of the Portico™ 23  mm device 
using the transfemoral delivery system in a popu-
lation of elderly patients with symptomatic severe 
aortic stenosis who are at high surgical risk was 
feasible and safe. Acceptable safety and perfor-
mance were confirmed by low adverse event rates 
and appropriate valve performance at 30  days 
and improvements in NYHA classification com-
pared to baseline. These results justified further 
investigation of the Portico™ valve in larger, 
multicenter clinical trials (Courtesy of Abbott 
Vascular, Abbott Park, IL).

Early clinical results were further reported by 
Perlman et al. [6] from 57 patients, including the 
Canadian FIH cohort and additional early clinical 
experience in Canada, using all four valve sizes 
of the Portico™ TAVI system. Implantations 
were performed by transfemoral approach 
(n = 41) and non-transfemoral approach (n = 16). 
All-cause mortality rates at 30 days and 1 year 
were 3.5% and 15.8%, respectively. Compared 
with non-transfemoral cases, transfemoral cases 
were associated with numerically lower rates of 
30-day mortality (0% vs. 12.5%), stroke (4.9% 
vs. 12.5%), and life-threatening bleeding (2.4% 
vs. 12.5%), although none of the differences 
reached statistical significance. More-than- 
moderate PVL was observed in two cases (3.5%) 
at 30 days and in four cases (10.3% of 39 patients) 
at 1-year post-TAVI. Implantation of a new pace-
maker was required in five patients (10.4% of 
patients without previous pacemaker).

20.3.3  Portico™ TAVI System CE Mark 
Study

The Portico™ TAVI system CE Mark study was 
a prospective, non-randomized, multicenter clini-
cal study designed to assess the safety and perfor-
mance of the full family of Portico™ valve sizes 
at 30  days through to 1  year [3–5]. Between 
December 2011 and September 2015, the study 

enrolled 222 patients with symptomatic, severe 
aortic stenosis at high surgical risk across 12 cen-
ters in Europe (n = 11) and Australia (n = 1). Due 
to the sequential release of valve sizes into the 
study in Europe, subjects were enrolled in three 
separate cohorts commencing with the Portico™ 
23 mm valve cohort on December 6, 2011, the 
25 mm valve cohort on January 14, 2013, and the 
27/29 mm valve cohort on February 13, 2014.

All patients had senile degenerative aortic 
valve stenosis confirmed by echocardiography. 
Valve selection was based on CT-derived annulus 
sizing, and an independent Subject Selection 
Committee confirmed the eligibility of all 
patients.

A total of 220 patients had a Portico™ valve 
implanted; 50 patients were each implanted with 
the 23  mm and 25  mm valve, and 60 patients 
were each implanted with the 27 mm and 29 mm 
valve. Two subjects had an unsuccessful implan-
tation attempt of a Portico™ 25 mm valve. These 
two subjects were followed through to 30 days. 
Table 20.6 summarizes demographics and base-
line data of the 222 enrolled patients.

The procedural outcomes are presented in 
Table 20.7. The re-sheathing feature was used in 
73 procedures (33.0%) and was successful with-

Table 20.6 Portico™ TAVI system CE Mark study—
demographics and baseline characteristics [4, 5]

Characteristic N = 222
Age at consent date (years) 83.0 ± 4.6
Sex (female) 165 (74.3%)
STS risk score (%) 5.8 ± 3.3
Logistic EuroSCORE (%) (23/25 mm 
only)

16.7 ± 7.5

EuroSCORE II (27/29 mm only) 6.0 ± 5.6
NYHA II 47 (21.2%)
NYHA III/IV 175 (78.8%)
Prior CABG 22 (9.9%)
Permanent pacemaker 24 (10.8%)
Porcelain aorta 8 (3.6%)
Diabetes 69 (31.1%)
Renal failure 73 (32.9%)
Pulmonary disease (any type) 74 (33.3%)
Renal failure/insufficiency 73 (32.9%)

Data presented as mean ± SD or n (%)
STS Society of Thoracic Surgeons, NYHA New  York 
Heart Association
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out complications in all cases. Post-dilation was 
performed in approximately one-third of the pro-
cedures (32.7%) to ensure full device expansion 
and annular sealing.

Kaplan-Meier estimates of key safety event 
rates at 30 days and 1-year post-TAVI are pre-
sented in Table 20.8. The study achieved a pri-
mary safety endpoint of 3.6% for all-cause 
mortality at 30 days across all four valve sizes. 
Overall permanent pacemaker implantation rate 
at 30 days was 13.5% and increased marginally 
to 14.9% at 1 year. Intraoperative factors, such 
as implant depth, valve re-sheathing, and post- 
dilation, which are generally known to be pre-
dictive for the need for a new pacemaker, were 
not shown to be significant predictors in this 
study.

Compared with baseline, effective orifice area, 
mean aortic valve gradient, and peak velocity sig-
nificantly improved at 30 days and at 1 year (all 
comparisons p < 0.0001; Table 20.9).

Of the 198 patients with analyzable PVL data 
at discharge, more-than-mild PVL was seen in 
5%, with no cases of severe PVL reported. More- 
than- mild PVL was present in 5.7% and 7.5% at 
30 days and 1 year, respectively.

Significant improvements in functional status 
were observed at 1 year compared to baseline. An 
improvement of at least 1 NYHA functional class 
was reported in 74.8% of the patients (p < 0.0001) 
at 1  year, while mean 6-min walk distance 
increased from 206  ±  117  m to 243  ±  108  m 
(p = 0.0001).

Overall, results through 1  year demonstrate 
that the full family of Portico™ valves is safe and 
has good clinical, functional, and hemodynamic 
outcomes.

20.3.4  Ongoing Portico™ Clinical 
Studies

Currently, several studies with the Portico™ 
TAVI system are enrolling patients and/or are in 
active follow-up (see Table 20.2). These studies 
are aimed at gaining access to additional 
 geographies and expanding indications for the 
Portico™ TAVI system in existing markets.

Table 20.7 Portico™ TAVI system CE Mark study—
procedural outcomes for enrolled patients [4]

Characteristic N = 222
Local anesthesia 162 (73.0%)
Procedural time (min) 37.7 ± 18.8
Valve-in-valve 4 (1.8%)
Balloon dilation pre-implant 220 (99.5%)
Balloon dilation post implant 72 (32.7%)
Number of inflations if post-dilation 1.1 ± 0.3
Valve re-sheathed
   Successful re-sheathing

73 (33.0%)
73 (100%)

Stent protrusion into LVOT (mm) 6.1 ± 2.2
Use of cardiopulmonary bypass 3 (1.4%)

Data presented as mean ± SD (n) or n (%)

Table 20.8 Portico™ TAVI system CE Mark study—
Kaplan-Meier adverse events rates at 30  days and 
1 year [5]

Characteristic 30 days 12 months
All-cause mortality 3.6% (8) 13.8% (29)
Cardiovascular mortality 3.6% (8) 9.4% (20)
Major (disabling) stroke 3.2% (7) 15.8% (12)
Myocardial infarction 3.2% (7) 3.2% (7)
Acute kidney disease, stage 
III

1.4% (3) 3.0% (6)

Major vascular 
complications

7.3% (16) 8.8% (19)

Life-threatening or disabling 
bleeding

3.6% (8) 5.2% (11)

Permanent pacemaker 13.6% (30) 14.7% (33)

Data presented as Kaplan-Meier event rates % (n)
Adverse events were adjudicated by an independent Clinical 
Event Committee using standardized VARC I criteria

Table 20.9 Portico™ TAVI system CE Mark study—
echocardiographic valve hemodynamics [5]

Variable Baseline 30 days 1 year
Effective 
orifice area 
(cm2)

0.7 ± 0.2 1.9 ± 0.5 1.7 ± 0.5

Mean aortic 
valve 
gradient 
(mmHg)

43.3 ± 14.6 8.3 ± 3.8 8.5 ± 3.6

Peak 
velocity 
(m/s)

411.2 ± 68.0 192.1 ± 42.3 194.3 ± 38.9

More-than- 
mild PVL

5.7 7.5

Data presented as mean ± standard error of the mean or %. 
Data adjudicated by an independent echocardiographic 
core laboratory
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20.3.4.1  Portico™ I Post-Market 
Clinical Follow-Up Study

The Portico™ I Post-Market Clinical Follow-Up 
(PMCF) study is expected to report on 30-day 
results for the full cohort of prospectively 
enrolled patients at EuroPCR 2018. This study is 
a prospective, multicenter, non-randomized, 
single- arm post-market clinical follow-up inves-
tigation. The study will provide long-term 
(5  years) safety and performance data on the 
Portico™ TAVI system from a large population 
of high surgical risk patients with symptomatic 
severe aortic stenosis. Performance and safety 
data of the Portico™ TAVI system are evaluated 
at 30 days and 1 year and annually thereafter for 
5 years, with 1-year all-cause mortality as the pri-
mary endpoint.

Study enrollment was completed in June 
2017, and 1-year follow-up data collection is 
expected to be complete for publication by late 
2018.

20.3.4.2  Portico™ US Pivotal IDE Trial
The Portico™ US Pivotal IDE Trial is a prospec-
tive, randomized, controlled, multicenter pivotal 
trial intended to demonstrate the safety and effec-
tiveness of the Portico™ System compared to 
commercially available devices in patients with 
symptomatic, severe, native aortic stenosis, who 
are considered high or extreme surgical risk. The 
Portico™ US Pivotal IDE Trial was paused for 
new enrollments, along with implants outside the 
United States on September 12, 2014, pending 
the results of a detailed investigation to gain bet-
ter insight into a leaflet motion observation 
exhibited on four-dimensional computed tomog-
raphy (4D-CT) videos of several patients in the 
Portico™ US Pivotal IDE Trial. Following a 
comprehensive investigation, it was determined 
that the leaflet motion observation was due to 
subclinical thrombus formation. All available 
data were meticulously reviewed, and it was 
determined that the presence of subclinical 
thrombus was not limited to the Portico™ valve 
and did not pose an increased safety risk. The 
FDA approved to reinitiate enrollment in the trial 
in 2015.

20.3.4.3  Portico™ Alternative Access 
CE Mark Trial

The Portico™ Alternative Access CE Mark Trial 
is a prospective, multicenter, non-randomized CE 
Mark study to assess the safety and early perfor-
mance of the Portico™ valve, implanted via sub-
clavian and transaortic access, using the Portico™ 
transfemoral or alternative access delivery sys-
tem. Data from the study will be used to support 
an expanded indication of the Portico™ TAVI 
system and to obtain CE Mark approval of the 
Portico™ alternative access delivery system for 
valve implantation via a subclavian/axillary or 
transaortic access site.

20.4  Discussion

The Abbott Structural Heart Portico™ TAVI sys-
tem provides a safe and effective treatment for 
patients with severe, symptomatic aortic stenosis 
who are considered to be at high or extreme risk 
for surgical aortic valve replacement. Early clini-
cal results with outcome up to 1-year post-TAVI 
have been reported in the literature from approxi-
mately 300 patients [1–6]. Accounting for the 
inevitable learning curve effect associated with 
the use of a new device, relatively low rates of 
mortality, stroke, and other major adverse events 
were reported, compared with other self- 
expanding and balloon-expandable TAVI sys-
tems [7]. The observed rates of early mortality as 
well as of disabling stroke are comparable with 
those reported from first- and second-generation 
TAVI systems [8–11], and 30-day mortality 
approaches the low procedural mortality rates 
reported for third-generation aortic valves 
implanted via transfemoral access [12, 13].

Results demonstrate the utility of the re- 
sheathing feature, facilitating optimal positioning 
of the valve [4, 6]. As an optimal valve position is 
a key prerequisite for valve performance and 
hemodynamic efficacy, the re-sheathing and 
repositioning capabilities of this self-expanding 
valve are highly appreciated among clinical 
users. Optimal valve positioning with minimal 
protrusion of the stent into the left ventricular 
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outflow tract, facilitated by the re-sheathing 
capability, may reduce the risk of permanent 
injury to the cardiac conduction system. In addi-
tion, the low frame height and non-flared annular 
skirt with the porcine pericardial sealing cuff pro-
vide a uniform distribution of radial forces to the 
native annular tissue, minimizing trauma to the 
conduction system. Indeed, permanent pace-
maker implantation rates reported from studies 
with the Portico™ valve are relatively low 
(approximately 10–15% [1, 2, 4, 6]), compared 
with those from other TAVI devices [14].

Other favorable implant-related characteris-
tics of the Portico™ TAVI system, reported in the 
literature, include the low insertion profile and 
the flexible delivery system. These properties 
were suggested to contribute to acceptably low 
rates of major vascular complications (7.3%) and 
life-threatening or disabling bleeding (3.6%) at 
30 days after implantation [5], comparable with 
other low-profile TAVI systems [13].

Reported results and experiences of early clin-
ical users of the Portico™ valve suggest that pre- 
dilation and gradual, slow valve deployment are 
crucial elements with regard to achieving appro-
priate, uniform stent deployment and minimal 
PVL. Pre-dilation is recommended by the manu-
facturer and was performed in approximately 
80–95% of the reported cases [4, 6]. Slow valve 
deployment allows the stent to accommodate 
within the native annulus and around calcific 
nodules. Throughout the deployment phase, the 
Portico™ valve is hemodynamically functional, 
eliminating the need for rapid pacing, which 
allows the operator to apply a slow, stepwise 
valve deployment. While slow valve deployment 
may be contra-intuitive to new users of this self- 
expanding aortic valve, a learning curve effect 
may be anticipated among operators introducing 
the Portico™ valve into their clinical routine. 
Publications of clinical data illustrating the learn-
ing curve effect with regard to the beneficial 
effect of slow deployment and pre-dilation on 
PVL reduction are expected shortly.

Implantation of the Portico™ valve was asso-
ciated with good hemodynamic function, charac-
terized by low (usually single-digit) transaortic 
valve gradients, improved aortic valve areas, and 

a low incidence of more-than-mild PVL [1–6]. 
The Portico™ TAVI CE Mark study [5] reported 
more-than-mild PVL at rates of 5.7% and 7.5% at 
30 days and 1 year, respectively. Severe PVL was 
rarely seen in any study with the Portico™ 
device. Overall, the totality of available clinical 
data indicates that the safety and performance 
profile associated with Portico™ use is compa-
rable to other self-expanding valves [8, 10, 15]. 
Moreover, the early occurrence of PVL did not 
significantly differ between the four available 
sizes of the Portico™ valve [4]. Other hemody-
namic outcomes were comparable with those 
reported from other balloon-expandable or self- 
expanding aortic valves [8, 10, 16].

20.5  Summarizing Conclusions

 – The Abbott Structural Heart Portico™ TAVI 
system comprises a self-expanding, biopros-
thetic aortic valve to be implanted intra- 
annularly using dedicated delivery systems. 
Additional design optimization is ongoing to 
further reduce the delivery profile and the 
degree of PVL.

 – Recommendations for valve implantation 
include the use of balloon pre-dilation and 
slow, gradual stent deployment.

 – Clinical studies at 1-year follow-up have 
shown acceptable safety and performance pro-
file of the Portico™ valve, including appropri-
ate hemodynamic function, low gradients, 
improved valve area, and a low degree of PVL.

 – While the Portico™ TAVI system for trans-
femoral delivery is CE marked in Europe, 
clinical studies are ongoing to obtain approval 
for other geographies including the United 
States and Japan and to expand the approved 
indications.
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21.1  The Lotus Valve System

21.1.1  System Description

21.1.1.1  Frame and Leaflet 
Composition and Design

The Lotus valve (Boston Scientific, Marlborough, 
MA, USA) consists of a glutaraldehyde-fixed (or 
cross-linked) bovine trileaflet bioprosthesis and a 
frame made of continuous braided nitinol with an 
outer polycarbonate-based urethane seal at its 
ventricular end. The device is magnetic reso-
nance conditional (i.e., poses no known hazards 
under specified conditions). The braided struc-
ture of the transcatheter heart valve (THV) frame 
is designed to shorten axially and expand radially 
during delivery and is then locked in this position 
using the “post and buckle” locking mechanism 
(Fig. 21.1 and Video 21.1).

It is available in three sizes (23, 25, 27 mm), 
corresponding to native annulus diameters rang-
ing from 20 to 27 mm (Table 21.1).

21.1.1.2  Delivery and Deployment
The Lotus valve is a 100% recapturable, reposi-
tionable, and retrievable THV that is partly self- 
expanding and mainly mechanically expanding 
[1]. During deployment, the frame shortens axi-
ally and expands radially, and the THV starts 
functioning early during deployment (Video 
21.1). This latter property ensures stable hemo-
dynamics during deployment which, together 
with repositionability, facilitates a comfortable 
and controlled THV release that does not require 
rapid pacing [1].

The Lotus valve is provided pre-attached to 
the delivery system through a post- and buckle- 
locking mechanism. Transfemoral and transaor-
tic approaches are possible, and the minimal 
vascular lumen diameter required is 6 mm for the 
18-Fr Lotus introducer sheath (for the 23  mm 
valve) and 6.5 mm for the 20-Fr introducer sheath 
(for the 25 and 27 mm valves).

The proximal end of the delivery system car-
ries the Lotus Controller which comprises two 
mechanisms (Fig. 21.2 and Videos 21.1 and 21.2):

• A sheathing/locking control knob: Rotating 
this knob counterclockwise unsheathes and 
locks the THV, while clockwise rotation 
unlocks and progressively resheathes it back. 

M. Abdelghani (*) 
Heart Center, Segeberger Kliniken,  
Bad Segeberg, Germany
e-mail: mohammad.abdelghani@segebergerkliniken.de

Cardiology Department, The Academic Medical 
Center, University of Amsterdam,  
Amsterdam, The Netherlands 

M. Abdel-Wahab 
Heart Center, Segeberger Kliniken, Bad Segeberg, 
Germany

21

Electronic Supplementary Material The online version 
of this chapter (https://doi.org/10.1007/978-3-030-05912-
5_21) contains supplementary material, which is available 
to authorized users.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05912-5_21&domain=pdf
https://doi.org/10.1007/978-3-030-05912-5_21
mailto:mohammad.abdelghani@segebergerkliniken.de
https://doi.org/10.1007/978-3-030-05912-5_21


256

The locking mechanism should be checked 
before attempting implantation. Counter-
clockwise rotation should lead to locking 
before a “click” is heard or felt, and further 
rotation should end up with a hard stop.

Step 1.
Fully sheathed

Step 2.
Unsheathing

Step 3.
Locking

19
 m

m

Locking mechanism

Adaptive seal

Radiopaque
positioning marker

Fig. 21.1 The mechanical expansion and locking mecha-
nisms of the Lotus Valve System. The sheathed device is 
70 mm long, the intermediate (unsheathed) configuration 

is shorter and broader, and the final (locked) configuration 
has a height of 19  mm and a transverse diameter of 
23–27 mm

Table 21.1 Dimensional data of the Lotus Valve System

Valve size 23 mm 25 mm 27 mm
Annulus Diameter 

(mm)
20–23 23–25 25–27

Area 
(mm2)

314–
415.5

415.5–
490.9

490.9–
572.6

Perimeter 
(mm)

62.8–
72.3

72.3–
78.5

78.5–
84.8

Device/annulus 
perimeter 
oversizing (%)

0–13 0–8 0–7

Left ventricular 
outflow tract

Diameter 
(mm)

20–23 23–25 25–27

Perimeter 
(mm)

314–
415.5

415.5–
490.9

490.9–
572.6

Area 
(mm2)

62.8–
72.3

72.3–
78.5

78.5–
84.8

Sinus of 
Valsalva

Area too 
small 
(mm2)

<540 <595 <650

Ideal area 
(mm2)

>600 >700 >800

Area too 
large 
(mm2)

>1100 >1200 >1300

Delivery 
catheter outer 
diameter (mm)

6.9 7.2 7.2

Access artery 
minimal 
diameter (mm)

≥ 6 ≥6.5 ≥6.5

Fig. 21.2 Lotus Valve System deployment Controller 
(lower panel). The valve is provided pre-mounted to the 
delivery system (upper panel)
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• A release ring: Turning the release mechanism 
detaches the THV from the delivery system. 
The release ring is protected from inadvertent 
manipulation by a safety cover, which should 
be pushed forward (toward the patient’s head) 
to reach the release ring. The ring is rotated 
clockwise, leading to retraction of the release 
pin from inside the valve, until it is aligned 
with the first set of lines (pause sign) on the 
Lotus Controller. At this stage, the final check 
of valve position and function is performed, 
and, if satisfactory, the release ring rotation is 
resumed leading to detachment of the three 
fingers from the valve followed by a hard stop 
on further rotation.

21.1.2  Implantation Technique

The introducer sheath is placed in the descending 
aorta, and the aortic valve is crossed by a guide-
wire (a 0.035  in. super/extra stiff guidewire, at 
least 260 cm long for a 23 mm device or 275 cm 
long for a 25/27 mm device) which is then parked 
in the left ventricle. The delivery system is then 
advanced to the annular plane until the radiopaque 
mark (Fig.  21.1) is centered slightly above the 
annular plane. As mentioned above, valve deploy-
ment is initiated by rotating the delivery handle 
counterclockwise until the THV is fully expanded 
and locked and final valve release is accomplished 
by sliding the release ring and turning the release 
mechanism. The device can be completely 
resheathed during the procedure (Video 21.2), but 
should be replaced with a new device if a second 
full resheathing is performed.

21.1.3  Iterations

The manufacturer developed at least two 
improved generations of the Lotus Valve System, 
Lotus with Depth Guard™ and LOTUS Edge™ 
Valve Systems (Table  21.2). The latest version 
(LOTUS Edge™), while maintaining the advan-
tages of an adaptive seal, a full repositionability, 
and an early function during deployment, has the 
advantages of a wider size range, a lower profile, 

and a more controlled deployment with less inter-
action with the left ventricular outflow tract 
(LVOT) and potentially the conduction system 
(Fig. 21.3).

21.1.4  Outcomes

Table 21.3 summarizes the concluded and the 
ongoing manufacturer-sponsored clinical trials of 
the Lotus Valve System and its subsequent itera-
tions. The RESPOND study is a large all-comers 
registry that included a total of 1014 patients (age, 
80.8 ± 6.5 years; 51% females; Society of Thoracic 
Surgeons (STS) predicted operative mortality risk, 
6.0 ± 6.9%) [2]. The Lotus valve was successfully 
implanted in 98.2%. Repositioning of the valve 
was attempted in 29.2% of implantations and was 
successful in 99% of attempts. The 30-day rates of 
all-cause mortality and stroke were 2.6% and 3%, 
respectively. After transcatheter aortic valve 
implantation (TAVI), the mean aortic valve 

Table 21.2 Design features of the iterations of the Lotus 
valvea

Design feature Lotus

Lotus with 
Depth 
Guard™

Lotus 
Edge™

Adaptive seal + + +
Full 
repositionability

+ + +

Early valve 
function

+ + +

Sizes (mm) 23, 25, 
and 27

23, 25, and 
27

21, 23, 25, 
27, and 29

Sheath size 18/20 Fr 18/20 Fr 14/15 Fr
Delivery system Pre- 

shaped
Pre-shaped Flexible

Depth Guardb − + +
One view 
lockingc

− − +

aLotus Mantra™ is a further upcoming generation of the 
Lotus valve planned to have a lower frame height and a 
lower delivery profile
bThe Depth Guard™ mechanism aims at an early anchor 
during mechanical expansion of the valve frame leading 
to less initial axial elongation. The result is reduction of 
the depth that the frame reaches during deployment and 
the interaction with the left ventricular outflow tract and, 
eventually, a lower risk of conduction system injury
cAdditional radio-opaque markers enable the operator to 
confirm locking in one view
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pressure gradient (PG) was 10.8 ± 4.6 mmHg, the 
effective orifice aortic valve area was 1.8 ± 0.4 cm2, 
and paravalvular leakage (PVL) was absent or 
trace in 92% of patients, mild in 7.7%, and moder-
ate in 0.3%. New permanent pacemaker was 
required in 34.6% of cases [3].

21.1.5  Relative Indications

The Lotus valve combines the advantages of a 
complete repositionability, an effective para-
valvular sealing, and a low risk of annular 

injury. Therefore, it could be a practical option 
in cases with unfavorable landing zone anat-
omy (e.g., excessive/asymmetric calcification 
and/or borderline coronary ostial height) where 
the risks of annular injury, paravalvular leak-
age, and coronary obstruction are worrisome. 
Figure  21.4 represents two cases of “saber-
toothed” LVOT calcification treated with either 
a  balloon- expandable THV or the reposition-
able Lotus valve. The implantation of a bal-
loon-expandable THV resulted in severe PVL 
(Videos 21.3a and 21.3b) that did not respond 
to balloon post- dilatation and required urgent 

LotusTM  Valve

LotusTM  Valve

LotusTM  Valve

Lotus EdgeTM  Valve Lotus EdgeTM  Valve

Lotus Valve with Depth GuardTM a

b

Fig. 21.3 Design features of the Lotus Edge™ Valve 
System. (a) The Lotus Edge™ Valve System is provided 
with the Depth Guard™ mechanism which minimizes the 
axial elongation of the valve frame during mechanical 
expansion and hence its interaction with the left ventricu-

lar outflow tract and the risk of conduction system injury. 
(b) The delivery catheter of the Lotus Edge™ System is 
characterized by increased flexibility, a pre-shaped curve, 
and a reduced proximal catheter profile (3.0–4.0 Fr). 
Image provided courtesy of Boston Scientific Corporation
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conversion to surgery. The second patient who 
received a Lotus valve developed a high-grade 
PVL on initial implantation attempt that was 
largely corrected upon repositioning (Videos 
21.3c–21.3e).

21.1.6  Special Clinical Dilemmas

21.1.6.1  Pre-dilatation
Although the manufacturer recommends rou-
tine pre-dilatation before valve implantation, 

direct deployment without pre-dilatation seems 
to be safe and effective. In the RESPOND 
study, balloon pre-dilatation was not per-
formed in 46% of implantations. The rate of 
any (≥trace) paravalvular leakage was 21.0% 
in patients who received pre-dilatation and 
17.8% in those who did not receive pre-dilata-
tion. Similar results were reported by Tarantini 
et al. in a small single-center experience [4]. In 
one study [5], balloon pre-dilatation before 
Lotus valve implantation was associated with 
increased risk of new left bundle branch block.

Table 21.3 Manufacturer-sponsored clinical trials involving the Lotus Valve System and its subsequent iterations

Study name
(ClinicalTrials.
gov Identifier) Description 1ry endpoint n Device Latest data
REPRISE I
(NCT01383720)

Feasibility study
Acute safety in 
high-risk patients
Single arm

Device success (VARC) without 
MACCE

11 Lotus: 
23 mm

5-year 
FUPTCT 
2017

REPRISE II/II 
EXT
(NCT01627691)

CE mark study and 
an extended cohort in 
high-risk patients
Single arm

30 days mortality 250 Lotus: 23 
and 27 mm

3-year 
FUPPCR 
London 
Valves 2017

REPRISE III
(NCT02202434)

Pivotal study for 
FDA approval in 
high-risk and 
inoperable patients
RCT; Lotus vs. 
CoreValve (52% 
CoreValve and 48% 
Evolut R)

30 days mortality, stroke, life- 
threatening/major bleed, AKI stage 
2/3, or major vascular complications

912 Lotus: 23, 
25, and 
27 mm

1-year results
PCR 2017

REPRISE III 
Continued Access
(NCT02202434)

Continued access in 
high-risk and 
inoperable patients
Single arm

30 days mortality, stroke, life- 
threatening/major bleed, AKI stage 
2/3, or major vascular complications

250 Lotus 
Edge: 21, 
23, 25, and 
27 mm

Enrollment 
voluntarily 
suspended

REPRISE Japan
(NCT02491255)

Safety for PMDA 
approval
Safety and 
effectiveness in 
high-risk and 
inoperable patients

30 days mortality, stroke, life- 
threatening/major bleed, AKI stage 
2/3, or major vascular 
complications + safety at 30 days, 
effectiveness at 6 months

50 Lotus: 23, 
25, and 
27 mm

6-month 
results
CVIT 2017

RESPOND
(NCT02031302)

Post-market study
Safety and 
performance in all 
comers
Single arm

Mortality at 30 days and 1 year 1014 Lotus: 23, 
25, and 
27 mm

1-year 
FUPPCR 
2017

RESPOND 
Extension
(NCT02031302)

Post-market study
Safety and 
performance of Lotus 
with Depth Guard

Mortality at 30 days and 1 year 50 Lotus with 
Depth 
Guard: 23 
and 25 mm

30-day results
PCR 2017

Abbreviations: AKI acute kidney injury, CE Conformité Européenne, FDA food and drug administration, FUP follow-
 up, MACCE major adverse cardiovascular and cerebrovascular event, PMDA pharmaceuticals and medical devices 
agency, RCT randomized controlled trial, VARC valve academic research consortium
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21.1.6.2  New Permanent Pacemaker
In the RESPOND trial, the rate of permanent 
pacemaker requirement in pacemaker-naïve 
patients was 34.6% at 30 days [2]. Predictors of 
new pacemaker implantation were the STS 
score, right bundle branch block at baseline, the 
implantation depth, and repositioning or 
retrieval attempt. In the REPRISE II Extension 
cohort, the rate of permanent pacemaker require-
ment in pacemaker-naïve patients was 32%. 
Multivariable predictors of pacemaker require-
ment were baseline right bundle branch block 
(odds ratio, 12.7), LVOT area oversizing ≥10% 
(OR, 3.4), baseline first-degree atrioventricular 
block (OR, 2.5), and LVOT calcium volume 
(OR, 1.8/100  mm3 increment) [6]. In the UK 
Lotus valve registry [5, 7], the rates of new left 
bundle branch block and new pacemaker 
implantation were 55% and 31.8%, respectively. 
Pre-procedural conduction abnormality (atrio-
ventricular block or bundle branch block) and 

the absence of aortic valve calcification—but 
not implantation depth, valve oversizing, or 
balloon post-dilatation—were independently 
associated with the need for permanent pace-
maker [5].

In the Nordic Lotus Registry [8], the overall 
pacemaker implantation rate was 27.9% but was 
as low as 12.8% in case of a combined implanta-
tion depth  <  4  mm and a device/annulus 
ratio < 1.05. In another single-center experience, 
a systematic shallow implantation yielded a new 
pacemaker implantation rate of only 10% [9].

The modified Lotus valve iterations (with 
Depth Guard™ and Lotus Edge™) have a modi-
fied way of deployment, in which the inflow edge 
of the valve frame is anchored into the LVOT 
early during deployment (unlike the older version 
which allows deep protrusion into the LVOT 
before anchoring) minimizing the interaction 
with the LVOT and, potentially, the risk of con-
duction system injury (Fig. 21.3a).

a bFig. 21.4 Two patients 
with saber-toothed 
LVOT calcification. The 
short-axis cuts (upper 
panels) show two spots 
of LVOT calcification, 
and both are revealed in 
long-axis cuts (lower 
panels) as long pillars of 
calcium extending deep 
through the device 
landing zone. TAVI was 
performed with an 
Edwards Sapien XT 
valve in patient a and 
with a Lotus valve in 
patient b

M. Abdelghani and M. Abdel-Wahab



261

21.1.6.3  Thrombosis 
and Hemodynamics

While TAVI with the Lotus Valve System is asso-
ciated with exceedingly low rate of paravalvular 
leakage, it tends to yield a higher residual mean 
PG (12 ± 6 vs. 8 ± 4 mmHg, p < 0.001), a smaller 
effective orifice area (1.5 ± 0.5 vs. 1.7 ± 0.5 cm2, 
p < 0.001), and a higher rate of leaflet thrombosis 
(1.5% vs. 0%, p = 0.03) at One year when com-
pared with an approved self-expanding THV 
[10]. Other signals of a higher risk of biopros-
thetic valve thrombosis after Lotus valve implan-
tation come from rather small single-center series 
[11]. Further large-scale studies are required to 
assess the risks of thrombosis and unfavorable 
prosthetic valve hemodynamics after Lotus valve 
implantation.

21.1.6.4  Off-Label Use of the Lotus 
Valve

Lotus valve-in-valve implantation to treat degen-
erated surgical bioprosthesis has been shown to 
be safe and effective, with a residual gradient 
comparable to transcatheter valve-in-valve using 
other THV platforms [12–14]. There are also 
case reports of successful implantation of the 
Lotus valve in pure native aortic valve regurgita-
tion [15, 16] and in bicuspid aortic valve stenosis 
[17, 18].

21.2  The ACURATE neo™ 
Transfemoral Valve System

21.2.1  System Description

21.2.1.1  Frame and Leaflet 
Composition and Design

The ACURATE neo valve (Symetis SA, a Boston 
Scientific company, Ecublens, Switzerland) con-
sists of a self-expanding nitinol frame and 
BioFix™-treated non-coronary porcine leaflets 
that function at a supra-annular plane. The frame 
is made of a large cell stent (to which the leaflets 
are sewn) and three stabilizing arches for axial 
self-alignment (Fig.  21.5). At the lower and 
upper ends of the stent lie the lower and upper 
crowns. The former is 3  mm and the latter is 

5 mm larger than the waist of the valve frame. 
The upper crown contributes a supra-annular 
anchorage, holds the native leaflets away from 
coronary ostia, and allows for some tactile feed-
back during valve positioning. The frame has an 
outer and an inner porcine pericardial skirts cov-
ering and lining its landing portion (between the 
lower and upper crowns). The device is compat-
ible with an 18 Fr sheath. The valve is available 
in three sizes (S, small; M, medium; and L, 
large) accommodating an annulus diameter of 
21–27 mm (Table 21.4) and is CE marked since 
2014 [19].

21.2.1.2  Delivery and Deployment
The ACURATE neo valve is deployed through 
rotation of a release knob in two steps, separated 
by an intermediate stop. Deployment is top-down 
(stabilizing arches and upper crown first). After 
the upper crown is released, it is gently pushed 
until it hooks onto the native annulus (Videos 
21.4a and 21.4b). Routine balloon pre-dilatation 
is recommended by the manufacturer, and the 
valve is not repositionable after deployment.

Lower Crown Pericardial
Skirt

Stent height
= 18-19 mm

Upper Crown

Stabilization
Arches

48-51 mm

Fig. 21.5 The ACURATE neo™ transfemoral aortic 
valve. Image provided courtesy of Boston Scientific 
Corporation
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21.2.2  Outcomes

The Symetis ACURATE neo™ Valve 
Implantation using TransFemoral access registry 
(SAVI-TF) is a European, multicenter, all-comers 
registry that included 1000 patients representing 
consecutive series at each of the participating 
centers (NCT02306226) [20]. One third of 
patients had severe aortic valve calcification, 
96% received pre-dilatation, 49% were rapidly 
paced during valve deployment, 45% required 
post-dilatation, and 1% required valve-in-valve 
implantation. At discharge, effective orifice area 
was 1.77  ±  0.46  cm2, mean PG was 
8.4 ± 4.0 mmHg, and 4% of the patients had a 
significant PVL. The STS predicted risk of mor-
tality was 6.0  ±  5.6, and the observed 30-day 
mortality rate was 1.4%. Disabling stroke 
occurred in 1.2%, a new permanent pacemaker 
implantation was required in 8.3%, and coronary 
obstruction was reported in one patient at 30 days. 
Although the registry was intended to be all- 
comers, the informed consent was prospectively 
collected in 58% of the study population and ret-
rospectively collected in the rest (i.e., only 
patients who survived the procedure could be 
enrolled). The “all-comers” label can thus be 
disputed.

Although recommended by the manufacturer 
to be routinely performed, balloon pre-dilatation 
was shown in one study to be avoidable in a 
cohort of patients with mild-moderate aortic 
valve calcification, a relatively small annulus, 
and an adequate device oversizing (median 
[IQR], 8 [6–11]%). In this context, ACURATE 
neo valve could be implanted without pre- 
dilatation without increasing the risk of device 
failure [21].

21.2.3  Relative Indications

The ACURATE neo valve with its supra-annular 
leaflets and generous oversizing is suitable in 
cases when prosthesis-patient mismatch is a con-
cern (e.g., small annulus) [22]. As anchorage is 
secured by a combination of oversizing and the 
upper crown, the ACURATE neo valve can be an 
option in patients with pure native aortic valve 
regurgitation and little/no aortic valve calcifica-
tion to help anchorage [23]. Although the upper 
crown can theoretically prevent coronary obstruc-
tion (by pushing the native leaflets) in patients 
with borderline coronary ostial height/relatively 
small sinus of Valsalva, this is so far not sup-
ported by clinical data [24]. Relative advantages 
and disadvantages of the ACURATE neo valve 
system are summarized in Table 21.5.
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Table 21.4 Dimensional data of the ACURATE neo™ 
transfemoral valve system

THV 
size

Aortic annulus 
diameter (mm)

Aortic annulus 
perimeter (mm)

Aortic 
annulus area 
(mm2)

S ≥21 to ≤23 66–72 346–415
M ≥23 to ≤25 72–79 415–491
L ≥ 25 to ≤27 79–85 491–573

Table 21.5 Relative advantages and disadvantages of the 
ACURATE neo valve

Advantages Disadvantages
Easy controlled deployment Requires 18 Fr 

delivery catheter
Anchorage is not completely 
dependent on radial force, 
enabling adequate anchor with 
little calcium (e.g., pure aortic 
regurgitation)

Difficult system 
assembly/loading

Supra-annular leaflet function; 
low residual pressure gradient 
and less prosthesis-patient 
mismatch than Sapien 3, 
especially in small annulus 
[22, 24]

No reliable radio- 
opaque implantation 
markersa

Non-repositionable

Relatively low pacemaker rate 
[20, 25]; lower than Sapien 3 
[24] and CoreValve [26]

More paravalvular 
leakage and balloon 
post-dilatation [20, 25] 
than Sapien 3 [22, 24]

aA new delivery system with radiopaque markers has been 
developed and is undergoing regulatory approval.

M. Abdelghani and M. Abdel-Wahab



263

valve used in routine clinical practice: the RESPOND 
study. Eur Heart J. 2017;38(45):3359–66.

 3. Bagur R, Choudhury T, Mamas MA.  Transcatheter 
aortic valve implantation with the repositionable and 
fully retrievable Lotus Valve SystemTM. J Thorac Dis. 
2017;9(9):2798–803.

 4. Tarantini G, Nai Fovino L, Tellaroli P, Purita P, Masiero 
G, Napodano M, et  al. TAVR with mechanically 
expandable prostheses: is balloon aortic valvuloplasty 
really necessary? Int J Cardiol. 2017;246:37–40.

 5. Rampat R, Khawaja MZ, Hilling-Smith R, Byrne 
J, MacCarthy P, Blackman DJ, et  al. Conduction 
abnormalities and permanent pacemaker implan-
tation after transcatheter aortic valve replacement 
using the repositionable LOTUS device: the United 
Kingdom experience. JACC Cardiovasc Interv. 
2017;10(12):1247–53.

 6. Dumonteil N, Meredith IT, Blackman DJ, Tchetche 
D, Hildick-Smith D, Spence MS, et al. Insights into 
the need for permanent pacemaker following implan-
tation of the repositionable LOTUS valve for trans-
catheter aortic valve replacement in 250 patients: 
results from the REPRISE II trial with extended 
cohort. EuroIntervention. 2017;13(7):796–803.

 7. Rampat R, Khawaja MZ, Byrne J, MacCarthy P, 
Blackman DJ, Krishnamurthy A, et al. Transcatheter 
aortic valve replacement using the repositionable 
LOTUS valve: United Kingdom Experience. JACC 
Cardiovasc Interv. 2016;9(4):367–72.

 8. De Backer O, Gotberg M, Ihlberg L, Packer E, 
Savontaus M, Nielsen NE, et al. Efficacy and safety of 
the Lotus Valve System for treatment of patients with 
severe aortic valve stenosis and intermediate surgical 
risk: results from the Nordic Lotus-TAVR registry. Int 
J Cardiol. 2016;219:92–7.

 9. Krackhardt F, Kherad B, Krisper M, Pieske B, Laule 
M, Tschope C. Low permanent pacemaker rates fol-
lowing Lotus device implantation for transcatheter 
aortic valve replacement due to modified implantation 
protocol. Cardiol J. 2017;24(3):250–8.

 10. Feldman TE, Reardon MJ, Rajagopal V, Makkar RR, 
Bajwa TK, Kleiman NS, et al. Effect of mechanically 
expanded vs. self-expanding transcatheter aortic valve 
replacement on mortality and major adverse clini-
cal events in high-risk patients with aortic stenosis: 
the REPRISE III randomized clinical trial. JAMA. 
2018;319(1):27–37.

 11. Salido-Tahoces L, Hernandez-Antolin RA, 
Fernandez-Golfin C, Palomera-Rico A, Ayala- 
Carbonero A, Jimenez-Nacher JJ, et  al. Three cases 
of early Lotus valve thrombosis. JACC Cardiovasc 
Interv. 2016;9(9):983–6.

 12. Castriota F, Nerla R, Micari A, Cavazza C, Bedogni 
F, Testa L, et  al. Transcatheter aortic valve-in-valve 
implantation using Lotus valve for failed surgical bio-
prostheses. Ann Thorac Surg. 2017;104(2):638–44.

 13. Ruparelia N, Thomas K, Newton JD, Grebenik K, 
Keiralla A, Krasopoulos G, et al. Transfemoral trans-
catheter aortic valve-in-valve implantation for aortic 
valve bioprosthesis failure with the fully reposition-
able and retrievable Lotus valve: a single-center expe-
rience. J Invasive Cardiol. 2017;29(9):315–9.

 14. Dvir D, Webb JG, Bleiziffer S, Pasic M, Waksman R, 
Kodali S, et  al. Transcatheter aortic valve implanta-
tion in failed bioprosthetic surgical valves. JAMA. 
2014;312(2):162–70.

 15. Saraf S, Khawaja MZ, Hilling-Smith R, Dooley M, 
Cockburn J, Trivedi U, et al. Use of the Lotus trans-
catheter valve to treat severe native aortic regurgita-
tion. Ann Thorac Surg. 2017;103(4):e305–e7.

 16. Wohrle J, Rodewald C, Rottbauer W.  Transfemoral 
aortic valve implantation in pure native aortic valve 
insufficiency using the repositionable and retriev-
able Lotus valve. Catheter Cardiovasc Interv. 
2016;87(5):993–5.

 17. Chan AW, Wong D, Charania J. Transcatheter aortic 
valve replacement in bicuspid aortic stenosis using 
Lotus Valve System. Catheter Cardiovasc Interv. 
2017;90(1):157–63.

 18. Seeger J, Gonska B, Rodewald C, Rottbauer W, 
Wohrle J.  Bicuspid aortic stenosis treated with the 
repositionable and retrievable Lotus valve. Can J 
Cardiol. 2016;32(1):135 e17–9.

 19. Kumar R, Latib A, Colombo A, Ruiz CE. Self-expanding 
prostheses for transcatheter aortic valve replacement. 
Prog Cardiovasc Dis. 2014;56(6):596–609.

 20. Mollmann H, Hengstenberg C, Hilker M, Kerber S, 
Schafer U, Rudolph T, et  al. Real-world experience 
using the ACURATE neo prosthesis: 30-day out-
comes of 1,000 patients enrolled in the SAVI TF reg-
istry. EuroIntervention. 2018;13(15):e1764–e70.

 21. Kim WK, Liebetrau C, Renker M, Rolf A, Van Linden 
A, Arsalan M, et al. Transfemoral aortic valve implan-
tation using a self-expanding transcatheter heart valve 
without pre-dilation. Int J Cardiol. 2017;243:156–60.

 22. Mauri V, Kim WK, Abumayyaleh M, Walther T, 
Moellmann H, Schaefer U, et al. Short-term outcome 
and hemodynamic performance of next-generation 
self-expanding versus balloon-expandable transcath-
eter aortic valves in patients with small aortic annulus: 
a multicenter propensity-matched comparison. Circ 
Cardiovasc Interv. 2017;10(10)

 23. Toggweiler S, Biaggi P, Grunenfelder J, Reho I, Buhler 
I, Corti R. First-in-man transfemoral transcatheter aor-
tic valve implantation with the ACURATE neo for the 
treatment of aortic regurgitation. EuroIntervention. 
2016;12(1):78.

 24. Husser O, Kim WK, Pellegrini C, Holzamer A, 
Walther T, Mayr PN, et  al. Multicenter comparison 
of novel self-expanding versus balloon-expandable 
transcatheter heart valves. JACC Cardiovasc Interv. 
2017;10(20):2078–87.

 25. Toggweiler S, Nissen H, Mogensen B, Cuculi 
F, Fallesen C, Veien KT, et  al. Very low pace-
maker rate following ACURATE neo transcath-
eter heart valve implantation. EuroIntervention. 
2017;13(11):1273–80.

 26. Jatene T, Castro-Filho A, Meneguz-Moreno RA, 
Siqueira DA, Abizaid AAC, Ramos AIO, et  al. 
Prospective comparison between three TAVR 
devices: ACURATE neo vs. CoreValve vs. SAPIEN 
XT. A single heart team experience in patients with 
severe aortic stenosis. Catheter Cardiovasc Interv. 
2017;90(1):139–46.

21 Boston Scientific Program for Transcatheter Aortic Valve Implantation



265© Springer Nature Switzerland AG 2019 
A. Giordano et al. (eds.), Transcatheter Aortic Valve Implantation, 
https://doi.org/10.1007/978-3-030-05912-5_22

Edwards Program 
for Transcatheter Aortic Valve 
Implantation

Grant W. Reed, Rachel Easterwood, 
and Samir R. Kapadia

22.1  Introduction

Implantation of a prosthetic aortic valve via the 
transcatheter approach was first performed in a 
living human in 2002 by Dr. Alain G. Cribier [1, 
2]. This early clinical experience was the catalyst 
for continued innovation in transcatheter aortic 
valve technologies, culminating in several land-
mark clinical trials. This eventually led to 
approval of transcatheter aortic valve implanta-
tion (TAVI), also called transcatheter aortic valve 
replacement (TAVR), for patients with symptom-
atic severe aortic stenosis with prohibitive or high 
surgical risk profiles, and TAVR eventually met 
the international cardiovascular scene in 2010 [3, 
4]. Continued success in major clinical trials led 
to the expeditious implementation of TAVR 
across an ever-expanding population of patients 
[5–12]. Concurrently, increasing operator experi-
ence and improvements in device design have 
extended the application of TAVR to lower risk 
and more technically challenging subsets of 
patients [13].

Many different transcatheter heart valve sys-
tems have been developed and refined since the 

initial introduction of the TAVR technique. Most 
of the various heart valve systems can be catego-
rized into either balloon-expandable or self- 
expandable valve systems. Both the 
balloon-expandable and the self-expandable 
valve systems have revealed their own particular 
sets of benefits and challenges [2–13].

The only balloon-expandable TAVR systems 
available in the United States today are produced 
by Edwards Lifesciences (Irvine, CA). The effi-
cacy and safety of the Edwards family of trans-
catheter aortic valves have been extensively 
evaluated in many of the major randomized con-
trolled trials for TAVR, named the Placement of 
AoRtic TraNscathetER Valves (PARTNER) clin-
ical trials. Many important lessons were learned 
from the PARTNER trials using the SAPIEN 
valves [14–16]. The very first conception of 
transcatheter aortic valve implantation was with 
balloon-expandable systems. Edwards built upon 
this concept, and over the years, there has been 
significant evolution of the Edwards family of 
balloon-expandable transcatheter heart valves, 
advancing across the SAPIEN, SAPIEN XT, and 
SAPIEN 3 systems (Fig. 22.1).
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22.2  SAPIEN Transcatheter Heart 
Valve System

22.2.1  History of Balloon- 
Expandable Transcatheter 
Aortic Valves

The first catheter-based balloon aortic valvulo-
plasty (BAV) was performed in a human by 
Cribier in 1985. It was observed that the main 
limitation of BAV was restenosis of the aortic 
valve within 6–12 months, an issue that remains 
prevalent after BAV today [17]. In 1989, Dr. 
Henning Rud Andersen sought to solve this issue 
and developed a bioprosthetic porcine valve 
sutured onto a stainless steel frame made from 
surgical wiring. The valve was subsequently 
compressed onto a balloon catheter. Using vari-
ous deployments in pig cardiac models, the feasi-
bility of TAVR using a balloon-expandable 
system was shown [18, 19].

In 1999, after several attempts to provoke 
commercial interest, Alain Cribier, Martin Leon, 

Stanley Rabinovich, and Stanton Rowe created a 
start-up company named Percutaneous Valve 
Technologies (PVT). The mission of PVT was to 
develop a balloon-expandable valve system to 
treat human stenotic aortic valves under the sup-
position that the bioprosthetic valve could be suc-
cessfully expanded and stabilized inside of the 
stenotic valve. Similar to the initial versions, the 
PVT valve system consisted of a balloon- 
expandable stainless steel stent frame with equine 
pericardial leaflets fashioned onto a balloon cath-
eter. In 2002, the first-in-human transcatheter 
aortic valve was deployed via a transseptal 
approach by Cribier in a 57-year-old male with 
inoperable, critical calcific aortic stenosis and 
was considered a major advance for the field of 
TAVR [1, 2].

In 2004, PVT was acquired by Edwards 
Lifesciences, leading to a rapid, continued accel-
eration in the evolution of transcatheter heart 
valve therapies. The initial PVT valve evolved 
into the Edwards SAPIEN transcatheter heart 
valve. The SAPIEN valve used the equine 

Evolution of the Edwards Balloon-Expandable
Transcatheter Valves

2002

Cribier-
Edwards

2006

SAPIEN

2009

SAPIEN XT

2013

SAPIEN 3

Kodali, S. Clinical and Echocardiographic Outcomes at 30 Days with the SAPIEN S3 Valve System
in Inoperable, High-Risk, and Intermediate-Risk AS Patients, ACC 2015, San Diego.   

24F 22F
16F 14F

Fig. 22.1 Evolution of Edwards transcatheter valves

G. W. Reed et al.
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 pericardial leaflet design of the Carpentier-
Edwards PERIMOUNT surgical bioprosthetic 
valve but mounted the valve onto a balloon-
expandable stainless steel stent frame. To prevent 
paravalvular leak, a polyethylene terephthalate 
(PET) fabric skirt was added at the inferior mar-
gin of the valve to improve seal around the aortic 
annulus. The SAPIEN transcatheter heart valve 
was available in 23- and 26-mm sizes for trans-
femoral access and required 22- or 24-Fr sheaths 
for delivery, respectively (Fig. 22.1).

The SAPIEN transcatheter heart valve 
received CE Mark approval in 2007. Based on the 
PARTNER trials, the US Food and Drug 
Administration (FDA) approved SAPIEN trans-
catheter heart valve for use in patients that were 
deemed prohibitive-risk surgical aortic valve 
replacement candidates in 2011 and for patients 
that were considered high-risk surgical aortic 
valve replacement candidates in 2012. Tables 
22.1 and 22.2 provide summaries of the design 
and pivotal results of each of the PARTNER 
trials.

22.2.2  PARTNER I (Cohort B)

The initial results of the PARTNER trial, Cohort 
B (PARTNER IB), were published in the New 
England Journal of Medicine (NEJM) in 2010. 
This randomized trial is unique in cardiovascular 

medicine, as it inverted the traditional paradigm 
of drug and device development, where tradi-
tional therapeutics are typically studied in 
healthier populations first. Instead, PARTNER B 
was a prospective, randomized trial designed to 
study patients with severe, symptomatic aortic 
stenosis considered poor (or “inoperable”) surgi-
cal candidates (Fig. 22.2). Key inclusion criteria 
included a Society of Thoracic Surgeons [STS] 
Predicted Risk of Mortality within 30  days 
[PROM] ≥10%, co-existing conditions with 
≥15% death, or a ≥50% risk of death or a serious 
irreversible complication within 30  days. 
Included patients were randomized 1:1 to either 
TAVR using the balloon- expandable SAPIEN 
valve system vs. medical therapy, which included 
BAV as a means of symptomatic relief. The study 
included 358 patients total, with 179 TAVR 
patients and 179 medical therapy patients. The 
trial had a superiority design with co-primary 
endpoints of all-cause mortality and the compos-
ite endpoint of all-cause mortality or repeat hos-
pitalization for valve or procedure-related 
deterioration at 1 year [3].

PARTNER IB met its co-primary endpoint, as 
TAVR dramatically lowered all-cause mortality 
compared with medical therapy at 1 year (30.7% 
vs. 49.7%, hazard ratio [HR] 0.55, 95% confidence 
interval [CI] 0.40–0.74; p < 0.001; a 20% absolute 
survival advantage, NNT 5). Patients treated with 
TAVR also had lower rates of all- cause mortality or 

Table 22.1 Major TAVR trial characteristics

Trial Year Design Population Groups

TAVR 
valve(s) 
used Primary outcome(s)

Mean 
STS 
(%)a

PARTNER 
IB

2010 RCT Inoperable TAVR vs. 
OMT

SAPIEN Death from any cause at 
1 year

11.6

PARTNER 
IA

2011 RCT High risk TAVR vs. 
SAVR

SAPIEN Death from any cause at 
1 year

11.8 vs. 
11.7

PARTNER 
IIA

2016 RCT Intermediate 
risk

TAVR vs. 
SAVR

SAPIEN 
XT

Death from any cause or 
major stroke at 2 years

5.8 vs. 
5.8

PARTNER 
II-S3ib

2016 Propensity 
score-adjusted 
analysis

Intermediate 
risk

TAVR vs. 
SAVR

SAPIEN 3 Death from any cause, 
stroke, or ≥ moderate 
PVL at 1 year

5.2 vs. 
5.4

Abbreviations: TAVR transcatheter aortic valve replacement, RCT randomized controlled trial, OMT optimal medical 
therapy, SAVR surgical aortic valve replacement, PVL paravalvular leak
aTAVR vs. control
bPARTNER II-S3i was a non-randomized study that compared outcomes for the S3 valve to the surgical control group 
of PARTNER II in a propensity score-adjusted analysis
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repeat hospitalization at 1 year (42.5% vs. 70.4%, 
HR 0.46, 95% CI 0.35–0.59; p < 0.001, NNT 4) 
[3]. In addition, among patients surviving at 1 year, 
the rate of New York Heart Association (NYHA) 
class III or IV heart failure symptoms was less fre-
quent in patients treated with TAVR compared to 
medical therapy (25.2% vs. 58.0%, p < 0.001). The 
results of PARTNER IB were the impetus for FDA 
approval of the SAPIEN valve system in inopera-
ble patients in 2011.

The long-term 5-year results of PARTNER IB 
reflect that while there was a persistent reduction 
in death with TAVR, mortality rates among 
patients with inoperable AS are high (71.8% with 
TAVR vs. 93.6% with standard therapy; HR 0.50, 
95% CI 0.39–0.65; p < 0.0001); only one patient 
in the medical management group was alive at 
5  years. Echocardiography after TAVR showed 
durable hemodynamic results (aortic valve area 
[AVA] 1.52 cm2 and mean gradient 10.6 mmHg 
at 5 years), with no evidence of structural valve 
deterioration [20].

Despite the mortality and symptom advantage 
of TAVR, the main results from PARTNER IB 
indicate that at 30 days TAVR associated with an 

increased rate of major stroke compared to medi-
cal therapy (5.0% vs. 1.1%, p = 0.06), a finding 
that reached statistical significance when includ-
ing major stroke, minor stroke, and transient 
ischemic attack (TIA) (6.7% vs. 1.7%, p = 0.03). 
Major bleeding (16.8% vs. 3.9%, p < 0.001) and 
major vascular complications (16.2% vs. 1.1%) 
at 30  days were also increased with TAVR [3]. 
Similar results were seen for stroke, major bleed-
ing, and major vascular complications at 1 year. 
It is important to note that the incidence of bleed-
ing and vascular complications in PARTNER I 
reflect the SAPIEN transcatheter aortic valve 
devices that required 22- and 24-French sheaths 
and the earliest operator experiences with 
TAVR.  Since PARTNER I, technology has 
improved, and sheath size has been reduced with 
iteration of the SAPIEN XT and S3 valves. 
Increased operator experience has further led to 
refinement in procedural techniques to mitigate 
vascular complications. As a result, access com-
plications have fallen over the years, as described 
in the following sections.

A cost-effectiveness analysis of PARTNER IB 
demonstrated that among patients not candidates 

PARTNER I: Study Design
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Fig. 22.2 PARTNER IA and PARTNER IB
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for surgery, TAVR increases life expectancy at an 
incremental cost per life year gained of $50,200, 
within well-accepted values for commonly used 
cardiovascular treatments and other non-cardiac 
therapies [21].

22.2.3  PARTNER I (Cohort A)

On the heels of the PARTNER IB, the results of 
the PARTNER I Cohort A (PARTNER IA) trial 
were published in the New England Journal of 
Medicine (NEJM) in 2011. PARTNER IA was a 
randomized controlled trial of patients with 
severe, symptomatic aortic stenosis classified as 
high-risk surgical candidates, with key inclu-
sion criteria including a STS PROM score 
≥10% or co-existing conditions with a ≥15% 
30-day post- op risk of death (Fig. 22.2). Patients 
were randomized 1:1 to either TAVR using the 
SAPIEN valve vs. surgical AVR. Transcatheter 
aortic valve replacement patients were also 
stratified by access approach (transfemoral vs. 
transapical). The trial randomized 699 patients, 
with 348 assigned to TAVR and 351 to surgical 
AVR.  The trial used a non-inferiority design, 
and the primary endpoint was all-cause mortal-
ity at 1 year [4].

The PARTNER IA trial demonstrated that 
TAVR was non-inferior to surgical AVR in high- 
risk surgical patients for mortality at 30  days 
(3.4% vs. 6.5%; P = 0.07) and 1 year (24.2% vs. 
26.8%; P = 0.44 for superiority, P = 0.001 for non-
inferiority). However, there was a trend toward 
increased major stroke with TAVR compared to 
surgical AVR at 30 days (3.8% vs. 2.1%; p = 0.20) 
and 1 year (5.1% vs. 2.4%; p = 0.07). Major vascu-
lar complications were higher with TAVR com-
pared to surgical AVR (11.0% vs. 3.2%; p < 0.001), 
but major bleeding was lower with TAVR (9.3% 
vs. 19.5%; p < 0.001) due to blood loss during sur-
gery. The need for permanent pacemaker implan-
tation was equivalent between groups [4]. Of note, 
TAVR patients had a 2-day shorter intensive care 
unit stay and a 4-day shorter overall hospital length 
of stay. More patients in the TAVR group had 
improvement of their symptoms to NYHA class II 
or lower as compared to surgical AVR at 30 days; 

but among subjects assessable at 1 year, this was 
equivalent [4].

Long-term follow-up from PARTNER IA 
demonstrates a durable mortality benefit for 
TAVR, similar to SAVR at 2  years (33.9% vs. 
35.0%; p = 0.78) and 5 years (67.8% vs. 62.4%; 
p = 0.76). As in the 1-year results, there was a 
trend toward increased stroke or TIA with TAVR 
vs. surgical AVR at 2  years (11.2% vs. 6.5%; 
p  =  0.05) [22], a hazard which peaked within 
1 week of TAVR and declined to a constant late 
hazard out to 2  years related to patient comor-
bidities rather than randomization to TAVR or 
surgical AVR [23]. Consistent with this finding, 
there was no difference in stroke rates between 
TAVR and SAVR at 5 years [16].

Other valuable lessons were learned with 
long-term follow-up from PARTNER 
IA. Importantly, moderate or severe aortic para-
valvular regurgitation was observed to be higher 
with TAVR vs. surgical AVR at 30 days (12.2% 
vs. 0.9%), 1 year (6.8% vs. 1.9%), 2 years (6.9% 
vs. 0.9%), and 5  years (14.0% vs. 1.0%) 
(p < 0.001 for all comparisons) [4, 16, 22]. The 
presence of moderate or severe aortic regurgita-
tion was associated with an increased rate of late 
deaths at 2-year and 5-year follow-up; however 
there was an increased risk of late death seen 
with even mild aortic regurgitation, emphasizing 
the importance of optimizing procedural out-
comes. In addition, while 1-year results from 
PARTNER suggested similar mortality rates 
between transfemoral and transapical approaches, 
it was underpowered for this assessment [4]. A 
larger analysis of both PARTNER IA and IB 
patients adjusted for patient differences using 
propensity score matching found that compared 
to the transfemoral approach, transapical access 
was associated with higher mortality at 6 months 
(19% vs. 12%; p  =  0.01), more adverse proce-
dural events, longer length of stay, and slower 
recovery. In addition, TAVR was found to have 
equivalent hemodynamic parameters (mean gra-
dient, AVA) to surgical AVR at every point in 
follow-up out to 5 years with no signal of valve 
deterioration [4, 16, 22, 24, 25].

Similar to with PARTNER IB, a cost- 
effectiveness analysis of PARTNER IA revealed 

G. W. Reed et al.
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that among patients at high surgical risk, 12-month 
costs and quality-adjusted life years were similar 
for TAVR and surgical AVR.  However, patients 
treated with transfemoral access had lower costs 
than surgery, making TAVR an economically 
attractive alternative to surgical AVR if transfem-
oral access is possible [26]. Avoidance of compli-
cations was demonstrated to be paramount for the 
cost-effectiveness of TAVR, as a pooled analysis 
of PARTNER IB and PARTNER IA demonstrated 
that approximately 25% of non-implant-related 
costs were attributed to complications from the 
procedure [27].

22.3  SAPIEN XT Transcatheter 
Heart Valve System

The Edwards SAPIEN XT transcatheter heart 
valve system was a modified and improved ver-
sion of the SAPIEN valve. The SAPIEN XT 
was a balloon-expandable system with a cobalt 
chromium stent frame and trileaflet bovine 
valve tissue, with the addition of a fabric skirt 

on the ventricular side to minimize paravalvu-
lar leak. The valve system’s improved design 
and its ability to mount the valve on the deploy-
ment balloon inside the abdominal aorta 
allowed for a smaller delivery sheath. 
Additionally, a larger 29-mm valve was intro-
duced so that in total three valve sizes were 
available (23, 26, and 29  mm), allowing for 
patients with annulus sizes ranging from 18 to 
27  mm average diameter. The SAPIEN XT 
transcatheter heart valve system received CE 
Mark approval in Europe in 2010 and FDA 
approval in the United States in 2014 based on 
the results of the PARTNER II trials, discussed 
herein (Figs. 22.2, 22.3, and 22.4).

22.3.1  Partner IIA

The results of PARTNER IIA were published in 
the New England Journal of Medicine (NEJM) in 
2016. PARTNER IIA was a randomized con-
trolled trial of patients with severe, symptomatic 
aortic stenosis at intermediate surgical risk—not 

Symptomatic Severe Aortic Stenosis
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Operable (STS ≥ 4%)

Randomized Patients
n = 2032

Yes ASSESSMENT:
Transfemoral Access

No

Transfemoral (TF) Transapical (TA) / TransAortic (TAo)

1:1  Randomization (n = 1550) 1:1  Randomization (n = 482)

TF TAVR
(n = 775)

TA/TAo TAVR
(n = 236)

Surgical AVR
(n = 775)

Surgical AVR
(n = 246)

Primary Endpoint: All-Cause Mortality or Disabling Stroke at Two Years

Smith, CR. Transcatheter or Surgical Aortic Valve Replacement in Intermediate Risk Patients
with Aortic Stenosis: Final Results from the PARTNER 2A Trial. ACC 2016. Chicago.

Fig. 22.3 PARTNER IIA study design
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inoperable or high-risk surgical candidates as 
included in PARTNER I (Fig. 22.3). Key inclu-
sion criteria were an STS PROM score ≥4% or a 
<4% with a heart team determination of interme-
diate surgical risk based on characteristics not 
represented in the STS score. Patients were ran-
domized 1:1 to TAVR using the SAPIEN XT 
valve system vs. surgical AVR.  Transcatheter 
aortic valve replacement patients were further 
stratified into transfemoral access vs. transtho-
racic (transapical or transaortic) access based on 
pre-procedural evaluation. The trial included a 
total of 2032 patients, with 1011 patients ran-
domized to TAVR and 1021 to surgical AVR. A 
non-inferiority design was used with a primary 
composite endpoint of all-cause mortality or dis-
abling stroke at 2 years [7].

The PARTNER IIA trial succeeded in estab-
lishing TAVR with the SAPIEN XT valve as an 
alternative to surgical AVR in patients at interme-
diate surgical risk. At 2 years, the primary com-
posite endpoint occurred in 19.3% with TAVR vs. 
21.1% with surgical AVR (p  =  0.33), meeting 
pre-specified non-inferiority criteria. That said, 
in a pre-specified analysis separating patients by 
access route, in patients in the transfemoral 
access cohort, TAVR resulted in a lower rate of 
death or disabling stroke than surgery (HR 0.79, 

95% CI 0.62–1.00; p = 0.05), while in the trans-
apical or transthoracic cohort, there was no dif-
ference. Reassuringly, there was no difference in 
disabling stroke or new pacemaker implantation 
between TAVR and surgical AVR at (6.2% vs. 
6.4%; p = 0.83 and 11.8% vs. 10.3%; p = 0.29, 
respectively). Further, TAVR was associated with 
less major bleeding (17.3% vs. 47.0%; p < 0.001), 
less acute kidney injury (3.8% vs. 6.2%; 
p  =  0.02), and less incident atrial fibrillation 
(11.3% vs. 27.3%; p  <  0.001) at 2  years [7]. 
PARTNER 2A resulted in FDA approval of 
SAPIEN XT for use as an alternative to surgical 
aortic valve replacement in intermediate-risk 
patients.

22.4  SAPIEN 3 Transcatheter 
Heart Valve System

The SAPIEN 3 valve design was built upon the 
prior SAPIEN XT and was engineered to 
 minimize aortic insufficiency and to further 
reduce the diameter of the delivery system. It is 
also constructed with a cobalt chromium frame, 
with the addition of a polyethylene terephthalate 
(PET) fabric cuff and an internal skirt on the ven-
tricular side to reduce paravalvular leak. The 
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Operable
(PII S3i) 

High Risk Operable /
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Kodali, S. Clinical and Echocardiographic Outcomes at 30 Days with the SAPIEN S3 Valve System  in Inoperable,
High-Risk and Intermediate -Risk AS Patients, ACC 2015, San Diego.   

Fig. 22.4 PARTNER II S3 study design
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crimped profile is smaller, and the stent frame is 
longer to prevent native leaflet prolapse and allow 
for better positioning during deployment. The 
SAPIEN 3 valve comes in four sizes (20-, 23-, 
26-, and 29-mm); the 20-, 23-, and 26-mm valves 
are capable of delivery by a 14-French sheath, 
although the 29 mm requires a 16-French sheath 
(Fig. 22.1).

22.4.1  SAPIEN 3 Registry in Patients 
Inoperable and at High 
Surgical Risk

The initial experience with the SAPIEN 3 valve 
was in a large adjudicated registry of 583 patients 
to evaluate if there was an improvement in out-
comes in high-risk or inoperable patients (aver-
age STS PROM 8.6%) compared to the results of 
the PARTNER I trial – known as the PII S3HR 
study (Fig. 22.4). In this registry, all-cause mor-
tality and disabling stroke were 2.2% and 0.9% at 
30  days, respectively. All-cause mortality was 
17.7% for inoperable patients and 12.7% for 
high-risk patients. Among transfemoral patients, 
mortality was even lower at 12.3% for inoperable 
patients and 6.7% for high-risk patients. There 
was no severe aortic PVL, moderate aortic PVL 
was present in only 2.7% of patients, and there 
were significant improvements in NYHA classi-
fication and quality of life. Compared to the 
results of PARTNER IB and PARTNER IA, 
results of the SAPIEN 3 inoperable and high-risk 
registry demonstrate continued improvement in 
TAVR outcomes with experience and use of the 
third-generation SAPIEN 3 valve [28].

22.4.2  PARTNER II S3i

Building on the results of the inoperable and 
high-risk study, PARTNER II S3i was a pre- 
specified, prospective study of 1077 patients with 
severe, symptomatic AS at intermediate surgical 
risk treated with the SAPIEN 3 valve (Fig. 22.4). 
Unlike the earlier PARTNER trials, the 
PARTNER II S3i study compared utilized the 

controls from the PARTNER IIA trial, propensity 
score matched to eliminate differences in patient 
characteristics. At 30  days, all-cause mortality 
and disabling stroke were 1.1% and 1.0%, respec-
tively. At 1-year follow- up, 7.4% of patients died 
(6.5% in the transfemoral group), disabling 
stroke occurred in 2% of patients, and moderate 
or severe aortic PVL in 2% of patients [8]. In the 
propensity score analysis, 963 patients treated 
with SAPIEN 3 were compared to 747 patients 
with surgical AVR. For the primary endpoint of 
composite all-cause mortality, disabling or minor 
stroke, and moderate or severe aortic PVL, TAVR 
was both non-inferior (p < 0.0001) and superior 
(p < 0.0001) to surgical AVR. In further superior-
ity analysis, both all- cause mortality and stroke 
were lower with the SAPIEN 3 valve, although 
the incidence of paravalvular leak remained 
higher with TAVR compared to surgery. The 
results of this trial resulted in FDA approval of 
the SAPIEN 3 valve system as an alternative to 
surgical aortic valve replacement for intermedi-
ate-risk patients [8].

Data on the cost-effectiveness based on 
PARTNER 2A and S3i data have yet to be pub-
lished but were presented at the Transcatheter 
Therapeutics (TCT) conference in 2017 and sug-
gest that in intermediate-risk patients, TAVR with 
either the SAPIEN XT or SAPIEN 3 valve may 
lead to long-term cost-savings compared to surgi-
cal AVR. Results from PARTNER II indicate that 
among intermediate-risk patients, both TAVR 
and SAVR lead to significant improvements in 
health status and QOL.  Patients treated with 
TAVR have greater gains in QOL at 1  month; 
however this was driven by patients treated with 
transfemoral access; patients with alternative 
access had no difference compared to surgery. In 
addition, QOL appeared to equalize between 
TAVR and surgery by 2 years [29].

The main results from the PARTNER random-
ized controlled trials are summarized in 
Table  22.2. A graphical depiction of the 
 improvement in 30-day outcomes over the course 
of the PARTNER trials in as-treated patients is 
shown in Figs.  22.5, 22.6, 22.7, and 22.8. 
Figure 22.5 shows the improvements in all-cause 
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mortality among all access routes and transfemo-
ral cases, while Fig.  22.6 depicts outcomes for 
alternative access cases via transapical and trans-
aortic routes. Figure  22.7 shows trends for 
improvement in stroke, and Fig.  22.8 shows 
improvement in moderate or severe aortic para-
valvular leak PVL over time.

22.5  CENTERA Transcatheter 
Heart Valve System

The Edwards CENTERA transcatheter heart 
valve system is a next-generation, self-expand-
ing bioprosthesis to compliment the Edwards 
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balloon- expandable portfolio. Unlike SAPIEN 
3, CENTERA uses a motorized delivery sys-
tem designed for delivery by a single operator. 
The CENTERA valve is made of a nitinol 
frame with a PET skirt that is available in 23-, 
26-, and 29-mm sizes. CENTERA can be 
delivered by transfemoral or subclavian 
approach using 14-French sheaths, even up to 
the 29-mm size. The self-expanding frame 
allows for partial valve repositioning and 
retrieval, if necessary; the valve system can be 
re-sheathed and repositioned until 70% of the 
valve is deployed. The final valve deployment 
is performed with rapid ventricular pacing, and 
the valve is ultimately released by pressing a 
single button.

The feasibility study of the CENTERA valve 
was performed in 15 patients by Binder et al. The 
valve was successfully implanted in all cases, and 
no case required the placement of a second valve. 
Survival was 87% at 30 days and 80% at 1 year. 
Paravalvular leak at 30 days was none or trivial in 
23% of patients, mild in 69%, and moderate in 
8%. In this small feasibility study, four patients 
(27%) required pacemaker implantation, a chal-
lenge that has consistently arisen during the use 
of self-expanding valves [30].

The results of CENTERA-EU multicenter trial 
were published in the Journal of American 
Cardiology (JACC) in December 2017, showing 
the initial 30-day outcomes of CENTERA implan-
tation in 203 patients with severe symptomatic 
aortic stenosis considered to be at high surgical 

risk. This was designed as a single-arm study. The 
primary endpoint was all-cause mortality at 
30 days [14] and occurred in 1% of the as-treated 
population. Major stroke at 30 days occurred in 
2.5%, life-threatening or disabling bleeding was 
in 4.9%, major vascular complications in 6.4%, 
and moderate or greater aortic PVL in only 0.6% 
of patients. Quite notably, the requirement for 
pacemaker implantation was relatively low at 
4.5%—this is especially an accomplishment 
when compared to older versions of self-expand-
able valve systems [31]. CENTERA-EU ulti-
mately resulted in CE Mark approval of the 
CENTERA valve in February 2018 but has yet to 
be approved in the United States.

22.6  Conclusions

There has been a great amount of innovation and 
evolution in the field of the TAVR over a rela-
tively short amount of time, and the advance-
ments in the field show no signs of slowing down. 
There are several ongoing studies in patients with 
symptomatic severe AS at low-surgical risk, 
patients with asymptomatic severe AS, and 
patients with  moderate AS and reduced left ven-
tricular ejection fraction and heart failure symp-
toms. In this chapter, the Edwards family of 
transcatheter aortic valve systems was reviewed. 
Through the lens of one transcatheter valve sys-
tem family, the incredible progress in the field 
can be appreciated.
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23.1  JenaValve Technology at 
Present

The JenaValve (JenaValve Technology Inc., Irvine, 
CA, USA) transfemoral system is regarded as the 
first third-generation transcatheter aortic valve 
implantation (TAVI), also called transcatheter aor-
tic valve replacement (TAVR), device, because of 
its unique features, which aim to address:

• Aortic stenosis and aortic regurgitation patients,
• Easy positioning because of feelers,
• Very low pacemaker rate, because of high 

outflow tract implantation,
• Little paravalvular leak (PVL),
• Anatomic positioning, which means that the 

new leaflets of the prosthetic valve precisely 

overlap the native leaflets, so that the 
commissures remain in their native orientation,

• Easy coronary ostium access.

The JenaValve transfemoral system is presently 
in its Conformité Européenne (CE)-mark trial in 
Europe, and in the United States it is in the 
investigational device exemption (IDE) trial for 
TAVI and aortic regurgitation.

The market in Europe and the United States 
deserves a transfemoral device that can also 
treat aortic regurgitation (AR). The valve will 
address annulus sizes of 23, 25, and 27 mm, and 
a larger, 29-mm, valve is under development 
(Fig. 23.1).

For the future a very low pacemaker (PM) rate 
is a need, especially if TAVI will be performed in 
younger and low-risk patients. The JenaValve has 
the potential to especially address this low-risk 
and young patient group, owing to its low PM 
rate and anatomical positioning, which might be 
superior to all other valve types, because the 
pulsed outflow bloodstream will be anatomically 
directed and will not be impeded by randomly 
orientated leaflets and commissures within the 
bloodstream.

23.2  The Beginning of TAVI

As with many new disruptive technologies, the 
road to success is bumpy and frequently paved 
with setbacks and delays.
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After our personal experience in finding that 
aortic balloon valvuloplasty created no durable 
results, it was realized that stenting of the valvu-
loplasty, as in coronary vessels, should be an 
option for the prevention of restenosis. So a stent 
with a valve had to be constructed. Easy!!! 
(Fig. 23.2a). The first German patent application 
for a self-expanding stent valve to treat aortic ste-
nosis was filed in 1995 (Fig. 23.2b).

Just a nitinol frame armed with a trileaflet 
valve would be sufficient.

However, two important issues remained:

• would it be possible to construct a device with 
a diameter that allowed for transfemoral 
access?

• would the device generate enough friction on 
the ascending aorta so that it would not cause 
embolization?

• would the coronary ostia stay open if the 
native leaflets stayed in place?

• would the valve tissue be resistant to the 
stretch stress during crimping?

Many questions to be solved, but a fascinating 
idea. Initially no one shared the idea; many in the 
field discouraged its development, and attempts 
to become supported by scientific grants failed. 
At this time surgeons dominated the field, as 
“valve specialists.” The first publication of our 
valve design and the in vitro testing results, dis-
played at the annual meeting of the German 
Society of Cardiology as a poster, did not attract 
much attention [1].

Some attempts to approach the industry also 
failed. The concept was offered to large compa-
nies, who either showed no interest or who 
observed our animal trials in the late 1990s, and 

Fig. 23.1 The JenaValve (JV) transfemoral pericardial valve and introducing catheter, which is coming to the European 
market in 2018 (courtesy JenaValve)

H. R. Figulla et al.
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started their own developments thereafter. So 
lack of funding delayed the evolution of the idea, 
until 2001 some research grants could be col-
lected. Animal experiments at that time showed 
that, although many of the above questions could 
be solved, it was difficult to cross the aortic arch 
with the rigid compressed long stented valve, 
because our device did not kink.

We needed to shorten the stent, but then the 
friction would be reduced, with the risk of 

dislodgement of the device. So the stent was 
shortened and barbs were added to prevent embo-
lization. The hemodynamic profile was tested 
in  vitro in a pig aorta and showed  promising 
hemodynamic results. Also, the fixation, mea-
sured by retention forces within the aortic tissue, 
was satisfying (Fig. 23.3a).

The foundation of a company named JEN.
cardiotec in 2001 allowed cooperation with the 
Fraunhofer Institute for Micromechanics and 

Fig. 23.2 (a, b) 
Percutaneous valve 
technology in 1995, our 
first prototypes, and the 
first patent application 
for a self-expanding 
valve stent system to 
treat aortic stenosis
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Optics (Jena, Germany) and the first bulky cath-
eter was built to allow transvascular implanta-
tion, and the first animal tests with this device 
were performed (Fig. 23.3b). The valve showed a 
good hemodynamic profile and stayed in place in 
an adult sheep model even under dopamine stress 
(Fig. 23.3c).

23.3  The JenaValve Clipping Idea

Fifteen years ago we had the feeling that a stent 
with barbs in the ascending aorta incorporated 
inherent unacceptable risks. To keep the stent 
short, allowing it to cross the aortic arch, and to 
eliminate the barbs, the revolutionary idea of a 

Fig. 23.3 (a) In vitro testing of a self-expanding aortic 
valve and its mechanical and hemodynamic profile (cour-
tesy of H.R.F. and M.F.). (b) Stent valve design with barbs 
for fixation in the ascending aorta and transvascular deliv-
ery catheter (courtesy of H.R.F. and M.F.). (c) The first 

in vivo experiments with a percutaneously implanted aor-
tic valve in an adult sheep model showed satisfying hemo-
dynamic results even after dopamine stress (courtesy of 
H.R.F. and M.F.)

Percutaneous Aortic Valve Replacement
1995-97

Expansion: 20-26 mm
Compression to: 8-9 mm
Dislocation force: >800 grams
Regurgitant flow: <150 ml/min
Flow gradient: 6mmHg/10l/min

Concept of JEN.cardiotec
product description, production facilities (3)

2001

presentation of the current system
current stent design (with or
without fixation snag)
patented catheter (current
version)

a

b
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short stent with so-called clips came up. These 
clips could grip the native leaflets like a paper 
clip and would prevent any embolization toward 
the left ventricle.

This idea was patent protected in 2003/4 
(Fig. 23.4). Besides clipping the native leaflets, 
this technology also allows:

• the construction of a rather fragile stent,
• the positioning of the device during deployment 

with less traumatic effects on underlying 

tissues, making septum  irritation with conse-
quent atrioventricular (AV) block less likely,

• leaflets that are always anatomically 
orientated.

This idea allowed us to start with animal 
testing, because no calcification of the native 
leaflets was needed. The valve did fix itself by its 
clipping mechanism [1, 2].

However, the clipping mechanism required a 
catheter design that allowed, first, the exposure 
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of the clippers (now called “feelers”), and in a 
second step, the deployment of the valve. This 
could be realized only with a very bulky cathe-
ter design, as shown in Fig. 23.3b.

Owing to the technical difficulties in realizing 
a small transvascular device, a company for the 
manufacture of such devices was founded in 
2006 and named JenaValve. In 2011 the company 
marketed the first transapical device (32-French) 
with a full porcine valve (Fig. 23.5).

Market acceptance was good; however, the 
transapical market began to shrink at that time. In 
2013 the JenaValve transapical system got the 
additional CE mark, owing to its technical finesse 
and good clinical results in also treating atrial 
regurgitation [3].

The same concept of clips on the valve was 
employed by Medtronic (Minneapolis, MN, 
USA) and a transapical valve named Engager 
came onto the market 2 years later. The clips were 

*

*
*

*

Clipping: shorter stent allows easy crossing of the aortic arch

Patent application 2003
PCT submitted 2004

Fig. 23.4 The 
revolutionary idea of a 
stent valve that clips 
onto the native leaflets 
(courtesy of H.R.F. and 
M.F.)
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connected to the stent as a second piece; however, 
that valve was withdrawn from the market later 
on, as the two-piece construction made the device 
very bulky, so that with this device a transfemoral 
system could probably never be realized.

In 2016 the JenaValve transapical system was 
also removed from the market, because recertifi-
cation was necessary and the transapical market 
had become very small. In addition, a clinical 
trial for a transfemoral device with a new pericar-
dial valve had begun.

However, owing to technical modifications the 
trial was interrupted and the clinical launch of the 
so-called third-generation TAVI device had to be 
postponed until the end of 2018 (Fig. 23.6).

Note that it took more than 15 years from its 
first concept until the first JenaValve device came 

onto the market. Disruptive technical medical 
solutions are highly regulated before market 
entry is possible. The safety and efficiency con-
cerns of regulatory authorities have to be coun-
terbalanced against the medical need to replace 
older and more invasive surgical procedures that 
are usually unregulated and applied according to 
individual surgeons’ decisions and are not fol-
lowed by clinical trials.

At present other new TAVI devices are still 
under development. The evolution of TAVI began 
in the early 1990s, but it is

“… not at its end,
Not even at the beginning of its end.
Maybe at the end of the beginning”
(Winston Churchill).

JenaValveTM TAVI System
Transapical

The JenaValve
Stent

The JenaValve
Prosthesis

The JenaValve
Delivery SystemCathlete

Fig. 23.5 The JenaValve (JV) transapical system with clips and full porcine root valve
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24.1  Introduction

Transcatheter aortic valve implantation (TAVI), 
also called transcatheter aortic valve replacement 
(TAVR), has been accepted as an alternative thera-
peutic option to surgical aortic valve replacement 
(SAVR) in severe aortic stenosis patients who have 
moderate or high perioperative risk for mortality 
[1, 2]. Ongoing improvements in devices and tech-
niques have contributed to better TAVI outcomes 
with the decreased rate of 30-day mortality 
[3, 4]. Medtronic CoreValve (Medtronic, Inc., 
Minneapolis, Minnesota) is the first self- expandable 
transcatheter heart valve introduced in the market 
after obtaining Conformité Européenne (CE) Mark 
in 2007 and is characterized by supra-annular 

design to enhance valve function. The US Food and 
Drug Administration (FDA) approved CoreValve 
for commercial use in patients at high perioperative 
mortality risk for SAVR in January 2014. The next- 
generation CoreValve Evolut R device was 
approved in June 2015 for use in high or extreme 
surgical-risk patients. This second-generation 
device has four sizes (23 mm, 26 mm, 29 mm, and 
34 mm) (Fig. 24.1), designed to obtain the follow-
ing advantages compared with the previous 
CoreValve device:

 1. Accurate positioning: EnVeo R delivery cath-
eter system (Fig.  24.2) allows 1:1 torque 
response when the valve is released and allows 
recapturing and repositioning of the valve up 
to three times before reaching the point of no 
recapture.

 2. Less trauma to the left ventricular outflow 
tract: valve inflow is redesigned to reduce the 
force applied by the inflow tip and subsequent 
incidence of pacemaker implantation.

 3. Enhanced sealing: the improved inflow part of 
the valve, equipped with an extended skirt, 
produces consistent radial force and reduces 
paravalvular leak.

 4. Smaller delivery profile: the built-in InLine 
sheath enables the insertion of the EnVeo R 
delivery catheter system without an additional 
sheath, allowing 14 Fr (for 23  mm, 26  mm, 
29 mm) or 16 Fr (for 34 mm) equivalent deliv-
ery profiles of the device.
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When the additional sheath is required to 
deliver the catheter, 18 Fr sheath is used for the 
23  mm, 26  mm, and 29  mm valves, and 20 Fr 
sheath is used for the 34 mm valve. Recently, the 
latest CoreValve Evolut PRO was approved in 
Europe and the United States. The CoreValve 
Evolut PRO has an outer wrap made from por-

cine pericardial tissue that enhances contact 
between the valve and the aortic annulus, to fur-
ther address the occurrence of paravalvular leak. 
This device is currently available in 23  mm, 
26 mm, and 29 mm sizes (34 mm is not available) 
and has a 16 Fr equivalent delivery profile with 
the InLine sheath. Medtronic has a large global 

CoreValve Evolut R Evolut PRO

Available sizes 26, 29, 31 mm 23,26,29,34 mm 23,26,29 mm

In-Line Sheath - 14 or 16 Fr. equivalent 16 Fr. equivalent

Introducer sheath size 18 or 20 Fr. 18 or 20 Fr.* 20 Fr.*

Tranfemoral access
diameter

≥6.0 mm ≥5.0 or 5.5 mm ≥5.5 mm

Recapture - Capable Capable

Outer wrap - - Equipped

*if necessary

Fig. 24.1 Device characteristics. Permission by © Medtronic 2018

Deployment knob

Capsule

InLine sheath

Fig. 24.2 EnVeo R delivery catheter system. Built-in 
InLine sheath enables to insert the EnVeo R delivery cath-
eter system without additional sheath, which allows 14 Fr 

(for CoreValve Evolut R 23 mm, 26 m, 29 mm) or 16 Fr 
(for CoreValve Evolut R/PRO 34 mm) equivalent delivery 
profile of the device. Permission by © Medtronic 2018
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market share of TAVI devices, and until October 
2017, Medtronic devices had been implanted in 
more than 160,000 patients worldwide.

24.2  Implantation Procedure

24.2.1  Valve and Access Selection

Computed tomography (CT) is the essential 
imaging modality for TAVI planning, including 
access and selection of valve type and size [5–7]. 
CoreValve size is decided by multi-detector 
CT-derived annulus perimeter in accordance with 
the sizing chart. Other information, such as the 
dimensions of sinus of Valsalva, coronary height, 
and severity of leaflet calcification, are also con-
sidered for sizing, especially when the annulus 
perimeter is at the borderline of two different 
valve sizes. Although an ideal cutoff value has 
not been established, oversizing of CoreValve is 
currently recommended to reduce the risk of 
paravalvular leak (PVL) [7–10]. Previous studies 
have shown a direct relationship between the rate 
of pacemaker implantation and the degree of 
oversizing [11, 12], and a recent study demon-
strated that 9.6–16.2% perimeter oversizing is 
associated with better outcomes, including a 
lower rate of post-dilation and stroke [13].

Transfemoral route is considered to be less 
invasive and is the gold standard compared with 
other approaches. When the access vessel is 
small in size (<5.0 mm), or has severe calcifica-
tion or tortuosity, an alternative route is 
optional, such as the subclavian artery or the 
direct aortic approach, as the vascular compli-
cations are still an issue in TAVI and are signifi-
cantly associated with increased early and late 
mortality [14–16]. However, with the emer-
gence of a lower-profile device and technique 
development, the need for alternative access is 
currently decreasing. In the International 
FORWARD Study, a multicenter, observational 
study of real-world clinical practice including 
1083 patients with CoreValve Evolut R, only 
1.9% of patients underwent TAVI via alterna-
tive access, 1.6% via the subclavian artery, and 
0.3% with a direct aortic approach [17].

24.2.2  Implantation Technique

It is recommended that CoreValve Evolut R/PRO 
is implanted between 3 and 5 mm of depth from 
the annular line. Previous studies have shown 
that when the CoreValve is implanted deeper 
(lower), the patient is more likely to have PVL or 
permanent pacemaker implantation [8, 18–20]. 
An implantation depth less than 10 mm or 3 stent 
cells in relation to the aortic annulus is suggested 
to reduce PVL in previous reports [8, 20], while 
more precise implantation seems to be required 
to reduce the risk of pacemaker implantation. 
Although the rate of pacemaker implantation var-
ies among reports, a depth of more than 6–10 mm 
has been reportedly associated with permanent 
pacemaker implantation [21, 22]. The option of 
recapture and new stent frame design of the 
CoreValve Evolut R has shown to allow precise 
implantation depth compared with CoreValve 
(4.0 mm vs. 5.3 mm, p = 0.03) [23]. On the other 
hand, shallow implanting position still has the 
possible risk of device migration to the aorta at 
the final release of the valve, which support 
importance of operator experience for better 
implantation position and clinical outcomes, 
including rates of pacemaker implantation or sig-
nificant PVL [9, 24].

24.2.3  Transfemoral Approach

Femoral arterial access is achieved in the com-
mon femoral artery segment using open tech-
nique with surgical cutdown or percutaneous 
technique with suture-mediated vascular closure 
devices. Arterial puncture should be a bit more 
parallel to the vessel than conventional puncture 
to reduce the resistance when EnVeo R delivery 
catheter is inserted through the arterial wall. A 14 
Fr (or 16 Fr) sheath is placed in femoral artery 
when EnVeo R delivery catheter is delivered 
directly using the InLine sheath. However, in 
cases with severe calcification and tortuosity, it is 
recommended to use an 18 Fr (or 20 Fr) sheath 
and deliver the EnVeo R delivery catheter through 
the sheath, because the EnVeo R delivery catheter 
has less pushability due to the gap between the 
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nose cone and the capsule. A stiff wire, like Safari 
(Boston Scientific, Natick, Massachusetts), 
Confida (Medtronic), or Amplatz Super Stiff 
(Boston Scientific) wire, is placed at the left ven-
tricular (LV) apex. A Lunderquist Extra Stiff wire 
(Cook Medical, Bloomington, Indiana) can also 
be used when greater support is required to 
deliver the catheter. Safari and Confida are dedi-
cated pre-shaped wires that sit stable in the left 
ventricle, while manually shaped wires should be 
“created” carefully to minimize the risk of injury 
of left ventricle. The wire should be placed at the 
apex of the left ventricle to facilitate coaxial posi-
tioning and deployment of the valve as well as to 
avoid injuring the left ventricle or the mitral valve 
apparatus. Position of the wire is confirmed by 
echocardiography or fluoroscopy (right anterior 
oblique view).

Inspection of the loaded valve on the delivery 
catheter by fluoroscopy is imperative before bal-
loon predilation of the native aortic valve, in 
case of ensuing acute severe aortic regurgitation 
or hemodynamic collapse after valvuloplasty 
that may require immediate implantation of the 
valve. Since the loaded valve is invisible from 
outside due to the nitinol capsule, the delivery 
catheter should be placed under fluoroscopy. 
Then, inspection can be performed in an antero-
posterior view with a high frame rate (≥30 
frames per second) while rotating the entire 
valve. The two paddles of the CoreValve Evolut 
R/PRO are carefully inspected to ensure that 
they are perfectly inserted in the pocket and are 
completely symmetric, equidistant from the pad-
dle attachment of the EnVeo R delivery catheter 
(Fig. 24.3). The outflow crowns should be paral-
lel to the paddle attachment and straight. The 
capsule should be straight without any defor-
mity, and the marker bands or nodes must be 
straight and aligned without a crease or bend of 
the loaded valve.

Balloon aortic valvuloplasty (BAV) before 
implantation can be performed to facilitate the 
delivery and expansion of the CoreValve Evolut 
R/PRO device across the native valve. BAV can 
also potentially stabilize hemodynamics during 
the implantation of the transcatheter valve and 
allow a slow deployment, as BAV can mitigate 

LV outflow obstruction when the CoreValve 
Evolut R/PRO begins to expand. In contrast, 
BAV is reported to be associated with complica-
tions, such as stroke, conduction disturbances, 
severe aortic regurgitation, and hemodynamic 
collapse [25, 26], while safety of TAVI without 
predilation has been reported [27, 28]. In the 
absence of established recommendation, BAV 
before implantation should be determined by the 
experience of operator, as well as clinical and 
anatomical characteristics, including aortic valve 
calcification, aortic valve area, and left ventricu-
lar function.

The delivery system is advanced over the stiff 
wire positioned at the apex of the left ventricle 
while keeping an eye on the LV wire position 
under fluoroscopy. When the EnVeo R delivery 
catheter is directly inserted from the groin using 
an InLine sheath, confirm that the flush port of 
the delivery catheter is pointing upward and that 
the InLine sheath is in contact with the proximal 
end of the capsule. The delivery catheter is fur-
ther advanced under fluoroscopy with no gap 
between the nose cone and the capsule, especially 
in tortuous vessels or heavily calcified vessels. 
When the gap is generated or the operator feels 
resistance during advancement, refrain from 
pushing too hard; instead pull back the delivery 
catheter and try to change the trajectory of the 
catheter by wire manipulation or, in some cases, 
rotating the catheter by a quarter turn. 
Replacement with a stiffer wire, e.g., Lunderquist 
Extra Stiff wire, or inserting an 18 Fr or 20 Fr 
standard sheath may also be helpful in advancing 
the delivery catheter.

The device is then advanced through the aortic 
valve, keeping it toward the outer curve of the 
ascending aorta. It is important to confirm that 
the pigtail catheter is in position at the bottom of 
the non-coronary cusp by an angiogram. 
Projection angle is adjusted to remove the paral-
lax in the device, which is basically achieved by 
left anterior oblique and caudal rotation of the 
C-arm. Then, the inflow end of the mounted 
CoreValve Evolut R/PRO is positioned within a 
depth of 3–5 mm below the annulus, referring to 
the first node that indicates 6 mm proximal from 
the inflow end. After attaining optimal position of 
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the device, any tension in the delivery catheter is 
released, and the handle is turned slowly to flare 
the inflow portion of the bioprosthesis. The trans-
catheter valve is deployed slowly, and the posi-
tion is monitored and adjusted using the pigtail 
catheter as a landmark for the nadir of the annulus 
with contrast injection (Fig. 24.4). Gentle pulling 
and pushing of the delivery system or LV wire is 
done to attain optimal adjustment with ventricu-
lar pacing at 90–120 beats per minute, if neces-
sary, to stabilize device position. Once annular 
contact is made, there is a precipitous drop in the 
blood pressure, and, therefore, deployment 
should proceed quickly until the point of no 

recapture—confirmed by the relationship 
between the radiopaque marker band and the 
radiopaque paddle attachment. During the rota-
tion of the handle, the operator can also feel the 
tactile feedback that deployment is nearing the 
point of no return. It is important to confirm 
recovery of normal pressure. The position of 
CoreValve Evolut R/PRO is assessed by the 
injection of contrast after removing the parallax. 
When the position is not optimal, CoreValve 
Evolut R/PRO can be recaptured partially or fully 
at this point. After achievement of satisfactory 
position, the LV wire is retracted to centralize the 
nose cone to avoid interference with the valve 

*

*

a b c

d

Fig. 24.3 Device inspection. (a and c) Proper loading: 
two paddles (arrows) of the CoreValve Evolut R/Pro are 
perfectly inserted in the pocket and completely symmetric 

equidistant from the paddle attachment (asterisk) of EnVeo 
R delivery catheter. (b and d) Improper loading: two pad-
dles are not symmetric from the paddle attachment

24 Medtronic Program for Transcatheter Aortic Valve Implantation



292

frame. The handle is turned very slowly until 
both paddles disengage, in some cases, with a 
gentle push of the delivery catheter. Complete 
detachment of the paddles should be carefully 
assessed. The capsule is recaptured in the 
descending aorta, and the delivery system is 
removed from the body. When balloon post- 
dilatation is considered, a 14 Fr (or 16 Fr) sheath 
is reinserted.

24.2.4  Alternative Access

In cases where transfemoral approach is unsuit-
able or at high risk for vascular complications, 
trans-subclavian/axillary or direct aortic 
approach can be alternative options. Both left 
and right subclavian arteries can be used, but the 
left is better due to delivery angulation relative to 
the aortic valve. Aortic root angulation (angle 
between the aortic valve annulus plane and the 
horizontal plane) of <30° is recommended for 
right subclavian access and <70° for left subcla-
vian access. The subclavian artery is usually less 
calcified and tortuous, but can be relatively small 
in caliber and is subject to vascular injury, such 
as dissection and occlusion. Caution should be 
paid especially in patients with previous coro-
nary artery bypass surgery and a patent left or 
right internal mammary artery graft; ≥6.5 mm of 
minimum vessel diameter for InLine sheath sys-
tem and ≥7.5 mm for 18 Fr sheath are recom-

mended. In direct aortic approach, the operator 
can directly deliver the device at a short distance 
from the aortic valve through the ascending 
aorta. Surgical incision is required, either an 
upper partial sternotomy or a small right anterior 
thoracotomy. The access site of the ascending 
aorta should be ≥6  cm from the annular plane 
without calcification. The InLine sheath system 
is not recommended for the direct aortic 
approach.

Currently, the most common alternatives to 
transfemoral access are transapical (not avail-
able for CoreValve) or trans-subclavian 
approach. Until now, these two alternative pro-
cedures have been rarely compared in clinical 
study, and superiority of one approach to the 
other has yet to be established [29, 30]. Thus, the 
choice of alternative access can be made depend-
ing on the operators’ experience and preference, 
as well as patient comorbidities and anatomical 
feasibility.

24.2.5  Valve-in-Valve Procedure

Valve-in-valve (VIV) TAVI is a less invasive 
approach for patients with failed surgical bio-
prosthesis, representing a useful alternative to 
reoperative surgical aortic valve replacement in 
patients with high-risk surgical profiles. Under- 
expansion of transcatheter valve can occur after 
VIV implantation because a rigid and nonelastic 

a b c

Fig. 24.4 Implantation procedure. (a) Device depth can 
be confirmed in relation to the pigtail placed on the bot-
tom of the non-coronary cusp as a landmark for the aortic 
annulus. (b) Contrast injection further clarifies the depth 

of the device, including the left coronary cusp side. (c) At 
the point of no return, the device position is carefully 
assessed before final release
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surgical valve hampers dilation of the valve, 
resulting in a tendency of higher post-procedural 
transvalvular gradients and a higher prevalence 
of patient-prosthesis mismatch [31]. Under- 
expansion may also have negative impact on the 
long-term durability of the valve, supporting the 
advantage of supra-annular transcatheter valve 
with higher positioning, because the device can 
function above the rigid frame of the surgical 
valve [32]. In an in vitro VIV model, CoreValve 
demonstrated better valve performance (i.e., 
transvalvular gradient and effective orifice area), 
when compared with the intra-annular valve [33]. 
Moreover, when the inflow of CoreValve is juxta-
posed with inflow of the surgical valve, i.e., 0 mm 
of depth, the performance was highest among dif-
ferent depths of implantation. A clinical study 
also demonstrated that higher implantation, 
defined as an implantation depth ≤5  mm from 
ventricular border of the surgical valve, corre-
lated with lower post-procedural transvalvular 
gradient using CoreValve Evolut R [32]. In higher 
implantations, the rate of elevated transvalvular 
gradient (mean gradient ≥ 20 mHg) was signifi-
cantly lower than in lower implantations 
(depth > 5 mm). These results suggest reposition-
able supra-annular CoreValve Evolut R/PRO can 
be the first-line device for VIV, especially in 
patients with small surgical bioprosthesis [34].

For device sizing, the true inner diameter of 
the surgical valve at the level of the sewing ring is 
used and is commonly 1–4 mm smaller than the 

manufacturer’s labeled size. This information can 
be obtained from manufacturer websites or publi-
cations. Multi-detector CT or transesophageal 
echocardiography is recommended to confirm 
smallest inner diameter of the surgical valve, 
given that valve design and size information will 
not always be correct after more than 10  years 
since replacement. The device size is based on 
the method used for native aortic valve selection 
with appropriate oversizing. The VinV app is also 
useful in obtaining important information for a 
successful VIV procedure, including TAVI valve 
sizing and image-based guidance for the ideal 
placement of the valve.

The sewing ring level is used as a reference 
plane of the surgical valve, similar to the annu-
lus plane being used in TAVI for the native aor-
tic valve. A perpendicular view of the surgical 
valve is achieved by adjusting the fluoroscopic 
projection using a radiopaque maker, such as 
the basal ring or stent frame. The sewing ring 
position must be confirmed using the radi-
opaque component of the surgical valve as a 
relative marker or using valvuloplasty to iden-
tify the neck and transesophageal echocardiog-
raphy in cases without a radiopaque part [35]. 
CoreValve is implanted within the depth of 
5 mm below the sewing ring for better hemody-
namics as previously described (Fig. 24.5). The 
repositionable feature of CoreValve Evolut R/
PRO is useful to obtain ideal depth and coaxial-
ity to the surgical valve.

a bFig. 24.5 Valve-in- 
valve procedure. (a and 
b) The deployment of 
CoreValve Evolut R 
23 mm inside of 
Carpentier-Edwards 
Perimount 23 mm. Stent 
frame of the surgical 
valve can be used as a 
reference of the 
deployment
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24.2.6  Post-procedure Monitoring

In recent trials of CoreValve Evolut R, 14.7–
17.5% [4, 17, 36] of patients required PPM 
within 30  days following the procedure. 
Procedure-related high-degree atrioventricular 
block (HAVB) occurs mainly in the periproce-
dural period within 24 h following TAVI; how-
ever 2–7% of patients [37, 38] were shown to 
experience delayed HAVB ≥48 h after the proce-
dure as self-expandable valve keeps expanding 
even after the implantation. Therefore, continu-
ous rhythm monitoring is currently recommended 
up to 72 h [39]. On the other hand, a recent report 
[37] demonstrated that no patient with normal 
post-TAVI electrocardiogram experienced 
delayed HAVB up to 8  days after TAVI.  Until 
now, an evidence-based strategy has not been 
established for monitoring duration, and the min-
imum required duration remains unclear. 
Therefore, operators should carefully assess the 
risk of HAVB in each patient according to the 
risk factors, such as the presence of intraopera-
tive heart block and new-onset left bundle branch 
block.

24.3  The Results of Clinical Trials 
(Table 24.1)

24.3.1  CoreValve US Pivotal Trial

Extreme Risk Study of the CoreValve US Pivotal 
Trial [40] is the initial multicenter, nonrandom-
ized study that investigated the safety and effi-
cacy of CoreValve in patients at prohibitive risk 
for SAVR. A total of 486 patients from 41 clini-
cal sites underwent TAVI with average age of 
83.2 years old and predicted mortality at 30 days 
based on Society of Thoracic Surgeons (STS) 
scores of 10.3%. The primary endpoint of all- 
cause death or major stroke at 1 year was 26% 
and was significantly lower than a prespecified 
objective performance goal (43%; P < 0.0001). 
The rate of major stroke was 2.3% at 1 month 
and remained low throughout a year with 4.1%. 
The US CoreValve High- Risk Study [41] was a 

first multicenter, randomized, non-inferiority 
trial using CoreValve including 795 patients 
from 45 US centers. Patients who had symptom-
atic severe aortic stenosis and are at increased 
surgical risk were randomized in a 1:1 fashion to 
TAVI with CoreValve vs. SAVR. Average patient 
age was 83.2  years old, and the average STS 
score was 7.4%. All- cause death at 1 year was 
significantly lower in the TAVI group than in the 
SAVR group (14.2 vs. 19.1%, P < 0.001 for non-
inferiority and P  =  0.04 for superiority). 
Exploratory analyses of the secondary endpoint 
suggested that the rate of major adverse cardio-
vascular or cerebrovascular events at 1  year, 
including all-cause mortality, myocardial infarc-
tion, any stroke, and re-intervention, was signifi-
cantly lower in the TAVI group than in the 
surgical group (20.4% vs. 27.3%, P  =  0.03). 
Valve functions such as mean aortic valve gradi-
ent and effective orifice area were non-inferior in 
TAVI compared to SAVR shown by hierarchical 
testing. Rates of moderate or severe paravalvular 
regurgitation, new permanent pacemaker 
implantation, and major vascular complications 
were higher in TAVI, while bleeding, acute kid-
ney injury, and new-onset or worsening atrial 
fibrillation were significantly more frequent in 
SAVR. These data supported the US FDA’s deci-
sion to approve the device for patients at high 
risk for surgery. At the 3-year outcome presented 
at ACC 2016 Chicago, IL., the trend was still 
consistent; the rate of mortality or stroke was 
significantly lower in TAVI than SAVR (37.3% 
vs. 46.7%, P = 0.006).

24.3.2  NOTION Trial

NOTION (Nordic Aortic Valve Intervention) trial 
[42] was the first all-comers trial to randomize 
patients to TAVI with CoreValve or SAVR and 
enrolled 280 patients older than 70  years with 
severe aortic stenosis at 3 Nordic centers. Mean 
age was 79  years, and 81.8% were low-risk 
patients with predicted mortality at 30 days based 
on STS score of less than 4. One-year results 
showed no significant differences in the primary 
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endpoint, composite rate of death from any cause, 
stroke, or myocardial infarction, between those 
undergoing TAVI and those undergoing SAVR 
(13.1% vs. 16.3%; p = 0.43 for superiority). TAVI 
group had higher rate of pacemaker implantation, 
higher incidence of aortic valve regurgitation, 
and higher New York Heart Association (NYHA) 
functional class at 1  year. On the other hand, 

SAVR group showed smaller effective orifice 
area after surgery and more episodes of bleeding, 
cardiogenic shock, acute kidney injury, and new- 
onset or worsening atrial fibrillation. The higher 
incidence of post-procedural aortic valve regurgi-
tation and conduction abnormality of TAVI may 
be associated with worse NYHA functional class 
at 1 year.

Table 24.1 Clinical trials

Trial (Ref. 
#) Location Surgical risk Device Patients Age STS score
CoreValve 
US Pivotal 
(extreme 
risk) [40]

41 sites 
(United 
States)

Prohibitive risk CoreValve Single arm N = 489 83.2 years 10.3%

CoreValve 
US Pivotal 
(high risk) 
[41]

45 sites 
(United 
States)

High risk CoreValve Intention-to-treat/as 
treatedTAVR 
N = 394/390SAVR 
N = 401/357

TAVR 
83.1 yearsSAVR 
83.2 years

TAVR 
7.3%SAVR 
7.5%

Notion 
trial [42]

2 sites in 
Denmark 
and 1 in 
Sweden

All 
comer>70 years 
old

CoreValve Intention-to-treat/as 
treatedTAVR 
N = 145/139SAVR 
N = 135/135

TAVR 
79.2 yearsSAVR 
79.0 years

TAVR 
2.9%SAVR 
3.1%

SURTAVI 
trial [2]

87 sites 
international

Intermediate 
risk

CoreValve 
86%CoreValve 
Evolut R 14%

Intention-to-treat/
modified intention- 
to- treatTAVR 
N = 879/864SAVR 
N = 867/796

TAVR 
79.9 yearsSAVR 
79.7 years

TAVR 
4.4%SAVR 
4.5%

Trial (Ref. #) Access 30-day outcome Long-term outcome
CoreValve US 
Pivotal 
(extreme risk) 
[40]

Iliofemoral 100% All-cause mortality 8.3%Any 
stroke 4.0%

All-cause mortality or major stroke at 
1 year (primary) 26.0%; P < 0.001 
compared with prespecified objective 
performance goal (43.0%)All-cause 
mortality at 1 year 24.3%

CoreValve US 
Pivotal (high 
risk) [41]

Iliofemoral 
82.8%Alternative 
17.2%

All-cause mortality TAVR 3.3% 
vs. SAVR 4.5%; P = 0.43Any 
stroke TAVR 4.9% vs. SAVR 
6.2%; P = 0.46

All-cause mortality at 1 year (primary) 
TAVR 14.2% vs. SAVR 19.1%; P < 0.001 
for non-inferiority; P = 0.04 for 
superiorityStroke at 1 year TAVR 8.8% 
vs. SAVR 12.6%; P = 0.10

Notion trial 
[42]

Iliofemoral 
96.5%Subclavian 
3.5%

All-cause mortality TAVR 2.1% 
vs. SAVR 3.7%; P = 0.43Any 
stroke TAVR 1.4% vs. SAVR 
3.0%; P = 0.37

All-cause mortality, stroke, or myocardial 
infarction at 1 year (primary) TAVR 
13.1% vs. SAVR 16.3%; P = 0.43 for 
superiorityAll-cause mortality at 1 year 
TAVR 4.9% vs. SAVR 7.5%; P = 0.38

SURTAVI trial 
[2]

Iliofemoral 
93.6%Direct aortic 
4.1%Subclavian 2.3%

All-cause mortality TAVR 2.2% 
vs. SAVR 1.7%; 95% Credible 
interval −0.9 to 1.8Any stroke 
TAVR 3.4% vs. SAVR 5.6%; 
Credible interval −4.2 to −0.2

All-cause mortality or disabling stroke at 
2 years (primary) TAVR 12.6% vs. SAVR 
14.0%; P = 0.43 for non-inferiority, 
>0.999All-cause mortality at 1 year 
TAVR 6.7% vs. SAVR 6.8%; Credible 
interval −2.7 to 2.4All-cause mortality at 
2 year TAVR 11.4% vs. SAVR 11.6%; 
Credible interval −3.8 to 3.3
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24.3.3  SURTAVI Trial

The SURTAVI (Surgical Replacement and 
Transcatheter Aortic Valve Implantation) trial [2] 
is a global, multicenter, randomized trial evaluat-
ing TAVI with CoreValve (86%) or CoreValve 
Evolut R (14%) vs. SAVR for 2 years in interme-
diate surgical-risk patients. Intermediate surgical 
risk was determined by the value of STS score or 
nontraditional factors like coexisting illnesses, 
frailty, and disability. In 1660 patients who 
underwent an attempted TAVI (n = 864) or SAVR 
(n = 796), the average patient age was 79.8 years 
old and STS score was 4.5%. The estimated inci-
dence of the primary endpoint at 24 months, con-
sisting of a composite of death from any cause or 
disabling stroke, was 12.6% in the TAVI group 
and 14.0% in the surgery group (95% credible 
interval for difference, −5.2 to 2.3%; posterior 
probability of non-inferiority, >0.999). Similar to 
previous trials, TAVI was associated with higher 
rate of post-procedural pacemaker implantation, 
while SAVR had higher rates of acute kidney 
injury and atrial fibrillation. Although TAVI 
resulted in more frequent moderate or severe 
paravalvular regurgitation, TAVI had greater aor-
tic valve area and lower mean pressure gradient 
than SAVR.  Structural valve deterioration was 
not detected in either group during 24 months of 
follow-up.

From these results, TAVI is currently increas-
ingly being used in patients who have lower-risk 
profiles of SAVR and longer life expectancy. In 
August of 2016, Medtronic has received CE 
marking for CoreValve Evolut R system to 
include patients considered at intermediate risk 
for SAVR, and, thereafter, in July of 2017, the 
FDA cleared an additional indication to expand 
CoreValve Evolut R use for intermediate-risk 
patients. Recently, Medtronic started a new clini-
cal trial comparing TAVI vs. SAVR in patients 
who have a low predicted risk of operative mor-
tality for SAVR, i.e., predicted risk of mortality 
<3% at 30  days. This clinical trial will include 
1200 patients with a randomization in a 1:1 fash-
ion and aims to investigate non-inferiority of 
TAVI to SAVR in terms of all-cause mortality or 
disabling stroke at 2  years. The result of this 

study may support further shifting of TAVI 
toward lower surgical-risk patients. However, as 
demonstrated in clinical trials, TAVI is consis-
tently associated with higher rates of PVL and 
permanent pacemaker implantation compared 
with SAVR. New-generation Medtronic devices 
are addressing these issues, and recent retrospec-
tive studies have demonstrated superiority of 
CoreValve Evolut R to Corevalve [43, 44]. The 
need for new permanent pacemaker implantation 
was shown to be significantly lower in CoreValve 
Evolut R than CoreValve (22.7% vs. 35.3%; 
p  =  0.008) with the lower rate of moderate or 
severe PVL in CoreValve Evolut R (9.0% vs. 
16.7%; p = 0.044). The recapture technology can 
optimize the valve position, which allows one to 
obtain better sealing of the native aortic annulus 
and less trauma to the conduction system of the 
left ventricular outflow tract. The newest 
CoreValve Evolut PRO with an outer wrap also 
showed favorable outcomes in the Medtronic 
Evolut PRO Clinical Study (n = 60) [45]. No inci-
dent of moderate or severe PVL was reported at 
30 days, and 72.4% of patients experienced none 
or traces of paravalvular leak. In addition, inci-
dence of new permanent pacemaker implantation 
is reported to be 10%. Until now, no study has 
directly compared CoreValve Evolut PRO with 
the previous devices, and results are currently 
being awaited.

24.4  Future Perspective

Medtronic transcatheter heart valve redesign, 
together with the operators’ experience, has 
reduced TAVI-related complications such as vas-
cular complications, paravalvular leak, and pace-
maker implantation. Evolut R provides an option 
for valve recapture and repositioning that can 
assist the precise deployment of the valve, 
together with the reduced delivery profile using 
the InLine system, adding compatibility with 
small iliofemoral vessels and contributing to less 
vascular complications. The most recent com-
mercially available Evolut PRO is equipped with 
an outer wrap designed to enhance contact 
between the valve and the aortic annulus. 
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Ongoing and future clinical studies, as well as 
experience in clinical practice, will prove its effi-
cacy to reduce paravalvular leak. However, many 
challenges are still ahead for the evolution of the 
device, as the indication of TAVI has continu-
ously been broadened to patients who have lower 
surgical-risk profiles and longer life expectancy. 
Future technologies will address the remaining 
issues associated with TAVI, such as coronary 
access and long-term durability of bioprosthesis 
including possibility of TAVI in TAVI, and con-
tinue to pursue reduction in delivery profile and 
the rate of pacemaker implantation as well as the 
delivery system that facilitates easy and precise 
positioning of the valve.

24.5  Conclusion

Since it emerged as the first self-expandable 
transcatheter heart valve, Medtronic devices have 
been widely used for the treatment of patients 
who have severe aortic stenosis with higher sur-
gical risk. Clinical trials have shown their effi-
cacy on various patients with different 
comorbidities and surgical risks, with the devel-
opment of designs to reduce the complications 
associated with TAVI. Ongoing randomized trials 
on low surgical-risk patients are expected to 
demonstrate non-inferiority to SAVR and 
broaden indications for younger and lower surgi-
cal-risk patients. However, there still remain 
issues of TAVI to be solved for the better out-
comes and to secure long-term safety especially 
for durability of device, which warrants further 
effort and challenge for the improvement of the 
device, together with the robust results from clin-
ical trials with long-term follow-up.
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25.1  Introduction

Since the pioneering efforts of Alain Cribier [1], 
there are now several different new-generation 
devices for transcatheter aortic valve implanta-
tion (TAVI), also called transcatheter aortic 
valve replacement (TAVR), in patients with 
severe aortic stenosis or degenerated biopros-
thesis at intermediate or high surgical risk [2–4], 
which have clearly built their successes upon 
the foundations of first- generation devices, 
mainly SAPIEN XT (Edwards Lifesciences, 
Irvine, CA, USA) and CoreValve (Medtronic, 
Minneapolis, MN, USA) [5–9]. However, new 
developments continue, and indeed New Valve 
Technology (Hechingen, Germany) has recently 
obtained CE mark for a novel self-expandable 
device, the Allegra [10–12].

25.2  Technical Features

The Allegra TAVI system is a catheter-based, 
TAVI system (Fig.  25.1). It has received CE 
mark for the treatment of severe calcified aortic 
valve stenosis in high-risk patients with elevated 
surgical risk. Accordingly, this device is 
intended to replace a degenerative calcified 
aortic heart valve with the minimal invasive 
transcatheter implantation technique [10].
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Fig. 25.1 The Allegra transcatheter aortic valve 
implantation system, consisting of the Allegra 
bioprosthesis, the delivery system, and the loading system. 
Courtesy of New Valve Technology
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The Allegra system consists of a bioprosthesis, 
a delivery system, and a loading system. 
Specifically, the bioprothesis is a tri leaflet 
design supra-annular valve constructed with six 
individual parts of bovine pericardium. Three 
bovine pericardium segments constituting the 
skirt and three leaflets are sewed to the metallic 
frame in a semilunar fashion to form the valve 
coaptation plane. The stent is a nitinol laser-cut 
stent, with good radiopaque visibility and addi-
tional six gold radiopaque markers, where the 
valve is sutured in. The bioprosthesis is avail-
able in three different sizes, 23 mm, 27 mm, and 
31 mm, for patients’ native annulus size ranging 
from 19 mm up to 28 mm. The delivery system 
is based on the patented PermaFlow principle 
(Fig.  25.2), which ensures permanent blood 
flow condition during the bioprosthesis posi-
tioning and deployment sequences. The radi-
opaque marker rings provide a precise controlled 
release of the bioprosthesis in three steps. The 
catheter is characterized by an ideal balance of 
flexibility and stiffness. Finally, the loading sys-
tem is a dedicated tool kit to load the biopros-
thesis into the cartridge of the delivery system in 
a fast, easy, and intuitive loading. Notably, bio-
prostheses, delivery systems, and loading sys-
tems are developed, tested, and manufactured in 
Hechingen, Germany.

25.3  Peculiarities of Allegra

The benefits of the Allegra system are enabled by 
its design, which features a distinctive transcath-
eter aortic heart valve composed of a self- 
expandable stent frame with radiopaque gold 
markers and selected bovine pericardium [10–12]. 
The design of the stent frame allows a movement 
that can improve the bioprosthesis long-term 
durability. Tailored radial force distribution along 
the axis of the stent frame ensures safe anchoring 
in the annulus. In addition, movable points at the 
commissure reduce the mechanical stress on the 
leaflets by absorbing shocks. With the PermaFlow 
principle, the Allegra can be implanted in the cor-
rect position without compromising left ventricu-
lar outflow, allowing for implantation without 
rapid pacing. Finally, the supra-annular design 
leads to low gradients and high effective orifice 
areas.

25.4  Clinical Data

The Allegra system received CE mark in March 
2017. Accordingly, and given the novelty of this 
device, only limited clinical evidence in support 
is available, but data to date appear promising. 
Specifically, Wenaweser et  al. reported on the 
first-in-men study on the Allegra system in 2016 
[10]. They included 21 patients with severe aor-
tic stenosis, with device success in 86% of sub-
jects and procedural success in 95% of patients, 
and a significant improvement in mean aortic 
gradient (from 48 mm to 9 mm) and aortic valve 
area (from 0.6 to 1.7 cm2). Device success was 
not achieved because of aortic dissection shortly 
complicated by exitus (1 patient), valve emboli-
zation requiring bailout implantation of a differ-
ent device (1 patient), and residual moderate 
aortic regurgitation (1 patient). Notably, perma-
nent pacemaker implantation was required in 
24% of cases. In addition, major vascular com-
plications occurred in 14% of patients. 
Conversely, no case of stroke, transient isch-
emic attack, and life-threatening or major bleed-
ing occurred. Clinical results were sustained 
from discharge up to 30  days of follow-up. 

Fig. 25.2 The proprietary PermFlow deployment 
mechanism consists of the mechanically controlled 
delivery catheter unsheathing over the bioprosthesis 
coaptation plane, in order to expose the proximal free-cell 
stent frame. When the bioprothesis inflow is released, the 
valve is immediately competent in order to minimize any 
blood pressure drop. Courtesy of New Valve Technology
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Similarly favorable results were reported in 
contemporary single- center series including 26 
patients by Jagielak et  al. [13]. Specifically, 
these authors highlighted that Allegra device 
success could be obtained in 96% of cases, 
despite one case of cardiac  tamponade and 
another case of valve embolization requiring 
conversion to surgical aortic valve replacement. 
Intriguingly, in this series, no death occurred up 
to 1 month of follow-up, and in no patient was a 
permanent pacemaker implanted. Extended fol-
low-up of these studies up to 12  months has 
shown favorable survival rates in such a high-
risk cohort, without significant worsening post-
procedural aortic regurgitation and consistently 
favorable valve hemodynamics.

Given its unique design, Allegra can be 
considered optimally suited for valve-in-valve 
procedures, as pioneered by Schäfer et al. [11]. 
Indeed, a dedicated in vitro study accompanied 
by a four- patient case series has been reported by 
Sedaghat et  al. in 2018 [12], showing that this 
device can perform satisfactorily when implanted 
in Epic (St. Jude Medical, Saint Paul, MN, USA), 
Perimount (Edwards Lifesciences), Mosaic 
(Medtronic), Mitroflow (Sorin, Milan, Italy), 
Aspire (Vascutek, Inchinnan, UK), and Trifecta 
(St. Jude Medical) devices. Specifically, a dedi-
cated hydronymic pulsatile model was used for 
in  vitro testing, whereas all clinical procedures 
proved successful and uneventful.

These favorable pieces of evidence have 
provided support for ongoing trials on Allegra, 
which include the NVT ALLEGRA TAVI System 
TF in Failing Surgical Aortic Bioprosthesis 
(VIVALL) study [14] and the NVT ALLEGRA 
TAVI System TF in Failing Calcified Aortic Heart 
Valves in a Real-world Patient Population 
(FOLLOW) trial [15]. Specifically, the FOLLOW 
study will be a single-arm prospective study 
which will include 200 patients with severe aortic 
stenosis at high surgical risk, with a primary end-
point of cardiovascular death. The VIVALL trial 
is a single-arm prospective study aiming to enroll 
30 patients requiring valve-in-valve transcatheter 
aortic valve implantation, with co-primary end-
points of post-procedural mean aortic gradient 
and 1 month survival.

25.5  Conclusions

The Allegra TAVI system appears as a useful 
adjunct to the interventionalist’s armamentarium, 
given its favorable design features. Evidence to 
date support its expanded adoption for native 
valves as well as degenerated bioprostheses, with 
further insights coming from ongoing studies.
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Self-Expanding vs. Balloon- 
Expandable Devices 
for Transcatheter Aortic Valve 
Implantation

Denise Todaro, Andrea Picci, Corrado Tamburino, 
and Marco Barbanti

26.1  Introduction

Since the first-in-human transcatheter aortic 
implantation (TAVI), also called transcatheter aor-
tic valve replacement (TAVR), performed by 
Cribier in 2002 [1], the percutaneous treatment of 
aortic valve stenosis has had a widespread recogni-
tion, expanding his indications from the treatment 
of severe aortic stenosis in inoperable patients to 
high- and intermediate-risk patients [2–4].

The first prototype of transcatheter aortic 
valve (designed by Cribier and his start-up 
Percutaneous Valve Technologies) was a stain-
less steel stent (23 mm in diameter and 17 mm in 
height) that contained a trileaflet valve (at first 
made of polyurethane, but soon changed to 
bovine pericardium). The device was compatible 
with a 24-French introducer sheath and was ini-
tially implanted with an anterograde trans-septal 
approach. After a few years, this prototype 
evolved into the Cribier-Edwards valve (Edwards 
Lifesciences), and the original trans-septal route 
was abandoned in favor of the more reproducible 
transfemoral and transapical approaches [5]. At 
the same time, another device, the self-expanding 
CoreValve (Medtronic), made of a nitinol frame 
containing a porcine pericardial valve, had been 
developed. These two devices, which after a few 

years obtained CE mark and US Food and Drug 
Administration (FDA) approval, can be consid-
ered the ancestors of all of the commercial 
devices now available.

In the last 15 years, TAVI technology has had 
an impressive advancement, transforming a chal-
lenging intervention into a very standardized and 
streamlined procedure [6]. The latest generation 
of TAVI devices have incorporated features to 
reduce the delivery catheter profile, facilitate 
deployment, and in some cases enable reposition-
ing and retrieval capability [6]. According to the 
type of deployment, current TAVI devices can be 
divided into the categories of balloon- expandable, 
self-expanding, and mechanically expandable 
(Fig. 26.1).

Thus far, there are no clear indications for the 
use of transcatheter heart valve (THV) platform 
for different anatomical subsets. In this chapter 
we will provide a brief summary of the current 
TAVI technologies, and we will present several 
clinical scenarios in which a specific device could 
be more suitable than the others.

26.1.1  Balloon-Expandable Device

The Sapien 3 THV (Edwards Lifesciences) is the 
fourth-generation balloon-expandable by 
Edwards [7–12]. This is the only TAVI platform 
having a balloon-expandable deployment tech-
nique. Being available in four valve sizes (20, 23, 
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26, and 29 mm), the Sapien 3 valve is designed 
with a cobalt-chromium frame, three bovine peri-
cardial tissue leaflets, and a polyethylene tere-
phthalate (PET) skirt at its inflow portion and 
outer PET skirt sealing skirt to reduce paravalvu-
lar leakage (Fig. 26.1 and Table 26.1).

The transfemoral Commander delivery sys-
tem (Edwards Lifesciences) incorporates an inner 
balloon catheter, on which the prosthesis is 
crimped, and an outer deflectable flex catheter. 
The catheter offers dual articulation with partial 
and distal flew that enables crossing the aortic 
valve in challenging anatomies and controlled 
coaxial alignment. The handle incorporates a 
fine-adjustment wheel that allows advancing or 
retracting the balloon and that carries the valve 
several millimeters up or down within the annu-
lus without pushing or pulling on the entire deliv-
ery system. The Commander delivery system is 
advanced through a 14-F (20-, 23-, 26-mm 
valves) and 16-F (29-mm valve) expandable 
eSheath (Edwards Lifesciences) (minimum 

diameter, 5.5  mm). The Certitude delivery sys-
tem (Edwards Lifesciences) is also commercially 
available for alternative access procedures in 
patients where transfemoral delivery may not be 
appropriate. The Certitude delivery system is 
compatible with an 18-F sheath for 20-, 23-, and 
26-mm valves and a 21-F sheath for the 29-mm 
valve (Table 26.1).

26.1.2  Self-Expanding Devices

26.1.2.1  Evolut R and Evolut PRO
The CoreValve Evolut R device (Medtronic) 
(currently available in four device sizes of 23, 26, 
29, and 34 mm, allowing the treatment of native 
valves with a perimeter of 56.5–94.2 mm) con-
sists of a tricuspid valve obtained from porcine 
pericardial tissue, mounted and sutured inside a 
self-expanding nitinol frame (Fig.  26.1 and 
Table 26.1) [6]. The lower part of the device has 
a high radial force that allows for the 

SAPIEN 3

BALLOON-ENPANDABLE

EVOLUT R EVOLUT PRO ACURATE NEO PORTICO ALLEGRA

SELF-EXPANDABLE

MECHANICALLY-EXPANDABLE

LOTUS EDGE

Fig. 26.1 Overview of the current TAVI devices used in clinical practice
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 self- expansion and exclusion of native calcified 
valve leaflets. The central portion of the stent 
supports the valve.

As compared with the previous generation of 
CoreValve devices, the Evolut R provides several 
refinements to improve anatomical fit, annular 
sealing, and durability. In particular, the device is 
designed to enable recapturability and reposition-
ability. The Evolut R frame is tailored to reduce 
the overall height while preserving the height of 
the pericardial skirt (13  mm) with an extended 
skirt of the inflow tract to provide a seal against 
paravalvular regurgitation (PVR). In addition, 
cell geometry has been redesigned to achieve 
optimized radial force.

The Evolut R has also been designed to be 
implanted through a 14-F compatible delivery 
system, the EnVeo R delivery system (Medtronic), 
which integrates an InLine sheath (Medtronic). 
This sheath slides against the capsule to allow 
vascular access that is the equivalent of a 14-F 
system (16  F for the Evolut R 34  mm). This 
means that the Evolut R system is now indicated 
to treat minimum access vessels of ≥5  mm 
(Evolut R 23, 26, 29 mm) and ≥5.5 mm (Evolut 
R 34 mm) (Table 26.1). Positioning accuracy is 
aided by the EnVeo R delivery system’s 1:1 
response. The EnVeo R provides the option to 
recapture and reposition up to three times before 
reaching the “point of no recapture.”

Table 26.1 Main characteristics of current transcatheter heart valves used in clinical practice

Device name Valve structure
Access route, delivery 
system, and valve size

Reference access 
vessel diameter Repositionable

Fully 
retrievable

Sapien 3 
(Edwards 
Lifesciences)

Bovine pericardial 
tissue valve
Balloon-expandable 
cobalt chromium 
frame

TF: Edwards eSheath 
14 F (20, 23, 26 mm), 
16 F (29 mm)
TA, TAo: Certitude 18 F 
(20, 23, 26 mm), 21 F 
(29 mm)

≥5.0 mm 
(SAPIEN 3 20, 23, 
26 mm) ≥5.5 mm 
(SAPIEN 3 
29 mm)

No No

Evolut R 
(Medtronic)

Porcine pericardial 
tissue valve
Self-expanding 
nitinol frame

TF, TAo, TSc: EnVeo R 
14Fr outer diameter (23, 
26, 29 mm), EnVeo N 
16Fr outer diameter 
(34 mm)

≥5.0 mm (Evolut 
R 23, 26, 29 mm) 
≥5.5 mm (£volut 
R 34 mm)

Yes Yes

Evolut PRO 
(Medtronic)

Porcine pericardial 
tissue valve with 
outer porcine 
pericardial tissue 
wrap
Self-expanding 
nitinol frame

TF, TAo, TSc: EnVeo N 
16Fr outer diameter (23, 
26, 29 mm)

≥5.5 mm Yes Yes

Portico (Abbott 
vascular)

Bovine pericardial 
tissue valve
Self-expanding 
nitinol frame

TF, Tao, TSc: 18 F (23, 
25 mm) 17 F (27, 
29 mm)

≥6.0 mm Yes Yes

ACURATE neo 
(Boston 
Scientific)

Porcine pericardial 
tissue valve
Self-expandable 
nitinol alloy stent

TF: 18 F outer diameter 
(S, M, L)
TA: Sheathless 28 F (S, 
M, L)

≥6.0 mm No No

Lotus valve 
(Boston 
Scientific)

Bovine pericardial 
tissue valve
Self-expanding, 
braided nitinol frame

TF: 18 F (23 mm)
20 F (25, 27 mm)

≥6.0 mm (lotus 
23 mm)
≥6.5 mm (lotus 
25, 27 mm)

Yes Yes

Allegra (NVT 
AG)

Bovine pericardial 
tissue valve (annular 
skirt and leaflets)
Self-expanding 
nitinol stent

TF: 18 F (23, 27, 
31 mm)

≥6.0 mm Yes Yes

26 Self-Expanding vs. Balloon-Expandable Devices for Transcatheter Aortic Valve Implantation
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The CoreValve Evolut PRO valve is the latest- 
generation Medtronic transcatheter aortic valve. 
The device obtained the FDA approval in March 
2017 and the CE mark in July 2017. The Evolut 
PRO device follows the platform of the recaptur-
able CoreValve Evolut R System, with the inte-
gration of an outer porcine pericardial tissue wrap 
that adds surface area contact between the valve 
and the native aortic annulus to further advance 
valve sealing performance. The device is cur-
rently available in the 23-mm, 26-mm, and 29-mm 
sizes (the 34-mm size will be also available in the 
next future). The Evolut PRO system is delivered 
through the 16-F equivalent EnVeo R Delivery 
Catheter System and is indicated for vessels down 
to 5.5 mm. The 14-F version of the delivery sys-
tem of the Evolut PRO will be available soon.

26.1.3  Portico

The Portico valve (Abbott Vascular) is composed 
of a self-expanding stent, bovine leaflets, and a 
porcine pericardial sealing cuff. The large cell 
area and the annular positioning allow easy 
engagement of the coronary ostia after implanta-
tion (Fig. 26.1 and Table 26.1). The large cell area 
also minimizes the risk of PVR by allowing valve 
tissue to conform around calcific nodules at the 
annulus. The valve uses Linx anticalcification 
technology (as used on Trifecta and Epic surgical 
valves; St Jude Medical, Inc.). The 23- and 25-mm 
valves are loaded onto an 18-F delivery system, 
whereas the 27- and 29-mm valves are loaded 
onto a 19-F delivery system (Table 26.1). Clinical 
studies have been reported on alternative access 
sites including transaxillary, transaortic, and sub-
clavian access, and case studies are currently 
underway to support this issue. The Portico valve 
is designed to be recaptured and repositioned at 
the implantation site, until it is fully deployed.

26.1.4  Acurate neo

The Acurate neo aortic bioprosthesis (Boston 
Scientific) is a second-generation valve with flaps 
composed of porcine pericardium sewn onto a 
stent made of self-expanding nitinol, covered 

both externally and internally by a porcine peri-
cardium skirt (Fig.  26.1 and Table  26.1). The 
device includes three stabilization arches for the 
axial alignment to aortic annulus, a top crown for 
capping the aortic annulus, and a bottom that is 
open to the full distribution on the native valve. 
The prosthesis can be implanted through both the 
transapical (28  F) and the transfemoral (18  F) 
routes using a simple two-step deployment and 
stable positioning. The Acurate neo comes in 
three different sizes: small (21- to 23-mm aortic 
annulus), medium (23- to 25-mm aortic annulus), 
and large (25- to 27-mm aortic annulus).

26.1.5  Allegra

The Allegra THV (NVT AG) is a self-expanding 
valve consisting of a nitinol stent frame and 
bovine pericardium (annular skirt and leaflets). 
The annular portion of the frame is covered with 
a sealing skirt, above which the leaflets are sewn 
(i.e., the functional portion of the prosthesis is 
supra-annular). In addition, six radiopaque gold 
markers are incorporated to the stent frame indi-
cating the level of the skirt/leaflet transition. The 
valve is available in three sizes (23, 27, and 
31 mm) (Table 26.1), with a frame height of 37.3, 
41.3, and 43  mm, respectively (Fig.  26.1 and 
Table 26.1). The stent frame uses a variable cell 
size design to allow for axially tailored radial 
force distribution with higher force in the annular 
sealing section of the valve for secure anchoring. 
The upper section of the stent frame has larger 
cells, created to allow for flexure of the stent 
frame and accommodation of conformational 
changes during the cardiac cycle, ultimately dis-
sipating leaflet stresses. The transfemoral deliv-
ery system incorporates an 18-F cartridge and a 
15-F catheter shaft. The Allegra device obtained 
CE mark approval in April 2017.

26.2  Clinical Trial Overview

A number of randomized clinical trials (RCTs) 
had been performed to evaluate the outcomes of 
TAVI vs. surgical aortic valve replacement 
(SAVR) in different clinical scenarios (high-risk, 
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intermediate-risk, all-comers) [13–18]. Only two 
RCTs aimed at comparing two different TAVI 
devices: the Comparison of Transcatheter Heart 
Valves in High-Risk Patients With Severe Aortic 
Stenosis: Medtronic CoreValve vs. Edwards 
Sapien XT (CHOICE) trial and the Repositionable 
Percutaneous Replacement of Stenotic Aortic 
Valve Through Implantation of Lotus Valve 

System– Randomized Clinical Evaluation 
(REPRISE III) trial (Table 26.2).

The CHOICE trial was a multicenter trial 
enrolling 241 high-risk patients with symptom-
atic severe aortic stenosis undergoing TAVI and 
1:1 randomly assigned to receive a balloon- 
expandable valve (Edwards Sapien XT, n = 121) 
or a self-expanding valve (Medtronic CoreValve, 

Table 26.2 Randomized controlled trials comparing different THV types

CHOICE REPRISE III
First author 
name

M. Abdel-Wahab T. Feldman

Objectives To compare the clinical outcome of 
balloon- expandable vs. self-expandable 
valves in patients undergoing TAVI

To evaluate if a mechanically expanded valve (MEV) is 
non-inferior to an approved self-expanding valve 
(SEV) in high-risk patients with aortic stenosis 
undergoing TAVI

Study type RCT RCT
Randomization 1:1 2:1
Devices BE (Edwards Sapien XT)

SE (Medtronic)
ME (Lotus Valve)
SE (Medtronic CoreValve Classic and Evolut R)

Patient 
population

High-risk patients with severe aortic 
stenosis and an anatomy suitable for the 
transfemoral TAVI procedure

High or extreme risk and severe, symptomatic aortic 
stenosis

No. of patients 
enrolled

241 (121 vs. 120) 912 (607 vs. 305)

No. of center 
involved

5 55

Countries Germany North America, Europe, and Australia
Enrolling time 
interval

March 2012–December 2013 September 2014–December 2015

Primary 
endpoints

Device success:
•  Successful vascular access and 

deployment of the device and retrieval 
of the delivery system

• Correct position of the device
•  Intended performance of the heart valve 

without moderate or severe regurgitation
•  Only 1 valve implanted in the proper 

anatomical location

Composite endpoint:
• All-cause mortality
• Stroke
• Life-threatening and major bleeding events
• Stage 2/3 acute kidney injury
• Major vascular complications at 30 days
The primary effectiveness endpoint was the 1-year 
composite rate of all-cause mortality, disabling stroke, 
and moderate or greater PVL based on core laboratory 
assessment

Secondary 
endpoints

• Cardiovascular mortality
• Bleeding and vascular complications
• Postprocedural pacemaker placement
•  Combined safety endpoint at 30 days 

(including all-cause mortality, major 
stroke, and other serious complications)

• Moderate or greater PVL at 1 year

Timeframe 
(follow-up)

30-day and 1-year 30-day and 1-year

Conclusions Balloon- expandable valve resulted in a 
greater rate of device success than use of 
a self-expandable valve
1-year follow-up, with limited statistical 
power, revealed not statistically 
significantly differences in clinical 
outcomes in both populations

The use of the MEV compared with the SEV did not 
result in inferior outcomes for the primary safety end 
point or the primary effectiveness end point
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n  =  120) between March 2012 and December 
2013 at 5 centers in Germany [19, 20]. Device 
success occurred most frequently in the balloon- 
expandable valve group than in the self- 
expanding valve group (95.9% vs. 77.5%, 
p < 0.001). This was attributed to a significantly 
lower frequency of residual more-than-mild aor-
tic regurgitation (4.1% vs. 18.3%; p < 0.001) and 
the less frequent need for implanting more than 
one valve (0.8% vs. 5.8%, p = 0.03) in the bal-
loon-expandable valve group. Cardiovascular 
mortality at 30  days, bleeding, and vascular 
complications were not significantly different, 
and the combined safety endpoint occurred in 
18.2% of those in the balloon- expandable valve 
group and 23.1% of the self-expanding valve 
(SEV) group (p = 0.42). Placement of a new per-
manent pacemaker was less frequent in the bal-
loon-expandable valve group (17.3% vs. 37.6%, 
p = 0.001) [19]. At 1 year, the rates of death of 
any cause (17.4% vs. 12.8%; p  =  0.37) and of 
cardiovascular causes (12.4% vs. 9.4%; p = 0.54) 
were not statistically significantly different in 
the balloon- and self- expanding groups, respec-
tively. The frequencies of all strokes (9.1% vs. 
3.4%; p  =  0.11) and repeat hospitalization for 
heart failure (7.4% vs. 12.8%; p = 0.19) did not 
statistically significantly differ between the two 
groups. Elevated transvalvular gradients during 
follow-up were observed in four patients in the 
balloon-expandable group (3.4% vs. 0%; 
p = 0.12); all were resolved with anticoagulant 
therapy, suggesting a thrombotic etiology. More-
than-mild PVR was more frequent in the self-
expanding group (1.1% vs. 12.1%; p  =  0.005) 
[20]. Despite the higher device success rate with 
the balloon-expandable valve, 1-year follow-up 
of patients in CHOICE, with limited statistical 
power, revealed clinical outcomes after trans-
femoral TAVI with both  balloon- and self-
expanding prostheses that were not statistically 
significantly different.

The more recent REPRISE III trial random-
ized 2:1 patients with high or extreme risk and 
severe, symptomatic aortic stenosis to receive the 
mechanically expanded Lotus Valve System 
(MEV; Boston Scientific) or the commercially 
available self-expanding CoreValve (either 

CoreValve Classic or Evolut R; Medtronic). The 
trial was conducted at 55 sites and enrolled 912 
patients in North America, Europe, and Australia 
between September 2014 and December 2015 
[21]. The 30-day primary safety endpoint (all- 
cause mortality, stroke, life-threatening or major 
bleeding, stage 2/3 acute kidney injury, and major 
vascular complications) occurred in 20.3% of 
patients in the MEV group and in 17.2% of 
patients in the SEV group (p = 0.003 for noninfe-
riority). The 1-year primary effectiveness end-
point (composite of all-cause mortality, disabling 
stroke, and moderate or greater paravalvular 
leak) occurred in 15.4% in the MEV group and in 
25.5% in the SEV group (p < 0.001 for noninfe-
riority). The 1-year rates of moderate or severe 
PVR were significantly reduced in MEV group 
(0.9% vs. 6.8%; p < 0.001), and the superiority 
analysis for primary effectiveness was statisti-
cally significant (difference, −10.2%; 95% CI, 
−16.3% to −4.0%; p < 0.001). Concurrently, the 
MEV had higher rates of new pacemaker implants 
(35.5% vs. 19.6%; p < 0.001) and valve thrombo-
sis (1.5% vs. 0%) but lower rates of repeat proce-
dures (0.2% vs. 2.0%), valve-in-valve 
deployments (0% vs. 3.7%), and valve malposi-
tioning (0% vs. 2.7%). Concluding that among 
high-risk patients with aortic stenosis, the use of 
the MEV compared with the SEV did not result 
in inferior outcomes for the primary safety end-
point or the primary effectiveness endpoint [21]. 
A brief summary of two studies is reported in 
Table 26.2.

26.3  Clinical Scenarios

26.3.1  TAVI When the MDCT Is Not 
Available

The first consideration to do when selecting the 
type of device for a patient undergoing TAVI is 
whether a high-quality imaging screening (com-
puted tomography, 3D transesophageal echocar-
diogram) is available. Between the different 
imaging techniques available for valve sizing, 
multidetector computed tomography (MDCT) has 
been recognized as the gold standard imaging 
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technique in providing reproducible annular mea-
surements [22, 23], but it is often denied in patients 
with very poor renal function, which it is frequent 
in TAVI populations, or not available in the setting 
of clinical urgency. Alternative strategies for aortic 
root measurements and anatomy assessment, 
including three-dimensional (3D) transesophageal 
[24] and 2D intracardiac echocardiography and 
magnetic resonance imaging (MRI) [25], have 
been studied. However, in daily practice, it usually 
happens to deal with patients requiring TAVI (par-
ticularly in an emergency setting) where operators 
should rely on angiography and 2D transthoracic 
echocardiography only for THV sizing.

On one hand, the balloon-expandable THV 
size selection requires an extremely accurate 
assessment of aortic root anatomy and dimen-
sions, as excessive oversizing may increase the 
hazard of aortic annulus rupture [26, 27] and 
coronary occlusion [28], and undersizing 
increases the risk of PVR and valve migration 
[29, 30]. On the other hand, self-expanding 
devices may allow for even more aggressive 
oversizing providing better sealing without 
increasing the risk of annular rupture. 
Consequently, where aortic root measurements 
and calcium distribution are not known, the 
implantation of a self-expanding device might be 
safer [31].

Higher radial force of the balloon-expandable 
valve as compared with the self-expanding THVs 

has been well demonstrated by in vitro studies. 
Egron et al. [32] compared in the same bench test 
five THVs: CoreValve size 23 (CV-23) and size 
26 (CV-26), the Acurate neo S (ACU-S), and the 
Sapien XT size 23 (XT-23) and size 26 (XT-26) 
to bring quantitative radial force profile informa-
tion (Fig. 26.2). This study demonstrated that the 
radial force the balloon-expandable valves can 
exert are much higher (>100 Newton) than for the 
self-expanding valves (<50 Newton on recom-
mended size ranges), which makes it unlikely for 
the surrounding anatomy to push back the Sapien 
XT valve frames [32]. This is in line with previ-
ous studies which showed balloon-expandable 
valves could keep a high degree of circularity 
after implantation in oval annuli [33].

26.3.2  Severe Calcific Native Aortic 
Valve

A severally calcified native aortic valve repre-
sents a big challenge because in this setting the 
operator has to find the better balance between 
the effectiveness of the procedure and safety of 
the patient. On one hand, the presence of severe 
calcified aortic complex increases the possibil-
ity of suboptimal deployment of the prosthesis 
and the presence of PVR [11, 12, 34, 35]. On 
the other hand, the presence of calcification 
involving the left ventricular outflow tract 
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Fig. 26.2 Comparison 
of the five valves: radial 
force (RF) profiles of 
self-expanding CV23, 
CV26, ACU-S inflow 
segments, and balloon- 
expandable XT23, XT26 
valves, and respective 
recommended size 
windows (arrows). RF in 
Newton (N). Modified 
by Egron et al. [32]
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(LVOT) had been demonstrated to represent 
one of the major predictor of annular rupture 
during TAVI [20, 26].

Aortic valve calcification could be graded 
semiquantitatively as follows:

 – Grade 1, no calcification.
 – Grade 2, mildly calcified (small isolated 

spots).
 – Grade 3, moderately calcified (multiple larger 

spots).
 – Grade 4, heavily calcified (extensive calcifica-

tions of all cusps) [36].

When selecting a THV, the LVOT needs to be 
separately analyzed for the presence, amount, 
and location of calcification. If present, the distri-
bution of calcification and extent can be assessed 
in a semiquantitative fashion as follows [26, 37]:

 – Mild, 1 nodule of calcium extending <5 mm in 
any dimension and covering <10% of the 
perimeter of the LVOT.

 – Moderate, 2 nodules of calcification or 1 
extending >5 mm in any direction or covering 
>10% of the perimeter of the LVOT.

 – Severe, multiple nodules of calcification of 
single focus extending >1 cm in length or cov-
ering >20% of the perimeter of the LVOT.

Formal LVOT calcification scoring was also 
performed by using a Hounsfield unit threshold 
of 800 to allow for determination of an Agatston 
score for the calcification in the LVOT on a 
contrast- enhanced computed tomography angi-
ography as described by Ewe et al. [38].

Anatomically, THV device landing zone can 
be divided in three specific regions [39]:

 – The overall LVOT (from the aortic annulus 
plane and 10 mm into the left ventricle).

 – The upper LVOT (from the aortic annulus 
plane and 2 mm into the left ventricle).

 – The aortic valve region (from the aortic annu-
lus plane to the left coronary ostia).

Each region is further subdivided according to 
the aortic cups.

The first consideration to make when 
approaching a severe calcified valve regards 
safety; previous analyses of MDCT performed 
before TAVI suggested that there are at least two 
important features associated with annular rup-
ture and periaortic hematoma: (1) moderate or 
severe LVOT/subannular calcification and (2) 
significantly oversized prostheses (≥20% area 
oversizing) [26, 27]. The severity of aortic valvu-
lar calcification instead did not appear to play a 
significant role in root rupture, perhaps because 
the calcified leaflets are generally accommodated 
within the capacious sinus of Valsalva. However, 
caution should still be exercised when perform-
ing TAVI on patients with heavily calcified aortic 
valve cusps in the setting of shallow sinuses of 
Valsalva, because this has been shown to result in 
perforation of a shallow sinus/narrow root and 
potentially increase the risk of coronary occlu-
sion (Fig. 26.3) [26].

It is somewhat intuitive that upper LVOT cal-
cium is more predictive of aortic root injury given 
its contact with the deployed THV and exposure 
to the force created during balloon expansion in 
this rigid, thin-walled structure. In particular, 
within the upper LVOT region, it is calcium 
located below the noncoronary cusp that was 
demonstrated to be most predictive of aortic root 
injury (Fig. 26.4), although previous case reports 
reported that the left aortic sinus may be the most 
vulnerable area with regard to aortic root injury 
possibly because of the lack of supporting car-
diac structures in this area [26, 39]. Theoretically, 
trigonal calcification may impart greater rigidity 
to the annulus and make it prone to rupture, 
whereas more anterior calcification may not 
impart as great of a risk.

In light of these considerations, in terms of 
safety, THVs exerting low radial force (self- 
expanding) should be preferred over balloon- 
expandable THVs in a context of severe LVOT 
calcification. After implantation, eventual post- 
dilatation of self-expanding THVs should be per-
formed with caution, preferably using undersized 
balloons (Fig. 26.5).

The second issue regards effectiveness of the 
procedure: heavy calcification of the device land-
ing zone is commonly known to be an indepen-
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dent risk factor for residual PVR for all valve 
types, but especially for self-expanding THVs 
[35, 40].

As discussed previously, self-expanding pros-
thesis showed a more eccentric and underex-
panded morphology, when compared to 
balloon-expandable valves. This needs to be coun-
terbalanced with the risk of annular rupture in 
cases of severe calcification, in which prosthesis 
with less radial force might be beneficial [41, 42].

In patients undergoing self-expanding valve 
implantation, the volume of calcium appears to 
have more influence on the final geometry. 
Therefore, heavily calcified native valves might 
impose a higher resistance to valve deployment, 
and, in those cases, prosthesis with higher radial 
force, like balloon-expandable valves, may be 
more adequate [41]. It was demonstrated an inde-
pendent association between calcium burden and 
eccentricity evaluated by MDCT and PVR in a 

a b

c d

Fig. 26.3 Case example of one intermediate-risk patient 
candidate to TAVI. The MDCT (a) showed annular dimen-
sions compatible with 29-mm Evolut, 26-mm Sapien 3, or 
27-mm Portico (Acurate neo not feasible through either 
the transfemoral or transapical approaches due to not 
compatible iliofemoral accesses and poor left ventricular 
ejection fraction), but (b) shallow sinuses of Valsalva 

(SoV) and severely calcified aortic cusps (c). Balloon val-
vuloplasty performed with simultaneous aortography 
showed occlusion of the left main ostia by the aortic cusps 
(d). This patient underwent successful surgical aortic 
valve replacement due to the high-risk of TAVI-related 
complications
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Fig. 26.4 Severe LVOT calcification located below the noncoronary cusp

Fig. 26.5 Case example of a patient with candidate to 
TAVI and with severe LVOT calcification (a and b), This 
patient underwent 31-mm self-expanding CoreValve 
implantation. After release, the valve was significantly 

underexpanded. Post-dilatation with undersized balloon 
(24  mm) was performed. At the end of the procedure, 
PVR was mild and no signs of transvalvular gradient or 
aortic injury were reported (c and d)

a

c d

b

D. Todaro et al.



315

cohort of patients undergoing TAVR with either 
self-expanding or balloon-expandable prosthesis 
[39]. Thus, the amount of radial force that is neces-
sary to overcome the stenotic aortic valve directly 
correlates with the severity of calcification [43].

Walther et  al. [44] suggested that diameter 
oversizing by ≈10% (based on transesophageal 
echocardiographic measurement) is desirable to 
avoid severe PVR, but, in the presence of a rigid 
aortic root, excessive oversizing should be 
avoided. Similarly, our and other groups have 
shown that annular area oversizing is essential to 
mitigate the risk of significant paravalvular regur-
gitation [22, 29].

Oversizing a patient with significant LVOT 
calcification should confer the greatest clinical 
concern: relative prosthesis area oversizing of 
≥20% was found to be a strong predictor of con-
tained or noncontained root rupture, but, impor-
tantly, it was suggested that that this risk may be 
amplified by other root modifiers such as signifi-
cant LVOT/subannular calcification [26]. This 
might explain why significant annular area over-
sizing in historical cohorts does not necessarily 
result in annular rupture [45].

As recently demonstrated by Kim et  al., in 
severe and moderate device landing zone (DLZ) 
calcification, BE devices may have advantages, 
whereas in mild DLZ calcification, low-radial 
force SE THV (Acurate neo) showed the most 
favorable profile [43].

The study confirmed the association of DLZ 
calcification and the use of BE devices with the 
onset of aortic root injury, but an association with 
a higher degree of oversizing was only found 
within the group treated with a BE device. The 
authors assumed that the underlying mechanism 
of aortic root injury in SE devices may not be 
spontaneous overexpansion due to oversizing, 
but rather aggressive post-dilatation [43]. Hence, 
in the presence of severe DLZ calcification, aor-
tic root injury tended to be more frequent with 
BE devices, but this was without a significant dif-
ference to the incidence with SE devices, which 
might be explained by the high rate of post- 
dilation in the latter [46].

In this specific group with severe DLZ calcifi-
cation, the lower rate of PVR ≥ moderate with 

BE devices was not at the cost of more clinically 
evident aortic root injuries, but due to the very 
low incidence of this complication and the lim-
ited sample size, it would not be appropriate to 
draw firm conclusions [43].

Moreover, it should be kept in mind that 
although rare, once aortic root injury occurs, this 
complication has a dismal prognosis, and con-
tained ruptures of the aortic root may pose an 
additional risk of unknown extent. Thus, in 
patients with severe calcification, aggressive 
oversizing should be avoided, and it may be 
advisable to rather accept a certain degree of 
residual PVR.  A strategy of less pronounced 
oversizing along with high implantation depth 
may also reduce the incidence of conduction dis-
turbances [43].

A final consideration about this subset of 
patients regards the presence of higher transaor-
tic mean gradients after TAVI, particularly in 
patients treated with BE THV, due to their intra- 
annular mounting of leaflets.

In conclusion, in a setting of severe aortic 
valve or LVOT calcifications, a more customized 
selection of THV that takes into account the 
severity of DLZ calcification is highly recom-
mended. The use of BE prostheses may be favor-
able with respect to PVR, post-dilatation, and 
correct positioning, but this may be at the cost of 
higher mean gradients and an increased risk of 
aortic root injury.

A more patient-specific THV selection 
through integration of MDCT data is fundamen-
tal to allow the most appropriate valve choice 
with more modest oversizing (or even undersiz-
ing) of those patients with features that would 
predispose them to potential annular rupture 
through the selection of a smaller valve size or 
balloon underfilling [45] to control the degree of 
annular/LVOT stretch. It is important to recog-
nize, however, that, although anatomic and pro-
cedural factors that are strongly predictive of 
annular rupture have been identified, this event 
remains rare, and the available models allow sim-
ply for the estimation of a probabilistic risk [26].

At the same time, we want to underline the 
fact that among currently available THVs, there 
is not one ideal device that fits all patients. 
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Therefore, it may be advantageous to store a cer-
tain number of different TAVI devices that allows 
a customized prosthesis selection, taking into 
consideration the learning curve with each new 
device and the minimum number of procedures 
necessary to become familiar with a system [47].

26.3.3  Extreme Sizing

The portfolio of THV currently available allows 
to cover a wide spectrum of annular dimensions 
(Fig. 26.6). Therefore while for the medium sizes 
the choice is various, the extreme sizes carry 
some additional issues. For a given valve size, 
self-expanding valves have a larger effective ori-
fice area (EOA) compared with balloon- 

expandable valves, provided that these have a 
supra-annular location of the valve leaflets, which 
may be preferable in patients with small 
annulus.

26.3.4  Very Small Annuli

In surgical experience, aortic valve replacement 
in patients with small aortic annuli has been asso-
ciated with a high incidence of prosthesis-patient 
mismatch (PPM) [48], which negatively impacts 
short- and long-term outcomes and predicts 
structural valve deterioration.

PPM has indeed been associated with dimin-
ished extent of regression of left ventricular 
hypertrophy, reduced coronary flow reserve, 
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increased incidence of congestive heart failure, 
diminished functional capacity, and increased 
risk of early and late mortality [49–55].

Moreover, elevated transvalvular gradients 
have been identified as an important risk factor 
for decreased prostheses durability because of 
structural valve deterioration which occurs sig-
nificantly more often in small bioprostheses [56].

Aortic root enlargement strategies or implan-
tation of stentless bioprostheses has been pro-
posed to reduce the risk of PPM after SAVR in 
this patient group. In this subset of patients, TAVI 
is associated with good inhospital and midterm 
outcomes, resulting in superior hemodynamics 
over surgery, with a significantly lower incidence 
of PPM and better post-procedural valve echo-
cardiographic performance [57–59]. Although 
there is a paucity of comparative data available 
on this specific topic, the THV with a supra- 
annular design had demonstrated to achieve 
superior hemodynamic performances and EOA 
and thus a lower incidence of PPM [60].

A propensity score-based subanalysis of the 
OCEAN-TAVI registry (Optimized CathEter 
vAlvular iNtervention), which compared post- 
procedural hemodynamics and morphology 
between 20-mm and 23-mm Edwards Sapien 
XT-THVs in patients with extremely small annuli 
(<314 mm2) [61], showed how the transvalvular 
gradient was higher and the EOA was lower in 
the 20-mm group than in the 23-mm group in 
both the overall cohort and matched cohort. 
However, the differences appeared to be subclini-
cal, and the prevalence of severe PPM, which can 
influence the symptoms and prognoses after 
TAVI [62, 63], was very low in both the 20-mm 
and 23-mm groups. There was no increase of 
mean transvalvular gradient at 6-month follow-
 up in either group, and the THV expansion on 
post-procedural MDCT was lower in the 20-mm 
group than in the 23-mm group after matching, 
although the annular complex dimension on pre- 
procedural MDCT was similar between the two 
groups.

This finding indicates that larger Sapien XTs 
would be favorable for patients with an extremely 
small annulus. However, larger Sapien XTs have 
the potential risk of aortic root rupture or coro-

nary obstruction [26, 64], and these data also 
 suggest that a small 20-mm SXT would be useful 
for patients with a very small and heavily calci-
fied aortic valve complex, because the incidence 
of severe PPM, which can influence prognosis 
after TAVI or SAVR, was quite low [61].

In a recent study, Theron et al. [65] used the 
regression adjustment for the propensity score to 
retrospectively compare the occurrence of mod-
erate and severe PPM among patients with severe 
aortic stenosis implanted with new-generation 
Sapien 3-THV (S3; n = 71) and the older Sapien 
XT-THV (XT; n = 50). The main finding of the 
study was that S3-THV was associated with a 
higher risk of moderate and severe PPM than 
XT-THV implantation. The analysis shows that 
the iEOA was significantly lower (1.12 ± 0.34 vs. 
0.96  ±  0.27  cm2/m2, p  =  0.009) and the mean 
trans-prosthetic gradient was significantly higher 
(11.0 ± 5.5 and 13.5 ± 4.7 mmHg, p = 0.002) in 
S3-THV.  Strikingly, S3-THV significantly 
decreased the iEOA by −0.21  cm2/m2 and 
increased the mean trans- prosthetic gradient by 
+4.95  mmHg compared with the 
XT-THV.  Consequently, the risk of PPM 
increased nearly fivefold for S3-THV implanta-
tion. More specifically, the smallest aortic annu-
lus patients who received a 23-mm S3-THV 
prosthesis demonstrated a 15-fold increased risk 
of PPM compared with 23-mm XT-THV, whereas 
aortic annuli were significantly lower with 
XT-THV (324  ±  38.8 vs. 376.8  ±  38  mm2, 
p < 0.001). In concordance with previous studies, 
the reduction in rate and severity of PVR was 
confirmed (34 and 82%, p < 0.001) [7].

The increase in both the risk and severity of 
high trans-prosthetic gradients and PPM was 
explained by the authors by the outer sealing 
cuff, which is embedded in the new S3-THV. This 
new feature bulges into the annular space after 
deployment to fill up irregularities. However, 
although this novelty achieved a lower rate of 
PVR, the presence of a supplementary material 
occupying the annular space could have favored 
systolic blood obstruction and reduced hemody-
namic performance, particularly in the case of a 
small aortic annulus. However, this observation 
needs to be better confirmed in larger analyses.
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In the comparison between different THV, two 
recent analyses compared hemodynamics and 
clinical outcomes of the balloon-expandable 
Edwards Sapien and a self-expanding device 
(Medtronic CoreValve/Evolut R and Acurate 
neo) in patients with small aortic annuli 
(Fig. 26.7).

Rogers et  al. [60] compared valve hemody-
namics and clinical outcomes according to aortic 
annulus size (small-medium-large) and type of 
valve (Sapien XT or S3 THV vs. CoreValve or 
Evolut R THV). In patients with small aortic 
annulus, SEV was associated with significantly 
higher dimensionless index (0.64 vs. 0.53, 
p = 0.02) and lower peak velocity (1.8 vs. 2.4 m/s, 
p < 0.001) and a trend toward lower mean gradi-
ent (7.5 vs. 10.0 mmHg, p = 0.07) compared with 
BEV. These differences in valve hemodynamics 
between valve types were diminished as aortic 
annulus size increased. In the study there was no 
significant association between aortic annulus 
size or valve type and PVR.  No difference in 

mortality at 1 year was observed between aortic 
annulus size tertiles [60].

Mauri et  al. [66] performed a propensity 
score-matched analysis comparing hemodynam-
ics and early to 1-year clinical outcomes after 
TAVI with a small-sized self-expanding Acurate 
neo valve (n = 129) or current-generation Sapien 
3 23-mm balloon-expandable THV (n = 117) in 
five centers in Germany. PS matching resulted in 
92 matched pairs.

TAVI with the self-expanding Acurate neo 
valve resulted in superior hemodynamics regard-
ing mean transvalvular gradients (9.3 ± 3.9 mmHg 
vs.14.5 ± 5.5 mmHg; p < 0.001; Acurate neo vs. 
Sapien 3), indexed effective orifice area (iEOA) 
(0.96  ±  0.3 vs. 0.80  ±  0.2  cm2/m2; p  =  0.003; 
Acurate neo vs. Sapien 3), and frequency of 
prosthesis- patient mismatch compared with 
TAVI with the balloon-expandable Sapien 3 
(41% vs. 67%; p = 0.002; Acurate neo vs. Sapien 
3). In particular, severe PPM was found in 3% of 
Acurate patients and 22% of Sapien 3 patients 

SAPIEN 3 20 Evolut R 23 ACURATE neo S

Annulus Diameter (mm)

Annulus Perimeter (mm)

Annulus Area (mm2)

Mean SOV (mm)

Mean SOV Height (mm)

18.6 – 21 18 – 20

56.5 – 62.8

346 – 415

66 – 72

254,4 – 314.1

58.4 – 65.9

273 – 345

-

-

-

-

25

15

21 – 23

Fig. 26.7 Characteristics of small-size THV. SOV sinus of Valsalva
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(p = 0.004). The observations were sustained at 
1-year follow-up with mean transvalvular gradi-
ents of 6.6 ± 2.7 vs. 17.5 ± 6.5 mm Hg (p < 0.008) 
and iEOA of 1.01  ±  0.3 vs. 0.74  ±  0.2  cm2/m2 
(p = 0.031) in Acurate neo and Sapien 3 patients, 
respectively.

Both prostheses provided efficient protection 
against PVR. Clinically relevant PVR ≥ moder-
ate was low in both groups (discharge: 4.5% vs. 
3.6%; p  =  0.208; 1-year: 3.9% vs. 3.6%; 
p  =  0.527; Acurate neo vs. Sapien 3, 
respectively).

In conclusion, these two latter analyses dem-
onstrated that both THV systems (balloon- 
expandable and self-expanding) have similar 
safety profiles. However, SEV with supra- annular 
design had superior hemodynamics regarding 
transvalvular gradients, iEOA, and frequency of 
PPM (Fig. 26.8). This may be particularly benefi-
cial in patients with small aortic annulus, who are 
at risk for PPM, which in turn might be a risk 
factor for structural valve deterioration and 
impaired outcome.

26.3.4.1  Oversized Annuli
Patients with large aortic root anatomy (annulus 
diameter  >  29  mm), who otherwise would be 
suitable candidates, have until recently been 
excluded from TAVI due to the lack of an appro-
priately large prosthesis.

The largest prostheses actually available are 
the Sapien 3 29-mm valve (available for patients 
with a 3D area-derived annular diameter of up to 
29.5 mm or a 3D annular area up to 683 mm2) 
and the Evolut R 34-mm valve (available for 
patients with annulus diameter of up to 30 mm or 
a perimeter of up to 94.2  mm) (Fig.  26.9). 
However, some patients possess aortic anatomy 
that is still too large for TAVI and is out of range 
for manufacturer recommendations.

These two THVs have been recently tested in 
anatomies in which the dimension of the aortic 
annulus was greater than higher limit recom-
mended by the companies.

Shivaraju et al. [67] first established the feasi-
bility of using overexpanded 29-mm Sapien 3 
valves to treat annular sizes >683  mm2. They 
demonstrated that an additional 4 mL of contrast 
into the delivery balloon could treat annular areas 
as large as 740 mm2 with good valve  performance, 
acceptable rate of PVR, and no increased risk of 
annular rupture.

The success of this technique was further 
demonstrated by Mathur et  al. [68] in a case 
series of three patients who received an overex-
panded 29-mm Sapien 3 valve-in-valve areas 
>740  mm2 (up to 793  mm2), with no patients 
demonstrating greater than moderate PVR during 
short-term follow-up or valve migration or embo-
lization (Table 26.3).

Fig. 26.8 Clinical case of a patient with very small aortic annulus treated with the 23-mm Portico THV. The leaflets of 
the Portico are sealed intrannularly. The patient was discharged with 23 mmHg of trans-prosthetic gradient post-TAVI
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In the study, the 29-mm S3 delivery balloon 
was bench-tested outside the body and was able 
to hold an additional 16  ml of contrast volume 
over nominal inflation. Balloon width measure-
ments were made using digital calipers (Neiko 
01407A 0–150 mm). Balloon rupture occurred at 
17 mL of contrast and occurred along the longitu-
dinal axis of the balloon (Table 26.4) [68].

Of course, overexpansion raises concerns over 
reduced leaflet coaptation, PVR, valve migration, 
and positioning challenges due to frame shorten-
ing [67]. For this reason a “low” positioning 
strategy, positioning the central marker of the 
29  mm S3 at approximately 1.5  mm below the 
annular plane at the start of TAVI deployment, 
should be intentionally chosen to account for 

SAPIEN 3 29 Evolut R 34

Annulus Diameter (mm)

Annulus Perimeter (mm)

Annulus Area (mm2)

Mean SOV (mm)

Mean SOV Height (mm)

26.2 – 29.5

82.3 – 92.6

540 – 683

-

-

26.2 – 29.5

82.3 – 92.6

540 – 683

 31

 16

Fig. 26.9 Characteristics of large-size THV. SOV sinus of Valsalva

Table 26.3 Overexpansion of the 29 mm SAPIEN 3 THV in patients with large aortic annuli: baseline and procedural 
features

Patient #1 Patient #2 Patient #3
Annulus diameter (mm) 28.6/32.4 29.3/36.2 27/36
Eccentricity index 0.12 0.19 0.25
Annulus perimeter (mm) 97.7 101 101
Annulus area (mm2) 748.1 793 787
Estimated % oversize by area with no 
overexpansion

−11.7 −16.71 −16.07

Overexpansion S3 29 (mL of contrast) +4 +4 +4
Access site Transfemoral Transfemoral Transfemoral
Pre-dilatation balloon (mm) 23 No No
Post-dilatation balloon (mm) No +5 mL No
Final TTE AR Trace PVR and trace central 

AR
Mild PVR Mild-moderate 

PVR

Abbreviations: AR aortic regurgitation, TTE transthoracic echocardiography, PVR paravalvular regurgitation [68]
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valve shortening. In this way it could be antici-
pated valve shortening occurring from the “bot-
tom” (ventricular) edge of the valve toward the 
“top” (aortic) edge (Fig. 26.10).

Recently Elmously et  al. [69] described the 
clinical course of two high-risk patients with 
severe aortic stenosis (AS) and aortic annulus 
sizes well beyond range who underwent TAVI 
using the 34-mm Evolut R (Table  26.5). Both 
patients underwent postimplantation dilatation 
resulting in a significant decrease in PVR, with 
mild PVR at the end of the case in both patients.

When choosing a THV type in large annuli, a 
consideration must be done about the potential 
for physical restriction against overexpansion 
due to frame design and outer sealing skirt. The 
ability of the S3 to overexpand is contingent not 
only upon frame and cell geometry but also by a 

sealing skirt made of polyethylene terephthal-
ate, whose elasticity limit may impose further 
restrictions to overexpansion. As such, there is 
an “upper limit” to overexpansion. On the other 
hand, the strategy of post-dilating a CoreValve 
Evolut is limited due to an inability to overex-
pand its nitinol frame beyond nominal 
diameter.

26.3.5  Bicuspid Aortic Valve

Bicuspid aortic valvulopathy (BAV) has a high 
prevalence in younger patients with AS. However, 
even in the elderly (>80 years of age), bicuspid 
valves comprise approximately 20% of surgical 
cases [70].

BAV is a spectrum of abnormal aortic valve 
morphology consisting of two functional cusps 
with less than three zones of parallel apposition 
between cusps [71]. BAV classification was 
assigned according to the number and spatial ori-
entation of the raphe (Fig. 26.11).

Table 26.4 Edward Sapien 29 mm S3 delivery balloon 
(bench testing results) [68]

Volume (cc) Diameter (mm) Derived area (mm2)
33 mL (nominal) 29.0 660.48
+1 mL 29.5 683.45
+2 mL 29.9 702.11
+3 mL 30.1 711.53
+4 mL 30.2 716.27
+5 mL 30.5 730.57
+6 mL 31.1 759.6
+7 mL Rupture

Fig. 26.10 Valve shortening during overexpansion of 
29 mm SAPIEN S3. The top edge of the valve is noted to 
remain relatively stable, while the bottom edge translates 
in the aortic direction

Table 26.5 Baseline and procedural features

Patient #1 Patient #2
Baseline AR Moderate Moderate
Annulus 
diameter (mm)

31.9 31.1

Annulus 
perimeter (mm)

100.2 97.7

Annulus area 
(mm2)

762 739.5

Annular 
calcium

Moderate Moderate (with 
multiple protruding 
annular calcium 
nodules)

Oversizing (%) 5.7 9.3
Access site Transfemoral Transaortic
Pre-dilatation 
balloon (mm)

No 23

Pacing Yes No
Post- 
implantation 
PVR

Moderate Moderate

Post-dilatation 
balloon (mm)

28 25

Final PVR Mild Mild

AR aortic regurgitation, PVR paravalvular regurgitation; 
oversizing is calculated as [(Valve perimeter—annulus 
perimeter)/annular perimeter] × 100 [69]
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 – Type 0, commonly referred to as “pure BAV,” 
has two normally developed cusps, sinuses, 
and commissures and no raphe.

 – Type 1 has three anlagen, two underdevel-
oped cusps, one fully developed cusp, one 
underdeveloped commissure, two fully 
developed commissures, and one raphe 
whose orientation in relation to the sinuses 
defined subcategorization (left-right, right-
non, and left-non).

 – Type 2 has three anlagen, two underdeveloped 
cusps, one fully developed cusp, two underde-
veloped commissures, one fully developed 
commissure, and two raphe [71].

Early experience with TAVI in bicuspid valves 
demonstrated that this anatomical entity has sev-
eral features that more often make the outcomes 
of TAVI suboptimal and less predictable [72]:

 – An elliptically shaped annulus that may impair 
valve positioning and sealing.

 – Asymmetrical and heavy calcification of leaf-
lets may impede valve expansion and then 
compromise valve hemodynamics (e.g., 
higher transvalvular gradients and PVR).

 – The presence of aortic disease may potentially 
increase the risk of dissection or rupture dur-
ing valvuloplasty, post-dilatation, or implanta-
tion of balloon-expandable valves.

 – Fused commissures are susceptible to disrup-
tion during balloon valvuloplasty, resulting in 
severe aortic regurgitation.

 – Underexpansion and/or a noncircular shape of 
the THV may affect long-term durability.

BAV morphology presents potential advan-
tages and disadvantages for balloon- and self- 
expanding TAV systems. The balloon-expandable 
valve exerts greater radial force and may circular-
ize the native annulus, obliterating potential sites 
of PVR.  Calcified nodules or raphe, however, 
may impair complete prosthesis expansion, 
thereby necessitating postimplantation balloon 
dilation or, potentially, resulting in residual 
PVR.  The self-expanding THV could have 
greater propensity to such PVR given the reduced 
radial strength relative to balloon-expandable 
systems. The greater compliance of self- 
expanding prostheses and the supra-annular posi-
tion of the leaflets could, however, mitigate the 
unequal circular stress at the level of the annulus 
and potentially improve long-term hemodynamic 
outcomes (Fig. 26.12) [70].

One multicenter study on early-generation TAVI 
devices evaluated clinical outcomes of a large 
cohort of patients undergoing TAV-in-BAV using 
either balloon- or self-expanding devices [70].

Incidence of type 0 BAV was 26.7%; type 1 
BAV was 68.3%; and type 2 BAV was 5.0%. 

Type 0 - No raphe Type 2 - Two raphe

Type 1 - One raphe

L-R R-N L-N

Fig. 26.11  
Classification of 
Bicuspid Aortic Valve 
according to the 
description of Sievers 
et al. [71]

D. Todaro et al.



323

a b

c

e f

d

Fig. 26.12 Case example of a patient with a Type 2 BAV 
(a and b) who underwent TAVI using the self-expanding 
Acurate neo THV (c). After release the valve was highly 
underexpanded. Post-dilatation with an undersized balloon 

was then performed (d). The final aortography (e) showed 
the asymmetrical expansion of the THV with no PVR. The 
transthoracic echocardiogram (f) showed the oval shape of 
the THV with mild trans-prosthetic mismatch
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MDCT-based TAV sizing was used in 63.5% of 
patients (77.1% balloon-expandable THV vs. 
56.0% self-expanding THV, p = 0.02).

This study showed an overall higher incidence 
of THV malposition requiring a second valve 
implantation (3.6%) and moderate or severe PVR 
in 28.4% of patients.

Clinical outcomes among patients treated with 
balloon-expandable TAV were similar to those 
observed in patients treated with the self- 
expanding prostheses. In particular, there was a 
slightly major need for a second valve in patients 
treated with self-expanding devices (2.1% vs. 
4.4%; p = 0.66; BE THV vs. SE THV). The pro-
cedural mortality was numerically higher for the 
self-expanding THV (4.9% vs. 2.1%, respec-
tively; p  =  0.66), whereas the 1-year mortality 
rate was lower for the self-expanding THV 
(12.5% vs. 20.8%, respectively; p  =  0.12). The 
procedure was effective in most patients, with a 
30-day combined efficacy endpoint achieved in 
84.9% of the patients (87,5% vs. 84,5%; BE 
THV vs. SE THV; p = 0,81).

Significant aortic regurgitation was two times 
more frequent following implantation of the self- 
expandable THV than the balloon-expandable 
THV (32.2% vs. 19.6%, respectively; p = 0.11); 
however, the considerably lower use of MDCT- 
based TAV sizing in the self-expanding THV 
cohort might have accounted for this difference. 
Significant aortic regurgitation, indeed, decreased 
to 17.4% when pre-procedural annular assess-
ment was performed by MDCT and subgroup 
analysis demonstrated no significant between- 
group differences in the rates of postimplantation 
AR (16.7% BE THV vs. 17.6% SE THV; 
p = 0.99).

Interestingly, significant aortic regurgitation 
was more frequent when the baseline BAV anat-
omy was type 0 (no raphe, classic bicuspid aortic 
valve).

The second-generation devices have demon-
strated some advancement in overcoming the pro-
cedural limitations in tricuspid AS and now go 
beyond the challenges of treating bicuspid 
AS.  The new-generation balloon-expandable 
Sapien 3, with an external sealing cuff allowing 
for effective sealing, eliminates the extreme over-

sizing and mitigates the morphological challenges 
of bicuspid AS.  Similarly, the mechanical-
expanding Lotus valve, with an outer adaptive 
seal, as well as retrievability and repositioning 
capacity, may ameliorate the difficulties in opti-
mal positioning and prevent paravalvular leak 
[73–78].

A recent large multicenter propensity-based 
analysis compared TAVI outcomes in 546 pairs 
of patients with bicuspid (BAV) and tricuspid 
(TrAV) aortic valves [79]. Compared with 
patients with tricuspid AS, patients with bicuspid 
AS had more frequent conversion to surgery 
(2.0% vs. 0.2%; p  =  0.006) and a significantly 
lower device success rate (85.3% vs. 91.4%; 
p = 0.002). In the study early-generation devices 
(Sapien XT, CoreValve) were implanted in 320 
patients with bicuspid and 321 patients with tri-
cuspid AS, whereas new-generation devices 
(Sapien 3, Lotus, Evolut R) were implanted in 
226 and 225 patients with bicuspid and tricuspid 
AS, respectively. When stratified according to 
whether they received early- vs. new-generation 
devices, patients with bicuspid AS had more fre-
quent procedural complications than those with 
tricuspid AS when receiving the early- genera-
tion devices (conversion to surgery: 2.5% vs. 
0.3%; p = 0.02; second valve implantation: 7.2% 
vs. 2.2%; p  =  0.003; moderate or severe PVR: 
15.9% vs. 10.3%; p = 0.03).

In particular, compared with patients with tri-
cuspid AS, patients with bicuspid AS had more 
frequent aortic root injury (4.5% vs. 0.0%; 
p  =  0.015) when receiving the Sapien XT and 
more frequent second valve implantation (11.6% 
vs. 2.9%; p = 0.002), moderate or severe paraval-
vular leak (19.4% vs. 10.5%; p = 0.02), and sub-
sequent lower device success rate (72.1% vs. 
86.0%; p = 0.002) than those with tricuspid AS 
when receiving the CoreValve. However, there 
were no significant differences in these adverse 
procedural events between groups when receiv-
ing the Sapien 3 and Lotus, that fact is probably 
related to the high radial force of both devices.

Similarly, a large multicenter analysis com-
pared TAVI early and 1-year outcomes in bicus-
pid aortic valves in patient receiving early- and 
old-generation devices [80].

D. Todaro et al.



325

Of 301 patients, 199 patients (71.1%) were 
treated with early-generation devices (Sapien 
XT: n = 87; CoreValve: n = 112) and 102 with 
new-generation devices (Sapien 3: n = 91; Lotus: 
n = 11). The mean Society of Thoracic Surgeons 
score was 4.7  ±  5.2 without significant differ-
ences between groups (4.6  ±  5.1 vs. 4.9  ±  5.4; 
p  =  0.57). Pre-procedural CT assessment was 
conducted for 157 patients with early-generation 
devices (78.9%) compared to all patients with 
new-generation devices. The more frequent anat-
omy was type 1 (86.2%).

Overall, all-cause mortality rates were 4.3% 
at 30  days and 14.4% at 1  year. Moderate or 
severe paravalvular leak was absent and signifi-
cantly less frequent with new-generation com-
pared to early-generation devices (0.0% vs. 
8.5%; p  =  0.002), which resulted in a higher 
device success rate (92.2% vs. 80.9%; p = 0.01). 
There were no differences between early- and 
new- generation devices in stroke (2.5% vs. 
2.0%; p > 0.99), life- threatening bleeding (3.5% 
vs. 2.9%; p  >  0.99), major vascular complica-
tion (4.5% vs. 2.9%; p = 0.76), stage 2 to 3 acute 
kidney injury (2.5% vs. 2.9%; p > 0.99), early 
safety endpoints (15.1% vs. 10.8%; p = 0.30), 
and 30-day all-cause mortality (4.5% vs. 3.9%; 
p > 0.99).

A multicenter study performed by Perlman 
et al. [81] collected baseline characteristics, pro-
cedural data, and 30-day clinical follow-up of 51 
patients from 8 centers in Europe and Canada 
that had performed TAVI in bicuspid AS using 
the Sapien 3 valve. In the patient population, 
bicuspid valve types were type 0, 11.8%; type 1, 
82.3%; and type 2, 1.9%. There were no cases of 
valve embolization or need for a second valve. 
There were no cases of moderate or severe post-
implantation AR.  At 30-day follow-up, there 
were 2 deaths (3.9%) and 2 major vascular com-
plications, and 12 patients (23.5%) required 
pacemaker implantation.

In conclusions, it is undeniable that outcomes 
of TAVI in BAV are not as favorable as with tri-
cuspid valves, and indications for TAVI must be 
carefully discussed based on patient-specific aor-
tic root anatomy and calcium distribution. It is 
not clear whether one THV type is superior to 

another one. In this uncertainty, and waiting for 
stronger evidence, THV choice should be made 
by carefully assessing the morphology of the 
leaflets and the distribution of calcium, balancing 
the chances to obtain an optimal sealing with the 
risk of aortic root injury.
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27.1  Introduction

In 2002, the treatment of aortic valve stenosis 
was revolutionized by Alain Cribier in Rouen, 
France [1]. Indeed, at that time, he performed 
the first transcatheter implant of a bioprosthe-
sis in a compassionate case of severe valvular 
stenosis, and at this point, a new era began, 
the transcatheter aortic valve implantation 
(TAVI), also called transcatheter aortic valve 
replacement (TAVR), era. Thereafter, the 
treatment based on the first- generation bal-
loon-expandable TAVI device obtained the 
CE mark of approval for patients deemed 
inoperable. Based on the results of trials such 
as Placement of AoRtic TraNscathetER Valves 
(PARTNER) study [2–4], the CoreValve 

High-Risk US Pivotal trial [5], and the 
Surgical Replacement and Transcatheter 
Aortic Valve Implantation (SURTAVI) study 
[6], indications were extended to patients 
with high and intermediate surgical risk, with 
US Food and Drug Administration (FDA) 
approval following suite. Thus, this procedure 
immediately became commonplace in cathe-
terization laboratories worldwide. This inevi-
tably led to the comparison between the two 
leading technologies for TAVI: the CoreValve 
self-expandable prosthesis (Medtronic, Irvine, 
CA, USA) and the SAPIEN balloon-expand-
able prosthesis (Edwards Lifesciences, Irvine, 
CA, USA) [7]. Indeed, in a pioneering net-
work meta-analysis comparing surgical valve 
replacement with transapical TAVI and trans-
femoral TAVI, distinguishing device type, 
Biondi-Zoccai et  al. pooled data from four 
randomized trials (1805 patients) on TAVI.

Such comparisons did not only focus on deliv-
ery method and acute results but even more so on 
long-term effectiveness and safety. Specifically, 
the Comparison of Transcatheter Heart Valves in 
High-Risk Patients with Severe Aortic Stenosis: 
Medtronic CoreValve vs. Edwards SAPIEN XT 
(CHOICE) trial was the first trial to formally 
compare these two first-generation prostheses 
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(CoreValve vs. SAPIEN), including a total of 241 
high-risk patients with severe aortic stenosis [8]. 
Device success appeared higher with SAPIEN, 
with less residual aortic regurgitation, lower need 
for valve-in-valve procedures, and smaller risk of 
permanent pacemaker implantation. Yet, mortality 
and morbidity were not significantly different 
between the two devices.

Since then, huge scientific and economic 
resources have been invested on TAVI, bringing 
further developments and pieces of evidence, 
clearly changing the TAVI device landscape alto-
gether. Specifically, second- and third-generation 
prostheses, which boast lower-profile delivery 
systems and controlled release, repositionability, 
and/or retrievability features, are now available 
for operators interested in TAVI [9]. Accordingly, 
one balloon-expandable and at least six different 
self-expandable devices are currently on the 
shelves, each yielding procedural success rate 
approaching 100%. Thus, in almost all cases, it is 
possible to perform the procedure with a reduced 
number of complications, irrespectively of the 
chosen device, as long as patient selection is 
carefully performed and operators are expert 
with their preferred device [10].

Yet, the choice of device continues to be a cru-
cial strategic step, with important technical and 
procedural implications, which potentially also 
impact on acute device and procedural success, 
as well as short- and long-term outcomes. In par-
ticular, every device has several unique charac-

teristics which must be known and weighed by 
the operator, in order to harmonize them with 
those of the patient during the pre-procedural 
screening phase as well as the very implant pro-
cedure (Table 27.1). However, much remains to 
be clarified regarding the durability of the pros-
theses over time and the mechanisms involved in 
TAVI prosthetic valve dysfunction, compared to 
the well-known alternatives which are surgically 
implanted.

In addition, the degeneration of TAVI prosthe-
ses, which is regarded as at least a moderate 
regurgitation or as a mean gradient ≥20 mmHg, 
has been observed in up to 50% of balloon- 
expandable prostheses at 8  years of follow-up 
[11]. The durability of the self-expandable 
CoreValve prosthesis has been reported recently 
by several groups, who were among the first 
users of the self-expandable prosthesis [12]. 
Notably, after almost 10 years of follow-up, few 
cases of valve dysfunction were recognized, 
albeit most with dire clinical consequences. 
These anecdotal data obviously call for continu-
ous long-term follow-up of first- and second- 
generation TAVI devices, as well as for 
comparative effectiveness studies of third- 
generation devices.

In the following sections, we will review the 
leading TAVI devices, summarizing their key fea-
tures, pros, cons, and clinical applications, high-
lighting which features make them ideal in 
different settings.

Table 27.1 Choice of transcatheter aortic valve implantation device based on patient features

Acute 
aortic 
arch

Horizontal 
aorta

Bicuspid 
valve

Elliptical 
annulus

Extensive valve 
calcification

Small 
peripheral 
vessels

Depressed 
systolic 
function

Acurate 
neo

++ ++ +/− +/− + +/− ++

Allegra +? +? +? +? −? +/− +
Evolut -- − ++ ++ +/− ++ +/−
Portico ++ ++ + ++ ++ +/− ++
Lotus 
edge

-- -- − +/− ++ -- +/−

SAPIEN 
3

++ ++ -- -- -- ++ ++

++, favorable results can most likely be expected when using this device in this setting; +, favorable results can be 
expected when using this device in this setting; +/−, favorable results could possibly be expected when using this device 
in this setting; −, favorable results are not very likely to be expected when using this device in this setting; --, favorable 
results are most likely not to be expected when using this device in this setting; +?, favorable results might be expected 
when using this device in this setting, but additional data are required; -?, favorable results are unlikely using this 
devices in this setting, but additional data are required
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27.2  Acurate Neo

The Acurate neo device (Boston Scientific, 
Natick, MA, USA) is a new-generation self- 
expandable TAVI device, which cannot be recap-
tured nor repositioned, although being 
particularly stable during the various release 
phases [13, 14]. It is comprised of a porcine peri-
cardial supra-annular valve, which is built on a 
structure unique for its opening modality: the so- 
called top-down implantation. It is the indeed the 
only prosthesis which expands first in aorta and 
then in the aortic root. Regarding its implant, the 
first step involves the opening of three very large 
stabilization arches for possible subsequent 
access to the coronary ostia, and then the expan-
sion of the upper crown determines the anchor-
age of the supra-annular prosthesis. Then the 
opening of the lower crown allows the adhesion 
of the prosthesis in LVOT with minimal protru-
sion. Therefore the Acurate neo easily reaches 
the implant position and keeps it steadily during 
the various phases of release, reducing turbulence 
and the risk of jumping. In addition, the Acurate 
neo is equipped with a pericardial skirt lining, the 
internal and external part of the landing zone, in 
order to reduce the paravalvular leak. The pros-
thesis is mounted on an 18 French compatible 
delivery system (Acurate TF), with a flexible 
shaft that allows the navigation of angular arches. 
The prosthesis demonstrated good performance, 
with particularly favorable results for all-cause 
mortality, periprosthetic residual regurgitation, 
and permanent pacemaker implantation rates 
[13–15]. Most importantly, recent data provided 
by Kim and colleagues highlight the importance 
of appropriate oversizing and taking into account 
patient anatomy and calcium distribution to mini-
mize paravalvular leak and permanent implanta-
tion [16].

27.3  Allegra

The Allegra (New Valve Technology, Hechingen, 
Germany) is a self-expanding valve, constituted 
by a trileaflet bovine pericardial valve, attached 
to a nitinol stent frame [17]. Its nitinol stent 

frame presents cells of variable dimensions that 
lead to different levels of radial force and ease 
the access to coronary ostia. Six radiopaque gold 
markers are placed at the level of the valve plan 
to assist correct valve positioning, whereas the 
inflow section of the prosthesis is covered by a 
bovine pericardial sealing skirt to reduce para-
valvular regurgitation. Notably, the outflow of 
the valve, which has smaller dimensions than the 
inflow, allows a leaflet stress reduction, that 
could be related to a reduction of the degenera-
tion and calcification of the leaflets, which may 
increase the durability. Allegra is available in 
three sizes (23, 27, and 31 mm) to match aortic 
annulus dimensions ranging from 19 to 29 mm. 
Its delivery system consists of an 18 French 
sheath that is used for all sizes of prosthesis and 
includes a three- step releasing mechanism 
(PermaFlow) for the controlled positioning with-
out interfering with the left ventricular outflow 
tract. Thanks to such features, it can be recap-
tured and fully retrieved. Currently little data are 
available regarding this prosthetic valve, but the 
characteristics of the valve such as the short 
height and those related to the delivery system 
seem to be interesting from a flexibility point of 
view. Hence, selective use of this device could 
be envisioned for complex aortic arches and hor-
izontal aortas.

27.4  Evolut

Evolut R and Evolut PRO are, respectively, sec-
ond- and third-generation devices succeeding the 
CoreValve device (Medtronic, Minneapolis, MN, 
USA) [18–21]. Evolut is a self-expanding valve, 
with a gradual release system which can then 
enable valve recapturing and repositioning. 
Although being characterized by a low profile 
structure of nitinol mesh, it exerts great radial 
force that allows an excellent ability to adapt to 
an elliptical or irregularly shaped annulus, such 
as one resulting from abundant calcification. 
Specifically, Evolut PRO also has a porcine peri-
cardium skirt that wraps the outside of the pros-
thesis to a height of one cell and a half of the 
inflow (13 mm). This coating allows an increase 
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of the contact surface between the prosthesis and 
the native annulus, reducing the gap, favoring 
endothelization, and reducing the risk of a possi-
ble periprosthetic regurgitation. Three cusps of 
porcine pericardium are mounted inside the metal 
structure in order to obtain supra-annular valve 
functioning that optimizes the coaptation in an 
elliptical annulus or in cases of bicuspid valve 
disease.

The prosthesis is mounted on a low-profile (14 
French equivalent) releasing system (16 French 
for the Evolut PRO) which allows its use via fem-
oral access in patients with a iliofemoral vessel 
caliber ≥5 mm. Prosthesis size ranges from 23 to 
34  mm, such that Evolut covers the broadest 
range of annulus sizes. Moreover, currently the 
Evolut is the only TAVI system approved for 
annulus diameters up to 30 mm. The wide sizing 
range, the gradual release, and the possibility of 
recapture make the Evolut suitable for its implan-
tation in failed surgical bioprostheses (valve-in- 
valve), as long as the original model and size are 
known. The two metal cores inside the delivery 
system contribute to maintain the coaxiality and 
give stability during the release. However on the 
other hand, they make the prosthesis unsuitable 
in anatomically complex cases such as horizontal 
aorta or particular tortuosities of the aortic arch. 
Whenever the angulation of the aortic arch is 
reduced, the bending of the nose cone may cause 
the loss of continuity with the capsule that, due to 
its rigidity, may cause fissures and tears in the 
vessel or may ease the displacement of atero- 
thrombotic material.

Several institutions and collaborative groups 
have provided clinical data in support of the 
strengths of Evolut while highlighting some of 
its limitations [20, 22–24]. Notably, in the Evolut 
R US study, 241 patients received this second- 
generation device. Short-term follow-up showed 
good mortality (2.5%) and morbidity results, 
with permanent pacemaker implantation in 
16.4% and moderate paravalvular leak in 5.3% 
[22]. Forrest et  al. have also provided prelimi-
nary data on Evolut PRO in 60 US patients, pro-
viding favorable 30-day outcome data, including 
1.7% death, 11.8% permanent pacemaker 

implantation, and 0% moderate or severe para-
valvular leak rates [20].

27.5  Lotus Edge

Lotus Edge (Boston Scientific) is a self- 
expandable prosthesis, currently not available 
on international markets due to a safety recall, 
characterized by three bovine pericardial cusps 
mounted on a nitinol structure, boasting a poly-
urethane sealing membrane for the reduction of 
periprosthetic regurgitation [25–27]. There are 
two sizes of this prosthesis, 23 and 27  mm, 
which are, respectively, mounted on a pre-
curved delivery system of 18 or 20 French, 
which therefore requires a specific proprietary 
introducer from 20.1 French (6.7 mm) to 22.5 
French (7.5 mm), hence wider than the standard 
introducers. This system unfortunately has 
reduced flexibility that does not make it suitable 
for complex aortic arches [28]. The valve has an 
initial elongated conformation which, as it is 
released, is shortened to its final configuration 
that has a height of 19 mm. Although this device 
has shown excellent results in terms of reducing 
paravalvular leak, it pays duty for the high per-
centage of final post- procedural pacemaker 
implantation compared to the other prostheses 
[25–27]. Despite limited details on the reasons 
for the recall, it appears that excess tension in 
the pin mechanism inadvertently introduced 
during manufacturing caused issues in valve 
locking [29].

27.6  Portico

Portico (Abbott Vascular, Santa Clara, CA, USA) 
is a self-expandable prosthesis composed of a 
nitinol structure very similar to the Medtronic 
device, although presenting a different geometry 
characterized by large cells which facilitate the 
access to coronary ostia and increase the contact 
between the stent and the tissue, with excellent 
conformability and sealing capacity [30–32]. 
Three bovine pericardial cusps and a porcine 
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pericardial skirt complete the prosthetic struc-
ture. Both components of the device are treated 
with anti-calcification substances (Linux anti- 
calcification treatment). The prosthesis can be 
mounted, in a relative short time, and its release 
system is characterized by an 18 French distal 
portion and 13 French proximal shaft. Most 
importantly, the delivery system is extremely 
flexible allowing its use also in cases of complex 
anatomy such as severe tortuosity, angulated aor-
tic arch, and horizontal aorta.

The controlled and gradual release allows 
complete recapture and repositioning. A very 
important characteristic is correct functioning 
from the early phases of the opening. This allows 
hemodynamic stability during the whole proce-
dure, avoiding the necessity of rapid-pacing dur-
ing its release. This prosthesis has also an 
excellent capacity of adaptation and conform-
ability, even to elliptical annuli, maintaining suit-
able performance over time, with a durability 
equal to the surgically implanted St. Jude bio-
logical prostheses [33].

27.7  SAPIEN 3

The SAPIEN 3 device (Edwards Lifesciences, 
Irvine, CA, USA) is a balloon-expandable pros-
thesis currently in the third-generation stage [34, 
35]. It is composed of a cobalt-chromium struc-
ture, which is shorter than the anatomy of the aor-
tic root, in which three cusps of bovine 
pericardium are mounted (exactly the same used 
in surgical prostheses). An inner and an outer 
layer of polyethylene, designed for paravalvular 
leak reduction, coats the prosthesis, which is pre- 
mounted on a balloon which, after being dilated, 
determines the expansion and the adhesion of the 
prosthetic valve to the aortic annulus, with a non- 
gradual mechanism. The releasing mechanism 
allows a simple and fast implantation, but on the 
other hand, it is not possible to recapture it nor 
reposition it. In addition, this device is suitable 
for circular and slightly calcified annuli. However, 
whenever there is abundant calcium, prosthetic 
oversize of >20% exposes the patient to a high-

risk, even if rare, complication: the rupture of the 
annulus [36].

The proprietary eSheath is a low-profile 
introducer, and it is expandable when the pros-
thesis passes through it. It is available in two 
sizes: 14 French, compatible with valves of 23 
and 26  mm, and 16 French, compatible with 
valves of 29 mm, allowing the procedure to be 
performed by a femoral route even in patients 
with small femoral vessels. The proprietary 
Commander releasing system is equipped with a 
double joint to achieve perfect coaxiality, mak-
ing the device suitable for excellent perfor-
mance even in difficult anatomical conditions, 
such as the tortuosity of the aortic arch and the 
horizontal aorta [37, 38].

27.8  Comparative Effectiveness

Several studies have compared TAVI vs. compet-
ing treatments such as medical therapy including 
balloon aortic valvuloplasty or surgical aortic 
valve replacement or have focused on different 
devices for TAVI (Table 27.2) [39, 40]. Despite 
the accrual of data, substantial uncertainty per-
sists, with data suggesting that balloon- 
expandable devices are associated with a lower 
risk of permanent pacemaker implantation and 
lower risk of significant paravalvular leak, albeit 
at the expense of a potential increase in peripro-
cedural complications. Self-expandable devices 
have each specific feature which may make them 
more or less suitable for individual patients but in 
general are associated with a higher rate of per-
manenst pacemaker implantation and significant 
paravalvular leak. Yet, ongoing evolution of cur-
rent devices (including balloon-expandable ones) 
suggests that eventually short- and long-term 
clinical outcomes will tend to become uniform 
across devices. Nonetheless, further insights will 
be provided by several trials currently ongoing 
and aiming at comparing last-generation devices 
[41]. Their results will help to establish each spe-
cific device characteristic, thus hopefully proving 
useful for choosing the right prosthesis for each 
individual patient.
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27.9  Conclusion

Transcatheter aortic valve implantation has already 
reached maturity in the field of structural heart dis-
ease therapies. Notably, several TAVI devices are 
available, each with its unique features. Most 
likely, no device is superior to the others for all 
technical and clinical dimensions, and some 
patients may benefit from a specific device and 
others from others. Awaiting additional compara-
tive effectiveness studies, clinicians, interventional 
cardiologists, and surgeons need to become 
acquainted with the subtleties of each device, in 
order to maximize effectiveness and minimize 
risk, while remaining conscious of costs and 
resource use.
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28.1  Introduction

The notion that predilation calcific aortic stenosis 
in transcatheter aortic valve implantation (TAVI), 
also called transcatheter aortic valve replacement 
(TAVR), is required for procedural success 
derives from the concept of (coronary) angio-
plasty and stent (graft) implantation. Especially 
in severely calcified stenotic lesions, predilation 
and lesion preparation are necessary to facilitate 
crossing of the lesion with the stent (graft) and to 
ensure complete expansion of the subsequently 
implanted stent (graft) [1]. In TAVI, predilation 
has three aims: (1) increasing the aortic valve 
area to allow passage of the delivery catheter, (2) 
improving periprocedural hemodynamics, and 
(3) preventing recoil and thereby underexpansion 
of the transcatheter prosthesis by modifying the 
valvular calcium pattern [2]. Furthermore, predi-
lation can be useful in other aspects of TAVI 
including prosthesis sizing or the anticipation of 
coronary obstruction [3, 4].

Although the scientific evidence supporting the 
necessity of predilation is limited, it has been con-

sidered mandatory in the early years of TAVI and 
is still part of the manufacturers’ instructions for 
use. In contrast, more recently, several (mainly ret-
rospective) studies and meta-analyses studies have 
been published, suggesting safety and feasibility 
of “direct TAVI” (i.e., TAVI without predilation), 
challenging the general need for predilation [5–9].

This chapter will give an overview of predila-
tion in the context of TAVI including potential 
benefits and pitfalls of this technique as well as 
the current scientific evidence on this topic.

28.2  Predilation: Technical 
Aspects

In its essence, predilation of calcific aortic steno-
sis in TAVI follows the procedural characteristics 
of aortic valvuloplasty [10]. In transvascular pro-
cedures, after establishing arterial access, a 
guidewire is advanced toward the aortic valve in 
a retrograde fashion. The aortic valve is then 
crossed with the use of an Amplatz Left (e.g. AL 
1) diagnostic catheter and a soft straight-tip 
0.035″ wire in an RAO 30° projection. In severely 
calcified aortic stenosis, the use of a hydrophilic 
Terumo guidewire with a straight tip (e.g., 
Terumo, Kanagawa, Japan) may be useful. After 
successful crossing, the catheter is advanced into 
left ventricular (LV) cavity, and the soft wire is 

The only thing I know, is that I know nothing
Socrates

A. Sedaghat · E. Grube (*) · J.-M. Sinning 
Heart Center Bonn, University Hospital Bonn,  
Bonn, Germany
e-mail: alexander.sedaghat@ukbonn.de;  
jan-malte.sinning@ukbonn.de

28

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05912-5_28&domain=pdf
https://doi.org/10.1007/978-3-030-05912-5_28
mailto:alexander.sedaghat@ukbonn.de
mailto:jan-malte.sinning@ukbonn.de
mailto:jan-malte.sinning@ukbonn.de


340

exchanged for a regular J-tip steel wire which is 
then that a stiffer wire over a pigtail catheter. 
Several different types of stiff wires are available 
for use, e.g., Amplatz Super Stiff™ (Boston 
Scientific, Marlborough, MA, USA) or the 
Lunderquist Extra Stiff® wire (Cook Medical, 
Bloomington, IN, USA), providing different 
degrees of support during the procedure. 
Currently, the use of pre- shaped TAVI guidewires 
can be considered a therapeutic “gold-standard” 
owing to their less traumatic design to prevent 
ventricular injury (e.g., the Safari™ guidewire; 
Boston Scientific Inc., Marlborough, MA, USA; 
or the Confida™ guidewire, Medtronic Inc., 
Minneapolis, MN, USA).

Classically, prior to predilation, a temporary 
pacing wire (TPW) is inserted into the right ven-
tricle via a transfemoral or transjugular venous 
access. Predilation is then performed during 
rapid ventricular overdrive pacing at 180–220/
min to minimize cardiac output and to stabilize 
balloon position. In patients with implanted per-
manent pacemakers, overdrive pacing may be 
performed using the implanted system. Recently, 
single-wire techniques using the 0.035″ guide-
wire and left ventricular overdrive pacing have 
been found feasible and safe, suggesting a role of 
this approach for selected patients [11].

Predilation is usually performed with the use 
of either semi-compliant (e.g., Tyshak II, Braun 
International Systems) or non-compliant bal-
loons (e.g., Z-Med™, Braun Interventional 
Systems Inc., Bethlehem, PA, USA). As an alter-
native, balloons with hourglass shapes have been 
implemented into clinical practice. These bal-
loons, such as the V8™ (InterValve Inc., 
Minnetonka, MN, USA) or the NuCLEUS X™ 
(NuMed Inc., Hopkinton, NY, USA) can theo-
retically improve stability and reduce the risk of 
annular rupture [10]. More recently, a valvulo-
plasty balloon allowing continuous cardiac blood 
flow during predilation has been introduced and 
is currently under clinical investigation 
(ClinicalTrials.gov identifier: NCT02847546). 
Owing to a central open lumen, the True™ Flow 
balloon (BARD PV Inc., Tempe, AZ, USA) 
allows a cardiac output of ∼1 L/min during infla-
tion, thereby potentially obviating the need for 

rapid overdrive pacing and reducing predilation- 
associated systemic hypoperfusion.

Whereas the type of balloon used for predila-
tion remains mostly at the discretion of the physi-
cian, balloon size is chosen based on preprocedural 
sizing of the aortic annulus determined either by 
(transesophageal) echocardiography or com-
puted tomography (CT) imaging. Hereby, the 
size of the balloon is usually chosen slightly 
smaller than the mean diameter of the native aor-
tic annulus (≤1:1 ratio) to avoid annular rupture 
and/or aortic root dissection. Recently, even more 
pronounced balloon undersizing has been advo-
cated. In this context, aortic valve morphology 
(bicuspid/tricuspid) and amount and distribution 
of aortic valve calcium, as well as left ventricular 
outflow tract (LVOT) calcification, should be 
taken into account, to avoid aortic injury and 
annulus rupture.

During predilation, the balloon is usually 
inflated with 25–50 mL of saline/contrast (10:90 
ratio) for ∼3 s [10]. Complete expansion and sta-
bile positioning of the balloon should be docu-
mented by either periprocedural fluoroscopy or 
transesophageal echocardiography. The authors 
of this chapter prefer fluoroscopy due to the less 
invasive nature of this approach and due to the 
fact that complete deflation of the balloon can be 
appreciated.

Although its procedural success is not clearly 
defined, predilation should translate to a signifi-
cant reduction of the transvalvular peak-to-peak 
gradient and an increase of the aortic valve area. 
Changes in peak aortic gradient can hereby be 
assessed periprocedurally by pressure tracings of 
two pigtail catheters (in left ventricle and aorta), 
a pigtail catheter (in the left ventricle) and the 
side port of the femoral access sheath or a dual-
lumen pigtail catheter. Whereas a reduction of 
peak aortic gradients of 50 mmHg or 40–50% is 
warranted in balloon aortic valvuloplasty as 
bridging or definite therapy [10], smaller reduc-
tions can be expected after predilation with an 
undersized balloon to facilitate a TAVI procedure 
owing to the less aggressive approach. Hereby, 
increases in aortic valve area are best assessed 
with the use of (transesophageal) echocardiogra-
phy. However, this information is usually not 
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required in clinical practice, given the fact that 
predilation is usually followed by TAVI as final 
therapy. During predilation, outward movement 
of the bulky, calcified aortic cusps toward the 
coronary sinus is noted and can be helpful—
combined with an aortic root angiography—to 
determine the risk of coronary obstruction.

28.3  Complications of Predilation

The potential complications inflicted by predila-
tion reflect those of traditional balloon aortic val-
vuloplasty (BAV). Whereas most complications 
can be managed by the means of acute interven-
tional strategies, major complications such as 
rupture of the aortic annulus or LV perforation 
may require emergency surgical intervention. It 
is therefore current consensus of the European 
Society of Cardiology (ESC) and the European 
Association of Cardio-Thoracic Surgeons 
(EACTS) that percutaneous aortic interventions 
such as TAVI should only be performed in cen-
ters with both departments of cardiology and car-
diac surgery on-site [12].

28.3.1  Cardiac Perforation

Cardiac perforation with subsequent cardiac tam-
ponade represents one of the most dreaded forms 
of periprocedural complications and usually 
requires emergency (surgical) therapy. During 
predilation cardiac perforation can be caused by 
annular rupture or perforation of the left ventricu-
lar wall by the stiff guidewire and should always 
be excluded immediately by echocardiography in 
case of sudden hemodynamic instability. Cardiac 
perforation and tamponade are hereby not 
restricted to the process of predilation but can 
occur during all procedural steps of TAVI includ-
ing placement of the temporary pacing wire, 
crossing of the aortic valve, THV placement, and 
postdilation [13]. With increasing operator expe-
rience and the development of less traumatic pre- 
shaped wires, the incidence of LV perforation has 
been successfully reduced. In a recently pub-
lished multicenter registry of >27,000 patients 

treated between 2013–2016, guidewire-induced 
LV perforation necessitating emergent cardiac 
surgery was seen in 0,23% of patients [14].

28.3.2  Vascular Injury

Vascular complications represent a rather com-
mon entity in TAVI and may already occur during 
the process of balloon insertion and predilation. 
Generally, vascular injury is divided into minor 
and major complications by prespecified, stan-
dardized criteria of the Valve Academic Research 
Consortium [15]. In current randomized TAVI 
collectives, major vascular complications are 
observed in 6–7,9% [16, 17]. Furthermore, vas-
cular complications may be distinguished accord-
ing to their primary location. Hereby, access site 
and access-related vascular injury (ASARVI) 
such as bleeding, dissection, or vessel occlusion 
are usually caused by either the transfemoral 
sheath, the THV delivery system, or incomplete 
access site closure and can be managed by percu-
taneous techniques (e.g., manual compression, 
crossover balloon occlusion, or stent graft place-
ment) in the majority of cases [18–21].

On the other hand, non-ASARVI complica-
tions, such as rupture/perforation of the aortic 
annulus/root and aortic (root) dissection, can 
result as the immediate consequence of BAV/pre-
dilation and are associated with increased 
morbidity.

Rupture of the aorta or the aortic annulus is 
described in the literature with an incidence of 
0–2% and is associated with poor prognosis [22]. 
In the EuRECS-TAVI registry, the incidence of 
annular rupture requiring emergency cardiac sur-
gery was 0.25%, with an inhospital mortality of 
62,2% [14]. Generally, management strategies 
range from conservative therapy to emergent car-
diac surgery and are dependent on location and 
clinical manifestation [23]. From clinical experi-
ence, it is known that the etiology of annular rup-
ture is multifactorial and not linked merely to the 
mismatch of balloon/aortic annulus (i.e., oversiz-
ing). Predisposing factors for its occurrence 
include small annuli (<20  mm) combined with 
narrow aortic roots, circular aortic valve 
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 calcification, LVOT calcification, and LV hyper-
trophy [23]. Given the potentially fatal conse-
quences of this complication, meticulous 
preprocedural imaging with computed tomogra-
phy and 3D transesophageal echocardiography is 
warranted to evaluate landing zone dimensions, 
the extent of valvular/LVOT calcification, and its 
patterns in order to assess the potential risk of 
rupture.

Another dreaded complication of predilation 
(and TAVI) is aortic dissection. Aortic dissection 
is observed in approximately 0,2% [24] of 
patients and can occur either acutely or with 
delay [25]. Acute dissection should be suspected 
with unexplained hemodynamic instability, 
pericardial effusion, or signs of (cerebral) 
malperfusion.

Management of iatrogenic aortic dissection 
varies from conservative strategies (“watchful 
waiting”) over endograft placement to emergent 
cardiac surgery [26]. Although robust evidence 
on this issue is lacking, the underlying patho-
physiology is likely similar to that of annular rup-
ture meaning that a combination of aortic (root) 
calcification and vessel wall stress exerted by the 
balloon and/or THV might lead to dissection.

28.3.3  Severe Aortic Regurgitation

Severe aortic regurgitation (AR) may result as the 
immediate consequence of predilation. Whereas 
paravalvular leakage after TAVI has been suc-
cessfully reduced with newer-generation trans-
catheter heart valves and increasing operator 
experience [27], acute AR following predilation 
remains a potential pitfall. Severe AR can be 
detected by means of invasive hemodynamics 
(e.g., the AR-index) [28] or imaging techniques 
(i.e., aortography or echocardiography) [29] and 
should be expected when clinical signs of heart 
failure/congestion are paired with a sudden 
decrease in aortic diastolic pressure and/or an 
increase of LVEDP after predilation.

Due to reduced LV compliance as the conse-
quence of the compensatory changes and LV 
remodeling processes in severe aortic stenosis, 

acute AR is usually not well tolerated in patients 
undergoing TAVI [30]. Thus, acute severe AR 
after predilation necessitates immediate therapy 
including pacing to induce tachycardia with 
decreased diastolic period and urgent implanta-
tion of the THV prosthesis itself.

28.3.4  Stroke/Embolism

Similar to aortic balloon valvuloplasty, predila-
tion in TAVI can potentially result in the mobili-
zation of aortic valve calcium/debris with 
subsequent embolization. Reported stroke rates 
in BAV either as destination or bridging to TAVI 
are low, ranging between 0,5 and 0,8% suggest-
ing an acceptable safety profile of predilation 
with regard to embolization [31, 32]. In recent 
TAVI cohorts, the 30-day incidence of stroke 
ranges between 3,4 and 5,5% in intermediate-risk 
patients, indicating a difference in procedural 
risk between BAV and TAVI [16, 17].

Of interest, transcranial Doppler studies have 
suggested that the predominant embolic load in 
TAVI is not detected during predilation but rather 
during device positioning and implantation [33, 
34]. Another retrospective analysis of patients 
undergoing TAVI with and without predilation 
has even suggested an increased volume of cere-
bral ischemic lesions detected by magnetic reso-
nance imaging (MRI) in patients undergoing 
TAVI without predilation [35]. Provided this 
information, the role of predilation in the context 
of cerebral emboli during TAVI remains uncer-
tain, overall indicating no overt risk of stroke/
embolism associated with its use. Clinical man-
agement of stroke/emboli should incorporate a 
multidisciplinary approach including radiolo-
gists, neurologist, and interventional neuroradi-
ologists and should adhere current therapeutic 
guidelines.

28.3.5  Conduction Disorders

Disorders of conduction, mainly new high-degree 
atrioventricular block (HAVB) and left bundle 
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branch block (LBB), are commonly encountered 
in TAVI and may develop already during 
 predilation. Hereby, new LBBB as well as 
(HAVB) may be transient or permanent [36]. The 
acute clinical relevance of new-onset conduction 
disorders during predilation is usually small, pro-
vided that a temporary pacing wire is placed. The 
details of conduction disorders in the context of 
TAVI are outlined in Chap. 33 of this book.

Mechanistically, a two-hit model has been 
suggested consisting of a first hit inflicted by the 
valvuloplasty balloon and a second hit applied by 
the subsequently implanted THV. In their retro-
spective analysis, Lange et al. found lower rates 
of permanent pacemaker implantation in patients 
undergoing TAVI with the use of a self- expanding 
THV when smaller valvuloplasty balloons 
(≤23 mm) were used [37]. Another propensity- 
matched analysis has described lower rates of 
new-onset LBB in patients in whom direct TAVI 
without predilation was performed, however 
without influence on pacemaker rates [38]. 
Overall, data on the influence of predilation on 
new-onset conduction disturbances are limited, 
and the role of predilation conduction disorders 
will likely be elucidated in ongoing randomized 
studies.

28.3.6  Coronary Obstruction

Coronary obstruction is a rare (<1%) but poten-
tially fatal complication of TAVI which usually 
inflicts occlusion of the left coronary artery 
(LCA) [39, 40]. Coronary obstruction is hereby 
seen mainly in patients with low takeoff of the 
LCA and/or narrow sinuses of Valsalva—espe-
cially when balloon-expandable THVs are used. 
Although there is no clinical data indicating a 
specific role of predilation in its pathophysiology, 
predilation can be useful to evaluate the potential 
risk of coronary obstruction [4]. Especially when 
CT angiographic data are inconclusive or unavail-
able, predilation can be helpful to assess dis-
placement of the aortic valve calcium/leaflets 
towards the coronary ostia. Severe hypotension 
or ST-segment changes during predilation can be 

indicative of transient coronary obstruction dur-
ing predilation. Hereby, predilation-induced cor-
onary obstruction is likely reversible, due to the 
recoil of the native aortic valve. When coronary 
obstruction occurs after THV placement, inter-
ventional strategies including percutaneous coro-
nary intervention and stent placement are usually 
warranted [39].

28.4  Routine Predilation or 
“Direct TAVI?”

With the beginning of TAVI as a treatment for 
patients with severe symptomatic aortic stenosis 
at high or prohibitive risk for surgery, predilation 
was considered a mandatory part of the proce-
dure. In fact, pre-implant predilation was required 
as a part of the study protocol in the pivotal 
PARTNER trials using the first generation of the 
Edwards SAPIEN transcatheter heart valve 
(THV) and is still part of most instructions for 
use (IFUs) [41, 42]. With growing clinical exper-
tise and operator experience, this notion has been 
challenged by clinicians headed by Eberhard 
Grube performing the TAVI procedure in a direct 
fashion without predilation, leading to a decreas-
ing trend in the systematic use of predilation [2, 
43]. In theory, the omission of routine predilation 
is associated with shorter procedure times and 
may reduce complications potentially associated 
with predilation. Accordingly, it has been specu-
lated that omitting predilation can lead to a reduc-
tion in the incidence of stroke, acute kidney 
injury, or systemic inflammation which are asso-
ciated with hypoperfusion [44, 45]. On the other 
hand, direct TAVI might theoretically result in an 
increased need for postdilation [5] or in THV 
underexpansion/noncircular valve deployment 
and thus unfavorable hemodynamics and 
increased paravalvular leakage [30, 46]. In this 
context, patient-specific variables are likely to 
influence the necessity for predilation including 
anatomical and morphological characteristics 
[47, 48]. However, relevant THV underexpansion 
may even occur despite the use of predilation 
[49], highlighting the need for systematic studies 
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on this issue. To this point in time, the scientific 
evidence regarding predilation in TAVI remains 
limited mostly to retrospective non-randomized 
studies and meta-analyses. Although larger ran-
domized comparative studies are currently being 
conducted, only one randomized study has been 
published so far [50].

28.4.1  Retrospective Analyses

There are ample retrospective analyses compar-
ing outcome in patients undergoing TAVI with 
and without predilation. Whereas smaller studies 
have evaluated the performance of specific THV 
models, the largest studies available are multi-
center analyses derived from national registries 
or single-center analyses including different 
types of THVs.

Safety and feasibility of TAVI without predila-
tion was suggested by results from the UK TAVI 
registry. Including 5.888 patients treated with the 
Medtronic CoreValve and Edwards SAPIEN 
prosthesis, the study by Martin et  al. demon-
strated comparable clinical outcome as defined 
by the VARC-2 criteria in a propensity-matched 
analysis of TAVI treated with and without predi-
lation [43].

A single-center analysis published by Pagnesi 
et al. studied the safety of predilation and direct 
TAVI in 837 patients undergoing TAVI with sev-
eral different balloon- and self-expanding THVs 
(Medtronic CoreValve and Evolut R, Edwards 
SAPIEN and SAPIEN XT). As a result, the 
authors concluded a similar safety profile of 
direct TAVI compared to the routine use of pre-
dilation; however, after propensity score match-
ing for baseline differences, direct TAVI 
appeared to be associated with a higher need for 
postdilation [5].

Results from the Brazilian TAVR registry 
including a total of 761 patients have been pub-
lished recently. In this study of patients treated 
with the CoreValve (Medtronic Inc., 
Minneapolis, Minnesota, USA) and Edwards 
SAPIEN (Edwards LifeSciences, Irvine, Ca, 
USA), Bernardi et al. demonstrated similar clin-
ical and echocardiographic outcome parameters 

in patients treated by “direct TAVI” or TAVI 
with predilation after propensity score matching 
for baseline differences. However, patients 
treated with predilation experienced a higher 
incidence of new-onset left bundle branch 
blocks (LBB), which was confirmed in multi-
variate analysis [38].

28.4.2  Predilation in Self-Expanding 
THVs

Full expansion of self-expanding THVs relies on 
the radial force exerted by the nitinol frame on 
surrounding tissues. Therefore, it is conceivable 
that predilation may be required in self- expanding 
THVs to adequately displace valvular calcium to 
allow circular expansion of the THV frame.

Safety and feasibility of TAVI without predi-
lation in 60 patients using the self-expanding 
CoreValve prosthesis was demonstrated by 
Eberhard Grube and colleagues already in 2011 
[51]. In a single-center study evaluation of high- 
risk patients undergoing TAVI with the 
CoreValve prosthesis, Kochman et  al. found 
similar rates of procedural success, survival, and 
hemodynamic results (i.e., transvalvular gradi-
ents and paravalvular leakage) in patients treated 
with and without predilation [52]. Similar find-
ings regarding procedural success and survival 
were reported by Toutouzas et al., who published 
an analysis of 210 patients treated with the 
CoreValve prosthesis. In this retrospective study, 
lower rates of more than moderate paravalvular 
leakage were observed with “direct TAVI” [53]. 
Of interest, Lange et al. observed lower rates of 
pacemaker implantation in patients undergoing 
TAVI with the CoreValve prosthesis when 
smaller valvuloplasty balloons (≤23  mm) for 
predilation were used [37].

The effect of predilation on the performance 
of the ACURATE neo transfemoral prosthesis 
(Boston Scientific Inc., Marlborough, MA, 
USA) was assessed by Kim and colleagues. In 
their study of patients with severe aortic steno-
sis and mild to moderate aortic valve calcifica-
tion, propensity score matching revealed similar 
clinical outcome parameters but significantly 
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shorter procedure and fluoroscopy times 
compared to patients undergoing TAVI with 
predilation [54].

28.4.3  Predilation in Balloon- 
Expandable THVs

In contrast to self-expanding THVs, balloon- 
expandable THVs are delivered and deployed 
with the use of a premounted valvuloplasty bal-
loon. Predilation was considered mandatory in 
the pivotal trials using balloon-expandable THVs 
and is commonly performed in patients undergo-
ing TAVI with balloon-expandable valves [43]. 
As certain TAVI-associated complications, such 
as rupture of the aortic annulus or coronary 
obstruction, appear to be predominantly associ-
ated with the use of balloon-expandable THVs, 
the role of predilation as a potential risk factor 
has been the topic of several retrospective 
analyses.

In patients with moderate aortic valve calcifi-
cation, direct TAVI produces comparable clinical 
results with regard to early and mid-mortality as 
well as procedural safety [55]. In a case-matched 
analysis of patients undergoing both transfemoral 
and transapical TAVI with newer-generation 
Edwards SAPIEN prostheses, Conradi et al. were 
able to show comparable clinical and hemody-
namic outcome when predilation was omitted. 
Hereby, procedural duration and contrast use 
were lower in “direct TAVI.” Hamm et al. demon-
strated shorter procedural duration in patients 
undergoing transfemoral implantation of the 
Edwards SAPIEN XT and SAPIEN 3 prostheses 
treated without predilation, whereas procedural 
safety and success were found to be similar [56]. 
Moderate predilation with smaller sized balloons 
(≤22 mm) was found to produce similar clinical 
outcome as direct TAVI in a study by Abramowitz 
and colleagues. Also in this study, direct TAVI 
was associated with less fluoroscopy time [6]. Of 
interest, direct TAVI without predilation was 
found to be linked to increased total volume of 
new cerebral ischemic lesions as assessed by 
magnetic resonance imaging, but this could not 
be reproduced in other studies [35].

28.4.4  Meta-analyses

Three meta-analyses on the safety and feasibility 
of TAVI with and without predilation have been 
published. Incorporating 18 studies and >2.000 
patients, Liao et al. concluded that direct TAVI 
without predilation was not only safe but also 
associated with preferable short-term mortality 
and fewer complications (i.e., stroke, paravalvu-
lar leakage, and pacemaker implantation) [8]. In 
contrast, as a result of an analysis of 1395 
patients enrolled in 16 studies, Bagur and col-
leagues found similar outcomes with regard to 
paravalvular leakage, stroke, and pacemaker 
implantation rates in direct TAVI vs. routine pre-
dilation [57]. The largest meta-analysis on this 
matter published by Auffret et al. indicated simi-
lar safety profiles of the two approaches but 
emphasized the need for randomized studies on 
this topic [9].

28.4.4.1  Randomized Studies
To this point only one randomized study on the 
topic of predilation has been published. This 
study included 60 patients undergoing both 
transfemoral and transapical TAVI with the use 
of the balloon-expandable Edwards SAPIEN 
XT THV. As a result, the authors found no sig-
nificant differences with regard to early mortal-
ity as well as hemodynamic outcomes [50]. 
However, the small size and heterogeneity of 
this study make it difficult to draw significant 
conclusions. Several large-scale randomized 
studies on this topic are currently being 
conducted. Adequately powered, dedicated 
trials such as the SIMPLIFy TAVI 
study (NCT01539746), the DIRECT study 
(NCT02448927), or the EASE-IT trials 
(NCT02760771, NCT02127580) will hopefully 
elucidate the potential benefits and risks of sys-
tematic predilation in TAVI and its omission.

28.5  Conclusion

Technically, predilation in TAVI mimics classic 
balloon valvuloplasty in aortic valve stenosis and 
is thus associated with a similar risk profile and 
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set of complications. A trend toward declining 
use of predilation in TAVI has been observed 
within the last years, mostly owing to increasing 
operator experience. Retrospective studies and 
meta-analyses have indicated safety and efficacy 
of the omission of predilation; however large- 
scale studies are lacking. In selected patients, 
“direct TAVI” without predilation appears to be 
associated with shorter procedural duration, less 
fluoroscopy time, and contrast use. However, 
clinical safety endpoints seem less effected when 
routine predilation is performed. Especially with 
regard to potentially fatal complications such as 
stroke, aortic rupture, or coronary obstruction, 
current evidence does not suggest an increased 
risk with predilation. With the lack of random-
ized clinical trials, the indication for predilation 
in TAVI remains at the discretion of the physi-
cian. However, patient-specific characteristics 
and individual risk profiles should be incorpo-
rated in the decision for or against predilation; 
especially in patients with heavily calcified aortic 
stenosis or bicuspid aortic disease, predilation 
may be beneficial and facilitate the procedure 
(Fig.  28.1). Ongoing clinical trials such as the 
SIMPLIFy TAVI, DIRECT, or EASE-IT study 
will further elucidate the potential risks and ben-
efits of predilation in TAVI.
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and J. Kevin Harrison

29.1  Introduction

Transcatheter aortic valve, also called transcathe-
ter aortic valve replacement (TAVR), has emerged 
as a revolutionary alternative for the treatment of 
severe, symptomatic aortic valve stenosis, initially 
among patients at prohibitive risk for open surgical 
aortic valve replacement (SAVR) [1, 2] but more 
recently in patients at high [3, 4] and intermediate 
risk [5] for surgery, with current trials ongoing for 
the role of this therapy among low-risk patients. 
Because the valve is not implanted under direct 
visualization as in open surgery where the aortic 
valve leaflets and annulus can be removed and 
debrided, there is a risk of paravalvular aortic 
valve regurgitation (AR) with TAVR.  The pres-
ence of more than mild AR has been associated 
with deleterious late clinical outcomes. Less fre-
quently, TAVR fails to sufficiently relieve aortic 
stenosis, a situation most commonly encountered 
when treating bioprosthetic valve dysfunction.

As such, balloon post-dilation (BPD) has been 
recommended to optimize valve performance 
during TAVR. Although BPD may further expand 
the valve frame and reduce the severity of post-
implantation AR and improve the systolic pres-
sure gradient, risks include aortic annular rupture, 
migration and malposition of the newly implanted 

valve, damage to the newly implanted valve leaf-
lets, and/or stroke. In this chapter, we review the 
impact of post-TAVR AR on outcomes, evaluate 
the benefits and risks associated with BPD, and 
describe best practices to optimize valve expan-
sion with BPD. We also describe the early proce-
dural data regarding bioprosthetic surgical valve 
fracture to optimize the hemodynamic perfor-
mance of a valve-in-valve (ViV) TAVR. We will 
limit our discussion to the two FDA-approved 
THV systems in the United States.

29.2  Post-TAVR Aortic Valve 
Regurgitation

Rates of post-procedural paravalvular leak (PVL) 
following AVR have been reported to be higher in 
patients undergoing TAVR compared with 
SAVR. The incidence of PVL following TAVR is 
variable, and heterogeneity of published rates is 
due to a number of factors, including the imaging 
modality (cineangiography, hemodynamics, 
transthoracic echocardiography, transesophageal 
echocardiography), the time point of assessment 
(immediately after the procedure, prior to dis-
charge, or at 30  days), and the grading system 
[6]. The grading system by cineangiography used 
most commonly is that which was initially 
described by sellers [7]: (1) grade 1 (mild AR) is 
a small amount of contrast entering the LV during 
diastole and clearing with each cardiac cycle, (2) 
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grade 2 (moderate AR) is contrast filling the 
entire LV during diastole but with less density 
than the aorta, (3) grade 3 (moderate-severe AR) 
is contrast filling the entire LV during diastole 
with the same density as the aorta, and (4) grade 
4 (severe AR) is contrast filling the entire LV in 
diastole on the first beat with greater density than 
in the aorta. With echocardiography, the Valve 
Academic Research Consortium (VARC II) has 
identified semiquantitative (diastolic flow rever-
sal in descending aorta, circumferential extent of 
PVL) and quantitative parameters (regurgitant 
volume, regurgitant fraction, effective regurgitant 
orifice area) to classify mild, moderate, and 
severe AR following TAVR [8, 9]. The time point 
for assessment is also important, as immediate 
post-deployment assessment may overestimate 
the degree of overall AR. Prior data has demon-
strated continued frame expansion with reduction 
in PVL from 30 days to 1 year [10].

Historically, the strongest predictors of PVL 
included undersizing of the device, incomplete 
apposition of the stent struts to the native annulus 
due to calcification [11], and/or valve malposi-
tion [6]. Undersizing of the device was more 
common with the use of TEE to determine aortic 
annular dimensions, but the current routine use of 
multidetector computed tomography (MDCR) 
imaging has led to the reduction of mis-sizing 
and lower rates of PVL [12–15]. Additionally, 
newer iterations of THV systems have specifi-
cally addressed the concern of PVL. The Edwards 
SAPIEN 3 is designed with a polyethylene tere-
phthalate outer skirt along the stent frame inflow 
in an attempt to reduce PVL.  The CoreValve 
Evolut Pro valve system allows the operator to 
recapture and reposition the stent valve, reducing 
the incidence of improper valve position. The 
stent valve itself is designed with an external por-
cine pericardial layer at the stent valve inflow in 
an attempt to minimize PVL.

The deleterious effects of post-TAVR aortic 
valve regurgitation have been well-documented. 
An analysis by Hayashida and colleagues evalu-
ated clinical outcomes among 400 consecutive 
patients undergoing TAVR, stratified by post-AR 
grade 0/1 (75% of overall population), grade 2 
(22% of cohort), or grade 3/4 (3.0%), and dem-

onstrated no significant differences in 30-day 
mortality but a stepwise increase in long-term 
mortality with increasing AR.  Post-procedure 
AR ≥2 was identified as an independent predic-
tor of long-term mortality (HR 1.68, 95% CI 
1.21–1.44) after multivariable analysis [16] 
(Fig.  29.1). The PARTNER trials and registry 
reported similar short-term outcomes (<30 days) 
among patients with none/trace, mild, and mod-
erate/severe PVL but higher rates of increased 
1  year all-cause mortality (15.9 vs. 22.2 vs. 
35.1%, p  <  0.0001), cardiac mortality (6.1 vs. 
7.4% vs. 16.3%, p < 0.0001), and rehospitaliza-
tion (14.4 vs. 23.0 vs. 31.3%, p < 0.0001) with 
worsening PVL.  In the multivariable analysis, 
even mild PVL was associated with higher 
1-year mortality (HR 1.37, 95% CI 1.14–1.90, 
p = 0.012), though the risk of mortality was sub-
stantially higher among patients with moderate/
severe PVL (HR 2.18, 95% CI 1.57–3.02, 
p < 0.0001) [17]. A meta-analysis of 45 studies 
with almost 13,000 patients reported the inci-
dence of moderate or severe AR post-TAVR was 
11.7% (95% CI 9.6–14.1%) and was associated 
with higher mortality at 30 days (OR 2.95, 95% 
CI 1.73–5.02) and 1  year (OR 2.27, 95% CI 
1.84–2.81, p = 0.001) [18].

29.3  Indications and Outcomes 
for Balloon Post-dilation 
Following TAVR

Given the association between greater than mild 
paravalvular AR and adverse short- and long- 
term outcomes, BPD can be a safe and effective 
method to allow for appropriate expansion of 
the THV stent frame and therefore reduce over-
all PVL [19]. Experience with BPD has been 
described with both commercially available 
THV systems in the United States. Although 
BPD reduced post-procedure AR among patients 
receiving either CoreValve or SAPIEN valves, 
there were important differences in 1-year out-
comes. Among patients enrolled in the 
CoreValve trials (Extreme Risk Pivotal Trial, 
High Risk Pivotal Trial, and the Continued 
Access Registries for both, n = 3532 patients), 

A. N. Vora et al.



353

782 (22%) patients underwent BPD following 
initial valve deployment [20]. The most com-
mon indication for BPD was moderate or greater 
AR (58.1%). There was no difference among 
rates of BPD when stratified by whether pre-
dilation was not or was performed (25.2% vs. 
21.6%, p = NS). There were no significant dif-
ferences in rates of inhospital major adverse 
cardiovascular and cerebrovascular events 
(MACCE), all-cause mortality, stroke, or per-
manent pacemaker placement following TAVR 
between patients undergoing BPD and those 
not. However, rates of acute kidney injury 
(12.7% vs. 9.9%) and life-threatening/disabling 
bleeding (15.9% vs. 10.5%) were higher among 
patients undergoing BPD.

Overall, 12.4% of patients that were enrolled 
in the PARTNER I Trial (both cohorts A and B 
and the nonrandomized continue access registry, 
n  =  2135 patients) underwent BPD following 
TAVR [21]. There was a higher incidence of pro-
cedural stroke among BPD patients (4.9% vs. 
2.6%, p = 0.04). There was no statistically sig-

nificant difference at 7–30 days or >30 days post- 
procedure. Importantly, there was a trend toward 
higher all-cause mortality at 1  year (25.4% vs. 
20.3%, HR 1.30 95% CI 0.99–1.70, p = 0.054) 
and a higher rate of all-cause mortality and stroke 
at 1  year (28.2% vs. 23.0%, HR 1.29 95% CI 
1.01–1.66, p = 0.04), which persisted after multi-
variable adjustment.

29.4  Risks of Balloon Post- 
dilation Following TAVR

The most significant risk of BPD that can lead to 
imminent hemodynamic instability following 
TAVR is aortic injury and annular rupture. An 
analysis by Barbanti and colleagues described 
anatomic and procedural factors associated with 
aortic root rupture during balloon-expandable 
SAPIEN TAVR.  Although greater amounts of 
subannular/LVOT calcium and more aggressive 
oversizing were associated with annular rupture 
among the 31 cases compared with matched 
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patients without rupture, aortic rupture was also 
associated with BPD (22.6% vs. 0.0%, 
p = 0.005) [22].

However, it may be also possible to mitigate 
this risk by being conservative with the BPD bal-
loon size. In the CoreValve experience across the 
initial Extreme Risk and High Risk Pivotal Trial 
and Continued Access studies, there were three 
cases of annular rupture leading to death, and all 
occurred with large diameter (28 mm) balloons. 
The authors speculated that these deaths were 
likely due to annular and left ventricular outflow 
tract calcification and due to oversizing of the 
BPD balloon relative to the native annulus dimen-
sion [20].

When performing BPD it is critical to ensure 
appropriate guidewire position across the aortic 
valve prosthesis. Noble and colleagues describe a 
case in which BPD was performed 6 days after 
initial implantation of a 26  mm SAPIEN XT 
valve via a transapical approach with resultant 
2–3+ AR [23]. During the BPD the guidewire 
was inadvertently placed in the paravalvular 
space and was not recognized, resulting in a 
crushed SAPIEN XT valve and massive AR with 
hemodynamic instability, resolving after emer-
gent placement of a CoreValve prosthesis.

29.5  Best Practices to Minimize 
PVL in TAVR

29.5.1  Before the Procedure

Prior to the TAVR procedure, the most important 
step in minimizing PVL and the potential need to 
perform BPD is meticulous pre-procedural plan-
ning. MDCT has emerged as the standard of care 
(over TTE or TEE) for the accurate assessment of 
annular dimensions, geometry, and degree of 
annular/leaflet and LVOT calcification that may 
influence valve platform selection as well as 
valve sizing [24]. For annular dimensions that are 
between sizes, using the larger of the two valve 
sizes may provide a better seal and lead to lower 
rates of PVL [25], providing that there is ade-
quate coronary clearance for the larger of the two 
sizes being considered. Thus a detailed root 

assessment by MDCT study must be performed 
to ensure adequate sinus of Valsalva dimensions 
and coronary ostial heights for the valve size 
selected.

29.5.2  After Valve Deployment

After the THV is fully deployed, the first step is 
to undertake a careful assessment of residual AR, 
and this includes a combination of transthoracic 
or transesophageal echocardiography, hemody-
namic assessment, and cineangiography. This 
includes visual assessment of the valve to ensure 
appropriate, circumferential frame expansion as 
well as an assessment of valve implantation 
depth. There are conflicting reports regarding 
depth of CoreValve implantation and rates of 
PVL.  Although earlier studies demonstrated 
increased rates of PVL with deeper implantation 
[26–28], a more recent analysis did not demon-
strate higher rates of BPD in lower implant depths 
[20]. For the CoreValve, this assessment is typi-
cally performed about 10 min after valve implan-
tation to allow time for the nitinol frame to warm 
and expand. If AR is visualized, the operator 
must try to determine if the AR is paravalvular.

If PVL is detected, BPD is generally recom-
mended if feasible to obtain an optimal result. 
However, integrating this interim result with 
paravalvular regurgitation severity, pre- 
procedural anatomy, and the overall patient char-
acteristics is important. For example, BPD may 
be tempered in the setting of heavy annular and 
LVOT calcium, where aggressive BPD carries a 
higher risk of catastrophic annular rupture. If the 
implant depth is high (i.e., stent valve inflow at 
the native annular plane), aggressive BPD carries 
a higher risk of dislodging the THV above the 
valve plane.

29.5.3  Steps to Ensure Successful 
BPD

Once the operator has decided to proceed with 
BPD, the most critical step in successful BPD is 
balloon type and sizing. For balloon-expandable 
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systems such as the SAPIEN, typically 1–2 cc of 
diluted contrast can be added to the delivery bal-
loon used to implant the THV prosthesis, obviat-
ing the need to remove the delivery system and 
position another aortic valvuloplasty balloon 
(Fig. 29.2). For other balloons, it is important to 
note that many semi-compliant balloons often 

achieve their nominal diameter at 5 atmospheres, 
which is not attainable with hand inflation of the 
balloon. Our experience has been that these bal-
loons, like the Z-Med II, generally achieve a 
diameter 1  mm less than the indicated balloon 
diameter at pressures of ~2  atm, which is the 
internal balloon pressure generally achieved with 

a

c

b

Fig. 29.2 A 74-year-old man with severe symptomatic 
AS underwent treatment a 23 mm SAPIEN S3. The CTA 
mean annular diameter was 22.1 mm, and there was no 
annular calcification. After initial deployment, there was 
mild aortic valve insufficiency with a <1 mm gap visible 
between the stent frame and the left coronary side of 

annulus (a). An additional 1 cc of volume was added to 
the deployment balloon, and the valve frame was post- 
dilated using the delivery system (b). There was no aortic 
regurgitation following post-dilation (c). The final trans-
valvular gradient was 5 mmHg
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hand inflation. In contrast, noncompliant bal-
loons (such as the Bard True Balloon) achieve 
their target diameter with hand inflation but exert 
minimal radial force until that particular diameter 
is achieved.

For most BPD, we generally prefer to use 
semi-compliant balloons (such as the Z-Med II) 
and use hand inflation. The selected balloon is 
sized to achieve an inflation diameter of 
~1–2 mm smaller than the area-derived diameter 
on the MDCT study. For example, if the mean 
diameter of the annulus is 24.5 mm, the maxi-
mum diameter balloon we would select would be 
a 25  mm Z-Med II balloon, knowing that the 
maximal inflated diameter will be 24 mm when 
fully hand inflated. This balloon also allows the 
operator to stop prior to full hand inflation, 
should the desired expansion of the stent frame 
be observed by cineradiography prior to full 
hand inflation. It should be noted that a prior 
analysis of three deaths from annular rupture 
BPD involved balloon oversizing and/or pres-
ence of extensive annular/LVOT calcium. 
Therefore, we recommend an initial conserva-
tive balloon size selection (Fig. 29.3).

Less commonly BPD is needed for residual 
aortic stenosis. For example, this may be seen 
when self-expanding valves are implanted with-
out balloon pre-dilation of the native valve. In 
extreme cases there may be an infold in stent 
valve frame that resolves with BPD.

The exception to the aforementioned BPD 
technique is for valve-in-valve (ViV) TAVR.  In 
that instance, the precise annular dimension is 
known a priori, and the goal of the BPD is to 
allow for complete expansion of the THV frame 
at its inflow directly within the bioprosthetic 
valve ring. As a result, a noncompliant balloon 
that matches the internal diameter of the biopros-
thetic valve ring is selected (Fig. 29.4).

Once the appropriate balloon is selected, it is 
positioned so that the distal marker of the balloon, 
marking the distal balloon shoulder, is at the 
inflow of the THV. During BPD, rapid ventricular 
pacing is critical (rates of 170–200 bpm are typi-
cal) to ensure that the precise balloon position is 
maintained during the inflation and deflation 
sequence. Balloon inflation should not begin until 
LV stroke volume produces <10  mmHg pulse 
pressure. If the balloon “watermelon seeds” into 

a b

Fig. 29.3 The patient was a 62-year-old man with severe 
AS (mean gradient 40 mmHg with AVA 0.4 cm2). His aor-
tic annular mean diameter was 27.9 mm (perimeter 90.3). 
A 34  mm CoreValve Evolut was implanted. After stent 
valve deployment, there was a 4 mm gap on the left coro-

nary side of the valve with moderate paravalvular leak (a). 
Balloon post-dilation was performed with a 28 mm Z-Med 
II balloon resulting in trivial aortic insufficiency post- 
procedure (b)
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the LV, direct trauma to the LV apex or mitral 
valve apparatus may result or the new THV may 
be dislodged from its annular position. We recom-
mend continuing rapid pacing for 1 s after the bal-
loon deflation begins to minimize the risk of 
trauma or stent valve movement from a partially 
deflated balloon. All necessary steps to ensure 
successful BPD are listed in Table 29.1.

29.6  Special Case: Bioprosthetic 
Valve Fracture in Valve-in- 
Valve TAVR

Recently, valve-in-valve (ViV) TAVR has 
emerged as a potentially less invasive treatment 
option for patients with bioprosthetic aortic valve 
dysfunction, and both self-expanding and 

a

c

b

Fig. 29.4 A 68-year-old man was treated with a 23 mm 
CoreValve Evolut R valve for heart failure resulting from 
bioprosthetic valve dysfunction and severe AS (mean 
gradient 51  mmHg). The surgical valve was a 21  mm 
Carpentier-Edwards Magna valve surgically implanted 
15 years previously (a). After placement of the 23 mm 

Evolut R, there was a mean transvalvular gradient of 
18  mmHg. Post-dilation was performed with a 20  mm 
True Balloon (b). The final image (c) demonstrates 
appropriate frame expansion with no aortic insufficiency. 
The transvalvular gradient after post-dilation was 
6 mmHg
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balloon- expandable platforms approved by the 
US Food and Drug Administration for patients at 
increased risk for open surgical redo valve 
replacement. However, patient-prosthesis mis-
match (PPM), generally defined as an indexed 
effective orifice area (EOA) of <0.65 cm2/m2 in 
patients with a BMI <30 kg/m2 or < 0.6 cm2/m2 in 
patients with a BMI ≥ 30 kg/m, is a significant 
concern in these patients and may occur in >30% 
of patients undergoing ViV TAVR [29]. Recent 
data from the VIVID (Valve-in-Valve 
International Data) registry demonstrated that 
severe PPM was associated with higher mortality 
at 1  year, even after multivariable adjustment 
[30]. Additionally, patients treated with ViV 
TAVR with small bioprosthetic valves (≤21 mm) 
may also be at increased risk of mortality at 
1 year compared with patients with intermediate- 

sized (21–25  mm) or large (≥25  mm) surgical 
bioprosthetic valves.

There have been a few proposed strategies to 
reduce the risk of severe PPM in ViV TAVR and 
to increase the EOA, such as the use of a supra- 
annular CoreValve Evolut system and implant-
ing the transcatheter inflow higher in the stent 
frame to improve the hemodynamic result. Both 
the CoreValve Evolut R and the SAPIEN XT 
valve are preferred over the Evolut Pro and 
SAPIEN 3 valves, as the former two lack outer 
sealing material in the prosthetic valve and yield 
less systolic obstruction for ViV TAVR. Because 
the TAVR valve frame sits inside the biopros-
thetic valve stent frame, it is constrained by the 
bioprosthesis and is unable to expand fully, rais-
ing concern for potential underexpansion and 
suboptimal hemodynamic performance with 
residual prosthetic stenosis. BPD is used fre-
quently, and is almost the rule, in ViV 
TAVR.  Many patients meet criteria for PPM 
even when the original surgical valve was placed 
and was functioning normally. Recently, there 
have been case reports of successful balloon 
overexpansion and fracture of the existing bio-
prosthetic valve [31–35]. In the largest case 
series of bioprosthetic valve fracture, BVF 
resulted in a reduction in the mean gradient 
(from 20.5 ± 7.4 to 6.7 ± 3.7 mmHg, p < 0.001) 
and an increase in EOA (from 1.0  ±  0.4 to 
1.8 ± 0.6 cm2, p < 0.001) [33].

Fractured bioprosthetic stent frames have 
included the St. Jude Biocor Epic, Medtronic 
Mosaic, Sorin Mitroflow, Carpentier-Edwards 
Perimount, Edwards Magna Ease, and Edwards 
Magna. Importantly, the St. Jude Medical Trifecta 
and the Medtronic Hancock II are unable to be 
fractured. Generally, the noncompliant Bard True 
Balloon (occasionally the Bard Atlas Gold) is 
selected at a size 1 mm diameter larger than the 
labelled bioprosthetic valve size (i.e., 22 mm bal-
loon for a 21 mm bioprosthetic valve). The non-
compliant balloon is inflated from 10–24  atm 
using an indeflator until the bioprosthetic valve 
frame is fractured, typically visualized on fluo-
roscopy by the release of the balloon waist on 
expansion (Fig.  29.5). The timing of balloon 
valve fracture is controversial, and there are 

Table 29.1 Checklist for successful balloon 
post-dilation

Pre-procedure planning
  •  Appropriate pre-procedure imaging, including 

multidetector CT imaging to measure annular and 
root dimensions

After valve deployment
  • Accurate assessment of residual AR
   • Transesophageal/transthoracic echocardiography
   • Invasive hemodynamic assessment
   • Cineangiography
Balloon post-dilation for balloon expandable systems
  • Keep delivery system in place
  • Add 1–2 cc of diluted contrast to delivery balloon
  •  Inflate balloon after rapid ventricular pacing while 

visually assessing stent frame expansion
  • Reassess residual AR and aortic valve gradient
Balloon post-dilation for self-expanding systems
  • Remove valve delivery system
  •  Select semi-compliant balloon to achieve inflation 

diameter of 1–2 mm smaller than area- derived 
mean diameter on MDCT

  •  Inflate balloon after rapid ventricular pacing while 
visually assessing stent frame expansion

  • Reassess residual AR and aortic valve gradient
Balloon post-dilation valve-in-valve
  • Remove valve delivery system
  •  Select non-compliant balloon (i.e., bard true 

balloon) to achieve inflation diameter equal to that 
of the internal dimension of existing stent frame  
•  Inflate balloon after rapid ventricular pacing while 

visually assessing stent frame expansion
  • Reassess residual AR and aortic valve gradient
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potential advantages in performing it either prior 
to transcatheter valve deployment or after. 
Fracturing the frame prior to transcatheter valve 
delivery may allow for potentially larger trans-
catheter valve; additionally, the new valve leaflets 
are not subjected to high pressure and the poten-
tial subclinical damage that may affect valve 
durability. Fracture prior to TAVR placement, 
however, runs the risk of hemodynamic instabil-
ity if severe aortic regurgitation occurs. Fracturing 
the valve as part of a post-dilation process allows 
for assessment of hemodynamics after a tradi-
tional ViV procedure, potentially avoiding the 
need for valve fracturing. Saxon and colleagues 
offer recommendations on balloon selection and 
inflation pressures in Fig. 29.6 [36].

Importantly, there are potentially life- 
threatening risks to balloon overexpansion lead-
ing to bioprosthetic valve fracture. Although the 
largest case series did not report adverse out-
comes, there is potential for the release of debris 
from the bioprosthetic valve, resulting in stroke 
and peripheral emboli or late neurologic sequelae; 
periprocedural stroke was observed in two 
patients (n = 30). There is also a potential risk of 
severe AR from leaflet damage, annular rupture, 
heart block requiring permanent pacemaker 

placement, and coronary occlusion. Aortic annu-
lar rupture has not been reported in the case 
series. Additional study is needed to fully eluci-
date the safety, efficacy, and role for bioprosthetic 
valve fracture as part of ViV TAVR.

29.7  Conclusion

Although catheter-based valve therapies have 
revolutionized the treatment of severe, symptom-
atic aortic valve stenosis, paravalvular AR 
remains a potential liability of TAVR with greater 
than mild AR associated with adverse long-term 
outcomes. Residual stenosis, particularly in the 
case of valve-in-valve TAVR to treat biopros-
thetic valve dysfunction, is also associated with 
adverse late clinical outcomes. Balloon post- 
dilation is an effective tool to minimize residual 
AR and to optimize valve performance during 
TAVR. Employing the best practices described in 
this chapter will minimize the risk of complica-
tions during BPD. Future directions in this field 
include the use of high pressure balloon dilation 
resulting in bioprosthetic valve fracture when 
treating patients with residual stenosis during 
valve-in-valve TAVR.

a b

Fig. 29.5 Bioprosthetic valve frame fracture: An 
82-year-old man with a dysfunctional 21  mm Sorin 
Mitroflow bioprosthetic valve underwent placement of a 
#23 CoreValve Evolut transcatheter heart valve (a). Due 
to a post-procedure gradient of 16 mmHg, the valve frame 

was post-dilated and fractured with a 22 mm True Balloon 
to 13  atm (b). Notice the “waist” expand in the two 
images. The gradient after BPD was 6 mmHg. Courtesy of 
Matthew Sherwood, MD
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CI       Confidence intervals
CLEAN-TAVI  Claret Embolic Protection and 

TAVI
CVE     Cerebrovascular events
DW-MRI  Diffusion-weighted magnetic 

resonance imaging
EPDs      Embolic protection devices
FLAIR      Fluid-attenuated inversion 

recovery
HITS     High intensity transient signals
HR      Hazard ratio
MACCE     Major adverse cardiac and 

cerebrovascular events
MISTRAL-C  MRI Investigation in TAVI 

with Claret
MoCA    Montreal Cognitive Assessment
NOTION  Nordic Aortic Valve Intervention 

Trial
OR      Odds ratio
PARTNER    Placement of Aortic 

Transcatheter Valves

RR Risk ratio
SAVR       Surgical aortic valve  

replacement
SENTINEL  Cerebral Protection in 

Transcatheter Aortic Valve 
Replacement

SMD     Standardized mean difference
SURTAVI  Surgical Replacement and 

Transcatheter Aortic Valve 
Implantation

TAVI      Transcatheter aortic valve 
implantation

TCD      Transcranial Doppler
TIA      Transient ischemic attack
VARC      Valve Academic Research 

Consortium

30.1  Introduction

The occurrence of cerebrovascular events (CVE) 
represents a dramatic complication of interven-
tional procedures and is associated with signifi-
cant morbidity and mortality [1, 2]. Early studies 
showed an increased risk of CVE after transcath-
eter aortic valve implantation (TAVI), also called 
transcatheter aortic valve replacement (TAVR), 
with first- generation devices when compared 
with surgical aortic valve replacement (SAVR) 
[3]. Nevertheless, technological innovation, pro-
cedure simplification, and better patient selection 
have been paralleled by a progressive decline of 
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rates of CVE after TAVI [4]. Furthermore, a wide 
scientific investigation spreads light on mecha-
nisms, timing, and clinical significance of CVE 
in patients undergoing TAVI.  Embolization has 
been recognized as the leading mechanism of 
neurological complications that occur early after 
TAVI, supporting the rationale for the use of 
embolic protection devices (EPDs) during the 
procedure [5].

This chapter summarizes current knowledge 
about the incidence, timing, mechanisms, and 
clinical spectrum of CVE in the setting of TAVI; 
in addition, it describes features of EPDs and 
provides an overview of their safety and efficacy 
profile based on currently available evidence.

30.2  Timing and Frequency 
of Thromboembolic CVE 
in the Setting of TAVI

Assessing the burden of embolic CVE after TAVI 
poses unique challenges related to the variability 
of definitions adopted across the studies as well 
as differences in methodology used for the diag-
nosis of neurological complications. Figure 30.1 
shows the typical temporal pattern of CVE 
among TAVI patients with relative potential pre-
ventive strategies [6].

Embolic CVE may occur in the early peripro-
cedural period and at any time during follow-up 
as a consequence of different mechanisms and 
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patients undergoing transcatheter aortic valve implanta-
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fibrillation; NOAFib, new onset atrial fibrillation; and (N)
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predisposing factors, as reported below. However, 
there is evidence that CVE occurring within 
10 days from the procedure account for roughly 
75% of all neurological events occurring during 
the first 2  years following TAVI.  In a study of 
1061 consecutive patients who underwent TAVI 
with either balloon-expandable or self-expanding 
valves, a total of 54 patients (5.1%) had a CVE 
within 30 days: 54% of these events occurred in 
the first 24 h after TAVI, while 25 CVE were sub-
acute (occurred between 1 and 30 days after the 
procedure) [7]. An analysis of 2621 patients from 
the Placement of Aortic Transcatheter Valves 
(PARTNER) trial showed that 85% of CVE 
occurred within 1  week from the procedure; in 
addition, the instantaneous risk of stroke peaked 
on day 2 and then fell to a low prolonged risk of 
0.8% by 1–2 weeks [8]. This biphasic shape of 
the hazard function was also observed among 
patients enrolled in the CoreValve US Extreme 
Risk and High Risk Pivotal Trials or Continued 
Access Study: there was an early phase during 
the first 10 days after the procedure during which 
147 (4.1%) strokes occurred; this period was fol-
lowed by a later phase that remained constant for 
the duration of follow-up [9].

Overall, clinically apparent stroke has ranged 
from 1.2% to 6.7% in studies assessing the perfor-
mance of TAVI, whereas patients undergoing iso-
lated SAVR have an estimated risk of stroke of 
1.5% according to a report of the Society of 
Thoracic Surgeons [10]. Early randomized stud-
ies showed a higher incidence of stroke after TAVI 
than standard therapy during the first 30 days. In 
the PARTNER-1B trial, stroke rates were 13.8% 
and 5.5% after TAVI and medical therapy, respec-
tively, (p = 0.01); within 30 days after interven-
tion, more ischemic events occurred in the TAVI 
group (6.7% vs. 1.7%, p = 0.02), while, beyond 
30 days, a numerical difference of more hemor-
rhagic strokes was observed in the TAVI patient 
population (2.2% vs. 0.6%, p  =  0.16) [11]. 
Nevertheless, at the longest available follow-up 
(5 years), stroke risk was 16.0% in the TAVI group 
versus 18.2% in the standard treatment group 
(hazard ratio, HR, 1.39; 95% confidence intervals, 
CI, 0.62–3.11; p = 0.555) [12]. Among patients 
included in the PARTNER-1A trial, there was a 

twofold increased risk of all new neurological 
events after TAVI compared with SAVR, both at 
30 days (5.5% vs. 2.4%, p = 0.04) and at 1 year 
(8.3% vs. 4.3%, p = 0.04). Specifically, rates of 
major stroke were 3.8% in the transcatheter 
group and 2.1% in the surgical group at 30 days 
(p = 0.20) and 5.1% and 2.4% at 1 year, respec-
tively, (p = 0.07) [3]. However, the risk of stroke 
or transient ischemic attack (TIA) was compa-
rable in each treatment group at 5 years (14.7% 
in the TAVI group vs. 15.9% in the SAVR group) 
[13]. Patient- and procedure-related factors may 
have contributed to these findings: multiple 
comorbidities predisposing to increased throm-
boembolic risk featured inoperable and high-risk 
patients included in the PARTNER-1A and B, 
respectively; in addition, first-generation 
balloon- expandable transcatheter valves 
(Edwards SAPIEN—Edwards Lifesciences, 
Inc., Irvine, California) were used. The lower 
incidence (2.3%) of major stroke at 30  days 
among patients included in the CoreValve 
Extreme Risk Pivotal has been attributed to the 
lower profile of the first-generation self-expand-
ing Medtronic CoreValve (Medtronic, 
Minneapolis, Minnesota) compared with the 
SAPIEN valves [14]. In the CoreValve High 
Risk trial, rates of any stroke were 4.9% in the 
TAVI group and 6.2% in the surgical group at 
30 days (p = 0.46) and 8.8% and 12.6% at 1 year, 
respectively (p = 0.10) [15].

Studies involving intermediate risk patients 
found no significant difference between TAVI 
and SAVR in terms of any CVE.  In the 
PARTNER-2A, rates of any neurological events 
were 6.4% and 6.5% (p = 0.94) and 12.7% and 
11% (p = 0.25), at 30 days and 2 years after trans-
catheter or surgical intervention, respectively 
[16]. Along the same line, rates of disabling 
stroke were similar between patients randomized 
to TAVI or SAVR in the Surgical Replacement 
and Transcatheter Aortic Valve Implantation 
(SURTAVI) trial [17]. The Nordic Aortic Valve 
Intervention Trial (NOTION)-I included 81.8% 
of patients with STS score <4%; at 30 days, neu-
rological events were reported in 2.8% and 3% of 
patients in the TAVI and SAVR group, respec-
tively (p = 0.94), and in 5% and 6.2% at 1 year, 
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respectively (p  =  0.68) [18]. Meta-analysis of 
randomized trials found no difference between 
TAVI and SAVR in terms of CVE rates (includ-
ing stroke or TIA) [19, 20].

Rates of CVE from large national registries 
are in line with the results of more recent ran-
domized trials. Furthermore, in real-world 
patients, a progressive decline of neurological 
complications has been observed over the time, 
probably as consequence of changing patients’ 
characteristics and technical advances. Among 
patients included in the UK TAVI Registry, the 
frequency of stroke decreased from 3.6% in 2007 
and 2008 to 2.4% in 2012 (p = 0.022) [21]. The 
2016 Annual Report of The Society of Thoracic 
Surgeons/American College of Cardiology 
Transcatheter Valve Therapy (TVT) Registry 
showed a 30-day stroke rate of 2.1% that 
decreased from 2.3% in 2012 to 1.9% in 2015 
(p  =  0.03) [22]. Interestingly, another analysis 
from the same registry found a linear association 
between TAVI volume and inhospital stroke; 
although this association was lost after adjust-
ment for patient and procedural characteristics, it 
supports the notion that operators’ experience 
may play a role in the occurrence of periproce-
dural CVE [23].

30.3  Mechanisms 
of Cerebrovascular Events 
in Patients Undergoing TAVI

While the majority of neurological complications 
occurring in the periprocedural period is thought 
to be caused by athero- or thromboembolic 
events, also periprocedural hypotension and cere-
bral hypoperfusion may contribute to neurologi-
cal injury. During the short period of rapid 
ventricular pacing to reduce cardiac motion and 
ventricular ejection for balloon valvuloplasty and 
valve deployment, cerebral hypoperfusion may 
be responsible for cerebral injury. Studies using 
transcranial cerebral oximetry were able to detect 
a reduction of regional oxygen saturation in cere-
bral areas during these procedural steps [5]. 
However, these abnormalities are usually well 
tolerated and rapidly recovering and may only be 

of clinical relevance in the setting of prolonged 
cerebral hypoperfusion.

Aortic plaque disruption with cerebral embo-
lism has been found to be as frequent as 0.2–0.4% 
in patients undergoing percutaneous coronary 
intervention. The use of larger caliber and stiffer 
catheters and the presence of a significant cal-
cium burden in the aortic wall of TAVI patients, 
however, significantly increase the risk of disrup-
tion of embolic debris. In particular, manipula-
tion of catheters, wires, and devices through the 
calcified aortic arch and the native aortic valve 
has been considered the main mechanism of 
embolization to the brain. Van Mieghem and col-
leagues studied the histopathological characteris-
tics of debris captured by the dual filter-based 
embolic protection device (Montage Dual Filter 
System, Claret Medical, Inc., Santa Rosa, 
California) in 81 patients undergoing TAVI: over-
all, thrombotic material was found in 74% of 
patients and tissue-derived debris in 63%; the 
embolized tissue originated from the native aortic 
valve leaflets, aortic wall, or left ventricular myo-
cardium. In addition, in 33% of samples, amor-
phous calcified debris as well as collagenous and 
proteoglycan matrix were found [24]. Thrombus 
is the most common type of debris that has been 
found across published reports [25]. Studies on 
native valves from patients undergoing SAVR for 
severe aortic stenosis demonstrated that 83% had 
evidence of dystrophic calcium, supporting the 
notion that most debris originate from the bulky 
calcific atheroma in the peri-annular area or valve 
[26]. Air emboli originating from contrast injec-
tion or exchange of large catheters may also be 
cause of neurological complications. Among 
other procedural factors, post-dilation of the 
transcatheter heart valve has been hypothesized 
to promote debris disruption: a nearly sixfold 
increase in the rates of stroke after balloon post- 
dilation has been reported in a study of 221 
patients treated with balloon-expandable trans-
catheter valves [27]. Along the same line, in a 
systematic review of 64 studies involving 72,318 
patients, the use of balloon post-dilation tended 
to be associated with a higher risk of CVE (risk 
ratio (RR), 1.43; p = 0.07) [28]. For similar rea-
sons, the role of balloon pre-dilation for facilitat-
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ing crossing of the aortic valve and the deployment 
of the device has been questioned. However, a 
systematic review of 20 studies, including 3586 
patients, showed no differences between TAVI 
with or without balloon pre-dilation in terms of 
early CVE (RR, 0.92; 95% CI, 0.58–1.46) [29].

Further evidence supporting the theory of par-
ticulate debris and embolization is provided by 
studies with intraprocedural transcranial Doppler 
(TCD). This test looks for high intensity transient 
signals (HITS) in the Doppler signal of an intra-
cranial artery (usually the middle cerebral artery) 
representing microembolic events. These signs 
have been observed during all steps of TAVI pro-
cedure with peak rates detected during balloon 
aortic valvuloplasty and valve positioning [30]. 
Furthermore, the number of HITS detected with 
TCD during TAVI has been associated with post- 
procedural release of S100B, a marker of cere-
bral injury [31]. Consistently, initial 
diffusion-weighted magnetic resonance imaging 
(DW-MRI) reports have demonstrated the near 
ubiquitous presence of subclinical or silent cere-
bral lesions after TAVI, with a pattern typical of 
embolic processes [32–36]. This technique con-
sists of mapping diffusion of molecules (mainly 
water) in biological tissues; specifically, territo-
ries of acute cerebral ischemia, where the water 
diffusion rate is low, appear brighter than sur-
rounding tissues. The embolic origin of such 
lesions is supported by their typical distribution: 
they are usually disseminated and multiple. In 
addition, a greater vulnerability of the anterior 
than posterior circulation has been described. 
Moreover, the number and the size of lesions 
detected at baseline have been shown to correlate 
with the occurrence of new lesions after the 
procedure.

On the other side, the etiology of CVE pre-
senting later after the procedure is less clear and 
likely involving patient- rather than procedure- 
related factors. Among these, new onset of atrial 
fibrillation can occur in up to 35% of patients 
after TAVI and is an independent predictor of 
stroke or other systemic embolic events (HR 5.0, 
95% CI 1.29 to 19.35; p  =  0.020) [37]. 
Additionally, a pro-thrombotic status that is typi-
cal of elderly patients with severe aortic stenosis 

and delayed endothelialization of the stent frame 
of the prosthesis may further be associated with 
thromboembolic events.

30.4  Clinical Spectrum 
of Thromboembolic Events 
in TAVI Patients

Valve Academic Research Consortium (VARC)-2 
criteria for assessing CVE in patients undergoing 
TAVI are reported in Table  30.1 [38]. More 
recently, the NeuroARC (Neurologic Academic 
Research Consortium Consensus) document pro-
posed updated definitions and classification of 
neurological complications in the setting of inter-
ventional studies [39]. The upcoming Valve 
Academic Research Consortium-3 is planned to 
incorporate imaging for the diagnosis of stroke. 
Nevertheless, standardized criteria are less 
adopted in clinical investigations, especially in 
the context of observational studies. CVE after 
TAVI have been usually reported as stroke (dis-
abling or non-disabling) and TIA. However, the 
spectrum of neurological events associated with 
TAVI is more complex and includes subclinical 
events whose impact on clinical outcomes is still 
to be defined. DW-MRI studies allowed for the 
identification of new ischemic lesion in a range 
of 66–90% of TAVI patients [33, 40, 41]. 
However, a correlation of such lesions with neu-
rological symptoms, changes in neurocognitive 
behavior, or impaired survival has never been 
demonstrated. The main challenges of DW-MRI 
interpretation include preexisting cerebral pathol-
ogies that might be common in elderly patients 
and the difficulty to identify all new lesions. 
While 1.5-T imaging may fail to detect smaller 
emboli, 3-T imaging offers improved sensitivity 
with higher resolution that may lead to an overes-
timation of the lesions. In this context, although 
an analysis of the SENTINEL (Cerebral 
Protection in Transcatheter Aortic Valve 
Replacement) trial (that compared distal protec-
tion vs. no protection for brain embolization dur-
ing TAVI, as detailed below) showed a significant 
relationship between baseline cognitive function 
and pre-procedural brain pathology as measured 
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by 3-T T2 fluid-attenuated inversion recovery 
(FLAIR) imaging, the clinical significance of 
new lesions remains uncertain [42].

30.5  Rationale for Use 
and General Principles 
of EPDs

The evidence of embolic phenomena as main 
cause of periprocedural CVE supports the ratio-
nale for performing TAVI with the use of EPDs. 
They are intended to provide a mechanical pro-
tection from embolization of debris to the brain, 
by deflecting their route or by capturing them. 
The main fields of application of these devices 
other than TAVI include carotid stenting; in addi-
tion, they have also been used in SAVR cohorts 
[43, 44]. Initial human experience of EPDs in 
four TAVI patients (mean age 90  years) was 
reported in 2010: correct device placement was 
uncomplicated in all patients, there were no pro-
cedural complications, and the additional time 

due to the use of the device was 13 min (inter-
quartile range, 12–16 min) [45]. The ideal device 
should be able to protect the ostia of all three 
large branches of the aortic arch, remains in a 
stable position during the procedure, is easy to 
use, and does not cause any injury to the aortic 
arch. Currently available EPDs can be broadly 
divided in two families on the basis of the design: 
filter devices such as the Sentinel (Claret Medical 
Inc., Santa Rosa, CA) and the EMBOL-X 
(Edwards Lifesciences, Irvine, CA) and deflec-
tors that include the Embrella (Edwards 
Lifesciences, Irvine, CA) and TriGuard (Keystone 
Heart Ltd., Caesarea, Israel) devices (Fig. 30.2).

30.6  Sentinel Cerebral Protection 
System

The Sentinel Cerebral Protection System 
(Fig. 30.2a) is made of two interconnected filters: 
the proximal filter is deployed in the brachioce-
phalic trunk and covers all areas of the brain sup-

Table 30.1 Valve Academic Research Consortium (VARC)-2 criteria for diagnosis of stroke or transient ischemic 
attack

Diagnostic criteria
Acute episode of a focal or global neurological deficit with at least one of the following: Change in the level of 
consciousness, hemiplegia, hemiparesis, numbness, or sensory loss affecting one side of the body, dysphasia or 
aphasia, hemianopia, amaurosis fugax, or other neurological signs or symptoms consistent with stroke
Stroke: Duration of a focal or global neurological deficit >24 h; OR <24 h if available neuroimaging documents a 
new hemorrhage or infarct; OR the neurological deficit results in death
TIA: Duration of a focal or global neurological deficit <24 h, any variable neuroimaging does not demonstrate a 
new hemorrhage or infarct
No other readily identifiable non-stroke cause for the clinical presentation (e.g., brain tumor, trauma, infection, 
hypoglycemia, peripheral lesion, pharmacological influences), to be determined by or in conjunction with the 
designated neurologist
Confirmation of the diagnosis by at least one of the following:
Neurologist or neurosurgical specialist; neuroimaging procedure (CT scan or brain MRI), but stroke may be 
diagnosed on clinical grounds alone
Stroke classification
Ischemic: An acute episode of focal cerebral, spinal, or retinal dysfunction caused by infarction of the central 
nervous system tissue
Hemorrhagic: An acute episode of focal or global cerebral or spinal dysfunction caused by intraparenchymal, 
intraventricular, or subarachnoid hemorrhage
A stroke may be classified as undetermined if there is insufficient information to allow categorization as ischemic 
or hemorrhagic
Stroke definitions
Disabling stroke: a modified Rankin scale score of 2 or more at 90 days and an increase in at least one category 
from an individual’s pre-stroke baseline
Non-disabling stroke: a modified Rankin scale score of <2 at 90 days or one that does not result in an increase in at 
least one category from an individual’s pre-stroke baseline
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plied by the right vertebral and carotid arteries; 
the distal (SpiderFX™, Covidien, Mansfield, 
MA, USA, or FilterWire™, Boston Scientific, 
Natick, MA, USA) is released into the left com-
mon carotid artery. The left vertebral artery, 
which usually originates from the left subclavian 
artery, remains unprotected: as consequence, the 
current device provides protection only to 9 out 
of 28 brain regions. The proximal filter is made 
of a radiopaque nitinol frame containing a poly-
urethane filter with 140-μm-diameter pores that 
can be accommodated within vessels of 9–15 mm 
in diameter. The system can be delivered through 
a 6 Fr sheath introduced through either the bra-
chial or radial artery of the right arm shortly prior 
to the passage of the prosthesis delivery catheter 
through the aortic arch. The safety of device 
implantation was explored in a first-in-man study 
including 40 TAVI patients: technical success 
rate (primary study endpoint) with the first- 
generation device (Claret CE Pro) was 60% and 
87% for the second-generation device. Debris 

was found in 54.3% of patients; however, no neu-
rological events occurred during the procedure, 
and three strokes were reported at 30 days [46]. 
The second-generation device includes a central 
0.014 guide wire lumen along with a modified 
curve on the distal, telescoping catheter to facili-
tate easier engagement of the left common carotid 
artery. It was employed in the randomized 
MISTRAL-C (MRI Investigation in TAVI with 
Claret) trial that included 65 patients. New brain 
lesions were found in 78% of patients at follow-
 up MRI; patients with the Sentinel had numeri-
cally fewer new lesions and a smaller total lesion 
volume (95  mm3, IQR 10–257 vs. 197  mm3). 
Neurocognitive deterioration was present in 4% 
of patients with Sentinel vs. 27% of patients 
without (p  =  0.017). However, follow-up 
DW-MRI and neurocognitive testing were com-
pleted in 57% and 80%, respectively [47].

The Claret Embolic Protection and TAVI 
(CLEAN-TAVI) trial was a single-center, blinded 
trial that randomized 100 TAVI patients, in a 1:1 

a b

c d

Fig. 30.2 Device studies for cerebral embolic protection 
in patients undergoing transcatheter aortic valve implanta-
tion. (a) Sentinel cerebral protection system (Claret 
Medical Inc., Santa Rosa, CA); (b) EMBOL-X (Edwards 
Lifesciences, Irvine, CA); (c) Embrella (Edwards 

Lifesciences, Irvine, CA); (d) TriGuard (Keystone Heart 
Ltd., Caesarea, Israel). Reproduced with permission from 
Samim et  al., J Thorac Cardiovasc Surg. 2015 
Mar;149(3):799–805
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ratio, to receive cerebral embolic protection dur-
ing the procedure or not. The use of the Sentinel 
EPD was associated with a significant reduction 
of the number of new lesions (4.00, interquartile 
range, IQR, 3.00–7.25 vs. 10.00, IQR, 6.75–
7.00 in the control group; difference, 5.00, IQR, 
2.00–8.00; p < 0.001) and total lesion volume on 
DW-MRI (242  mm3, 95% CI, 159–353 vs. 
527 mm3, 95% CI, 364–830; difference, 234 mm3, 
95% CI, 91–406; p = 0.001). Nevertheless, stroke 
rates and neurocognitive outcomes were not dif-
ferent between randomized arms [48].

Hitherto, the largest randomized trial that 
assessed the potential advantage associated with 
the use of EPDs was the Cerebral Protection in 
Transcatheter Aortic Valve Replacement 
(SENTINEL): 363 patients were randomized to 
the safety (n = 123), device imaging (n = 121), 
and control imaging (n  =  119) arms. The two 
imaging arms included a serial assessment of 
new and preexisting brain lesions using DW-MRI 
and fluid-attenuated inversion recovery MRI 
(FLAIR). Furthermore, patients in the imaging 
arms underwent a comprehensive, neurocogni-
tive function assessment. Debris was found in 
99% of patients and included thrombus, calcifica-
tion, valve tissue, artery wall, and foreign mate-
rial. The primary safety endpoint consisting of 
major adverse cardiac and cerebrovascular events 
(MACCE) at 30  days was 7.3% (meeting the 
non-inferiority margin to the pre-specified per-
formance goal of 18.3%) and was not statistically 
different from that of the control group (9.9%; 
p = 0.41). The primary efficacy endpoint was not 
met because new lesion volume in protected 
brain territories at 2–7 days after the procedure 
was 178.0 mm3 in control subjects and 102.8 mm3 
in the device arm (p  =  0.33). However, after 
adjusting for valve type and baseline T2/FLAIR 
lesion volume in a post hoc analysis, there were 
significant differences in new lesion volumes 
favoring embolic protection. Although there was 
a correlation between lesion volume and neuro-
cognitive decline, no differences in stroke rates 
were reported. Several factors may have contrib-
uted to these results: among these, the lack of 
standardized criteria to characterize new isch-
emic lesions with DW-MRI and to take into 

account the burden of preexisting disease. 
Furthermore, several different transcatheter 
valves were employed with a significant interac-
tion effect between the device and treatment (the 
effect of the EPD was statistically significant 
only with valves other than the Edwards SAPIEN 
3) without clear explanation. Another important 
limitation, which is common in similar and com-
parable studies, was the lost-of-imaging-follow-
up in 25% of patients [49].

A pooled analysis of study-level data from the 
three randomized trials investigating the Sentinel 
device (314 patients) showed a significant reduc-
tion of total new lesion volume in protected 
regions [50].

Nevertheless, earlier studies showed that at 
least one-fifth of all silent cerebral lesions were 
present in the posterior regions (brainstem and 
cerebellum), which are unprotected by the cur-
rent Sentinel device [34, 51]. To address the issue 
of uncovered brain areas, the addition of the 
WIRION single filter in the left vertebral artery 
was studied in nine patients: no periprocedural 
strokes occurred, and debris, consisting of throm-
bus, tissue-derived debris, and foreign body 
material, was found in equal amount in the extra 
filter and the Sentinel device [52].

In contrast with the results of randomized 
studies, a propensity score matching analysis 
including 280 and 522 patients undergoing TAVI 
with and without the Sentinel device, respec-
tively, showed a significant reduction of the com-
posite of all-cause mortality or all-stroke 
according to VARC-2 criteria within 7 days in the 
protected group (OR 0.30; 95% CI 0.12–0.77, 
p  =  0.001). Moreover, there was a significant 
reduction in disabling and non-disabling stroke 
from 4.6% without protection to 1.4% with the 
Sentinel embolic protection device (p  =  0.03) 
[53]. It should be noted, however, that TAVI with-
out cerebral protection were performed in 2014–
2015, whereas EPDs were used in the context of 
procedures performed in 2016–2017: better oper-
ator experience, different transcatheter valves, 
and patients’ features may have contributed to 
lower stroke rate in protected group.

The research program with the Sentinel device 
is going on with the PROTECT-TAVI trial 
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(NCT02895737), a four-arm study comparing the 
device in self-expanding vs. balloon- expandable 
valves, and trial results are expected in 2019.

30.7  EMBOL-X Device

The EMBOL-X device (Fig. 30.2b) is made of a 
self-expanding and self-fitting nitinol-based 
frame, covered by a semipermeable polyester 
mesh (120  mm pore diameter) that is placed 
inside the aorta. The TAo-EmbolX 
(Intraprocedural Intraaortic Embolic Protection 
With the EMBOL-X device in Patients 
Undergoing Transaortic Transcatheter Aortic 
Valve Implantation) included 30 high-risk 
patients randomly assigned to undergo transaor-
tic TAVI with the SAPIEN XT prosthesis 
(Edwards Lifesciences) combined with either the 
EMBOL-X device (group-1, n = 14) or without 
(group-2, n = 16). New areas of ischemia on cere-
bral DW-MRI were found in 69% in group-2 and 
50% in group-1. Lesion size was smaller in 
patients treated with the EMBOL-X device than 
in those without (88  ±  60 vs. 168  ±  217  mm3, 
p  =  0.27). There were no neurologic events in 
both groups [54].

30.8  Embrella Embolic Deflector 
Device

The Embrella device (Fig. 30.2c) is an umbrella- 
like device with 2 heparin-coated polyurethane 
membranes (whose pores are the smallest of any 
of the currently available EPDs) mounted on an 
oval-shaped nitinol frame. It can be loaded into a 
6 Fr sheath and is delivered through the right arm 
using the radial or the brachial artery and has 
three markers for guiding the deployment under 
fluoroscopy. The petals protect the brachioce-
phalic trunk and the left carotid artery. In some 
patients, it further covers (sometimes partially) 
the left subclavian artery. The Embrella received 
CE mark approval in 2010. The feasibility of 
device use was explored in the PROTAVI-C trial 
that included an experimental group of 41 
patients and a control group of 11 patients. The 

system was successfully deployed at the level of 
the aortic arch in all patients without complica-
tions. TCD showed a higher total number of 
HITS in the EPD group (p  <  0.001 vs. control 
group). DW-MRI performed within 7 days after 
TAVR showed the presence of new ischemic 
lesions in all patients in both groups, whereas the 
use of EPD was associated with a lower lesion 
volume compared with the control group 
(p  =  0.003). All new cerebral lesions were not 
present on the DW-MRI performed at 30  days 
after TAVI [55]. No additional trials are ongoing, 
and the device has been withdrawn from the mar-
ket by the manufacturer.

30.9  TriGuard Cerebral Protection 
Device

The TriGuard (Fig. 30.2d) is a biocompatible fil-
ter made of nickel titanium alloy wires and coated 
with an antithrombotic coating, which is delivered 
via a 9 Fr introducer sheath, positioned in the aor-
tic arch, and anchored in position by an atrau-
matic stabilizer in the ostium of the innominate 
artery. It covers all three major cerebral arteries in 
the aortic arch (innominate, left common carotid, 
and subclavian) while preserving blood flow to 
the cerebral vessels through 250 μm pores.

The safety and the performance of the device 
was first assessed in the DEFLECT I trial, a pro-
spective, multicenter, single-arm study including 
37 patients. Successful cerebral coverage was 
achieved in 80% of cases. The primary safety 
endpoint (inhospital device- or procedure-related 
cardiovascular mortality, major stroke disability, 
life-threatening bleeding, distal embolization, 
major vascular complications, or need for acute 
cardiac surgery) occurred in 8.1% of subjects. 
Post-procedure DW-MRI was performed in 28 
subjects and showed a total number of new cere-
bral ischemic lesions similar to historical con-
trols. However, per-patient total lesion volume 
was 34% lower than reported historical data and 
89% lower in patients with complete (n = 17) ver-
sus incomplete (n = 10) cerebral vessel coverage 
[56]. On this basis, the device obtained CE mark 
approval in October 2013.
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The DEFLECT III trial was the first multi-
center randomized controlled trial that assessed 
the performance of the TriGuard device in 85 
subjects. Technical success was achieved in 
88.9% of cases. The primary inhospital proce-
dural safety endpoint (death, stroke, life- 
threatening or disabling bleeding, stage 2 or 3 
acute kidney injury, or major vascular complica-
tions) occurred in 21.7% of TriGuard and 30.8% 
of control subjects (p = 0.34). The per-treatment 
population analysis (subjects with complete 
three-vessel cerebral coverage) showed a greater 
freedom from new ischemic brain lesions (26.9 
vs. 11.5%), fewer new neurologic deficits 
detected by the National Institutes of Health 
Stroke Scale (3.1% vs. 15.4%), improved 
Montreal Cognitive Assessment (MoCA) scores, 
better performance on a delayed memory task 
(p = 0.028) at discharge, and a twofold increase 
in recovery of normal cognitive function at 
30 days in protected patients [41].

The REFLECT trial (NCT02536196), pow-
ered for neurocognitive scores and cerebral isch-
emic lesions, has been halted after the introduction 
of the new-generation device TriGuard 3, featur-
ing a threefold larger filter area in combination 
with smaller pores.

30.10  Combined Evidence

Data from four randomized trials (n  =  252 
patients) assessing the performance of EPDs in 
TAVI patients (CLEAN-TAVI, DEFLECT III, 
EMBOL-X, MISTRAL-C) were combined in a 
systematic review and meta-analysis with the aim 
to assess total lesion volume and number of new 
ischemic lesions (primary imaging efficacy end-
points) and any deterioration in National 
Institutes of Health Stroke Scale and Montreal 
Cognitive Assessment scores at hospital dis-
charge (primary clinical efficacy endpoints). The 
use of EPDs was associated with lower total 
lesion volume (Montreal Cognitive Assessment 
(MoCA) SMD, 0.65; 95% CI 1.06 to 0.25; 
p = 0.002) and smaller number of new ischemic 
lesions (SMD 1.27; 95% CI 2.45 to 0.09; 
p = 0.03). In addition, a trend toward lower risk 

for neurocognitive deterioration in National 
Institutes of Health Stroke Scale score at dis-
charge (RR 0.55; 95% CI 0.27–1.09; p = 0.09) 
and higher Montreal Cognitive Assessment score 
(SMD 0.40; 95% CI 0.04–0.76; p  =  0.03) was 
reported among patients with cerebral protection. 
Nevertheless, risk for overt stroke and all-cause 
mortality were not significantly lower in the EPD 
group [57]. An updated analysis, including data 
from the SENTINEL trial, showed an association 
between EPDs and lower risk of death or stroke 
on relative and absolute terms. Furthermore, 
results were consistent following stratification by 
type of EPD device used [58]. A larger meta- 
analysis, including also not randomized trials for 
a total of 16 studies and 1170 patients, found no 
difference in terms of clinically evident stroke 
(RR 0.70; 95% CI 0.38–1.29; p = 0.26) or 30-day 
mortality (RR 0.58; 95% CI 0.20–1.64; p = 0.30), 
whereas the use of EPD was associated with a 
significantly smaller ischemic volume per lesion 
and smaller total volume of lesion [59].

30.11  Conclusions

Current evidence on the performance of EPDs in 
the setting of TAVI can be summarized as follows:

• Particulate debris reaches cerebral circulation 
in almost all patients undergoing TAVI.

• The mere presence of debris is not associated 
with clinically relevant brain injury or cogni-
tive dysfunction.

• Available studies were based on surrogate 
endpoints and were not powered for assessing 
major clinical outcomes.

• Some of the EPDs proved ability to reduce the 
number and the volume of new ischemic 
lesions; however their impact on clinically 
apparent adverse events remains unclear.

• Although technically feasible and safe, the use 
of EPDs in the context of TAVI requires fur-
ther investigation and may only be recom-
mended in routine clinical practice in case of 
strong evidence of cerebral protection from 
stroke emerging from randomized trials ade-
quately powered for clinical endpoints.
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Antithrombotic Therapy During 
and After Transcatheter Aortic 
Valve Implantation

Gennaro Sardella, Simone Calcagno, Nicolò Salvi, 
and Massimo Mancone

31.1  Introduction

Transcatheter aortic valve implantation (TAVI), 
also called transcatheter aortic valve replacement 
(TAVR), has become the therapy of choice for 
patients with severe aortic stenosis (AS) who are 
deemed to be inoperable or at high/intermediate 
risk for conventional surgical aortic valve 
replacement (SAVR). The number of TAVI pro-
cedures is increasing exponentially as it has been 
demonstrated to be a live-saving procedure. The 
TAVI population is frail and bears a high risk of 
both ischaemic stroke and major bleeds that is 
much higher than in conventional bioprosthetic 
aortic valve replacement. Importantly, the throm-
botic risk also extends during follow-up, particu-
larly in the presence of atrial fibrillation (AF). 
The 30-day rate of major bleeding and stroke 
exceeds 15% in this population, increasing the 
risk of mortality. Guidelines on antithrombotic 
therapy after TAVI are scarce, and no randomised 
evaluation has been performed to demonstrate 
what is the best strategy.

31.2  Pathophysiology

The risk of stroke is highest in the periprocedural 
period owing to the mechanics of valve position-
ing and implantation [1]. Indeed, stenotic aortic 
valves, unlike normal aortic valve leaflets, are 
characterised by large amounts of tissue factor 
and thrombin that increase inflammation and 
thrombogenicity. Unlike SAVR, the diseased 
native valve remains in situ during (and after) 
TAVI and may be mechanically damaged, lead-
ing to the exposure and/or embolism of valvular 
components into the arterial circulation. 
Additionally, insertion of a prosthesis without 
removal of the diseased aortic valve creates an 
irregular zone around the valve frame with modi-
fied flow patterns that may predispose to throm-
bus formation, particularly in the case of small 
valve sizes with associated patient-prosthesis 
mismatch. It has been demonstrated that cerebral 
embolism associated with TAVI can be composed 
of thrombotic or calcific atherosclerotic material. 
It remains unclear whether the stroke potential of 
these two subtypes of embolic material is alike. 
Importantly, TAVI patients remain at risk of 
stroke throughout the first months after the proce-
dure. In these patients, mechanisms other than 
valve manipulation seem to be involved, such as 
aortic wall injury, post-traumatic surface expo-
sure with consequent activation of the haemo-
static system, turbulence, or local blood stasis. In 
addition to the prothrombotic environment 
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related to valve implantation and procedure- 
related aortic damage, roughly one third of TAVI 
patients have pre-existing AF, and a further vari-
able percentage (ranging from 1% to 30%) expe-
rience new-onset post-procedural AF, which is 
known to increase the risk of thrombotic compli-
cations further [2].

31.3  The Choice of Antithrombotic 
Therapy

Establishing the optimal antithrombotic therapy 
for TAVI patients remains a challenge, largely 
due to the lack of properly powered studies to 
inform practice. Unfractionated heparin (UFH) is 
the most common method of anticoagulation dur-
ing the procedure. In the PARTNER [3] study, 
UFH was administered as a parenteral bolus of 
5000 IU followed by additional doses to achieve 
an activated clotting time (ACT) ≥250 s. A sub-
sequent American consensus document recom-
mended a target ACT ≥300  s with reversal of 
UFH following the procedure with protamine 
sulphate at a milligram-to-milligram neutralisa-
tion dose [4]. Although the purpose of giving 
protamine at the end of the procedure is to reduce 
bleeding related to access closure, a prothrom-
botic effect of the protamine leading to an 
increase in cerebrovascular events (CVEs) can-
not be excluded [5]. Therefore, the safety of 
reversing heparin effects after TAVI warrants fur-
ther investigation.

The procedural bleeding may be decreased by 
using alternative parenteral anticoagulants, such 
as bivalirudin, an intravenous direct thrombin 
inhibitor, which has already shown to reduce the 
rate of bleeding during PCI [6]. Although bivali-
rudin might prove to be useful in the high bleed-
ing risk population referred to TAVI, its role 
instead of UFH remains unclear. The multicentre 
open-label study BRAVO 3 [7] randomised 802 
patients with AS to undergo TAVI with bivaliru-
din vs. UFH during the procedure. The results did 

not show a superiority role of bivalirudin to 
reduce rates of major bleeding at 48  h or net 
adverse cardiovascular events (all-cause mortal-
ity, myocardial infarction, stroke, and major 
bleeding) within 30 days compared with heparin. 
Although superiority was not shown, the nonin-
feriority hypothesis was met with respect to the 
latter factor. Given the lower cost, heparin should 
remain the standard of care, and bivalirudin can 
be an alternative anticoagulant option in patients 
unable to receive heparin in TAVR.  Moreover 
life-threatening vascular and bleeding complica-
tions occurring during the procedure, such as car-
diac tamponade, aortic annulus rupture, or 
peripheral vascular rupture, often require imme-
diate reversal of anticoagulation, which is not 
possible with bivalirudin, despite the rapid half- 
life of the drug.

Even more uncertain are the data about the 
optimal antithrombotic therapy after 
TAVI.  Adequately studies addressing this topic 
are not designed. It may be reasonable to con-
sider that TAVI patients may benefit from similar 
antithrombotic treatment as currently used after 
SAVR with a biological prosthesis. However, it is 
relevant to underline that percutaneous valves 
have leaflets composed of biological material and 
a metallic frame similar to vascular/coronary 
stents. Moreover, there are not strong evidences 
to identify the ideal antithrombotic therapy after 
SAVR with biological prostheses, and the inter-
national guidelines do not give the same indica-
tions. Indeed the European guidelines support 
use of aspirin (IIa recommendation) or vitamin K 
antagonists (VKA, IIb recommendation) for 
3 months after SAVR [8]; AHA/ACC guidelines 
recommend long-term low-dose aspirin (IIa rec-
ommendation; level of evidence [LOE] B), while 
VKA are considered only for the first 3 months 
(IIb recommendation, LOE C) [9]; and ACCP 
guidelines support low-dose aspirin over VKA 
(Grade 2C) [10]. Therefore, some but not all 
guidelines recommend VKA in the first 
3–6 months after SAVR, whereas aspirin may be 
a preferred long-term treatment.
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31.4  The Choice of Antiplatelet 
Therapy

In TAVI patients, secondary prevention regimes 
based on antiplatelet therapy have been the most 
widely studied. Considering the increased throm-
botic risks related to the valve structure, dual 
antiplatelet therapy (DAPT) with aspirin and 
clopidogrel, in the absence of an indication for 
anticoagulation treatment, is a commonly 
accepted strategy which has been incorporated 
into practice guidelines (Table 31.1).

However, the use of a loading dose of clopido-
grel (300–600  mg) before TAVI is usually not 
specified, and the duration of clopidogrel therapy 
has varied widely across studies (usually 
1–6 months). The ACCF/AATS/SCAI/STS panel 
recommends DAPT with aspirin and clopidogrel 
after TAVI to reduce the risk of thrombotic or 
thromboembolic events, but its duration and the 
use of a loading dose of clopidogrel are not speci-
fied [4]. A Canadian Cardiovascular Society 
statement on TAVI recommends the use of aspi-
rin indefinitely and clopidogrel for 1–3  months 
[11]. The principal recommendations for anti-
thrombotic treatment in the setting of TAVI are 
summarised in Table 31.1.

DAPT play a key role also for the many TAVI 
patients undergoing coronary stenting. The 

 recommendation to add clopidogrel (75 mg/day) 
to low-dose aspirin for 1–6  months following 
TAVI is empirical, and no studies to date have 
clearly demonstrated the efficacy of this strategy. 
Moreover, the benefits of DAPT have been 
 questioned, and recent observations showed that 
DAPT does not seem to improve the safety 
and  this may trigger a paradigm shift in the 
choice of optimal antithrombotic therapy after 
TAVI. Pooled analysis of individual patient data 
from 672 participants comparing aspirin alone 
vs. DAPT after TAVI showed no difference in the 
rate of 30-day net adverse clinical and cerebral 
events, but a trend towards less life-threatening 
and major bleeding was observed in favour of 
aspirin alone [12].

It should be considered that only four studies 
based on small numbers of patients and events 
are available and in only two of them was treat-
ment randomly allocated. In the first randomised 
trial comparing DAPT vs. aspirin alone following 
TAVI by Ussia et al., aspirin was recommended 
indefinitely (100 mg) in all patients and clopido-
grel for 3 months (75 mg daily) in the clopidogrel 
arm [13]. In the Single Antiplatelet Therapy for 
TAVI (SAT-TAVI) trial, aspirin was recom-
mended indefinitely (75–160 mg) in all patients 
and clopidogrel for 6 months (75 mg daily) in the 
clopidogrel arm [14]. Bleeding at 30  days was 

Table 31.1 Recommendations for antithrombotic therapy in TAVI patients

Aspirin Additional Antiplatelet therapy Oral anticoagulation
European 
guideline and 
consensus

Low-dose lifelong Thienopyridine early after TAVI VKA alone in patients with AF but 
no CAD (VKA + antiplatelet 
therapy if AF and recent stent 
implantation, as per CAD 
guidelines)

AHA/ACC 
guidelines

Low-dose (75–100 mg/
day) indefinitely

Clopidogrel 75 mg/day for 
6 months

ACCF/AATS/
SCAI/STS 
consensus

Low-dose indefinitely Clopidogrel 75 mg/day for 
3–6 months

VKA if indicated (no clopidogrel)

Canadian society 
position 
statement

Low-dose indefinitely Clopidogrel 75 mg/day for 
1–3 months

VKA if indicated (avoid triple 
therapy unless definite indication)

AF atrial fibrillation, CAD coronary artery disease, TAVI transcatheter aortic valve implantation, VKA vitamin K 
antagonist
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not different for aspirin vs. DAPT in the trial by 
Ussia et al. (18% vs. 18%) and in the SAT-TAVI 
trial (10% vs. 15%). Also, in both trials were not 
found any differences in 30-day mortality, MI, 
and stroke. Aspirin monotherapy was superior on 
DAPT in the SAT-TAVI trial, showing a lower 
rate of vascular access site-related complications 
(VASC) (5% vs. 13%, p < 0.05) [14].

Poliacikova et al. retrospectively compared in 
a single centre, aspirin monotherapy (N  =  91) 
with DAPT (N = 58) with clopidogrel administra-
tion for 6 months after TAVI [15]. The bleeding 
rate at 30 days trended higher for DAPT vs. aspi-
rin (19.0% vs. 8.8%, P  =  0.069) and was not 
found differences in mortality and thrombotic 
events. The composite of all-cause mortality, 
acute coronary event, stroke, and major bleeding 
was higher for DAPT than in aspirin (27.6% vs. 
12.1%). Durand et  al. prospectively compared 
DAPT (N  =  128) and monotherapy (N  =  164) 
after TAVI in patients enrolled in the FRANCE 2 
registry in three centres [16]. Mortality rates and 
thromboembolic events were not different 
between groups. Aspirin alone had a lower rate of 
major and minor vascular complications (10% 
vs. 6% and 9% vs. 2%, respectively) and major 
and life-threatening bleeds (13% vs. 2% and 13% 
vs. 4%, respectively). Also the number of patients 
receiving blood transfusions was higher in the 
DAPT vs. aspirin group (25% vs. 7%).

Overall, these data are informative but not 
conclusive on the best antiplatelet strategy after 
TAVI.  A prospective randomised controlled 
study, the ARTE trial [17], was prematurely 
stopped after the inclusion of 74% of the planned 
study population and was recently published. 
This compared DAPT (aspirin 80–100  mg/day 
plus clopidogrel 75  mg/day) vs. aspirin alone 
(single-antiplatelet therapy [SAPT]) in patients 
undergoing TAVR with a balloon-expandable 
valve. The primary endpoint was the occurrence 
of death, myocardial infarction (MI), stroke or 
transient ischaemic attack, or major or life- 
threatening bleeding within the 3 months follow-
ing the procedure. A total of 222 patients were 
included, 111 allocated to DAPT and 111 to 
SAPT. The composite endpoint tended to occur 
more frequently in the DAPT group (15.3% vs. 

7.2%, p = 0.065), while there were no differences 
between groups in the occurrence of death, MI, 
or stroke or transient ischaemic attack at 
3  months. DAPT was associated with a higher 
rate of major or life-threatening bleeding events 
(10.8% vs. 3.6% in the SAPT group, p = 0.038). 
Also these data are not decisive to address the 
best antiplatelet strategies after TAVI procedure 
but showed that monotherapy tended to reduce 
the occurrence of major adverse events in partic-
ular reducing the risk for major or life- threatening 
events.

Additionally it should be considered [1] the 
high on-treatment platelet reactivity phenome-
non, associated with clopidogrel or aspirin that 
can also occur in TAVI patients [18, 19], although 
its clinical correlations remain unclear, and [2] 
the impact of old vs. newer percutaneous valve 
technologies that remains elusive, introducing 
new characteristics and material could reduce the 
frequency of paravalvular leak and the poten-
tially consequent thrombogenicity.

31.5  Anticoagulation Therapy 
After TAVI

Whether thrombi produced during and after TAVI 
have a platelet- or thrombin-based origin remains 
uncertain. Hence, antiplatelet-based strategies 
alone may still be suboptimal. Moreover, the 
need for oral anticoagulant (OAC) is also sup-
ported by the high burden of pre-existing and 
new-onset atrial fibrillation (AF) in TAVI 
patients, particularly since the large majority of 
these patients have a high CHA2DS2-VASc 
score. OAC in this context has great relevance in 
thrombosis prevention because new-onset and 
recurrent paroxysmal AF may be silent, clinically 
unrecognised and high risk unless specifically 
investigated [10].

Risk stratification is very relevant to guide the 
choice of antithrombotic therapy following a 
TAVI procedure. The CHA2DS2-VASc score has 
a key step in this elderly population. This 
approach to risk stratification of patients with 
non-valvular AF defines “major (definitive)” risk 
factors (e.g. previous stroke/transient ischaemic 
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attack and age ≥75 years) and “clinically relevant 
nonmajor” risk factors (e.g. heart failure, hyper-
tension, diabetes, female gender, age 65–74 years, 
and atherosclerotic vascular disease) [20]. It has 
the ability to identify AF patients with no net 
clinical benefit or even some disadvantage from 
anticoagulant treatment [21] but also to identify 
non-AF patients with a prior history of stroke and 
at very high risk of further cardiovascular events 
[22]. Of importance, this score was found to be 
associated with 1-year mortality in TAVI patients. 
Although the vast majority of TAVI patients with 
AF are eligible for chronic OAC given an average 
CHA2DS2-VASc score ≥4, whether non-AF 
patients with a CHA2DS2-VASc score ≥2 would 
benefit from chronic OAC is challenging.

Transcatheter valve thrombosis is rare but 
dangerous and may result in elevated transvalvu-
lar gradients requiring OAC. A finding of reduced 
leaflet motion on CT in a patient who had had a 
stroke after TAVR and similar findings in an 
asymptomatic patient at one clinical site led to 
closer scrutiny of this observation. Additional CT 
review by the core laboratory revealed that this 
finding was not isolated, which prompted a more 
extensive investigation that involved analysis of 
all available CT and echocardiographic data. A 
recent study reviewed a total of 18 published 
cases (SAPIEN = 17, CoreValve = 1) and reported 
4 new cases (SAPIEN = 1, CoreValve = 3) [23], 
while a larger multicentre retrospective study 
analysed 4266 patients, reporting 26 cases of 
transcatheter valve thrombosis (mean follow-up 
6  months; SAPIEN  =  20, CoreValve  =  6) [24]. 
Clinical presentation was principally with dys-
pnoea and increased gradients, and anticoagula-
tion therapy was effective in reducing gradients 
in the majority of patients within 2  months of 
treatment. The frequency of transcatheter valve 
thrombosis may be underestimated, however, 
since clinical signs and symptoms can be masked 
by comorbidities, and early follow-up echocar-
diography is not uniformly performed. 
Nonetheless, pannus formation or thrombosis 
should be suspected in patients with sudden ele-
vation in valve gradient, prompting further inves-
tigation and therapy with OAC plus 
single-antiplatelet therapy (SAPT) or DAPT.  In 

case of failure, valve-in-valve TAVI or SAVR 
could be considered.

These events also led to the establishment of 
three ongoing studies to evaluate bioprosthetic 
leaflet function after TAVI or surgical aortic valve 
replacement: PORTICO IDE trial, the RESOLVE 
registry, and the SAVORY registry. Makkar et al. 
reported the findings of these investigations [25] 
evaluating the prevalence of reduced leaflet 
motion in bioprosthetic aortic valves, as assessed 
on four-dimensional, volume-rendered CT, the 
association between reduced leaflet motion and 
clinical event (strokes and transient ischaemic 
attacks), and the influence of anticoagulation on 
reduced leaflet motion. The data indicated that 
reduced leaflet motion was noted on CT in 22 of 
55 patients (40%) in the clinical trial and in 17 of 
132 patients (13%) in the two registries. 
Therapeutic anticoagulation with warfarin, as 
compared with DAPT, was associated with a sig-
nificant decreased incidence of reduced leaflet 
motion. In patients who were reevaluated with 
follow-up CT, restoration of leaflet motion was 
noted in all 11 patients who were receiving anti-
coagulation and in 1 of 10 patients who were not 
receiving anticoagulation (P < 0.001). There was 
no significant difference in the incidence of 
stroke or TIA between patients with reduced leaf-
let motion and those with normal leaflet motion 
in the clinical trial, although in the pooled regis-
tries, a significant difference was detected. Even 
if a reduced aortic valve leaflet motion was shown 
in patients with bioprosthetic aortic valves and 
this condition resolved with therapeutic antico-
agulation, the effect of this finding on clinical 
outcomes including stroke needs further 
investigation.

Neumann et  al. published the results of sys-
tematic computed tomography (CT) 5 days after 
TAVI (SAPIEN 3 prosthesis), demonstrating 
valve leaflet thickening in 16/156 patients [26] 
without clinical events. At the CT follow-up 
(approximately after 2 months), 11 patients with 
OAC therapy (INR 2.5–3.5) showed a regression 
of these findings. Sondergaard et  al. presented 
data concerning valve leaflet motion assessed 
with CT about 3 months after TAVI (n = 47) or 
SAVR (n = 15), demonstrating that the incidence 
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of reduced leaflet motion was similar with differ-
ent types of valve and that the phenomenon did 
not worsen the outcomes [27]. The data shown 
above suggest that therapeutic anticoagulation 
with warfarin, but not therapy with antiplatelet 
drugs, prevented and effectively treated the 
reduced aortic valve leaflet motion and the pos-
sible leaflet thrombosis in bioprosthetic aortic 
valves. Considering that these preliminary data 
need to confirm with dedicated trials, they may 
open new perspectives on the management of 
TAVI patients with the use of OAC after TAVI, 
even in the absence of specific indications (AF, 
mechanic valves). Conversely, the necessity of 
this approach remains the subject of discussion 
since all patients were asymptomatic and no clin-
ical events were reported or prevented.

31.6  Patients with Atrial 
Fibrillation

In patients with atrial fibrillation (AF) undergo-
ing TAVI to date, only few data have been pub-
lished about the best antithrombotic treatment 
and its long prescription. The American and 
Canadian guidelines dissuade the administration 
of triple therapy with OAC plus aspirin and clopi-
dogrel. In patient with AF and concomitant coro-
nary atherosclerosis treated with stent 
implantation, the combination of OAC plus a 
single-antiplatelet agent, comparing with triple 
therapy, demonstrated the best safety profile in 
terms of lower rate of bleeding events without an 
increase of ischaemic ones [28, 29]. However, a 
recent European consensus about patient with FA 
and undergoing TAVI recommends to prefer the 
single therapy with warfarin instead of adding an 
antiplatelet agent, if there is not a concomitant 
coronary disease. Indeed this double therapy 
could be adding a higher haemorrhage risk with a 
doubt ischaemic benefit. On the contrary in 
patient with AF who received a coronary stent 
and undergoing TAVI was recommended the 
same strategy of care for patients treated for cor-

onary stenosis, because actually no specific data 
were available in this setting of patients [30].

31.7  Upcoming Studies

In the field of TAVI, the POPular-TAVI trial [31] 
test in a total of 1000 patients, the hypothesis that 
monotherapy with aspirin or OAC after TAVI is 
safer than the addition of clopidogrel for 
3 months, without compromising clinical benefit. 
This trial encompasses two cohorts: cohort A, 
patients are randomised to aspirin vs. aspirin + 
clopidogrel, and cohort B, patients on OAC ther-
apy are randomised to OAC vs. OAC + clopido-
grel. Primary outcome is freedom from 
non-procedure-related bleeding at 1  year. 
Secondary net clinical benefit outcome is free-
dom from the composite of cardiovascular death, 
non-procedural-related bleeding, myocardial 
infarction, or stroke at 1 year. Conversely, more 
insights into the appropriate use of non-vitamin 
K antagonist oral anticoagulants (NOACs) will 
come from the ongoing ATLANTIS trial and 
GALILEO trial. In the first one, the authors com-
pare standard of care (SOC Group) vs. an 
apixaban- based strategy (anti-Xa group) after 
successful TAVI [32]. Randomization is stratified 
according to the need for chronic anticoagulation 
therapy for a reason other than the TAVI proce-
dure. In the experimental arm, patients receive 
5 mg bid of apixaban or a reduced dose of 2.5 mg 
bid according to the drug label or when apixaban 
is combined with antiplatelet therapy. In the con-
trol arm, patients receive VKA therapy if there is 
an indication for oral anticoagulation or anti-
platelet therapy alone (single or dual) or the com-
bination of both if needed. In GALILEO trial 
[33] conduct in more than 1520 patients without 
an indication for oral anticoagulation who under-
went a successful TAVI. Patients are randomised, 
to either a rivaroxaban-based strategy or an 
antiplatelet- based strategy. In the experimental 
arm, subjects receive rivaroxaban (10  mg once 
daily) plus acetylsalicylic acid (ASA, 75–100 mg 
once daily) for 90 days followed by rivaroxaban 
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alone. In the control arm, subjects receive clopi-
dogrel (75 mg once daily) plus ASA (as above) 
for 90 days followed by ASA alone.

Another study is ENVISAGE trial that uses 
edoxaban in patients with AF and indication to 
chronic OAC after transcatheter aortic valve 
implantation. The authors investigate the effect 
of edoxaban vs. vitamin K antagonist on net 
adverse clinical events (the composite of all- 
cause death, myocardial infarction, ischaemic 
stroke, systemic thromboembolism, valve 
 thrombosis, and major bleeding). The above 
ongoing studies are reported in Fig. 31.1.

31.8  Conclusions

Despite improving practice and techniques, isch-
aemic and bleeding complications after TAVI 
remain prevalent and impair survival. Due to 
changing aetiology of complications over time, 
antithrombotic therapy after TAVI remains 
unclear. The justification for currently recom-
mended regimes of DAPT after TAVI has recently 
been questioned, while arguments supporting the 
potential benefits of OAC therapy have now 
emerged. New anticoagulant therapies are prom-
ising and should be compared to the standard of 
care, including vitamin K antagonists. To support 
these recommendations, well-designed and 

appropriately powered trials are strongly war-
ranted. Currently, randomised controlled trials 
are recruiting to gather more knowledge about 
the effects of clopidogrel after TAVI.
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Valve Implantation: Risk, 
Outcomes, Treatment, and 
Prevention
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32.1  Introduction

Contrast-induced acute kidney injury (CIAKI) is 
a frequent and serious complication of transcath-
eter aortic valve implantation, also called trans-
catheter aortic valve replacement (TAVR). Acute 
kidney injury (AKI) has been variably defined in 
the literature, but in the field of structural heart 
disease, the most widely accepted contemporary 
definition comes from the Valve Academic 
Research Consortium-2 (VARC-2) and Acute 
Kidney Injury Network (AKIN) [1, 2] 
(Table 32.1), which defines three stages of AKI 
based upon serum creatinine and urine output. An 
important 2015 meta-analysis reported that 
CIAKI complicates on the order of 20% of TAVR 
procedures with hemodialysis required in up to 
10% of CIAKI cases [3].

32.2  Risk of CIAKI

Iodinated contrast media directly cause apoptosis 
of renal tubule cells. Also, contrast decreases 
nitric oxide and prostaglandin secretion as well 
as free radical clearance in the renal medulla, 
contributing to vasoconstriction, ischemia, and 
delayed contrast clearance [4]. Several patient- 
specific factors contribute to the risk of AKI asso-
ciated with TAVR (Table  32.2). While these 
factors may not be specific to CIAKI, kidney 
injury is additive, and non-contrast renal insults 
worsen CIAKI.
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Table 32.1 Valve Academic Research Consortium-2 
(VARC-2) Criteria [1] for CIAKI from Acute Kidney 
Injury Network (AKIN) [2]

Stage 1
Increase in serum creatinine to 150–199% (1.5–1.99 × 
increase compared with baseline) or increase of 
>0.3 mg/dL (>26.4 mmol/L) within 48 h of contrast or
Urine output <0.5 mL/kg/h for >6 but <12 h
Stage 2
Increase in serum creatinine to 200–299% (2.0–2.99 × 
increase compared with baseline) within 48 h of 
contrast or
Urine output <0.5 mL/kg/h for >12 but <24 h
Stage 3
Increase in serum creatinine to >300% (>3 × increase 
compared with baseline) or serum creatinine of 
>4.0 mg/dL (>354 mmol/L) with an acute increase of at 
least 0.5 mg/dL (44 mmol/L) or
Urine output <0.3 mL/kg/h for >24 h or
Initiation of renal replacement therapy
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Multiple primary studies and meta-analyses 
have shown that baseline renal impairment is the 
factor most predictive of post-procedural AKI [5, 
6]. In patients with chronic kidney disease (CKD) 
identified by billing codes, the incidence of post- 
TAVR AKI was 34.1% vs. 10.6% in patients 
without CKD (adjusted odds ratio [OR] 4.70, 
95% confidence interval [CI] 4.42–5.00). In the 
same population, the incidence of post-TAVR 
AKI requiring hemodialysis was 2.4% vs. 0.6% 
in patients without CKD (adjusted OR 3.55, 95% 
CI 2.88–4.38) [7]. Table  32.3 summarizes the 
major recent studies examining AKI associated 
with TAVR using the VARC-2 definition of AKI.

Other patient-specific factors related to base-
line renal function also impact the risk of 
CIAKI.  Increasing age and female gender, both 
components of the Cockcroft-Gault equation, are 
associated with lower numbers of glomeruli and 
hence lower baseline glomerular filtration rate 
(GFR) [8]. Similarly, hypertension [9, 10], diabe-
tes [6, 11], congestive heart failure [12], and 
decreased left ventricular systolic function [13] 
may potentiate CIAKI, presumably through the 
mechanism of underlying renal impairment. 

Peripheral arterial disease, a marker for renal vas-
cular disease, predisposes patients to AKI post- 
TAVR [11], as does atrial fibrillation, which may 
be associated with renal emboli [14]. 
Hemodynamic instability [15], whether from 
pump failure, aortic regurgitation, or malignant 
arrhythmia, is also associated with renal impair-
ment following TAVR.

In addition, procedure-related factors may 
increase the risk of CIAKI. Contrast volume has 
been well-documented to be the most important 
procedural risk factor in the setting of coronary 
intervention [16]. One study to date has con-
firmed this finding in TAVR and also cited blood 
transfusion as another significant CIAKI risk fac-
tor [13]. Other concomitant renal insults may 
synergistically worsen CIAKI.  Among these 
insults is exposure to other nephrotoxins, includ-
ing proximate contrast exposure. Because hemo-
dynamic instability has been associated with 
AKI, emergent procedures [17] and periproce-
dural intra-aortic balloon pump (IABP) use have 
been associated with AKI. Similarly, hypotension 
from rapid ventricular pacing may decrease renal 
perfusion, thereby potentiating CIAKI [3]. The 
association of transapical access with AKI likely 
reflects the population of patients undoing trans-
apical access, with more peripheral arterial and 
potentially renal vascular disease [18, 19]. 
Additionally, atheroemboli from catheter manip-
ulation in the aorta may cause renal infarction.

32.3  Effect of CIAKI on TAVR 
Outcomes

AKI, including CIAKI, has significant ramifica-
tions for TAVR outcomes including development 
of CKD, new hemodialysis, length of hospital 
stay, and mortality. One study showed that in 
patients who developed AKI, the mean serum 
creatinine was increased by 0.17  mg/dL at 
6 months post-TAVR [20]. In the general AKI lit-
erature, a multivariable model of patients with 
stage 1, 2, or 3a CKD who developed AKI during 

Table 32.2 Risk factors for CIAKI in TAVR

Patient-specific factors
Age
Female gender (likely due to lower baseline GFR)
Hypertension
Diabetes
Baseline renal impairment
Anemia
Congestive heart failure (CHF)
Decreased left ventricular systolic function
Peripheral arterial disease (PAD)
Atrial fibrillation
Malignant arrhythmias
Hemodynamic instability
Procedure-related factors
Contrast volume
Blood transfusion
Concomitant nephrotoxins
Emergent TAVR
IABP
Hypotension from rapid pacing
Renal atheroemboli
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hospitalization predicted a 2.7% risk of the devel-
opment of sustained stage 4 or 5 CKD with six 
independent predictors: older age, female sex, 
higher baseline serum creatinine, albuminuria, 
greater severity of AKI, and higher serum creati-
nine at discharge [21].

The rate of new initiation of hemodialysis 
post-TAVR has decreased significantly from 6.1% 
in 2007–2008 to 2.3% in 2013–2014. An analysis 
from the STS/ACC TVT Registry found minimal 
effect with stages 1 and 2 CKD; however stages 3, 
4, and 5 were associated with new hemodialysis 
with adjusted hazard ratios (HRs) of 3.22, 12.62, 
and 60.29, respectively [22]. In addition to base-
line CKD, new initiation of hemodialysis has 
been associated with baseline reduced left ven-
tricular systolic function, diabetes, use of Edwards 
SAPIEN valve (which requires rapid pacing, 
unlike the other FDA- approved TAVR valve, the 
Medtronic CoreValve), non-transfemoral access, 
and greater than mild post-TAVR aortic insuffi-
ciency [23, 24]. Because of the additional care 
necessary for patients with AKI, time in intensive 
care units may increase by 75% and total hospital 
length of stay by 56% [25].

AKI is an independent predictor of post-TAVR 
mortality [9, 26]. A meta-analysis reported a 
fourfold higher mortality rate with AKI, regard-
less of baseline or procedural characteristics [5]. 
This effect is most prominent in patients without 

CKD who develop AKI, especially if dialysis is 
required. A study from the National Inpatient 
Sample registry reported that, in the absence of 
CKD, AKI was associated with a sevenfold 
increase in in-hospital mortality (17.3% vs. 2.2%, 
p < 0.001), and AKI requiring dialysis was asso-
ciated with a 15-fold increase in in-hospital mor-
tality (56.3% vs. 3.5%, p < 0.001) [7]. However, 
post-TAVR AKI patients whose renal function 
recovers completely or partially have lower mor-
tality than those without renal recovery [27].

32.4  Treatment of CIAKI

Treatment of CIAKI revolves around maximiz-
ing renal perfusion. To maximize renal perfusion, 
hemodynamics should be optimized with hydra-
tion for volume depletion and inotropes as needed 
for hypotension not responsive to volume expan-
sion. Vasopressors that reduce renal perfusion 
should be avoided. Afterload reduction with 
hydralazine, nitroprusside, or dihydropyridine 
calcium channel blockers may be employed, but 
angiotensin-converting enzyme (ACE) inhibitors 
should be avoided because they inhibit efferent 
arteriolar vasoconstriction, thereby reducing 
GFR. Invasive hemodynamic monitoring with a 
peripheral arterial line and central venous line or 

Table 32.3 Major recent studies of AKI associated with TAVR using VARC-2 Criteria

Study Year
Patients 
(n)

AKI rate 
(%)

Dialysis rate 
(%) Factors predicting AKI

Gupta et al. [7] 2017 41,025 18.8 1.2
Crowhurst et al. [25] 2015 209 39.2 2.4 CKD, respiratory failure, previous stroke, blood 

transfusion, valve repositioning
Schnabel et al. [47] 2014 458 16 2.4 Body-mass index (BMI), pre-TAVR GFR
Frerker et al. [48] 2013 323 10.3
Généreux et al. [49] 2013 218 8.3 4.1 Bleeding
Yamamoto et al. [13] 2013 415 15.2 1.0 Diabetes, LVEF <40%, blood transfusion, 

post- TAVR aortic insufficiency
Khawaja et al. [11] 2012 248 35.9 10.0 PAD, diabetes, CKD
Nuis et al. [12] 2012 995 30.1 3.1 Blood transfusion, PAD, CHF, leukocytosis, 

EuroSCORE
Tchetche et al. [50] 2012 943 23.2 Blood transfusion
Ussia et al. [51] 2012 178 18.5 2.2

32 Contrast-Induced Acute Kidney Injury in Transcatheter Aortic Valve Implantation: Risk, Outcomes…
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Swan-Ganz catheter may facilitate management 
of vasoactive medications.

Adequate urine output is important, both as a 
sign of adequate renal blood flow and for clearing 
contrast from the body. Therefore, if hydration 
and hemodynamic support fail to correct oliguria 
(<0.5 mL/kg/h), administration of a loop diuretic 
may become necessary. As a last resort, renal 
replacement therapy (intermittent hemodialysis 
or, if not tolerated hemodynamically, continuous 
veno-venous hemofiltration) may be necessary in 
cases of electrolyte abnormalities or volume 
overload.

32.5  Prevention of CIAKI

The risk and severity of CIAKI may be reduced 
by minimizing contrast dose, maximizing renal 
perfusion with hydration and prevention of hypo-
tension, and avoidance of concomitant 
nephrotoxins.

Many of the data on CIAKI prevention come 
from the percutaneous coronary intervention 
(PCI) literature. In a landmark 2007 study, 
Laskey et al. proposed the concept of the contrast 
volume to creatinine clearance ratio. Developing 
receiver-operator characteristic models, they 
reported that a ratio of less than 3.7 was a signifi-
cant and independent predictor of AKI within 
48  h after PCI [28]. In 2012, Gurm et  al. used 
insurance registry data to devise a similar model, 
demonstrating that the risk for CIAKI became 
statistically significant when the ratio of the con-
trast volume to the creatinine clearance exceeded 
2.0 [29]. In TAVR, Yamamoto et al. conducted a 
similar study in TAVR patients analyzing the 
product of the contrast media volume (mL) × 
[serum creatinine (mg/dL)/body weight (kg)]; 
they found that 2.7 was a threshold value above 
which this statistic predicted an increased risk of 
AKI [13].

Low-osmolar, nonionic contrast agents carry 
the lowest risk of CIAKI.  In a meta-analysis of 
25 studies, 4 studies suggested iodixanol to be 
minimally safer than iohexol, iopamidol, iopro-
mide, and ioxaglate [30]. In addition, contrast 
may be diluted with saline to provide a similar 

volume of injection with fewer nephrotoxic con-
trast molecules. Multiple contrast exposures 
should be spaced at least 48 h apart to minimize 
cumulative toxicity and CIAKI.  This includes 
pre-TAVR coronary angiography and PCI as well 
as computed tomographic angiography (CTA), 
which is usually performed to assess the annular 
dimensions and ensure sufficient diameter of 
peripheral vasculature through which the TAVR 
will be performed. Regarding this CTA, instead 
of using the traditional 80–100  mL of contrast 
injected intravenously, a low-contrast-dose imag-
ing protocol may be used without compromising 
image and interpretability and without increased 
procedural complications [31]. Select patients 
with an extremely elevated risk of CIAKI may 
benefit from annular sizing by non-contrast MRI 
and peripheral CTA imaging using a 10–15 mL 
direct aortic injection through a multi-sidehole 
catheter [32].

Maximizing renal perfusion has been demon-
strated to reduce the risk of CIAKI. In the defini-
tive POSEIDON study of patients with CKD 
stage 3 or higher, the hydration strategy was 
guided by the left ventricular end-diastolic pres-
sure resulting in a relative risk (RR) of AKI of 
0.41 (95% CI 0.22–0.79, p  =  0.005) [33]. A 
device called RenalGuard, which balances vol-
ume expansion with furosemide-induced diure-
sis, was developed to prevent AKI in PCI [34] 
and also been specifically trialed in the 
PROTECT-TAVI study. In 112 consecutive TAVR 
patients randomized to RenalGuard or standard 
normal saline treatment, the rate of AKI was sig-
nificantly lower with RenalGuard (5.4% vs. 
25.0% respectively, p = 0.014) [35].

Normal saline is appropriate for hydration; no 
benefit has been shown from treatment with 
sodium bicarbonate [36] or N-acetyl cysteine 
(NAC) [37, 38]. Limited evidence points to a util-
ity in AKI of fenoldopam, a D1 dopamine recep-
tor agonist and vasodilator [39], or atrial 
natriuretic peptide, a diuretic hormone [40]; how-
ever data are scarce, CIAKI and TAVR experi-
ence is absent, and no guidelines currently 
recommend use of these agents. Similarly, while 
embolic protection devices have been developed 
and approved for the cerebral vessels [41], there 
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are no such devices designed for prevention of 
renal emboli during TAVR. In the surgical litera-
ture, prophylactic hemodialysis in patients with 
CKD has reduced AKI as well as mortality fol-
lowing coronary artery bypass grafting [42], but 
no such studies have been conducted in TAVR, 
and the cost of such an intervention is 
prohibitive.

In addition, because concomitant renal insults 
have a synergistic effect in potentiating CIAKI, 
additional insults such as hypotension and neph-
rotoxins must be assiduously avoided. 
Hypotension decreases renal perfusion and has 
been shown to cause AKI [43]; inotropes are 
indicated if hydration alone cannot maintain a 
mean arterial pressure less than 65  mmHg. 
Nephrotoxic drugs, including nonsteroidal anti- 
inflammatory drugs, must be withheld to prevent 
an increased risk of renal injury.

Lastly, case reports and small studies present 
strategies to minimize contrast usage using trans-
esophageal and intracardiac echocardiography 
(TEE and ICE, respectively) to provide proce-
dural imaging guidance. At least two groups have 
reported entirely contrast-free TAVR procedures, 
guided by TEE and fluoroscopy [44, 45]. In a 
study of 60 TAVR patients randomized to pri-
mary ICE guidance or primary angiography 
guidance, ICE yielded a mean of 51.9 mL less of 
contrast used and a 17% reduction in freedom 
AKI (freedom from AKI 80% vs. 63%, respec-
tively) [46].

32.6  Conclusion

CIAKI is a common adverse clinical event asso-
ciated with TAVR.  Patient-specific factors and 
procedure-related factors determine the risk of 
CIAKI, which in turn significantly increases the 
risk of periprocedural mortality. Treatment of 
CIAKI by maximizing renal perfusion ex post 
facto is imperfect; the optimal strategy is preven-
tion by minimizing contrast volume and maxi-
mizing renal perfusion a priori.
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33.1  Introduction

Aortic valve stenosis is the most common valvu-
lar heart disease with increasing incidence due to 
ageing population [1]. Transcatheter aortic valve 
implantation (TAVI), also called transcatheter 
aortic valve replacement (TAVR), has been rap-
idly adopted as minimal invasive therapeutic 
alternative to surgical aortic valve replacement 
(SAVR) for patients with severe aortic stenosis, 
who are considered inoperable or at intermediate 
to high surgical risk [2–5]. As a result, the num-
ber of patients undergoing TAVI is increasing.

The development of conduction disorders is the 
most prevalent complication associated with TAVI 
and is of clinical importance [6]. Most TAVI-
related complications decreased due to improved 
technology, minimalistic invasive approach (i.e. 
transfemoral approach over transapical approach) 
as well as rising experience of surgeons. However, 
the incidence of conduction disorders has not 
decreased over time [7]. The most prevalent TAVI-

induced conduction disorders are new-onset left 
bundle branch block (LBBB) and high-degree 
atrioventricular block (HAVB) requiring perma-
nent pacemaker implantation (PPI).

Compared to surgical aortic valve replace-
ment, the rate of severe conduction disorders 
requiring PPI following TAVI is higher (around 
17% for TAVI vs. 3–6.9% for SAVR) [1, 3–5]. 
Lower rates of PPI after SAVR can be explained 
by different techniques of valve replacement and 
differences in patient populations. Compared to 
patients suitable for SAVR, TAVI patients are 
older and often have more pre-existent conduc-
tion disorders and other comorbidities (e.g. renal 
impairment, respiratory disease, previous myo-
cardial infarction, poor mobility) [8].

Due to close anatomical relation between car-
diac conduction system and aortic valvular com-
plex, any surgical or percutaneous intervention 
can result in conduction disorders [9]. Despite 
the negative influences of ageing on the conduc-
tion system, there is also evidence for an associa-
tion between severity of aortic stenosis and 
conduction disorders. This is suspected to be due 
to similar calcium deposition on the conduction 
system and aortic valve, which makes the con-
duction system more vulnerable for external 
influences [10].

This chapter provides a brief overview of the 
different aspects of conduction disorders follow-
ing TAVI: the anatomy of the conduction system 
and its relation to the aortic valvular complex; 
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the pathophysiology; the incidence, development, 
risk factors, outcome and prognosis of LBBB and 
HAVB requiring pacemaker; and the management.

33.2  Anatomical Relationship 
Between Aortic Valvular 
Complex and the Conduction 
System

Conduction disorders after TAVI can be explained 
by the conduction system being positioned close 
to the aortic valvular complex (see Fig. 33.1).

The atrioventricular node lies within the tri-
angle of Koch, which is located in the right 
atrium. This triangle is delineated by the tendon 
of Todaro, the orifice of the coronary sinus and 
the septal leaflet attachment of the tricuspid 
valve. The ostium of the coronary sinus forms the 
base of this triangle, while the apex is formed by 
the convergence of the tendon of Todaro and the 
insertion of the septal leaflet of the tricuspid 
valve. Just inferior to the apex lies the atrioven-
tricular node, which continues as the bundle of 
His once it penetrates the central fibrous body. 
The bundle of His passes the membranous sep-
tum and emerges on the left side directly within 
the aortic root and left ventricular outflow tract, 
positioned superficially on the crest of the ven-
tricular septum. From this point the fascicles of 
the left bundle branch originate, which is directly 
related to the base of the interleaflet triangle 
which separates the right coronary and noncoro-
nary leaflets of the aortic valve [6, 7, 11, 12].

33.3  Mechanism of Conduction 
Disorders After Tavi

Conduction disorders result mainly from 
mechanical compression of the prosthetic valve 
or calcified native aortic valve to the atrioven-
tricular conduction system, in TAVI.  Based on 
the close position of the bundle of His, conduc-
tion disorders can easily arise if the expansion of 
the prosthetic valve or calcified native aortic 

valve exerts pressure to the relating tissues. 
Autopsied tissues from patients with HAVB after 
TAVI showed local oedema, hematoma and 
infarction with compression of the His bundle 
causing the conduction disorder [13]. On the 
other hand, several other factors, such as anatom-
ical variations, can determine the susceptibility 
of the conduction system to injury during TAVI 
procedures.

First of all, there is a great anatomical variabil-
ity of atrioventricular node position inside the tri-
angle of Koch and the non-penetrating part of the 
His bundle. Three major variants are described 
based on autopsy series. In approximately 50%, 
the non-penetrating His bundle crosses the right 
side of the ventricular septum, in approximately 
30% of the left side, whereas in 20% the bundle 
crosses under the membranous septum, just below 
the endocardium. Especially the last two variants 
are prone to a higher risk of TAVI procedure- 
related conduction disorders, due to its superficial 
course within the aortic valvular complex [14].

A short membranous septum measured by 
computer tomography is related to a higher rate of 
conduction disorders after TAVI. The distal end of 
the membranous septum is considered as anatom-
ical landmark for the left ventricular exit point of 
the His bundle, with the total length of the mem-
branous septum equalling the aortic annulus-to-
His bundle distance. In patients with a short 
membranous septum and therefore a shorter aor-
tic annulus-to-His bundle distance, it is more dif-
ficult to avoid pressure on the His bundle during 
expansion of the prosthetic valve [15]. There is 
also evidence for an association between aortic 
stenosis and conduction disorders. The hypothesis 
is that there is a calcium deposition on the con-
duction system as well as on the aortic valve as a 
result of its proximity to the aortic valve, which 
makes the conduction system more vulnerable for 
external influences [10]. Therefore, the close ana-
tomical proximity of the atrioventricular conduc-
tion axis within the aortic valvular complex in 
combination with increased age and senile con-
duction system explains the origin and induction 
of conduction abnormalities after TAVI.

J. Brouwer et al.
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Fig. 33.1 Anatomy and relationship between the aortic 
valvular complex and the atrioventricular conduction sys-
tem. (a) A view of the right side of the atrial and ventricu-
lar septa, illustrating the landmarks of the triangle of 
Koch. The atrioventricular node is located at the apex of 
the triangle, and the bundle of His penetrates the central 
fibrous body. (b) The course of the axis as it penetrates, 
created by removing the noncoronary sinus of the aortic 
root, which reveals the deep diverticulum (star) that inter-
poses between the mitral valve and the ventricular sep-
tum. The location of the atrioventricular node (oval) and 
the course of the conduction axis (line emanating from the 
oval) are marked. (c) The position of the bundle of His as 

it is sandwiched between the membranous and muscular 
parts of the ventricular septum (red circle), created by dis-
secting away the right ventricular outflow tract to reveal 
the posterior components of the aortic root. (d) The 
opened aortic root viewed from the left ventricle. The 
basal attachments of the right and noncoronary leaflets of 
the aortic valve (arrows), with the location of the most 
superior part of the left bundle branch as it originates from 
the branching component of the conduction axis (broken 
black line). Reproduced from Van der Boon RM et al. Nat 
Rev. Cardiol. 2012;9:454–463 with permission from the 
publisher
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33.4  Left Bundle Branch Block

33.4.1  Incidence

New-onset LBBB is the most common conduc-
tion disorder after TAVI with variable incidence 
reported in currently available literature, 
explained by several methodological discrepan-
cies between studies. Incidence depends on the 
TAVI prosthesis used during the procedure and 
whether transient LBBB is included.

The reported incidence of new-onset left bun-
dle branch block after TAVI ranges from 4% to 
65% using first generations TAVI prostheses of 
Medtronic and Edwards Lifesciences [1, 7, 12, 
16]. New-onset LBBB occurred in 4–30% using 
the balloon-expandable Edwards SAPIEN and 
SAPIEN XT valve and 18–65% using the self- 
expandable Medtronic CoreValve device [12]. 
Data on newer generation TAVI system are lim-
ited. New-onset LBBB after TAVI using the 
Edwards SAPIEN 3 varies from 12% to 22% [7, 
17]. A study using self-expandable Portico TAVI 
device (St. Jude) reported similar incidence, 
whereas two studies using the mechanical expend-
able Lotus system (Boston Scientific) reported 
higher rates of LBBB (55 and 77%) [18–20].

33.4.2  Timing of Left Bundle  
Branch Block

Most conduction disturbances develop during the 
periprocedural period; 85–94% of TAVI-induced 
LBBB arises during that period [21]. New-onset 
LBBB occurs mainly during different stages of 
the procedure before implantation and not only 
during actual valve implantation. One study con-
tinuously monitored all patients with electrocar-
diography during TAVI procedure and observed 
that new-onset LBBB occurred in 62% before the 
actual valve implantation (i.e. stiff wire insertion 
and balloon predilation of aortic valve) [22]. 
New-onset LBBB developing after the procedure 
occurs less frequently and is rare after discharge. 
Resolution of new-onset LBBB after discharge is 
uncommon. Moreover reported incidence of 
LBBB after 1-year follow-up is 60% [23].

33.4.3  Risk Factors

Risk factors for TAVI-induced LBBB can be 
divided in patient-related, procedural and ana-
tomical factors. The risk factors are displayed in 
Table 33.1.

The main predictive risk factors of new-onset 
LBBB are procedure related. First of all, the 
implantation depth of the TAVI prosthesis into 
the LVOT is recognised as the main predictor: 
deeper implantation is correlated with higher risk 
of LBBB [7, 24]. In line with this observation, 
Medtronic TAVI devices are associated with 
higher occurrence of LBBB compared to Edwards 
SAPIEN valves [25, 26]. The self-expandable 
Medtronic device expands from the ventricular 
side of the aortic valve and therefore exerts higher 
radial forces on the LVOT and the membranous 
septum [27]. Valve oversizing, small aortic annu-
lus and small LVOT diameter also predict a 
higher risk of new-onset LBBB after TAVI proce-
dures [28]. Standard TAVI procedure aortic val-
vuloplasty, such as crossing the valve with a stiff 
wire, and catheter removal may induce conduc-
tion disturbances as well [22].

Multiple patient-related factors are associated 
with new-onset LBBB after TAVI and include 
female gender, diabetes mellitus, preprocedural 

Table 33.1 Risk factor for new-onset LBBB after TAVI

Anatomical Patient related
Procedure 
related

Severe 
calcification 
aortic annulus 
and LVOT

Female sex Implantation 
depth

Short 
membranous 
septum

Diabetes mellitus Use of 
Medtronic 
CoreValve

Small LVOT 
diameter

Pre-existent 
conduction 
disorder 
(prolonged QRS 
duration)

Overexpansion 
aortic annulus

Larger valve 
sizes
Insertion guiding 
wire
Balloon 
valvuloplasty
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conduction disorders (mainly prolonged QRS 
duration), severe calcification of aortic annulus 
and LVOT [26, 28].

33.4.4  Outcome and Prognosis

One large meta-analysis, including 8 studies 
observing new-onset LBBB post-TAVI with a 
total of 4756 patients, investigated 3 different 
1-year outcomes: risk of permanent pacemaker 
implantation, all-cause mortality and cardiac 
mortality [16]. 17–24% of the patients with new- 
onset LBBB required PPI [24, 29]. There was no 
increased risk of all-cause mortality 1-year post 
implantation and no difference in all-cause mor-
tality amongst different TAVI prostheses. There 
was, however, a higher 1-year cardiac mortality 
risk related to new-onset LBBB [30].

33.5  High-Degree Atrioventricular 
Block Requiring Permanent 
Pacemaker Implantation

33.5.1  Incidence

HAVB requiring PPI is a common and clinically 
relevant complication after TAVI. The use of PPI 
after TAVI as an outcome variable has some limi-
tations. It is highly dependable on the timing of 
the pacemaker implantation and different indica-
tions used. The latest European Cardiology 
Society Guidelines recommend cardiac pacing in 
the occurrence of a HAVB (third- or second- 
degree type II) irrespective of symptoms [31]. In 
literature PPI is the most used outcome variable 
for severe conduction disorders after TAVI and 
therefore used in this chapter.

Around 17% (ranging incidence of 2–51% 
between studies) of patients developed severe con-
duction disorders requiring PPI after implantation 
of first-generation TAVI device [7, 9, 32]. The first 
randomised trials with TAVI, the PARTNER I-II 
and the US CoreValve Clinical trial, reported PPI 
rates from 3.6% to 19.8% [2–5].

Data on newer generation TAVI valves 
observed lower periprocedural complications, 

such as paravalvular leakage, but no evident 
reduction of PPI rates after the procedure. PPI 
rates of the latest commonly used TAVI devices 
are Edwards SAPIEN 3 11–14%, Medtronic 
Evolut R 15–22%, Boston Scientific Lotus 
28–37%, Symetis Acurate Neo 5–11%, JenaValve 
12–15% and St. Jude Portico 4.5–10% [7, 18, 19, 
33–47].

PPI rates mentioned above could be an under-
estimation as most studies included patients with 
PPI prior to the TAVI procedure into the control 
non-PPI group [48]. On the other hand, many 
practitioners may undertake PPI earlier to reduce 
post-procedure hospital stay and for prophylactic 
reasons (thus not following the current 
guidelines).

33.5.2  Timing of HAVB

As previously mentioned, most conduction dis-
turbances develop during the periprocedural 
period. TAVI-induced HAVB develops in 
60–96% during periprocedural period. 
Occurrence of HAVB more than 24–48  h after 
TAVI is considered as delayed HAVB and occurs 
less frequently (2–7%) [7, 16]. Late development 
of HAVB after discharge is unlikely to occur, if 
no conduction disorders are present at discharge. 
New-onset LBBB will regress to HAVB in 17% 
[16, 49]. Moreover, PPI within the first year after 
TAVI is very rare when no conduction orders 
were present during hospitalisation for TAVI pro-
cedure [32, 49].

Interesting is pacemaker dependency after 
TAVI procedure. Up to 86% of patients with PPI 
after TAVI exhibited ventricular pacing >1% of 
the time during median follow-up of 4 years [50]. 
Almost all patients with TAVI-induced HAVB 
underwent PPI procedure within 5  days after 
TAVI procedure with a median of 3 days [31, 32]. 
Resolution of HAVB without pacemaker depen-
dency and a low ventricular pacing rate (<1%) 
can occur over time. Observed recovery rates 
after 30  days are 59% for acute-onset HAVB 
(within 24 h) and 25% for delayed HAVB. Acute- 
onset HAVB showed faster recovery compared to 
delayed HAVB (longer than 6 days) [7].
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33.5.3  Risk Factors

Similar to risk factors of new-onset LBBB, a dis-
tinction is made between patient-related and 
procedural- related factors, beside the earlier 
mentioned anatomical factors. See Table 33.2 for 
an overview of predictors of PPI after TAVI.

Patient-related risk factors for PPI after TAVI 
include male gender and pre-existent conduction 
disorders such as right bundle branch block 
(RBBB), first-degree atrioventricular block or 
left anterior hemiblock. Calcifications of the aor-
tic annulus, LVOT and mitral annulus are also 
associated with PPI after TAVI [7, 9, 21, 32].

Two to three times higher risk of severe con-
duction disorder after TAVI requiring PPI is 
reported in self-expandable CoreValve prosthesis 
compared to balloon-expandable Edwards’s 
device. Other procedural factors are intraopera-
tive HAVB, more than 10% oversizing and a 
lower implantation depth. Left ventricular func-
tion and access route (transfemoral vs. transapi-
cal) seem not to be related with increased PPI 
risk after TAVI [7, 9, 21, 32].

Focussing on delayed HAVB (>24 h after TAVI), 
male gender, pre-existent RBBB, new- onset LBBB 
or RBBB after TAVI and a specific prolonged QRS 
duration are independent risk factors.

33.5.4  Outcome and Prognosis

A large meta-analysis investigated the all-cause 
and cardiac mortality rates after 1-year follow-up 

[16]. No increased risk of all-cause mortally and 
cardiac mortality was observed for patients with 
PPI after TAVI.  Even more, there was a trend 
towards a lower cardiac mortality in favour of 
PPI [51]. However, a more recent large American 
registry showed a higher mortality rate after 
1 year in the PPI group [32]. Left ventricular dys-
function and heart failure may develop more 
often due to long-term right ventricle pacing [50, 
51]. The average TAVI population are usually 
elderly with other noncardiac comorbidities and 
reduced life expectancy though.

33.6  Management of Tavi- 
Induced LBBB and HAVB

Currently, no hard evidence on best management 
strategies is available for conduction disorders 
after TAVI. Based on current literature, a recom-
mended strategy consists of electrocardiographic 
analysis preprocedural and periprocedural 
rhythm observation (24–48 h after TAVI) till dis-
charge [7]. The presence of one or multiple pre- 
existent conduction disorders such as RBBB, 
first-degree atrioventricular block, anterior hemi-
block and prolonged QRS duration makes 
patients more vulnerable to severe conduction 
disorder. This may influence the choice of TAVI 
device used, in favour of TAVI prostheses with a 
lower rate of HAVB such as the balloon- 
expandable SAPIEN valves, in combination with 
higher positioning of the prosthetic valve [52]. In 
the periprocedural period, rhythm monitoring at a 
cardiac care unit is advised, since most conduc-
tion disorders develop periprocedural. Continuous 
rhythm monitoring till discharge is a simple solu-
tion for observing possible conduction disorders 
and to diagnose new-onset rhythm disorders such 
as atrial fibrillation [53].

A proposal of management of new-onset 
LBBB is shown in Fig. 33.2. A temporary pace-
maker is always inserted during TAVI proce-
dures. When new-onset LBBB occurs during 
procedure, observation is advised for 24 h due to 
possible evolution towards HAVB.  In case of 
TAVI-induced LBBB resolution, the temporary 
pacemaker can be removed, and observation with 
continuous rhythm monitoring will be sufficient 

Table 33.2 Risk factor for PPI following TAVI

Anatomical Patient related Procedure related
Severe calcification 
aortic annulus and 
LVOT

Female sex Implantation 
depth

Short membranous 
septum

Pre-existent 
RBBB

Use of Medtronic 
CoreValve

Pre-existent 
first-degree AV 
block

Oversizing aortic 
valve

Pre-existent 
left anterior 
hemiblock

Overextension 
aortic valve

Periprocedural 
HAVB

J. Brouwer et al.
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till discharge. When new-onset LBBB persists, 
further investigations (e.g. internal loop recorder) 
should be considered. Consider PPI when com-
bined with prolonged QRS duration (>150 ms) or 
first-degree AV block. Unchanged pre-existent 
LBBB or other minor conduction disorders after 
TAVI will not require further observation [7]. 
During follow-up, electrocardiographic examina-
tion after 30 days and 1 year is advised in order to 
monitor possible evolution towards more severe 
conduction disorders.

Suggested management of new-onset HAVB 
is shown in Fig. 33.3. When a HAVB occurs dur-
ing the procedure, an observational period with 
temporary pacemaker for 24–48  h is advised, 
while it is uncommon for periprocedural emerged 
HAVB to recover after 24–48 h. In case of HAVB 
resolution, the temporary pacemaker can be 
removed, and observation with rhythm monitor-
ing will be sufficient till discharge. When HAVB 
is persistent (after observation) or recurrent, PPI 
is indicated before discharge [7]. In case of evo-
lution of HAVB towards LBBB, we refer to the 
management of LBBB as mentioned above.

The latest European Cardiology Society 
Guidelines recommend a clinical observation up 
to 7  days in patients with HAVB or complete 
heart block after TAVI, in order to assess whether 

the conduction disorder is transient and resolves 
over time (class I, level of evidence C indication) 
[31]. However, this observation period can be 
shortened in the case of complete heart block 
with slow ventricular response rate and when 
HAVB occurred in the periprocedural period and 
persists >48 h [31]. As mentioned in this guide-
line, most PPI were performed within 3–5 days 
after procedure, which differs from the guideline 
recommendations [31]. PPI shortly after TAVI 
does not result in increased risk of hospitalisation 
and cardiac mortality [54, 55]. A longer observa-
tional period may avoid inappropriate PPI in 
patients with transient HAVB and therefore pre-
vent these patients from PPI complications and 
long-term ventricular pacing-induced complica-
tions, such as left ventricular impairment, heart 
failure and hospitalisation [32, 51]. On the other 
hand, longer observational period for TAVI- 
induced HAVB results in longer hospitalisation 
and longer temporary external pacing period with 
its own inherent complications such as longer 
immobilisation, infection, thromboembolism and 
perforation [7]. During follow-up, electrocardio-
graphic analysis in combination with pacemaker 
function control at 30  days and regularly after-
wards is advised in order to monitor the conduc-
tion disorder and functionality of the pacemaker.

Evolution to HAVB

No

No

Unchanged

Consider PPI
Consider internal loop

recorder
Continuous rhythm

monitoring till discharge
Consider PPI

Yes

Yes Yes

Long QRS duration
(>150ms)

Combination with first
degree AV block

PPI

Resolution

- 24 hour observation on at least CCU
- Consider temporary pacemaker in situ

Periprocedural new onset LBBB
- Remove temporary pacemaker
- Continuous rhythm monitoring till
  discharge

Fig. 33.2 Suggested management of new-onset left bundle branch block (LBBB). AV atrioventricular, CCU cardiac 
care unit, HAVB high-degree atrioventricular block, PPI permanent pacemaker implantation
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33.7  Conclusion

This chapter provides an overview of the general 
aspects of TAVI-induced conduction disorders. 
Patients undergoing TAVI are prone to develop 
conduction disorders due to the close relationship 
between the aortic valvular complex and the con-
duction system. In the setting of TAVI, conduction 
disorders mainly result from mechanical trauma of 
the prosthetic valve or native calcified aortic valve 
to the atrioventricular conduction system. New-
onset LBBB and HAVB are observed frequently 
following TAVI despite several improvements and 
have implications in the post-implantation period 
and on prognosis. Furthermore, the latest genera-
tion TAVI valves reduced other procedural 
complications, but PPI rate remains similar. 
Electrocardiographic observation during the entire 
admission is recommended in order to determine 
the severity of potential conduction disorders. 
Also, several anatomical, patient- and procedure-
related factors may predict which patients are vul-
nerable to onset of conduction disorders. The best 
predictive risk factors are pre-existent RBBB, 
implantation of self-expandable TAVI devices, 
implantation deep into the LVOT and oversizing or 
overstretching aortic annulus and LVOT.  TAVI- 
induced LBBB is associated with higher cardiac 
mortality and PPI (due to HAVB with long-term 

ventricle pacing complication) and possible higher 
mortality rate. More studies are necessary to inves-
tigate the occurrence and outcome in the latest 
generation TAVI devices and specially to deter-
mine optimal timing of treatment for conduction 
disorders following TAVI.
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Abbreviations

ACC American College of Cardiology
ALARA As low as reasonably achievable
CA Coronary angiogram
Gy Gray
ICRP International Commission on 

Radiological Protection
IRP Interventional reference point
Ka,r Cumulative air kerma at the interven-

tional reference point (IRP)
LRA Left radial access
mSv Millisievert
NC Cine angiogram
PCI Percutaneous intervention
RFA Right femoral access
RRA Right radial access
TAVI Transcatheter aortic valve implantation

34.1  Introduction

Utilization of ionizing radiation in the form of 
X-rays is mandatory during cardiac interventions 
such as coronary angiogram (CA) or transcatheter 
aortic valve implantation (TAVI), also called 
transcatheter aortic valve replacement (TAVR), 

procedures and inevitably leads to patient and 
medical personnel radiation exposure. CA with or 
without percutaneous intervention (PCI) is more 
frequently performed than TAVI, but advance-
ments in TAVI are increasing the utilization of this 
relatively new technique. Initial concerns about 
patient safety regarding radiation have facilitated 
equipment improvements and lessened X-ray 
exposure. Despite these improvements, cardiolo-
gists are responsible for 45% of the entire cumu-
lative radiation dose per person per year to the 
United States population induced by medical 
sources excluding radiotherapy [1]. Therefore, a 
major concern for interventional cardiologists 
must be the avoidance of unjustified or non- 
optimized radiation use among their patients. 
More recently, increased incidence of long-term 
malignancies in interventional cardiologists has 
raised awareness of medical personnel safety. 
Despite years of experience in procedures requir-
ing radiation use, improvements in medical staff 
safety during cardiac procedures such as TAVI are 
still needed. Our objective is to summarize what 
is known about radiation exposure for patients 
and operators, its risks and consequences and the 
means of protection.

34.2  Measures of Radiation

Radiation exposure leads to potential adverse 
effects in both patients and medical staff. These 
risks are usually described as deterministic and 
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stochastic effects [2–4]. The deterministic effect 
(or tissue reaction) is a direct health dose- 
dependent effect of radiation exposure and is 
characterized by a threshold. A threshold is 
defined as the absorbed dose at which 1% of the 
population will begin expressing symptoms, and 
after which this proportion grows dramatically. 
Examples of deterministic effects are the devel-
opment of a patient skin burn due to prolonged 
procedure time (threshold of about 2  Gy of 
absorbed dose) or cataract formation in doctors 
(threshold of about 0.5  Gy). Stochastic effects 
are defined as the biologic effect of radiation that 
occurs by chance to a specific population. The 
probability of the effect is linearly proportional 
to the dose, with a slope of 5% per Sievert (Sv) 
effective dose, but the severity is independent of 
the dose [3]. Malignancy development after radi-
ation exposure is an example of stochastic effect, 
and its severity is independent of the radiation 
dose, as a cancer induced by a high radiation 
dose will not be worse than one induced by a 
smaller dose.

Quantification of the radiation dose is needed 
to study these adverse effects. During interven-
tions, measurements are usually registered with 
dosimetry instrumentation such as individual 
electronic dosimeters which can be placed on 
almost any body part (e.g., chest, hands, or feet) 
to quantify localized dose. In order to study and 
compare patient exposure, standard dose indica-
tors are used. These parameters usually include 
fluoroscopic time (FT), cumulative air kerma at 
the interventional reference point IRP (Ka,r), and 
cumulated kerma-area product (PKA)Ka,r. FT rep-
resents the utilization of fluoroscopy in minutes. 
Different X-ray imaging modes exist during fluo-
roscopy in TAVI procedures including cine (or 
digital) acquisition. Cine mode permits high- 
contrast/low-noise images but needs a high radia-
tion dose and is usually not included in the FT 
[5]. Therefore, FT may underestimate the total 
beam-on time and is often used as an indicator 
for procedural complexity but not as a patient 
radiation dose parameter [6]. Kerma, an acronym 
for “Kinetic Energy Released per unit Mass,” 
quantifies the amount of energy transferred from 
the impinging ionizing radiation (e.g., X-rays) to 

electrons at a given location1 and is expressed in 
Joules (J) of energy released in a given mass (kg). 
A unit of Joules/kg is called a Gray (Gy). The 
cumulative air kerma measures the quantity of 
X-ray energy delivered to the air at a predefined 
reference point, called the “interventional refer-
ence point” (IRP). This virtual location, 15  cm 
from the angiography unit isocenter in the direc-
tion of the X-ray focal point, is designed to be 
located at the entrance of the patient’s skin for 
isocentric procedures, as is the case in interven-
tional cardiology, and is therefore a convenient 
measure of the risks of deterministic effects. The 
PKA, expressed in gray-square centimeters 
(Gy*cm2), is the integral of air kerma over the 
exposed area. The PKA permits assessment of 
radiation risks from ionizing procedures (namely, 
stochastic effect) and is therefore often used to 
evaluate patient radiation dose. For example, 
some detailed conversion factors between patient 
PKA and effective dose have been established [7] 
such as a generic conversion of approximately 
0.2 mSv/(Gy*cm2) for the chest region.

CA and PCI are older procedures compared to 
TAVI and have been more studied regarding radi-
ation dose, thus permitting the development of 
different protection means. Several studies on 
patient exposure during TAVI describe a compa-
rable range of radiation between TAVI and PCI or 
CA [8, 9]. Occupational radiation doses are cer-
tainly less investigated, and differences in the 
number and/or position of physicians and assis-
tants during TAVI procedures in comparison to 
PCI or CA vary sufficiently to considerably mod-
ify radiation exposure. Nonetheless, occupational 
radiation doses during PCI or CA are more stud-
ied and thus provide interesting and applicable 
information for the operating staff.

1 In the energy range of diagnostic imaging (~10–
100 keV), the location at which the electrons are ejected 
from their atoms and the location where these electrons 
deposit their energy as absorbed dose are sufficiently 
close to allow for a gross approximation, i.e., kerma and 
absorbed dose are numerically considered identical. This 
is not the case in radiation therapy, where photon energy 
is in the order of several MeV.
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34.3  Radiation Doses

34.3.1  Recommendations

Ionizing radiation and its adverse effects arise 
from human and natural sources, but the largest 
man-made source in Western countries is cur-
rently due to medical X-ray imaging and nuclear 
medicine [10]. Coinciding with the rise in thera-
peutic and diagnostic cardiologic procedures 
[11], ionizing radiation exposure has doubled 
during the past two decades [12]. As a protective 
goal, maximum radiation doses are set for the 
general population and medical staff by the 
International Commission on Radiological 
Protection (ICRP). Those limits are thought to 
sufficiently protect against deterministic and sto-
chastic effects of radiation. For the general popu-
lation, a dose of 1 mSv per year (or exceptionally 
higher for 1 year if the average over 5 years is not 
more than 1 mSv per year) is tolerated. As a com-
parison, 1 mSv corresponds to the same amount 
of radiation as approximately 50 chests X-rays. 
Recommendations for workers are 20  mSv per 
year, and specific equivalent doses per year are 
set for different organs, e.g., 20 mSv per year for 
eye lens, 500 mSv per year for skin, and 500 mSv 
per year for extremities (hands, feet) [13]. These 
limitations are created for planned exposure situ-
ations. In regard to patients, no threshold is set 
for medical interventions or imaging, as radiation 
exposure is always counterbalanced by the 
expected benefit of the investigation.

34.4  Exposure During TAVI 
Procedures

34.4.1  Patients

A prospective study in 2012 involving 105 TAVI 
patients among whom 79 underwent a transfemo-
ral approach and 26 a transapical approach com-
pares patient exposure during this procedure [8]. 
Radiation doses were measured by dosimetry 
instrumentation attached to the fluoroscope and 
analyzed using PKA. Results showed a median 
radiation dose for all patients of 188  Gy*cm2 

which is within a reasonable range in comparison 
to other cardiologic percutaneous interventions. 
The authors concluded that deterministic side 
effects for patients were unlikely within this 
range of radiation. They suggest that clinical can-
cers due to radiation exposure are probably lower 
in patients undergoing TAVI than PCI.  In fact, 
even though the amount of radiation used in TAVI 
and PCI procedures is similar, TAVI is performed 
in a patient population approximately two 
decades older than PCI patients thus reducing the 
time to develop symptomatic radiogenic cancer. 
They also found that patients with higher body 
mass index and therefore higher body weight 
received higher radiation doses [14]. This obser-
vation is explained by the larger amount of radia-
tion needed in obese patients to obtain proper 
imaging. Interestingly, lower radiation doses and 
FT with a transapical approach in comparison to 
a transfemoral approach were also reported. This 
observation was probably due to extra FT needed 
to access and close the right femoral artery com-
pared to the surgical access of a transapical 
approach and to the included occurrence of two 
vascular complications during transfemoral 
approaches which prolonged FT time.

More recently, data on patient exposure was 
collected in eight Swiss centers during numerous 
cardiac procedures such as CA (with or without 
PCI), defibrillator implantation, and TAVI.  For 
TAVI only, a total of 221 patients were analyzed 
and compared to PCI procedures. The following 
parameters were recorded: Ka,r in mGy, number 
of images, PKA in Gy*cm2, and fluoroscopy time 
(FT) [15]. The PKA during TAVI was 
55 ± 33 Gy*cm2 and is approximately similar to 
the dose delivered during PCI.  However, as 
shown in Fig. 34.1, a particularity during TAVI is 
the presence of a second peak of radiation at 
130 Gy*cm2 that is not found in PCI procedures. 
This higher radiation exposure is likely due to the 
greater complexity of the TAVI intervention. Of 
course, PCI procedures may also have elevated 
complexity but typically never reach the same 
level of difficulty as TAVI.

The cumulative air kerma, in this case the total 
dose of radiation received by the patient during 
TAVI or PCI time, is shown in Fig.  34.2. It is 
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similar during the two procedures, with slightly 
but not significantly lower dose for PCI than 
TAVI (p = 0.3).

Fluoroscopy time measured in minutes, as 
represented in Fig. 34.3, was higher during TAVI 
procedures. As previously explained, FT is often 
used to compare procedural complexity. This 

observation is compatible with the higher com-
plexity of TAVI, already seen in Fig. 34.1.

Figure 34.4 shows the number of images done 
during the two procedures. For TAVI, the mean 
number of images is 620 ± 350 and is significantly 
lower than for PCI with 980  ±  380 images 
(p < 0.05). The number of images does not reflect 
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the radiation dose. In fact, this is influenced prin-
cipally by the differing utilization of fluoroscopy 
time and cineradiography time. During TAVI, the 
use of cineradiography is preferred, which 
requires more contrast medium and therefore 
more radiation. During PCI, fluoroscopic X-ray 
imaging without contrast agent is more typical.

Overall occupational radiation exposure 
during cardiac interventions and TAVI.

In 2008, an analysis of several PubMed stud-
ies reviewing different cardiac interventions 
(diagnostic catheterizations, PCI, ablations, or 
pacemaker/defibrillator implantations) was con-
ducted and reported effective radiation doses 
between 0.02 and 31.2 μSv/procedure. Equivalent 
extremity doses ranged between 50 and 4160 μSv/
procedure [16] raising concerns about extremity 
radiation exposure. Due to proximity with the 
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primary beam, a left-sided predominance of radi-
ation to the operator was noted. Also, the authors 
mentioned considerable difficulty in comparing 
results as dosimetry methods were not standard-
ized in the different studies and multiple cofac-
tors influenced radiation doses.

A previous study in 2011 aimed to compare 
occupational radiation doses during two different 
methods of TAVI, namely, transfemoral and 
transapical approaches [17]. Dosimeters were 
used on the chest of all staff, on the hands and 
feet of the cardiothoracic surgeons and cardiolo-
gists, and on the eyes of the cardiothoracic sur-
geon. Significantly higher total body radiation 
doses were observed for the cardiothoracic sur-
geon, including measured doses at the hands, 
eyes, and feet during the transapical approach 
(reported doses of 0.03 mSv) as opposed to the 
transfemoral approach (reported doses of 
0.003  mSv). Their explanation for this higher 
dose was proximity with the X-ray beam and a 
lack of protection above the table in order to 
facilitate the surgeon’s access to the apex of the 
heart. The most prominent observation was the 
elevated radiation dose endured by the left hand 
of the cardiothoracic surgeon during transapical 
approach (almost 2  mSv per procedure). With 
500  mSv/year tolerated on the extremities, 250 
transapical TAVI procedures per year would be 
the maximal limit. On the contrary, no significant 
total body radiation difference in the transapical 
vs. transfemoral approach was noted for the 
 cardiologists; however both hands were signifi-
cantly more irradiated during the transapical 
(0.08 mSv for the left and 0.09 mSv for the right) 
than the transfemoral approach (0.03 mSv for the 
left and 0.01  mSv for the right). Of note, the 
occupational radiation doses in this study are 
similar to the doses reported by Kim et al. during 
other cardiac interventions.

A publication from our group sought to com-
pare occupational radiation doses during CA and 
CA followed by PCI, regarding different access 
locations, right femoral access (RFA), right radial 
access (RRA), and left radial access (LRA). The 
study included 830 consecutives procedures with 
457 CA and 373 CA followed by ad hoc PCI 
[18]. Radiation exposure was measured using 
individual chest dosimeters with several 

parameters recorded such as operator cumulative 
dose (Ka,r), FT, number of cine angiogram (NC), 
and the PKA-normalized Ka,r, defined as the dose 
(mSv) received by the operator with each Gy*cm2 
applied to the patient. Most procedures (55%) 
were performed using RFA, 33% used RRA, and 
12% used LRA.  Access choice was operator 
dependent. The conclusions of this non- 
randomized single center study were as follows: 
a lower degree of radiation is achieved for the 
cardiologist when performing CA or CA and PCI 
using RFA rather than RRA and similarly using 
LRA rather than RRA. These results are consis-
tent with the literature as transradial access is 
known to increase operator radiation exposure 
[19]. Explanations for this observation are prox-
imity to the X-ray beam and the patient (a source 
of scattered radiation to the operator) and in this 
particular study, the presence of an increased 
radioprotection gap between the leaded glass 
mobile and the patient table to facilitate 
RRA.  Finally, despite less operator radiation 
exposure, RFA seems to display a higher com-
plexity as shown by increased NC in comparison 
to RRA and LRA (but with no significant differ-
ence in FT). With TAVI being performed mostly 
via right femoral access, these results are some-
what reassuring.

The abovementioned publication also sought 
to analyze occupational exposure specifically 
from one center. These results showed an air 
kerma dose of 249 Gy for medical staff with a FT 
time of 9 min 35 s and a PKA of 36.55 Gy*cm2. 
These FT and PKA are lower than usual and are 
positively influenced by the experience of the 
operators. Cardiologists working in this center 
are all well trained on TAVI intervention, thus 
promoting shorter procedure times and, there-
fore, reduced radiation exposure.

34.5  Discussion

Contemporary literature shows a comparable 
radiation exposure for patients during TAVI vs. 
other cardiac interventions such as CA. Most 
importantly, this exposure is shown to be in a safe 
range. However, deterministic and stochastic 
effects exist. For patients, deterministic effects 
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range from erythema to more severe permanent 
skin damage [20] as well as hair loss [2]. These 
reactions occur when a threshold is exceeded and 
causes a change in tissue, predominately cell 
death [21]. For erythema, a dose of about 2Gy is 
thought to be sufficient, whereas a higher dose of 
5Gy is needed before long-term skin damage 
occurs [22].

Stochastic effect, namely, cancer develop-
ment, is more difficult to study as the latency 
period can be years and complicates the analysis. 
Ionizing radiation is known to directly alter DNA 
or to induce radical hydroxyl formation through 
water molecule ionization which then leads to 
DNA damage. If unrepaired, this damage can 
favor cancer development [23]. Studies on radia-
tion exposure conducted in several exposed 
groups such as Japanese atomic bomb survivors 
or other medically or environmentally exposed 
populations have established a clear causative 
link between radiation exposure and cancer 
induction at doses above 50 mSv [24]. For lower 
doses, the cancer risk remains difficult to esti-
mate. The limit of >50 mSv can be reached with 
some cardiologic procedures such as myocardial 
perfusion imaging [25] and also during TAVI, 
where a median PKA of 188  Gy*cm2 has been 
reported [8]. Furthermore, repetitive cardiac pro-
cedures and/or combinations with other medical 
imaging can accumulate to finally reach this 
threshold and must therefore be considered.

Occupational radiation is a more recent but 
equally significant concern. With lifelong radia-
tion exposure, the risk of deterministic and sto-
chastic adverse effects for cardiologists is among 
the highest in medical practice. Here again, esti-
mation of the development of adverse effects due 
to occupational radiation is not simple, but impact 
on the health of interventional cardiologists has 
been reported regarding several organs, mainly 
the brain and eyes. The effect of radiation on 
other organs obviously exists but is not specific to 
interventional cardiology.

Concern about occupational radiation was 
first raised in 1998 with a case report of two 
Canadian cardiologists displaying brain tumors 
[26]. The possible causative link was reinforced 
in 2012 by another case report of brain tumors in 
four interventional cardiologists [27] with more 

described cases following afterward [28]. 
Interestingly, the majority of these brain tumors 
were left-sided coinciding with the known sided-
ness of radiation exposure [29]. Along with brain 
tumors, a higher incidence of cataracts has been 
shown by a French multicenter observational 
study in 2013 [30]. This study compared inter-
ventional cardiologists to an unexposed control 
group of nonmedical workers and showed a sig-
nificant increased risk of posterior subcapsular 
cataracts among cardiologists. Despite being the 
least common of age-related cataracts, posterior 
subcapsular cataracts are proven to be the most 
frequent type associated with ionizing radiation 
exposure [1]. Due to the increase in interven-
tional cardiology, an exposure per person per 
year two to three times higher than in radiologists 
has been reported among cardiologists [31].

The majority of actual literature concentrates 
on occupational radiation exposure during CA 
with or without PCI and is less focused on TAVI 
procedures. However, it is generally seen that 
operator as well as patient exposure is similar 
during TAVI and PCI and both stay in an accept-
able range. Ever-increasing cardiac procedures 
and medical imaging may lead to severe adverse 
effects, mainly stochastic. Unfortunately, diffi-
culties in standardizing dose measurement and 
estimating long-term cancer risk, as well as high 
intra-operator variability, hamper literature clar-
ity. Nonetheless, radiation protection for both 
patients and operators include several means and 
techniques which are proven effective and must 
definitely be used.

34.5.1  Recommendations for TAVI 
Procedures Regarding 
Radiation Protection

Diverse methods and techniques have been pro-
posed to lessen X-ray exposure. In order to pro-
tect the population against ionizing radiation due 
to medical exposure, the Council of Ministers 
approved the European directive which is simply 
referred as the ALARA principle [32]. This acro-
nym stands for “As Low As Reasonably 
Achievable” and is based on the principle that no 
absolutely safe radiation dose exists. As 
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suggested by the name, the ALARA principle 
aims for the optimum diagnostic efficacy coin-
ciding with the lowest radiation exposure possi-
ble and the reduction of unnecessary use of 
ionizing radiation. No fixed radiation threshold 
exists, but a plan counterbalancing the risks and 
benefits must be considered before any interven-
tion requiring ionizing radiation.

In conjunction with the ALARA principle, sev-
eral methods and techniques have been developed 
to specifically reduce patient and operator expo-
sure during interventional cardiology. These were 
studied during various cardiac interventions, not 
specifically for TAVI procedures, but can logically 
be translated to all cardiac procedures. While some 
of these methods permit reductions for both patient 
and operator, others are more specific to either 
patient or operator protection alone.

For patients, minimizing fluoroscopic and 
acquisition time is, of course, the first step. 
However, additional proven techniques include 
variation of the beam angle to avoid prolonged 
exposure to the same skin area [33], increasing 
table height to maximize the distance between 
the patient and the X-ray source [34] and keep-
ing the patient’s arms out of the beam as this can 
deliver high radiation doses. In order to mini-
mize the patient’s skin area exposed and to limit 
scattered radiation, the patient should always be 
kept close to the detector [34]. The utilization of 
steep angles of the radiation beam is also known 
to favor scattered radiation and needs to be 
avoided or minimized [35]. As previously men-
tioned, different acquisition modes exist during 
cardiologic interventions with various degrees of 
radiation exposure. In order to minimize radia-
tion exposure, a comparison between two modes, 
namely, digital acquisition or “cine” angiogra-
phy and fluoroscopy with last fluoroscopic hold 
(LFH), has been studied during coronary angio-
gram [5]. LFH is a mode where the last image is 
automatically stored and shown on the monitor, 
therefore decreasing the need of continuous fluo-
roscopy. LFH in comparison to cine mode per-
mits a decrease in radiation exposure. A 
remaining problem is the lower diagnostic qual-
ity of the fluoroscopic LFH images when com-
pared to cine coronary angiography, a problem 
that could be solved with improvement in the 

new angiographic systems. Some newer devices 
store the last fluoroscopy run in a buffer memory 
that could potentially be stored instead of per-
forming a cineradiography sequence, thus spar-
ing substantial skin dose, as the dose rates 
between fluoroscopy and cineradiography differ 
by a factor of approximately 10. Other simple 
radiological techniques such as decreasing the 
frame rate of fluoroscopy or cine [36, 37] or 
replacing the use of magnification modes by 
using software magnification algorithms that 
allow zoom without necessitating more radiation 
[36] also permit reduced radiation exposure. 
Finally, both the American College of Cardiology 
(ACC) and the ICRP recommend monitoring of 
radiation dose with dosimeters to avoid exceed-
ing the safe range and to incorporate feedback on 
radiation exposure [38].

For medical staff, utilization of appropriate 
personal protection garments, including a full 
suit, a thyroid collar [39], and head protection 
[29], is of paramount importance. Although 
adverse orthopedic effects caused by the weight 
of these devices have been reported [40], lighter 
aprons are being studied. Development of cata-
racts may be prevented by wearing lead-lined 
glasses during interventions [41]. Depending on 
the use of radial or femoral access, a protective 
shield and/or drape between the operator and the 
patient will further help reduce operator radiation 
exposure [42]. Similar to patient recommenda-
tions, it is essential for operators to keep extremi-
ties free of the ionizing beam and to maximize 
the distance between themselves, the ionizing ray 
source, and the patient in order to protect against 
scattered radiation. Scattered radiation is a known 
source of incidental procedural radiation and 
affects both the operating staff and patient areas 
not directly inside the primary X-ray beam [33].

34.6  Conclusion

Medical use of ionizing radiation is of paramount 
importance in the modern practice of medicine 
and will likely continue to increase in the 
near future. While the benefit of procedures 
requiring radiation often exceeds the potentially 
harmful effects, attention must be given to the 
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consequences of repetitive radiation exposure to 
patients as well as to healthcare professionals. 
While the TAVI procedure is a relatively new 
technique, the side effects and quantification of 
radiation exposure in this intervention is less 
studied and is hampered by a lack of standardiza-
tion and intra-operator variability. However, a 
review of current literature indicates that the radi-
ation exposure for both patient and operator is 
similar to a coronary angiogram and is therefore 
in a safe range. As concern over radiation expo-
sure has grown, simple methods to protect both 
patient and medical staff have been developed 
and must be followed imperatively. Well-trained 
cardiologists benefit from higher procedural 
speed thus realizing a reduction of radiation 
exposure. Accordingly, recent increases in inter-
ventional cardiology and a growing number of 
TAVI procedures should foster improvement in 
cardiologist’s technical skills. Moreover, in the 
near future TAVI procedures will surely be wid-
ened to a younger and healthier population, thus 
facilitating improvements in the procedure itself 
leading to reduced procedural times. Finally, 
technical progress with radiological materials 
can also contribute to diminishing radiation 
exposure for both patient and medical staff.

In conclusion, TAVI procedures expose patient 
and medical staff to radiation and its subsequent 
risks. Operators seem to be more at risk through 
repetitive exposures as opposed to patients, but 
use of several simple protections means and fol-
lowing recommendations regarding X-ray mate-
rial utilization will help keep radiation exposure 
in a safe range. Progress with radiology materials 
in addition to improvements in cardiologist’s 
technical skills will further help decrease the 
radiation exposure inherent in TAVI procedures.
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35.1  Introduction

Transcatheter aortic valve implantation (TAVI), 
also called transcatheter aortic valve replacement 
(TAVR), represents a major advance in the man-
agement of native and bioprosthetic aortic steno-
sis. In its infancy, the procedure was primarily 
surgically dominated, but as the field evolved, it 
became clear that a hybrid approach between 
interventionalists and surgeons was necessary for 
a safe, effective, and optimal outcome. While the 
procedure can be daunting to those new to trans-
catheter valve replacement, the vast majority of 
experienced operators have been able to tailor 
and trim the procedure to the essential elements 
necessary for excellent clinical outcomes. The 
learning curve of TAVR is one that is based on 
experience, anxiety, procedural unknowns, and 
the relative novelty of a such an innovative proce-

dure. It is clear that with increased case-based, 
practical experience, a “TAVR program” is an 
inevitable product which ultimately stands to be 
the basis for all future TAVR procedures. With a 
“program” the pain points and achievements 
become notable and are the factors that drive it to 
either failure or success. From multiple registry 
data (US and European), there are clear observa-
tions that can help mitigate future disappoint-
ments and promote best practices. This chapter 
serves to highlight the most important aspects of 
TAVR that drive procedural efficiency.

35.2  The Valve Coordinators 
and the Valve Clinic

The idea that a coordinator for TAVR is a necessary 
aspect for performing TAVR was a novel concept 
to the field of interventional cardiology, as many 
high-risk and complex procedures were being per-
formed on a routine basis with the standard of care 
being a physician-driven process. It is not the com-
plexity of the TAVR procedure that drives the need 
for valve coordinators but instead the TAVR pro-
cess. The process of TAVR does not only involve 
the procedure, but it begins from the time the 
patient enters the clinic to the 1-year post-TAVR 
follow-up and everything in between. Coordinators 
screen patients, schedule evaluations, collect pre-
evaluation testing, ensure appropriate lab work, 
arrange for the pre- procedural invasive and 
computed tomographic angiographic evaluations, 

S. M. Patel (*) 
Structural Heart Center, St. Rita’s Medical  
Center- Mercy Health, Lima, OH, USA
e-mail: smpatel@mercy.com 

Y. Ichibori 
Division of Cardiovascular Medicine,  
Osaka University Graduate School of Medicine,  
Osaka, Japan 

A. Davis · G. F. Attizzani 
The Valve and Structural Heart Disease Intervention 
Center, University Hospitals, Cleveland Medical 
Center, Cleveland, OH, USA
e-mail: angela.davis@uhhospitals.org;  
guilherme.attizzani@uhhospitals.org

35

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05912-5_35&domain=pdf
https://doi.org/10.1007/978-3-030-05912-5_35
mailto:smpatel@mercy.com
mailto:angela.davis@uhhospitals.org
mailto:guilherme.attizzani@uhhospitals.org
mailto:guilherme.attizzani@uhhospitals.org


418

evaluate nursing, dental, fragility, and psychosocial 
needs, as well as coordinate procedure scheduling 
and post- procedure follow-ups [1–5]. Additionally, 
this person typically takes the lead on presenting 
patients at the combined heart team meetings and is 
intimately involved with patients and families to 
help answer questions and alleviate angst. Thus, 
the valve coordinator serves as a prime fulcrum for 
procedural efficiency as they understand all of the 
cohesive elements necessary for a successful valve 
implantation and are constantly working toward 
the goal from the moment of patient referral.

The valve clinic is one that is a multispeciality 
clinic involving all members of the valve heart 
team. Typically, interventional cardiologists and 
cardiothoracic surgeons who perform TAVR 
should independently evaluate the patients during 
the same visit and collectively review the neces-
sary data to ensure that the most appropriate 
management pathway is undertaken. The focus 
of the valve clinic should not be TAVR vs. SAVR 
but instead should be AVR or no AVR, and then 
the work-up is to ensue based on clinical, labora-
tory, and imaging to provide an optimal replace-
ment strategy. The valve clinic can and should 
include heart failure specialists, imaging cardiol-
ogists, and, if available geriatricians, social work-
ers, palliative care, physiatrists, and psychiatric 
experts [1–5]. A view from each of these perspec-
tives can provide new insights into the patient 
and the management pathway that takes a holistic 
approach to AVR. Depending on the needs of the 
patient, specialists from other disciplines may be 
consulted such as nephrology, hematology/oncol-
ogy, pulmonology, etc. to formulate a well- 
rounded “game plan” for the patient. Preemptively 
determining and educating the entire team on the 
factors that may complicate intraprocedural ele-
ments can improve the efficiency of the proce-
dure and reduce complications.

35.3  Pre-procedural CTA 
Evaluation

Patient selection for TAVR is a major determi-
nant in procedural efficiency. In order to ensure 
success, the importance of procedural planning 
in terms of access approach, aortic annulus 

sizing, choice of prosthesis, preimplantation val-
vuloplasty, and the anatomy of the iliofemoral 
arterial system and the aortic arch are key deter-
minants to optimal prosthesis implantation. 
Multislice, gated, computed tomography pro-
vides the most comprehensive noninvasive eval-
uation of the aortic valve in order to evaluate the 
anatomic parameters necessary for TAVR [4, 6]. 
The three-dimensional imaging is the gold stan-
dard for pre-TAVR imaging and comprehending 
the aortic valve, coronary anatomy, peripheral 
vasculature, and surrounding structures. 
Dedicated and standardized imaging interpreta-
tion is necessary for all TAVR operators and 
helps improve efficiency by allowing for predic-
tion of access issues, need for specialized 
sheaths, preimplantation peripheral intervention, 
and the use of specialized guidewires for valve 
advancement and for evaluating the type of valve 
most appropriate for implantation [2, 3, 7–11]. 
Coronary heights, sino-tubular or left ventricular 
outflow tract calcification, narrow sinuses of 
Valsalva, bicuspid aortic leaflets, and abnormal 
aortoventricular angle all can affect the decision 
between using a self- expanding and balloon-
expandable prosthesis [2–4, 7–11]. Of note, 
three-dimensional magnetic resonance imaging 
can provide similar assessment but requires time 
and may be contraindicated in those with metal-
lic implants, pacemakers, or claustrophobia [12–
14]. Review of the imaging can help operators 
prep their teams with specific approaches, 
instruct on bailout equipment, and ensure all 
team members’ expectations are set to ensure a 
smooth, predictable procedure [4].

35.4  Heart Team Approach

Risk assessment represents a pivotal element of 
TAVR. As TAVR is currently indicated for inter-
mediate-, high-, and prohibitive-risk surgical 
patients and is currently being studied in low-risk 
patients, understanding the definition of “risk” is 
of paramount importance. Multiple risk scores 
and models have been used for cardiac surgery 
mortality. In the current era of TAVR, the two 
most common patient scoring systems include 
the EuroSCORE and the STS-PROM [1, 4]. 
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The  current state of literature suggests that the 
STS- PROM more closely approximates the oper-
ative and long-term mortality for high-risk 
patients undergoing AVR [15]. Further, certain 
incremental risk factors including frailty, chronic 
lung disease, chronic liver disease, and nutri-
tional status may elevate patient’s risks as not 
captured by the standard method of STS-PROM 
and EuroSCORE. These scores and risk models 
are not absolutes for determining TAVR criteria 
and henceforth require contextual understanding 
of the patient’s candidacy for TAVR—heart team 
approach [1–5]. Input from the various care pro-
viders regarding the patient’s physical, emo-
tional, and social anatomy in conjunction with 
risk assessment for operative mortality can help 
select appropriate patients to benefit from TAVR 
and thus ensure procedural efficiency.

35.5  Procedure

On the day of the procedure, multiple steps can 
be taken to improve the overall flow of the 
patient from pre-procedure admission to post-
procedural care. The valve coordinator should be 
communicating with patients, families, and care-
givers to set expectations of pre-procedural lab 
work and post-discharge care to home or skilled 
nursing facilities. Once brought to the pre-proce-
dural holding area, a supine transthoracic echo-
cardiogram can provide a baseline study for 
comparison and ensures that the echocardiogra-
pher is familiar with the patient’s acoustic win-
dows to be able to repeat imaging on the 
procedural table. Thereafter, the patient is 
assessed by the primary implanter and if part of 
the procedural team, anesthesia services. 
Avoiding pre-TAVR insertions of central venous 
catheters, arterial lines, and urinary catheters 
helps to save time and facilitates “loading” of the 
patient onto the procedure table, which in turns 
facilitates sterile prep. Prior research in this area 
has demonstrated that procedural outcomes are 
similar without these instruments and does not 
compromise patient safety [16].

With the current state of TAVR, the majority 
of procedures are being performed via a trans-
femoral route [17]. In cases where there is a need 

for alternative access (subclavian/axillary, 
carotid, transcaval, and transapical), the bulk of 
these procedures require the use of a hybrid oper-
ating room, general anesthesia, and surgical 
access site exposure. However, given that a num-
ber of centers are attempting to focus on trans-
femoral access, the decision for type of anesthesia 
becomes a major factor in procedural efficiency.

Of note, as transfemoral TAVR has become 
almost as standard as cardiac catheterization, a 
trend toward performing the procedure without 
intubation and general anesthesia has become 
popular. In certain TAVR centers, the term mini-
malist approach TAVR (MAT) has become a 
standard of care [16]. In the MAT setting, the 
procedure is performed in a standard cardiac 
catheterization laboratory, using local anesthesia 
and mild conscious sedation, without transesoph-
ageal echocardiography and endotracheal intuba-
tion or the need for a perfusion team or a primed 
heart-lung bypass machine. The study of this 
approach, although non-randomized data, via the 
TVT/STS registry has shown that this approach 
improves efficiency, cost ratios, and resource uti-
lization and maintains patient safety and excel-
lent procedural outcomes [18–20]. The concept 
of avoiding intraprocedural TEE has also been a 
point of contention between TAVR operators, but 
again prior work in this area demonstrates that 
the avoidance of TEE does not promote poorer 
outcomes and in fact delivers similar results and 
prevents the usage of deep sedation which may 
result in fluctuations in hemodynamics, necessi-
tate intubation, and complicate the overall 
implantation [21, 22].

If a percutaneous approach is feasible, the 
anesthetic management with MAT is typically 
with the use of standard analgesia and anxiolytics 
administered under physician supervision via 
procedural nurses. It is important to note that 
advanced anesthetic management using 
monitored-anesthesia care (MAC) or general 
anesthesia (GA) is evaluated on a case-by-case 
basis during the heart team approach and planned 
prior to the patient arriving to the procedural suite. 
Patient-specific factors including severe respira-
tory disease, severe anxiety, the need for higher 
doses of medications, hemodynamic status, pro-
cedural complexity, and patient preference are 
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typical reasons for requiring advanced anesthetic 
support. However, typically, a combination of the 
above and the overall clinical picture along with 
patient safety drives the need for advanced anes-
thetic support.

Once in the procedural suite, a team approach 
for preparation of the patient should be under-
taken. Roles should be clearly defined, and only 
necessary team members should be present in the 
room to minimize confusion in tasks. We suggest 
a pre-procedural planning blueprint that is posted 
in the room for all members of the team to see. 
This document may be heart team specific and 
provides the salient points of the patient’s key 
clinical history, CTA measurements, procedural 
plan, and bailout strategies to prepare all team 
members prior to access (Fig. 35.1).

Once sterile prep has been completed, typi-
cally, we begin with the insertion of a right 
internal jugular transvenous pacemaker (TVP), 
followed by the non-primary access site, and 

then the pre-closed, large bore primary access 
site. The TVP is typically inserted via 6–7Fr 
standard sheath that allows for central venous 
infusion of medications while maintaining 
access for the TVP.  Given that the coplanar 
angle is pre- calculated from CT imaging, we 
perform aortic root angiography in this view 
and then begin the process of crossing the 
valve. We begin with a standard sequence of 
using a 6Fr AL1 catheter and a 0.035 in., fixed-
core, 150 cm guide wire. We then use the wire 
and catheter simultaneously to identify the aor-
tic valve jet which is then used as a guide to 
advance toward the aortic valve opening. 
Multiple, meticulous, and calculated passes of 
the wire may be needed; if due to anatomy, cal-
cification, angulation of the aorta, other cathe-
ters may be required, such as AR1, JR4, AL2, 
AL3, etc. Straight 0.035-in. hydrophilic guide-
wires have been used by many operators; how-
ever this can result in difficult tracking of the 

TAVR preop checklist

Age:

Comorbidities:

Pacemaker/ICD Allergies

Creatinine
Hb/platelet

Coronary artery dis:

ECHO:
EF
AV PG/MG
AVA

ECG

Prohibitive surgical risk: Yes/No

STS score

LV size/thickness
Other valves

CT measurement
Annulus Area:
Sinus:
Coronary Heights Left:
LVOT calcium:

Peripherals:
(Narrowest diameter)
Right:
Calcification/Tortuosity

Perimeter:
STJ:
Right:
Others:

Left:

TAVR Plan
Valve (Type/Size):
Access:

Antiplatelet/Anticoagulation

%Oversize

Intra-procedural details

Date: ____________  Time: start ___________ ; end ___________

Secondary access site: LFA/RFA, closure method: __________

Primary access site:  ________________LFA/RFA/

Closure methods for primary access site: Proglides x ___ +/- Angioseal ___ Fr x ___

ACT: __________ seconds

Any groin complications or special notes (please describ in words):

-     LBBB: ___
-     AV block: ___ ; degree of AV block: 1 / 2a / 2b / 3
-     Acute pulmonary edema: ___
-     VT/VF: ___
-     Volume infusion: ___
-     Prolong hypotension: ___
-     Coronary obstruction:  ___
-     Stroke: ___
-     Annular rupture: ___
-     Emergemy surgery: ___
-     Pericardial e�usion: ___   

Blood pressure: __________ (pre);  ___________ (post)

Peak to peak gradient:__________(pre); _____________ (post)

LVEDP: ______________ (pre); ______________ (post)

Fluroscopy time: __________ ; contrast volume:  ___________

Name and size of balloon: _____________________________

Name and size of valve: _______________; position:  low/optimal/high

Sapien valve: fully filled balloon /___ cc underfilled /___ cc overfilled

Rate of rapid pacing:  during BAV ____ bpm; during valve deployment _____ bpm

Protamine use: y / n; dose of protamine use: ____________

Any intraprocedural complications: y / n: if yes please check the box below

Fig. 35.1 Sample procedural planning document. Reproduced with permission granted by Medtronic
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catheter advancement across the valve; thus we 
do not typically recommend this approach. 
Once across the aortic valve, we typically insert 
a J-tipped 0.035  in., 260 cm wire into the left 
ventricle. A clockwise turn of the catheter as 
the guidewire is advanced typically allows the 
wire to be free of the mitral apparatus and to 
reach the true left ventricular apex. Once the 
wire is in the apex, we insert a 6Fr angled pig-
tail catheter into the left ventricle and measure 
hemodynamics. Through this pigtail catheter, 
we insert a pre-shaped stiff guide wire into the 
left ventricular apex and again ensure that the 
wire is not entangled in the mitral apparatus. 
Care must be taken to avoid placing the wire 
too deep into the apex and not too proximal 
toward the aortic valve. In the balloon- 
expandable prosthesis, standard balloon 
valvuloplasty is now performed, while in self-
expanding prostheses, balloon valvuloplasty is 
performed on a case-by- case basis as deter-
mined by the pre-procedural planning. We then 
advance a valve over this guidewire and deploy 
the valve according to manufacturer recom-
mendations for each system. Typically only 1–2 
more contrast injections are taken to ensure 

appropriate valve implantation depth, position, 
and stability. Once the valve is implanted, post-
procedure hemodynamics are taken, and supine 
transthoracic echocardiography is performed to 
evaluate for implantation success. Only if there 
is discordance between the hemodynamics and 
the echocardiogram is a contrast aortography 
performed. With each step, the operator is to be 
meticulous to prevent any untoward complica-
tions and follow best practices (Tables 35.1 and 
35.2) from the point of access to vascular clo-
sure. Due to the nature of the procedure, there 
is a learning curve that can be overcome for the 
various valve replacement systems when taking 
these approaches, and it is clear that fluoros-
copy time, contrast usage, procedure time, and 
complication rates are all optimized and mini-
mized [23, 24].

Vascular closure represents the final step in 
the TAVR procedure. Multiple techniques have 
been described including manual pressure, pre- 
closure, “crossover” wire technique, and primary 
surgical closure. The authors’ preference is CTA- 
based, fluoroscopically guided anterior wall, sin-
gle stick puncture with two orthogonally placed 
incomplete Perclose sutures that are closed over a 

Table 35.1 Designation and differences in the multidisciplinary heart team and the procedural heart team

The multidisciplinary heart team Procedural heart team
Primary team Primary implantation team
Referring physician Interventional cardiologist
Valve clinic coordinator Cardiothoracic surgeon
Interventional cardiologist Catheterization technologist
Cardiothoracic surgeon Procedural nurse
Imaging cardiologist Circulating/pharmacologic nurse
General cardiologist Valve system preparation technologist

Device representative
Supporting specialists Transthoracic echocardiography technologist
Electrophysiology
Heart failure cardiologist
Geriatrician
Psychiatry
Pulmonologist
Vascular surgery
Ancillary services Supporting specialists
Social work Cardiac anesthesiologist
Case manager Transesophageal physician echocardiographer
Home health services Operating room staff
Physiatry/rehabilitation Perfusionist
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standard 0.035  in. guidewire in sequential fash-
ion after removal of the large sheath or valve 
delivery system [25]. Closure of the large bore 
access first is key as to ensure that the secondary 
access is available for possible crossover access 
and vascular bailout if there is a complication. 
Although no one vascular closure technique has 
been established as the gold standard for TAVR 
through randomized trials, the method employed 
by each team should be one that the operator is 
most comfortable with, understands different 

iterations and manipulations necessary for vari-
ous patient anatomies, and importantly priori-
tizes patient safety and adequate hemostasis.

35.6  Internal Quality 
Improvement Program

Undertaking the endeavor of a TAVR program 
necessitates that the program is providing the 
highest level of care based on currently accepted 

Table 35.2 Best practices for self-expanding and balloon- expandable prosthesis

Intraprocedural best practices: self-expanding prosthesis
 1. Single, anterior wall puncture
 2. Pre-closure method, preferably double, orthogonal Perclose
 3. Adequate subcutaneous tissue dissection to prevent wire/valve kinking
 4. Use of a dedicated, manufacturer pre-shaped aortic valve guidewire for placement in left ventricular apex
 5. Sheathless valve insertion
 6. Continuous left anterior oblique fluoroscopic guidance of valve advancement across the aortic arch
 7. Place marker pigtail in the NCC and ensure it is at the very bottom of the cusp
 8. Remove parallax from the valve prior to beginning deployment (further LAO and minimal CAU)
 9. Three-operator deployment working in concert
    Operator #1—Valve positioner
    Operator #2—Valve deployer
    Operator #3—Wire manager
10. Extremely slow valve deployment; a quarter turn every 5–10 s
11. As the valve flares, the use of pacing at 100–120 bpm to minimize extrasystoles and avoid valve pop-out
12. Intermittent angiography to ensure appropriate valve trajectory toward the LCC
13. Once 80% of the valve has flared, remove the parallax and perform angiography to confirm valve position
14. Center the nose cone by withdrawing the guidewire
15. Very slow release of each paddle, one at a time, till the valve is fully released
16. Recapture of the nose cone in the straightest portion of the descending aorta
Intraprocedural best practices: balloon-expandable prosthesis
1. Single, anterior wall puncture
2. Pre-closure method, preferably double, orthogonal Perclose
3. Adequate subcutaneous tissue dissection to prevent wire/valve kinking
4. Insertion of the manufacturer sheath over stiff guide wire
5. Suture the sheath to the skin
6. Use of a dedicated, manufacturer pre-shaped aortic valve guidewire for placement in left ventricular apex
 7. Valvuloplasty during rapid, short (5–10 s) pacing run (180–200 bpm) once MAP <40–50 mmHg
 8. Place marker pigtail in the NCC and ensure it is at the very bottom of the cusp
 9. Insert valve delivery system and remove parallax from the valve in CRA view prior to loading on the balloon
10. Turn the knob of the flex catheter at least 50% to ensure a smooth transition across the aortic arch
11. Advance the valve in the LAO projection around the arch to aortic valve
12. Pull back to the valve pusher system once the valve is across the native aortic valve
13. Establish roles of contrast injector, pigtail puller, valve positioner, and valve inflator
14.  Initiate rapid pacing, taking contrast angiogram to ensure appropriate position, pull pigtail, and being to inflate 

the valve
15. Inflate the balloon completely and hold the inflation for 3–5 s, and then rapidly deflate
16. Stop pacing once the balloon is completely deflated
17. Unturn the flex catheter and remove all equipment from the patient
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success and complication rates. Participation in 
national (and international) registries is a 
requirement for TAVR programs and is linked to 
reimbursement for US-based TAVR programs. 
However, a team effort involving coordinators, 
implanters, registry assistants, and researchers 
should be expected to internally organize and 
document center-specific patient data in order to 
comprehensively understand the program’s 
strengths and weaknesses. Data analyses should 
be performed quarterly and reported to all team 
members. The heart team should meet regularly 
to discuss the results and address issues that pro-
hibit positive outcomes. Implementation of 
changes should be evidence-based, and time 
periods for improvement should be outlined to 
all members of the team and ancillary staff to 
achieve goals. With constant and active reassess-
ment of various program elements, identification 
of the needs, resources, and fundamentals neces-
sary for a successful and efficient program 
become evident and a primary goal of all those 
involved.

35.7  Conclusion

TAVR promises to become the standard of care 
for aortic valve disease management. As with all 
new procedures, as comfort is developed by oper-
ators, procedural efficiency becomes a norm. 
Standard best practices have been established and 
the Heart Team/implanters should be trained and 
well-versed in these methods. A TAVR center 
should recognize that the procedural efficiency is 
determined prior to the start of procedure and 
relies on procedural planning from identifying 
patient rehab needs, determining valve prosthe-
ses, understanding CTA imaging, and being com-
petent in vascular access/closure management. 
As a TAVR program grows, the team should con-
stantly re-evaluate processes outside and inside 
the procedural suite to identify problems and suc-
cesses to help continually improve the overall 
quality of the patient experience and clinical 
outcomes.
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Predictors of Success 
of Transcatheter Aortic  
Valve Implantation

Alessandro Maloberti, Domenico Sirico, 
Andrea Buono, and Giannattasio Cristina

36.1  Introduction

The role of transcatheter aortic valve implantation 
(TAVI), also called transcatheter aortic valve 
replacement (TAVR), as an alternative to surgi-
cal aortic valve replacement (SAVR) is estab-
lished in patient with symptomatic severe aortic 
stenosis (AS) who are at high surgical risk [1]. 
Furthermore, recent evidence shows promising 
clinical outcomes for TAVR compared to SAVR 
for intermediate surgical risk patients [2]. 
However, current selection of patients undergo-
ing TAVR relies on risk stratification models 
derived from surgical patient population 
(EuroSCORE and Society of Thoracic Surgery 
score), and many concerns regarding the suit-
ability of these models in predicting TAVR mor-
tality or complications risks have been raised. In 
fact, the evaluation of survival, as well as the 
incidence of major or minor complications, is of 
paramount importance and contributes to deci-
sion-making in interventions for severe 
AS.  Nevertheless, the assessment of individual 

patient’s prognosis after TAVR is challenging 
because heart valve team should take into con-
sideration a variety of predictors, which could be 
divided into three main groups: pre- procedural, 
procedural, and post-procedural (Fig. 36.1). The 
former ones are patient-related including clinical 
history, comorbidities, and cardiovascular mor-
phological and functional variables; procedural 
predictors are represented by technique-related 
issues (i.e., vascular access, type of implanted 
valve, pre- and post-dilation, etc.); and the latter 
ones could represent, on the one hand, minor or 
major complications and on the other being pre-
dictors of major events such as mortality (i.e., 
conduction disturbance, paravalvular leaks, 
etc.). Finally, TAVR success predictors have 
been extensively evaluated by several studies 
with some heterogeneity in results probably 
dependent from differences in population size 
and characteristics.

36.2  Predictors of Mortality

Mortality is considered the principal clinical out-
come and is frequently assessed as all-cause mor-
tality in the primary endpoint and as cardiovascular 
mortality in the secondary endpoints. Moreover, 
it is commonly divided in early-term (in-hospital 
and 30-day), mid-term (1-year), and late-term 
mortality. Its principal predictors are showed in 
Fig. 36.2.
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36.2.1  Pre-procedural Predictors

Among pre-procedural predictors echocardio-
graphic and patient baseline characteristics need 
to be discussed.

In the first group, reduced ejection fraction 
(EF), low flow-low gradient (LF-LG) stenosis, 
and reduced stroke volume index (SVI) have 
been found to be important predictors of mortal-
ity. Contrasting data on the impact of left ven-
tricular EF (LVEF) before TAVR have been 
reported. In the Placement of Aortic Transcatheter 
Valves (PARTNER) trial, reduced LVEF has not 
been related to worse outcomes [3]. In contrast, 
two recent meta-analyses showed that in patients 
with low EF, both all-cause and cardiovascular 
mortalities were significantly higher when com-
pared with patients with normal EF [4, 5].

The condition of LF-LG, represented by low 
mean trans-aortic gradient (<40  mmHg), is an 
independent factor related to a poorer prognosis 
in patients with severe AS as it reflects an 
advanced stage of the natural history of the dis-
ease [6]. Furthermore, in TAVR patients, a sig-
nificant higher mortality was found only in 
patients with LF-LG and low LVEF (also called 
classical LF-LG) but not in patients with LF-LG 
and normal LVEF (also called paradoxical 
LF-LG) [7]. Recently, Conrotto et al. showed that 
the combination of low LVEF with LF-LG is the 
strongest independent negative prognostic pre-
dictor in TAVR patients (both LVEF and mean 
trans-aortic gradient are not independently 
related to prognosis if considered separately). 
The authors (using a cutoff value of 40 for both 
parameters) showed that having at least one value 
(LVEF or mean transvalvular gradient) over 40 
leads to a similar good prognosis, whereas the 
combination of the two confers 2.4 times the risk 
of mortality at 3  years [8]. Conversely, Baron 
et  al. showed that LF-LG alone, independently 
from LVEF, was associated with higher mortality 
(HR 1.21; 95% CI 1.11–1.32; p  <  0.001) and 
higher rates of heart failure (HF) with a HR of 
1.52 (95% CI 1.36–1.69; p < 0.001) [9].

Recent data suggest that reduced SVI (<35 mL/
m2) alone may be an independent  predictor of 

mortality after TAVR [10]. Finally, a meta-analy-
sis enrolling 7673 patients evaluated the associa-
tion between low SVI, LF-LG (<40 mm Hg), and 
low EF (<50% and <30%) on 1-year all-cause 
mortality: each factor was associated with 
increased 1-year mortality after TAVR with simi-
lar prognostic impact (HR 1.52–1.60) [11].

Preoperative patients’ characteristics repre-
sent a paradoxical issue. In fact, the presence of 
multiple comorbidities raises the surgical risk 
leading, with higher probability, to the choice of 
a transcatheter approach. On the other hand, the 
same comorbidities act as factor that are able to 
predict all causes and cardiovascular mortality.

Among them, the following has been found to 
be important predictors of all-cause mortality.

 1. Chronic obstructive pulmonary disease 
(COPD): it is a recognized strong and inde-
pendent risk factor for mid-term mortality 
after TAVR (HR 3.14; 95% CI 1.05–9.40; 
p  =  0.04) [12]. Moreover, among COPD 
patients, a higher degree of airway obstruction 
and a lower exercise capacity were responsi-
ble of a higher risk of pulmonary complica-
tions and mortality, respectively. Interestingly, 
TAVR treatment was not beneficial in more 
than one-third of the COPD patients, and a 
shorter distance walked at the 6MWT (<170 
meters) helped to predict the lack of benefit 
after TAVR [12]. Furthermore, chronic 
obstructive pulmonary disease represents a 
predictor of late hospital readmissions, which 
is also an independent predictor of mid- and 
late-term mortality after TAVR (HR 1.56; 
95% CI 1.02–2.39; p = 0.043) [13].

 2. Chronic kidney disease (CKD): preoperative 
CKD and dialysis have shown to predict inde-
pendently mid- and late-term mortality after 
TAVR [14]. In particular, a pre-TAVR esti-
mated glomerular filtration rate (eGFR) 
<30  mL/min was associated with increased 
risk of death (with a OR of 3), and for each 
10 mL/min decrease in eGFR, there was a fur-
ther relative increase in the risk of all-cause 
death (35%; p  <  0.001) and cardiovascular 
death (14%; p  =  0.018) [15]. Moreover, 
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patients with CKD or end-stage renal disease 
(ESRD) have worse in-hospital outcomes 
after TAVR [16]. Finally, CKD increases the 
risk of acute kidney injury (AKI) after TAVR, 
which is associated with an elevated risk of 
mortality (see below in post-procedural pre-
dictors) [17].

 3. New York Heart Association (NYHA) func-
tional class: a NYHA class of III or IV was 
associated with higher mortality in patients 
undergoing SAVR for severe AS [18]. 
Similarly, in TAVR patients baseline NYHA 
functional class III to IV is associated with 
higher late mortality [14]. Furthermore, all-
cause and cardiac mortality were significantly 
higher in those with residual impairment of 
functional capacity than in those in NYHA I 
class after TAVR [19].

 4. Body mass index (BMI): The Valve Academic 
Research Consortium-2 has defined a BMI 
<20 kg/m2 as indicative of frailty. In fact, an 
higher BMI was associated with a lower risk 
of mortality at 30 days after TAVR [20], while 
low BMI was associated with increased late 
mortality after both SAVR and TAVR 
(HR 2.45, p = 0.01) [21].

 5. Atrial fibrillation (AF): like the presence of AF 
has been associated with higher mortality after 
SAVR [22], it has been reported as a promi-
nent predictor also after TAVR [23]. As an 
example, in the German registries, chronic AF 
was significantly associated with adverse out-
comes at 1 year [24] and was an independent 
cardiovascular and all-cause mortality predic-
tor (HR 2.33 and 1.88, respectively) [25].

 6. Pulmonary hypertension: baseline high pul-
monary arterial systolic pressure (PASP) 
>60 mm Hg was an independent echocardio-
graphic predictor of death from HF and other 
causes in TAVR patients (HR 1.99 and 1.90, 
respectively) [25].

 7. Diabetes mellitus (DM): the presence of this 
comorbidity has been extensively evaluated 
with heterogeneous results in literature. In a 
subgroup analysis of the PARTNER trial, dia-
betics had favorable outcomes when com-
pared to nondiabetics [26]. However, other 
studies showed DM had either adverse or no 

significant impact on TAVR outcomes [27, 
28]. In a large meta-analysis evaluating the 
impact of DM on outcomes of patients under-
going TAVR, it was associated with increased 
1-year all-cause mortality (OR 1.14) but not 
with early mortality. Interestingly, DM had no 
impact on early mortality, major bleeding, or 
major vascular complications, while diabetic 
patients had a higher risk of AKI after TAVR 
when compared to nondiabetics [29].

 8. Frailty: it plays a pivotal role in defining older 
patient’s capability to recover after a TAVR or 
SAVR procedure [30]. However, its evalua-
tion in clinical practice has been limited by a 
lack of consensus on how to measure. In fact 
many TAVR-centric frailty scales have been 
derived [31] with different results. In a multi-
variable analysis, the four-item Essential 
Frailty Toolset (EFT) demonstrated the stron-
gest association with 1-year mortality (OR 
3.72; 95% CI 2.54–5.45) and outperformed 
other frailty scales to identify vulnerable older 
adults who are at higher risk of poor outcomes 
after TAVR [32].

 9. Coronary artery disease (CAD): prevalence of 
coexisting CAD is high (about 50%) in 
patients with severe AS referred for TAVR 
[33]. Furthermore, most of the surgical risk 
scores (EuroSCORE, STS), which are used 
also for selecting candidates to TAVR, con-
sider CAD an item. However, previous evi-
dence has shown that CAD was not associated 
with an increased risk of adverse events after 
TAVR and that complete revascularization 
may not constitute a prerequisite [34]. 
Furthermore, a meta-analysis of adjusted 
observational studies enrolling 2472 patients 
revealed that CAD did not affect mid-term 
outcome [35].

36.2.2  Procedural Predictors

 1. Type of implanted valve: it seems that no dif-
ferences regarding mortality could be related 
to the type of valve. In fact, Tarantini et  al. 
compared long-term clinical outcome data 
and hemodynamic performance of TAVR with 
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either self-expandable CoreValve or the 
balloon- expandable Edwards SAPIEN 
XT.  The authors showed that clinical out-
comes and long-term hemodynamic perfor-
mance (i.e., mean trans-prosthetic gradient, 
effective orifice area, and incidence of aortic 
regurgitation) were favorable regardless of 
prostheses type [36]. Similarly, in the UK 
TAVR registry, there was no difference in sur-
vival between the two main valve types on 
multivariate analysis [23]. Despite these 
results type of implanted valve represents an 
important predictor of other TAVR-related 
complication such as for conduction distur-
bances (see later).

 2. Vascular approaches: non-transfemoral 
approaches have been associated with a 
marked increase in early and late mortality 
after TAVR.  In particular, the transapical 
approach was associated on multivariate anal-
ysis with increased early- and mid-term mor-
tality [37]. Similarly, the use of the transapical 
route was associated with increased risk of 
death from advanced HF (HR 2.38; 95% CI 
1.60–3.54; p < 0.001) [25]. Also the subcla-
vian approach has been associated with 
increased late mortality [14]. In contrast to 
these findings, multivariate analysis of a large 
series of patients undergoing TAVR from the 
German Aortic Valve Registry (GARY) 
showed that the transapical approach was not 
an independent predictor of death [18].

36.2.3  Post-procedural Predictors

 1. Paravalvular regurgitation, conduction distur-
bances, and cerebrovascular events: these 
types of complication will be treated exten-
sively below also as predictors of mortality.

 2. AKI: it is a common complication following 
TAVR and presents an important prognostic 
value as it is associated with higher rates of 
mortality, major bleeding, and vascular 
complications. Hypertension, COPD, blood 
transfusion, transapical access, preoperative 
creatinine values, peripheral vascular disease, 
and procedural bleeding events were 

predictive factors of AKI [38]. In a meta-
analysis enrolling almost 9000 TAVR 
patients, AKI stage >2 was the strongest 
30-day mortality predictor (OR 18.0; 95% CI 
6.25–52), and AKI stage 3 was an important 
predictor for cumulative mid-term mortality 
(OR 6.80; 95% CI 2.55–15.66) [4].

 3. Brain natriuretic peptide (BNP): it has been 
shown to be elevated in patients with symp-
tomatic AS and to decrease after successful 
SAVR [39]. In TAVR patients, pre-procedural 
BNP and pro-BNP levels have been identified 
as independent predictors of both short- and 
long-term mortality after TAVR [40]. In the 
same meta-analysis cited regarding AKI, 
baseline elevated pro-BNP levels (measured 
24 h before TAVI) were a strong independent 
predictor of both 30-day (OR 5.35; 95% CI 
1.74–16.5) and mid-term mortality (OR 11; 
95% CI 1.51–81) [4]. The unfavorable out-
come of valve interventions in patients with 
high pre-procedural BNP levels is believed to 
be related to the presence of impaired systolic 
and/or diastolic left ventricular function [41], 
suggesting that those patients might benefit 
from optimization of their hemodynamic sta-
tus before proceeding to TAVR. We deal with 
this factor as a post-procedural predictor 
because it has been showed that BNP level 
elevation at 30 days after TAVR intervention 
is a significant independent predictor of 1-year 
mortality (OR 1.82; 95% CI 1.26–2.62) [42]. 
The persistence of BNP elevation suggests an 
incomplete reduction in wall stress in these 
patients, and the same authors suggest post- 
procedural paravalvular regurgitation as the 
potential cause of volume overload.

 4. Myocardial injury: it is defined as a post- 
procedural peak value of cardiac troponin T 
and/or creatine kinase-MB (CK-MB) >5 
times the upper reference limit and is a fre-
quent complication after TAVR. Anyway, the 
impact on short-term outcomes remains con-
troversial, and the association with long-term 
prognosis is a matter of debate. Myocardial 
injury is most likely caused by global myo-
cardial ischemia, resulting from a mismatch 
in oxygen supply and demand. Approximately 
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50–60% of patients showed an increase in 
troponin T and CK-MB, and it emerged as a 
strong independent predictor of 30-day mor-
tality, while it is less strongly related to mid- 
term mortality [43]. In contrast, Stundl et al. 
found no significant correlation between 
myocardial injury and all-cause mortality at 
1 year [44].

36.2.4  Risk Scores

Current indication for TAVR vs. SAVR treatment 
in patients with severe AS relies on risk assess-
ment models derived from surgical patient popu-
lation (i.e., STS-PROM, EuroSCORE) in addition 
to the functional assessment, comorbidities, and 
procedure-related hurdles. However, risk stratifi-
cation scores tailored for TAVR population would 
be better in stratifying patient risks before and 
after intervention. In the last few years, aware-
ness of the limitations of conventional risk scores 
is increased, and several TAVR-specific risk 
models have been proposed.

Debonnaire et  al. developed the TAVI2- 
SCORe, which includes all the variables found to 
be independent predictors of 1-year mortality 
post-TAVR on the basis of a retrospective analy-
sis of 511 consecutive patients. It includes porce-
lain thoracic aorta, anemia, LVEF, recent 
myocardial infarction, male sex, critical AS, age, 
and CKD.  Patients were stratified in five risk 
groups according to the number of points 
assigned in 0 (reference), 1 (HR 2.6 for 1-year 
mortality), 2 (HR 3.6), 3 (HR 10.5), and ≥4 (HR 
17.6). The score showed better discrimination 
ability compared with logistic EuroSCOREs and 
STS-PROM scores [45].

Another simple risk score is the OBSERVANT 
one developed to predict 30-day mortality after 
TAVR.  This score is based on seven variables 
derived from the homonym study: eGFR <45 mL/
min (6 points), critical preoperative state (5 points), 
NYHA class IV (4 points), pulmonary hyperten-
sion (4 points), DM (4 points), previous balloon 
aortic valvuloplasty (3 points), and LVEF<40% (3 
points). Compared to logistic EuroSCORE, the 
model showed greater discrimination (C statistic 

0.71 vs. 0.66) and better global accuracy (Brier 
score 0.054 vs. 0.073) [46].

A further risk score model for TAVR patients 
was developed from the FRANCE 2 registry 
based on a patient cohort of similar size of the 
STS-PROM model. This nine-variable risk score 
is aimed to estimate early mortality; however, 
despite a good concordance between predicted 
and observed mortality, it achieved only a moder-
ate discrimination in the development and in the 
validation sample (C-index 0.67 and 0.59, respec-
tively) [37].

Recently, the Transcatheter Valve Therapy 
(TVT) registry model tool has been developed by 
the Society of Thoracic Surgeons/American 
College of Cardiology, as a predictive model of 
in-hospital mortality for patients undergoing 
TAVR.  The final model included as predictors 
age, eGFR, hemodialysis, NYHA class IV, severe 
COPD, non-femoral access, and procedural acu-
ity categories. The model C statistic for discrimi-
nation was 0.67 (95% CI 0.65–0.69) in the 
development group and 0.66 (95% CI 0.62–0.69) 
in the validation group [47]. Interestingly, the 
model has been externally validated in an inde-
pendent data set of consecutively enrolled 
patients in the Swiss TAVR registry and was 
found to have moderate discrimination (C-index, 
0.66 and 0.67 for in-hospital and 30-day mortal-
ity, respectively) and good calibration. 
Furthermore, when compared with the STS- 
PROM score, the TVT registry model demon-
strated improved calibration for both in-hospital 
and 30-day mortality [48].

In conclusion, all these scores have shown to 
represent an alternative to the most commonly 
used ones; nevertheless, their clinical use in the 
real-world requires further external validations.

36.3  Predictors of Quality of Life 
Improvement

Both TAVR and SAVR were found to improve 
symptoms and health-related quality of life 
(QoL) over medical therapy in patients affected 
by severe symptomatic AS.  These benefits, 
assessed by disease-specific Kansas City 
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Cardiomyopathy Questionnaire (KCCQ), were 
seen early after valve replacement, continued to 
improve at 1 year, and were largely sustained also 
after 3 years of follow-up [49].

However, a considerable number of patients 
may lack improvement in QoL or functional sta-
tus after TAVR, and identifying this subgroup of 
patients could help physician to acknowledge the 
possibility of futile treatment. In particular, futil-
ity has been defined as a lack of medical efficacy 
or lack of a meaningful survival benefit [50].

To best identify such patients, Arnold et  al. 
have proposed a definition for poor outcome at 
6  months after TAVR that combines death, 
KCCQ<45 (comparable to a NYHA class IV), or 
a decrease of more than ten points in the KCCQ 
from baseline. According to this definition, about 
35% of patients treated with TAVR in the 
PARTNER trial had a poor outcome [51].

Data from the TVT registry shows that poor 
outcome, as defined above, at 1  year was pre-
dicted by severe COPD, dialysis, or very poor 
baseline health status [52].

In a recent analysis of the GARY registry, 
QoL outcome after TAVR was assessed using the 
EuroQoL (EQ-5D) questionnaire. Valve replace-
ment leads to mean improvements in QoL, even 
though a considerable group of patients did not 
develop any benefits. Independent predictors for 
less pronounced QoL benefits were age, female 
sex, BMI, NYHA class III or IV, dialysis, periph-
eral arterial vascular disease, mitral insufficiency, 
postoperative transient ischemic attack or stroke, 
and postoperative hospitalization [53]. However, 
EuroQoL is a generic health status measure, and 
it may be not as sensitive as a disease-specific 
health measure in detecting changes in symp-
toms, function, and QoL, and consequently, it 
could underestimate the extent of benefits in 
patients undergoing TAVR [54].

36.4  Predictors of Cerebrovascular 
Events

Cerebrovascular events (CVE) are one of the most 
dreadful complications of TAVR as they are them-
selves an important cause of increased morbidity 

and mortality after these procedures. The nature of 
these events is principally ischemic, while a little 
proportion of hemorrhagic one is present. In the 
PARTNER trial, CVE occurred more frequently 
after TAVR than after SAVR at 30 days and 1 year 
in high surgical risk patients with severe AS [55]. 
The risk of CVE has declined over the years down 
to rates of 2.5–3% largely due to the increasing 
operator experience and improvement in valve 
technology and patient selection [18, 23]. For 
example, in the PARTNER-II trial, the 30-day risk 
of stroke was 3.2% compared to a 5.5–6.7% in the 
PARTNER-I [56].

As shown in Fig.  36.3, numerous potential 
risk factors and independent predictors able to 
determine CVE have been highlighted [57].

Firstly, CVE could be classified by the time of 
appearance in two main groups: short-term 
events, either early (less than 7 days from proce-
dure) or subacute (within 30 days), and long-term 
CVE (1 year and later). This classification sug-
gests the presence of different risk factors and 
mechanisms at the basis of CVE incidence, as 
well as different predictors. In general, early- and 
mid-term CVE are strongly associated with peri-
procedural aspects, while long-term events 
depending on patient- and/or disease-related fac-
tors, highlighting a more severe, generalized ath-
erosclerotic burden. Approximately 50–60% of 
strokes occur within 24 h from TAVR with a sec-
ond peak within 1 week from the procedure [58]. 
This could explain the reason why we have more 
predictors evaluated for short-term CVE than for 
long-term one.

36.4.1  Predictors of Early CVE

Following the classification of predictors pro-
posed above, among constitutional characteris-
tics that predict early CVE, there are female sex, 
older age, small aortic annuli, and small aortic 
valve area, these probably due to the fact that 
tighter valves present more calcification that 
could potentially embolize during TAVR [57, 
59]. In fact, males present a lower risk of short- 
term CVE probably due to a larger aortic annuli 
and left ventricular outflow tract that could 
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decrease the mechanical interaction between the 
native and prosthetic aortic valves during posi-
tioning and implantation, which represent the 
two maneuvers associated with the highest risk of 
cerebral emboli during TAVR procedure [59]. 
Furthermore, comorbidities such as CKD have 
been associated with CVE, while the most impor-
tant pre-procedural predictor is a history of AF, 
being associated in different studies with both 
short- and long-term CVE [57, 60].

Procedural aspects have been extensively 
ameliorated by improvements in valve technol-
ogy and better operator’s experience. Despite 
heterogeneous results with different type of 
valves have been reported [61], accordingly to 
the most recent evidences, valve type and 
approach (transapical vs. transfemoral) do not 
seem to influence directly the incidence of 
CVE [62]. Nevertheless, despite similar stroke 
risk, there may be an important difference in 
timing of stroke inherent to each valve. 
Focusing on the high-risk period of stroke 

during positioning and valve deployment, 
Kahlert et  al. showed that the risk with the 
CoreValve is higher  during the slow stepwise 
implantation, while that with the Edwards 
valve is maximum during the slow positioning 
of the device prior to implantation [63].

Another procedural predictor is the balloon 
post-dilatation (BPD), used to low the risk of 
paravalvular leaks. In fact, different studies 
have demonstrated the association between 
BPD and strokes, making stronger the concept 
that the manipulation of the aortic root (inde-
pendently by the TAVR approach) rather than 
the manipulation of the aortic arch (typical of 
transfemoral approach) is likely to be the deter-
minant of CVE [64]. Furthermore, one could 
speculate that BPD- induced leaflet deformation/
damage might increase the risk of bioprosthesis 
thrombosis.

AKI and vascular complications (VC) represent 
the most strong post-procedural predictors of short-
term CVE [57] as well as new-onset AF [59].
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36.4.2  Predictors of Late CVE

Predictors of late CVE have been less investi-
gated. The risk appears to be more related to 
patients’ characteristics prior to TAVR than to 
procedural or post-procedural factors. 
Particularly, a previous history of aortocoronary 
bypass and AF are the most powerful predictors 
of stroke at 1  year [57]. Moreover, in the 
PARTERN trial, predictors of late strokes were 
history of stroke from 6 to 12 months before the 
procedure, non-transfemoral approach (that 
could be interpreted as a higher burden of athero-
sclerosis and worse vasculopathy), and higher 
NYHA class [55].

Another source of thromboembolism might be 
bioprosthesis incomplete endothelialization. Free 
space left between prosthesis and native aortic 
valve, manifested as paravalvular leakage, might 
increase the risk of abnormal blood flow pattern. 
However, although suggested by a previous 
smaller study [64], in subsequent studies there 
was no association between paravalvular leakage 
and CVE occurrence.

36.4.3  CVE as Predictor of Mortality

As reported before, CVE are themselves predic-
tors of mortality [61]. The outcome of patients 
with stroke after TAVR seems to be influenced by 
the severity of the neurologic event. In patients 
with stroke and no permanent deficits, data sug-
gest that mortality may not be affected. However, 
patients with major stroke post-TAVR in the 
PARTNER trial had significantly increased 
1-year mortality rate compared [65].

36.5  Predictors of Conduction 
Disturbances

TAVR-related conduction disturbances, mainly 
new-onset left bundle-branch block (LBBB) and 
advanced atrioventricular block (AAVB) requir-
ing permanent pacemaker (PPM) implantation, 
remain the most common complication of this 
procedure. These complications rise over time, 

despite the increased experience of operators, the 
improved repositioning/retrievability capability, 
and the anti-paravalvular leak properties of the 
newer valves. A careful electrocardiographic 
monitoring for at least 48 h is needed in order to 
rapidly recognize these complications. In fact, 
most conduction disturbances occur during the 
TAVR procedure or within hours after that. A sig-
nificant proportion of conduction disturbances 
are transient (especially LBBB), particularly 
with the use of balloon-expandable valves. 
Development of delayed AAVB (≥48  h after 
TAVR) is more uncommon than periprocedural 
one and should be evaluated for the need of PPM.

Furthermore, new-onset LBBB and PPM rep-
resent themselves detrimental predictors for 
patient’s prognosis [66]. LBBB is associated 
with a greater risk of 1-year cardiovascular mor-
tality, probably due to an increased risk of sudden 
cardiac death and ventricular dyssynchrony with 
consequent systolic dysfunction [25].

The principal factors able to predict the con-
duction disturbances are the anatomical ones 
(Fig.  36.4). In fact, a left-sided or just below 
endocardium position of atrioventricular bundle, 
a short membranous septum, the calcium deposi-
tion on the conduction system or aortic valve, and 
the dimension of left ventricular outflow tract are 
of particular importance in predicting these dis-
turbances [67]. Beyond anatomical aspects, other 
pre-procedural predictors are the presence of pre-
vious conduction abnormalities, female sex, pre-
vious coronary artery bypass graft, and DM [68].

Turning to procedural predictors, a central 
role is determined by the type of valve implanted. 
In fact, the rate of new-onset LBBB is higher 
after implantation of the mechanically expanded 
Lotus valve (Boston Scientific, Natick, MA) 
[69]. Moreover, the self-expandable CoreValve 
system (Medtronic Inc., Minneapolis, MN) is 
more commonly associated with new-onset 
LBBB compared to the balloon-expandable 
Edwards SAPIEN valve (Edwards Lifesciences 
LLC, Irvine, CA), and the self-expandable 
Portico TAVR system (St. Jude Medical, St. Paul, 
MN). These association could be explained by 
the higher depth of the CoreValve prosthesis 
implantation within the left ventricular outflow 
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tract exerting high radial forces near to the con-
duction system [70]. Same reason could be found 
also for the association of predilatation with con-
duction disturbances [71].

Male sex, the presence of left or right BBB, 
and a QRS duration >128  ms after TAVR are 
independent predictors of delayed AAVB [72].

Similar to LBBB, PPM was five times more 
frequent among self-expandable CoreValve 
recipients compared with patients who received 
a balloon-expandable Edwards SAPIEN/
SAPIEN XT valve [73]. In a meta-analysis, 
Siontis et  al. identified male sex, first-degree 
AVB, left anterior hemiblock, and right BBB as 
pre-procedural predictors of PPM, whereas the 
presence of intraoperative AAVB and the use of 
a self-expandable prosthesis were the procedural 
predictors [74]. As reported for LBBB, 

anatomical characteristics such as calcifications 
of the aortic valve and mitral annulus and the 
depth of prosthesis implantation have been 
associated with PPM after TAVR [66].

36.6  Predictors of Paravalvular 
Regurgitation

One of the most common TAVR complications 
are paravalvular regurgitations (PVR). PVR are 
six times more frequent after TAVR than 
SAVR. Most of the times, PVR are mild, but in 
20% of cases, it is possible to observe a regurgita-
tion with a moderate to severe degree, which has 
been related with a worse prognosis. Figure 36.5 
shows the principal predictors of PVR.
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36.6.1  Pre-procedural Predictors

This section deals with all the aspect that could 
lead to a prosthesis-patient mismatch, reflecting 
an inadequate sizing of the valve. Among sub-
jects’ characteristics, a larger body surface area 
(BSA) and male sex result as significant predic-
tors of a greater PVR severity [75], because they 
are associated with a larger aortic annulus. After 
that, anatomical aspects are the most important 
pre-procedural predictors. Larger and eccentric 
annulus were identified as predictors of PVR, 
and, in fact, PVR higher than moderate has never 
been detected in patients with aortic annulus 
<22 mm [76].

In addition, the more the shape veers off the 
circular one, the more the prosthesis fails to com-
pletely cover the valve orifice. All these anatomic 
features are founded in bicuspid aortic valves, 
which are indeed at higher risk of PVR 
development.

Another anatomical factor that has been inves-
tigated is the angle between the axis of the 
ascending aorta (which would represent the land-
ing zone for the upper part of the bioprosthesis) 
and the axis of the left ventricular outflow tract 
(i.e., the landing zone of the lower part of the 
valve): the greater the angle, the higher the PVR 

incidence [77]. A wider angle affects the ability 
of prosthesis to seal the paraprosthetic space, par-
ticularly with the longer stent of CoreValve com-
pared to Edwards SAPIEN.

However, the most investigated pre- procedural 
predictor is aortic valve calcium. Several studies 
found significant associations between aortic 
valve calcification and PVR [78]. Obviously, 
when a significant amount of calcium is present at 
the circumference of the native valve, it does not 
allow the perfect juxtaposition between the pros-
thesis and the aortic wall, resulting in PVR.  In 
particular calcification at any aortic level (from 
the outflow tract to the valve annulus and leaflets) 
and their asymmetry or protrusion are predictors 
of greater than mild PVR. One method to quantify 
calcification is to calculate the Agatston score by 
computer tomography (CT), and findings con-
firmed an increased risk of significant PVR with 
Agatston scores >3000 HU [79].

In one study, Watanabe et al. have identified 
two independent predictors of equal or more than 
moderate PVR in patients undergoing TAVR with 
Edwards valves, namely, valve diameter/calcu-
lated average annulus diameter (CAAD) ratio by 
CT and the valve calcification index (VCI), 
defined as aortic root calcification volume/
BSA.  They developed a predicting score deter-
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mined by allotting one point when the valve 
diameter/CAAD ratio was <1.055 and one point 
when VCI was >418.4 mm3/m2. The incidence of 
significant PVR was 5.3%, 11.8%, and 37.5% 
when the results of the score were 0, 1, or 2, 
respectively [80].

In conclusion, incomplete prosthesis juxtapo-
sition to the native annulus due to patterns or 
extent of calcification or annular eccentricity 
seems to be the most powerful pre-procedural 
predictor of PVR, and appropriate pre-procedural 
planning for TAVR should include careful annu-
lus sizing, quantification of calcium burden, and 
assessment of left ventricular outflow tract and 
annulus asymmetry by CT.

36.6.2  Procedural Predictors

Undersizing of the valve and malpositioning of 
the device are the main procedural mechanisms 
at the base of PVR. These observations seem to 
be true for both balloon-expandable and self- 
expandable valves.

Regardless of the valve type, valve sizing has 
been shown to be one of the strongest predictors 
of PVR. Instinctually, greater degrees of oversiz-
ing are associated with lower rates of PVR with 
the lowest rate associated with oversizing >25% 
[81]. The other face of the coin is that the oversiz-
ing is associated to many complication, such as 
conduction disturbances and cerebrovascular 
events. To sum up, a certain degree of prosthesis 
oversizing, but not too much, may be required to 
prevent PVR.

Two studies have tried to give a measure of 
annulus-device congruence. Détaint et  al. 
described the “cover index” represented by the 
formula [100  ×  (prosthesis diameter- 
transesophageal echocardiography annulus diam-
eter)/prosthesis diameter] that has been 
demonstrated an independent predictor of more 
than moderate PVR [76]. In fact, a low cover index 
reflects a lower degree of oversizing of the pros-
thesis and significantly predicts PVR. Conversely, 
a cover index >8% has not been associated to sig-
nificant regurgitation. Santos et al. defined a “mis-
match index” expressed as annulus area-prosthesis 

area using three-dimensional transesophageal 
echocardiography [67]. Like the previous study, 
they evaluated only Edwards SAPIEN valve, find-
ing this index to be the only independent predictor 
of significant PVR.

The best imaging modality to size the aortic 
annulus is represented by CT.  Adherence to 
CT-based oversizing was associated with a 
reduced incidence of PVR, while adherence to a 
bidimensional transesophageal echocardiography- 
based sizing was not. When CT-based sizing crite-
ria were met, there was a 21% decrease in the 
incidence of PVR [82].

Type of device used for TAVR procedure may 
have significant implication on incidence of post- 
procedural PVR. This can be explained by differ-
ent prosthesis architecture and implantation 
techniques. Evidence is almost exclusively 
related to the second-generation devices and sug-
gests that CoreValve carries a higher risk of PVR 
when compared to Edwards SAPIEN valve [83, 
84]. In contrast, in the PRAGMATIC trial, the 
rate at 1 year of moderate to severe PVR was not 
statistically different between patients who 
received a CoreValve and those who underwent 
TAVR with a balloon-expandable device [85]. 
However, the trend was toward a higher inci-
dence of moderate/severe PVR in the CoreValve 
group compared with the Edwards SAPIEN, and 
probably this study failed to reach statistical sig-
nificance because of smaller population com-
pared to the before-mentioned meta-analysis.

The higher incidence with the self-expandable 
valve is likely due to several reasons. First of all, 
concerns have been raised over the weaker radial 
strength of the nitinol frame, especially with 
highly calcific lesions. In fact, while nitinol stents 
may exhibit greater ability to withstand stress and 
manipulation than stainless steel, it lacks the 
stiffness required to withstand the compressive 
force of the hard and calcified native valve. 
Incomplete device expansion and resultant 
impaired apposition of the CoreValve to the 
native annulus and the left ventricular outflow 
tract have been implicated. Also stent length, 
which is bigger in CoreValve compared to 
Edwards SAPIEN, plays a central role, in partic-
ular if the angulation between the left ventricular 
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outflow tract and the ascending aorta is very 
acute, which reduces the ability of the self- 
expanding prosthesis to form a tight seal to close 
the paravalvular space [68].

Moreover, PVR is influenced significantly by 
the implantation depth. When misplaced high or 
low, the skirt of the prosthetic valve does not pro-
vide an adequate seal around the annulus. This is 
particularly true with the use of CoreValve: due 
to its trapezoid lower segment, its depth of 
deployment is more challenging. A lower depth 
of implantation was found to predict PVR, while 
a 5–10 mm device depth from the non-coronary 
cusp minimized the risk of significant PVR [77].

However, prevalence of PVR is expected to 
soon significantly drop as third-generation 
devices will be largely used. Medtronic Corevalve 
Evolut R can be fully recaptured and repositioned 
for obtaining optimal valve positioning and have 
an extended sealing skirt. The SAPIEN 3 system 
incorporates a skirt surrounding the bottom of the 
valve with the objective of reducing PVR.  The 
Portico self-expandable valve (St. Jude) offers 
full resheathability (the ability to retrieve the 
valve) and large cells in the annulus section, to 
minimize the risk of PVR [86]. Those devices 
lower the rate of PVR below 30% compared to 
the >50% observed with the older-generation 
valve. Operators’ experience, obviously, is a sig-
nificant predictor of the incidence of PVR.

36.6.3  PVR as Predictor of Mortality

Strong evidence exists on the negative impact of 
residual moderate to severe PVR on survival after 
TAVR while less understood remain the prognos-
tic role of mild PVR. In fact, PVR >2 grade has 
been defined as device failure according to the 
Valve Academic Research Consortium-2 (VARC- 
2) criteria and is one of the strongest predictors of 
acute and mid-term mortality [84].

Some studies have shown a detrimental effect of 
even mild PVR. In fact, results from the cohort A of 
the PARTNER trial demonstrated that with bal-
loon-expandable valve, even mild PVR was associ-
ated with a worse survival at 2 years and at 5 years. 
The presence of greater severity PVR was also 

associated with reduced improvement in NYHA 
class and higher rates of rehospitalization [1, 75].

36.7  Predictors of Vascular 
and Bleeding Complications

Predictors of VC and bleeding complications 
(BC) are summarized together mainly for two 
reasons: firstly, BC have to be considered ones of 
VC accordingly to the VARC-2 classification that 
includes types 2, 3, and 5 of bleedings defined by 
the Bleeding Academic Research Consortium 
(BARC). The other reason is that VC are one of 
the principal predictors of BC.

Identification of predictors has been evaluated 
by several studies, and multiple emerged as inde-
pendent ones, but heterogeneous definition of VC 
and BC has been used among studies. The 
VARC-2 criteria allow a more meaningful distinc-
tion between major and minor VC and so a stron-
ger association between those and mortality.

36.7.1  Vascular Complications

VC depend on the access site: since the transfem-
oral approach is the most used one, ileofemoral 
complications are the most frequent, and we will 
focus on them.

The rate of vascular access-site complications 
is influenced by several factors, which include 
pre-procedural (patient’s anatomy) and proce-
dural ones (the size of the devices and the opera-
tor’s experience/technique in deploying the 
closure devices) as shown in Fig. 36.6.

Small vessel dimensions and moderate-severe 
calcification are the most important anatomical 
predictors, and the combination of these two ana-
tomical aspects was associated with the highest 
vascular complication rate [87]. Blakeslee-Carter 
et  al. have developed an iliac morphology score 
(IMS) model to predict VC.  IMS comprises iliac 
artery calcification and iliac artery minimum diam-
eter evaluated by CT. A high IMS (≥5) and femoral 
artery area were strong predictors of VC [88].

More than the absolute measure of the iliofem-
oral diameter, it is important the sheath-to- femoral 
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artery ratio, defined as the ratio between the 
sheath outer diameter and the femoral artery mini-
mal lumen diameter. A ratio > 1.05 is a strong pre-
dictor of major VC and 30-day mortality [87].

Among patients’ characteristics, female gen-
der, age, height, DM, CKD, and peripheral artery 
disease have been correlated with VC [89]. In 
fact, all these factors are associated with smaller 
arterial diameter or calcification of the arterial 
wall. As previously reported for other types of 
complications, also in this case, operator’s expe-
rience plays a pivotal role [90].

The most important procedural predictor is 
the sheath diameter. Recent data from the STS/
ACC Transcatheter Valve Therapy Registry sug-
gest that the frequency of VC is declining over 
time. In fact, major VC are significantly lowered 
by newer-generation TAVR devices that require 
smaller delivery sheaths, reducing complication 
from 8% (using 22–24 Fr sheaths) to 1% (using 
18–19 Fr sheaths) [91].

The type of valve does not seem to influence 
primarily the rate of VC, except for some rare 
complication such as annular rupture that appears 
more frequently with balloon-expandable valves 

with an extreme oversizing. The main difference 
compels again the required sheath: the Medtronic 
CoreValve has been associated with a lower risk 
of vascular complications compared to the older- 
generation Edwards SAPIEN devices that 
required sheaths with an inner diameter of 
22–24 F. However, the newer-generation SAPIEN 
XT valves (18 or 19  F delivery systems) and 
Edwards SAPIEN valve 3 systems (with even 
smaller delivery systems) present lower VC com-
pared to the first-generation valves. A large 
European multicenter registry compared the two 
newer-generation types of valve and found no 
difference in the rate of vascular complications 
from Medtronic CoreValve vs. Edwards SAPIEN 
XT valves [92]. With the recent approval of 
Medtronic CoreValve Evolut R systems, which 
use 14 F sheath, and Edwards SAPIEN valve 3 
systems, which use a 14  F expandable sheath 
(allowing transient sheath expansion during valve 
delivery and returning to a low-profile diameter 
immediately after), the real-world incidence of 
vascular complications is expected to decline.

Finally, the type of vascular closure devices 
needs to be discussed. In fact, a lower incidence 
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of VC and BC has been found with the double 
Preclose Proglide system, especially when 
compared to Prostar XL system (both by Abbott 
Vascular, Abbott Park, IL, USA) [93]. In the 
CONTROL multicenter study, Prostar use has 
been independently associated with both VC 
and BC with a sixfold increased risk of major 
complications when compared to Proglide [90].

36.7.2  Bleeding Complications

The temporal pattern of BC development permits 
to distinguish early bleeding (periprocedural 
period) and the late one. The former is an access- 
site bleeding originating from the puncture site or 
adjacent areas and is related mainly to procedural 
or technical factors. The latter, generally non- 
access- site bleeding, seems to be the expression 
of patient bleeding susceptibility.

As shown in Fig.  36.5, female gender, age, 
peripheral artery disease, CKD, AF, lower BMI, a 
high surgical risk, and DM have resulted to be the 
strongest predictor of BC, both early and late [94].

A major aspect of BC regards the therapeutic 
regimen. A strategy using mono vs. dual anti-
platelet therapy (DAPT) during the pre- 
procedural phase in patients undergoing TAVR 
reduces life-threatening and major BC. The result 
of the recent OCEAN-TAVI registry, comparing 
DAPT vs. single antiplatelet therapy (SAPT) 
showed a twofold increase of any BC with the 
second approach [95].

More confusion exists about the role of anti-
platelet regimen after TAVR in predicting BC. A 
meta-analysis suggests that at 30 days following 
TAVR, DAPT may have a higher bleeding risk 
vs. SAPT [96]; however, another recent meta- 
analysis found higher rate of BC with DAPT 
only when non-randomized trials were consid-
ered, losing significance with only randomized 
trial [97].

Once again, among procedural factors, the 
diameter of delivery system represents a major 
issue, and transapical and trans-subclavian vas-
cular accesses have emerged as predictors [94].

36.8  Perspectives

Recently, novel variables have been assessed in 
predicting outcome after TAVR.  Sinning et  al. 
showed that the elevation of growth differentiation 
factor-15, a stress-responsive cytokine  produced in 
response to inflammation and tissue injury, and 
interleukin-8, involved in innate immune 
responses, was associated with an increased risk of 
1-year mortality. Moreover, the combination of 
these biomarkers with the EuroSCORE II added 
prognostic information to risk score alone [98].

Interestingly, patients undergoing TAVR who 
presented a worsening of pre-existing thrombocy-
topenia (TP) showed poorer in-hospital clinical 
outcomes with a 2.8-fold and three-fold increased 
risk of developing major VC and BC [99].

Furthermore, in patients with severe AS, arte-
rial stiffness evaluated by pulse wave velocity 
(PWV) was correlated with transvalvular gradi-
ent and, in patients undergoing TAVR, was able 
to predict the echocardiographic procedure 
response. Therefore, baseline evaluation of PWV 
before TAVR could help in the selection of 
patients [100].

Finally, patients with severe AS undergoing 
TAVR and an invasive intraprocedural measure-
ment of cardiac index (CI) <1.9  L/min/m2 had 
significantly higher mortality at 30  days and 
1 year, and those with lower CI at baseline with-
out post-valve implantation improvement had the 
worst survival at 1-year follow-up [101].

The definitive role of these new factors need 
further study to be confirmed, but it could be that 
in the next future new variables will be added to 
predictive model to increase the sensibility to pre-
dict TAVR-related mortality and complications.

36.9  Conclusions

In this chapter, we have reviewed the principal pre-
dictors of mortality and complications of 
TAVR. Although many patients present an optimal 
response to TAVR with no complication and an 
improvement in mortality and QoL, a considerable 
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number of patients don’t answer this way. 
Understanding the predictors behind mortality, 
lack of improvement in QoL, or functional status 
as well as complications after TAVR could help in 
identifying a subgroup of patients in which the 
treatment could be defined as futile and so avoided. 
New variables are under study, and in the next 
future, they could be added to the predictive model 
in order to increase the sensibility to predict 
TAVR-related mortality and complications.
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Learning Curve Characteristics 
and Relationship of Procedural 
Volumes with Clinical Outcomes 
for Transcatheter Aortic Valve 
Implantation

Anthony Wassef and Asim N. Cheema

Transcatheter aortic valve implantation (TAVI), 
also called transcatheter aortic valve replace-
ment (TAVR), has experienced marked growth in 
utilization after successful outcome of large ran-
domized trails confirming clinical utility of 
TAVR for patients at high [1–3] and intermediate 
risk for surgical aortic valve replacement (SAVR) 
[4, 5]. With the expanding indications for TAVR 
[6], there has been a significant increase in the 
number of centers performing TAVR as well as 
the number of procedures being performed at 
each center. Compared to 2012, when 4627 pro-
cedures were performed at 198 centers in the 
United States, greater than 24000 procedures 
were performed at more than 400 centers in 2015 
[7]. An increasing proportion of elderly popula-
tion in the Western society over the next decades 
[8, 9] will require a greater demand for TAVR 
procedures with a concomitant increase in the 
need of new operators and centers [10]. However, 
TAVR is a technically challenging procedure 
requiring a unique skill set that is distinct from 
conventional learning in interventional cardiol-

ogy and cardiac surgery [11]. Therefore, ongo-
ing quality assurance is highly desirable to 
optimize clinical outcomes and maintain excel-
lence for operators and sites performing TAVR.

The phenomenon of procedural learning curve 
has been well described for technically difficult 
or complex procedures [12, 13]. In addition, the 
effects of operator and institutional volumes on 
procedural success rates and patient outcomes 
are well documented in the surgical literature 
[14]. However, limited information is available 
regarding the learning curve and annual volume 
relationship with clinical outcome for TAVR 
procedures.

In this chapter, we will review the general prin-
ciples associated with the learning curve phenom-
enon and the relationship between institutional or 
operator volumes with clinical outcomes. In addi-
tion we will discuss the evidence for TAVR learn-
ing curve and data examining the effect of annual 
institutional volumes on patient outcomes as well 
as identify areas that require further research to 
answer outstanding questions.

37.1  General Principles 
for Learning Curve Analysis

The concept of the learning curve was first intro-
duced in aircraft manufacturing in 1936, where 
Wright described how the cost of aircraft 
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 manufacturing decreased with increasing time 
and experience [15]. This has since been applied 
to other industries including the medical 
profession supporting the principle that people 
and organizations would become better at per-
forming specific tasks with increasing exposure 
and experience [16]. In contrast to pharmacologi-
cal treatments, both surgical and interventional 
procedures including TAVR are difficult to inves-
tigate due to their complex and multifaceted 
nature including need for specific training and 
continued experience for satisfactory results [16–
18]. Cook et  al. [19] described a conceptual 
approach to learning curve analysis where incre-
mental improvement in outcomes finally reaches 
a plateau. It is important to note that “surgical 
skill” is not a quantity or variable that can be 
measured directly; instead the two quantities that 
are assessed in the learning curve analysis include 
measures of process (operative time, contrast vol-
ume, etc.) and measures of clinical outcome (e.g., 
death, stroke, bleeding, etc.) [17].

37.2  Learning Curve Phenomenon 
in Clinical Medicine

The learning curve has been assessed in multiple 
studies, primarily related to surgical specialties 
and medical education [18]. In terms of clinical 
implications, the most notable case is related to 
the excessive rates of death among pediatric 
patients undergoing cardiac surgery in Bristol, 
UK, when the poor outcomes were identified to 
be related to the limited experience of the sur-
geon [20]. In cardiovascular medicine, the pres-
ence of a learning curve has been documented for 
both interventional and cardiac surgery proce-
dures. For coronary artery bypass grafting 
(CABG), Bridgewater et al. showed that patient 
mortality rates consistently declined from 2.2% 
for surgeons in the first year of practice after 
completion of residency training to 1.2% for the 
fourth year of practice post training [21]. 
Similarly, operative time for CABG has been 
shown to decrease by over 17 min when compar-
ing new with experienced surgeons [22]. In 

interventional cardiology, the phenomenon of 
learning curve has been demonstrated for transra-
dial cardiac catheterization and coronary inter-
ventions (PCI). Ball et  al. [13] studied 1672 
patients undergoing transradial PCI by 28 opera-
tors and found that failure rates and contrast use 
were significantly higher for the first 50 cases 
compared to experienced radial operators and the 
odds of radial failure reduced by 32% for every 
50 case increase in the operator experience. 
Similar results were reported from the much 
larger CathPCI registry confirming that a mini-
mum of 50 case volume was required to achieve 
technical proficiency for transradial PCI [23].

37.3  Learning Curve 
for Transcatheter Aortic 
Valve Implantation (TAVR)

37.3.1  TAVR Learning Curve: 
Measures of Process

Multiple studies have demonstrated that with 
increasing procedural experience, measures of 
process for TAVR including procedure time, fluo-
roscopy time, and contrast use will improve 
(Table  37.1). Early single center trials focusing 
on transapical TAVR (TA-TAVR) [24] showed 
that fluoroscopy time (7.1 min vs. 6.2 min) and 
contrast volume (104 mL vs. 93 mL) significantly 
decreased after the initial 150 cases. Similarly, 
D’Anconna et al. [25] showed a 5% decrease in 
operative time and 15% lowering of radiation 
exposure for every 100 TAVR procedures per-
formed. A similar analysis from the PARTNER 
trial was reported by Suri et al. and included 1100 
patients undergoing TA-TAVR showing signifi-
cant reductions in fluoroscopy time (14–12 min) 
and contrast volume (114–90 mL) after the initial 
60 cases [26]. A similar trend for transfemoral 
TAVR (TF-TAVR) cohort from PARTNER study 
(n = 1521) was reported with a decrease in proce-
dure time from 154 to 85 min and reduced fluo-
roscopy time from 28 to 20 min over the course 
of the study duration [27].
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Table 37.1 Summary of studies examining the learning curve for transcatheter aortic valve implantation

Study Year
Source data/
population N Access

Principle comparison/
analysis Principle findings

Gurvitch 
et al. [30]

2011 Single center 270 TF and TA First half (135) vs. 
second half (135)

Significant increase in overall 
procedural success (92.6% vs. 
97.8%), significant decrease in 
overall mortality (13.3% vs. 
5.9%)

Kempfert 
et al. [24]

2011 Single center 299 TA First half (150) vs. 
second half (149)

Significantly reduced contrast 
load (104 mL vs. 93 mL), 
balloon re-dilation and 
reduced 30-day mortality 
(11.3–6.0%)

Alli et al. 
[47]

2012 Single center 44 TF and TA 1st to 3rd tertile Significant decrease in median 
contrast volume (180 to 160 to 
130 mL), valvuloplasty to 
valve time, fluoroscopy time 
(26.1 to 17.2 to 14.3 min) and 
radiation dose

D’Ancona 
et al. [25, 48, 
49]

2014 Single center 500 TA Linear and 
nonparametric 
correlation

5% reduction in operating 
time and 15% reduction in 
contrast dose per 100 cases 
performed

Lundardi 
et al. [50]

2016 Single center 177 TF Cumulative Sum 
(CUSUM)

54 cases for plateau of primary 
composite end point of major 
complications; 32 cases for 
plateau of device success

Arai et al. 
[31]

2016 3 centers 312 TF Cumulative Sum 
(CUSUM) early 
experience Edwards 
valve (86 procedures), 
CoreValve (40 cases)

Edwards valve: 30-day 
mortality (17% to 7%) and 
1 year mortality (34–21%) 
improved. CoreValve: 30-day 
mortality (20–6%) and 1 year 
mortality (38–15%) improved.

Arai et al. 
[51]

2016 3 centers 257 TAo Cumulative Sum 
(CUSUM) early 
experience 128 cases 
vs. later experience

30-day mortality was not 
significantly different, the 
incidence of life-threatening 
bleeding (9% vs. 1%), stroke 
(5% vs. 0%,) and AKI (16% 
vs. 6%) decreased in the late 
phase group

Suri et al. 
[26]

2016 Multicenter—
PARTNER

1100 TA Nonlinear mixed 
modeling 30–45 cases

30 cases: Procedure time 
decreased from 131 to 
116 min; 45 cases: Device 
success increased to 90%

Minha et al. 
[32]

2016 Multicenter—
PARTNER

1521 TF Plateau 
of effect – clinical

22 cases: 80% device success; 
70 cases: major bleeding 
below 10%; 25 cases: major 
vascular complications below 
5%; 28 cases: consistently low 
30-day mortality.

Alli et al. 
[27]

2016 Multicenter—
PARTNER

1521 TF Plateau 
of effect – technical

Procedure time decreased 
from 154 to 85 min; 
fluoroscopy time from 28 to 
20 min. Plateau achieved at 25 
cases for centers entering late

(continued)
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We have previously examined the learning 
curve phenomenon in a large cohort of patients 
from an international TAVR registry comprising 
1953 patients [28]. Data for all TAVR cases was 
collected from the start of the respective TAVR 
programs and stratified into chronological quan-
tiles. We observed a consistent decrease in proce-
dure time with increasing case volume. The 
TAVR performed in the fourth quantile (>243 
procedures) showed a procedure time >120 min 
for only 2.3% of cases compared to 13.3% in the 
first quantile (<62 procedures). Similarly, <5% of 
cases in the fourth quantile utilized contrast vol-
ume of >100 mL compared to 15% of cases in the 
first quantile. These findings were later confirmed 
in a publication from the TVT registry from the 
United States for 42,988 TAVR patients also 
showing a comparable decrease in contrast use, 
air kerma radiation dose, and fluoroscopy time 
with increasing experience [29].

37.3.2  TAVR Learning Curve: Clinical 
Outcomes

As with measures of process examining proce-
dural outcomes, multiple studies have studied 
and reported an improvement in clinical out-
comes for TAVR with increasing procedural 
experience (Table  37.1). The initial report of a 
learning curve from the Vancouver group [30] 
divided their initial 270 cases into first and sec-
ond half and showed improved 30-day mortality 
that decreased from 13.3% among the first half to 
5.9% among the second half of procedures. A 
three-center study from France and Japan exam-
ined early learning curve for TA- and TF-TAVR 
[31]. The authors observed that 1-year mortality 
significantly improved after the initial 86 cases 
for the Sapien valve (34% vs. 21%) and after the 
initial 40 cases for the CoreValve (38–14%) for 
TF-TAVR.  However, there was no significant 

Table 37.1 (continued)

Study Year
Source data/
population N Access

Principle comparison/
analysis Principle findings

D’Anconna 
et al. [52]

2017 Single center 133 TF Early learning (20 
cases) phase vs. 
consolidation

Statistically significant 
reduction in catheterization 
time after first 20 cases

Henn et al. 
[53]

2017 Single center 400 TF, TA, 
and TAo

Case sequence Technical proficiency begins 
to develop by the 25th case, 
and achieved by 50th case

Gurevitch 
et al. [44]

2017 Single center—
recent initiation 
with mentorship

269 TF and 
alternative

Mentorship between 
experienced center 
and novice center

After 1 year and 50 cases: No 
difference in outcomes 
(procedural safety, procedure 
times, length of stay) between 
experienced center and novice 
center

Wassef et al. 
[28]

2017 International 
Multicenter 
Registry

1953 TF and 
alternative

Case sequence 
quantiles Q1:0–62, 
Q2:63–133, Q2:134–
242, Q4: >243

Q4 vs. Q1: All-cause mortality 
decreased (4% vs. 8%), 
improved device success (89% 
vs. 78%), reduced combined 
safety end point (10% vs. 
19%)

Carrol et al. 
[29]

2017 STS/TVT 
Registry

42998 TF and 
alternative

Case sequence 
quartiles, linear and 
nonlinear modeling

Increasing site volume 
associated with lower 
mortality, bleeding, vascular 
access complications but not 
stroke. High risk of adverse 
vascular and bleeding 
outcomes in the first 100 cases
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 difference in mortality with higher volume for 
TA-TAVR, though life-threatening bleeding (9% 
vs. 1%), stroke (5% vs. 0%), and acute kidney 
injury (16% vs. 6%) decreased only after the first 
128 cases.

Three large multicenter studies have exam-
ined relationship of procedural volumes with 
clinical outcomes among TAVR populations. 
Minha et  al. [32] used data from 1521 patients 
undergoing TF-TAVR from the PARTNER trial 
and found that 80% device success was achieved 
by 22 cases, major vascular complications fell 
below 5% after 70 cases, and major bleeding was 
<10% after the 25 case volume. Wassef et al. [28] 
(Fig. 37.1) used data from the international TAVR 
registry from nine centers with 1953 patients and 
stratified all cases in chronological case quantiles 
(Q1  ≤  62 cases, Q2 63–133, Q3 134–233, 
Q4  ≥  234). The authors reported a significant 
increase in device success (78% for Q1 to 89% 
for Q4), decreased incidence of moderate to 
severe paravalvular leak (19% for Q1 to 11% for 
Q4), and lower rates of valve embolization (3.8% 
for Q1 to 0.2% for Q4) with greater TAVR vol-

ume. The overall rate of the early safety end point 
improved from 19% for patients in Q1 to 10% for 
patients in Q4, with a significant decrease from 
Q1 to Q 4 for the rate of major vascular compli-
cations (9% vs. 4%), major bleeding (4.4% vs. 
1.6%), and all-cause mortality (8.3% vs. 3.7%). 
Multivariate correction for baseline and proce-
dural variables demonstrated that Q2 (OR 2.18), 
Q3 (OR 3.82), and Q4 (OR 13.5) were indepen-
dently associated with higher device success, 
while Q3 (OR 0.67) and Q4 (OR 0.41) were asso-
ciated with higher early safety end point. Q4 was 
also independently associated with a lower mor-
tality (OR 0.36). Using data from the TVT regis-
try, Carrol et  al. also demonstrated a similar 
learning curve (Fig. 37.2) [29]. In their analysis 
of 42,988 TAVR procedures at 395 hospitals in 
the United States performed between 2011 and 
2015, the modeled rates of mortality, vascular 
complications, and bleeding complications for 
the first case versus the 400th case reduced from 
3.6% vs. 2.6%, 6.1% vs. 4.2%, and 9.6% vs. 
5.1%, respectively. The differences in outcomes 
were most pronounced for the first 100 cases.

10

9

8

7

6

5

4

3

2

1

0

9

8

7

6

5

4

3

2

1

Death Stroke
0

Major Vascular Complication Major Bleeding Valve Embolization

p = 0.002

p = 0.011

p = 0.178

p = 0.04

p = 0.01

1
(0.2)

41
(8.3)

40
(8.3) 36

(7.4)

18
(3.7) 12

(2.4)

20
(4.1)

20
(4.1)

11
(2.3)9

(1.8)

11
(2.3)

19
(3.8)

8
(1.6)

17
(3.5)

26
(5.4)

34
(6.9)

21
(4.3)

37
(7.6)

36
(7.5)

45
(9.1)

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

Fig. 37.1 Learning curve as demonstrated in a large mul-
ticenter registry of 1953 patients divided into first quantile 
(Q1) represented chronologically ordered patients number 
1–62, second quantile (Q2) patient number 63–133, third 
quantile (Q3) patient number 134–242, and fourth quan-

tile (Q4) patient number 243–476. With increasing proce-
dural experience, major vascular complications, major 
bleeding, valve embolization, and death all improved. 
Reproduced from Wassef et al. 2017 [28]
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37.4  Procedural Volume 
and Outcome Relationship 
for TAVR

37.4.1  Procedural Volume 
and Outcomes in Clinical 
Medicine

The relationship between hospital and operator 
volumes and adverse outcomes for surgical proce-
dures has been well described, with the first large 
report published by Luft et al. in 1979 reporting 
improved mortality for a variety of surgical proce-
dures in high-volume compared to low-volume 
hospitals [33]. Factors that may influence 

improved surgical outcome in higher- volume hos-
pital include more skilled surgeons, referral bias 
to surgeons with better outcomes, increased 
familiarity with and ability to anticipate and man-
age postoperative complications, greater resources 
to manage complex patients, and better communi-
cation between the healthcare team [33, 34]. The 
role of postoperative management and “failure to 
rescue” from a complication has also been identi-
fied as another important factor for adverse out-
comes seen among low-volume centers. Results 
from a series of >100,000 US Medicare patients 
undergoing cardiovascular surgery procedures 
showed that there was a 12% higher rate of major 
complications, but 57% were more likely to die 
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Fig. 37.2 Association of (a) mortality, (b) vascular com-
plications, (c) bleeding, and (d) stroke with procedure 
sequence number, with the most marked improvement in 

outcomes being in the first 100 cases. Reproduced with 
permission from Carrol et al. 2017 [29]

A. Wassef and A. N. Cheema



451

from the complications when procedures were 
performed at centers in the lowest compared to 
the highest annual volume quintile [34]. Although 
studies have examined volume–outcome relation-
ships for both individual operators and institu-
tions, a recent systematic review suggests that 
institutional volumes are more predictive of 
adverse outcomes for complex procedures, while 
operator volumes are reasonable predictor for out-
comes of less complex procedures [35]. Birkmeyer 
et al. reported from a large series of nearly half a 
million patients undergoing a variety of common 
surgical procedures showing a strong relationship 
between hospital surgical volume and adjusted 
operative mortality for CABG (5.5% for >162 
procedures/year vs. 3.5% for <101 procedures/
year), aortic valve replacement (10% for >42 pro-
cedures/year vs. 6% for <22 procedures/year), 
and repair of abdominal aortic aneurysm (6% for 
>18% procedures/year vs. 4% for <8 procedures/
year) [36]. In interventional cardiology, several 
studies have reported on the important relation-
ship between annual procedure volume and clini-
cal outcomes. A widely known study by Hannan 
et al. analyzed data from the New York PCI regis-
try and found a significantly higher rate of mortal-
ity (0.96% vs. 0.90%) and same-stay CABG 
(3.9% vs. 3.4%) for hospitals performing <600 
procedures and operators performing <75 PCI 
procedures per year [14]. With the multitude of 
studies and meta-analyses demonstrating 
improved outcomes with higher operator and hos-
pital volumes, a public initiative is suggested to 
limit complex surgical procedures to specific 
operators and institutions [37].

37.5  Procedure Volume 
and Outcome Relationship 
for TAVR

TAVR is a complex procedure that requires 
involvement of specialists from multiple special-
ties including interventional cardiology, cardio-
vascular surgery, cardiac imaging, and anesthesia 
for appropriate patient selection, procedure per-
formance, and postoperative management. In 
view of the heart team approach for TAVR, 

examination of operator volume and clinical 
outcome relationship has limited application, and 
most investigators have focused on delineating 
the influence of hospital volumes on clinical out-
come of TAVR as summarized in Table  37.2. 
Recognizing the importance of hospital volumes 
on clinical excellence in a variety of medical pro-
cedures, the Centers for Medicare and Medicaid 
Services in the United States requires a hospital 
to perform at least 50 SAVR, employ 2 or more 
cardiac surgeons, and perform ≥1000 coronary 
angiograms and ≥400 PCI prior to be approved 
as a TAVR site [38].

With regard to clinical end points of interest, 
Kim et al. [39] using the US National Inpatient 
Sample (256 hospitals, 7660 patients) found a 
correlation between clinical outcome and hospi-
tal volumes. Low-volume TF-TAVR centers (<20 
TAVR/year) had higher rates of all-cause death 
(OR 1.55), bleeding (OR 1.53), and pacemaker 
implantation (OR 1.39) with no significant differ-
ence in stroke when compared to high-volume 
centers (>20 TAVR/year). Similarly, low-volume 
TA-TAVR centers (<10 TAVR/year) had higher 
rates of death (OR 3.1), pacemaker implantation 
(OR 6.0), and myocardial infarction (OR 5.4) 
compared to high-volume TA-TAVR (>20 TAVR/
year) centers. Similarly, Badheka et al. [40] using 
the US National Inpatient Sample (n  =  1481) 
divided the population into hospital volume quar-
tiles (<5 TAVR/year for lowest and >20 TAVR/
year for highest) and found in-hospital mortality 
rates decreased with increasing hospital volume 
with 6.4% (first quartile), 5.9% (second quartile), 
5.2% (third quartile), and 2.8% (fourth quartile). 
In addition, length of stay and index hospital 
costs were significantly lower for the fourth quar-
tile hospitals. However, contrary to the above 
findings, de Baisi et  al. [41] also used the US 
National Inpatient Sample, but did not find a lin-
ear inverse relationship between hospital volume 
and mortality for TAVR, with comparable mor-
tality at both very high- and very low-volume 
centers. Khera et al. [42] reported from the 2014 
Nationwide Readmissions Database representing 
49% of all US hospitalizations and found a sig-
nificant inverse relationship between hospital 
TAVR volume and rates of readmission after the 
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index procedures. The 30-day readmission rates 
were lowest in high-volume (≥100 procedures/
year) compared with medium-volume (50–100 
procedures/year) (OR 0.76) and low-volume 
(≤50 procedures/year) (OR 0.75) hospitals. 
These observations suggest that technical excel-
lence and possibly superior post procedure care 
may be large contributors to the differences in 
clinical outcomes. It is interesting to note that the 
volume-outcome relation for TAVR may also be 
applicable for TAVR quality measures. A recent 
study by Verma et al. [43] examined CT reports 
performed at multiple institutions and reported 

that CT performed at high-volume sites (>75 
TAVR/year) had excellent correlation with inde-
pendent reporting of annular size and transcathe-
ter valve size (r = 0.96), a finding that was not 
reproduced for lower annual volume centers.

37.6  Implications for Clinical 
Practice

TAVR is a complex procedure with cognitive and 
technical aspects that are unique and different 
than those of cardiac surgery and interventional 

Table 37.2 Summary of studies examining the volume-outcome relationship for transcatheter aortic valve 
replacement

Study Year
Source data/
population N Access

Principle 
comparison Principle findings

Kim et al. 
(40)

2015 USA: National 
Inpatient 
Sample

7660 in 
256 
hospitals

TF and TA Low vs. high 
volume (TF—20 
cases/year, TA—10 
cases/year)

TF: Significantly higher 
mortality, renal failure, vascular 
complications, pacemaker 
implantation at low-volume 
centers. TA: Significantly higher 
mortality (3.6% vs. 2.3%,), 
renal failure, pacemaker 
implantation low-volume center

Badheka 
et al. [40]

2015 USA: National 
Inpatient 
Sample

1418 TF and 
alternative

Annual volume 
quartiles first (<5 /
year), second 
(6–10/year), third 
(11–20/year), and 
fourth (>20/year)

With multivariate analysis, 
statistically significantly lower 
risk of death (2.4% lowest vs. 
6.4% highest quartile), death 
and morbidity, hospital stay 
>6 days in hospitals with the 
highest volume quartile

De Biasi 
et al. [41]

2016 USA: National 
Inpatient 
Sample

7,635 TF and 
alternative

TAVR distributed 
<20, 20–40, 40–60, 
>60

Hospital volume did not predict 
in-hospital morbidity and 
mortality

Verma 
et al. [43]

2016 USA: 3 Center 3 
hospitals, 
181 cases

NR Correlation of CT 
site reported 
annulus sizing to 
independent review

Higher rate of correlation 
between site reported annulus 
size and re-reviewed annulus 
size in high-volume center; 
mismatch predicted higher 
composite end point

Khera 
et al. [42]

2017 USA: National 
Readmissions 
Database

129 
hospitals, 
16,252
TAVR

TF and 
alternative

Hospitals were 
classified as low 
(<50), medium 
(≥50 to <100), and 
high (≥100) 
volume

Significantly lower rates of 
readmission in the high-volume 
hospitals, with no difference in 
index length of stay, procedural 
cost

Bestehorn 
et al. [54]

2017 Germany 87 
hospitals, 
9924 
patients

TF and 
alternative

Continuous decrease in 
mortality with increasing 
hospital volume, statistically 
higher mortality in hospitals 
performing < 50 TAVR vs. > 
200 TAVR/year
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cardiology [11]. These include understanding of 
the underlying pathophysiology, comprehension, 
and analysis of diagnostic workup including car-
diac hemodynamics, noninvasive imaging, as 
well as technical expertise including large bore 
access, implantation of the prosthesis, and man-
agement of potential operative and postoperative 
complications with appropriate clinical  follow- up 
schedule. With this complexity, there is little 
doubt that experience gained from prior similar 
procedures (i.e., learning curve) will further 
improve procedural success, and concentration of 
services in high-volume centers will result in 
superior outcomes. The available data consis-
tently shows that both a learning curve phenom-
enon and a volume-outcome relationship exist for 
TAVR procedures.

However, there are important limitations with 
regard to methodology used and patient popula-
tion studied. In addition, TAVR is an advancing 
field with major modification in available devices 
with significant decrease in size of catheters, 
improved valve designs, and incorporation of 
features (retrievability) that allow bail out in case 
of procedural challenges. Furthermore, improved 
clinical knowledge with incorporation of CT 
findings, better anticipation of potential compli-
cations, and advances in care algorithm (percuta-
neous access, conscious sedation) greatly impact 
the procedural success rates and clinical out-
comes. Defining learning curve thresholds and 
institutional volume criteria is inherently difficult 
for any evolving field including TAVR.

In addition, most published studies were done 
at early adopting centers that used first- and 
second- generation devices. Whether recent 
improvement is TAVR technology translates into 
a shorter learning curve remains uncertain. In 
addition, the role of a formal mentorship arrange-
ment is poorly understood. In a recent study, a 
formal mentorship agreement between a new 
program and an established program in 
Minnesota, USA, greatly improved technical 
proficiency as measured by procedural time, 
device success, and safety with comparable 
results demonstrated for the new and the estab-
lished program after 50 cases and at 1 year [44]. 
Another approach has been adopted by the prov-

ince of British Columbia in Canada that has 
enacted a regionalization policy for TAVR pro-
grams with a central medical director with a 
TF-TAVR as the default strategy for all sites. All 
non-TF-TAVR, valve in valve, and non-aortic 
valve intervention can only be performed at a 
center of excellence [45]. In the most recent 2017 
AATS/ACC/SCAI/STS Expert Consensus 
Systems of Care document, specific recommen-
dations have been made for new TAVR programs 
[46]. These include interventional cardiologist to 
have ≥100 TAVR experience with 50 as a pri-
mary operator and the surgeon with ≥100 SAVR 
career cases or 25 SAVR during the prior year or 
50 SAVR over the last 2  years, along with the 
hospital performing ≥ 300 PCI and ≥40 SAVR 
per year.

There are important implications for the learn-
ing curve threshold as well as annual procedural 
volume criteria for maintaining necessary skill 
set, hospital credentialing, as well as for the med-
icolegal area. Furthermore, it is increasingly 
important to rationally allocate resources in the 
era of constantly rising healthcare costs. TAVR is 
a pioneering procedure for transcatheter struc-
tural heart intervention, and the lessons learned 
are likely applicable to future similar systems of 
care in this field.

Finally, as TAVR transitions to the mainstream 
interventional cardiology, a robust understanding 
of the learning curve thresholds and procedural 
volume-outcome relationship is needed for the 
development of competency-based training pro-
grams for structural interventional fellowship to 
produce the next generation of TAVR operators.

37.7  Conclusions

Transcatheter aortic valve replacement is a 
maturing technology with a marked increase in 
the number of procedures performed and centers 
offering TAVR. TAVR is also a technically com-
plex procedure, with a characteristic learning 
curve and clinically important relationship 
between institutional volume and patient out-
comes. The operator excellence in TAVR proce-
dures continues to improve for a case volume 
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>240 procedures. In addition, available evidence 
suggest improved clinical outcomes for 
institutions with an annual TAVR volume >50 
procedures.

However, it is important to note that these 
thresholds are devised by data from early adopt-
ing centers that included first- and second- 
generation TAVR devices. It remains unclear 
whether new centers implanting contemporary 
TAVR devices with formal mentorship arrange-
ments can achieve proficiency with a shorter 
learning curve and achieve comparable clinical 
outcomes to high-volume centers. Further 
research will be required to refine the above 
thresholds as advances in technology, formal 
physician training, and evolving indications 
change the landscape of TAVR.

TF Transfemoral, TA Transapical, TAo 
Transaortic, AKI, Acute kidney injury, STS/TVT 
Society of thoracic surgeons/transcatheter valve 
therapy

TF Transfemoral, TA Transapical
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38.1  Introduction

Calcific aortic stenosis is the most frequent aortic 
valve disease in Western countries, with an increas-
ing prevalence as the population ages and affecting 
up to 4% of adults more than 85 years of age [1]. 
Clinical history of aortic stenosis is characterized 
by a long latent evolution, but after symptoms 
onset, patients show a significantly reduced sur-
vival, mostly due to the absence of a definitive 
therapy [2]. O’Keefe et al. in a retrospective study 
reported that in subjects with untreated severe aor-
tic stenosis, 1-year, 2-year, and 3-year survival 
rates were 57%, 37%, and 25%, respectively [3].

Surgical aortic valve replacement represents 
the best treatment option of severe calcific aortic 
stenosis as recommended in the most recent 
guidelines by European Society of Cardiology 
and American College of Cardiology/American 
Heart Association [4, 5]. The relief of outflow 
obstruction ameliorates both hypertrophy and 
function of the left ventricle with a persistent 
symptomatic improvement. However many 
patients don’t undergo surgery because of their 

high-risk surgical profile (e.g., comorbidities) 
and patient/physician refusal. Indeed, the Euro 
Heart Survey reported that about 32% of patients 
with severe valvular heart disease were excluded 
from surgical treatment for cardiac causes and for 
other comorbidities, such as advanced age, 
chronic obstructive pulmonary disease, renal fail-
ure, and short life expectancy [6].

Balloon aortic valvuloplasty (BAV), which 
increases the aortic valve orifice through percuta-
neous balloon dilatation, is a historical nonsurgi-
cal option that provides temporary symptomatic 
and hemodynamic improvement (i.e., bridging 
therapy) in selected patients with severe aortic 
stenosis and offers an alternative treatment for 
inoperable patients.

With the recent introduction of transcatheter 
aortic valve implantation (TAVI), also called 
transcatheter aortic valve replacement (TAVR), 
the incidence of BAV has been increasing, as this 
has been performed as a part of the TAVI proce-
dure or as a bridge to elective TAVI procedure [7].

38.2  Balloon Aortic Valvuloplasty: 
Historical and Technical 
Aspects

The first adult BAV was performed by Alain 
Cribier in France in 1985 and nowadays still rep-
resents a suitable therapeutic alternative in 
selected conditions [8].
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The effects of BAV on diseased valve have 
been studied extensively, but no single  mechanism 
of action has been definitively proven. The most 
common hypothesis is that the fracture of intrale-
aflet calcific nodules, increasing the flexibility 
within the calcified aortic valve, improves thereby 
the valve opening. Other mechanisms proposed 
include annular stretching and the separation of 
fused leaflets, as well as the scattering of leaflet 
micro-fractures and cleavage planes along colla-
genized stroma [9].

The BAV procedure, which has not changed 
much in the last 20 years, has been significantly 
improved by constant advances in balloon design, 
guide wires, and newer imaging modalities, such 
as transesophageal echocardiography, intracar-
diac echocardiography, and aortic computer 
tomography. Moreover, the introduction of vascu-
lar closure devices has also recently reduced the 
rate of access-site vascular complications [10].

BAV is generally performed using a retro-
grade approach: during the procedure, a wire 
passes through the stenotic valve, and then a pro-
cedural balloon is advanced, positioned, and 
inflated across the valve (Fig. 38.1). The balloon 
may be inflated many times, and after its removal, 

an aortography is generally performed to define 
the presence and the severity of acute aortic 
regurgitation, a potentially fatal complication. 
The retrograde technique necessarily requires 
vascular anatomy suitable for large-caliber 
sheaths, and the femoral artery is the most com-
mon site of vascular puncture. The requirement 
of an arterial access is associated with a risk of 
bleeding complications, and it could be an impor-
tant concern in elderly patients with peripheral 
arterial disease or in patients with previous vas-
cular surgery or documented iliac-femoral vessel 
tortuosity. Indeed, a problematic retrograde 
approach may limit the guide wire in crossing a 
stenotic valve [11].

As alternative, BAV may be performed through 
an anterograde way using the femoral vein as 
entry site. This technique is more technically 
challenging, because it supposes the transseptal 
puncture and the balloon delivery across the left 
ventricular apex. A possible complication of this 
approach is the creation of a permanent atrial sep-
tal defect (5% of patients) with a left-to- right 
shunt that increases the cardiac output condition-
ing a fallacious computing of post-procedural 
valve area improvement [12]. The anterograde 

Fig. 38.1 Case study of balloon aortic valvuloplasty. The 
left panel shows the initial phase of dilation with the valve 
leaflets indenting the balloon. The right panel shows the 
fully inflated balloon. Star, arrowhead, and arrow high-

light, respectively, the inflated balloon (Valver Ag, 
Balton), the guidewire (Amplatz SuperStiff, Boston 
Scientific), and the right ventricular pacing catheter (Spike 
Flow, FIAB)
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technique uses the Inoue  balloon, which is typi-
cally used for mitral valvuloplasty but has been 
shown to improve the post-procedural aortic valve 
area (AVA) compared with the conventional aortic 
balloon (used in the retrograde approach) with a 
decreased inflation and deflation time [13].

There are no randomized comparisons of the 
two techniques, but observational data show 
comparable results. Already in 1987, Block dem-
onstrated a similar reduction in aortic gradient 
and comparable increase in AVA, but vascular 
complications were more common with the retro-
grade approach [14]. More recently, Cubeddu 
et al. published a retrospective single-center reg-
istry including 157 patients with severe aortic 
stenosis treated with either anterograde or retro-
grade BAV.  No differences in hemodynamic 
parameters and in clinical outcomes at 2  years 
were reported in the two groups, despite a signifi-
cantly higher incidence of peripheral arterial dis-
ease and higher rate of vascular complications in 
patients treated with retrograde technique [15].

Several technical aspects of BAV have never 
been standardized and are currently left to the 
operator’s discretion. Variability includes, among 
others, balloon sizing, definition of procedural 
success, use of rapid ventricular pacing, vascular 
sheath size, and hemostasis.

The sizing of the balloon for the valvuloplasty 
was generally performed according to the aortic 
valve annulus diameter measured at echocardiog-
raphy and taken from a long axis view which 
measures the shorter axis of the elliptical aortic 
annulus [16]. In most of cases, the balloon size 
was 1  mm smaller than echo measured aortic 
annulus: balloon diameter 18  mm for annulus 
≤19  mm, balloon diameter 20  mm for annulus 
>20<23  mm, and balloon diameter 23  mm for 
annulus ≥24 mm. Patients with bulky leaflet cal-
cifications may be preferred a balloon with a 
diameter 2 mm smaller than echo measured aortic 
annulus. This represents a conservative but sys-
tematic sizing; it is reasonable to speculate that a 
more aggressive choice of balloon size would 
achieve great improvements in gradient and valve 
area at the expense of more complications [17].

In the past, BAV balloons were inflated manu-
ally with large syringes, but the fully inflation of 

these large balloons by hand was very difficult: 
simple hand inflation usually results in under- 
inflation to 1 or 2 mm under the nominal diame-
ter. In current practice, inflation devices are often 
used, or a smaller side syringe is employed to 
“boost” the final part of the inflation. These new 
techniques result in full balloon inflation to nom-
inal diameter [18].

Successful BAV was traditionally defined as a 
reduction >40% in the mean gradient and/or 
increase in AVA >40%. At the end of the proce-
dure, pressures were recorded during pullback 
across the aortic valve; peak and mean gradients, 
together with thermo-dilution cardiac outputs, 
were measured, and AVA was calculated using 
the Gorlin equation [10]. Alternatively, the AVA 
and the mean trans-aortic gradient may also be 
assessed by echocardiography early after 
BAV.  These parameters collected shortly after 
valvuloplasty may be more reliable than the pro-
cedural success evaluated through hemodynamic 
measurements immediately after balloon infla-
tion. In fact, BAV generates short phase of hypo-
tension and stress in patients which can lead to a 
reaction characterized by a release of catechol-
amines, tachycardia, and increased contractility, 
and for these reasons the mean trans-aortic gradi-
ent can be acutely overestimated. Thirty minutes 
should be a reasonable time frame to allow full 
hemodynamic stabilization after procedural 
stress or transient complications [19].

Rapid ventricular pacing is commonly used 
during balloon inflation to obtain temporary cir-
culatory arrest and to stabilize the balloon at the 
valve orifice, increasing the success procedural 
rate by preventing the balloon migration. 
Ventricular pacing at 180–200 bpm rate was gen-
erally started just before balloon inflation and 
stopped at the time of deflation, for a maximum 
duration of 10 s [10]. Yet, in expert hands, BAV 
can be performed without rapid pacing with an 
overall less invasive and possibly better tolerated 
approach. In fact, fast ventricular stimulation 
sometimes may be the cause of a respiratory 
arrest, or it can be poorly hemodynamically 
accepted in fragile patients with scarce coronary 
reserve [20]. Registry data suggest similar proce-
dural safety with the two techniques, but less 
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 efficacy in the rapid pacing technique, in terms of 
a smaller post-procedural AVA, despite easier 
balloon stabilization [21]. More recently Dall’Ara 
and colleagues conducted a randomized study to 
compare the effectiveness and safety of BAV per-
formed with or without rapid ventricular pacing 
in 100 patients, 70  years of age or older, with 
severe degenerative aortic stenosis. No signifi-
cant differences, between the two groups, were 
observed in achievement of both primary efficacy 
endpoint (defined as 50% reduction in the mean 
echocardiographic trans-aortic gradient) and 
safety endpoint (composite of death, myocardial 
infarction, stroke, acute aortic regurgitation, and 
BARC bleeding ≥3 at 30-day). However, the no- 
pacing group showed a better procedural toler-
ance (16% vs. 41%), requiring significantly fewer 
bailout temporary pacemakers (P  =  0.048) and 
showing lower incidence of moderate/severe 
post-procedural renal function worsening 
(P = 0.052) [19].

A mini-invasive approach with rapid pacing 
through the 0.035-inch left ventricular support 
wire could be a new strategy, extremely appeal-
ing, recently introduced by Hilling-Smith and 
colleagues. The authors described a case series of 
132 cases of TAVI and 76 of BAV done using 
ventricular pacing via the left ventricular lead by 
simply connecting one electrode to the patient’s 
skin and one electrode through the left ventricu-
lar wire. They reported that all procedures have 
been successfully performed and no BAV patients 
required temporary pacing wire or permanent 
pacemaker insertion [22].

38.3  Balloon Aortic Valvuloplasty: 
Complications

Balancing symptomatic improvement and proce-
dural risk is a crucial point in the selection of 
patients undergoing BAV, because complications 
are not infrequent including death, ischemic stroke, 
bleeding, and acute severe aortic regurgitation. In 
the National Heart, Lung, and Blood Institute 
Balloon Valvuloplasty Registry, the incidence of 
transfusion, cerebrovascular accident, and mortal-
ity were 23%, 3%, and 3%, respectively [23].

38.3.1  Bleeding

The requirement of large-bore arterial sheath is 
associated with a reported incidence of peripro-
cedural vascular injury between 10% and 15% 
[24, 25]. However, in the last 20 years, technical 
improvements, such as the use of vascular clo-
sure devices (VCD) and novel anticoagulants, 
considerably decreased the complication rates of 
the access site. Ben-Dor et al. in a case series of 
333 patients with severe aortic stenosis undergo-
ing BAV reported a cumulative vascular compli-
cation rate of 8.4% including perforation, limb 
ischemia, arteriovenous fistula, pseudoaneurysm 
requiring intervention, and access-site infection. 
However, the use of VCD (suture-mediated clo-
sure devices, and recently reported collagen- 
based closure devices) with respect to manual 
compression was related with a significantly 
reduced risk of access-site events (7% vs. 17%, 
P < 0.001), with a lower incidence of transfusion 
and shorter hospital length of stay [26]. Similar 
results have been recently reported in another 
multicenter retrospective study comparing 
suture-mediated versus manual compression 
access site showing that the first technique was 
associated with significant reductions in major 
bleeding, major adverse cardiovascular events, 
and net adverse clinical events (10.0% vs. 24.5%, 
P < 0.001) [27].

Indeed, major bleeding and blood transfusion 
occur in approximately 20% of patients under-
went BAV. During this percutaneous procedure, 
traditionally, a proper anticoagulant is achieved 
using intravenous unfractionated heparin, but 
recent data suggest that bivalirudin may be a 
valid and safer option. Kini and colleagues com-
pared the outcomes of consecutive patients who 
underwent elective or urgent BAV with intrapro-
cedural use of bivalirudin or heparin at two high- 
volume centers, in the BRAVO (The Effect of 
Bivalirudin on Aortic Valve Intervention 
Outcomes) registry. Of 427 patients, 223 patients 
received bivalirudin and 204 received heparin. 
Respect to patients treated with heparin, patients 
treated with bivalirudin had significantly less 
major bleeding (4.9% vs. 13.2%, P  =  0.003). 
There was no significant difference in the rates of 
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major adverse cardiovascular events (MACE) 
defined as a composite of mortality, myocardial 
infarction, or stroke (6.7% vs. 11.3%, P  =  0.1) 
and in the rate of vascular complications (major, 
2.7% vs. 2.0%; minor, 4.5% vs. 4.9%; P = 0.83); 
but cumulatively the net adverse clinical events 
(NACE) including major bleeding and MACE 
were reduced in the bivalirudin group (11.2% vs. 
20.1%, P = 0.01) [28].

38.3.2  Acute Aortic Regurgitation

About 60% of patients had baseline aortic regur-
gitation of any grade, but BAV has been proved 
relatively safe in patients with combined aortic 
stenosis and significant aortic regurgitation, 
because the pathogenesis of both valvular defects 
is the reduced mobility of the leaflets due to 
severe calcifications [29].

Conversely, acute aortic regurgitation is a rare 
but fearsome complication of BAV and is corre-
lated with a grim prognosis. It is generally defined 
as the sudden onset of severe valve insufficiency 
after BAV, associated with hemodynamic insta-
bility or overt cardiogenic shock, irrespective of 
the pre-procedural grade of valvular regurgita-
tion. During acute aortic regurgitation, continu-
ous pressure monitoring typically shows a 
combination of the following features: a sudden 
drop of the systolic and diastolic pressure values; 
a “ventricularization” of the aortic pressure 
curve; a sharp increase of ventricular diastolic 
pressure with end-diastolic pressure equivalent to 
the aortic diastolic pressure; and, less frequently, 
a widening of the QRS complex at the electrocar-
diogram with severe bradycardia and high-degree 
AV block. The occurrence of such a complication 
deserves immediate interruption of the scheduled 
balloon inflations in order to try to correct both 
the hemodynamic imbalance and eventually the 
responsible structural problem of the valve. 
However, no further valve dilatations are recom-
mended, even after acute aortic regurgitation 
resolution [30]. A recent paper by Eltchaninoff 
et al. reported an incidence of severe aortic regur-
gitation of 1.5% and showed this complication to 
be an independent predictor of long-term mortal-

ity [31]. Dall’Ara and colleagues, out of 1517 
consecutive patient undergoing BAV, identified 
26 cases (1.7%) of acute aortic regurgitation with 
overt hemodynamic instability. This complica-
tion occurred in 80% of cases after one or two 
balloon inflation and in 8 patients out 26 (30.8%) 
spontaneously resolved within few minutes. For 
persisting aortic regurgitation, the authors 
reported a rescue maneuver, called the “rein-
forced pigtail” maneuver, attempted in the cases 
with a fluoroscopic evidence or suspicion of one 
or more cusps stuck in the open position. This 
maneuver was successful in 13 out of 18 patients 
in which has been performed and consists in the 
retrograde insertion of a 6  Fr pigtail into the 
ascending aorta until it reaches the valve plane. A 
0.035-inch J wire or, more often, the proximal tip 
of a 0.035-inch extra-stiff wire is left inside the 
pigtail. The tip of the wire should be preferably 
angulated manually before the insertion within 
the pigtail to help the operator directing the distal 
end of the catheter selectively toward each of the 
Valsalva’s sinuses, between the sinus wall and the 
displaced open cusp. A moderate pressure over 
the valve cusps associated with clockwise or 
counter-clockwise rotation of the pigtail catheter 
might be able to actually reposition (and “close”) 
the displaced aortic valve [32].

38.4  Balloon Aortic Valvuloplasty: 
Early and Long-Term Results

38.4.1  Early Results

Most studies have documented modest but sig-
nificant improvements in various hemodynamic 
parameters including trans-aortic gradient, car-
diac output, and AVA following BAV (Table 38.1). 
Although results vary according to severity of 
underlying aortic stenosis and technique, reduc-
tions in peak gradient range between 30% and 
40% with similar improvements in AVA [23–25, 
33–36]. These favorable changes in post- 
procedure hemodynamic parameters result in 
early symptomatic benefit generally reported as a 
reductions in New  York Heart Association 
(NYHA) functional class.
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In the National Heart, Lung, and Blood 
Institute Registry, including 674 patients mainly 
considered inoperable due to age or other comor-
bidities, BAV was associated with a significant 
reduction in peak aortic gradient from 65 to 
31  mmHg (P  <  0.001), with a concordant 
increase in AVA from 0.5 to 0.8 cm2 (P < 0.001), 
and at 1 month all surviving patients experienced 
significant symptom improvement. However, 
complication rate was high (31% prior to dis-
charge) with a significant mortality risk at 
30 days (14%) [23].

In the Mansfield Scientific Aortic 
Valvuloplasty Registry enrolling 492 patients, 
with advance age, severe aortic stenosis, and 
high surgical risk, aortic valvuloplasty resulted 
in a significant improvement in AVA (from 
0.50 ± 0.18 to 0.82 ± 0.30 cm2), in the mean aor-
tic valve gradient (from 60  ±  23 to 
30  ±  13  mmHg), and in cardiac output (from 
3.86  ±  1.26 to 4.05  ±  1.31  L/min). Procedural 
success rate, defined as at least 25% increase in 
AVA or at least 50% decrease in mean aortic 
valve gradient in the absence of death or conver-
sion to surgery in the first 7 days post-procedure, 
has been achieved in 87% of patients. Serial aor-
tography demonstrated a moderate or severe 
increase in aortic insufficiency in only 2.1% of 
patients, but the overall complication rate was 
20.5%, including vascular injury (11%), embolic 

phenomenon (2.2%), ventricular perforation 
resulting in tamponade (1.8%), and nonfatal 
arrhythmia (0.8%). Death occurred within 24 h 
of the procedure in 4.9% of patients and within 
7  days in an additional 2.6%, but at 1  year of 
follow-up, a 20% decrease in the incidence of 
symptoms of heart failure was observed [24].

Agarwal and colleagues, in a series of 212 
patients with severe AS undergoing BAV, in the 
same way, found a significant decrease in peak 
trans-aortic gradient (from 55  ±  22 to 
20 ± 11 mmHg) and an increase in AVA (from 
0.6 ± 0.2 to 1.2 ±0.3 cm2) [33].

38.4.2  Long-Term Results

Regardless of immediate improvements in clini-
cal and hemodynamic parameters, benefits are 
not persistent: mid-term and long-term outcomes 
following BAV are poor for the high incidence of 
restenosis and comorbidities in this population. 
Serial echocardiographic and clinical follow-up 
of patients after BAV procedure showed a reste-
nosis rate of 60% at 6 months. Otto and  colleagues 
compared echocardiographic findings in 187 
patients before and 6 months after BAV. Despite 
an immediate increase in AVA from 0.57 to 
0.78 cm2, at 6 months mean AVA was reduced to 
0.65 cm2 [23].

Table 38.1 Early improvements in hemodynamic parameters and complication rate in balloon aortic valvuloplasty 
registries

Patients
Age 
(years)

Increase in AVA 
(cm2)

Decrease in mean 
AV gradient 
(mmHg)

Decrease in peak 
to peak AV 
gradient

Periprocedural 
complication rate 
(%)

Otto CM 
[23]

674 78 ± 9 From 0.50 ± 0.20
to 0.80 ± 0.30

From 55 ± 21 to 
29 ± 13

– 25

McKay R 
[24]

492 79±8.4 From 0.50±0.18
to 0.82 ± 0.30

From 60 ± 23 to 
30 ± 13

– 20.5

Klein A [25] 78 78 ± 11 From 0.63 ± 0.21 
to 1.01 ± 0.36

From 50 ± 16 to 
29 ± 14

– 22

Agarwal A 
[33]

212 82 ± 8 From 0.6 ± 0.2 to 
1.2 ± 0.3

From 44 ± 18 to 
18 ± 9

From 55 ± 22 to 
20 ± 11

25.8

Elmariah S 
[34]

281 83.0 ± 9.4 From 0.64 ± 1.8 to 
1.23 ± 0.3

From 45 ± 18 to 
16 ± 9

– 12.7 of death at 
30 days

Kuntz RE 
[35]

205 78 ± 10 From 0.60 ± 0.2 to 
0.90 ± 0.30

From 55 ± 19 to 
30 ± 12

From 67 ± 28 to 
33 ± 15

17

Lieberman 
E [36]

165 78 ± 11 From 0.50 ± 0.20 
to 0.70 ± 0.30

– From 68 ± 38 to 
38 ± 28

–
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Also survival, following BAV, is expectedly 
reduced. Agarwal et al. found 1-year, 3-year, and 
5-year survival rates of 64%, 28%, and 14%, 
respectively [33]. These results are slightly better 
with respect to survival rates of 55% at 1-year 
and 23% at 3-year reported by Otto and col-
leagues [37]. Differences in survival rates in 
these two experiences could be attributable to the 
impact on outcome of repeat BAV. In the study of 
Agarwal, 24% of patients underwent an addi-
tional BAV, which emerged as an independent 
factor of lower mortality.

Nevertheless, such poor outcome is not homo-
geneous in all patients, and most studies have 
correlated long-term survival, not only to proce-
dural variables but also to baseline patient mor-
bidity and left ventricular function. Agarwal and 
colleagues reported that female gender (HR 0.80, 
95% CI 0.68–0.94, P = 0.016) and multiple BAV 
procedures (HR 0.88, 95% CI 0.80–0.95, 
P = 0.021) were associated with lower mortality 
risk after BAV, while chronic renal insufficiency 
(HR 1.30, 95% CI 1.11–1.56, P  =  0.009) and 
Charlson comorbidity index (HR 1.12, 955 CI 
1.03–1.21, P = 0.006), described in Table 38.2, 
increased mortality risk [33]. Otto et al. equally 
found the following clinical, echocardiographic, 
and catheterization predictors of survival: func-
tional status, left ventricular systolic function, 
cardiac output, cachexia, renal function, mitral 
regurgitation, and female gender [37].

Klein and colleagues found that the strongest 
predictor of mortality was age: each 10-year 
increment in age was associated with a twofold 
increase in mortality (relative risk 2.0, 95% CI 
1.2–3.3, P = 0.005), and there was a considerable 
difference in median survival in patients older 
than 70 years of age (5.7 months vs. 29.3 months, 
P = 0.013) [25].

Elmariah et  al. retrospectively reviewed data 
of 281 consecutive patients with severe aortic ste-
nosis undergoing BAV at the Mount Sinai 
Medical Center from January 2001 to July 2007. 
Predictors of worse clinical outcome following 
BAV included poor pre-procedural clinical sta-
tus, renal dysfunction, high pre-procedural right 
atrial pressure, and low cardiac output. These 
four variables were used to derive a specific risk 

score, the CRRAC the AV score (critical status, 
renal dysfunction, right atrial pressure, cardiac 
output), that identifies patients at higher risk of 
30-day mortality after BAV [34]. Compared with 
the logistic European System for Cardiac 
Operative Risk Evaluation (Euro-SCORE), this 
risk model was associated with improved 
 discrimination for short-term mortality. In aggre-
gate, these data suggest that, although outcomes 
following BAV remain poor, improved patient 
selection might identify patients with more favor-
able and sustained benefit.

Table 38.2 Parameters considered in the Charlson 
comorbidity index, a score predicting 10-year survival in 
patients with multiple comorbidities

Age

<50 years: 
0 50–59 years: +1
60–69 years: 
+2 70–79 years: +3
>80 years: +4

Diabetes mellitus None: 0
Uncomplicated: +1
End organ damage: +2

Liver disease None: 0
Mild: +1
Moderate to severe: +3

Malignancy None: 0
Leukemia, lymphoma, or 
localized solid tumor: +2
Metastatic solid tumor: +6

AIDS No: 0
Yes: +6

Moderate to severe 
chronic kidney disease

No: 0
Yes: +2

Chronic heart failure No: 0
Yes: +1

Myocardial infarction No: 0
Yes: +1

Chronic obstructive 
pulmonary disease

No: 0
Yes: +1

Peripheral vascular 
disease

No: 0
Yes: +1

Cerebrovascular accident 
or transient ischemic 
attack

No: 0
Yes: +1

Dementia No: 0
Yes: +1

Hemiplegia No: 0
Yes: +2

Connective tissue disease No: 0
Yes: +1

Peptic ulcer disease No: 0
Yes: +1
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38.5  Balloon Aortic Valvuloplasty 
as Bridge Therapy

TAVI has nowadays emerged as a viable and 
effective therapeutic alternative to surgical aortic 
valve replacement (SAVR) [4, 5]. The Placement 
of Aortic Transcatheter Valves (PARTNER) trial, 
enrolling 358 patients with severe aortic stenosis 
not suitable candidates for surgery, demonstrated 
that TAVI is associated with a marked reduction 
in mortality respect standard treatment (including 
medical therapy alone or in association with 
BAV). In this study BAV was performed in all 
patients before TAVI and in 84% of patients 
receiving standard therapy.

Although the clear benefits and the great 
amount of subjects potentially eligible for TAVI, 
many patients are initially excluded from this 
procedure for clinical, anatomical reasons. In the 
study of Ben-Dor, among 469 patients with 
severe aortic stenosis screened for TAVI, 363 
(77.1%) did not meet the inclusion/exclusion cri-
teria. These patients, treated medically or with 
BAV, had significantly stronger clinical risk 
(higher NYHA class, higher incidence of renal 
failure and lower ejection fraction) compared 
with the TAVI group, with significantly higher 
Society of Thoracic Surgeons score and 
EuroSCORE [38].

Generally, TAVI exclusions may be due to per-
manent (i.e., lack of suitable vascular access) or 
temporary (i.e., low cardiac output, hemodynamic 
instability) causes. It is within this latter context 
that BAV may assume a novel and therapeutic role 
in the treatment of patients with severe aortic ste-
nosis, namely, as a bridge to TAVI or SAVR [11]. 
The decrease in aortic valve gradient and the asso-
ciated increase in cardiac output after BAV can 
provide an important time-window during which 
better forward flow improves peripheral perfusion 
and decreased outflow obstruction reduces pul-
monary congestion, with associated benefits in 
clinical status. Such stabilization offers the oppor-
tunity to complete the investigations in order to 
assess patient suitability for TAVI or SAVR, as 
well as a period of hemodynamic improvement 
that can reduce the procedural risk of more defini-
tive and invasive procedures [39].

Supporting this emerging role for BAV, 
numerous studies demonstrated that patients ini-
tially considered too high risk for aortic valve 
replacement can successfully undergo TAVI or 
surgery after performing BAV as a bridging pro-
cedure. Although the frequency varies, approxi-
mately 20–30% of all BAV procedures are today 
performed as a bridge indication. Saia and col-
leagues reported that, among 210 consecutive 
patients referred for BAV, 78 (37%) underwent 
BAV as a bridge before TAVI. This group com-
prised patients with low left ventricular ejection 
fraction, frailty or enfeebled status, symptoms of 
uncertain origin, critical conditions, moderate-to- 
severe mitral valve regurgitation, and need of 
major non-cardiac surgery. Following BAV, 36 
patients (46%) underwent TAVI, whereas 22 
(28%) improved sufficiently to receive 
SAVR.  The remaining surviving patients, not 
experiencing any symptomatic improvement 
despite significant reduction in mean aortic valve 
gradient after the procedure, were treated medi-
cally, because the cause of their symptoms was 
attributed to other factors [40].

BAV as a bridge to TAVR or SAVR is associ-
ated with markedly improved outcomes compared 
with BAV alone. For example, Ben-Dor and col-
leagues reported significant and large reductions 
in mortality among patients with severe aortic ste-
nosis undergoing BAV as a bridge versus BAV 
alone (22.3% vs. 55.2%, P = <0.001) [41].

Similar results have been showed by Kapadia 
et al. in 99 patients undergoing BAV for severe 
aortic stenosis from 1990 to 2005. BAV was 
attempted to temporarily improve hemodynam-
ics, with a goal to improve general health and to 
achieve aortic valve replacement, performed, 
ultimately, in 27 patients. The 6-month and 
1-year survival rates in patients who underwent 
valve replacement were 81% and 78%, respec-
tively, versus 57% and 44% in patients treated 
only with BAV (P = 0.024) [42].

It is important to note that when BAV is per-
formed as a bridge to more definitive therapies, 
the latter must be performed early. Some data 
suggest that success rate for BAV as a bridging 
for SAVR or TAVI decrease from 74% with a 
timelapse of 8 weeks to 26% with a delay up to 
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7  months. Saia et  al. described, in their series, 
that up to 40% of patients selected to undergo 
TAVI or SAVR after BAV, did not have these pro-
cedures within the following 2  years. They 
reported that while most of these patients were 
excluded for objective clinical reasons, such as 
terminal disease/malignancy or other persistent 
contraindication, some patients refused definitive 
treatment, and others died on the waiting list 
[43]. The excessive delay in destination therapy 
is one of the strongest predictors for poor mid- 
term outcome and should be avoided [44].

Malkin et  al. suggested the use of BAV to 
screen the possibility of coronary ostial occlusion 
by native leaflets during TAVI and also to assess 
whether a patient might improve from definitive 
aortic valve treatment, particularly in those patients 
with left ventricular dysfunction or chronic 
obstructive pulmonary disease where concern 
remains about symptom reversibility [45].

Therefore, in these patients, where the main 
goal is symptom relief, BAV can act as a gate-
keeper to more aggressive therapeutic strategy, 
sparing patients from the higher-risk procedures 
as well as healthcare systems from the associ-
ated costs.

Lastly, BAV can be a useful palliative “desti-
nation therapy” in patients with severe aortic ste-
nosis but poor prognosis due to other 
comorbidities, such as malignancy, as it often 
leads to significant clinical improvement often 
allowing hospital discharge [39]. 

38.6  The Role of Balloon Aortic 
Valvuloplasty During 
Transcatheter Aortic Valve 
Implantation

BAV, especially, during the first TAVI era, has 
been represented a necessary step before device 
placement, allowing easier valve delivery and 
helps to achieve the complete valve expansion. 
On the other hand, predilation might be 
 responsible in part for distal embolization as well 
as of atrioventricular conduction disturbances 
seen during TAVI procedures. Therefore, more 
recently, after the introduction of self-expanding 

valves, TAVI is often performed without predila-
tation. In a pilot study enrolled only 60 patients, 
Grube et al. showed that TAVI performed with the 
self-expanding Medtronic CoreValve bioprosthe-
sis (Medtronic, Minneapolis, MN, USA) is a fea-
sible procedure, resulting in similar acute safety 
and efficacy as the standard TAVI approach with 
predilation [46].

Comparable results were reported with the 
balloon expandable Edwards Sapien XT 
(Edwards Lifescience, Irvine, CA, USA) 
implanted in 26 patients enrolled in a retrospec-
tive study and compared with 30 patients previ-
ously treated with predilatation [47].

A prospective, two-armed, multicenter regis-
try (EASE-IT TA) on patients undergoing trans-
apical TAVI with or without BAV, using the 
Edwards SAPIEN 3 valve (Edwards Lifescience, 
Irvine, CA, USA), was recently published. The 
61 patients receiving preliminary BAV showed 
similar reductions in peak and mean transvalvu-
lar gradients when compared to 137 patients 
treated without BAV. Moreover, there was a sig-
nificant reduction of fluoroscopy time without 
BAV (4.7 vs. 7.9   min; P  =  0.039) and signifi-
cantly decreased odds of catecholamine adminis-
tration (17.5% vs. 32.8%; P  =  0.017), but no 
differences were observed in the composite end 
point at 6  months even after multivariable 
 adjustment [48].

Irrespective of these results, BAV will con-
tinue to have a role in TAVI as a predilatation 
tool, especially in cases where valve area is par-
ticularly small and leaflet calcification is exten-
sive and in cases where “direct” valve crossing 
is not possible [49]. Finally, in cases of valve 
 underexpansion or poor apposition to the annu-
lus, BAV is often required for post-dilatation to 
decrease paravalvular leak that has been dem-
onstrated to worsen the long-term outcome. 
Valve underexpansion is visible on fluoros-
copy, whereas paravalvular aortic regurgitation 
is usually evident either on transesophageal 
echocardiography or on aortography. BAV in 
these cases is usually performed using a balloon 
of a smaller size as compared with that of the 
implanted valve to minimize the risks of annular 
rupture [50].
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38.7  Conclusion

Although provides only a temporary solution for 
patients with severe aortic stenosis, BAV contin-
ues to have an important role in the treatment of 
this valvular disease. It can be a stabilizing mea-
sure in high-risk symptomatic patients and can 
represent a “bridging therapy” to more definitive 
treatments, as TAVI and SAVR. Finally, BAV will 
continue to be an essential step of the TAVI pro-
cedure where required either as a pre- or post- 
dilatation tool. Ongoing studies will further 
define the role of BAV in the TAVI era and future 
improvements as well as the development of 
drug-coated balloons could be improve the mid- 
term results in term of restenosis.
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Role of the Heart Team in Decision- 
Making for Transcatheter Aortic 
Valve Implantation

Carlo Savini and Roberto Di Bartolomeo

39.1  Introduction

The advent of transcatheter aortic valve pros-
thetic implantation (TAVI), also called transcath-
eter aortic valve replacement (TAVR), has been a 
factor in substantial changes in the clinical and 
organizational practice of all the cardiology and 
cardiac surgery centers where the TAVI program 
has been carried out. The TAVI have the merit of 
having given dignity to the figure of the Heart 
Team, originally born as a proposal for the evalu-
ation of the treatment of coronary pathology 
simultaneously with the advent of drug-eluting 
stents. In decision-making processes for aortic 
valve pathologies, the Heart Team has assumed a 
decisive relevance, so much so that it can be 
extended to other areas wherever an interven-
tional option is envisaged as an alternative to sur-
gery for the treatment of cardiac structural 
diseases. In this chapter we will deal with the 
main aspects regarding the establishment of the 
Heart Team and its decisional and procedural 
responsibilities.

39.2  Heart Team

39.2.1  Theoretical Assumptions 
and Practical Considerations

The theoretical basis of the modern concept of 
Heart Team has ancient roots that can find a for-
mal description in the statistical theory of Venn 
diagrams [1]. Originally described by John Venn 
in the 1880s to teach elementary set theory, these 
diagrams are most often used to illustrate set rela-
tionships in such fields as probability, statistics, 
and computer science. Venn diagrams are illus-
trations composed of overlapping circles that 
demonstrate the relations between finite collec-
tions of things and are most useful in defining 
areas of commonality among different 
aggregations.

Venn diagrams can be useful for understand-
ing the roles of various stakeholders in the man-
agement of cardiovascular disease from its 
diagnosis through its treatment [2]. As the field 
progresses, the area of overlap of the cardiovas-
cular disease Venn diagram continues to expand. 
This is evident in many aspects of cardiovascular 
disease management, including individual diag-
nosticians and treatment specialists, diseases, 
technologies, institutions, payers, and regulators. 
The overlap of the Venn diagrams for interven-
tional cardiology and cardiovascular surgery has 
grown larger since the promulgation of the multi-
disciplinary Heart Team concept. Specialty 

C. Savini (*) 
Azienda Ospedaliero-Universitaria Policlinico S.
Orsola di Bologna, Bologna, Italy
e-mail: carlo.savini@aosp.bo.it 

R. Di Bartolomeo 
Department of Experimental, Diagnostic and Specialty 
Medicine—DIMES, University of Bologna, Bologna, 
Italy
e-mail: roberto.dibartolomeo@unibo.it

39

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05912-5_39&domain=pdf
https://doi.org/10.1007/978-3-030-05912-5_39
mailto:carlo.savini@aosp.bo.it
mailto:roberto.dibartolomeo@unibo.it


472

 team- based care is not a concept new to medi-
cine; for example, tumor boards make multispe-
cialty disease management decisions in oncology 
[3, 4]. The use of the specific term “Heart Team” 
is more recent and was only incorporated in 
guidelines subsequent to the presentation of the 
results of the pivotal SYNTAX trial [5]. SYNTAX 
evaluated the two randomized strategies of coro-
nary bypass graft surgery and percutaneous coro-
nary intervention in patients with complex 
multivessel or left main coronary artery disease. 
Working together, a team composed of a surgeon, 
an interventional cardiologist, a primary cardiol-
ogist, and the patient agreed upon the optimal 
revascularization strategy [6, 7]. This Heart Team 
approach has been codified in the European 
Society of Cardiology/European Association for 
Cardio-Thoracic Surgery (ESC/EACTS) guide-
lines on myocardial revascularization, which rec-
ommend that patients with complex coronary 
artery disease be seen by a Heart Team, which 
includes cardiovascular surgeons and interven-
tional cardiologists. Using a Heart Team approach 
is a Class I-C recommendation of the 2011 ACC/
AHA guidelines for coronary artery bypass graft 
surgery [8].

This concept finally arrived to the field of 
structural heart disease, specifically aortic steno-
sis and transcatheter aortic valve replacement 
(TAVR) [9, 10]. In this setting, the Venn diagrams 
of cardiovascular surgeons and interventional 
cardiologists coalesce to form the core of the 
team responsible for planning and implementing 
the chosen strategy for aortic valve replacement 
(see Fig. 39.1). This convergence has now been 
mandated for reimbursement by federal regula-
tory agencies.

It is interesting to note how the concept of 
Heart Team for heart structural diseases and, 
mainly, for aortic stenosis has taken on more and 
more body in recent years. This phenomenon has 
become necessary not only for the evident clini-
cal decision-making needs but also for the obli-
gation to share the same work environment for 
the execution of the procedure. The coronary 
pathology, in fact, provides a multidisciplinary 
approach only in the decision-making phase, and 
then the patient follows different paths (surgery 

vs. PCI vs. medical therapy). The aortic pathol-
ogy, on the other hand, if carried out to a trans-
catheter treatment, leads to subject the patient to 
a procedure where, theoretically, the presence of 
both operative figures is required: the interven-
tional cardiologist and the cardiac surgeon. The 
hybrid operating theater, in this way, physically 
represents the Heart Team in its full expression. 
Real-time image fusion technology requires the 
concurrent multidisciplinary presence of industry 
specialists who collaborate on the success of the 
procedure. At the same time, any procedural 
complexities (surgical access, protection of coro-
nary ostia, management of complications, etc.) 
require the availability of both figures at the oper-
ating table. Local Heart Teams in this way, for a 
patient with aortic valvular stenosis who must 
undergo transcatheter treatment, share a joint 
path that goes from the initial decision-making 
process to the implant procedure.

The TAVI gave a great contribution to create 
the conditions for an epochal change in the man-
agement of cardiological and cardiac surgery 
patients. In real life things are not so idyllic: car-
diologists and cardiac surgeons are often still 
antagonistic rather than friends. However, there 
are two main aspects, in my opinion, which must 
predominate: the first is the patient, but the social 
and health policies with the relative economic 
implications are also of considerable importance.

In this sense, the Heart Team has a huge 
responsibility role, as it has full decision-making 
powers on a patient who has the right to be treated 
at best, but also on the use of devices that have a 
significant economic impact. It is no coincidence 
that the main European and North American 
guidelines remain quite general in defining TAVI 
plant indications. The most recent update of the 
American guidelines [11], for example, states, in 
level of evidence I, that: “For patients in whom 
TAVR or high-risk surgical AVR is being consid-
ered, a heart valve team consisting of an inte-
grated, multidisciplinary group of healthcare 
professionals with expertise in VHD, cardiac 
imaging, interventional cardiology, cardiac anes-
thesia, and cardiac surgery should collaborate to 
provide optimal patient care.” The ESC  guidelines 
follow approximately the same policy, as well as 
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giving more specific indications on the composi-
tion and responsibilities of the Heart Team [12]. 
The responsibility delegated to the local Heart 
Team is, therefore, mainly due to the fact that to 
date the path that leads the patient to the implant 
of a TAVI is not yet universally standardizable: 
the specialists that make up the Heart Teams of 
each single center are the only ones, beyond the 
purely clinical aspect, to know the potential of 
their center in terms of professional skills, logis-
tical capabilities, and availability of resources.

This background of increasing convergence 
among cardiovascular disciplines contrasts starkly 
with our silo-bound professional societies: the 
American College of Cardiology (ACC), 
American Heart Association (AHA), Society of 
Thoracic Surgeons (STS), American Association 
for Thoracic Surgery (AATS), Society for 
Cardiovascular Angiography and Interventions 
(SCAI), American Society of Echocardiography 
(ASE), and American Society of Nuclear 
Cardiology (ASNC) or, respectively, in Europe, 
the ESC and EACTS. Each silo touches the others 
competitively, sometimes antagonistically, and, at 
other times, collaboratively. Each silo has many 
similar discrete components—executive commit-
tees; volunteer and paid staff; advocacy; and sci-
entific, educational, and regulatory groups, to 
name but a few. In addition, the core mission of 
each silo may be very similar. While each profes-

sional society serves its core constituency well, 
there are many disadvantages to such a situation, 
including overlapping efforts that are inefficient; 
conflicting aims that confuse patients, payers, and 
regulators alike; and diffusion of efforts to obtain 
increasingly scarce industry and government 
funding. Other disadvantages specific to cardiol-
ogy and cardiovascular surgery are these: compet-
ing outpatient registries (e.g., ACC and AHA); 
confusing messaging for procedural reimburse-
ment (e.g., carotid stenting); redundant grants for 
disease-specific approaches (e.g., Heart Rhythm 
Society, ACC, STS for atrial fibrillation); and a 
plethora of requirements for credentialing and 
certification (e.g., ASE and ASNC).

But the spirit that wants to change, and 
improve, things is very present. The current Heart 
Teams are for the most part still represented by 
specialists who have had a very compartmental-
ized “old style” training. Today it is necessary to 
set the conditions for creating specialists with 
transversal skills able to manage what is required 
by technological development. STS and ACC 
have begun an unprecedented collaboration with 
federal regulatory and reimbursement agencies 
and industry around TAVR, addressing its opti-
mal utilization and developing a national registry, 
educational programs, requirements for creden-
tialing, and metrics for procedural performance 
[10, 13]. There have been several examples of 
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close relationships between surgery and cardiol-
ogy: among others, these include the fact that the 
third president of the American College of 
Cardiology, Robert Glover (from 1953 to 1954), 
was a surgeon from Philadelphia. Our task should 
be to create a single professional society which 
would include all segments of the cardiovascular 
team: surgeons, cardiologists, vascular radiolo-
gists, anesthesiologists, cardiovascular nurses, 
educational and scientific groups, and advocacy 
under one administrative umbrella. The goal 
would be to have the administrative umbrella of a 
single professional society that coordinate the 
educational and scientific initiatives, the disease 
management registries and outcomes analyses, 
the advocacy approach toward reimbursement, 
and the training, education, and credentialing of 
physicians and allied health professionals.

At the same time, at university level in spe-
cialty training schools, it is necessary to establish 
educational programs aimed at encouraging the 
learning of both surgical and cardiological inter-
ventional bases. A heart valve center should have 
structured training programs. Surgeons and car-
diologists performing any valve intervention 
should undergo focused training as part of their 
basic local board certification training. Learning 
new techniques should take place through men-
toring to minimize the effects of the “learning 
curve.” Only in this way can we think that the 
various components of a future Heart Team can 
be able to sustain the weight of responsibility that 
is attributed to it. Experience in the full spectrum 
of surgical procedures—including valve replace-
ment; aortic root surgery; mitral, tricuspid, and 
aortic valve repair; repair of complicated valve 
endocarditis such as root abscess; treatment of 
atrial fibrillation; as well as surgical myocardial 
revascularization—must be available. The spec-
trum of interventional procedures in addition to 
TAVI should include mitral valvuloplasty, mitral 
valve repair (edge to edge), closure of atrial sep-
tal defects, closure of paravalvular leaks, and left 
atrial (LA) appendage closure as well as percuta-
neous coronary intervention (PCI). Expertise in 
interventional and surgical management of vas-
cular diseases and complications must be 
available.

Now is the time to make a more practical cut 
to the chapter: who should the Heart Team be 
composed of, and how should it act?

Chambers et  al. [14] have well defined the 
essential requirements that must have a center 
that deals with the treatment of structural heart 
diseases (SHVD):

 1. Multidisciplinary teams with competencies in 
valve replacement; aortic root surgery; mitral, 
tricuspid, and aortic valve repair; as well as 
transcatheter aortic and mitral valve tech-
niques including reinterventions. The Heart 
Team must meet on a regular basis and work 
with standard operating procedures.

 2. Imaging, including three-dimensional (3D) 
and stress echocardiographic techniques, peri-
operative transesophageal echocardiography 
(TEE), cardiac computed tomography (CT), 
magnetic resonance imaging (MRI), and posi-
tron emission tomography-CT.

 3. Regular consultation with community, other 
hospitals, and extra cardiac departments and 
between noninvasive cardiologists and sur-
geons and interventional cardiologists.

 4. Backup services including other cardiologists, 
cardiac surgeons, Internist care, and other 
medical specialties.

 5. Data review:
• Robust internal audit processes including 

mortality and complications, reoperation 
rate with a minimum of 1-year follow-up

• Results available for review internally and 
externally

• Participation in national or international 
quality databases

The path of a patient who goes to TAVI is made 
of different steps that involve different professional 
figures: the Heart Team must be conceived, there-
fore, as a dynamic entity where it is important that 
the right people are at the right time of the path. 
Figure 39.2 represents a flow diagram of the patient 
with the corresponding specialists for each 
moment. Of course heart surgeons and interven-
tional cardiologists have a key position in the main 
decision-making hubs, but all the professional fig-
ures are necessary for the process to be successful.
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39.3  Conclusion

The Heart Team is a concept that in recent years 
has gained a position of absolute importance.

Its functions are to guarantee the appropriate-
ness of indications during the decisional phase 
and safety during the procedural phase. Patients 
with aortic valvular stenosis arriving at a trans-
catheter implant (TAVI) are currently already 
placed within well-established pathways, shaped 
by the characteristics of local Heart Teams. The 
new frontiers in the treatment of structural heart 
diseases will see the Heart Teams engaged in dif-
ferent situations on which to adapt their profes-
sional skills. This is why it is important that in 
hospitals where an advanced treatment program 
for structural heart diseases is being developed or 
planned, there are the conditions for always hav-
ing a pool of professionals used to working in a 
multidisciplinary manner.
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40.1  Introduction

Transcatheter aortic valve implantation (TAVI), 
also called transcatheter aortic valve replacement 
(TAVR), is first-line therapy for patients with 
severe symptomatic aortic stenosis (AS) and a 
prohibitive risk for standard surgical aortic valve 
replacement (SAVR) [1]. Accumulating clinical 
experience of TAVR operators and technological 
advances in transcatheter valve systems have led 
to a massive expansion of TAVR interventions 
worldwide. TAVR is now available in more than 
65 countries around the world with over 250,000 
procedures performed to date. As a result, there is 
now an interest to expand TAVR indications to 
patients at lower surgical risk such as those at 
intermediate or low risk. At present, SAVR 
remains the gold standard treatment for aortic 
stenosis patients at low or intermediate surgical 
risk; however recent evidence from observational 
studies and randomized trials are shifting this 
treatment paradigm from surgery closer to TAVR.

40.2  Defining Risk for Patients 
with Aortic Stenosis

Aortic stenosis (AS) is now the most common 
indication for valve replacement in Europe and 
North America, with an ever-increasing disease 
prevalence due to the aging population. Decision 
making in valvular heart disease necessitates a 
careful evaluation of the risk-to-benefit ratio, con-
sidering both the results of intervention and the 
severity-adjusted risk of adverse outcomes with-
out intervention. Appropriate risk stratification is 
therefore crucial to select the optimal treatment 
strategy for patients with symptomatic severe 
AS. Factors associated with adverse clinical out-
comes include poor functional capacity, advanced 
age, and concomitant coronary disease [2].

Evaluation of risk in AS is often focused on 
risk of surgical intervention or operative mortal-
ity. There are numerous clinical factors that are 
associated with increased operative risk includ-
ing the need for emergency intervention, left ven-
tricular dysfunction, pulmonary hypertension, 
advanced age, previous cardiac surgery, and 
comorbidities such as renal insufficiency and 
severe chronic obstructive pulmonary disease 
(COPD). To facilitate risk evaluation, multivari-
ate risk scores have become commonplace to 
stratify patients into risk categories. The most 
commonly used scores include the Society for 
Thoracic Surgeons score (STS score) which 
 calculates the predicted risk of mortality (STS- 
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PROM) and the EuroSCORE. Both scores utilize 
a numeric scoring system based on clinical 
parameters to calculate risk using an algorithmic 
risk model. It should be noted that surgical risk 
scores share several limitations by insufficiently 
considering multiple factors that may increase 
the risk related to surgery; patient frailty, cogni-
tive impairment, the risk of delirium, anatomical 
characteristics such as a porcelain aorta, and 
social support post-discharge are some of the fac-
tors that are not evaluated in the traditional risk 
scores. Finally, they do not take into account the 
local surgical results in a given institution, which 
may potentially have a lower operative risk.

Definition of risk categories in aortic stenosis 
has been driven by randomized control trials of 
TAVR which have created four risk groups: low, 
intermediate, high, and prohibitive risk as shown 
in Table 40.1. The first three groups are defined 
by the STS-PROM score as follows: low risk 
[<4%], intermediate risk [4–8%], or high risk 
[>8%]. Prohibitive risk is defined as risk of mor-
tality and morbidity at 1 year >50%, compromise 
of ≥3 major organ systems, severe frailty, or 
severe procedure-specific impediments [3].

There is consensus, according to North 
American and European guidelines, that TAVR is 
a class IA recommendation for inoperable or 
prohibitive- risk patients with severe symptomatic 
AS but a life expectancy of at least 12 months [1, 
4]. TAVR is an acceptable treatment option (class 
IA) in those patients with a high operative risk 
provided a multidisciplinary heart team has con-
firmed the TAVI indication, and there is a suffi-
cient life expectancy. As of this writing, TAVR is 

also now deemed a reasonable alternative (class 
IIA) to SAVR in symptomatic AS patients at 
intermediate surgical risk [1].

Despite what has been published in the litera-
ture, the spectrum of patients with symptomatic 
severe aortic stenosis who require aortic valve 
replacement is much larger than that of patients 
previously studied in TAVI trials [5–9]. In fact, 
the high-risk population studied in the TAVI trials 
represents a small percentage of the total patient 
population needing aortic valve replacement. The 
Society of Thoracic Surgeons database of aortic 
valve disease cases during 2002–2010 
(N = 141,905) shows that just 6.2% were ranked 
as high risk, whereas most patients (79.9%) were 
low risk, and 13.9% were intermediate risk [10]. 
In light of this distribution of patients and the 
focus on expanding indications for TAVR, there 
is increased interest to push the boundaries of the 
technology into the lower-risk cohorts.

40.3  Comparison of TAVR to SAVR 
in Intermediate-Risk 
Patients: Clinical Evidence

TAVR is established therapy for symptomatic 
severe AS in both inoperable/prohibitive-risk and 
high-risk patients. The journey to establishing an 
indication in intermediate risk began with data 
from cohort studies and prospective matched 
studies (see Table  40.2) finally culminating in 
data from prospective randomized trials of both 
balloon expandable and self-expandable trans-
catheter heart valves.

Table 40.1 Definition of operative risk

Low risk Intermediate risk High risk Prohibitive risk
Clinical 
characteristics

No frailty
No comorbidities

No more than mild frailty
Or 1 major organ system 
compromise not to be 
improved postoperatively

Moderate-severe frailty
or >2 major organ system 
compromises not to be 
improved postoperatively

Severe frailty
Or ≥3 major organ 
system compromises 
not to be improved 
postoperatively

STS-PROM <4% 4–8% >8% PROM >50% at 1 year
EuroSCORE II <10% 10–20% >20%
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40.4  Prospective Nonrandomized 
Cohort Studies

Early insights into outcomes of TAVR in 
intermediate- risk patients were published in 
2012  in a small propensity matched study of 
patients undergoing TAVR using either the 
Edwards SAPIEN XT or Medtronic CoreValve 
device. Latib et  al. compared clinical outcomes 
of transfemoral TAVR vs. SAVR in 111 patients, 
propensity matched for clinical characteristics 
and risk scores, with a mean STS score of 
4.6 ± 2.3 (TAVR) vs. 4.6 ± 2.6 (SAVR). There 
were no significant differences in all-cause mor-
tality at 1 year (6.4% for TF-TAVR and 8.1% for 
SAVR; p = 1.0). Transfemoral TAVI was associ-
ated with a higher rate of vascular complications 
(33.3% vs. 0.9%, p < 0.001) and permanent pace-
maker (11.7% vs. 2.7%, p = 0.009), while acute 
kidney injury was more frequent in the SAVR 
group (26.1% vs. 8.1%, p < 0.001) [11].

Additional prospective cohort data was avail-
able from the single-nation, multicenter cohort of 
patients treated with either SAVR or TAVR in 
Italy. The OBservational Study of Effectiveness 
of SAVR-TAVR procedures for severe Aortic ste-
Nosis Treatment (OBSERVANT) study enrolled 
7618 consecutive patients with symptomatic 
severe AS who underwent SAVR or TAVI from 
December 2010 to June 2012 in 93 Italian partici-
pating hospitals. After excluding those patients 

felt to be inoperable or higher risk, due to 
 concomitant coronary artery bypass, patients that 
underwent TAVR and SAVR were propensity 
matched. The authors found no significant differ-
ence in early mortality or myocardial infarction 
between TAVI and SAVR with a 30-day death of 
3.6% for SAVR and 2.7% for TAVR (p = 0.4328). 
The incidence of stroke (3.0% SAVR and 0.0% 
TAVR; p = 0.0455) was slightly higher in those 
undergoing SAVR.  There were higher rates of 
acute renal failure (9.6% vs. 3.6%, p = 0.001) and 
blood transfusions in the SAVR cohort (63.2% vs. 
34.5%; p < 0.001). TAVR was however associated 
with increased vascular complications (6.0% vs. 
0.5%; p < 0.0001) and new permanent pacemaker 
implantation (13.4% vs. 3.7%; p < 0.0001) [12].

More recent comparisons of intermediate-risk 
patients have compared newer-generation trans-
catheter valves with surgical aortic valve replace-
ment. The propensity matched study of Thourani 
et  al. compared intermediate-risk TAVR patients 
from the PARTNER 2 SAPIEN 3 observational 
study [13] with intermediate-risk SAVR patients 
from the PARTNER 2A randomized study using a 
pre-specified propensity score analysis to account 
for between-trial differences in baseline character-
istics [14]. The primary endpoint for the propensity 
score analysis was the 1-year nonhierarchical com-
posite event of death from any cause, all strokes, 
and posttreatment aortic regurgitation. The mean 
age was 81 years, and 88% underwent transfemoral 

Table 40.2 Cohort studies (propensity match analysis) of TAVR vs. SAVR in intermediate-risk patients

Reference # patients Mean risk score
30-day  
mortality (%)

Vascular  
complications (%)

Permanent  
pacemaker (%)

Latib et al. 222 4.6 (STS) 1.8 vs. 1.8 
(p = NS)

33.3 vs. 0.9 (p < 0.001) 11.7 vs. 2.7 (p = 0.009)

Fraccaro 
et al.

830 9.9 (EuroSCORE) 2.7 vs. 3.6 
(p = NS)

6.0 vs. 0.5 (p < 0.0001) 13.4 vs. 3.7 
(p < 0.0001)

Schymik 
et al.

432 8.7 (EuroSCORE) 1.4 vs. 4.2 
(p = NS)

10.6 vs. 0.0 (p < 0.001) 13.9 vs. 4.6 
(p < 0.0001)

Piazza et al. 510 17.4 (EuroSCORE) 7.8 vs. 7.1 
(p = NS)

* *

Thourani 
et al.

2021 5.3 (STS) 1.1 vs. 4 6.1 vs. 5.4 10.2 vs. 7.3

*Not reported
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TAVR with a mean STS score of 5.3%. Compared 
with previously published data, the use of the 
SAPIEN 3 was associated with lower rates of all-
cause mortality of 1.1%, disabling stroke of 1.0%, 
moderate or severe PVL of 4.2%, major vascular 
complications of 6.1%, life-threatening bleeding of 
4.6%, and new permanent pacemaker implantation 
of 10%. Furthermore, the authors found a signifi-
cant superiority of TAVR for the composite end-
point of mortality, strokes, and moderate or severe 
aortic regurgitation (weighted difference of propor-
tions −9.2%, 95% CI −13.0 to −5.4; p < 0.0001) to 
surgical valve replacement.

40.5  Randomized Controlled  
Trial Data

To date, there have been three randomized con-
trolled trials (RCTs) examining TAVR in interme-
diate surgical risk patients as shown in Table 40.3.

The Nordic Aortic Valve Intervention 
(NOTION) trial, a multicenter all-comers study, 
compared TAVR using a self-expanding prosthe-
sis with SAVR in low- to intermediate-risk 
patients with severe aortic valve stenosis. A total 
of 280 patients were included, to be followed up 
for 5 years. Patients’ clinical risk was estimated 
using both the Society of STS-PROM and 
EuroSCORE I and II.  Around 80% of partici-
pants were considered low-risk patients. In the 
intention-to-treat analysis, no differences were 
found in the primary endpoint, a composite of 
death from any cause, stroke, or myocardial 
infarction (MI) at 1  year (13.1% for TAVI vs. 
16.3% for SAVR; p = 0.43) [15].

In the prospective, randomized, non- inferiority 
PARTNER 2A trial, TAVR with the balloon- 
expandable SAPIEN XT valve (Edwards 
Lifesciences, USA) was compared with SAVR in 
2032 patients with severe AS deemed to be at 

intermediate surgical risk, defined by a STS score 
of 4–8% (mean 5.8%). The primary endpoint, a 
composite of death from any cause or disabling 
stroke at 2-year follow-up, was similar between 
the TAVR and SAVR groups (P = 0.001 for meet-
ing the non-inferiority criteria), and the 2-year 
survival curve event rates were not significantly 
different in the TAVR and SAVR cohorts (16.7% 
and 18.0%, respectively). Interestingly, among 
the 76% of patients who underwent TAVR with 
the use of TF access, all-cause death and dis-
abling stroke rates were 21% lower (P  =  0.05) 
than in the SAVR group. Moreover, the improve-
ments in aortic valve areas and gradients at all 
time points after the procedure were significantly 
better with TAVR than with SAVR. Conversely, a 
higher rate of mild or worse paravalvular leaks 
was observed in the TAVR group [8].

Finally, in the prospective randomized non- 
inferiority SURTAVI trial of the Medtronic 
CoreValve, 1746 patients at intermediate surgical 
risk (mean STS 4.5%) were enrolled to evaluate 
the safety and efficacy of the self-expanding bio-
prosthesis CoreValve or Evolut R (Medtronic, 
USA) versus SAVR. At 2 years, the incidence of 
all-cause death or disabling stroke (the primary 
endpoint) was similar in the TAVR and SAVR 
groups, as assessed with a Bayesian analytical 
approach (12.6% and 14.0%, respectively). 
TAVR patients had lower mean transaortic gradi-
ents and larger aortic valve areas than patients 
who underwent SAVR, whereas TAVR was asso-
ciated with a 26% rate of permanent pacemaker 
implantation and higher rates of moderate or 
severe residual paravalvular AR [9].

Taken together, these randomized trials with a 
non-inferiority design strongly support the safety 
and efficacy of TAVR for patients with severe AS 
whose operative risk of death is intermediate and 
have thus resulted in an updated indication of 
IIA [1].

Table 40.3 Randomized control trial data of TAVR vs. SAVR in intermediate-risk patients

Reference # patients
Mean risk 
score

30-day  
mortality (%)

Vascular  
complications (%)

Permanent  
pacemaker (%)

PARTNER 
2A

2032 5.8 (STS) 3.9 vs. 4.1 
(p = 0.78)

7.9 vs. 5.0 (p = 0.008) 8.5 vs. 6.9 (p = 0.17)

SURTAVI 1746 4.5 (STS) 2.2 vs. 1.7 6 vs. 1.1 25.9 vs. 6.6
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40.6  Meta-Analysis of Current Data

A meta-analysis by Singh et  al. evaluated the 
results of aortic valve replacement in 2375 and 
2377 intermediate-risk patients undergoing 
TAVI and SAVR, respectively. This analysis 
found similar 30-day all-cause mortality 
(p = 0.07), 30-day cardiac mortality (p = 0.53), 
and 12-month all- cause mortality (p  =  0.34) 
between the two groups. However, TAVR via 
transfemoral access had a significantly lower 
mortality than SAVR (OR 0.58, p = 0.006). The 
incidence of moderate or greater aortic insuffi-
ciency (p < 0.00001) and new permanent pace-
maker implantation (p < 0.0001) was higher in 
the TAVR group [16].

In the largest meta-analysis to date of patients 
with severe aortic stenosis, Gargiulo et al. com-
pared mortality after TAVR or SAVR in 16,638 
patients. Overall, there was no statistically sig-
nificant difference between TAVI and SAVR in 
early (odds ratio [OR], 1.01 [95% CI, 0.81–1.26]) 
or midterm (OR, 0.96 [CI, 0.81–1.14]) all-cause 
mortality; however the analysis combined 
patients at all risk levels from prohibitive to inter-
mediate risk. Analysis of the patient subgroup of 
low to intermediate risk showed statistically non-
significant reductions in early (OR, 0.67 [CI, 
0.42–1.07]) and midterm (OR, 0.91 [CI, 0.67–
1.23]) mortality with TAVI.  TAVR was associ-
ated with significant reductions in rates of major 
bleeding, acute kidney injury, and new-onset 
atrial fibrillation however was also associated 
with an increased need for permanent pacemaker 
implantation, vascular complications, and para-
valvular leak which were significantly lower in 
the SAVR group. Interestingly, a significant long- 
term mortality benefit was found for TAVR in 
randomized trials within the transfemoral sub-
group, p = 0.001 [17].

40.7  Remaining Questions

TAVR is the standard of care for high-risk or inop-
erable patients with symptomatic severe aortic 
stenosis and is now recommended in intermediate- 
risk patients as well. As indications widen to the 

lower-risk populations, remaining questions 
become ever more important to clarify.

Vascular complications, once the Achilles heel 
of the technology, are steadily decreasing with 
advances in transcatheter valve technology. They 
are however associated with significant morbidity 
and mortality as well as increased cost [18, 19]. 
The increased rates of new permanent pacemak-
ers with TAVR vary according to the technology 
used but are a source of increased healthcare costs 
and clinical concern. Recent published work sug-
gests that new pacemakers, although not associ-
ated with increased mortality do have an impact 
on increased incidence of heart failure hospital-
izations and lack of improvement in left ventricu-
lar function post-intervention. Chanandi et  al. 
performed a retrospective multicenter study to 
evaluate the incidence and outcomes of new per-
manent pacemaker implantation. In a population 
of over 1600 patients, approximately 20% 
required a new pacemaker within 30 days and up 
to 86% of these patients did require pacing. At 
follow-up, patients with new pacemaker had 
higher rates of rehospitalization due to heart fail-
ure (22.4% vs. 16.1%; adjusted HR 1.42; 95% CI 
1.06–1.89; p  1/4 0.019) and the combined end-
point of mortality or heart failure rehospitaliza-
tion (59.6% vs. 51.9%; adjusted HR 1.25; 95% CI 
1.05 to 1.48; p 1/4 0.011). In addition, new pace-
maker was associated with lesser improvement in 
LVEF over time (p 1/4 0.051 for changes in LVEF 
between groups), particularly in patients with 
reduced LVEF before TAVR (p  1/4 0.005 for 
changes in LVEF between groups) [20]. Further 
work will be required to determine whether in 
those patients that become pacemaker dependent 
if cardiac resynchronization therapy would be of 
potential benefit to reduce the incidence of heart 
failure.

The durability of transcatheter heart valves 
remains a question as experience is limited to the 
past 5–7 years. Issues regarding structural valve 
deterioration of both transcatheter and surgical 
valves are under scrutiny, and new definitions 
promise to create a more standardized approach 
to evaluation and follow-up [21]. It remains an 
important issue that will require rigorous follow-
 up however in the years to come.
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40.8  Conclusions

Transcatheter aortic valve replacement has 
changed the treatment of aortic stenosis in those 
at high surgical risk, providing a less invasive 
treatment option with superior results. For those 
patients at intermediate surgical risk, TAVR is 
also now a non-inferior option. The pendulum is 
now swinging in the direction of the low-risk 
patient, and we anxiously await data in this popu-
lation to fully comprehend the potential of this 
technology. Questions remain, and we must be 
vigilant to answer them in order to provide the 
best possible care for our patients.
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The conventional aortic valve replacement (AVR) 
has a relatively high success rate associated with 
a perioperative mortality risk of approximately 
1–3% in patients younger than 70 years undergo-
ing isolated AVR increasing to 4–8% when com-
bined with coronary artery bypass grafting. 
However, not all patients are suitable for surgery, 
with several factors affecting a patient’s suitabil-
ity for surgery.

In the early 2000s, aortic valve surgery was 
approaching a stalemate, as only two types of pri-
mary prosthetic aortic valves  – mechanical and 
biological  – were available. In addition, many 
patients were deemed inoperable with conven-
tional surgery by the attending cardiologist or 
practitioner because of comorbidities or advanced 
age per se. Older age, left ventricle dysfunction 
or neurological dysfunction due to their high 
operative risk, and a late outcome after surgery 

were listed in a 2005 European Heart Survey on 
valvular heart study which found that 33% of 
patients with severe aortic stenosis did not 
undergo surgery.

The most appropriate treatment strategy for 
old “intermediate- and high-risk” patients with 
aortic valve stenosis is still a matter of debate. 
According to the recent guidelines of the 
European Society of Cardiology on the manage-
ment of valvular heart disease, AVR is recom-
mended as first-line therapy in patients with 
severe symptomatic aortic valve stenosis to 
improve both symptoms and survival [1].

Transcatheter aortic valve implantation has 
emerged as an alternative treatment to conven-
tional surgery for patients of advanced age who 
are deemed inoperable [2, 3].

The advent of transcatheter aortic valve implan-
tation (TAVI), also called transcatheter aortic valve 
replacement (TAVR), which does not require car-
diopulmonary bypass (CPB), has produced a real 
revolution in the management of valvular heart 
disease, providing new hope and an alternative 
treatment option to patients who were previously 
considered too high risk for conventional surgery.

The introduction of the TAVI technology has 
gained widespread enthusiasm, such that nowa-
days, several cardiologists expect to perform 
TAVI in “every patient with aortic valve disease,” 
leading to complete abandonment of the surgical 
approach. In a more collaborative environment, 
TAVI has brought cardiology and cardiac surgery 
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closer together, and therapeutic options are 
tapered to the needs of the single patients. 
Therefore, physicians can carefully consider the 
strengths and weaknesses of each management 
strategy so as to identify the most appropriate 
treatment option for their individual patients.

In particular after the publication of the Cohort 
A results of the PARTNER (Placement of AoRTic 
TraNscathetER Valve) trial, there has been great 
debate regarding alternative therapeutic strate-
gies such as TAVI for high-risk patients with 
symptomatic severe aortic valve stenosis [4].

Catheter-based techniques have found wide-
spread acceptance among patients needing an 
aortic valve intervention. The perception of hav-
ing done the procedure through “a little whole in 
the groin” as compared to having the “whole 
chest cracked” by a surgeon depicts a patients’ 
likewise choice of TAVI over open surgery.

It is worth noting that, in the most important 
multicenter clinical studies conducted up to date, 
the TAVI approach has always been compared 
with surgical AVR using conventional prosthetic 
aortic valves through a full sternotomy. Basically, 
it means that the greatest innovation in cardiol-
ogy (TAVI) has been compared with an “ancient” 
or otherwise “remote” surgical procedure 
(sutured AVR, full sternotomy) considered as the 
standard treatment in experienced centers that are 
at the forefront of cardiac surgery. Moreover, 
studies comparing TAVI with conventional surgi-
cal aortic valve replacement in elderly patients 
showed that isolated advanced age per se should 
not be considered an indication for TAVI [5]. On 
the other hand, transcatheter aortic valve implan-
tation has become clinical routine in most centers 
worldwide for the treatment of severe symptom-
atic aortic stenosis in inoperable or high-risk 
patients, with number of procedures surpassing 
conventional aortic valve surgery [6].

From the dualism between the surgical and 
transcatheter approaches, a new option has 
emerged: recent studies have demonstrated better 
clinical and cosmetic results with minimally 
invasive techniques for AVR versus conventional 
surgery [7].

The use of minimally invasive techniques for 
aortic valve replacement is a matter of continuing 

debate as well as a surgical goal since many 
years. Available data from recent systematic 
reviews and meta-analyses do not provide strong 
evidence of a significant improvement in patient 
outcome to support the abandonment of conven-
tional AVR through a full sternotomy. The draw-
back of minimally invasive surgery is that it 
generally requires longer cross-clamp and opera-
tive times. This may expose patients to potential 
additive risks, especially if the procedure is per-
formed by surgeons who are not experts or are 
still on the learning curve. Although there are no 
data supporting this observation, a high level of 
surgical skills is required for these procedures 
because of the increasing use of technology, and 
a learning curve is unavoidable. More recently, 
sutureless AVR devices have been developed that 
enable short procedural times and also easy 
implantation of the aortic valve prosthesis when 
using a minimally invasive surgical approach 
[8–11]. In addition, the use of new sutureless aor-
tic bioprostheses that allow shorter cardiopulmo-
nary bypass (CPB) and cross-clamp times [12] 
has proved to be associated with good outcome in 
octogenarians [13]. The lack of prospective ran-
domized trials comparing sutureless versus 
stented aortic bioprostheses is a major factor 
accounting for the exclusion of these devices 
from the therapeutic armamentarium recom-
mended by current guidelines for the manage-
ment of aortic valve disease.

These devices are mounted on a stent and are 
self-anchoring within the aortic annulus with no 
need for sutures, resulting in shorter operative 
and, hence, ischemic times. The use of these 
devices makes therefore valve implantation eas-
ier and faster, which seems to improve postopera-
tive outcomes. At present, there are two 
commercially available sutureless aortic valves: 
the Perceval S (LivaNova Group, Milan, Italy) 
(Fig. 41.1) and the Intuity (Edwards Lifesciences, 
Irvine, CA) (Fig. 41.2).

As for the other two types of sutureless valves, 
the Perceval bioprosthesis has a collapsible 
design that allows easier implantation in the aor-
tic annulus. This special feature does not pertain 
also to Intuity, which is anchored to a rigid frame 
as in conventional prosthetic valves.
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The earliest experience with the sutureless 
Perceval aortic bioprosthesis was aimed at estab-
lishing the safety of the device. At the time of the 
first implants in humans (2007), the primary 
question was whether a sutureless aortic valve 
would result in increased risk of device migration 

or dislodgement in patients, for example, with 
high blood pressure and abnormal heart rhythm, 
though the results from in vitro and animal stud-
ies were largely reassuring. Later observations 
confirmed the safety of the implant in terms of no 
risk of prosthesis migration even at long term and 
also suggested the possibility of short operative 
times, with less than 20  min of aortic cross- 
clamping using full sternotomy. Definitive evi-
dence of shorter operative times was then 
provided by a study that included 100 patients 
undergoing minimally invasive isolated AVR 
using the sutureless Perceval aortic valve (n = 50) 
or a conventional stented bioprosthesis (n = 50). 
All procedures were performed by the same 
senior surgeon. Aortic cross-clamp and CPB 
times were 39.4% and 34% shorter, respectively, 
in the Perceval group than in the stented group.

The development of sutureless devices for use 
in clinical practice was aimed at making mini-
mally invasive surgical procedures easier. In par-
ticular, sutureless AVR with the Perceval valve is 
most commonly performed via mini J-sternotomy 
and right lateral minithoracotomy, showing opti-
mal performance with both approaches.

The Perceval device also proved to be a useful 
tool in the armamentarium of cardiac surgeons, 
allowing for shorter cross-clamp times. The main 
contribution of sutureless AVR through right lat-
eral minithoracotomy consists in making implan-
tation feasible also when the anatomical position 
of the aorta is unfavorable to the use of conven-
tional prostheses that would be difficult to suture.

Ease of implantation with a minimally inva-
sive approach has been confirmed also in a 
European multicenter study that evaluated 267 
consecutive patients undergoing isolated AVR 
with the sutureless Perceval bioprosthesis through 
ministernotomy or full sternotomy. No differ-
ences were found between groups in aortic cross- 
clamp and CPB times.

Sutureless and rapid deployment bioprosthe-
ses could alleviate these concerns by improving 
ease of implantation. Since their introduction in 
clinical practice for aortic valve replacement, 
they appeared to provide enhanced implantability 
and favorable hemodynamics, particularly 
 advisable in minimally invasive surgery, in 

Fig. 41.1 LivaNova Perceval “sutureless” heart valve 
bioprosthesis. Courtesy of LivaNova Group, Milan, Italy

Fig. 41.2 Edwards Intuity “rapid deployment system” 
heart valve bioprosthesis. Courtesy of Edwards 
Lifesciences, Irvine, CA
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 difficult anatomical situations or elderly patients. 
Implants of sutureless bioprosthesis are increas-
ingly performed, and the first meaningful find-
ings have been released and herewith analyzed.

The stent fits the anatomy of the aorta and fol-
lows its movement during the entire cardiac 
cycle. It is designed to distribute the stresses in 
order to minimize the risk of damage to the aortic 
root. No sutures are required to fix the valve in 
place. This potentially reduces the risk damage to 
the aorta, reduces the operation time, and facili-
tates patients’ faster recovery. The reduced pro-
file of the valve, when mounted in its dedicated 
holder, enhances visibility and control for the 
surgeon.

In the Nuremberg University Hospital, from 
January 2010 to March 2012, 122 patients under-
went minimally invasive Perceval sutureless aor-
tic valve replacement, and 122 underwent 
TAVI.  After propensity matching, 37 matched 
pairs were available for a clinical and echocar-
diographic analysis [14]. Predischarge echocar-
diographic data showed higher paravalvular leak 
rate in the TAVI group. At mean follow-up, sur-
vival was significantly differed between groups 
(sutureless 97.3% vs. TAVI 86.5%; P = 0.015). In 
the TAVI group, a significant difference in mor-
tality was observed between patients with and 
without paravalvular leak. In other words, in our 
opinion, removal of the diseased native valve 
may enhance procedural quality by avoiding 
paravalvular leak.

However, these findings together suggest that 
recently developed surgical and interventional 
techniques may also be adopted in high-risk 
elderly patients. This issue has a significant eco-
nomic relevance for healthcare systems, given 
the high costs of the new devices and the limited 
life expectancy of this patient population.

Keeping this goal in mind, we made a new 
analysis with a total of 626 patients were distrib-
uted between transcatheter aortic valve implanta-
tion (364) and sutureless (262) groups. Patients 
of both groups were not comparable for clinical 
and surgical characteristics, but many patients 
were in a “gray zone”; therefore, a new retrospec-
tive propensity score analysis was possible and 

performed. For the 102 matched pair samples, 
postoperative, follow-up clinical data and costs 
data were obtained [15]. Also in this second anal-
ysis with more patients and a longer follow-up, 
paravalvular leakage occurred more frequently in 
patients in TAVI group (34% vs. 6.9%; p < 0.001) 
with an impact on the survival rate. But the most 
interesting part of the results of this study is the 
costs: these costs associated with the two proce-
dures are similar when the cost of the device was 
excluded. When included, the sutureless approach 
resulted in a cost saving (22,451 Euro vs. 33,877 
Euro, p < 0.001).

Although several unanswered questions 
remain over the clinical outcomes and the cost- 
effectiveness of TAVI, there has been a change in 
access route choice over the years, which has 
resulted in the rapid rise in transfemoral (TF) 
procedures with respect to the transapical (TA) 
approach. The latter is generally perceived to be 
less invasive and associated with more complica-
tions and usually tends to be performed in 
patients with significant comorbid conditions 
(e.g., vasculopathy) who cannot receive TF-TAVI 
[16, 17].

Given the increasing trend toward using the 
TF route and the ongoing debate regarding 
patients considered in the “gray zone” between 
TAVI and conventional surgery, in a third study, 
we aimed at comparing TF-TAVI vs. elective iso-
lated AVR with the sutureless Perceval S aortic 
valve bioprosthesis [18]. Our results demonstrate 
that both minimally invasive AVR with the 
sutureless Perceval aortic valve and TF-TAVI are 
safe and effective in this cohort of the study. 
However, several differences emerged between 
the two techniques that deserve discussion: para-
valvular leakage at discharge was present in 3.8% 
of the sutureless group and in 32.9% of the 
TF-TAVI (p  <  0.001). Consequently, survival 
rates were 97.5% and 84.8% in the sutureless vs. 
TF-TAVI group, respectively (p  =  0.001). We 
could conclude that both TF-TAVI and sutureless 
AVR are well-standardized, safe, and effective 
procedures for the treatment of patients with 
symptomatic severe aortic stenosis. However, 
TF-TAVI seems to be a valuable alternative to 
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surgical AVR for frail patients. In patients with 
no concurrent disease (e.g., malignancy) and a 
favorable long-term survival outcome, minimally 
invasive AVR remains the procedure of choice in 
this cohort of the study population, as it is associ-
ated with better long-term results.

In our opinion, in the TAVI era, AVR still has 
to be considered as the true curative treatment 
alternative: TAVI does not allow for decalcifica-
tion of the aortic annulus and removal of the dis-
eased native valve; therefore it can be used as a 
“palliative procedure,” which however is associ-
ated with a high risk of postoperative cerebral 
embolism and a higher incidence of paravalvular 
leakage significantly affecting survival. TAVI 
represents an extremely effective treatment 
option for high-risk patients who cannot undergo 
surgery, but its use remains questionable in low- 
and intermediate-risk patients because of the 
very limited evidence available.

At present, the sutureless Perceval aortic valve 
is a helpful addition to the surgeon’s armamen-
tarium and proved to be the first-choice biopros-
thesis in particular clinical and anatomical 
situations. Since its clinical introduction and CE 
mark, experienced groups have further expanded 
the original indication for Perceval implantation, 
proving feasibility for the sake of patient safety. 
A prospective randomized clinical trial 
(PERSIST-AVR) is going to evaluate whether 
shorter operative times are associated with 
improved clinical outcomes. If this will be the 
case and good long-term durability will be con-
firmed, the sutureless technology will likely 
become the new gold standard in the surgical 
treatment of aortic valve disease, supporting its 
inclusion in future guidelines.

In conclusion, the most appropriate treatment 
strategy for this patient population remains to be 
clearly established and should include a multidis-
ciplinary heart team approach. We believe that 
sutureless aortic valve prostheses have the poten-
tial to shorten the surgical time, and future 
research will determine whether this advantage 
will also translate into better outcomes in high- 
risk patients. Sutureless aortic valve replacement 
has been shown to be associated with improved 

survival compared with transcatheter aortic valve 
implantation, owing to the lower or no rates of 
residual aortic regurgitation. Only randomized 
prospective studies comparing the two surgical 
techniques will allow definite conclusions to be 
drawn regarding this issue.
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Hybrid Procedures for Aortic Valve 
Disease: Transapical Aortic Valve 
Implantation Through Lower Left 
Anterior Mini-thoracotomy Versus 
Sutureless Valve Implantation 
Through Upper Right Anterior 
Mini-thoracotomy

Terézia B. Andrási

42.1  Introduction

At present, there is no consensus regarding the 
optimal management of aortic valve stenosis in 
multimorbid elderly patients with respect to type 
of less-invasive approaches.

Transapical (TA) transcatheter aortic valve 
implantation (TAVI), also called transcatheter 
aortic valve replacement (TAVR), over mini left 
anterior thoracotomy and sutureless aortic valve 
implantation over mini right anterior thoracot-
omy (RAMT-AVR) are considered indicated in a 
narrow range of high-risk patients not eligible for 
mini-sternotomy or for transfemoral endovascu-
lar procedures.

This chapter will review the preoperative 
decision- making, procedural characteristics, 
and postoperative outcomes of transapical trans-
catheter aortic valve implantation through left 
anterior mini-thoracotomy and sutureless aortic 
valve implantation through right anterior 
mini-thoracotomy.

A better understanding of these emerging 
minimal-invasive techniques may ease the indi-
cation for these approaches in a wider range of 
high-risk patients.

42.2  Preprocedural Evaluation 
and Patient Enrollment

A small synopsis of preoperative inclusion and 
exclusion criteria for TA-TAVI and RAMT-AVR 
are presented in Table 42.1. Although enhanced 
design modifications of TA-TAVI transcatheter 
aortic valve implantation increased effective ori-
fice area and reduced strut height leading to supe-
rior hemodynamics [1–3], this therapy is 
currently reserved for patients who are ineligible 
for traditional aortic valve replacement because 
of advanced age, poor left ventricular systolic 
function, severe comorbidities, and high-risk 
anatomic characteristics [4, 5]. Previous studies 
[1–5] revealed that the mean Log EUROSCORE 
I values for the TA-TAVI patients were signifi-
cantly higher than that for the transfemoral TAVI 
(p = 0.008) as was the STS score (p < 0.001).

Rapid deployment aortic valve replacement 
was developed to lessen the duration of myocar-
dial ischemia and cardiopulmonary bypass and 

T. B. Andrási (*) 
Department of Thoracic, Cardiac and Vascular 
Surgery, Georg August University of Göttingen, 
Göttingen, Germany
e-mail: terezia.andrasi@med.uni-goettingen.de

42

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05912-5_42&domain=pdf
https://doi.org/10.1007/978-3-030-05912-5_42
mailto:terezia.andrasi@med.uni-goettingen.de


494

facilitates aortic valve replacement through 
smaller incisions. To be considered successful, 
however, it must meet or exceed attributes of con-
ventionally implanted valves with regard to 
hemodynamic performance, adaptability to 
patient anatomy (sizes and shapes), long-term 
durability, and absence of incremental risk [6].

Patients with a bicuspid aortic valve or non- 
spherical aortic annulus may not be good candi-
dates for either RAMT-AVR or TA-AVI.

The TRANSFORM trial [6] put forward 
anomalous coronary artery or coronary ostial 
position, extensive annular root calcification, and 
significant calcification of the anterior mitral 
leaflet or interventricular septum – as important 
intraoperative exclusion criteria for sutureless 
valve implantation. In addition, patients after 
sternotomy, mini-sternotomy, TAVI, associated 
cardiac procedures (except atrial fibrillation abla-
tion), and reoperation cases were initially 
excluded from RAMT-AVR in many trials. 
Nonetheless, sutureless valves have been used 
also in combination with other valvular or coro-
nary surgical repair [7].

A computed tomography of the chest and abdo-
men should always be performed previous to 
RAMT-AVR and TA-TAVI in order to assess (1) 
the degree of aortic and arterial calcification, (2) 
the position of the ascending aorta in relation to 
the sternum, and (3) the position of the aortic valve 
in relation to the ascending aorta (horizontal root).

The CT scan of the chest should ensure a mid-
line position of the aortic annulus and evaluate the 
distance between the aortic annulus and the right 
second intercostal space and the distance between 
the aortic annulus and the sternum [8]. RAMT-
AVR preferred if the aorta is on the right side and 
close to the rib cage, whereas mini-sternotomy 
would be preferred if the aorta is in the midline or 
deeper [9, 10]. Approaching the aortic valve 
directly facilitates the correct placing particularly 
in a horizontal root.

Accurate sizing of the annulus is key to success 
of both RAMT-AVR and TA-TAVI procedures. 
Whereas in RAMT-AVR direct sizing is per-
formed, in TA-TAVI an indirect preoperative cal-
culation of the annulus size and the angulation of 
the aortic root is determined based on the CT scan.

Table 42.1 Inclusion and exclusion criteria for RAMT- AVR and TA-TAVI

RAMT-AVR TA-TAVI
Inclusion criteria Inclusion criteria
• Calcified native aortic valve stenosis
• Stenosis-based insufficiency
• Previously implanted aortic valve
• Aortic valve in transverse position
• Age older than 70 years

• Severe symptomatic aortic stenosis
• Symmetric valve cusps calcification
• Aortic valve in transverse position
• Aortic annulus <25 mm
• Advanced peripheral disease
• Severly calcified thoracic aorta
• Age older than 75 years
• High-risk patients
• Log EuroScore >20%

Exclusion criteria Exclusion criteria
• Noncalcified valve pathology
• Bicuspid aortic valve
• Aortic annulus >27 mm
• Narrow sinotubular junction
•  Progressed calcification of the aorta and/or the 

sinotubular junction
• Pure aortic insufficiency
• Aneurysm of Ao. Root/Ao. asc.
• Endocarditis within 3 months
• LV-EF <25%
• Reoperation (after sternotomy)
• Associated cardiac procedures

• Noncalcified aortic stenosis
• Bicuspid aortic valve
• Aortic annulus >25 mm
• Subvalvular aortic stenosis
• HOCM
• Intracardiac thrombus or vegetation
• Untreated coronary artery disease
• Myocardial infarction <1 month
• Endocarditis
• LV-EF <20%
• Recent stroke
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42.3  Surgical Procedure 
for RAMT-AVR and TA-AVI

The TA-TAVI was initially described by Ye et al. 
[11] in 2006 and represents an alternative access 
route of cases with nonviable femoral access 
(Table  42.2). The procedure requires general 
anesthesia and is optimally performed in a 
hybrid surgery room. After left anterolateral 
mini-thoracotomy in the fifth or sixth intercostal 
space (ICS), the pericardium is opened and left 
ventricular apex exposed. A double purse-string 
suture with Teflon or pericardium is placed 
around the puncture site. Direct puncture is fol-
lowed by direct left ventricular apex sheet inser-
tion. The aortic valve is crossed with a guide-wire 
and the valve deployed as described for trans-
femoral approach. Once the valve has been 
deployed, sheath is withdrawn, and sutures are 
tied under rapid ventricular pacing to keep low 
pressure until repair completion.

Laufer and colleagues [12] were the first to 
use the Intuity valve system in a right anterior 
thoracotomy setting and showed the suitability 
for this access (Table 42.2). RAMT-AVR is per-
formed in the second to fourth right intercostal 
space; no rib resection but only spreading is 
required to obtain surgical access to the lateral 
mediastinum. After longitudinal incision and 

 suspension of the pericardium, the ascending 
aorta was cannulated distally [7] in standard fash-
ion. The venous cannulation may be performed 
either directly through the right atrial appendage 
(RAA) or femoral venous when the appendage is 
difficult to visualize. An external cross-clamp 
was applied directly to the aorta, just before the 
origin of the brachiocephalic arterial trunk.

Antegrade cardioplegia is delivered via the 
aortic root or directly into the coronary arteries. 
After transverse aortotomy and inspection, the 
calcified aortic valve is removed in the standard 
manner. Excessive debridement of annular calci-
fication should be avoided in order to prevent 
large annular defects. After direct sizing, three 
braided sutures are placed at the nadir of each 
aortic valve sinus and then separately placed on 
the sewing ring of the prosthesis, which are then 
deployed at the target location following the 
manufacturer’s instructions. By the closure of the 
transverse aortotomy, intracardiac air is aspirated 
either through aortic root or left ventricular vent-
ing. Transesophageal echocardiography is rou-
tinely performed after both procedures to verify 
correct prosthesis positioning, identify paraval-
vular leakage, and determine pressure gradients.

Edwards Sapien and CoreValve prosthesis 
were predominantly used for TA-TAVI proce-
dures [13, 14], whereas mainly Perceval S and 
Edwards Intuity bioprosthesis were used as 
sutureless valves.

42.4  Procedural Characteristics

It has been shown that aortic cross-clamp time 
>60 min and prolonged CPB time are indepen-
dent predictors of mortality and morbidity in 
low- and high-risk cardiac patients [15, 16]. A 20 
to 30 min reduction in ischemic time would lower 
the risk of serious perioperative cardiac morbid-
ity or mortality [7].

The TRANSFORM study [6] showed a rela-
tive reduction in aortic cross-clamp time and car-
diopulmonary bypass time and an excellent 
hemodynamic performance. Bening et  al. [17] 
demonstrated a markedly reduced aortic cross- 
clamp time with RAMT, whereas Schlömicher 

Table 42.2 Procedural details

RAMT-AVR TA-TAVI
Pre-OP CT 
scan

Sternum-aorta 
relation

Aortic valve 
characteristics

Surgical 
incisions

5–7 cm incision
right second, third, 
fourth ICS
without rib 
resection
aortic incision

5–7 cm incision
left fifth, sixth 
ICS
without rib 
resection
left ventricular 
puncture

Cannulation 
sites

Venous—groin  
or RAA
Arterial—Asc. Ao. 
or groin

Venous—groin
Arterial—groin

Aortic valve Aortic valve 
excision
annulus 
decalcification

With/without 
pre-dilatation
Balloon 
valvuloplasty

Operation 
time (min)

120–180 60–160
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et al. [18] with hemithoracotomy. Glauber et al. 
[19] were able to reduce aortic cross-clamp time 
for mini-thoracotomy AVR by 28 min when using 
a sutureless Perceval S prosthesis.

Similarly, Wendler et al. [20] reported signifi-
cant reduction of procedural times for TA-TAVI 
when the balloon aortic valvuloplasty step was 
omitted (75 min vs. 122 min, p < 0.001).

Compared to conventional TAVI with balloon 
aortic valvuloplasty, Strauch et al. [21] revealed 
that the approach without valvuloplasty is at least 
comparable, with several potential safety advan-
tages, including considerable reduction in the 
need for procedural catecholamine use.

Although associated with aortic cross-clamp, 
sutureless valve implantation offers valuable 
valve fixation. Whereas the braided sutures 
secure fixation of the valve in the annulus during 
RAMT-AVR, TA-AVI remains associated with a 
higher risk for dislocation and migration. 
Nonetheless, Gilmanov [7] emphasizes that big-
ger size prosthesis could be implanted with 
sutureless method, which is in line with no pled-
get and sutures present inside the aortic root. 
Less surgical manipulation on the aortic root and 
reduced quantity of foreign material left around 
the aortic annulus might be a real advantage of 
the sutureless technology [7].

Oppositely, many physicians are concerned 
about potential injury to the left ventricle by the 
apical surgical manipulation performed during 
TA-TAVI [22, 23]. However, Imnaze et  al. [24] 
conclude that cannulation of the apex did not 
cause significant damage to the cardiac tissue, 
although biomarker levels were not assessed.

Moreover, vascular complications and need 
for circulatory support after TAVI were shown to 
be associated with threefold risk for severe bleed-
ing [25] with sheet diameter remaining a week 
predictor of postoperative bleeding after 
TAVI.  Importantly, transapical approach was 
only moderate predictor associated with twofold 
bleeding risk [25].

Taken together, complications during TA-TAVI 
procedure might be related to left ventricular 
pricking by direct myocardial or mitral injury, 

bleeding, hemodynamic or respiratory compro-
mise, and thoracotomy pain [14], whereas bleed-
ing and laceration of the right ventricle or atrium 
by the percutaneous venous cannula were also 
described during RAMT-AVR procedures [17].

Last, but not least, patients with low preopera-
tive LV-EF as well as old patients at risk for post-
operative pleural effusion require pleural 
drainage. Since RAMT consists of left pleural 
opening, whereas TA-TAVI a right pleural open-
ing, both techniques permit intraoperative pleural 
drainage placement.

42.5  Postoperative Outcomes

Sutureless AVR in RAMT approach significantly 
reduces operative and mechanically assisted ven-
tilation times compared with sutured prostheses 
and is associated with low mortality and morbid-
ity, leading to excellent surgical and hemody-
namic results [7] and, thus, becoming highly 
competitive alternative for TA-TAVI.

Transesophageal echocardiography is rou-
tinely performed at the end of both procedures to 
assess left ventricular function, to rule out para-
valvular leak, and to confirm valve function by 
measuring the effective opening area and the 
pressure gradients of the aortic valve (Table 42.3).

Table 42.3 Postoperative valve function and cardiac 
rhythm

At discharge RAMT-AVR TA-TAVI
Edwards 
Intuity

Perceval 
S

Edwards 
Sapien

Mean gradient 
(mmHg)

9–12 11–15 8–12

Peak gradient 
(mmHg)

10–22 19 16–22

Incidence 
PPM > 2 (%)

3–10 0–2 0–3

Incidence PVL 
(%)

0.7–2.2 0–8 0.5–4

NOAF (%) 12 4–7 14.5
Permanent 
pacemaker (%)

4–12 2–6 7–9
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42.5.1  Left Ventricular Function

Preoperative poor left ventricular ejection 
fraction (LV-EF) is a risk factor for poor out-
comes after both TA-TAVI and RAMT-AVR 
[26, 27]. For patients with severe LV dysfunc-
tion, any further damage to the cardiac muscle 
during TAVI could greatly worsen the out-
come, and many physicians are concerned 
about potential injury to the left ventricle by 
the apical surgical manipulation performed 
during TA-TAVI [22, 23, 28].

TA-TAVI has been reported to increase bio-
markers of cardiac tissue injury and to cause 
more LV damage compared with TF-TAVI; how-
ever, these studies did not specifically concern 
patients with low EF [28, 29].

The data of Imnadze et al. [24] suggest that, 
for patients with a reduced EF, TA-TAVI is not 
associated with a poorer outcome compared with 
transfemoral TAVI. Transapical access should 
not be discounted based on the presence of left 
ventricular dysfunction alone, since the access 
route has little or no effect on recovery of the LV 
function. Furthermore it remains unclear how left 
ventricular dysfunction affects cardiac remodel-
ing and EF recovery after TAVI.

Higher enzyme release has been shown after 
TA-TAVI when compared to transfemoral TAVI 
[26]. However, this enzyme release may be 
reflected by a transient segmental apical dysfunc-
tion that does not affect mortality [28]. D’Onofrio 
et al. [27] pointed out that it is likely that even if 
some degree of myocardial dysfunction arises 
after TA-TAVI, this is far outweighed by the 
afterload reduction that ultimately yields benefi-
cial final results. Global longitudinal myocardial 
strain improved in all TAVI patients, indepen-
dently of approach [30], suggesting that it is the 
preprocedural strain impairment, and not the 
method of approach, that dictates postoperative 
functional recovery [31].

Logstrup et  al. [32] found similar improve-
ment in EF after 1  year for patients who had 
undergone TA or transfemoral TAVI. Other stud-
ies have assessed LV remodeling after TAVI and 

found no differences between the TA and trans-
femoral procedures in terms of LV mass decrease 
[33]. This is of particular interest, as a reduction 
in LV mass index has been shown to be indepen-
dently associated with a lower risk of rehospital-
ization after TAVI [34].

Haverich et al. [35] showed that at 3 years, the 
Intuity valve was associated with significant LV 
mass regression accompanied by significant 
improvements in patient functional status after 
sutureless AVR.

42.5.2  Patient-Prosthesis Mismatch

Indexed effective orifice area (iEOA) <0.65 cm2/
m2 was considered severe patient-prosthesis mis-
match (PPM), whereas iEOA <0.85  cm2/m2 as 
moderate PPM [36].

Sutureless valves had significantly lower 
transvalvular gradients and a lower proportion of 
patient-prosthesis mismatch when compared to 
those who received a conventional bioprosthesis 
[35, 37, 38].

Mohty et  al. [39] found that severe PPM 
(EOA  <  0.65  cm2/m2) was associated with 
decreased 5- and 10-year survival (74% and 40%, 
respectively), significantly worse than for patients 
with mild or no PPM (5- and 10-year survival 
rate, 84% and 61%, respectively).

In the study of Haverich et al. [35], the indexed 
EOA and rate of severe PPM calculated by echo-
graphic core lab was 0.9 cm2/m2 and 3% at 1 year, 
whereas Hahn at al. [40] reported in the PARTNER 
trial a rate of 30% severe PPM at 1 year. Although 
the PARTNER trial included a higher risk popula-
tion with features predictive of postoperative 
PPM, such as advanced age, coronary artery dis-
ease, diabetes, and renal failure [41], it is unlikely 
that these differences alone sufficiently explain 
the 10-fold increase in severe PPM.

According to Pibarot und Dumesnil [38], 
annular calcification and fibrosis might restrict 
the diameter of the bioprosthetic implant and the 
structural support of the bioprosthesis, which 
occupies space within the aortic root and may 
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reduce the EOA available for blood flow and 
cause PPM.

The very low rate of PPM observed in the 
study of Haverich et  al. [35] may also suggest 
that the subannular positioning of the cloth- 
covered stent frame optimize the flow character-
istics through the valve inlet by widening and 
reshaping the LV outflow tract.

The unique design of the Intuity valve may 
lessen the risk for prosthesis-patient mismatch, par-
ticularly in patients with a small aortic root [42].

42.5.3  Paravalvular Leakage

Paravalvular leakage (PVL) has a major impact 
on patient outcome. The PARTNER trial revealed 
that even mild paravalvular leakage is strongly 
associated with late mortality [2]. Kodali et  al. 
[43] reported 7% and 6.9% PVL after TAVI at 1 
and 2  years, respectively, whereas the surgical 
AVR was associated with 1.9% and 0.9% PVL at 
1 and 2 years, respectively. Haverich et al. [35] 
observed 1.2% moderate and severe PVL rate at 
1 year after Edwards Intuity valve implantation, 
comparable to that after surgical AVR.

The results of the TRITON trial [44] have con-
firmed the safety and efficacy of the rapid deploy-
ment AVR using the sutureless Edwards Intuity. 
Removal of calcifications during RAMT-AVR 
allows better sealing of the valve and less PVL.

Moreover, when compared with standard sur-
gical bioprostheses, the Edwards Intuity might be 
associated with larger EOAs in smaller valve 
sizes, a lower risk of PPM owing to the structural 
valve design, and a low rate of significant postop-
erative PVL [35].

42.5.4  Valvular Pressure Gradients

Elevated transvalvular gradients can contribute to 
persistent left ventricular hypertrophy and dia-
stolic dysfunction after aortic valve replacement, 
which can raise the patient-prosthesis mismatch 
and decreased survival [45]. In a study of 2576 
patients who survived AVR,

Borger [46] found that Edwards Intuity 
patients had significantly lower transvalvular gra-
dients and a lower proportion of patient- prosthesis 
mismatch when compared to those who received 
a conventional bioprosthesis.

The results of Bening et  al. [16] and Borger 
et  al. [47] showed lower mean gradients after 
3 months for the Edwards Intuity valve compared 
to standard stented valves, although the implanted 
valve size revealed no differences.

The improved transvalvular gradient is proba-
bly related to the flared subvalvular stent in the 
left ventricular outflow tract which appears to 
optimize laminar flow across the valve prosthe-
sis. Accola [48] points out that the emphasis of 
RAMT-AVR technology is not necessarily 
“speed” of implantation but rather ease of implan-
tation and superb transvalvular gradients, specifi-
cally in the smaller valve sizes.

However, the present scientific data 
(Table 42.3) reveals no significant pressure gradi-
ent differences after TA-TAVI and RAMT-AVR, 
suggesting appropriate clinical indication for the 
procedures.

42.5.5  Atrial Fibrillation

The prognostic implications of preexisting atrial 
fibrillation (AF) and new-onset AF (NOAF) after 
TA-TAVI and RAMT-AVR remain uncertain. 
Whereas preexisting AF was present in 30.9% of 
the study population, NOAF was observed in 
9.3% of the patients after TAVI, with preexisting 
AF known to be an independent predictor of mor-
tality at 1 year [49].

42.5.6  Permanent Pacemaker 
Implantation

Whether balloons expansion of the subvalvular 
skirt frame has a negative impact on the conduc-
tion system was not yet evaluated, however, pre-
vious studies showed that preoperative rhythm 
disturbances correlate with postoperative PM 
implantation after RAMT-AVR and TA-TAVI 
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[50, 51]. Patients with permanent pacemaker 
before TAVI have higher risk profile, with nota-
ble differences [52] with higher incidence of pre-
operative cardiac arrhythmias.

Whereas in the TRANSFORM study, the over-
all rate of new permanent pacemaker implantation 
in patients with isolated AVR was 11.9%, in con-
trast to the observed rate of 5% as reported in the 
European Intuity studies for isolated AVR, whereas 
the remaining end point were similar overall [50]. 
This may be related to the high prevalence of pre-
operative induction abnormalities observed in the 
current study. Dawkins et  al. [51] observed that 
patients with preoperative conduction abnormali-
ties were significantly more likely to require a new 
permanent pacemaker compared with those with-
out 16% vs. 6% (p  =  0.004). Likewise in the 
sutured valves, a greater rate of pacemaker implan-
tation (11-fold) has been observed in the presence 
of preoperative right bundle branch block [53]. Of 
note, the new permanent pacemaker implantation 
rate of 2% and 4% observed for the Intuity valve 
was lower than that reported with Perceval S valve 
of 7% [54, 55].

Whether Intuity’s balloon-expandable frame 
imparts greater radial force within LVOT com-
pared with a conventional valve and, therefore, 
predisposes to a greater likelihood of pacemaker 
implantation in patients with baseline conduction 
abnormalities warrants additional study.

42.5.7  Survival

Survival benefit can be obtained in elderly 
patients with both RAMT-AVR and TA-TAVI 
(Table 42.4). Noteworthy, the learning curve and 
procedural volume have no impact on patient sur-
vival after TA-TAVI [56]. Heart failure, pneumo-
nia, and bleeding complications are etiologies of 
readmission in patients after TAVI.  Although 
patients who undergone TA-TAVI are more likely 
to be resubmitted to the hospital [57], TA-TAVI 
was not a predictor of in-hospital mortality dur-
ing primary admission, but during the readmis-
sion. Therefore, it seems that the higher mortality 
assessed in the TA-TAVI studies (Table 42.4) is 
due to the worse preoperative status. In consent, 

in low-risk patients with aortic valve stenosis 
undergoing TA-TAVI, no differences appeared on 
health-related quality of life compared with sur-
gical aortic valve replacement during 5-year fol-
low- up period [58].

Although, the TRANSFORM trial [6] on 
RAMT-AVR revealed that the rate of surgical 
complications at 30 days was exceptionally low 
with all-cause mortality of 0.8%, in studies that 
applied unadjusted analysis [17, 19], longer 
cross- clamping times were associated with 
increased mortality and morbidity after suture-
less valve implantation. Nissinen and colleagues 
[59] proposed a critical threshold value for aortic 
cross-clamp of 150 min, where observed mortal-
ity was 1.8% versus 12.2%. However, numerous 
confounding factors account for increases in both 
cross-clamp time and operative mortality, such as 
high predicted operative risk, technical complex-
ity, and intraoperative complications.

Nevertheless, Edwards Intuity valve implanta-
tion was associated with lower cross-clamp times 
and CPB times compared with unadjusted data 
from the STS database. Miceli et al. [60] showed 
excellent results with an early mortality rate of 
0.7% in a high-risk patient collective using this 
technique in combination with the Perceval S 
valve. Distinct advantages in postoperative atrial 
fibrillation, ventilation time, and hospital length 
of stay compared with partial sternotomy were 
shown by the same group [61].

A 1-year mortality was significantly higher in 
both preexisting AF (16.3%) and NOAF (14.6%) 

Table 42.4 Morbidity and mortality

At 30 days
RAMT- 
AVR TA-TAVI

Conversion rate (%) 0.1–4.6 0.6–3
Revision for bleeding (%) 0.2–7 2–8
New atrial fibrillation (%) 4–12 14.5
Pacemaker implantation 
(%)

1.7–9.9 1.5–10.2

Stroke (%) 1.5–4 1.5–4
Endocarditis (%) 0 0
ICU stay (days) 1–2 0–2
Hospital stay (days) 3–10 2–7
Mortality at 30 days (%) 0–5 0–11.3–

35.1
Mortality at 1 year (%) 1.9–6 4.7–20
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patients when compared with the sinus rhythm 
(6.5%, p  =  0.007) patients. Preexisting AF is 
associated with a twofold increased risk of 1-year 
mortality. This negative effect is most pronounced 
in patients discharged with single antiplatelet 
therapy compared with other antithrombotic regi-
mens [49]. Postoperative anticoagulation should 
be performed in accordance with the recent 
Guidelines for Management of Patients with 
Valvular Disease [62].

A Bayesian network meta-analysis comparing 
mini-sternotomy or mini-thoracotomy for mini-
mally invasive classic aortic valve replacement 
revealed longer aortic cross-clamp and CPB 
times for mini-thoracotomy AVR with similar 
outcomes compared to mini-sternotomy [63].

Barnhard et  al. [6] emphasizes that if the 
casual relationship between aortic cross-clamp 
time and adverse events becomes stronger as the 
cross-clamp time excess the critical values, then 
it may be reasonable to assume the benefit of 
Intuity will be greater as the degree of surgical 
complexity rises.

42.6  Conclusion

Sutureless RAMT-AVR approach becomes 
highly competitive alternative for TA-TAVI, in 
particular for the treatment of elderly patients 
who present a higher surgical risk profile and 
frailty. Rapid deployment, considerable reduc-
tion in implantation time, and the surgical preci-
sion of the implantation on a decalcified aortic 
annulus are the main advantages of the sutureless 
aortic valve prostheses.

Sutureless technology may enhance the use of 
minimally invasive approaches. Not only the sur-
gical incision but also the manipulation inside of 
the aortic root is reduced compared to the con-
ventional aortic valve replacement, offering a 
synergic reduction of the surgical trauma.

Nonetheless, patients requiring complex mul-
tivalve or combined procedures, as well as those 
with a low preoperative ejection fraction, would 
also benefit from rapid deployment valves, how-
ever without benefiting from the minimally inva-
sive approaches.

TA-TAVI is particularly recommended in 
cases with high risk of stroke or other embolic 
events, such as patients with advanced peripheral 
artery disease or severely calcified thoracic and 
ascending aorta.
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Medical Treatment for Aortic  
Valve Disease

Aydin Huseynov, Michael Behnes, 
and Ibrahim Akin

43.1  Atherosclerosis in Aortic 
Stenosis

Calcific aortic stenosis (AS) is the most frequent 
heart valve disease with a prevalence of 3–9% 
and the main cause for valve replacement in 
patients over 60 years of age [1]. The natural his-
tory of AS includes an asymptomatic latency 
period followed by a pronounced progression. 
The trials of angina, dyspnoea and syncope rep-
resent typical symptoms of AS.  The onset of 
symptoms is a prognostic unfavourable sign, 
being associated with a rapid decrease of sur-
vival. Therefore, the development of symptoms 
in conjunction with third degree of AS requires 
the replacement of the valve [2].

It is traditionally accepted that aortic valve 
sclerosis and fibrosis are the major reasons for 
valve obstruction. Despite wide dissemination of 
the AS, not all mechanisms of the disease are well 
investigated. Several underlying mechanisms may 

alleviate disease progression, including chronic 
inflammation such as atherosclerosis, represent-
ing the leading disease mechanism of the devel-
opment of AS.  Moreover, there is a strong 
association between severe AS and coronary 
artery disease (CAD). The histological investiga-
tion of severe AS reveals significant amount of 
calcification, fibrosis and lipid deposition compa-
rable to atherosclerosis [3]. Since both AS and 
CAD are degenerative processes associated with 
cell proliferation and calcification of endothelial 
structures, ageing process and atherosclerotic 
inflammation appear to be leading aetiologies of 
both conditions. Hypercholesterinaemia and other 
CAD risk factors predispose the aortic valve to 
calcify especially in the elderly population [4]. 
Based on this knowledge, the hypothesis was 
elaborated that conservative medical treatment of 
CAD may attenuate the development and progres-
sion AS. It has been suggested that statin therapy 
may inhibit or reduce the progression, or even 
induce regression, of calcific AS.

The animal model with rabbits demonstrated 
that hypercholesterolemia alleviates the 
 development of hyperlipidaemic lesion. 
Hypercholesterolemia induced both cellular prolif-
eration and calcification of the aortic valve. 
Moreover, statins show to be able to reduce the 
extent of atherosclerosis in the in vivo AS rabbit 
model [5]. This data suggested that such therapy 
reveals the potential role, especially at the early dis-
ease stages of this disease potentially attenuating 
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the time until severe AS occurs and surgical aortic 
valve replacement becomes necessary. Accordingly, 
the effect of statins was investigated in the several 
studies including patients, suffering from AS.

Several retrospective studies suggested a ben-
efit of statins by reducing the progression of 
AS. Bellamy et al. showed that AS progression 
was significantly slower in patients taking statins 
over treatment period [6].

The Navaro et  al. study demonstrated that 
patients without statin treatment showed an 
annual mean reduction of aortic valve area of 
0.11 cm2; the rate is comparable to the average 
overall AS patient population. However, the 
statin-treated group revealed a significant 45% 
reduction of stenosis progression with an annual 
stenosis rate of 0.06  cm2 [7]. Another study 
showed the impact of combined therapy 
angiotensin- converting enzymes (ACE) and 
statin on the delay of valve stenosis. Here, statins 
could significantly attenuate hemodynamic pro-
gression mild-to-moderate as well as in severe 
AS, whereas ACEs failed to attenuate AS devel-
opment. The authors supposed that the pleiotro-
pic or anti-inflammatory properties of statins 
may be more important rather than their 
cholesterol- lowering effect [8].

In all of these studies, statin therapy slowed 
the rate of progression as compared to the rate in 
those patients not receiving statins. Most studies 
included patients suffering from mild-to- 
moderate AS.  In contrast, there has so far been 
only one study demonstrating beneficial effect of 
statins therapy in patients with severely stenosed 
AS.  Generally the above-said studies did not 
prove any association in between attenuate of AS 
reduction and reduction of low-density lipopro-
teins (LDL) [8, 9].

However, already the first randomized trial 
disproved the hype of statins. The first study was 
the Scottish Aortic Stenosis and Lipid Lowering 
Trial, Impact on Regression (SALTIRE). It was 
designed to clarify whether intensive lipid- 
lowering therapy with 80 mg of atorvastatin daily 
would attenuate the progression or induce regres-
sion of aortic-jet velocity being assessed by 
Doppler echocardiography and of aortic valve 
calcium score being assessed by cardiac com-

puted tomography in patients with calcific aortic 
stenosis [10]. The study was randomized, double- 
blinded and placebo-controlled, including a 
parallel- group trial of lipid-lowering therapy. The 
results could clearly show that high-dose atorvas-
tatin reduces serum LDL cholesterol concentra-
tions. Surprisingly no evidence of atorvastatin of 
AS disease could have been demonstrated. 
Moreover, there was neither a relation between 
serum LDL cholesterol concentrations and the 
progression of AS nor was any reduction of clini-
cal endpoints demonstrated. Another random-
ized, double-blinded trial including 1873 patients 
with mild-to-moderate, asymptomatic AS inves-
tigated simvastatin plus ezetimibe versus placebo 
on the primary or secondary outcomes (SAES 
Study) [11]. No beneficial effect of statin/ezeti-
mibe therapy was detected for primary outcome.

Furthermore, the ASTROMER trial, another 
randomized clinical trial (RCT), investigated the 
effect of rosuvastatin on progression of AS in 
patients with mild-to- moderate AS [12].

Until today, no RCT was ever able to demon-
strate that extensive lipid-lowering therapy being 
induced by statins was associated with any 
improvement of AS.

Several mechanisms explaining the therapeu-
tic lack of statins in AS have been discussed. The 
plausible one is that atherosclerosis may be an 
important part of the pathogenesis of 
AS.  However, atherosclerosis predominates in 
the early stages of AS development, whereas at 
late stages, morphological features are relevant 
[7]. Pathophysiology of the AS differs signifi-
cantly from classical atherosclerosis being pres-
ent in CAD. Atherosclerosis in AS is characterized 
by continuous mechanical stress, high blood 
velocities and loss of valve tissue plasticity. 
Therefore, atherosclerosis represents only a trig-
ger for AS development without any further role. 
These hypotheses may explain why statins failed 
to attenuate mechanical degeneration and valvu-
lar calcification.

Another important aspect of AS is the absence 
of smooth-muscle-cell proliferation and lipid- 
laden macrophages, which leads to an earlier and 
more extensive calcification [10]. Decreasing 
lipid levels and stabilizing coronary plaques 
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 represent the basis of statins in CAD, which may 
affect AS development even less.

In contrast, due to the strong association 
between AS and CAD, statins may be able to 
reduce overall mortality due to secondary pre-
vention in order to reduce cardiovascular adverse 
events such as myocardial infarction [13].

43.2  Aortic Stenosis and CAD

The association between AS and CAD is well 
known. About 40% of patients with previous aor-
tic valve replacement suffer from severe CAD 
and do require additional coronary bypass graft-
ing [14]. Statins are recommended in confirmed 
CAD and elevated levels of plasma LDL-C being 
causal for atherosclerosis. Statins at doses that 
effectively reduce LDL-C by at least 50% also 
seem to halt progression or even contribute to 
regression of coronary atherosclerosis [13]. The 
degree of AS progression is influenced by LDL 
cholesterol level and develops even faster in 
patients with progredient CAD [15]. Secondary 
prophylaxis of CAD could improve the prognosis 
of patients with AS. However, no study was sta-
tistically powered to clarify these coincidences 
reliably question. For example, during the SEAS 
trial, patients with known diabetes mellitus and 
atherosclerosis (both coronary and peripheral), 
two major risk factors of AS, were excluded. This 
fact should be considered when interpreting the 
negative results of this study. On the contrary, 
most trials with a favourable outcome for statin 
therapy enrolled patients with significantly more 
risk factors for AS. This perhaps underlines the 
hypothesis that comorbidities are an underesti-
mated factor for AS disease progression. 
Therefore, statin therapy may probably be more 
effective in AS patients with comorbidities [16]. 
Importantly about two-third of AS patients in real 
world are suffering from hypercholesterolemia, 
CAD or diabetes mellitus [17]. Therefore, results 
of the RCTs should be transferred towards 
patients without atherosclerotic comorbidities.

The pathophysiology of AS is supposed to be 
a very complex. Hypercholesterolemia repre-
sents a multiplying factor for progression of 

AS.  This was confirmed in the prospective but 
non-randomized rosuvastatin affecting aortic 
valve endothelium (RAAVE) study, where only 
patients with hypercholesterolemia and treated 
with rosuvastatin were shown to benefit from 
statin therapy. The progression in aortic valve 
area in the control group was −0.10 ± 0.09 cm2per 
year versus −0.05 ± 0.12 cm2per year in the rosu-
vastatin group (p = 0.041) [18].

According to the current guideline, it is 
strongly recommended to prescribe statins in 
patients with AS and further risk factors [13, 16]. 
Especially older patients with moderate-to-severe 
AS benefit more effectively from the reduction of 
cardiovascular mortality; thus the prevalence of 
future adverse coronary events and prior myocar-
dial infarction is higher in patients without mild 
AS [19]. It is not well understood whether statins 
may be able to improve prognosis of aortic scle-
rosis or mild AS, since these patients are usually 
excluded from large trials. SEAS and 
ASTRONOMER trials were designed with ade-
quate and realistic study power, however enrolled 
only patients with mild-to-moderate AS, and may 
therefore lack any effect despite adequate reduc-
tion of LDL cholesterol levels [18].

Therefore, more prospective, randomized tri-
als are needed to investigate the influence of 
statins particularly at early stages of AS.

43.3  Statins and Heart Surgery

Statins reveal several beneficial effects in patients 
undergoing cardiothoracic surgery. It was shown 
recently that statins might reduce the rate of atrial 
fibrillation coronary bypass surgery (CABG) 
[20]. Additional studies showed that statin treat-
ment is beneficial in patients undergoing CABG 
surgery due to reduction of postoperative adverse 
cardiovascular outcomes [21]. Possible explanta-
tion may consist in the reduction of inflammation 
and oxidative stress, improvement of vascular 
endothelial function and postoperative hyperlipi-
daemia and dyslipidemia [22, 23]. Statin effects 
after CABG surgery may lead to reduction of 
rates of stroke, atrial fibrillation rates, risk of 
postoperative thrombocytosis and thrombotic 
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complications. There is a 33% reduction for 
developing postoperative infection and a 20% 
reduction of a prolonged postoperative hospital-
ization. Moreover, preoperative statin therapy 
might be renoprotective in patients undergoing 
CABG, reducing the development of atheroscle-
rotic changes in vein grafts [21].

The positive effects of statins were also 
observed in patients undergoing valvular heart 
surgery [24]. The problem of early calcification 
of bioprosthetic valves is well known. Lipid insu-
dation and monocyte infiltrates occur in the cus-
pidal tissue of porcine bioprostheses similar to 
early atherosclerosis. These alterations can pre-
cipitate structural valve deterioration at long- 
term, even in the absence of mineralization [25, 
26]. Hypercholesterolemia may be considered as 
a risk factor for calcification for bioprosthetic 
valve and may even the necessity for an explanta-
tion. In a study with 144 patients with revealed 
bioprosthetic aortic or mitral valves removed, the 
mean serum cholesterol level in the explanted 
valve group was significantly higher (189 vs. 
163 mg/dL, p < 0.0001) than that of the group of 
patients without valve explantation [27]. This 
supports the role of hypercholesterolemia as a 
risk factor for bioprosthetic valve calcification 
potentially requiring explantation [25]. 
Hypercholesterolemia seems to be an indepen-
dent predictor for bioprosthetic aortic or mitral 
valve calcification [28].

It was reported that statins were able to reduce 
degeneration of biologic prosthetic aortic valves. 
Patients treated with statins revealed significantly 
lower rates of bioprosthetic degeneration com-
pared treated without statins [17]. The authors 
suggested that the beneficial effect of statins in 
slowing bioprosthetic valve degeneration is not 
due to their lipid-lowering effects but rather to 
their pleiotropic effects over and above lipid low-
ering, including anti-inflammatory effects [17]. 
However, some retrospective studies demon-
strated that only young age but not hyperlipidae-
mia revealed to be a significant predictor for 
reoperation [29].

Moreover, bicuspid aortic valve is investigated 
in further studies. Bicuspid aortic valve repre-

sents the most common congenital cardiac mal-
formation, occurring in 1–2% of the population. 
Improving management in these patients may 
avoid the development of AS and other complica-
tions such as aortic root dilation, aortic regurgita-
tion and aortic aneurysm [28]. With regard to 
these complications, some beneficial effects of 
statins are not worthy. As already described, 
statins can reduce LDL cholesterol representing a 
significant factor for AS progression. They are 
also able to attenuate the calcification of the aor-
tic valve assuming a key mechanism for the 
development of bicuspid AS. Furthermore, statins 
were shown limit of the production of matrix 
metalloproteinases, endogenous enzymes that 
degrade matrix components, which have been 
implicated in atherosclerotic aortic aneurysm for-
mation [30].

43.4  Aortic Calcification in Familial 
Hypercholesterolemia

Familial hypercholesterolemia (FH) is an auto-
somal inherited disorder caused by mutations in 
the LDL receptor (LDLR) gene, the apolipopro-
tein B (APOB) gene or the proprotein conver-
tase subtilisin/kexin type 9 (PCSK9) gene. As a 
consequence high levels of LDL may arise [31]. 
Untreated total cholesterol concentrations in 
homozygous FH can be extremely high (up to 
1277  mg/dL (33.2  mmol/L), while the preva-
lence of aortic valve calcification here may 
reach up to 100% and is often symptomatic 
[32]. A strong association was found between 
calcification scores and age but not with total 
cholesterol. Hence, the clinical observation 
suggests that calcification may proceed inde-
pendently of increasing cholesterol levels once 
sub-endothelial damage had occurred [33]. 
Data is lacking whether early treatment with 
statins in FH may prevent calcific AS. As statins 
failed to decrease the rate of progression of AS, 
further studies are urgently needed to find out 
therapeutic alternatives inhibiting valvular 
calcification.
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43.5  Modern Approaches 
for Medical Therapy

The outcomes of three major RCTs showed a 
lack of significant benefit for lipid-lowering ther-
apy on progression or clinical outcomes in 
AS.  According to this evidence, more research 
was investigated to identify other risk factors 
besides LDL that could be modified by conserva-
tive therapy.

Lipoprotein (a) (Lp(a)) is a lipoprotein sub-
class, which is a risk factor for atherosclerotic 
diseases such as CAD and stroke. Lp (a) pro-
motes atherosclerotic stenosis and thrombosis. It 
has been hypothesized that Lp(a) contributes to 
wound healing [34]. Plasma levels of Lp(a) are 
genetically determined by gene variations and 
gene polymorphisms affecting significantly the 
expression of Lp(a) levels [35].

The role of Lp (a) in atherosclerosis and coro-
nary artery disease is well investigated [36], 
whereas the role in the AS was investigated only 
recently. A large genome-wide association study 
discovered that the SNP rs10455872 in the gene 
LPA was strongly associated with the presence of 
aortic valve calcification in European population 
with replication in independent cohorts from 
multiple ethnic groups [37]. Lifelong elevations 
of Lp(a) levels lead to a markedly increased prev-
alence of aortic valve calcification in adulthood 
and implicate Lp(a) in the development of aortic 
valve disease. The determination of Lp(a) levels 
seem to be a warranted method to assess the risk 
of AS. However, whether lowering Lp(a) levels 
can reduce the incidence or progression of AS 
remains unknown. Lp(a) targeting therapies will 
be a focus of future investigation trials.

Lp(a) is not significantly modified by statin 
therapy and therefore depicts an emerging interest 
in targeted reduction of Lp(a) with novel thera-
peutic agents such as PCSK9 inhibitors and anti-
sense oligonucleotides [38]. The mutations in 
PCSK9 are associated with less degradation of the 
LDL receptor, leading to increasing uptake of 
LDL cholesterol in hepatocytes. Thereby to levels 
of LDL cholesterol are lowered in the circulation 
and may be a cardioprotective. In a study includ-

ing 103,083 individuals, it was observed that the 
PCSK9 R46L loss-of-function mutation was 
associated with lower levels of Lp(a) and conse-
quently with lower levels of LDL cholesterol 
leading to reduced risk of AS [39]. This data indi-
rectly indicates that patients with AS may have a 
benefit from treatment with novel PCSK9 inhibi-
tors, which has so far not been investigated yet.

Besides PCSK9 inhibitors, some other drugs 
may reveal the potential to lower Lp(a) levels. 
For example, niacin and the cholesteryl ester 
transfer protein inhibitor anacetrapib were shown 
to reduce Lp(a) levels. Niacin is known to 
decrease Lp(a) by up to 40. Even though niacin 
failed to reduce to LDL levels, niacin may poten-
tially influence Lp(a) levels [40].

Cholesteryl ester transfer protein (CETP) 
facilitates exchange of cholesteryl esters and tri-
glycerides between HDL particles and athero-
genic apolipoprotein B-containing particles in 
the plasma. Anacetrapib is an orally active CETP 
inhibitor which is currently investigated in the 
REVEAL trial. Results of the clinical efficacy 
and safety by adding anacetrapib to statins are 
awaited [41].

Other novel therapeutic targets are valvular 
specific signalling pathways. They comprise a 
completely different therapy strategy. It aimed to 
achieve a desirable biomechanical outcome that 
restores normal aortic valve function. The modi-
fication of key proteins could be a potential 
option for novel pharmacological agents. For 
example, the inhibition of sodium-dependent 
phosphate transporters was shown to reverse the 
osteogenic function of LDL.  Peroxisome 
proliferator- activated receptor γ agonists were 
shown to reveal a potential in mitigating lipid 
deposition in calcific aortic valve disease of 
hypercholesterolaemic mice, etc. [42]. However, 
no such therapeutic strategy has reached clinical 
stages so far.

In conclusion, molecular and genetic studies 
demonstrated that AS is not just the result of an 
ageing but rather an active pathobiological disor-
der with several potential therapeutic targets. A 
number of candidate genes, such as VDR, APOE, 
APOB, IL10 and ESR1, have been identified 
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however need to be confirmed in larger samples 
[43]. Genetic research of valvular heart disease 
may provide a major step forward in disease pre-
vention and treatment.
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Transcatheter aortic valve implantations (TAVI), 
also called transcatheter aortic valve replacement 
(TAVR), have been introduced in 2002 as an 
experimental procedure on a 57-year-old male 
with severe calcific aortic stenosis and cardio-
genic shock [1]. Nowadays, this procedure repre-
sents a valid alternative to traditional surgery in 
intermediate and high-risk patients with aortic 
stenosis. Paralleled to the development of 
improved valve prostheses and delivery systems, 
operators start exploring the feasibility of this 
technique in off- label indication such as degener-
ated surgical bioprosthesis, in both mitral and 
aortic position, bicuspid valvular anatomy, and, 
in selected case, pulmonary valve disease. Among 
off-label applications of TAVI, of particular inter-
est is the possibility of treating patients with aor-
tic regurgitation via transcatheter implantation of 
aortic valve bioprosthesis.

Aortic regurgitation (AR) is caused by disease 
of the aortic valve cusp and/or abnormalities of 
the aortic root or ascending aorta and represents 
a unique form of valvulopathy characterized by 
both left ventricular volume and pressure over-
load. The overall prevalence of AR in the general 
population vary from 4.9% to 10%, with preva-

lence of moderate or greater severity of valvular 
disease ranging from 0.5% to 2.7% [2, 3]. The 
prevalence of AR increase with age, and severe 
form are more often observed in man than in 
women [4]. Severe AR is associated with higher 
mortality than the general population with heart 
failure occurring in almost 50% of patients in 
10 years [5]. Once symptoms of decompensated 
heart failure appear, mortality without surgical 
treatment can be as high as 10–20% per year [6].

AR can be classified in mild, moderate, or 
severe, based on echocardiography parameters, 
or in acute (endocarditis or aortic dissection) and 
chronic, based on time of onset. In western coun-
tries, given that rheumatic disease is now rare, 
severe chronic AR is frequently due to a congeni-
tal disease, such as bicuspid aortic valve or 
degenerative disease (anulo-aortic ectasia). 
Chronic AR can also be classified in (1) aortic 
steno-insufficiency with prevalent regurgitation, 
(2) pure native aortic valve regurgitation (NAVR) 
with no calcium, and (3) aortic regurgitation in 
degenerated bioprosthesis. In all the form of 
chronic AR, the progressive enlargement of left 
ventricle (LV) compensates the regurgitant frac-
tion by maintaining a low LV end-diastolic pres-
sure and normal total LV stroke volume, while 
the eccentric hypertrophy counterweighs the aug-
mented afterload. After a long latent period, ele-
vation of LV end-diastolic pressure, decreasing 
myocardial perfusion pressure, and increasing 
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oxygen demands lead to developing of symptoms 
such as dyspnea and angina.

44.1  Diagnosis

Physical examination, electrocardiography 
(ECG), and chest X-ray may show signs that are 
not always specific for severe AR.  Clinically, a 
holodiastolic murmur, a third heart sound, bound-
ing arterial pressure and a widened arterial pres-
sure may be identified. LV hypertrophy is the 
main feature of severe AR at ECG, while chest 
X-ray may display cardiomegaly.

Echocardiography has become the mainstay to 
describe the valve anatomy, evaluate regurgitation 
mechanism, and assess the severity of aortic regur-
gitation. Essential aspects that must be evaluated 
during echocardiography are (1) valve morphol-
ogy (tricuspid, bicuspid, unicuspid, or quadricus-
pid), (2) determination of the direction of aortic 
regurgitation jet, (3) identification of mechanism 
(insufficient coaptation, cusps prolapse, or cusps 
retraction), (4) LV function and dimension, and (5) 
aortic root and ascending aorta dimension. When 
echocardiography measurements are equivocal, 
magnetic resonance imaging (MRI) can be used to 
quantify regurgitant fraction. In case of aortic dila-
tation, patients should undergo gated multislice 
computed tomography (CT) before surgery.

44.2  Treatment

44.2.1  Medical Therapy

Vasodilator therapy (i.e., nifedipine or 
angiotensin- converting-enzyme inhibitors) may 
be considered for patients with severe aortic 
regurgitation who are not candidates for surgery 
to relieve symptoms. It has been demonstrated 
that beta-blockers and losartan reduce rate of aor-
tic dilatation in patients with Marfan syndrome 
[7]. However, bradycardia resulting from beta- 
blockade, prolonging diastole and increasing 
regurgitant volume, may raise concerns about use 
of this class of drugs in patients with severe 

AR.  Physicians have to keep in mind that, if a 
conservative management is reasonable in 
asymptomatic patients with severe AR, appear-
ance of symptoms is a definite indication for aor-
tic valve surgery.

44.2.2  Surgery

In patients with acute AR, urgent/emergent sur-
gical intervention is indicated. In patients with 
chronic severe AR, surgery is indicated in order 
to relieve symptoms, prevent progression toward 
heart failure, prevent death, and avoid complica-
tion in patients with aortic aneurysm. Although 
there are no data from randomized trial compar-
ing surgical management of severe AR with non-
surgical treatment, robust observational evidence 
suggests the benefits of surgery over medical 
therapy alone. Aortic valve replacement, the 
usual intervention for AR, is associated with a 
mortality of 4% when performed in isolation and 
of 6.8% when performed with coronary by-pass 
surgery [8]. Aortic valve repair is performed 
only in selected patients (i.e., prolapsing bicus-
pid aortic valve), but outcomes have generally 
been less favorable than mitral valve repair. In 
case of ascending aortic aneurysm, composite 
graft replacement is associated with a mortality 
of 1–10%, depending on severity of aortic regur-
gitation and LV dysfunction [9]. Last guidelines 
of the European Society of Cardiology/European 
Association for Cardio-Thoracic Surgery 
indicate surgical intervention in symptomatic 
patients with severe AR and non-prohibitive 
surgical risk, irrespective of left ventricular ejec-
tion fraction (LVEF) (class I LOE B) [10]. On 
the other hand, surgery is indicated in asymp-
tomatic patients with LV function impaired 
(LVEF ≤  50%) (class I LOE B) or in patients 
with severe LV dilatation (LV end-diastolic 
diameter >70  mm or LV end- systolic diameter 
>50 mm) %) (class IIa LOE B). Irrespective of 
the severity of aortic regurgitation, surgery is 
indicated in patients with Marfan syndrome and 
maximal ascending aortic diameter > 50 mm %) 
(class I LOE C) and should be considered (class 
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II LOE C) in patients with maximal aortic 
diameter: (1) ≥45 mm in the presence of Marfan 
syndrome and additional risk factors or patients 
with a TGFBR1 or TGFBR2 gene mutation 
(including Loeys-Dietz syndrome), (2) ≥50 mm 
in the presence of a bicuspid valve with addi-
tional risk factors or coarctation, and (3) ≥55 mm 
for all other patients [10]. If patients have an 
indication for aortic valve surgery,  concomitant 
replacement of aortic root or tubular ascending 
aorta should be considered when maximal aortic 
diameter is ≥45 mm (class IIa LOE C).

44.2.3  Transcatheter Aortic Valve 
Implantation

Despite surgical aortic valve replacement is con-
sidered the therapeutic standard for patients with 
severe AR, a survey showed that only one in five 
patients with severe AR and moderate LV sys-
tolic dysfunction has undergone surgery. The 
proportion of patients with severe AR and a LV 
ejection fraction below 30% referred to surgery 
was even lower, equal to 3% [11]. Encouraged by 
the increased experience and excellent outcomes 
seen in the treatment of aortic stenosis, many 
patients with mixed aortic disease or AR due to 
degenerated bioprosthesis have been successfully 
treated with transcatheter aortic valve implanta-
tion [12, 13]. Treatment of pure severe NAVR 
with TAVI, despite improvement in new- 
generation device and delivery system, is still 
considered relatively contraindicated and 
reserved for patients symptomatic despite opti-
mal medical therapy in which surgical aortic 
valve replacement is deemed prohibitive.

Transcatheter devices currently available on 
market are designed for treatment of calcific aortic 
stenosis. In this setting the devices, thanks to three 
levels of anchoring (ascending aorta, valve leaf-
lets, annulus and LV outflow tract) and the friction 
force between metallic stent frame and calcium of 
native leaflets, remain stable during positioning 
and delivery phases. Patients with pure NAVR 
often present dilated aortic root, dilated ascending 
aorta, and elliptic annulus that may exceed 

commercially available transcatheter prosthesis 
size range. Moreover, lack of valvular calcifica-
tion, suboptimal fluoroscopic visualization of 
native valve, hypercontractility of the left ventri-
cle, and the regurgitant jet may limit devices’ con-
trol of proper positioning during implantation.

Data from registries and reports on inoperable 
patients with severe NAVR has been published, 
demonstrating that TAVI in this subtype of 
patients is challenging but potentially feasible. 
With respect to patients with aortic stenosis or 
mixed aortic disease, patients with NAVR showed 
a significantly worse prognosis and tend to be 
younger, in a higher NYHA class and more fre-
quently with severe pulmonary hypertension [6]. 
Notably, common risk scores (STS and logistic 
EuroSCORE) did not differ between patients with 
aortic stenosis and patients with aortic regurgita-
tion meaning that their performance is inadequate 
in the latter group [6]. Data from the meta-analy-
sis published by Franzone et al. showed that self-
expandable prosthesis were used in 79% of cases 
while balloon-expandable device in 21% [11]. 
Procedural success, according to Valve Academic 
Research Consortium definition, ranged from 
74% to almost 100% with post-procedural mod-
erate-to-severe AR and need of a valve-in-valve 
implantation representing the two most common 
complications [11]. Of interest, a strong correla-
tion between a need for a second valve and lack of 
aortic valve calcification has been found [14]. 
Initial report on use of early- generation self-
expandable prosthesis for treatment of pure 
NAVR showed high rates of procedural complica-
tions with a need for a second valve in 18.6% of 
patients and post- procedural AR ≥ moderate in 
21% of patients [14]. Yoon et  al., in the largest 
study published evaluating TAVI in patients with 
NAVR, reported a substantial incidence of com-
plication with procedure- related death occurred 
in 3.0%, conversion to open surgery in 3.6%, 
coronary obstruction in 1.2%, aortic root injury in 
1.5%, re-intervention in 4.2%, need for a second 
valve implantation in 16.6%, and new pacemaker 
in 18.2% [15]. Residual AR ≥ moderate com-
pared with post-procedural AR ≤ mild was sig-
nificantly associated with an increased all-cause 
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mortality (46.1% vs. 21.8%) and rehospitaliza-
tion (66.0% vs. 27.1%). Predictors of all-cause 
mortality on multivariable analysis included post-
procedural AR ≥ moderate, mitral regurgitation ≥ 
moderate at baseline, LV ejection fraction ≤ 45%, 
and STS score. Intriguingly, over the 10 years of 
study enrollment, the overall device success 
improved from 61.3% to 81.2%. The authors 
attributed this success to the development of new-
generation devices that, with their retrievability, 
repositioning capacity, and external sealing cuff, 
were associated with a lower incidence of second 
valve implantation (12.2% vs. 24.4%) and lower 
incidence of post-procedural AR ≥ moderate 
(4.2% vs. 18.8%). These results entailed a lower 
1-year cardiovascular mortality (9.6% vs. 23.6%) 
but not a reduction in 1-year all-cause mortality 
(20.6% vs. 28.8%). Moreover, compared with the 
early-generation device, new-generation devices 
tended to be associated with a higher risk of 

stroke (1.7% vs. 5.7%) (Fig.  44.1). This result 
may be explained by a more frequent use of trans-
apical access for prosthesis that are no longer 
commercially available, such as JenaValve 
(JenaValve Technology, Munich, Germany) and 
DirectFlow (Direct Flow Medical, Santa Rosa, 
California) [15].

Other factors that contribute, over the devel-
opment of new-generation prosthesis, to improve 
outcomes were an optimized imaging technique, 
an increased operator experience, and a more 
frequent use of general anesthesia. Pre-
procedure transthoracic or transesophageal 
echocardiography and 3D multislice CT should 
be considered mandatory for a careful examina-
tion of annulus and surrounding anatomy. Size 
of the valve should be chosen according to 
measurement of annulus perimeter and area, 
reminding that a 10–20% oversizing is 
recommended. When using self-expandable 
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prosthesis, a higher degree of perimeter oversiz-
ing (≥15%) is recommended since it has been 
demonstrated that is associated to a less frequent 
post-procedural AR ≥ moderate [15].

During device deployment, to overcome the 
lack of fluoroscopic markers and device’s stabil-
ity, operators should use some expedients. Placing 
two pigtail catheters, one in the non- coronary 
sinus and the other in left sinus, may ensure accu-
rate positioning and reduce contrast doses 
(Fig.  44.2a, b). When using a self- expandable 
prosthesis, use of rapid pacing is strongly recom-
mended since it decreases the systolic blood pres-
sure and the regurgitant volume and thus increases 
device stability. In patients in whom severe para-
valvular regurgitation is present after prosthesis 
placement, a second valve implantation should be 
taken into account. Indeed, in this subtype of 
patients in whom the device is expanded, the 
regurgitation may result from incorrect valve 
positioning or sizing. For these reasons, valvulo-
plasty is unlikely to be of any benefits and may be 
associated to valve embolization. A second valve-
in-valve deployment should be performed snaring 
the first valve implanted in order to fix it in posi-
tion and prevent ventricular embolization 
(Fig. 44.2c). In selected case, a “two-valve tech-
nique” may be a priori taken into account using 
the first valve as an anchor for a second valve 
positioned in proper position. However, cost 
aside, this technique is associated with an aug-
mented risk of coronary ostia obstruction.

44.3  Conclusive Remarks

Pure aortic regurgitation is characterized by a 
broad spectrum of clinical and anatomical situa-
tions. Notwithstanding surgical aortic valve 
replacement is considered the therapeutic stan-
dard, given the poor prognosis of patients treated 
conservatively, TAVI may play a role in selected 
patients in whom the risk of surgery is considered 
prohibitive. A pre-procedural multimodality 
imaging evaluation is fundamental in order to 
assess the proper annuls dimension and choose 
the correct prosthesis size. At the present time, 
despite use of new-generation device, outcomes 
for patients undergoing off-label TAVI for native 
aortic regurgitation are worse compared to 
patients treated for on-label indication. New 
transcatheter valves, specifically designed for 
treatment of AR, are needed. Future research 
should focus on anchoring mechanism, sealing 
cuff, complete retrievability, and additional pros-
thesis size. It also appears that the high rate of 
cardiac and all-cause mortality described in 
recent published registries may be improved by a 
better patients’ selection. Undeniably, too many 
patients arrive in the cath lab with an end-stage 
disease when the clinical benefit of TAVI could 
even be questionable. More effort should be com-
mitted to identify patients before they reach a 
stage of the disease when cardiac mortality is too 
high to be improved by any form of 
intervention.

a b c

Fig. 44.2 (a, b) Examples of two pigtail technique with 
catheters placed in left and non-coronary sinus; (c) a sec-
ond valve implanted due to severe post-procedural AR; a 

goose neck snare was used to fix the first valve implanted 
in position
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45.1  Introduction

The very beginning of the twenty-first century 
has been marked by the introduction of an 
extraordinary technical advancement in the fields 
of cardiac surgery and cardiology: Cribier et al. 
pioneered the implantation of a valve substitute 
without the need of open-chest intervention and 
extracorporeal circulation, but only by the use of 
a catheter and imaging guidance (fluoroscopy and 
echocardiography) in beating heart conditions [1]. 
Transcatheter aortic valve implantation (TAVI), 
also called transcatheter aortic valve replacement 
(TAVR), was born in 2002, becoming a common 
technique for the treatment of high-risk patients 
and, nowadays, with the potential to be applied 
also for less hazardous valve replacements.

The scientific excitement around this discov-
ery was particularly high in those years. In fact, 
catheter-based methodologies were already 
applied in cardiology (cath lab) for diagnostic 
purposes but also for balloon aortic valvuloplasty 
[2]. Few years in advance to Cribier and Leon, 
namely the fathers of clinical TAVR, Bonhoeffer 
et al. demonstrated in the lamb animal model, as 
well as in humans [3, 4], the feasibility to implant 

a pulmonary heart valve replacement by percuta-
neously delivering a bovine jugular vein valve 
mounted into a stent. Earlier, the percutaneous 
route to treat aortic valve disease was extensively 
challenged, however without success [5, 6]. 
Andersen et al. proved in 1992 that a stented por-
cine valve could be deployed in both sub- and 
supracoronary aortic positions of nine allogenic 
animals without major signs of stenosis and/or 
regurgitation [7].

It was just a matter of time, hence, to realize in 
humans the aortic valve replacement by means of 
a similar percutaneous approach, and Cribier and 
colleagues crossed the finish line beforehand, by 
conceiving and implanting the first clinical TAVR 
prototype in a patient with degenerative aortic 
stenosis [1].

As previously reported in this book, the first 
TAVR device was realized with a stainless steel 
stent and pericardial material. This prototype rep-
resented already an improvement on to the devices 
formerly conceived by Andersen et  al. and 
Bonhoeffer et  al. In particular, in respect to the 
model proposed by Andersen and colleagues, the 
stent maintained the balloon-expandable modality 
and material composition (stainless steel [1, 7]), 
but different tubular design (slotted [1] instead of 
two wires [7]), leaflet composition (changed from 
porcine aortic valve [7] to bovine pericardium 
[8]), and, importantly, crimping size (41F [7] ver-
sus 24F [1]). The percutaneous modality was dis-
tinctive, too: Cribier et  al. performed TAVI 
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through an antegrade-transseptal approach from 
the right femoral vein [1], while Andersen and 
colleagues used a retrograde one [7].

Initially produced by Percutaneous Valve 
Technologies Inc. (New Jersey, US), the original 
TAVR clinical prototype was further developed by 
Edwards Lifesciences (Irvine, California, US), 
acquiring the registered name of both its first and 
newer developers, i.e., Cribier-Edwards® [1]. This 
valve replacement underwent further optimiza-
tions. As first, the Edwards Sapien® model was 
realized with leaflets in bovine pericardium, 
opportunely submitted to the Thermafix® treat-
ment to prevent calcification, and with a cuff in 
polyethylene terephthalate, to cover the TAVR 
inflow tract [8]. The results of several clinical tri-
als, as REVIVE and PARTNER, conducted in 
Europe, as well as in the USA, demonstrated the 
validity of this interventional cardiology approach 
in a population for which the classic cardiosurgical 
intervention had very high mortality statistics. 
After the Conformité Européenne (CE) in 2007, 
this valve prototype received the Food and Drug 
Administration (FDA) approval in 2011, becom-
ing the first TAVR device with permitted applica-
tion in the USA [9]. Two other models of Sapien 
were subsequently generated, i.e., XT and 3, for-
mulated with novel stent designs to reduce the 
delivery dimension and to ameliorate coronary 
access, and with improved materials as cobalt 
chromium to increase the resistance, as well as 
more efficient delivery systems to ease deploy-
ment [10]. Sapien 3 has also an external polymeric 
skirt in order to prevent paravalvular leakage.

Starting from 2004, Sapien TAVR devices 
found a competitor in CoreValve (Medtronic, 
Minneapolis, Minnesota, US), based on a com-
pletely different crimping-decrimping modality 
for both transfemoral and subclavian access. The 
use of a nickel-titanium alloy, commonly renowned 
as nitinol, demonstrated to be suitable for the gen-
eration of self-expanding stents. An alternative to 
balloons was hence developed, since the stent 
could be inflated and deflated by increasing nitinol 
malleability with a temperature drop; the original 
conformational and strength state could be restored 
once at the physiologic temperature of the body. 
The leaflet composition was also different (por-

cine pericardium, processed with glutaraldehyde 
and alpha-amino oleic acid (AOA™), as antiminer-
alization treatment). The CE mark arrived in 2007 
(as for Edwards Sapien), while the FDA confor-
mity was obtained 10 years later [11, 12]. After the 
CoreValve, Medtronic advanced the Evolut R by 
adjusting the design into a scalloped shape and 
increasing the skirt coverage with the aim to 
reduce paravalvular leakage (PVL).

More recently, other devices were introduced 
in the market. Symetis (formerly Symetis, 
Ecublens, Switzerland; now, Boston Scientific, 
Marlborough, Massachusetts, US) developed the 
Acurate devices: the TA™ model was initially 
envisioned for transapical delivery, while the 
newer neo™ can be deployed via transfemoral 
approach. For both TAVI replacements, nitinol is 
used to fabricate the stents, while the tissue mate-
rial is realized with porcine pericardium for neo 
TF and porcine non-coronary aortic leaflets for 
TA. The Lotus™ valve, a TAVI device produced 
by the same company, is based on a controlled, 
mechanically expandable stent design able to 
sensibly reduce PVL, especially in its Edge ver-
sion [13]. Another self- expanding TAVI option 
indicated also for the treatment of aortic regurgi-
tation is the JenaValve™ system (JenaValve 
Technology GmbH, Munich, Germany), thanks 
to its unique anchoring modality. In fact, 
JenaValve™, initially for transapical application, 
received two CE approvals: in 2011 for aortic ste-
nosis and in 2013 for aortic regurgitation [14]. 
The first model was manufactured with nitinol 
stent, porcine aortic valve (leaflets), and pericar-
dium (skirt). It has recently been improved in the 
JenaValve TAVR system by modifying both stent 
design and tissue composition (entirely porcine 
pericardial biomaterial) in order to overcome the 
32F lower limit of the delivery catheter imposed 
by the use of a whole aortic root. The system is 
now under clinical trial worldwide [14].

Currently, TAVR is a transvascular procedure 
not only indicated for the treatment of aortic ste-
nosis but also in the case when no calcification is 
diagnosed, i.e., in aortic regurgitation.

This chapter aims to offer a comprehensive 
overview of the important challenges still to be 
faced in terms of actual and possible drawbacks 
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of the existing devices, as well as of the yet unmet 
clinical and socioeconomical demands. This con-
tinuously improving technology is accelerating 
the path toward a next generation of superior 
TAVR devices.

45.2  New (and Old) Challenges 
for a Novel Technology

Despite the incredible advancement, the wide-
spread application of TAVR technique has ini-
tially met several resistances, as described by the 
same Cribier in 2012 in the occasion of the twen-
tieth anniversary of this endeavor [10].

Limitations arose already during the first clini-
cal trials performed: the scarce experience with 
the transseptal approach appeared to be the earli-
est bottleneck in the success of the treatment in 
several centers. Hence, the possibility to use the 
more common transfemoral, retrograde route ren-
dered TAVR simpler to perform, soon after the 
improvements introduced through the technology 
acquisition by Edwards Lifesciences [10]. As a 
result, TAVR showed its treatment superiority in 
respect to the classic cardiosurgical approach for 
the care especially of high-risk patients, further 
spreading globally the technique.

Apart from the suitability in the treatment of 
high-risk patients, the introduction of TAVR has 
not, however, overcome many of the restrictions 
encountered with the surgical valve substitution, 
even with the improved generations after the first 
devices.

45.2.1  Tissue Composition and Valve 
Degeneration

The performance of bioprosthetic valve substi-
tutes has been widely demonstrated to be reduced 
overtime by several factors. In particular, valve 
degeneration occurs after mineralization of the 
glutaraldehyde-treated animal biological tissue 
(e.g., porcine aortic roots, as well as porcine, 
bovine, and equine pericardia) composing the 
prosthesis in a chronic and often silent process 
until severe functional impairment. Factors as 

young age, highly active calcium metabolism, 
mechanical stress, glutaraldehyde cytotoxicity 
(free aldehydes released in the blood, biopros-
thetic tissue death, and resulting exposure of cal-
cification triggers, as DNA and phospholipids), 
and/or immunological responses to incompletely 
shielded xenoantigens (e.g., alpha- gal) of animal 
derivation have been identified as crucial in the 
development of the bioprosthetic valve disease 
[15–17]. Several treatments have been introduced 
to prevent or delay the onset of calcification and, 
hence, increase the durability of the bioprosthetic 
heart valve replacements over the current 
10–15  year clinical duration. During the indus-
trial manufacturing, glutaraldehyde-treated valve 
substitutes are submitted, for instance, to the 
application of 2-amino oleic acid, following spe-
cific proprietary modalities, as AOA™, aiming at 
neutralizing the glutaraldehyde-free aldehyde 
groups, or thermal heating, in order to induce 
protein denaturation [18–20]. As previously indi-
cated, the same treatments have been applied to 
the animal tissues used to construct TAVR 
devices. There are still insufficient clinical data to 
evaluate the long-term impact of these treat-
ments, and, therefore, no information on TAVR 
valve durability is available yet. Nevertheless, no 
other tissue-related causes of valve degeneration 
have been counteracted so far. It remains to be 
elucidated throughout a long- term clinical fol-
low-up whether TAVR devices might show a 
similar durability to classic valve substitutes. It is 
noteworthy to consider that the mechanical stress 
at which the replacement is submitted during the 
crimping/decrimping phase and after implanta-
tion might create fenestrations in the glutaralde-
hyde shield with consequent exposure of 
xenoantigens. Such a hypothesis is, in fact, valid 
also for the classic substitutes with a prevalent 
occurrence during the post- implantation period 
characterized by an increase of anti-alpha- gal 
immune response [16, 17]. First-generation 
TAVR devices were, in fact, reported to show 
proneness to degeneration already after a mid-
term follow-up, as revealed in the recent litera-
ture. Deutsch et al. disclosed that after 7 years, 
above 20% of Edwards Sapien and 10% of 
CoreValve devices, i.e., the first-generation 
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TAVRs, suffered deterioration [21]. A recent 
meta-analysis including six observational studies 
on the performance of several TAVR devices 
[22–27] evidenced the association between 
reduced leaflet motion (RLM), detected at 1 year 
by computed tomography, and increased risk of 
structural valve degeneration. The very high fre-
quency of RLM observed after TAVR is compa-
rable to the one evaluated for surgical valves 
[28]. RLM is likely to be provoked by thrombotic 
events, as documented by echocardiography in 
non-subclinical cases. Although thrombosis may 
be triggered by several factors (e.g., mechanical 
stress during and after deployment [29]), the 
occurrence of pannus formation, leaflet tear, and 
mineralization suggests a direct link between tis-
sue composition/treatment and TAVR valve dura-
bility, as already demonstrated for the devices 
implanted in classic surgery. It could also be 
likely that these observations would not match 
the case of younger patients, since, so far, TAVR 
devices have been mainly implanted in elderly, 
inoperable patients. The age factor has, in fact, 
not been taken into account as regards the influ-
ence it can exert on the progression of the TAVR 
bioprosthetic disease.

45.2.2  Costs and Availability 
for a Larger Cohort of Patients

The current estimate on the number of heart valve 
interventions to be performed each year, i.e., 
nearly 300,000, is going to tremendously increase 
in the next decades not only for prolonged life 
expectancies in the industrialized countries but 
also for the not yet driven away ghost of rheu-
matic disease, which is raging in developing 
globe regions, as Africa, Asia, and South America 
[30, 31]. Especially for patients affected by this 
pathology, i.e., mostly young adults, a replace-
ment with a surgical heart valve bioprosthesis is 
an unaffordable treatment option. In these coun-
tries, in fact, TAVR or other interventions are not 
funded by the health government institutions, and 
medical expenses have to be sustained by the 
same private citizens in need. Due to the current 
costs of TAVR technology [31], it is nowadays 

economically unsustainable to transfer it to 
nations with emerging economies, even if they 
could much more benefit from such a relatively 
easy-to-perform and less invasive treatment in 
respect to cardiac valve surgery.

In Western countries, TAVR has started to be 
applied also to less risk-prone and/or young 
patients. The observational studies performed so 
far are not sufficiently long to gain information 
on actual TAVR durability in this population. 
Since the strong effect of age on valve bioproth-
esis’s fate [32], the main clinical preference is, 
though, to perform as first a classic surgery, by 
keeping TAVR as a secondary option in case of 
need for re-treatment due to degeneration (valve-
in-valve procedure (ViV)).

45.2.3  Paravalvular Leakage

Apart from the high costs and limited treatable 
population, which remain unsolved or, in some 
extents, even worsened restrictions with respect 
to classic surgery, novel complications have been 
generated after the introduction of TAVR tech-
nology. PVL has represented the first clinical 
complication in TAVR-treated patients [33–36]. 
According to the Transcatheter Valve Therapy 
Registry of the Society of Thoracic Surgeons and 
the American College of Cardiology [36], moder-
ate or severe aortic regurgitation was diagnosed 
in 2012  in about 35% of the TAVR patients at 
30 days or at discharge. This percentage slightly 
decreased by substantially 2% in 2015. Despite 
the addition of skirts in the device design for PVL 
prevention, the inability to create a perfect adher-
ence between the TAVR annulus and the patient’s 
valve root geometry may remain, especially 
when the latter is deformed by mineralized 
deposits.

45.2.4  Permanent Pacemaker

About 10% of the patients submitted to TAVR 
require the implantation of a pacemaker since the 
 intervention compromised the performance of 
the electrical impulse propagation in the delicate 

I. Laura and G. Gino



525

region of the aortic annulus. This percentage has 
remained unaltered over time [36], despite the 
enormous evolution of TAVR devices in terms of 
encumbrance/outflow tract interaction and the 
reduction of cases of intervention- related atrial 
fibrillation [37, 38].

45.2.5  Comorbidities and Complications 
(Neurological, Valve Thrombosis, 
and Procedure- Related 
Complications)

Besides the eventual need of pacemaker implan-
tation due to damages of the conduction system, 
other complications might be generated during/
after TAVR procedure. As previously specified, 
thrombotic events but also stroke and/or adverse 
events correlated to the used procedure might 
verify.

The incidence of neurological disorders 
decreased in 2015 by 0.4% in respect to 2012, 
persisting around 1.9% of the clinical strokes at 
30 days and with 77% subclinical cases of cere-
bral microembolization [36, 39].

Less frequently reported (1%), clinical throm-
bosis interesting the implanted TAVR prosthesis 
can be effectively treated with oral anticoagu-
lants. It is likely retained to be a complication 
leading to RLM: it might develop as triggered by 
the metallic struts of the stent and/or in patients 
with a pre-existing pro-thrombotic state. 
Inadequate deployment of the TAVR device and 
inefficient containment of the native leaflets 
might also create the opportune conditions for 
thrombotic complications.

Obstruction of the coronary ostia might have a 
1% occurrence with fatal results [40–42].

While the transfemoral approach demon-
strated to be superior to the transseptal modality 
in operational terms, this access is not ideal in 
case of disseminated calcifications or patient-
specific anatomical variabilities (tortuosity, nar-
rowness) of the ileo-femoral arteries, which 
increase the risks for vascular dissection and/or 
structural ruptures. For patients with these ana-
tomic or pathologic characteristics, other vascu-
lar accesses must be utilized for 

TAVR.  Transapical, transcarotid, transaxillary, 
and transsubclavian routes might be used for 
valve percutaneous delivery in these cases, as 
well as transcaval and transaortic accesses have 
also been operated [43–47]. The optional prefer-
ence to the transfemoral approach must be cho-
sen through the specific indications given by a 
careful analysis of the patient’s anatomical 
features.

Even in conditions of optimal access, dam-
ages might rarely occur as a result of operator 
inexperience. The use of larger delivery systems 
(19–24F) has been proposed as further, but not 
always associated cause [48, 49].

45.2.6  Stent Deployment, Repositioning, 
and Resistance

For the first-generation devices depending on 
stainless steel stents and balloon-expandable 
delivery systems, the imaging guide and operator 
expertise were essential for an efficient deploy-
ment and prevention from the onset of paravalvu-
lar regurgitation. Cases of stent fracture were 
reported only for specific TAVR devices [50]. In 
addition, migration events have been disclosed 
immediately and after TAVR procedure as a con-
sequence of insufficient anchorage (inadequate 
expansion depending or not from pre-existing 
calcifications, valve mismatch, and/or unsatisfac-
tory deployment) [51–53]. With the evolution of 
the technology, the access to self-expandable, 
repositionable, and/or retrievable stents and the 
introduction of sealing skirts and further anchor-
age modalities have lowered the risk of PVL 
occurrence.

45.3  The Everlasting Search 
for the Ideal TAVR Device

So far, the identification of the ideal TAVR 
device is still an enduring mission for engineers, 
cardiologists, and cardiac surgeons. From the 
examination of the benefits and shortcomings of 
all developed generation devices, the characteris-
tics to incorporate in the optimal system are 
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numerous and still do not take into account pos-
sible needs, probably clearer only after a long-
term clinical follow-up. Most of these features 
are well summarized in the ten principles pro-
posed by Harken in 1989 to describe the ade-
quate replacement intended for heart valve 
surgical substitution (biocompatible and long-
lasting composing materials and design, satis-
factory hemodynamic performance, the absence 
of embolization, collateral effects and complica-
tions, easy deployment, and effective anchorage) 
[54]. Following the several advantages presented 
by TAVR technology, the improvements con-
stantly introduced are aiming at further decreas-
ing the invasive nature of the procedure. Local 
anesthesia and no need for transesophageal 
imaging are currently desired plus. Other not yet 
met requirements are particularly relevant for the 
full clinical translation of TAVR technology as 
unique valve replacement modality: cost-effec-
tiveness and successful long-term application for 
all ages and clinical indications of end-stage 
valve disease. In order to reply to these clinical 
demands, several novel devices are currently 
under testing or are in the research and develop-
mental phase (Table 45.1).

45.3.1  Sapien and CENTERA TAVR 
Devices

Sapien 3 is one of the last evolutions of Edwards 
Lifesciences devices. This valve replacement has 
been evaluated in humans since 2013 for the 
treatment of aortic stenosis [55]. Sapien 3 stent is 
formulated in cobalt chromium for balloon- 
mediated expansion. Glutaraldehyde-treated 
bovine pericardium is used to recreate the valve 
leaflets. Apart from these characteristics, the 
Sapien 3 device is distinctive in respect to its pre-
cursor XT, thanks to a superior radial stent, an 
improved stent geometry (low frame height and 
open cells to avoid any obstruction and ease the 
access to the coronary arteries), a PVL-preventing 
skirt in polyethylene terephthalate at the ventric-
ular side, and, finally, a reduced crimping profile 
compatible with inferior sheath diameters (14–
16F for the transfemoral approach and 18–21F 

for the transaortic and transapical modalities). 
The device is available in four sizes (20, 23, 26, 
and 29 mm) for application as an aortic or mitral 
valve replacement, receiving CE and FDA 
approvals in the biennium 2014–2016 for both 
high-risk and intermediate-risk stenotic patients. 
It is also uniquely approved for ViV procedures 
on degenerated classic substitutes [56]. 
Nowadays, Sapien 3 has been implanted in more 
than thousands of patients with generally low 
mortality rates and reduced PVL but slightly 
increased occurrence of pacemaker implantation 
in respect to its predecessor [43, 57–60]. 
Moreover, the procedure based on Sapien 3 has 
demonstrated its cost-effectiveness in respect to 
the classic surgery by reduction of post- 
intervention hospitalization expenses [61].

On March 2018, Edwards Lifesciences 
launched a new prospective, single-arm clinical 
trial for the assessment of the Sapien 3 Ultra [62]. 
Intended to be evaluated in intermediate-risk 
patients with severe calcific aortic stenosis, the 
new device of the Sapien family has been con-
ceived to further reduce PVL, thanks to a higher 
polymeric sealing skirt, as well as a unique 
14F-delivery system facilitating deployment 
without the need for valve alignment [63].

The outcomes with the Edwards Lifesciences’s 
response to self-expandable TAVR devices, i.e., 
the CENTERA valve, have been recently dis-
closed. Realized in nitinol, CENTERA displays 
leaflets in glutaraldehyde-treated bovine pericar-
dium, is available in three sizes (18, 21, and 
23 mm), and is fully retrievable and reposition-
able through a motorized 14F-sheath delivery 
system [63]. The clinical studies, realized preva-
lently in Europe but also in Australia and New 
Zealand, have revealed very low mortality rate 
and occurrence of vascular complications, as 
well as moderate PVL and need for pacemaker 
implantation [64–66].

45.3.2  CoreValve TAVR Devices

Medtronic has introduced several adjustments to 
the CoreValve system, the first self-expandable 
TAVR valve to have received FDA approval. 
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Its clinical application was disadvantaged by cere-
brovascular complications and PVL, as for other 
first-generation devices [10, 12, 33, 34, 37]. 
Although the CoreValve replacement was already 
possessing a pericardial sealing skirt, it was defi-
nitely improved in its iteration Evolut R, smaller in 
height, deliverable through a 14F sheath and with 
redesigned outflow to minimize PVL [67, 68]. To 
further decrease the entity of paravalvular regurgi-
tation, Medtronic conceived the Evolut PRO char-
acterized by a more sealing wrap again realized in 
pericardium, able to increase the adherence 
between the replacement and the native valve root. 
Available in different sizes (23, 26, and 29 mm) 
with a 16F delivery system, it received the FDA 
and CE approvals in 2017, but no conformity for 
clinical application in Canada [69]. After implan-
tation in 60 patients with aortic stenosis distributed 
in eight US centers, the 30-day results of the clini-
cal trial indicated satisfactory hemodynamics, low 
mortality rates, moderate PVL in less than 30% of 
the treated patients, and need for pacemaker 
implantation in 10% of the cases [70].

Apart from the CoreValve system, Medtronic 
developed another second-generation TAVR, i.e., 
the Engager device, based on nitinol self- 
expanding technology, bovine pericardial leaflets, 
and a skirt in polyester. The valve has been CE 
marked in 2013. As per the suggestive commer-
cial name of this TAVR valve, it displays a three-
arm anchoring system able to ease efficient 
deployment through a transapical access. Falk 
et al. performed the first investigational study of 
this device in 30 patients. Despite the positive out-
comes observed in terms of performance, PVL, 
and pacemaker implantation, four patients had to 
be submitted to surgical treatment due to dissec-
tions provoked by the delivery system [71]. In the 
pivotal trial based on 61 patients, 26% were sub-
mitted to pacemaker implantation [72]. The 
23 mm size was dismissed from the market due to 
unsatisfactory performance of the replacement in 
terms of particularly high residual gradients [73].

45.3.3  Acurate TAVR Replacements

Analogously to the newer-generation CoreValve 
devices, also Acurate ones display a self- 

expanding nitinol stent and a PVL-preventing 
skirt in pericardium. Both Acurate TA and neo 
are available in S, M, and L sizes and depend on 
a 18F delivery system. Even if slightly different, 
the stents of Acurate TA and neo valves possess a 
particular design guaranteeing advanced anchor-
age and stabilization at the site of deployment. 
Borgermann et  al. recently published the out-
comes of the SAVI-1 and SAVI-2 registries on 
the implantation of Acurate TA in 500 patients. 
Moderate PVL was documented at 1 year only in 
2.6% of the patients [74]. Among 89 patients 
treated with Acurate neo for 1 year by Moellmann 
et al., 22.5% died, and 4.5% presented moderate 
PVL [75]. At 4 years of comparison between the 
two devices in a total of nearly 200 patients, 
Hamm et al. observed PVL in 1.9% of the cases. 
For these patients, 30-day mortality was slightly 
higher for Acurate neo, as reduced was the 1-year 
survival in respect to the TA counterpart [76]. 
When compared with other TAVR valves, as 
CoreValve, Acurate neo replacements show bet-
ter performance with reduced rates of pacemaker 
implantation, as well as of PVL [77].

After acquisition of Symetis by Boston 
Scientific Corporation, a novel iteration of 
Acurate, i.e., Acurate neo2™, has been evaluated 
in patients with aortic valve stenosis. Still not 
available for sale, this new TAVR replacement, 
with improved delivery system, as well as inner 
and outer sealing skirts to more efficiently pre-
vent PVL generation, is awaiting CE conformity 
in Europe and continuing its IDE trial for FDA 
approval in the USA [78, 79].

45.3.4  JenaValve TAVR Replacements

The peculiarity of JenaValve is given by the 
introduction of a clipping system to fasten the 
diseased native valve, besides a locator engage-
ment, in order to increase the probability of cor-
rect anatomical positioning. Available sizes of 
the first JenaValve device were 23, 25, and 
27  mm, and the catheter delivery was operated 
through 32F [14]. The results obtained with the 
application of JenaValve with the transapical 
approach demonstrated the safety and efficacy of 
the system in both stenosis and regurgitation 

I. Laura and G. Gino



531

conditions of the aortic valve [80, 81], as marked 
by CE. The dismissal of the device was operated 
due to the sole insertion modality available.

A more advanced prototype intended for 
transfemoral application has substituted this 
replacement, proving its suitability for the treat-
ment of pure aortic regurgitation in the first in- 
human experience [82].

45.3.5  Portico TAVR Valves

Portico TAVR has been developed by St. Jude 
Medical, now acquired by Abbott Vascular 
(Abbott Park, IL, US). This replacement has been 
conceived with the anti-calcification technology 
Linx™ applied to bovine pericardium, used to 
realize leaflets and paravalvular skirt. The self- 
expandable stent in large nitinol cells guarantees 
to the Portico TAVR full recapture and reposi-
tioning, before deployment has been completed. 
To minimize the need of pacemaker implanta-
tion, the TAVR height has been designed low. 
This replacement for transfemoral, transaortic, 
and transaxillary implantation is available in four 
sizes: the two smallest ones (23 and 25 mm) to be 
inserted with 18F delivery and the others (27 and 
29 mm) to be deployed with 19F sheath [83].

The clinical study for the assessment of safety 
and performance of Portico TAVR with the lower 
diameters has been performed by Manoharan 
et al. by enrolling nearly 200 patients. Thirty-day 
mortality was low (3.9%), with pacemaker 
implantation in 10% of the cases, similar to other 
commercial replacements. Severe PVL was 
absent at 30 days and at 6 months of evaluation, 
reaching 3% at 1 year [83, 84]. Portico TAVR is 
now CE approved for clinical use in Europe.

45.3.6  Lotus TAVR Valve

Before acquiring Symetis Acurate devices, 
Boston Scientific was already investing in 
another TAVR program, i.e., Lotus Valve system. 
The predecessor of this valve, i.e., Sadra™ (Sadra 
Lotus Medical, Campbell, CA, US), was 
implanted for the first time in 2007 [85]. As an 
improved iteration, Lotus Valve system has the 

peculiarity to possess a mechanically expand-
able stent, enabling retrieval and repositioning 
even at deployment occurred. Moreover, the 
braded nitinol stent displays a thick cell network 
and reduced height in order to prevent any inter-
action with the left ventricular outflow tract 
(LVOT). The leaflets are realized in bovine peri-
cardium. The technology Adaptive Seal™ has 
been conceived to diminish the risk for paraval-
vular regurgitation, thanks to a polyurethane/
polycarbonate outer skirt able to adapt to the 
irregular surfaces of the calcific native valve. 
This replacement has been under investigation in 
several clinical trials to assess possible non- 
inferiority in comparison to other approved 
devices [86–91] and received the CE mark in 
2013. Since 2016, it is no longer available in the 
market due to particularly high post-procedural 
pacemaker implantation rates. In order to pre-
vent such difficulties and associated complica-
tions, Boston Scientific released Lotus Edge™, 
characterized by the same concept of its first 
TAVR system improved by the Depth Guard™ 
technology intended to further minimize the 
device interactions with the LVOT [13]. Despite 
these improvements, Lotus Edge encountered 
technical problems during the deployment phase, 
causing the withdrawal of all devices [92, 93].

45.3.7  Direct Flow TAVR Devices

A completely innovative TAVR design has been 
conceived by Direct Flow Medical (Santa Rosa, 
US) with its homonymous replacement. Fully 
retrievable and repositionable, this device pos-
sesses no metallic frame but an intelligent poly-
meric material stent. In fact, the composing 
polymer can be clearly visualized by infusion of 
physiologic contrast solution and molded by 
exchange with a solidifier, allowing the rapid cur-
ing of the stent material to the desired tridimen-
sional geometry. At complete deployment, the 
replacement results to be precisely positioned 
and safely anchored to the native valve of the 
treated patient [94, 95]. Although the TAVR 
device received CE approval for its 23 and 25 mm 
sizes, it is no longer available on the market due 
to the producer’s extinguishment.
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45.3.8  Venus A-Valve and Venibri 
Devices: The Eastern World 
Response for TAVR

The unique transfemoral TAVR replacement to 
be available in China is the Venus A-valve (Venus 
Medtech Inc., Hangzhou, China), which received 
the conformity by the Chinese FDA in 2017 [96]. 
Manufactured with porcine pericardium, this 
self-expandable device was initially lacking of 
the possibility to be fully retrieved and reposi-
tioned during deployment, which now has been 
implemented in its iteration. With a similar 
design to CoreValve, it distinguishes itself for a 
higher radial force, rendering it more suitable in 
the case of severely calcified and/or bicuspid aor-
tic valves [31, 97].

Venibri is another device to have reached 
clinical attention not only in the East. It is born 
from the joint venture of the same Venus Medtech 
Inc. and Colibri Heart Valve LLC (Broomfield, 
CO, USA), leader in the dry tissue technology 
[98]. The first Venibri device was, in fact, char-
acterized by a reinforced nitinol stent and dehy-
drated porcine pericardial leaflets [99]. Its 
improved version, Venibri II, presents a sealing 
skirt and is under testing also in European cen-
ters [100].

45.3.9  Polymers and Decellularized 
Pericardium as New Advanced 
Biomaterials for TAVR 
Realization

The TAVR industry has proposed so far several 
new devices with improved features to minimize 
paravalvular regurgitation and post-procedural 
complications. Among the problems still 
unsolved, the manufacture of more biocompati-
ble, functional TAVR solutions is still to be 
achieved. As discussed previously, the fabrica-
tion of more viable alternatives is urgently needed 
to prolong the efficacy of available treatments at 
more reasonable direct and indirect costs.

Similar to the classic valve surgery, the search 
for new alternatives in TAVR technology is now 
passing through the use of biomaterials featuring 

more biocompatible properties and possibly 
transforming the replacement into a living, func-
tional tissue. In order to bypass the limitations of 
the glutaraldehyde-treated pericardial leaflets, 
TAVR replacements have been realized in poly-
meric materials, as Dacron/styrene- isobutylene- 
styrene, polyhedral oligomeric silsesquioxane, 
and polycarbonate urethane [101–104]. In par-
ticular, the TRISKELE valve, composed with the 
latter mixture of polymers, demonstrated a 
hydrodynamic performance non- inferior or equal 
to other approved TAVR devices, as Sapien XT 
and CoreValve, when challenged in an in  vitro 
study [104].

Another interesting concept based on poly-
meric materials is the JetValve, a fibrous heart 
valve replacement obtained by a spinning-based 
manufacturing. The biohybrid scaffold is 
obtained by the deposition of a mix of poly-4- 
hydroxybutyrate and gelatin, which can be 
opportunely tuned with the intent to reproduce 
valve matrix properties. Once implanted via 
transapical access into the right ventricle outflow 
tract, the JetValve demonstrated stable perfor-
mance in sheep for 15 h [105]. Longer follow-up 
and evaluation in the LVOT are mandatory to 
fully understand the potential of this technology 
for TAVR application.

Currently at the clinical testing is Xeltis 
(Xeltis BV, Eindhoven, the Netherlands), another 
bioengineering concept based on electrospin-
ning and endogenous tissue restoration but also 
on Nobel prize-winning supramolecular poly-
mers [106, 107]. Implantable transapically, this 
device does not present any metallic component, 
but it is completely manufactured in polyure-
thane with the ureidopyrimidinone supramolec-
ular binding motif [107]. By comparison of the 
data observed in the clinics for Sapien, 
CoreValve, and Lotus TAVR devices with the 
ones generated in the preclinical evaluation of 
Xeltis in an ovine model, the hemodynamic pro-
file in the aortic valve position of the latter 
appears comparable. In particular, the PVL was 
equal or inferior to the one described for the 
commercial replacements [108]. These positive 
outcomes in the preclinical model need to be 
confirmed in a first in-human  application, which 
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for the moment is only limited to the right ven-
tricular outflow tract [106].

At the latest Heart Valve Society Meeting held 
in New York [109], Peter Zilla presented a pro-
vocative lecture intended to once again shake the 
Western World medicine focused on a high eco-
nomical cost system, not affordable for the 
unprivileged countries. In this occasion, as well 
as previously [110], he presented a new nonoc-
clusive, self-homing TAVR valve in heparinized 
polyurethane, developed with Strait Access 
Technologies (Cape Town, South Africa). This 
relatively inexpensive solution is intended for the 
treatment of non-calcific, aortic regurgitation and 
can be positioned with a self-locating, retractable 
balloon without the need of fluoroscopy.

Despite the clear advantages of increased 
crimpability and possible lower costs of fabrica-
tion, the use of polymers might be limited by par-
tial endothelialization and/or low repopulation, 
as well as unsuccessful valve tissue reconstruc-
tion, specifically pitfalls already evidenced in the 
regenerative medicine of classic heart valve sub-
stitutes. A more effective solution could be the 
use of decellularized cardiovascular tissues. By 
excluding glutaraldehyde treatment from the 
manufacturing process, this approach could 
enable the generation of tissue scaffolds devoid 
of inflammatory, immunogenic, and calcific trig-
gers, prone to be colonized by patient’s cells and 
hence giving life effectively to a self-like, repair-
ing and adapting replacement with long-lasting 
performances [111]. Decellularized pericardium 
has been recently demonstrated to be a cytocom-
patible biomaterial for the construction of TAVR 
replacements. Ghodsizad et  al. developed a 
TAVR device in decellularized pericardium and 
nitinol stent, which was stimulated magnetically 
in a bioreactor to promote repopulation with 
human mesenchymal cord blood cells [112].

In Padua, in collaboration with the TECAS 
consortium partners, we also started a TAVR pro-
gram based on decellularized pericardium- based 
replacements. Preliminary in  vitro analyses 
revealed a hemodynamic non- inferiority of 
obtained devices with respect to the ones com-
mercially available, even at high back pressure 
conditions (unpublished data).

45.4  Conclusions

Despite the great advances realized so far in the 
worldwide acceptance of TAVR as treatment for 
aortic stenosis and regurgitation, several issues 
still hamper the clinical application of this pro-
cedure for all indications and ages. The search 
for the ideal replacement remains therefore an 
open task. Nevertheless, the continuous refine-
ment operated in all of the main components of 
this technology will hopefully lead soon to 
develop a superior generation of TAVR replace-
ments for both stenotic and insufficient aortic 
valves.
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46.1  Introduction (Rationale 
of Biorestorative Valve)

The long-term durability of transcatheter heart 
valves (THV) is becoming an important issue 
since the selection of patients for transcatheter 
aortic valve implantation (TAVI), also called 
transcatheter aortic valve replacement (TAVR), 

has been expanded to lower-risk patients, thus 
younger [1]. A series of clinical trials have tested 
the implantation of transcatheter aortic valves in 
patients with high risk for surgical replacement 
and even below the high-risk stratum, achieving 
satisfactory results when comparing to the surgi-
cal aortic valve replacement (SAVR) [1–3]. 
Initially patients who were candidates for TAVI 
were elderly at high surgical risk. Due to the lim-
ited life expectancy, there was very little concern 
regarding to the long-term durability of the device 
compared to the safety of the TAVI procedure [4]. 
Thus, the evidence on long-term durability in the 
field of THV is limited. However for the surgical 
valves, it is known that the devices derived from 
animal origin (e.g., bovine, porcine, equine leaf-
lets) tend to degenerate and become calcified with 
time, suggesting that reintervention is needed one 
or two decades after the implantation of the bio-
prosthesis valves [5]. In the field of paediatric car-
diac surgery and of not fully grown patients, not 
only durability of the valve but also the growth 
process with the need for repaired intervention is 
considered a problem to overcome. Data derived 
from long-term cohorts of patients undergoing 
SAVR with a pericardial bioprosthesis show that 
younger patients (from 50 to 65 years) are more 
likely to have valve deterioration than those oper-
ated on the eighth decade of life [6].

Current bioprosthetic valves are made from 
animal-derived glutaraldehyde-fixed pericardial 
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tissue, which are known to cause biocompatibility 
concerns and chronic inflammatory responses 
[7]. The chronic inflammation could lead to cal-
cification through secretion of cytokines by mac-
rophages, such as osteopontin [8–10]. Also, this 
foreign material could be a major concern for 
thromboembolism, infection and valve dysfunc-
tion such as stenosis or insufficiency.

In order to overcome these issues, a valve with 
biocompatible material, which could diminish 
the inherent risk of heterologous material to pro-
voke thrombosis, inflammation, calcification and 
rapid deterioration, has been conceptualized—a 
restorative cardiac valve. In order for the material 
of the valve to restore itself, a technology called 
the endogenous tissue restoration (ETR) was 
developed.

With the endogenous tissue restoration 
approach—better described throughout this 
chapter—a bioabsorbable material will progres-
sively be replaced by endogenous tissue. 
Therefore, the heart valve with ETR technology 
has the potential to improve biocompatibility and 
overcome the inflammation problem of the cur-
rent valve provoked by the use of a foreign mate-
rial. This way, theoretically, the main issue of 
durability of the valve could be overcome.

Throughout this chapter we will discuss the 
perspectives on this technology and the prelimi-
nary results so far adapting the concept of ETR 
for the circulatory system.

46.2  Endogenous Tissue 
Restoration

The endogenous tissue restoration rationale is 
based upon the fact that a bioabsorbable material 
could be gradually absorbed and progressively 
replaced by the body’s own tissue. This technol-
ogy has been extensively studied over the last 
decades and is the result of scientific research of 
mainly three disciplines: the field of supramo-
lecular chemistry, the domain of electrospinning 
and the knowledge about regenerative medicine.

Jean-Marie Lehn, a French chemist, has a key 
role in the development of this technique. 
Together with Donald Cram and Charles 

Pedersen, in 1987, he received the Nobel Prize 
for his synthesis of cryptands (a family of syn-
thetic bi- and polycyclic multidentate ligands for 
a variety of cations) [11] and has innovated in the 
field of supramolecular chemistry [12, 13]. His 
findings and effort lead the way to the develop-
ment of novel polymer material platforms. Based 
on this technology, tunable material platforms 
have been developed, from which a full library of 
material with different parameters can be 
selected—different degrees of mechanical 
strength and rates of bioabsorption.

The second component of this new technology 
is electrospinning, which is a fibre production 
method which uses electric force to draw charged 
threads of polymer solutions or polymer melts up 
to fibre diameters in the order of some hundred 
nanometres.

Assembling supramolecular polymers in a 
random fashion and using the electrospinning 
technique, one can create matrices with some-
what porous structure that can be easily pene-
trated by endogenous cells, such as red cells, 
fibroblasts, myofibroblasts, platelets, macro-
phages and so on (Fig. 46.1).

The third component is the regenerative medi-
cine. In summary, there are basically three phases 
for a tissue to regenerate itself: phase 1, implanta-
tion of the prosthesis; phase 2, neo-tissue forma-
tion; and phase 3, functional restoration.

From a physiopathological point of view, ETR 
is defined as replacement of the absorbable mate-
rial by the patient’s own native cells. This hap-
pens through infiltration of these cells into the 
polymeric matrix, triggering a cascade of events 
with gradual replacement by native tissue. As 
absorption begins, the leaflets and conduit are 
infiltrated by inflammatory cells, releasing 
growth factors, promoting smooth muscle cell 
infiltration and matrix production (proteogly-
cans, collagen with focal elastic tissue). The criti-
cal balance between the tissue formation and the 
implant absorption is the key to success of this 
technology (Fig. 46.2).

The primary results regarding the use of this 
technology in a prosthesis that had leaflets in the 
in vivo setting came from the implant of a pulmo-
nary valved conduit in an ovine model.
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46.3  Preclinical Results: 
Pulmonary Valved Conduit

To test the feasibility of this technology, Soliman 
et al. reported the performance of the pulmonary 
valved conduit (Xeltis BV, Eindhoven, the 
Netherlands), which carries this ETR technology, 
in the preclinical setting. For that the investiga-
tors used 23 adult sheep (ranging from 60 to 
90 kg) comparing the new device with the ETR 
technology to the widely known Hancock® bio-
prosthetic valved conduit (Medtronic Heart Valve 
Division, Irvine, CA, USA).

a

c

b
Syringe

Polymer solution
Solution
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Needle
variables

Collector
Collector
variables

Inflammatory process begins
with RRC infiltration

Progressive inflammatory
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Replace with healthy
endogenous tissue

Transmural
replacement

High voltage

Fig. 46.1 The principle of electrospinning and ETR of 
the Xeltis aortic valve. (a) The principle of electrospin-
ning: electrospinning is a widely used technique for the 
electrostatic production of nanofibres, during which an 
electric potential is used to make polymer fibres with 
diameters ranging from 2 nm to several micrometres from 
polymer solutions. This process is a major focus of atten-
tion because of its versatility and ability to continuously 
produce fibres on a scale of nanometres, which is difficult 
to achieve using other standard technologies. 
Electrospinning is a relatively simple way of creating 
nanofibre materials, but there are several parameters that 
can significantly influence the formation and structure of 
produced nanofibres. These parameters such as solution 

variables, needle variables or collector variables could be 
manipulated to produce the desired material. (b) Electron 
microscopic images of the product of electrospinning. (c) 
The principle of ETR: the implant is gradually infiltrated 
by blood elements (red cells, platelets, macrophages), 
myoblasts and fibroblasts with subsequent enzymatic and 
oxidative bioabsorption of the fibres and gradually 
replaced by endogenous tissue. Reprinted from 
EuroIntervention Vol 13, number 12, Miyazaki Y, Soliman 
OII, Abdelghani M, Katsikis A, Naz C, Lopes S, et  al. 
Acute performance of a novel restorative transcatheter 
aortic valve: preclinical results, pages e1410–e7, 
Copyright (2017), with permission from Europa Digital & 
Publishing [17]

Implant
functionality

Neotissue
functionality

Time

Fig. 46.2 Schematic representation of endogenous tissue 
restoration: the neo-tissue formation (red line) at the same 
time of the integrity loss of the implanted material (blue line)
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The pulmonary valved conduit is a 5-cm-long 
conduit with three leaflets and an inner diameter 
of 21 mm (Fig. 46.3). The devices were implanted 
via a thoracotomy under general anaesthesia as 
an interposition pulmonary artery vascular graft 
approximately 1 cm above the native pulmonary 
valve (which leaflets have been surgically 
removed). Haemodynamic data were as follows: 
valvular peak systolic pressure gradient (mmHg) 
was 25.6 ± 9.7 (3 months), 19.6 ± 7.1 (6 months) 
and 10.0 ± 9.2 (24 months), which were compa-
rable to the Hancock valve (standard without 
ETR) as a control group. The investigators 
concluded that “the XELTIS pulmonary valved 
conduit showed a favourable and durable 
hemodynamic performance (up to 2-years after 
implantation), without conduit narrowing/
obstruction or severe regurgitation” [14].

Bennink et al. confirmed these data with histo-
logical assessment of the material. Histological 
demonstration of the replacement of the conduit 
material by endogenous newly formed tissue can 
be seen in Fig.  46.4—where endogenous tissue 
restoration is observed in a chronological evolu-
tion (3, 6 and 12  months) [15]. The authors 
reported data from 18 animals, and only 1 animal 
with the Xeltis pulmonary valved conduit had 

significant calcification at 6 months. No signifi-
cant narrowing of the conduit was observed, 
while a peak of neo-intimal thickness was seen at 
6 months. Inflammatory process reached a peak 
at 6 months, and a peak of degradation process 
was observed at 12 months; this contrasted with 
the outcome of the Hancock prosthesis, where 
the calcification was much more prominent [15].

These primary results in the preclinical setting 
paved the way to testing in the clinical setting and 
also to expand the technology to the aortic valve.

46.4  Preclinical Results:  
Aortic Valve

For the aortic position, the technology used on 
the leaflets is the same as the ETR already 
described [16]. The leaflets, which were synthe-
sized by electrospinning process, were mounted 
on a self-expandable nitinol frame (Fig. 46.5).

In a recent report, investigators showed the 
acute performance of this aortic valve implanted 
in sheep. For this given experiment, the Xeltis 
aortic valve was implanted through a transapical 
approach, under general anaesthesia in 33 adult 
sheep. The procedure was guided by 

Fig. 46.3 Picture of the pulmonary valve conduit (Xeltis 
BV, Eindhoven, the Netherlands). Looking outside of the 
conduit at the left panel, and on the right, we can appreci-
ate the three leaflets as seen from the outflow. Reprinted 
from EuroIntervention Vol 13, number 12, Soliman OII, 

Miyazaki Y, Abdelghani M, Brugmans M, Witsenburg M, 
Onuma Y, et al. Mid-term performance of a novel restor-
ative pulmonary valved-conduit: preclinical results, pages 
e1418–e1427, Copyright (2017), with permission from 
Europa Digital & Publishing [14]
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 echocardiography, fluoroscopy and the execution 
of aortograms. The procedure of the implantation 
is represented in Fig. 46.6 following the steps: (1) 
positioning, a pigtail catheter was placed in the 
native aortic valve cusp as reference, and (2) the 
valve was delivered transapically under fluoro-
scopic guidance. The distal end of the valve was 
deployed, after which the delivery system was 
pulled gently to anchor the three device arms 
(“the feelers”) into the cusps, prior to full deploy-
ment (“clipping process”) and release of the 
device. In this report, no major complications 
related to the TAVI procedure were reported [17]. 
Assessment of haemodynamic parameters and 
regurgitation of the prosthesis after implantation 
was performed with the use of echocardiogram 
and videodensitomery technique [17]. The quan-
titative assessment of aortic regurgitation using 
videodensitometry is a novel, accurate, well- 
validated tool that uses the image of the aorto-
gram to compare the density of contrast in the 
aortic root with the density of the regurgitated 
contrast to the left ventricle outflow tract. This 
technology has been validated in vitro and in vivo 
compared with echocardiography and cardiac 
magnetic resonance. Also, it has shown to have a 
prognostic value—related to clinical outcomes 
and mortality [18, 19]. Briefly, the dedicated soft-
ware (CAAS A-Valve, Pie Medical Imaging, the 

1 mm

Elastic tissue
observed in the 24

months conduit

24 Months12 Months6 Months2 Months

2 mm2 mm2 mm2 mm

Fig. 46.4 Histology of a Xeltis pulmonary valved con-
duit gradually replaced over time by newly formed tissue. 
Histological images in Movat stains. The nuclei are 
stained in blue/black, elastic tissue in black, collagen in 
yellow, proteoglycan in green and muscle in dark red. In 

this image presented by Virmani, R, in EuroPCR Congress 
2017 in Paris, France, we can see at 24 months the pres-
ence of elastic tissue formation (in details on the right 
panel). Reproduced with permission from the author

Fig. 46.5 Leaflets with a porous microstructure made 
through electrospinning process mounted on a self- 
expandable nitinol frame that included three feelers and a 
native leaflet clipping mechanism. Adapted and reprinted 
from EuroIntervention Vol 13, number 12, Miyazaki Y, 
Soliman OII, Abdelghani M, Katsikis A, Naz C, Lopes S, 
et al. Acute performance of a novel restorative transcath-
eter aortic valve: preclinical results, pages e1410–e7, 
Copyright (2017), with permission from Europa Digital & 
Publishing [17]
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Netherlands) provides the area under the time 
density curves (AUC) of the reference area (aor-
tic root) and region of interest (left ventricle out-
flow tract). Simultaneously, the ratio of the area 
under the time density curve of the region of 
interest to the area under the time density curve 
of the reference area was calculated, which cor-
responds to the fraction of regurgitation. 
Theoretically, the quantitative videodensitomet-
ric assessment ranges from 0% to 100% [18–23]. 
Figure  46.7 shows the cumulative curve of 
VD-AR on 28 sheep immediately after TAVI 
[17]. Three cases showed a regurgitation superior 
to 17% (0.17), which is the predetermined 
cutoff value to show significant vital prognostic 

outcome in clinical situation [18, 19]. The mech-
anism of the significant regurgitation on these 
three cases was (1) transvalvular regurgitation 
determined by echocardiography and (2) inap-
propriate clipping of the leaflets.

Since the leaflets of the Xeltis aortic valve are 
made with electrospinning technology, the leaflet 
has a porous structure with randomly assembled 
microfibres. Although the concern had been raised 
that transvalvular (trans-leaflet) AR could be pres-
ent, no transvalvular regurgitation more than mild 
was observed acutely in the preclinical study. This 
is because red blood cells, fibrin and other pro-
teins permeate the leaflet material, sealing the 
pores and reducing its permeability. This could be 

1. Positioning 2. Open three feelers

3. Clipping 4. Final

Fig. 46.6 Implantation of the Xeltis aortic valve. 
Reprinted from EuroIntervention Vol 13, number 12, 
Miyazaki Y, Soliman OII, Abdelghani M, Katsikis A, Naz 
C, Lopes S, et al. Acute performance of a novel restorative 

transcatheter aortic valve: preclinical results, pages 
e1410–e7, Copyright (2017), with permission from 
Europa Digital & Publishing [17]
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visually observed in surgical reconstruction of 
RVOT in clinical cases using this technology on 
pulmonary conduits. The surgical operator looked 
at the oozing of the blood through the wall of the 
conduit, which typically resolves within a few 
minutes, resulting in haemostasis (Fig. 46.8).

Haemodynamic performance was assessed 
immediately after implantation of the Xeltis aortic 
valve in 20 cases. Transvalvular peak pressure gra-
dient (PG) was 7.4 [6.0–8.9] mmHg, mean PG 
was 4.0 [3.0–5.0] mmHg, and effective orifice area 
was 2.2 [1.6–2.5] cm2. These data are comparable 
with the ones from clinical trials [1–3]. Although 
the current study is performed in a preclinical set-
ting, and compared to the haemodynamic param-
eters reported in a clinical setting, the acute 
haemodynamic performance was excellent [24, 
25] (Table 46.1). The study to assess the chronic 
performance of the Xeltis aortic valve is currently 
ongoing. Aortographic, echocardiographic and 
pathological assessment will help to better under-
stand this technology.
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Fig. 46.7 Cumulative frequency distribution of quantita-
tive regurgitation assessment with videodensitometry 
after implantation of the Xeltis aortic valve. Reprinted 
from EuroIntervention Vol 13, number 12, Miyazaki Y, 
Soliman OII, Abdelghani M, Katsikis A, Naz C, Lopes S, 
et al. Acute performance of a novel restorative transcath-
eter aortic valve: preclinical results, pages e1410–e7, 
Copyright (2017), with permission from Europa Digital & 
Publishing [17]

Fig. 46.8 Xeltis pulmonary valved conduit implantation 
in the right outflow tract of a patient. Reprinted from 
EuroIntervention Vol 13, number AA, Serruys PW, 
Miyazaki Y, Katsikis A, Abdelghani M, Leon MB, 
Virmani R, et al. Restorative valve therapy by endogenous 

tissue restoration: tomorrow’s world? Reflection on the 
EuroPCR 2017 session on endogenous tissue restoration, 
pages AA68–AA77, Copyright (2017), with permission 
from Europa Digital & Publishing [7]
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46.5  From Preclinical to Clinical

For valves with the ETR technology in the aortic 
position, clinical trials have not yet been initi-
ated. However, paediatric conduit (Fontan) and 
pulmonary valved conduit have ongoing follow-
 up in the clinical setting. Bockeria et al. reported 
the first clinical experience with five patients 
(aged 4–12  years old) and demonstrated the 
assessment by echocardiography, CT scan and 
MRI including 4D flow. They concluded that 
“Initial clinical experience with a novel absorb-
able graft underlines the potential of this new 
material to improve cardiac and vascular surgical 
procedures”. Indeed these results are the primary 
data found in human, and longer follow-up and 
increase in sample is necessary. However, the 
observation of the longer follow-up in children is 
crucial in order to check the “growth” of the 
material with the endogenous tissue, thus con-
firming the concept of this technology. This bet-
ter biocompatibility could reduce permanent 
implant-related complications.

XPLORE-I study is the first clinical feasibility 
study in patients who underwent right ventricular 
outflow tract (RVOT) reconstruction with the 
pulmonary valved conduit using the Xeltis tech-
nology (www.clinicaltrials.gov, NCT02700100). 
XPLORE-II trial (www.clinicaltrials.gov, 
NCT03022708) will test the early feasibility in 
the United States, in which ten patients will be 
enrolled.

46.6  Conclusions

The novel biorestorative valve has been devel-
oped based on the ETR concept: a technology 
combining three scientific disciplines which are 
supramolecular chemistry, electrospinning and 
regenerative medicine. A pulmonary valved con-
duit has been tested in preclinical setting, and 
clinical testing is ongoing. The aortic valve has 
been tested in preclinical setting and is expected 
to be tested in the clinical setting in a later stage.

This is a novel concept that seems appealing 
for the replacement of vascular structures and 
valves, due to its potential of being reconstituted 
by endogenous tissue. This technology might be 
responsible for the prolonged life duration of an 
aortic valve bioprosthesis. Ongoing research and 
clinical trials may be expected to overcome the 
issues of the current devices.
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47.1  Introduction

In just more than a decade since the first patients 
were enrolled in the PARTNER I trial, transcatheter 
aortic valve implantation (TAVI), also called trans-
catheter aortic valve replacement (TAVR), has 
become the treatment of choice for elderly high-risk 
patients with severe aortic stenosis and those who 
are deemed unsuitable for conventional surgical aor-
tic valve replacement (SAVR) [1]. Similarly, robust 
randomized trial data from intermediate- risk patient 
cohorts support the net superiority of TAVI when 
undertaken via femoral approach [2, 3]. Furthermore, 
in clinical practice, contemporary registries from 
Europe and the USA show that a significant propor-
tion of intermediate to low-risk patients are already 
being successfully treated with TAVI [4].

As the focus moves to evidence-based treat-
ment of low-risk patients, ongoing trials must 
address a number of key differentiating features 
that uniquely define this group of often-younger 
patients with improved exercise tolerance, longer 
life expectancy, less comorbidities, and differing 
anatomical features. This chapter focuses on clin-
ical, procedural, risk score, and patient character-
istics that characterize the challenges faced in 

treating the large low-risk cohort of patients with 
severe aortic stenosis.

47.2  Definition of Low Risk

The definition of low-risk patients is complex 
but, for practical and guideline purposes, has 
largely been determined by the inclusion criteria 
of completed or ongoing randomized trials and 
large-scale registries. Three factors are key: (i) 
operative mortality scores, (ii) age, and (iii) the 
agreed impact that other comorbidities may have 
upon periprocedural risk (as determined by for-
mal Heart Team assessment). Using Society of 
Thoracic Surgery Predicted Risk of Mortality 
(STS-PROM) risk scores as the standard for 
research purposes, high risk for TAVI periopera-
tive mortality is usually defined as an STS score 
>8% (6% of patients), intermediate risk as STS 
score 4–8% (14% of patients), and low risk as 
STS score <4% (80% of patients). The low-risk 
PARTNER 3 randomized controlled trial (Safety 
and Effectiveness of the SAPIEN 3 Transcatheter 
Heart Valve in Low Risk Patients With Aortic 
Stenosis, ClinicalTrials.gov NCT02675114) 
defines low risk as STS <4%, with operative mor-
tality <2% and a Heart Team agreement that 
operative mortality is <4%, using an Edwards 
Sapien 3 valve via transfemoral approach. 
Similarly, inclusion criteria for the Medtronic 
Evolut R Transcatheter Aortic Valve Replacement 
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in Low Risk Patients Trial (ClinicalTrials.gov 
NCT02701283) specify the need for “docu-
mented Heart Team agreement of low risk for 
SAVR, where low risk is defined as predicted risk 
of mortality for SAVR <3% at 30 days per multi-
disciplinary local Heart Team assessment.” The 
NOTION-2 trial (Comparison of Transcatheter 
Versus Surgical Aortic Valve Replacement in 
Younger Low Surgical Risk Patients With Severe 
Aortic Stenosis, ClinicalTrials.gov Identifier: 
NCT02825134) also uses an STS score <4% for 
low-risk inclusion, using any CE mark valve via 
transfemoral approach.

In this context, it is important to understand 
that any of the commonly used surgical risk 
scores (STS-PROM, EuroSCORE, EuroSCORE 
II, Logistic EuroSCORE) remain imperfect and 
suboptimally validate measures of risk for the 
majority of TAVI populations. Furthermore, cur-
rent TAVI-specific risk models lack significant 
comparative prospective validation. In general 
terms (albeit with limitations), EuroSCORE 
grossly overestimates operative mortality, 
whereas EuroSCORE II and STS more closely 
approximate TAVI outcomes. Risk score assess-
ments in low-risk groups must take account of 
other features that impact upon mortality out-
comes and long-term morbidity (Table 47.1).

Regardless of risk score, the average age of 
patients undergoing TAVI has remained similar 
(ranging from extreme risk to intermediate-/low- 
risk groups) across the major randomized trials 
published to date. For extreme risk, the average 
ages of patients in the PARTNER IB and US 
CoreValve Extreme Risk trials were 83.1  years 
and 81.3  years, respectively [5, 6]. Similarly, 
average ages in the high-risk PARTNER 1A and 
US CoreValve High Risk trials were 83.6 and 
83.2 years, respectively [1, 7] (Table 47.2). In the 
intermediate-risk PARTNER 2A and SURTAVI 
trials, the average age was 81.5 and 79.9 years, 
respectively [3, 8]. Even in the NOTION study, a 
randomized all-comers trial that enrolled patients 
aged 70 years or above, the average age was still 
79.2 years [9]. With this in mind, lower TAVI risk 
does not simply mean younger patients, since an 
88-year-old man with severe aortic stenosis and 
no other comorbidities may have an STS score 

<2% (though surgical data from the large STS 
databases suggest that lower mortality is observed 
in lower-risk patients from younger age groups). 
Whether this trend applies to TAVI patients 
remains to be seen. NOTION 2 is the only low- 
risk trial enrolling patients ≤75 years, alongside 
the MEDTRONIC Registry (ClinicalTrials.gov 
NCT02628899) that is specifically examining a 
subgroup aged ≤65 years.

As studies from intermediate groups have 
shown, SAVR is associated with increased risk of 
life-threatening/disabling bleeding, stage 3 acute 
kidney injury, and new atrial fibrillation, whereas 
TAVI increases the risk of paravalvular leak 
(PVL), pacemaker requirement, and major vascu-
lar complications [8–11]. Given that many low-
risk patients are excellent surgical candidates, 
major improvements must be clearly and robustly 
demonstrated across all the key comparators of 
SAVR and TAVI before percutaneous technology 
can truly evolve toward lower-risk patients. Even 
more provocatively, as TAVI mortality rates fall 
(30-day all-cause mortality PARTNER 2A S3 
1.1%, to NOTION 2.1%, and PARTNER 2A 
transfemoral subgroup 3.0%) to levels equivalent 

Table 47.1 Clinical, procedural, and device-related fac-
tors that influence outcomes of TAVI in low-risk patients

Surgical risk 
score

STS-PROM
EuroSCORE II
Logistic EuroSCORE

Clinical 
factors

Anatomy of the aortic valve and its 
environment—bicuspid vs. tricuspid, 
degree and symmetry of calcification
Complexity of iliofemoral access or need 
for alternative access
Porcelain aorta
Underlying conduction abnormalities
Presence of coronary artery disease and 
need for revascularization
Bleeding vs. stroke risk and choice of 
antiplatelet/anticoagulant regime 
post-procedure

Procedural 
factors

Conscious sedation vs. general 
anesthesia
Transfemoral vs. alternative access 
(carotid, subclavian, axillary, transcaval, 
transaortic, or transapical)
Need for pre-/post-dilatation

Device 
factors

Choice of valve—balloon expandable, 
self-expanding, or repositionable
Implant technique
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to the natural history of severe aortic stenosis 
(sudden death 1–2% per  annum), pre-emptive 
intervention in asymptomatic patients becomes a 
serious consideration.

47.3  Paravalvular Leak

Moderate to severe PVL after TAVI remains an 
important concern, with a prevalence of 23.6% in 
the CoreValve registry and an associated increase 
in late mortality (63% vs. 51%; p  =  0.034). 
Newer-generation devices that are fully retriev-
able or incorporate skirts or modified frame 
designs have significantly reduced rates of PVL, 
ranging from 5.3% to 7.7% for the CoreValve 
Evolut R, 0–1.0% for the Evolut PRO, and 3.8% 
for the Sapien 3 device. While preprocedural 
planning and accurate annular sizing using mul-
tislice CT have evolved considerably, further 
reduction in the rates of PVL is required for 
lower-risk cohorts with longer life expectancy or 
bicuspid valve anatomy.

47.4  Permanent Pacemaker 
Implantation

As TAVI implantation rates grow exponentially 
year on year, understanding of the key features 
that drive conduction disorders and need for per-
manent pacemaker (PPM) implantation has also 
progressed significantly. Nevertheless, PPM 

implantation rates remain high with certain 
devices. Patient-level predictors of PPM include 
bicuspid valve anatomy, pre-existing right bundle 
branch block, heavy calcification of the noncoro-
nary cusp, and a high membranous septum [12]. 
In the initial PARTNER Registry, PPM was 
required in 8.8% of patients without prior PPM 
who underwent TAVI with a balloon-expandable 
valve. In addition to pre-existing right bundle 
branch block, the prosthesis:outflow tract diame-
ter ratio and LV end-diastolic diameter were also 
identified as predictors of PPM requirement.

Device-specific features, such as skirt thick-
ness or frame height, may also dictate PPM 
implantation rates, with some studies also sug-
gesting that PPM implantation is associated with 
poorer outcomes. New PPM requirement was 
associated with a longer duration of hospitaliza-
tion and higher rates of repeat hospitalization at 
1 year in the initial PARTNER trial [5, 13, 14]. 
Similarly, early postoperative pacemaker implan-
tation increased the risk of late all-cause mortal-
ity (HR 1.49; 95% C.I 1.20, 1.84; p  <  0.001) 
analyzing long-term in 5842 patients undergoing 
SAVR over 11 year mean follow-up (range 5.8–
16.5 years) [14]. Conversely, a more recent meta- 
analysis including 11 studies and 7032 patients 
showed no significant association between PPM 
and 1-year all-cause mortality (risk ratio, 1.03; 
95% CI, 0.90–1.18; P  =  0.64, I2  =  0%), 
 highlighting the controversies surrounding PPM 
implantation, particularly in the absence of stan-
dardized indications for implantation [15].

Table 47.2 Age and risk scores for defined risk groups in the major TAVI randomized trials

Risk category Age (years) Supporting evidence
Actual trial STS 
PROM (%)

Extreme risk (STS > 8%, Log 
EuroSCORE > 20%)

83.1 ± 8.6 PARTNER IB 11.2 ± 5.8
83.2 ± 8.7 US CoreValve Extreme Risk 10.3 ± 5.5

High risk 83.6 ± 6.8 PARTNER 1A 11.8 ± 3.3
83.2 ± 7.1 US CoreValve High Risk 7.3 ± 3.0

Intermediate risk (STS 4–8%, Log 
EuroSCORE 10–20%)

81.5 ± 6.7 PARTNER 2A (Sapien XT) 5.8 ± 2.1
79.9 ± 6.2 SURTAVI (CoreValve or  

Evolut R)
4.5 ± 1.5

Intermediate–low risk 79.2 ± 4.9 NOTION 2.9 ± 1.6
Low risk (STS < 4%, Log  
EuroSCORE <10%)

No specified age limit PARTNER 3 –
No specified age limit MEDTRONIC –
≤75 years NOTION 2 –
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Whether these outcomes translate to lower- 
risk cohorts remains to be seen. These patients 
may have less underlying conduction disease 
while improved understanding of the importance 
of valve implant depth and clearer guidelines for 
the management of transient bundle branch block 
may lead to a reduction in rates of PPM implanta-
tion after TAVI. Of particular interest are longer- 
term data from a series of 1629 intermediate-risk 
patients undergoing TAVI [16] with a total PPM 
rate of 19.8% (CoreValve 26.9%, Sapien 
10.9%)—mostly implanted within 72  h of the 
procedure—but no differences in total or cardio-
vascular mortality between PPM and non-PPM 
groups at 4-year follow-up. Importantly, how-
ever, rates of re-hospitalization due to heart fail-
ure (22.4% vs. 16.1%, adjusted HR: 1; 42; 
95%CI: 1.06–1.89; p  =  0.019) and lack of 
improvement in left ventricular function were 
higher in the PPM implant group, possibly result-
ing from myocardial dyssynchrony.

Higher implant positioning (and lower rates of 
PPM implantation) may theoretically be achieved 
with repositionable valves, although this has not 
been demonstrated with the LOTUS system to 
date. Indeed, PPM rates remain markedly higher 
with most self-expanding valve systems. For 
example, PPM implantation rates in SURTAVI 
were significantly greater after TAVI (Evolut R 
26.7%, CoreValve 25.5%) compared with SAVR 
(6.6%). In comparison, PPM rates associated 
with balloon expandable valves are relatively 
lower (PARTNER 2A [Sapien XT] 8.5% at 
30 days, 9.9% at 1 year, and 11.8% at 2 years; 
[Sapien 3] 10.2% at 30 days, 12.4% at 1 year) [2]. 
Nevertheless, many would argue that these rates 
remain unacceptably high for lower-risk patients, 
while also driving up the length of hospital stay 
and overall procedural costs.

New-onset left bundle branch block (LBBB) 
during or after TAVI is a further important factor 
to consider in low-risk patients. While commonly 
occurring as a transient phenomenon during the 
TAVI procedure, persistent LBBB affects approx-
imately 55% [16] and may be associated with 
higher degrees of AV block and sick sinus syn-
drome. New-onset LBBB predicts a twofold 
higher risk of need for PPM implantation and 

some studies suggest that LBBB or new QRS 
duration >160 ms following TAVI may increase 
the rate of sudden cardiac death (1.6–3.3%, log- 
rank p  =  0.007; 3.0–9.9%, log-rank p  =  0.010, 
respectively) [17]. Several questions therefore 
arise. Will these subgroups become more appar-
ent as overall mortality rates differ for low-risk 
populations? What is the optimal management 
for low-risk patients who will live longer? Is 
there a role for prophylactic PPM implantation in 
patients with “at-risk” LBBB conduction distur-
bances? If so, what clinical impact will it have for 
those with heart failure or dyssynchrony? Careful 
observational studies will be of fundamental 
importance as clinical experience accumulates 
(Table 47.3).

47.5  Anatomical Considerations

The frequency of bicuspid aortic valve (BAV) 
stenosis is typically higher in younger patients, 
with bicuspid valve disease routinely excluded 
from low- and intermediate-risk TAVI trials due 
to the uncertainties of unpredictable anatomy and 
valve performance. Nevertheless, bicuspid aortic 
stenosis may also occur in up to 20% of octoge-
narians [18]. Particular hazards include the pres-
ence of asymmetric, bulky calcification of the 
native valve apparatus, elliptical valve orifices, 
low coronary ostia, and associated aortopathy—
all of which make valve selection and sizing 
more challenging. Sub-annular calcification 
below the noncoronary cusp may unpredictably 
influence prosthesis position, and heavy left cor-
onary cusp calcification predicts the need for 

Table 47.3 Principal predictors of the need for perma-
nent pacemaker implantation after TAVIa

Variable
Multivariable 
odds ratio

Baseline right bundle-branch block 2.8–46.7
Implantation of a Medtronic CoreValve 
(vs. Edwards SAPIEN valves)

2.6–25.7

Oversizing/stretching of the aortic 
annulus/left ventricular outflow tract

1.02–1.5/1%

First-degree atrioventricular block 4.0–11.4
aAdapted with permission from Auffret et al. Circulation 
2017 [16]
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PPM implantation. Altered valve frame expan-
sion with resulting asymmetric leaflet expansion 
and potential for subclinical leaflet thrombosis 
raises further concerns regarding longer-term 
valve durability. Nevertheless, early registry data 
are promising, with no severe PVL, 23.5% PPM 
rate, and reasonable 30-day mortality in a small 
series of 51 patients with BAV undergoing TAVI 
using the Sapien 3 valve [18]. Larger scale trials 
are ongoing and sorely needed.

47.6  Stroke

Reported rates of stroke after TAVI vary widely 
(0.4–5%), partly as a result of operator and center 
proficiency, but also in part due to the lack (until 
recently) of standardized definitions for periproce-
dural cerebrovascular events [19]. Rates of dis-
abling stroke in intermediate-risk patients in 
PARTNER 2A were 3.2% vs. 4.3% for TAVI and 
SAVR at 30  days (p  =  0.20), 5.0% vs. 5.8% at 
1 year (p = 0.46), and 6.2% vs. 6.4% at 2 years 
(p = 0.83) [3]. Moreover, SURTAVI data indicate 
that stroke rates were lower after TAVI than SAVR, 
both at 30 days (3.3% vs. 5.4%, log rank p = 0.031) 
and 2 years (6.3% vs. 8.0%, log rank p = 0.0143) 
[8]. Importantly, quality of life measures sug-
gested that SF-36 physical summary assessed 
improvements after stroke were faster in the TAVI 
group than the SAVR group at 30 days [8].

The distinction between periprocedural and 
medium- to long-term event rates is important, 
since mechanisms for the latter may be very dif-
ferent and are often driven by atrial fibrillation or 
coexistent vascular disease, or rarely as a conse-
quence of valve thrombosis or endocarditis asso-
ciated with structural valve degeneration (SVD). 
Lower profile devices, smaller delivery systems, 
and improved steerability minimize unnecessary 
contact with the aorta during device delivery and 
deployment. Similarly, preliminary balloon val-
vuloplasty is no longer routine practice during 
the TAVI procedure, and generally reserved for 
the small proportion of cases (<10%) where 
severe calcification or complex valve anatomy is 
predicted to impair valve crossing or frame 
expansion [20].

Further distinctions address the differences 
between clinically manifest stroke and silent 
cerebral lesions arising as a consequence of 
device deployment or manipulation, and their 
potential impact upon neurocognition. The 
CLEAN TAVI and SENTINEL trials were the 
first to specifically address the role of cerebral 
embolic protection devices and both demon-
strated safety and efficacy with reduction in the 
volume of ischemic lesions (but no clear impact 
on rates of disabling or non-disabling stroke) [21, 
22]. Benefits for long-term neurocognitive func-
tion in lower-risk patients remain unclear, since 
neurological impairment (as assessed using men-
tal health and quality of life assessments) does 
not necessarily correlate directly with diffusion- 
weighted MRI-detectable cerebral lesions. As the 
focus turns to younger, lower-risk patients, the 
utility of cerebral embolic protection devices 
may be more specifically defined for patients 
with specific risk markers for embolization, such 
as left atrial thrombus, premature cerebrovascu-
lar/carotid disease, bulky valve leaflets, and aor-
tic arch atheroma.

47.7  Durability, Leaflet 
Thrombosis, and Valve 
Failure

The questions of long-term durability and risk of 
structural valve degeneration (SVD) are of 
utmost importance in determining the extent of 
application of TAVI in lower-risk patients with 
longer life expectancies than those studied so far. 
Durability data describing the surgical experi-
ence with bioprosthetic valves provide the refer-
ence standard for rates of SVD and associated 
interventions, with longer follow-up than cur-
rently available for TAVI patients. A systematic 
review of observational studies demonstrated 
prolonged median survival after SAVR with 
bioprosthetic valves (<65  years, 16  years; 
65–75  years, 12  years; 75–85  years, 7  years; 
>85 years, 6 years) and equivalent freedom from 
SVD (10 years, 94.0%; 15 years, 81.7%; 20 years, 
52%) [23]. SVD may arise as a result of degen-
eration, calcification, thrombosis, infection, and 
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pannus formation and lead to valve-related death 
or the need for re-intervention. Recently agreed 
international definitions for clinical and research 
purposes are summarized in Table 47.4.

Failure of transcatheter valves is usually the 
result of SVD, infective endocarditis, late embo-
lization, compression, or thrombosis, all of which 
require different treatment approaches that are 
undergoing large-scale prospective validation 
[24]. Nevertheless, 5-year follow-up data from 
PARTNER 1 are reassuring, demonstrating simi-
lar mortality and low rates of re-intervention for 
SVD after both SAVR and TAVI.  Importantly, 
rates of SVD were significantly lower after TAVI 
than SAVR at 5-year follow-up of the NOTION 
study cohort (3.6% vs. 21.5%, p  <  0.0001), as 
presented at ACC 2018.

Long-term echocardiographic evaluation has 
confirmed that aortic valve area remains stable in 
TAVI recipients at 3–5 years and is superior to 
SAVR controls [25, 26]. However, given the 
experience with surgical valve degeneration, 
more time is needed to understand the potential 
mechanisms of TAVI failure (and possible pre-
ventive strategies), and to ensure there is no pre-
cipitous drop in function or durability up to 
10 years (and beyond). Reported rates of struc-
tural TAVR deterioration range from 0% to 9.7%, 
depending on the definition and type of valve 

used [26, 27]. Factors such as the expansion 
capacity of the valve frame (determined by the 
underlying stent design) and its influence on the 
valve leaflets and their symmetry may also play a 
role in reduced leaflet motion. However, current 
long-term follow-up studies are small and limited 
to first generation devices—larger multicenter 
observational studies are underway.

Subclinical leaflet thrombosis, characterized 
by hypoattenuated leaflet thickening with or 
without restricted leaflet motion, is observed 
using 4-D contrast-enhanced computed tomogra-
phy in up to 13% of patients with surgical bio-
prostheses and TAVI devices [29]. However, the 
clinical significance of this observation and its 
relationship to SVD remains unclear. Dual anti-
platelet therapy offers no protective effects, 
whereas anticoagulation does (although the pro-
portion of thromboembolic events that could be 
prevented by long-term anticoagulation remains 
unclear) [30]. Periprocedural atrial fibrillation is 
also relatively common after TAVI, easily over-
looked and a likely source of thromboembolic 
events [31]. Ongoing studies will help to deter-
mine the optimal regimes of antiplatelet and anti-
thrombotic therapy in specific clinical scenarios 
and the possible role of concomitant left atrial 
appendage occlusion for TAVI patients in atrial 
fibrillation and at high bleeding risk.

Table 47.4 Definitions of TAVI structural valve degenerationa

Structural valve degeneration (SVD) Definition
Moderate hemodynamic SVD (any of the 
following)

Mean transprosthetic gradient ≥20 mmHg and <40 mmHg
Mean transprosthetic gradient ≥10 and <20 mmHg change from 
baseline
Moderate intraprosthetic aortic regurgitation, new or worsening 
(>1+/4+) from baseline

Severe hemodynamic SVD (any of the 
following)

Mean gradient ≥40 mmHg
Mean gradient ≥20 mmHg change from baseline
Severe intraprosthetic aortic incompetence, new or worsening (>2+/4+) 
from baseline

Morphological SVD (any of the 
following)

Leaflet integrity abnormality (i.e., torn or flail causing intra-frame 
regurgitation)
Leaflet structure abnormality (i.e., pathological thickening and/or 
calcification causing valvular stenosis or central regurgitation)
Leaflet function abnormality (i.e., impaired mobility resulting in 
stenosis and/or central regurgitation)
Strut/frame abnormality (i.e., fracture)
Hemodynamic and morphological SVD

aAdapted from Capodanno, Petronio, Prendergast et al. [28]
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47.8  Conclusion

So, how do these considerations translate into 
practical recommendations for individual 
patient care? The contemporary Heart Team 
have a number of procedural and device-related 
issues to consider when determining the optimal 
choice of therapy for low-risk patients—and 
these decisions will soon be underpinned by the 
outcomes of ongoing large-scale randomized 
studies. While careful case selection, routine 
preprocedural planning using MSCT, and 
increased efficiency of patient care pathways 
will doubtless impact on overall outcomes, cli-
nicians must nevertheless understand the limits 
of technology, valve performance, and durabil-
ity for lower-risk or younger patients. Only 
when key outstanding questions concerning 
durability and the elimination of major compli-
cations have been addressed will TAVI be 
accepted as the gold standard treatment of aortic 
stenosis. Until then, individualized decisions 
made by informed, evidence-based Heart Teams 
guided by the needs and expectations of indi-
vidual patients remain essential.
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Conclusion

Arturo Giordano, Giuseppe Biondi-Zoccai, 
and Giacomo Frati

Every new beginning comes from some other 
beginning’s end

Seneca

As a new child is born when a couple reaches 
its maturity, physically and spiritually, a scien-
tific and technical discipline sees light when 
related disciplines have come to adulthood and 
prove a solid foundation for further break-
throughs, by also showing their limitations.

The field of transcatheter aortic valve implan-
tation (TAVI), also called transcatheter aortic 
valve replacement (TAVR), fulfills precisely 
these premises, as it borrowed since inception 
from developments in noninvasive cardiology 
(mainly pathophysiology and imaging insights), 
interventional cardiology (mainly miniaturiza-
tion and other engineering refinements), and car-
diac surgery (mainly improvements in biologic 
prostheses and minimally invasive surgical tech-
niques). Accordingly, the first transcatheter aortic 

valve implantation procedure performed by Alain 
Cribier recapitulated all the above advancements, 
while representing a true paradigm shift in terms 
of science and medical practice [1]. From those 
baby steps, pioneering results were achieved with 
first- generation transcatheter aortic valve implan-
tation devices in comparison to medical therapy 
for inoperable patients, to surgery in high-risk 
subjects, in intermediate-risk patients, and, most 
recently, in low-risk patients [2–6].

Despite such breakthroughs, the field of trans-
catheter aortic valve implantation continues to 
move forward at a sustained pace. As shown by 
glancing at the table of contents of this book, or 
reading any of its authoritative chapters, trans-
catheter aortic valve implantation will hopefully 
move from aortic stenosis and degenerated bio-
prosthesis to also embrace the management of 
pure aortic regurgitation, recognizing the impor-
tance of addressing the common pathophysio-
logic milieu of cardiovascular inflammation 
while maintaining a pragmatic focus on hemody-
namics. Moving to individualized decision mak-
ing, we expect important refinements in scoring 
approaches, encompassing different dimensions 
of patient risk and suitability to transcatheter aor-
tic valve implantation. In addition, multifaceted, 
hybrid and fusion imaging will likely overcome 
the limitations inherent to any single imaging 
modality. Further insights will also come from 
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several niche but key topics stemming from con-
comitant coronary artery disease to prohibitive 
risk and biomarker fingerprinting.

The conundrum of choosing the right device 
for the right patient will need dedicated trials and 
their formal and explicit synthesis[7, 8], but indi-
vidualized decision making, capitalizing on each 
device strengths and weaknesses, as well as local 
expertise, will most likely continue to dominate 
clinical practice. Similarly, ancillary devices and 
techniques will need to be formally tested for 
comparative clinical effectiveness and economic 
appeal. Irrespective of the competence of clinical 
cardiologists and interventional cardiologists, 
surgeons will continue to play a key role in the 
future of transcatheter aortic valve implantation. 
Indeed, their role of allies in patient selection, 
management, and follow-up, as well as in innova-
tion and research, cannot be overemphasized. 
Focusing on the future finally brings forward sev-
eral appealing new developments, spanning from 
new-generation devices to bioresorbable valves 
and low-risk patients.

We hope indeed that the present work will 
provide careful and sound guidance for all practi-
tioners and researchers involved in the present as 
well as in the future of transcatheter aortic valve 
implantation, ensuring past and present successes 
will be hopefully matched and overcome by 
future ones.
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