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Abstract

Transcatheter aortic valve implantation was developed to offer a therapeutic solution to patients with
severe symptomatic aortic stenosis who are not candidates for conventional aortic valve replacement.
The improvement in transcatheter aortic valve implantation outcomes is still of concern in the areas of
stroke, vascular injury, heart block, paravalvular regurgitation and valve durability. Concomitantly, the
progress, both technical and in terms of material advances of transcatheter valve systems, as well as in
patient selection, renders transcatheter aortic valve implantation an increasingly viable treatment for
more and more patients with structural heart disease.

Introduction
A decade ago, extremely high-risk or “inoperable”
patients with aortic valve disease had few options besides
palliative care. Since its introduction, transcatheter aortic
valve implantation (TAVI) is now considered by some
physicians as the standard of care for these patients and is
a reasonable alternative to surgery for many high-risk
but “operable” patients. As we pass 10 years of clinical
experience with TAVI, a review of the current status is
warranted.

Replacement of the aortic valve is the only effective
treatment for symptomatic aortic stenosis. Surgical aortic
valve replacement (AVR) has an overall low operative
mortality [1]; however, elderly patients are at a much
higher risk ofmortality, presumably owing to the presence
of multiple coexisting conditions [2]. Likewise, in patients
with severe symptomatic aortic stenosis who are not
candidates for surgical AVR, TAVI offers a solution by
relieving the left ventricular outflow track obstruction in a
durable and controlled manner, in comparison with
balloon valvuloplasty [3]. In this review, we discuss the
status of TAVI in clinical practice, including the evolution
of approaches, current and future patient selection,
available valve prosthesis and recent results.

Patient selection
An overall assessment of the patient is essential for TAVI.
This involves a team of multidisciplinary members (heart
team) who work as a group to review and interpret clinical
data, and assess the patient from access to implantation
site, to arrive at a consensus on the optimal treatment
strategy for each patient. The heart team approach also
allows for the adjustment of the decision-making process
according to local experience and circumstances [4].

Currently, TAVI is indicated for high-risk surgical patients
with severe aortic stenosis. In addition to patient risk
evaluation, anatomical selection criteria need to be
considered. The aorta should be evaluated with invasive
angiography or contrast multislice computed tomography
(CT) to assess technical issues related to the delivery and
implantation of the valve, aortic root and valvular
calcification, and the risk of coronary obstruction [5]. The
dimensions of the aortic annulus must be evaluated in
order to select an appropriately sized valve. Transoesopha-
geal echocardiography, multislice CT, and magnetic reso-
nance imaging (MRI) measurements are widely utilized.

The logistic EuroSCORE and the STS (Society of Thoracic
Surgeons) Predicted Risk of Mortality score have guided
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enrolment of high surgical risk patients into TAVI trials.
They have been integrated into a novel grid for the
evaluation of surgical and interventional risk of patients
with valve disease combining STS risk estimate; frailty
indices (Katz Activities of Daily Living—independence in
feeding, bathing, dressing, transferring, toileting and
urinary continence—and independence in ambulation);
major organ system dysfunction (cardiac, central nervous
system [CNS], gastrointestinal, cancer and liver); and
procedure-specific impediments (such as tracheostomy,
heavily calcified ascending aorta, chest malformation,
arterial coronary graft adherent to chest wall, or radiation
damage) [6].

A simple TAVI scoring system predicting 30-day mortality
was developed recently [7]. This study identified nine
predictive factors of early mortality after TAVI, which are
age, body mass index (BMI), NYHA (New York Heart
Association) class, pulmonary edema, pulmonary hyper-
tension, critical state, respiratory insufficiency, dialysis, and
transapical approach [7]. The final risk assessment should
be fashioned according to the judgment of the heart team,
together with a combination of multiple risk scoring
systems [8]. It may provide additional information during
the pre-procedural screening process to better understand
the potential outcomes of patients after TAVI [9].

TAVI in “lower risk” patients
Over the last few years, there has been a shift towards the
treatment of lower risk patients. In these patients, clinical
outcomes after TAVI were better than patients with higher
co-morbidity [10]. The Placement of Aortic Transcatheter
Valves (PARTNER) II Cohort A, the SURgical and Trans-
catheter Aortic Valve Implantation (SURTAVI) and the
United Kingdom TAVI trials are randomized trials assessing
the effectiveness of TAVI in intermediate-risk patients [11].

TAVI approaches
The most common approach for TAVI is the transfemoral
approach; here the catheter is advanced to the stenotic
aortic valve via the femoral artery. Valve deployment is
accomplished by transcatheter introduction of a balloon-
or self-expandable valve [2]. Rapid ventricular pacing
(180–200 beats per min) is used to reduce cardiac motion
during critical deployment of the valve. Entry to the
femoral artery can be achieved through surgical cut down
or through a purely percutaneous approach, the latter
allowing the procedure to be performed on an awake
patient under loco-regional anesthesia [12]. The Achilles’
heel of the femoral approach is the risk of injury to the
ilio-femoral vessels.

The transapical approach was developed to replace the
transfemoral route in patients with severe peripheral

vascular disease [13]. Being a surgical procedure entailing
opening the chest, it necessitates general anesthesia and
is optimally performed in a hybrid operative suite. It
employs a small left lateral thoracotomy, and subse-
quently uses direct puncture and sheath insertion directly
into the apex of the left ventricle. A guide wire is used to
cross the aortic valve and the rest of the procedure follows
the same steps of valve deployment as the transfemoral
approach. Benefits of transapical TAVI include more
direct access to the stenotic valve and the avoidance of
potential complications related to peripheral access. The
transapical approach carries the risk of complications
related to puncture of the left ventricle.

The transaxillary/subclavian approach is a safe alternative
vascular access site in patients for whom both the trans-
femoral and transapical routes are contraindicated [14].
However, despite several potential advantages over theother
approaches, this route for TAVI has yet to gain widespread
acceptance [15].

TAVI can also be performed via the transaortic approach
through a partial (J) shaped sternotomy or a right mini-
thoracotomy, followed by a guide wire introduction into
the aortic valve via the ascending aorta; this approach
seems to be technically feasible and associated with
favorable outcomes. The transaortic approach may be
associated with lower bleeding rates, shorter intensive care
unit (ICU) stay, and a more favorable learning curve for
clinicians compared to the transapical approach [16].

Transcarotid approach via the common carotid artery
represents a direct route to the aortic valve with a shorter
distance separating the arterial entry point and the aortic
annulus. Similar to transapical and transaortic accesses, this
enhancessheathanddeliverycatheter stabilityandimproves
movement precision. Compared with transfemoral access,
it renders the prosthesis positioning more accurate. This
approach has been performed under local anesthesia [17].

Commercially available TAVI systems
The SAPIEN® transcatheter valve (Edwards Lifesciences,
Irvine, CA, USA) is a balloon-expandable bovine pericardial
tissue valve mounted on a stent frame. Initially in stainless
steel, the SAPIEN XT® transcatheter heart valve (THV) has a
cobalt chromium stent frame in order to increase radial
strength. CoreValve® (Medtronic Inc., Minneapolis, MN,
USA) has an auto-expandable nitinol stent containing a
porcine pericardial valve, which allows its insertion through
smaller sheath sizes. Together they form the major TAVI
prostheses in clinical use and are supportedbydata [18–21].

New designs are available that are intended to avoid
some of the complications reported with the previous
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valves, such as the risks of valve migration or suboptimal
positioning necessitating a second valve deployment,
significant paravalvular leak, conduction disturbances
and obstruction of the coronary ostium. These valves
include the Lotus™ valve (Boston Scientific, Natick, MA,
USA), the Direct Flow Medical® valve (Direct Flow
Medical Inc., Santa Rosa, CA, USA), the HLT® (Heart
Leaflet Technologies Inc., Maple Grove, MN, USA), the
Symetis Acurate™ (Symetis SA, Ecublens, Switzerland),
the JenaValve™ (JenaValve, Munich, Germany), the
Engager™ (Medtronic Inc., Minneapolis, MN, USA), the
Portico valve™ (St Jude Medical, St Paul, MN, USA), and
the Centera™ and SAPIEN 3® valves (Edwards Life-
sciences, Irvine, CA, USA) [22–28]. In a single-center
study involving three newer generation valves, transa-
pical TAVI was performed using the Engager, JenaValve
and Symetis Acurate valves. Implantation was successful
in 96.5% of cases. Valve function improved signifi-
cantly, with an increase in effective orifice area and a
reduction in mean transvalvular gradients. Paravalvular
regurgitation was none or trace in 70.3% of patients,
Grade 1 in 26.1% of patients, and Grade 2 in 3.5% of
patients. No patients developed aortic regurgitation
>Grade 2 [29].

Results and outcomes
Results from the CHOICE randomized controlled trial
were published recently. This trial compared the Edwards
SAPIEN XT and the Medtronic CoreValve regarding the
rate of device success and concluded that, in patients with
high-risk aortic stenosis undergoing TAVI, a balloon-
expandable valve (SAPIEN XT) resulted in a greater rate
of device success than the self-expandable valve (Cor-
eValve) [30]. From the results of a recent German study
including 394 TAVI patients, the CoreValve was more
frequently associated with more-than-mild aortic regur-
gitation than the SAPIEN XT valve system [31].

Morbidity
Stroke
Stroke remains a major complication following TAVI. In
the PARTNER trial, the 30-day rates of major stroke in
patients undergoing TAVI and surgery were 3.8% and
2.1%, respectively, and these differences persisted at
2 years (7.7% and 4.9%, respectively) (Figure 1). There is
substantial variability in antiplatelet and anticoagulation
therapy following TAVI. Patients assigned to TAVI in
PARTNER received intraprocedural heparin, followed by
aspirin and clopidogrel for 6 months. Patients in the
French Aortic National CoreValve and Edwards
(FRANCE 2) Registry received dual antiplatelet therapy
for 1 month, followed by aspirin indefinitely [32].
Further studies are needed to determine the optimal
stroke-prevention strategy.

Heart block
Heart block, requiring permanent pacemaker implanta-
tion, is also commonly observed following TAVI, particu-
larly with the CoreValve. In the FRANCE 2 Registry,
pacemaker therapy was needed in 24.2% of patients
receiving the CoreValve, compared with 11.5% with the
Sapien valve [33]. The incidence of conduction abnorm-
alities may be reduced with increasing operator experience
and newer-generation devices.

Paravalvular leakage
Paravalvular leakage is more frequent and more severe
following TAVI than that encountered after surgical AVR.
In the PARTNER A cohort, moderate to severe paravalvular
leakage occurred in 12% of patients receiving TAVI
compared with 0.9% undergoing surgical AVR [34], and
in the FRANCE 2 Registry, the 30-day incidence of grade 2
or higher paravalvular leakage was 17.1% [32]. Even mild
paravalvular leakage, which occurs in more than 40% of
patients, may be significantly associated with increased
mortality [34]. Paravalvular leakage is thought to result at
least in part from inappropriate sizing of the prosthesis
[35]. In a meta-analysis, the pooled estimate for moderate
or severe aortic regurgitation post-TAVI was 11.7%.
Moderate or severe aortic regurgitationwasmore common
with use of the CoreValve (16.0% vs. 9.1%). The presence
of moderate or severe aortic regurgitation post-TAVI
increased mortality at 30 days and 1 year [36].

As TAVI technology evolves toward smaller device sizes,
problems such as vascular complications or major bleed-
ing are expected to decrease significantly. In the randomized

Figure 1. Stroke, intention-to-treat population

The 2 years rates of major stroke in patients undergoing TAVR and
surgery are 7.7% and 4.9%, respectively (PARTNER trial). Adapted with
permission from [34].
Abbreviations: TAVR, transcatheter aortic valve replacement; PARTNER,
Placement of Aortic Transcatheter Valves.
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controlled PARTNER trial, thirty-day rates of major
bleeding complications were assessed in 657 patients
from Cohort A: 71 (22.7%), 27 (11.3%), and 9 (8.8%)
patients had major bleeding within 30 days of the
procedure after surgical AVR, transfemoral TAVI and
transapical TAVI, respectively [37].

Mortality
In the B cohort of the PARTNER trial, patients were
considered inoperable if at least two cardiac surgeons
agreed that patients had comorbid conditions associated
with a ≥50% predicted rate of death or irreversible
complications at 30 days with conventional surgical AVR,
and patients were then randomly assigned to undergo
standard medical therapy or TAVI. At 2-year follow up, all-
cause mortality rates in the TAVI group and the standard
therapy group were 43.4% and 67.6%, respectively [38].

The PARTNER A cohort comprised patients with severe
aortic stenosis who were considered high risk for conven-
tional surgical AVR, defined by an STS risk score of ≥10%,
or estimated probability of 30-day postoperativemortality
of 15% or more, based on comorbidities [39,40]. Patients
were randomly assigned to undergo TAVI or conventional
surgical AVR. There was no statistically significant differ-
ence in the rates of all-cause mortality at 2 years (33.9% in
TAVI and 35.0% with surgical AVR) (Figure 2) [34]. Both
treatment modalities appeared to effectively reduce the
transvalvular mean pressure gradient [41].

In a recent randomized multicenter trial involving 795
high surgical risk patients [42], TAVI with CoreValve was

associated with a significantly higher rate of survival at
1 year in comparison to surgical AVR (Figure 3) [42].

Data from the United Kingdom TAVI Registry were
collected prospectively and included 870 patients under-
going 877 TAVI procedures up until 31 December 2009.
Mortality tracking was achieved in 100% of patients, with
mortality status reported as of December 2010. Survival at
30 days, 1 year and 2 years was 92.9%, 78.6% and 73.7%,
respectively [43].

The results from databases of four experienced European
centers were pooled and analyzed. 793 patients were
included: 453 (57.1%) treated with the Medtronic
CoreValve and 340 (42.9%) with the Edwards SAPIEN/
SAPIEN XT. After propensity matching, 204 patients were
identified in each group. At 30 days, there were no
differences in all-causemortality, cardiovascularmortality,
myocardial infarction, stroke, or device success [44].

Transfemoral vs. transapical implantation
In a large multicenter collaborative study, a total of 882
patients underwent TAVI, of whom 793 (89.9%) under-
went transfemoral TAVI and 89 (10.1%) underwent
transapical TAVI. At 30 days, there was an increased risk
of all-cause mortality in the transapical TAVI group.
Transfemoral TAVI was associated with a higher frequency
of minor vascular complications. Hospital stay was
significantly longer among patients undergoing transapical
TAVI. During a median follow-up of 365 days, transapical
TAVI was associated with an increased risk of all-cause
mortality [45]. Improved outcomes can be expected by
improving patient selection, by individual centers scaling

Figure 2. Death from any cause, intention-to-treat population

No statistically significant difference was seen between TAVR and
surgical aortic valve replacement groups in the rates of all-cause mortality
at 2 years (PARTNER trial). Adapted with permission from [34].
Abbreviations: TAVR, transcatheter aortic valve replacement; PARTNER,
Placement of Aortic Transcatheter Valves.

Figure 3. Kaplan–Meier cumulative frequency of death from any
cause

TAVI was associated with a significantly higher rate of survival at 1 year
in comparison to surgical aortic valve replacement (CoreValve Trial).
Adapted with permission from [42].
Abbreviations: TAVI, transcatheter aortic valve implantation.
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the procedural learning curve, and by refinements in
surgical technique [46].

Valve-in-valve TAVI
TAVI might be of value for the treatment of failed surgically
implanted bioprostheses. Small case series studies have
recently provided evidence about the feasibility of this
treatment [47–49]. CoreValve has been CE marked for
valve-in-bioprosthetic valve TAVI. Although promising,
more data are needed to confirm the efficacy of TAVI in
this setting, and further research is required to optimize
valve-in-valve implantation before this treatment can be
considered as a valid alternative [50].

Conclusion
Patients with severe symptomatic aortic stenosis can be
offered either surgical AVR or TAVI depending on their
surgical risk; both techniques establish hemodynamic
correction of the aortic valve function. The choice should
be patient centered and made after assessment by the
heart team. Valves and delivery systems are continually
refined to allow for less invasive procedures and facilitated
implantation. Additional areas of active research include
strategies for stroke prevention, including defining the
optimal antiplatelet and anticoagulant regimen after TAVI,
as well as the use of embolic protection devices.

Abbreviations
AVR, aortic valve replacement; CT, computed tomography;
PARTNER, Placement of Aortic Transcatheter Valves; STS,
Society of Thoracic Surgeons; TAVI, transcatheter aortic
valve implantation.
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