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Abstract

Aortic valve stenosis (AVS) is the most frequent valvular heart disease in industrialized countries, presenting with very high mortality if
left untreated. While drug treatment can sometimes alleviate symptoms, it fails to stop progression or cure the underlying disease. Until
the first decade of this millennium, surgical aortic valve replacement (SAVR) remained the only available therapy option with a positive
impact on mortality and morbidity. Even though several studies reported highly positive effects of SAVR regarding the improved quality
of life and better physical performance, SAVR remained an intervention that, due to its remarkable complexity and the need for heart-lung
machine and cardioplegia, was limited by the patients’ comorbid profile. While unsatisfying hemodynamic results after transcatheter
aortic balloon valvuloplasty in high-risk surgical patients limited its adoption as an alternative treatment, it provided the impetus for
further interventional approaches to the therapy of AVS. This review considers the invention and development of transcatheter aortic
valve implantation (TAVI), which established itself as a catheter-based, minimally invasive procedure over the past decade, and has
become an equivalent treatment method for high-risk surgical patients. For that matter, early TAVI concepts, their amendments, and the
associated pioneers are recognized for paving the way to a revolutionary diversification in AVS treatment.
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1. Epidemiology
Aortic valve stenosis (AVS) describes a narrowing of

the aortic valve, which usually occurs due to calcification
of a congenital bicuspid or tricuspid valve or as a result of
rheumatic disease, is the most common valvular pathology
requiring treatment in Europe and North America [1]. The
prevalence of AVS increases with the age of patients. In
the age group of 50- to 59-year-old patients, the prevalence
is 0.2%, whereas in the 80- to 89-year-old, the prevalence
is already at 9.8% [2]. According to a meta-analysis of
7 studies, the pooled prevalence of AVS in patients >75
years is 3.4% in Europe and North America [3]. Thus,
it is estimated that approximately 290,000 patients world-
wide with high-grade AVS would be potential candidates
for transcatheter aortic valve implantation (TAVI), and ap-
proximately 27,000 new patients are added every year [3].

2. Etiology and Classification
The classification of AVS is based either on etiology

or severity. Etiologically it is to differ between a congeni-
tal, rheumatic, or senile AVS [4], with the senile AVS being
the most common cause of AVS in Europe and North Amer-
ica [5]. However, the classification according to severity is

more decisive for the necessity of therapy. According to the
latest American [6] and European [7] guidelines, the sever-
ity of AVS is usually determined noninvasively by Doppler
echocardiography and defined as depicted in Table 1.

Whereas the European Society of Cardiology (ESC)
guidelines define four significant categories of severe AVS
based on the peak flow, gradient and left ventricular ejec-
tion fraction (LVEF), the American guidelines categorize
the severe AVS into stages mainly based on symptoms fol-
lowed by the parameters mentioned above, leading to a
much more detailed subdivision of AVS. The American
guidelines also consider more patient-relevant nuances for
the following decision-making process for the ideal therapy
of AVS. Table 1 shows the different stages of AVS accord-
ing to European and American guidelines.

3. Pathophysiology
The pathophysiology of AVS differs depending on

the underlying etiology. The senile or calcified AVS is a
chronic progressive process affecting mainly older patients.
Like coronary artery disease, calcification and an inflam-
matory reaction of the valve leaflets occur, resulting in a
stiffening of the leaflets, evoking a progressive narrowing
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Table 1. Current Guidelines for the Management of AVS—Categories of severe AVS based on the 2020 ACC/AHA Guidelines and 2021 ESC/EACTS Guidelines.
2020 ACC/AHA Guidelines for the Management of Patients With Valvular Heart Disease 2021 ESC/EACTS Guidelines for the Management of Patients With Valvular Heart Disease

Stage Valve hemodynamics Stage Valve hemodynamics

Stage A At risk of AVS with peak velocity <2.0 m/s Not described

Stage B
Mild AVS, mean gradient <20 mmHg, or peak velocity 2.0–2.9 m/s Not described

Moderate AVS, mean gradient 20–39 mmHg, or peak velocity 3.0–3.9 m/s
Normal-flow, low-gradient AVS
with preserved ejection fraction

Usually, moderate AVS, mean gradient <40 mmHg AVA
≤1 cm2, LVEF ≥50%, or SVi >35 mL/m2

Stage C1, Asymptomatic severe AVS
with preserved ejection fraction

mean gradient ≥40 mmHg

High-gradient AVS
mean gradient ≥40 mmHg, peak velocity ≥4.0 m/s, AVA
≤1 cm2, or AVAi ≤0.6 cm2/m2

peak velocity ≥4.0 m/s
AVA is not required
LVEF ≥50%

Stage C2, Asymptomatic severe AVS
with reduced ejection fraction

mean gradient ≥40 mmHg
peak velocity ≥4.0 m/s
AVA is not required
LVEF ≤50%

Stage D1, Symptomatic severe high-
gradient AVS

mean gradient ≥40 mmHg
peak velocity ≥4.0 m/s
AVA is not required
LVEF ≥50%

Stage D2, Symptomatic severe low-
flow, low-gradient AVS with reduc-
ed LVEF

mean gradient <40 mmHg
Low-flow, low-gradient AVS wi-
th reduced ejection fraction

mean gradient <40 mmHg, peak velocity <4.0 m/s, AVA
≤1 cm2, LVEF <50%, or SVi ≤35 mL/m2

peak velocity <4.0 m/s
AVA ≤1 cm2

LVEF <50%

Stage D3, Symptomatic severe AVS
with normal LVEF or paradoxical l-
ow-flow severe AVS

mean gradient <40 mmHg

Low-flow, low-gradient aortic s-
tenosis with preserved ejection
fraction

mean gradient <40 mmHg, peak velocity <4.0 m/s, AVA
≤1 cm2, LVEF ≥50%, SVi ≤35 mL/m2

peak velocity <4.0 m/s
AVA ≤1 cm2

AVAi ≤0.6 cm2/m2

LVEF ≥50%
SVi ≤35 mL/m2

This table gives a brief overview about the main differences and similarities with, without claims of completeness of information. For detailed information the underlying guidelines should be read.
Abbreviations, ACC, American Collage of Cardiology; AHA, American Heart Association; ESC, European Society of Cardiology; EACTS, European Association for Cardio-Thoracic Surgery; AVA, Aortic
Valve Area; AVAi, indexed Aortic Valve Area; LVEF, left ventricular ejection fraction; SVi, indexed stroke volume.
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of the valve’s lumen [8]. At this moment, higher ventricular
pressure is needed to sustain the required blood flow across
the aortic valve (AV), leading to a pressure overload and
ultimately to left ventricular hypertrophy and heart failure
[9]. The course of this type of AVS is chronically progres-
sive. It has a high mortality of approximately 25% per year,
with an average survival of two to three years once it gets
symptomatic and stays untreated [10].

The bicuspid AV is a congenital malformation occur-
ring sporadically due to an autosomal dominant inheritance
with incomplete penetrance [11–13]. It is the most common
clinically relevant congenital heart defect, after a ventricu-
lar septal defect and a persistent foramen ovalis, occurring
in about 1% to 2% of the population [14–16]. In this case,
the AV consists of only two leaflets. Two of the naturally
three leaflets are usually fused, with a high variety of the
number of commissures and the presence of a raphe [16].
Due to increased mechanical stress, a degenerative remod-
eling process leads to the calcification of the valve [12]. The
AVS starts to get symptomatic in patients with bicuspid AV
about 20 years earlier than in patients with severe AVS and
tricuspid AV [9].

The last form of AVS is rheumatic AVS. It occurs as a
result of rheumatic fever following bacterial infection with
β-hemolytic streptococci and is most commonly experi-
enced in the setting of pharyngitis [17]. In this case, the for-
mation of autoantibodies against cardiac structures leads to
endocarditis or pericarditis, possibly causing scarring of the
mitral and aortic valves in particular [18,19]. However, this
type of AVS has become a rarity in North America and Eu-
rope due to available antibiotic treatment for streptococcal
infection. Despite the different etiopathogenesis, all three
forms of AVS result in a chronic pressure overload of the
left ventricle with a consecutive left ventricular hypertro-
phy and, in the further course, the development of left heart
failure.

4. Symptoms
AVS remains asymptomatic for a long time, especially

if patients unconsciously are not as active as they used to
be and do not exercise in general. The leading symptoms in
high-grade AVS are dyspnea, angina pectoris, and dizziness
or syncope during or after exertion [6,20].

5. Therapy
No drug treatment is available for severe AVS at this

juncture. Thus, surgical aortic valve replacement (SAVR)
or TAVI is the therapy of choice [4,7], the latter being a ther-
apeutic option increasingworldwide in the last two decades.
The third option of treatment is a simple balloon valvulo-
plasty of the AVS. However, this procedure is usually per-
formed only as a palliative therapy or as a bridge to decision
and treatment in patients who need urgent therapy and are
not yet suitable for SAVR or TAVI [21].

Following the latest American and European guide-

lines for the management and treatment of patients with
AVS, the indication for treatment of severe AVS is usually
given at the point when the previously mentioned symp-
toms first develop. All patients are discussed in a multi-
disciplinary heart team to decide whether SAVR or TAVI
is the most suitable therapy option. Fig. 1 shows the
workflow of decision-making and therapy evaluation in pa-
tients with severe AVS according to the European guide-
lines. Usually, patients younger than 75 with a low risk
for SAVR (STS-PROM/EuroScore II <4%) are suggested
to undergo a SAVR. On the other hand, patients 75 years
or older, and/or with high risk for SAVR (defined by a
STS-PROM/EuroScore II >8%) and generally suitable for
a transfemoral transcatheter procedure, are suggested to un-
dergo TAVI [7]. The suitability for TAVI must keep into
consideration the quality of the vascular access and the AV
“landing-zone”. In this context, although bicuspid AVS is
nowadays routinely treated with TAVI, patients with this
condition should be evaluated thoroughly to document the
possibility of achieving optimal prosthesis function after
TAVI.

In the beginning, TAVI was only used as a palliative
treatment for patients unsuitable for SAVR. Since the first
success in humans was achieved by Cribier et al. [22] in
2002, TAVI has advanced to effective therapy of severe
AVS, similar to the SAVR. Especially since the latest trials
(Placement of Aortic Trans-Catheter Valve (PARTNER 3)
and Surgical Replacement and Transcatheter Aortic Valve
Implantation (SURTAVI, Evolut Low Risk), indication for
TAVI from high-risk patients was also entrenched for low-
risk patients [23,24].

In the following paragraphs of this manuscript, we
will summarize the extraordinary pioneering work done to
develop the management of severe symptomatic AVS and
bring TAVI to become the minimally invasive procedure it
is today.

6. A Brief History of AVR
6.1 Valvuloplasty and Mechanical Prostheses

The early steps of SAVR can be traced to the 1940s
with the introduction of the first mechanical aortic valve
prosthesis by Charles Hufnagel, made of a methacrylate
chamber containing a methacrylate ball. The prosthesis
was implanted in the descending aorta to treat severe aortic
valve regurgitation [25].

However, the first annular implantation of an aortic
valve prosthesis required the existence of a reliable car-
diopulmonary bypass (CPB, commonly known as a “heart-
lung machine”) that emerged in the mid-1950s. This devel-
opment allowed Dwight Harken to perform the very first
true SAVR through the implantation of a “double caged
ball” mechanical prosthesis called “Harken-Soroff” in 1960
[26].
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Fig. 1. Management of patients with severe aortic stenosis based on the 2021 ESC/EACTS Guidelines. LVEF, left ventricular
ejection fraction; SAVR, surgical aortic valve replacement; TAVI, transcatheter aortic valve implantation.

Before this development, Harken was an avid sup-
porter of transaortic valvuloplasty (through digital or instru-
mental dilatation of the native AV) in adult patients with
calcific AVS [27]. This “closed procedure” did not require
full aortotomy and was performed without using the heart-
lung machine. Unfortunately, the procedure resulted in a
concerning rate of severe iatrogenic AV regurgitation and a
high rate of AVS recurrence [28].

The first mechanical prosthesis with a reduced profile
was the Starr-Edwards caged-ball prosthesis in 1961 [29].
The disadvantages of caged ball prostheses ranged frommi-
nor inconveniences like valve noise to significant limita-
tions like restricted effective orifice area (EOA), turbulent
extra-centric flow, hemolysis, and the need for aggressive
anticoagulation.

The development of a tilting-disc prosthesis promised
a less turbulent, still mildly eccentric flow. One of the early
examples was the Björk-Shiley valve (Fig. 2, [30]), a spher-
ical tilting-disc prosthesis featuring one major and one mi-
nor orifice and a tilting disc with two struts [31,32]. An-
other example of a tilting-disc prosthesis was the Lillehei-
Kaster valve [33]. Although modifications to this design
tried to reduce the valvular resistance through a convexo-
concave tilting disc, the valve was inherently prone to
thrombus formation and excessive tissue overgrowth, es-
pecially around the minor orifice.

Fig. 2. “Designs and flow patterns of major categories
of prosthetic heart valves: caged-ball, caged-disk, tilting-
disk, bileaflet tilting-disk, and bioprosthetic (tissue) valves.
Whereas flow in mechanical valves must course along both
sides of the occluder, bioprostheses have a central flow pat-
tern”. Reproduced with permission from [30]—Copyright 1983,
Pergamon Press Limited, 1983; and Copyright © 1985 Springer-
Verlag, Inc.

Kalke and Lillehei [34] developed the first rigid bi-
leaflet valve, yet the first mass-production bi-leaflet valve
prothesis was produced by St. Jude Medical (SJM). These
“next-generation” valves were promised a more laminar
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flow and less blood stagnation. The lower profile led to
easier implantation and better orientation for physiologi-
cal flow. Even though the trend towards bi-leaflet valves
as the preferred mechanical prosthesis persists to this day,
no available data has shown a significant survival benefit
favoring the bi-leaflet valves compared to the tilting-disc
prostheses [35]. Sixty years after the first implantation,
the latest generations of mechanical valves possess a better
hemodynamic performance and reduced hemolysis. How-
ever, the current data remains inadequate for altering the
standard anticoagulation regimen [6,36–39].

6.2 The Advent of Biological Valves
The history of the idea of AVR can be traced to the first

homograft replacement of the AV, which was performed in
1962 by Donald Ross and published in Lancet [40–43]. The
Ross procedure defines the replacement of the AV with the
patient’s pulmonary valve (autograft) and the replacement
of the pulmonary valve by an aortic or pulmonary allograft.

The first xenograft biological valves were native
porcine valves treated with glutaraldehyde, making them
immunogenically inactive and preventing the denaturation
process. The introduction of anti-calcification treatment at
this point already contributed to the durability of the early
valves. Carpentier [42] was the first tomount whole porcine
valves into a stented 3-D structure which facilitated easier
device implantation. However, this approach brought unan-
ticipated limitations as the structure’s stiffness and limited
range of movement of the porcine leaflet in native forma-
tion resulted in a suboptimal hemodynamical performance
of the valve [42].

Owing to the improvements in xenograft tissue prepa-
ration and modification, the first pericardial prosthesis with
a flexible stent was developed by Ionescu in 1971 [43]. Nu-
merous modifications to the stent structure, leaflet mate-
rial, and design resulted in progressive, more durable, and
better-performing valves [43].

Another limitation of stented annular xenograft pros-
theses that emerged since the early stages of development
of this technology was the risk of having a low prosthetic
effective orifice area (EOA). In fact, in the presence of a
small native aortic annular diameter, the prosthesis EOA
was further reduced by the space occupied by the prosthesis
circular stent and sewing ring and could result in “Patient-
Prosthesis-Mismatch” (PPM) with persistent valvular gra-
dients despite SAVR. PPM further increased the rate of
structural valve deterioration (SVD) and overall risk of
mortality [44].

The enthusiasm about stentless biological valves to
overcome stented-valve PPM faded over time mainly be-
cause stentless bioprostheses did not seem to have a supe-
rior performance in long-term studies [45].

A surgical annuloplasty for aortic annular enlarge-
ment, to allow for implantation of a larger prosthesis and
reduce the risk of PPM, was proposed as early as 1979

[46], but carried higher surgical complexity, hindering the
chance of potential global adoption of the technique [47].

More recently, the desire for reduced invasiveness and
a simplified procedure has led to the development of mini-
mally invasive AVR with sutureless aortic valve prostheses
where the valve stent has a very low profile and can achieve
good annular fixation and sealing without surgical sutures
[48–51] (Table 2).

The role of these valves in high and intermediate-risk
patients has been partly overtaken by the advent of TAVI
[52].

The technological evolution of biologic AV prosthe-
ses (stent and leaflet tissue) and changes in the referral pat-
tern for AVR in patients with AVS have facilitated their
increasing adoption. The so-called “tissue valves” have
proven an acceptable performance and durability without
long-term anticoagulation [53]. These features make bio-
prostheses the best option for treating elderly patients, rep-
resenting most AVR candidates. Mechanical valves are still
selectively adopted in younger patients considering their
extended life expectancy.

6.3 The Dawn of Percutaneous Intervention in
Cardiovascular Medicine

The attempt to avoid the detrimental effects of the
heart-lung machine and cardiac arrest to perform AVR
has supported the development of a minimally invasive
catheter-based and percutaneous approach to treating AVS.

The most evocative metaphor applied to scientific
progress is building an edifice of knowledge, with every
innovation and idea being a brick [54]. Following this al-
legory, we could identify Charles Dotter, the inventor of
percutaneous transluminal angioplasty (PTA), as one of the
first masons in the field of performing the first PTA in 1964
on a patient with severe peripheral artery disease (PAD)
[55,56]. Inspired by his lecture in Frankfurt the follow-
ing year, Andreas Grüntzig [57] conceptualized and per-
formed the first-in-human percutaneous transluminal coro-
nary angioplasty (PTCA) in 1977 in Zurich. This remark-
able chain of inspiration continued through Julio Palmaz.
He was greatly inspired by the lecture of Grüntzig [57] in
New Orleans in 1978 and eventually developed the first
balloon-expandable coronary stent.

Henning Rud Andersen, who designed and performed
the first-in-animal (FIA) TAVI, openly recalls getting his
inspiration from Palmaz during a conference in Scottsdale,
Arizona, the USA, in 1989 [55,58].

6.4 Revisiting an Old Concept with New Techniques
The use of percutaneous transcatheter balloon dilata-

tion for valvuloplasty started in the early 1980s. Carl J.
Pepine [59] published the first case report of a transvenous
transcatheter valvuloplasty of the pulmonary valve in an
adult patient in 1982. The prior experience with a similar
application in pediatric patients with congenital pulmonary
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Table 2. Commercially available sutureless aortic valve protheses.

3F Enable (Medtronic, Minneapolis, MN, USA) Perceval S (Sorin, Saluggia, Italy) Intuity Elite (Edward Lifesciences, Irvine, CA, USA)

valve stenosis was reported by Jean S. Kan earlier the same
year [60,61].

Field pioneers, like Albert P. Rocchini and Zuhdi
Lababidi, acknowledged the findings of Pepine and Kan
with percutaneous transluminal valvuloplasty as an effec-
tive and less invasive treatment than the open surgical
valvulotomy [62–64].

Moving from the pulmonary valve to the AV, the first
percutaneous transluminal retrograde balloon aortic valvu-
loplasty (BAV)was conducted by Lababidi on an 8-year-old
patient with severe AVS in November 1982 [65,66].

6.5 BAV in Treatment of Acquired Calcific AS

The advancements mentioned above in transluminal
balloon valvuloplasty led to the utilization of percuta-
neous BAV (formerly: “Percutaneous transluminal balloon
catheter aortic valvuloplasty (PTAV)” in the original pa-
per) in elderly patients with acquired severe calcific AVS
by Alain Cribier in 1985 [67–69].

The short-term results were encouraging, with a trans-
Aortic gradient reduction of more than 50% in all 3 cases
and an immediate reduction in clinical symptoms.

Unfortunately, the high rate of recurrence of symp-
tomatic AVS and the risk of significant aortic valve insuf-
ficiency limited the use of this technique. The pitfalls of
BAV in that regard were indifferent to those of the surgi-
cal transaortic valvuloplasty (through digital or instrumen-
tal dilatation) described as early as 1958 by Bailey [70–72].

The accepted indications for BAV are nowadays lim-
ited to bringing hemodynamically unstable patients to
SAVR or TAVI, temporarily treating patients in urgent need
of noncardiac surgery, and palliating patients considered
too sick for TAVI, but that are still in need of symptomatic
relief [53].

6.6 The Era of Experimental, In-Animal Transcatheter
Aortic Valve Implantation (TAVI)

Henning Rud Andersen [58] designed and performed
the FIA TAVI on an adult pig retrogradely with a self-made
delivery system onMay 1, 1989. The 75 cm long, 41 Fr. in-
troducer sheath with a crimped and dilated TAVI valve on a

three-foiled balloon aortic valvuloplasty dilatation catheter
was conceptualized and built within 75 days after attend-
ing a lecture Palmaz gave during a conference in Scottsdale
Arizona, USA in February 1989 [55]. The first metal stents
were finger-folded using simple handheld tools from the
hardware store. The biological valve material was an aortic
allograft valve from another pig from the local slaughter-
house, hand-stitched on the stent (Fig. 3, [55]). As the 13.6
mm diameter sheath did not allow for percutaneous access,
the abdominal aorta was prepared surgically. Despite these
technical limitations, the first implantation was a success as
a proof-of-concept [55,56].

Dusan Pavcnik reported a percutaneous self-
expandable mechanical valve that was successfully
implanted in dogs shortly after the publication of the
experience of Andersen et al. [58] in May 1992 [73].

Philippe Bonhoeffer also performed a preclinical eval-
uation with balloon implantation in the pulmonary artery
in a lamb model [74], which eventually led to the first-in-
human percutaneous balloon implantation in a 12-year-old
boy with stenosis and insufficiency of a prosthetic valved
conduit (from the right ventricle to the pulmonary artery)
in 1990 [75].

Alain Cribier [76] performed and reported his first ex-
perience with balloon implanted valves in sheep in 2001
before getting the ethics committee’s approval for the first
human TAVI in 2002 [22].

6.7 Percutaneous Transcatheter Implantation of an Aortic
Valve Prosthesis for Calcific Aortic Stenosis

The first percutaneous transcatheter implantation of
an aortic valve prosthesis made of equine pericardium
mounted on a stainless-steel balloon-expandable stent hap-
pened in a 57-year-old man with severe calcific AVS, car-
diogenic shock, subacute leg ischemia, and other noncar-
diac comorbidities. The procedure was performed as an ul-
tima ratio treatment, as the patient had declined again SAVR
instead of surgical AVR, and a balloon valvuloplasty had al-
ready been performed with non-sustained results [22].

Cribier used both antegrade and retrograde approaches
and achieved exceptional success considering the patients’
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Fig. 3. “Prototype of TAVI valve and catheter technology. Top: The first-in-animal (FIA) valve implanted May 1. 1989. Middle:
Later refinement of stent construction. Bottom: The 75 cm long, 41 Fr. introducer sheath with crimped and dilated TAVI valve
on a three-foiled balloon aortic valvuloplasty dilatation catheter”. (In Curtesy of Andersen HD [55]).

high frailty and comorbidities and the technique’s sophis-
tication as reported in 2004 (I-REVIVE trial) [77]. The
implantations were performed using mild sedation, with-
out rapid right ventricular pacing or extracorporeal circu-
lation. These early trials demonstrated above 75% pro-
cedural success with lasting hemodynamic performance at
follow-up [78]. The main limitation observed was the inci-
dence of 25% moderate—to severe paravalvular regurgita-
tion, which occurred due to the availability of only a single
size 23mmvalve prosthesis from Percutaneous Valve Tech-
nology (PVT, co-founded by Cribier) [78].

6.8 The Endorsement of TAVI by the Biomedical Industry
and Its Rapid Development

The acquisition of PVT in January 2004 by Edwards
Lifesciences (Irvine, CA, USA), a leading producer of sur-
gical valve prostheses, triggered the rapid technological ad-
vancement of the prosthesis and the procedure.

The developments in the material technology allowed
for miniaturization of the introducer systems so that, as
envisioned by Anderson back in 1989, the retrograde ap-
proach was widely adopted with the advent of the trans-

femoral procedure in 2005. John G. Webb [79,80] refined
the retrograde technique in cooperation with Edwards and
performed the implantation of the 23 mm and 26 mm Ed-
wards SAPIEN valve (initially the Cribier-Edwards valve)
through femoral access over a 22-/24-F pusher sheath with
a deflectable Retroflex catheter.

Like its predecessor, the new Edwards-SAPIEN
consisted of a tri-leaflet valve mounted on a balloon-
expandable stainless-steel stent. However, the leaflets of
this advanced model were constructed of pre-treated bovine
pericardium instead of the equine pericardium to decrease
the calcification rate. The size of the inner skirt was in-
creased, and a 26 mm diameter valve was developed to-
gether with the 23 mm one to reduce the rate of perivalvular
aortic insufficiency. The extended sheath allowed delivery
directly into the descending aorta from the femoral artery.
The retroflex catheter enhanced the atraumatic passage of
the catheter and the mounted valve across the aortic arch.

Despite the slightly reduced sheath diameter of 22-F
for the 23 mm valve, the incidence of small femoral access
and the high degree of vessels’ calcification and tortuosity
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required further improvements in equipment and technique
for a wider application of a transfemoral TAVI (TF-TAVI)
[79,80].

6.9 Other Transcatheter Approaches
Although we will mainly focus on the results of the

TF-TAVI in the present review, few words should be spent
on other alternatives, developed, and attempted since the
early introduction of TAVI in the clinical practice.

John Webb [81] had performed the FIA transapical
transcatheter aortic valve implantation (TA-TAVI) with an
experimental self-expanding prosthesis in Vancouver in the
year 2000. In cooperation with Edwards, his team fur-
ther focused on the transfemoral retrograde approach, while
other groups focused their efforts on the transapical ap-
proach [82].

The first human transapical TAVI was performed off-
pump through a median sternotomy in Leipzig in 2006. The
Vancouver group performed the first successful implant us-
ing a left anterior thoracotomy (intercostal access) shortly
after [83]. Although the first implantations were performed
through a reoriented Retroflex catheter, the purpose specific
Ascendra delivery catheter became the standard transapical
delivery system soon after.

Despite the common trend of superior overall proce-
dural safety and faster recovery after TF-TAVI compared
with TA-TAVI in numerous registries, the complementary
role of TA-TAVI remains for high-risk patients that lack
suitable femoral access [84–88].

A transaortic TAVI through a right anterolateral thora-
cotomy or a partial median sternotomy has also been pro-
posed [86].

The trans-carotid, trans-subclavian, and trans-axillary
approaches have also been proposed as alternative access
routes [89–92]. More recent results with these approaches
will be discussed later in this review. Finally, other “un-
orthodox” access routes, like the transcutaneous apical and
the trans-caval access to the abdominal aorta, have been
used just in small series [93–95].

6.10 Self-Expandable TAVI—Prosthesis
The development of another TAVI-prosthesis was be-

ing pursued by the CoreValve company, a startup founded
in 2001 that eventually was acquired by the biomedical gi-
ant Medtronic in 2009.

The early percutaneous aortic valve prostheses con-
sisted of a metal stent and attached xenograft leaflets made
initially of equine- or bovine pericardium. The two types
of stents used were the stainless-steel balloon-expendable
stent (as in the example of the Cribier-Edwards) and the
self-expanding nitinol stent (as with the first example of its
kind—the Medtronic CoreValve).

Jacques Seguin developed this first self-expanding
transcatheter aortic valve prosthesis (CoreValve). The first
human implantation of the prototype took place in India in

2002, and Eberhard Grube performed the first implantation
in Europe in Siegburg, Germany, in 2005 [96]. The expe-
rience with this novel self-expanding valve prosthesis was
published in 2006 as a registry study of 25 high-risk patients
with severe AVS. These procedures were performed in gen-
eral anesthesia with femoral extracorporeal bypass [97,98].
The self-expandable prostheses were made of porcine peri-
cardium (thinner and stiffer than bovine and equine peri-
cardium) and allowed the transfemoral insertion of the de-
livery system through a smaller diameter sheath, initially
21-F and later18-F. This allowed the use of transfemoral
access in a broader spectrum of patients and enabled also
a subclavian access [99–102]. The CoreValve stent was
shaped so that the proximal diameter was slightly wider
than the middle section of the stent. The presence of a pros-
thesis waist reduced the risk of ostial coronary occlusion
through the fractured calcific native leaflet. The CoreValve
was initially available in 2 sizes (26 mm and 29 mm). The
armamentarium was later broadened with an additional 31
mm valve. The distal portion of the CoreValve nitinol stent
was much broader compared to its proximal part. In this
way, the valve frame could also achieve partial anchor-
ing and stabilization within the supra-coronary/ascending
aorta.

This modification also contributed to a better perpen-
dicular alignment and self-centering of the axis of the stent
to the annular plane. It was crucial as the first generation of
the CoreValve was only marginally repositionable, and the
angular control was minimal. Although this design offered
a lower rate of coronary occlusion and annulus rupture, the
need for a slightly infra-annular proximal landing for safe
deployment resulted in a higher incidence of atrioventricu-
lar block. Regardless of these specific limitations, the in-
disputable success of this first-generation TAVI prosthesis
in terms of clinical benefit is well documented [96,97].

7. Clinical Evidence
7.1 Initial TAVI Studies and Registries

The feasibility of TAVI with the first-generation TAVI
prostheses led to the Conformité Européenne (CE) approval
in 2007. It allowed for the proliferation of TAVI in Eu-
rope. Germany, followed by France (and other European
nations), was one of the early adopters of this new treat-
ment. Several initial single- and multicenter studies and
registries were thus implemented to observe and demon-
strate the safety and efficacy of these new products, as sum-
marized in Tables 3,4 [103].

The PARTNER EU (Placement of Aortic Tran-
scatheter Valve European Union) included 130 patients
from 9 centers in Europe who underwent TAVI (trans-
femoral and transapical approach) with the Edwards
SAPIEN valve between April 2007 and January 2008 (data
presented at the EuroPCR meeting 2009). Thirty days and
six months survival were 81.2 and 58.0% (TA) and 91.8 and
90.2% (TF).
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Table 3. Feasibility study results and early registries.
Author/Register Year Access Prostheses Logistic

Euro-score (%)
Device

Success (%)*
30-Days-

mortalitiy (%)
Stroke (%) Study design No. Cases

Cribier et al. (I-
REVIVE, RECAST)

2006 TFa, TF CE 27.0 75.0 22.2 3.7 SC [47] 36

Grube et al. 2005 TF CV 11.0 84.0 20.0 12.0 SC [51] 25
Grube et al. 2007 TF CV 23.4 88.0 12.0 10.0 MC [54] 86
Webb et al. 2007 TF ES 28.0 86.0 12.0 4.0 SC [53] 50
Piazza et al. 2008 TF CV 23.1 97.2 8.0 0.6 MC [71] 646
REVIVE II 2008 TF CE, ES 29.9 88.0 13.2 *** MC [123] 105
REVIVAL II 2006 TF CE, ES 34.1 87.3 7.3 9.2 MC [122] 55
Lichtenstein et al 2006 TA CE 35.0 100 14.0 none SC [60] 7
Walter et al 2007 TA ES 27.1 96.7 10.0 none SC [119] 30
Walter et al. 2007 TA ES 26.8 93.2 13.6 3.4 MC [120] 59
Walter et al. 2008 TA ES 27.6 100 8.0 none [39] 50
Rodés-Cabau et al. 2008 TA/TF ES 26.0 91.0 8.7 none [118] 23
TRAVERCE 2008 TA CE, ES 26.9 92.9 14.9 2.0 MC [121] 168
Svensson et al. 2008 TA ES 35.5 90.0 17.5 none MC [83] 40
I-REVIVE, Initial Registry of EndoVascular Implantation of Valves in Europe trial; RECAST, Registry of Endovascular Critical Aortic Stenosis
Treatment trial; REVIVAL, PeRcutaneous EndoVascular Implantation of VALves trial; TRAVERCE, The initial multicenter feasibility trial for
TA-AVI; SC, single center; MC, multicenter; TFa, transfemoral antegrade; TF, transfemoral retrograde; TA, transapical; ES, Edwards – SAPIEN;
CE, Cribier – Edwards; CV, Corevalve; ***Unpublished data/TCT 2008.

The SOURCE (Edwards SAPIEN Aortic Bioprosthe-
sis European Outcome) registry included 1123 high-risk
patients who underwent TF- and TA-TAVR in 32 centers
across Europe. Overall procedural success was 93.8% (sig-
nificantly higher than earlier feasibility studies), with 30-
day mortality rates of 6.3% and 10.3% for the TF- and TA
approaches, respectively [104].

In the following years, many prospective randomized
trials were designed and developed to document the safety
and efficacy of TAVI versus SAVR in different patient pop-
ulations.

Table 4 summarizes the landmarks that have supported
TAVI introduction and popularization. From the introduc-
tion of TAVI and through the following years, trials have
been designed to document TAVI applicability in cohorts of
patients with decreasing operative risk (high-intermediate-
and low operative risk).

The landmark PARTNER Trials (Placement of AoR-
Tic TraNscathetERValve Trial Edwards SAPIEN)were ini-
tiated in 2007 with the contribution of 26 centers. A total of
3015 high-risk SAVR candidates were screened, and 1057
patients were enrolled in the PARTNER 1 Trial. The pri-
mary endpoint of the PARTNER Trial was death from any
cause at one year. The trial comprised two cohorts. Cohort
A included 699 patients with high operative risk. Patients
were randomized (1:1) to undergo either transfemoral (TF)-
, transapical (TA)-TAVI (TF if suitable femoral access was
available otherwise, TA), or SAVR [105].

The 358 remaining patients deemed inoperable,
formed the Cohort B of the PARTNER 1 trial, and were ran-
domized (1:1) to receive either TF-TAVI or standard ther-

apy (which occasionally included BAV) [106].
In the Cohort B TF-TAVI demonstrated a significant

superiority to optimal medical treatment (including BAV)
regarding the following endpoints: all-Cause Mortality
(30.7% vs. 50.7%; p < 0.001), cardiovascular mortality
(19.6% vs. 41.9%; p < 0.001), re-hospitalization (22.3%
vs. 44.1%; p < 0.001) and functional status. It should be
noted that major vascular complications (16.2% vs. 1.1%;
p < 0.001), major bleeding (22.3% vs. 11.2%; p < 0.001),
as well as major strokes (5.0% vs. 1.1%; p = 0.06) occurred
more frequently in the TAVI group [106].

In Cohort A, TF-/and TA-TAVI showed a noninferior-
ity in the primary endpoints regarding survival. There was a
statistically significantly higher incidence of major vascular
complications at 30 days after TAVI compared with SAVR
(11% vs. 3.2%; p< 0.001) and a higher incidence of major
bleeding (19.5% vs. 9.3%; p< 0.001) and new-onset atrial
fibrillation (16% vs. 8.6%; p = 0.006) after SAVR. From
these results, TAVI arose as a viable alternative to SAVR in
high-risk patients and became the new gold-standard ther-
apy in patients with severe AVS unsuitable for SAVR. Upon
the affirmative results of this trial, TAVI was approved by
the Food and Drug Administration (FDA) for these indica-
tions in 2011 and 2012, respectively.

The Medtronic CoreValve U.S. Pivotal (high-risk)
Trial (2010-2014-2019) was the first randomized con-
trolled trial to demonstrate the superiority of TAVI vs.
SAVR in high-risk AVS patients. A significantly lower all-
cause 1-year mortality was documented in TAVI with the
self-expandable CoreValve (TAVI 14.2%vs. SAVR19.1%;
p < 0.001). At 5-year follow-up, all-cause mortality rates
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Table 4. Randomized trials SAVR vs. TAVI.
Major randomized controlled trials TAVI vs. SAVR, patients with high perioperative risk

Trial PARTNER 1A CoreValve High Risk
Valve prothesis SAPIEN CoreValve
Primary endpoint All-cause death at 1 year All-cause death at 1 year
Total patients randomized 699 795

Primary outcome
30 days: 3.4% vs. 6.5% (p = 0.07)

1 year: 14.2% vs. 19.1% (p < 0.001)
1 year: 24.2% vs. 26.8% (p = 0.44)

Major randomized controlled trials TAVI vs. SAVR, patients with intermediate perioperative risk

Trial PARTNER 2 SURTAVI
Valve prothesis SAPIEN XT CoreValve
Primary endpoint All-cause death or disabling stroke at 2 years All-cause death or disabling stroke at 2 years
Total patients randomized 2032 1660

Primary outcome
30 days: 6.1% vs. 8.0% (p = 0.11) 1 year: 12.6% vs. 14.0% (95% credible interval [Bayesian analysis] for difference, −5.2

to 2.3%; posterior probability of noninferiority, >0.999)2 years: 19.3% vs. 21.1%, p = 0.001 for non-inferiority, p = 0.33 for superiority

Major randomized controlled trials, TAVI vs. SAVR, patients with low perioperative risk

Trial PARTNER 3 Evolut Low Risk
Valve prothesis SAPIEN 3 CoreValve Evolut R
Primary endpoint All-cause death, stroke or rehospitalization at 1 year All-cause death or disabling stroke at 2 years
Total patients randomized 1000 1468
Primary outcome 1 year: 8.5% vs. 15.1%; absolute difference, −6.6 percentage points; 95% confidence

interval [CI], −10.8 to −2.5; p < 0.001 for noninferiority
2 years: 5.3% vs. 6.7% (95% Bayesian credible interval for difference, −4.9 to 2.1;
posterior probability of noninferiority, >0.999)

Major randomized controlled trials, TAVI vs. SAVR, “all-comers” and ongoing trials

Trial NOTION (all-comers) NOTION 2 (low surgical risk)
Valve prothesis CoreValve Any CE-Mark approved transcatheter aortic bioprosthesis
Primary endpoint All-cause death, disabling stroke or myocardial infarction at 1 year All-cause death, stroke and myocardial infarction at 1 year
Total patients randomized 280 372 (estimated - clinicaltrials.gov/ct2/show/NCT02825134)
Primary outcome 1 year: 13.1% vs. 16.3%; (p = 0.43) Ongoing
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Table 5. Evolution of the balloon-expandable Edwards TAVI platform.
Cribier-Edwards Edwards-Sapien Sapien XT Sapien 3

Available sizes (mm) 23 23/26 20, 23, 26/29 20, 23, 26/29
Introducer sheath size (Fr) 24 22/24 16/18 14/16
Valve material Equine pericardium Bovine pericardium Bovine pericardium Bovine pericardium
Internal pericardial wrap proportion 1/3 1/2 >1/2 >1/2
External pericardial wrap No No No Yes

were 55.3% for TAVI and 55.4% for SAVR. Subgroup anal-
ysis showed no differences in mortality. Cerebrovascular
accident rates were 12.3% for TAVI and 13.2% for SAVR.
Additionally, the study showed negligible severe pros-
thesis degeneration and intervention rates in both groups
[107,108].

7.2 Second & Third Generation TAVI Prostheses in
Patients at Moderate and Low Surgical Risk

After the proof of concept of the TAVI procedure
with the feasibility studies in inoperable patients and after
the demonstration of TAVI noninferiority to the SAVR in
high-risk patients (STS-Score >10%, or Log. Euro score
>20%), it was now the time to refine the TAVI technol-
ogy and expand the treatment to patients with lower surgical
risk.

Generally speaking, for both balloon-expandable and
self-expandable TAVI new-generation prostheses, the goal
was to reduce invasiveness by minimizing the system’s
sheath size, limit the risk of a paravalvular leak by opti-
mizing valve frame sealing, preserve coronary access by
slightly modifying valve’s frame design and geometry, and
facilitate prosthesis implantation in order to achieve the best
position and function.

The evolution of the prototypical balloon expend-
able TAVI prosthesis (Cribier-Edwards, 2002) into Edwards
SAPIEN (2006), Edwards SAPIEN XT (2009), Edwards
SAPIEN 3 (since 2012), and, lately, Edwards SAPIEN 3
Ultra (2019) is shown in Table 5.

The SAPIEN XT valve had two additional sizes and a
lower profile. It could be crimped to a significantly lower
diameter, allowing the delivery system to pass through a
16- to 18-F sheath. The delivery system diameter reduction
continued and supported the development of an optimized
Edwards SAPIEN 3 valve with an outer skirt to increase an-
nular sealing. An expandable 14- to 16-F sheath enabled
further reduction of femoral invasiveness, increasing the
possibility of performing purely percutaneous femoral ac-
cess.

Additionally, the most recent generations of balloon-
expandable TAVI prostheses, the SAPIEN 3 and the

SAPIEN 3 Ultra, have a taller stent frame with more giant
cells in the upper row, facilitating the coronary ostia access.
The newer model SAPIEN 3 Ultra has an even higher outer
skirt made of synthetic material to facilitate healing and fur-
ther improve the annular sealing.

The year 2012 marked the next generation of balloon
expendable valves and the optimization of the prototypical
self-expandable Medtronic CoreValve into the Evolute R
prosthesis.

Table 6 summarizes the evolution of the Medtronic
TAVI platform. Medtronic’s CoreValve system was the
first-generation self-expandable valve that made it to the
market. Large catheters (18-F to 24-F) were required for
vascular access. The CoreValve Evolut R System was the
second-generation TAVI device produced by Medtronic.
The prosthesis had a shorter overall height with a preserved
and extended pericardial skirt height for better annular seal-
ing. It was resheathable and could be recaptured and repo-
sitioned during deployment to optimize final positioning.
The entire system could be inserted without needing an ad-
ditional access sheath, thereby reducing the profile of the
delivery system down to 14-Fr.

The Evolut Pro and Evolut Pro + TAVI prostheses rep-
resent the most recent developments where an external peri-
cardial wrap ensures further reduction in paravalvular leak
occurrence, and an improved valve release system allows
for a more precise valve positioning and final deployment.
A reduced delivery catheter system size (14-F equivalent
for the 23-26-29 mm valves and 18-F equivalent for the 34
mm valve) further decreases procedure invasiveness. The
scientific evidence of the operative and clinical advantages
achieved thanks to the device’s modifications are reported
later in this review.

7.3 Additional TAVI Platforms
Although the Edwards and Medtronic TAVI platforms

remain the most used ones, and the review and evalua-
tion of additional TAVI prostheses exceed the intent of this
manuscript, yet some noteworthy examples have offered
unique advantages and challenges (Table 7).
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Table 6. Evolution of the self-expandable Medtronic TAVI platform.
CoreValve Evolut R Evolut PRO Evolut PRO +

Available sizes (mm) 26, 29, 31 23, 26, 29/34 23, 26, 29 23, 26, 29/34
Minimum vessel diameter (mm) 6.0 5.0 5.5 5.0
Introducer sheath size (Fr) 18/20 14/16 16 14/18
Valve material Porcine pericardium Porcine pericardium Porcine pericardium Porcine pericardium
Complete recapturability No Yes Yes Yes
External pericardial wrap (external skirt) No No No Yes

The Lotus™ valve (Boston Scientific, Marlborough,
MA, USA) (introduction ~09/2013) was the first and only
mechanically expandable TAVI prosthesis. It had a valve
stent frame constructed of woven nitinol wires, which,
when tensioned, caused the valve to decrease in height
while increasing in diameter and rigidity. It allowed the
system to be 100% repositionable and re-sheathable (be-
fore final release). This valve offered superior sealing with
a higher radial force resulting in a negligible paravalvu-
lar leak rate. The elevated prosthesis radial force resulted
in a high permanent pacemaker implantation rate, reaching
up to 30% in some experiences. The Nordic Lotus-TAVR
Registry and the REPRISE II trial (Repositionable Per-
cutaneous Replacement of Stenotic Aortic Valve Through
Implantation of Lotus Valve System–Randomized Clini-
cal Evaluation), and the RESPOND post-marketing register
showed consistent results [68,109,110]. The device went
through several recalls between 2016–2020 due to difficul-
ties with the release mechanism, and the Lotus Edge system
was consequently discontinued.

Boston Scientific acquired the Symetis™ system
(Ecublens, VD, Switzerland) in 2017. The system was sub-
sequently improved and renamed (Accurate neo™). The
Accurate self-expanding of the supra-annular valve has
achieved favorable acute and longer-term results (as inves-
tigated in the SAVI-TF Post market Register) [111].

Some of the self-expandable TAVI prostheses like the
Portico™ (St. Jude Medical Inc., MN, USA) and Accu-
rate neo™utilize long distal stent extensions to attain better
supra coronary contact for superior annular alignment and
additional fixation, just like the CoreValve device.

In some of the self-expandable TAVI prostheses, an-
other structural innovation has been adding flexible arms
extending above the native leaflets to facilitate better rota-
tional orientation to the native commissures and coronary
ostia. The Engager valve (Medtronic, Inc., Minneapolis,

MN, USA), the Accurate neo 2 (Boston Scientific, Marlbor-
ough, MA, USA), and the JenaClip valve (JenaValve Inc.,
Munich, Germany) incorporate this feature in their original
designs.

The Centera valve (Edwards Lifesciences, Irvine, CA,
USA) was a self-expanding, nitinol-frame, bovine pericar-
dial leaflet valve with a polyethylene terephthalate skirt
available in 23- and 26-mm sizes. One of the main de-
sign choices was the lower height of the prostheses allow-
ing self-centering and minimal ventricular protrusion [112].
This device was discontinued in 2019, and the leading man-
ufacturer of balloon-expandable TAVI prostheses consoli-
dated Edwards’s technical and marketing efforts with the
Sapiens 3 Ultra series.

The Biovalve™ (Biotronik, Buelach, Switzerland) is
another noteworthy self-expandable TAVI prosthesis. The
first-in-man case with this valve was presented in 2015, and
the BIOVALVE-1 and -2 feasibility trials were published
recently. The valve’s performance was in line with other
first-generation valves [113,114].

The Direct Flow™ valve (Direct Flow Medical Inc.,
CA, USA)—consisted of a tubular fabric frame inflated
with a rapidly setting polymerizing agent [115–117]. This
CE-marked device showed auspicious performance, but its
commercialization was discontinued in 2017 after failing to
secure funding.

7.4 Broadening TAVI Indication Considering Major Trials
and Technological Improvements

As of 2010, TAVIwas indicated in the presence of high
operative risk for SAVR [118]. At this point, the TAVI out-
comes in intermediate-risk patients, presenting with a lo-
gistic EuroSCORE lower than 20% or a Society of Thoracic
Surgeons (STS) score between 4% and 8%were already be-
ing evaluated in prospective randomized trials such as the
SURTAVI trial (TF CoreValve™ vs. SAVR) and PART-
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Table 7. Additional TAVI platforms.

Lotus valve (Boston Scientific Inc., MN, USA) Direct Flow valve (Direct Flow Medical Inc., CA, USA) Centera Valve (Edwards Lifesciences Inc., CA, USA)

Portico valve (St. Jude Medical Inc., MN, USA) BioValve (BIOTRONIK SE & Co. KG, Berlin, Germany) Navitor (Abbott Laboratories Inc., Illinois, USA)

Acurate neo (since 2107 Boston Scientific Inc., MN, USA) Engager valve (Medtronic Inc., MN, USA) JenaClip valve (JenaValve Inc., Munich, Germany)
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NER 2 trial (Edwards SAPIEN-X vs. SAVR). Con-
currently the SOURCE-XT, another multicenter registry
including 2688 patients in 99 European centers, was
investigating the performance of the second-generation
Edwards—Sapien XT device. The results confirmed a
marked decrease in vascular complications and bleeding
and a decrease of one year all-cause mortality and cardio-
vascular mortality to 19.8% and 10.8%, respectively [119].

The PARTNER 2 trial enrolled 2032 intermediate-risk
and 560 high-risk or inoperable patients from 57 centers to
undergo either TF- or TA- TAVI (Edwards -SAPIEN or Ed-
wards SAPIENXT) or SAVR. Its primary endpoint was all-
cause mortality or disabling stroke at two years.

The observations in the intermediate-risk cohort
showed a noninferiority of TAVI with Edwards SAPIEN
XT device (TF and TA) versus SAVR on rates of 30 days
and two years mortality or disabling stroke. Furthermore,
in the TF-TAVI group alone, there was a significantly lower
rate of death or disabling stroke (TF-TAVI 16.8% vs. SAVR
20.4%, Hazard Ratio 0.79, 95% CI 0.62–1.00, p = 0.05).

TF-TAVI with the SAPIEN XT resulted in larger
aortic-valve areas and lower rates of acute kidney injury,
severe bleeding, and new-onset atrial fibrillation. In con-
trast, SAVR resulted in a lower incidence of major vascular
complications and moderate to severe paravalvular aortic
regurgitation [120]. These results led the FDA to extend
approval of TAVI to intermediate-risk patients as well.

The SURTAVI trial’s primary endpoint was all-cause
mortality or disabling stroke for TAVI vs. SAVR at two
years.

Results, as published in 2017, reflected that TF-TAVI
with CoreValve (in 84% of the cases) and Evolut R devices
were a non-inferior alternative to SAVR (all-causemortality
or disabling stroke at two years TF-TAVI 12.6% vs. SAVR
14.0%, p < 0.05 for noninferiority) in patients with severe
AS at intermediate surgical risk. The TAVI group was asso-
ciated with higher rates of aortic regurgitation and perma-
nent pacemaker implantation [121,122].

The 2012 ESC/EACTS Guidelines stated that TAVI
“should not be performed” in patients considered to have
an intermediate risk (STS Score of 4%–8%) for surgery
[123]. However, following the publication of those men-
tioned above, large-scale randomized controlled trials that
concluded in favor of TAVI in the treatment of patients with
an intermediate surgical risk, the European guidelines were
modified in 2017 along with the AHA’s guidelines to cate-
gorize TAVI as a non-inferior and reasonable alternative to
SAVR in these patients (class IIa recommendation) [124].

The progression and improvements in TAVI prosthe-
ses have been able to mitigate many of the complications
and limitations of the first-generation TAVI prostheses.
PARTNER II S3 refers to the nonrandomized cohorts of the
PARTNER II Trial that were treatedwith the Sapien 3 valve.
The 30-day mortality, major vascular complications, and
stroke rate were the lowest reported in balloon-expandable

TAVI trials. A rate of greater than mild paravalvular insuf-
ficiency of only 3.7% was observed at 30 days.

The PARTNER 3 trial started in 2016 with the “all-
comers older than 65 years of age” principle [23]. The
promising results with first- and second-generation TAVI
prostheses in the high and intermediate surgical risk patient
population in need of AVR facilitated the application of the
therapy in elderly patients with lower surgical risk. A sim-
ilar trial has been performed with the Medtronic Evolut R
& Evolut PRO TAVI prostheses (Evolut Low-Risk Trial)
[125].

Both trials are again randomized noninferiority trials
in which TAVI is compared with SAVR in patients with se-
vere AVS and low surgical risk (PARTNER 3 STS-score
<4%, Evolut Low Risk ≤3%) with a primary endpoint of
all-cause mortality, disabling stroke, and rehospitalization
(PARTNER 3) at one (PARTNER 3) and two years (Evolut
Low Risk).

In the PARTNER 3 trial, the primary outcome of all-
cause mortality, stroke, or rehospitalization at one year, oc-
curred in 8.5% of the TAVI group compared with 15.1%
of the SAVR group (p < 0.001 for noninferiority, p =
0.001 for superiority). There was no statistically significant
difference in the postprocedural permanent pacemaker-
implantation rate in 1 year in the TAVI group vs. SAVR
(7.3% vs. 5.4%, p = 0.21). The incidence of major bleeding
(3.6% vs. 24.5%) and new-onset atrial fibrillation (5.0%
vs. 39.5%) was significantly lower with TAVI compared
to SAVR. The substantially lower post-operative hospital
stays with TAVI and one-year rehospitalization rate of 1.4%
with TAVI vs. 3.6%with SAVR (p = 0.029) emphasize even
further the TAVI advantages.

In the Evolut Low-Risk trial, the second and third-
generationMedtronic Evolut TAVI prostheses have demon-
strated a noninferiority at two years in respect to the com-
posite primary endpoint [125]. The primary endpoint of all-
cause mortality or disabling stroke for TAVI vs. SAVR at
24 months was 5.3% vs. 6.7% (p < 0.05 for noninferiority,
p > 0.05 for superiority).

The TAVI group had lower incidence of disabling
stroke (0.5% vs. 1.7% at 30 days and 0.8% vs. 2.4% at
12 months), fewer bleeding complications (2.4% vs. 7.5%
at 30 days; 3.2 % vs. 8.9% at 12 months), lower inci-
dence of acute kidney injury (0.9% vs. 2.8% at 30 days
and 12 months), lower atrial fibrillation occurrence (7.7%
vs. 35.4% at 30 days; 9.8% vs. 38.3% at 12 months), and
higher rate of permanent pacemaker implantation (17.4%
vs. 6.1% at 30 days; 19.4% vs. 6.7% at 12 months). Mod-
erate or severe total aortic regurgitation was present at 30
days in 3.5% of TAVI patients and 0.5% of SAVRs. The
TAVI group consistently reported lower aortic-valve gradi-
ents (8.6mmHg vs. 11.2mmHg) and larger effective orifice
areas (2.3 cm2 vs. 2.0 cm2). Severe patient–prosthesis mis-
match occurred at 12 months in 1.8% of the patients in the
TAVI group and 8.2% in the SAVRs [125].
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The NOTION (Nordic Aortic Valve Intervention) was
a smaller (280 patients) randomized control trial with an
all-comers approach (with ~82% of participants at low risk
for SAVR) that compared the outcomes of SAVR and TAVI
with CoreValve™ [126,127]. The study aimed to compare
clinical outcomes and valve durability after eight years of
follow-up. The results were mostly in line with that of the
EVOLUTE Low-Risk trial, with higher rates of permanent
pacemaker implantation and paravalvular leak in TAVI pa-
tients, higher rates of atrial fibrillation in the SAVR group,
and no statistical difference in terms of all-cause death,
stroke, and myocardial infarction [126,127].

Finally, a recent meta-analysis of the present registries
focused on all-cause mortality and stroke (follow-up length
of two years) with TAVI vs. SAVR across the entire spec-
trum of surgical risk patients [128]. The analysis included
over 12,000 patients and showed that TAVI was associated
with a significant reduction of all-cause mortality compared
to SAVR (HR 0.88; 95% CI 0.78–0.99; p = 0.030). The
TAVI protective effect was consistent across the entire spec-
trum of surgical risk and irrespective of type of TAVI pros-
theses. Moreover, TAVI resulted in lower risk of strokes
(HR 0.81; 95% CI 0.68–0.98; p = 0.028). SAVR had a
lower risk of major vascular complications (HR 1.99; 95%
CI 1.34–2.93; p = 0.001) and permanent pacemaker implan-
tations (HR 2.27; 95% CI 1.47–3.64; p < 0.001) compared
to TAVI.

7.5 Prostheses Durability

The superiority of third-generation TAVI prostheses
in high, intermediate, and low-risk patients compared to
SAVR at least at mid-term follow-up shows not only the
potential of this treatment but also the necessity for further
investigation of the long-term durability of the TAVI pros-
theses. Only in this way TAVI use in younger patients, with
extended life expectancy, could be supported in the next fu-
ture [129].

The five-year follow-up results of the PARTNER 2
trial confirm an exciting development regarding the dura-
bility that seems to improve from the early SAPIEN XT
to the more recent SAPIEN 3 prostheses. Compared with
SAVR prostheses, the SAPIEN XT had a higher 5-year
rate of structural valve deterioration (SVD). In contrast,
the third-generation SAPIEN 3 had an SVD rate that was
not different from that observed in SAVR prostheses. In
matched cohorts, SVD and SVD-related bioprosthetic valve
failure (BFV) was significantly lower with SAPIEN 3 ver-
sus SAPIEN XT [130].

In the UK TAVI Trial (241 Patients treated with self-
expandable and balloon-expandable TAVI prostheses be-
tween 2007 and 2011), 91% of the patients remained free
of SVD between 5 and 10 years after TAVI, and with only
one case developing severe SVD at 5.3 years [131].

In the NOTION trial, the 8-year estimated risk of SVD
was lower after TAVI than after SAVR (13.9% vs. 28.3%;

p = 0.0017), whereas the risk of bioprosthetic valve failure
was similar (8.7% vs. 10.5%; p = 0.61) [127,132].

A recent network metanalysis of 10 randomized trials
was performed with 5-year follow-up data for echocardio-
graphic outcomes and the most extended available follow-
up data for clinical outcomes. Self-expandable TAVI
valves demonstrated significantly larger effective orifice
area, lower mean trans-valvular gradient, and less frequent
PVD compared with balloon-expandable TAVI and SAVR
prostheses [133].

The EAPCI registry and the STOP-AS RHU (Search
Treatment and Improve Outcome of Patients with Aor-
tic Stenosis, Recherche Hospital-Universitaire) French reg-
istry, and the planned 10-year follow-up of the ongoing
low-risk and all-comers trials and the real-world registries
will further clarify the long-term durability of TAVI bio-
prostheses.
7.6 TAVI for Bicuspid Aortic Valve

As previously elucidated, bicuspid AVS is nowadays
routinely treated with TAVI. Although we have reached the
status quo after collecting solid scientific evidence, patients
with bicuspid AVS should be evaluated thoroughly to deter-
mine the exact anatomy of the landing zone and the conse-
quent TAVI strategy. In a metanalysis comprising 189,693
patients, Zghouzi et al. [134] have shown no difference in
TAVI for bicuspid vs. tricuspid AVS regarding all-cause
mortality, cardiovascular mortality, myocardial infarction,
vascular complications, acute kidney injury, coronary oc-
clusion, annulus rupture, and reintervention/reoperation.
The incidence of stroke, paravalvular leak, and the need for
a pacemaker were less in the tricuspid AVS group [134].

A roadmap for TAVI in bicuspid AV should consider
the different anatomical phenotypes, the evolving evidence,
the patient-specific features, the tailored procedural plan-
ning, and the long-term follow-up results [135]. Future
technical improvement of the prostheses will possibly con-
tinue to support the TAVI feasibility in bicuspid anatomy.

7.7 Alternative Vascular Approaches
Trans-carotid and trans-subclavian routes have been

recently revisited for selected patients with prohibitive
femoral-iliac access. In their metanalysis, Faroux et al.
[136] have included over 70,000 patients for the evaluation
of the impact of the TAVI arterial approach. After risk ad-
justment, a transcarotid/transsubclavian approach was not
associated with an increased risk of 30-day death, bleed-
ing, or vascular complication. The working group from
the FRANCE-TAVI registry has proposed a pre-specified
propensity score-based matching between patients under-
going TAVI via the femoral or alternative vascular ap-
proaches (carotid and subclavian artery mainly). Non-
femoral TAVI was associated with similar outcomes, ex-
cept for a 2-fold lower rate of major vascular complications
and unplanned vascular repairs, compared to femoral TAVI
[137].
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8. Conclusions
In the present manuscript, we have taken the readers

through the long and not always straightforward “travel”
that has brought many colleagues and patients to achieve
the status quo in severe AVS management. Thanks to the
many actors involved, today, AVR in patients with AVS can
be safely performed under local anesthesia, through a fully
percutaneous approach, without using cardiopulmonary by-
pass and cardioplegic arrest. TAVI has revolutionized the
way we treat AVS today. Its success and acceptance in the
medical arena are witnessed by the fact that according to the
most recent guidelines, patients 75 years or older or with
a high risk for SAVR, defined as STS-PROM/EuroScore II
>8%, and being in general suitable for a transfemoral TAVI
procedure are suggested, after heart-team discussion, to un-
dergo TAVI [6,7].

If the excellent results of TAVI are confirmed in
younger patients and patients with even lower surgical risk,
TAVI will become the primary treatment for symptomatic
severe AVS. The longer-term performance of TAVI tissue
prostheses will also need to be investigated according to the
extended life expectancy of future TAVI candidates.

When writing this review, newly designed TAVI pros-
theses are under evaluation and promise improved acute and
long-term performance. The two major players in the TAVI
market, i.e., Medtronic and Edwards, will soon launch the
Evolut FX and SAPIEN 4 with added features for more pre-
cise implantation and orientation within the native aortic
anatomy and leaflets anti-calcification treatment (SAPIEN
4).

Durability of the existing TAVI tissue prostheses will
be challenged, and attention will also be focused on al-
ternative materials for TAVI valve manufacturing. In the
future, prosthetic valve tissue fabrication may lead to the
customized development of polymeric non-animal derived
TAVI prostheses that will mimic the native valves in struc-
ture, function, and mechanical properties and, for this rea-
son, will have extended durability [138,139].
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