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Abstract: Aortic stenosis is the most common valvular disease worldwide. With transcatheter aortic valve
replacement (TAVR) being increasingly expanded to lower-risk populations, several challenging issues
remain to be solved. The present review aims at discussing modern approaches to such issues as well as the
current status of TAVR. TAVR has undergone several developments in the recent years: an increased use of
transfemoral access, the development of prostheses in order to adapt to challenging anatomies, improved
delivery systems with repositioning features, and outer skirts aiming at reducing paravalvular leak. The
indication of TAVR is increasingly being expanded to patients with lower surgical risk. The main clinical
trials supporting such expansion are reviewed and the latest data on low-risk patients are discussed. A
number of challenges need still to be addressed and are also reviewed in this paper: the need for updated
international guidelines including the latest evidence; a reduction of main complications such as permanent
pacemaker implantation, paravalvular leak, and stroke (and its potential prevention by using anti-embolic
protection devices); the appropriate role of TAVR in patients with concomitant cardiac ischemic disease; and
durability of bio-prosthetic implanted valves. Finally, the future perspectives for TAVR use and next device
developments are discussed.
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Background: aortic stenosis
Aortic stenosis (AS) is one of the most common forms
of valvular disease in Western countries (1-3). It shows a
consistent association with age, with prevalence ranging
from 0.2% in the 50–59-year group to 9.8% in the
80–89-year cohort (4). Its prevalence is expected to increase
due to higher life expectancy and population aging (5,6). It is
also the most common reason for heart valve replacement (7).
In a recent editorial paper (8), Eugene Braunwald put in
perspective the medical advances in severe AS therapy over
the last 50 years since the publication of his seminal study
on AS natural history (9). Patients with severe AS had a
good survival during a long latency period with “increasing
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obstruction and myocardial overload” until being about
60 years old. Then severe symptoms appeared and survival
was poor, with most patients having heart failure, syncope
and/or angina, and dying in a few years. With surgery being
then the only available etiological treatment, the aim was to
identify the patients approaching to such turning point to
recommend surgery even with its associated risk with early
prostheses.
Even though this typical course has been confirmed over
the years (10-12), the survival curve has shown a clear-cut
shift to the right with progressive symptoms appearing now
in patients in their 7th to 9th decade (6). Medical advances
have now led most AS patients to what Braunwald calls
a “promised land” with a long survival and good quality
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Figure 1 TAVR-currently available FDA and CE-marked prostheses. (A) Edwards–Sapien 3 copyright 2019; (B) Abbott Portico copyright
2019; (C) Boston Scientific ACURATE neo copyright 2019; (D) Medtronic Evolut R copyright 2019.

of life. This has been due to an increasing incidence of
degenerative and calcified rather than rheumatic stenosis;
substantial improvements in drug therapy for heart failure;
use of imaging techniques including echocardiograms to
identify severe cases; greatly improved surgical results; and
particularly the huge advance offered by the transcatheter
aortic valve replacement (TAVR). However, even in such
a promised land, some issues are still unsolved and new
challenges appear with TAVR. In the present review we
shall discuss modern approaches to such issues and the
current status of TAVR.
Technical developments of TAVR
The proof of concept for TAVR to treat AS in humans was
published in 2002 by Alain Cribier and his colleagues, who
used TAVR in a 57-year-old man with a cardiogenic shock
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due to severe AS and multiple comorbidities making surgery
contraindicated (13). After this ground-breaking success,
TAVR therapy has had a wide acceptation and a quick
development along two complementary lines: technological
advances and expanded indications.
From a technological point of view, the first valve was
based on the balloon-expandable technique, previously
used in stents. This line has been mainly followed by the
successively improved models developed by Edwards
Lifesciences (Sapien, Sapien XT, Sapien 3; see Figure 1).
Just a few years later, the first cases of human use were
published for a different model developed by the CoreValve
company (14,15). This was a self-expandable valve based on
the use of nitinol, a nickel/titanium alloy showing a unique
feature: shrinking at low temperatures and expanding at
37 ℃. Such technical line has been mainly followed with
several improved models (CoreValve, Evolut R, Evolut
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Table 1 Major randomized clinical trials for transcatheter aortic valve replacement (TAVR)
Clinical trial

Publication year

Surgical risk

Type of valve

Number of
patients

Main result

PARTNER 1B (23)

2010

Inoperable/extreme
risk

Balloon-expandable (SAPIEN)

358

TAVR better than medical
therapy

CoreValve Extreme
Risk Pivotal Trial (24)

2014

Extreme risk

Self-expandable (CoreValve)

506

TAVR better than medical
therapy

PARTNER 1A (25)

2011

High risk

Balloon-expandable (SAPIEN)

699

TAVR similar to SAVR

U.S. CoreValve High
Risk Pivotal Study (26)

2014

High risk

Self-expandable (CoreValve)

795

TAVR better than SAVR

PARTNER 2A (27)

2016

Intermediate risk

Balloon-expandable (Sapien XT)

2,032

TAVR similar to SAVR

SURTAVI (28)

2017

Intermediate risk

Self-expandable (CoreValve and
Evolut R)

1,746

TAVR similar to SAVR

NOTION (29)

2015

All comers (81,8%
low risk)

Self-expandable (CoreValve)

280

TAVR similar to SAVR

PARTNER 3 (30)

2019

Low risk

Balloon-expandable (Sapien 3)

1,000

TAVR better than SAVR

Low Risk Evolut (31)

2019

Low risk

Self-expandable (CoreValve,
Evolut R, or Evolut PRO)

1,468

TAVR similar to SAVR

PRO; see Figure 1) by Medtronic.
Some other companies have also developed either
balloon-expandable or self-expandable prostheses. Very
recently, a large network meta-analysis has shown similar
results with balloon- vs. self-expandable prostheses (16).
The major technical trends in TAVR development
during the last decade have been: a gradually reduced use
of other alternative access methods (including transapical
access) in favor of the transfemoral access, the use of smaller
catheters and different valve sizes tailored to anatomical
needs, improved retrieving capacities to reposition the
valve if needed, outer skirts to reduce paravalvular leaks, or
improved delivery systems.
Expanded indications and main clinical trials
TAVR use achieved an enormous acceptation in Europe,
particularly in Germany, in a very short time, and several
national registries were started (17-20). As expected with
any novel therapy, initial bulky valves for TAVR were
implanted on a compassionate use in severely-ill, inoperable
patients, with a high (20%) immediate postoperative
mortality (21). Since then, a number of large, welldesigned, randomized clinical trials have been performed,
leading to gradually expanded indications (22). Main TAVR
randomized trials are shown in Table 1.
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In patients inoperable or with an extremely high
o p e r a t i v e r i s k , PA RT N E R ( P l a c e m e n t o f A o R t i c
TraNscathetER Valves) 1 B trial (NCT00530894) showed
in 2010 a significant 1-year survival improvement with
SAPIEN valve compared to medical therapy (30.7% vs.
50.7%; HR 0.55; 95% CI, 0.40–0.74; P<0.001) (23). Also in
patients with extremely high-risk, the CoreValve Extreme
Risk Pivotal Trial (NCT01240902) found a significantly
better outcome with TAVR compared to a pre-specified
objective performance goal for a composite endpoint
including all-cause mortality or major stroke after one year
with a self-expanding CoreValve prosthesis (24).
Once the indication in extremely poor surgical
candidates had been accepted, TAVR use was extended to
high-risk patients [Society of Thoracic Surgeons (STS)
score >8%; Logistic Euroscore I >20%]. Randomized
clinical trials compared TAVR to the existing surgical
aortic valve replacement (SAVR). The PARTNER 1A
trial (NCT00530894) used a SAPIEN balloon-expandable
valve and showed a similar 1-year mortality rate with
TAVR and SAVR (24.2% vs. 26.8%, P=0.44; P=0.001 for
non-inferiority); nevertheless, important differences were
observed in periprocedural risks (25). Similarly, the U.S.
CoreValve High Risk Pivotal Study (NCT01240902)
compared the use of a self-expandable valve to SAVR, with
TAVR achieving a significantly lower all-cause mortality
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rate at 1 year (14.2% vs. 19.1%; P<0.001 for non-inferiority;
P=0.04 for superiority) (26). Thus, the indication of both
valves for high-risk patients was accepted by regulatory
authorities.
The next step was to extend the accepted use to patients
with an intermediate surgical risk (STS 4–8%, Logistic
Euroscore I 10–20%) as an alternative to surgery. In
PARTNER 2A trial (NCT01314313), a second-generation
balloon-expandable valve (SAPIEN XT) was used. At 2
years, the rate of death from any cause or disabling stroke
was similar with TAVR and SAVR (19.3% vs. 21.1%;
HR 0.89; 95% CI, 0.73–1.09; P=0.25; P=0.001 for noninferiority) (27). Similarly, a second generation selfexpandable valve (Evolut R) (and in some cases the first
generation CoreValve prosthesis) was studied in the Surgical
Replacement and Transcatheter Aortic Valve Implantation
(SURTAVI) trial (NCT01586910). The rate of death or
disabling stroke was also similar (12.6% vs. 14%; posterior
probability of non-inferiority >0.999) (28). Both balloonand self-expandable modern valves have been also approved
by regulatory authorities.
Use in patients at low surgical risk: latest
clinical trials
Taking into account the proved non-inferiority of TAVR
compared to SAVR in patients at intermediate-toextreme surgical risk, should we expand the use of such a
less invasive therapy to patients with a low surgical risk?
There are several reasons favoring such a therapeutic
drift, including a 10–35% lower incidence of new-onset
atrial fibrillation (32), a substantially lower incidence of
postprocedural acute kidney injury (RR 0.66; 95% CI, 0.47–
0.94) (33), and an obviously less invasive procedure which
is preferred by patients and results in a shorter ICU (2 vs.
4 days; P<0.001) and hospital stay (6 vs. 9 days;
P<0.001) (27). Moreover, better TAVR results can be
anticipated based on improved, recently developed devices
and future valves under development (such as Acurate Neo,
Lotus Edge, and others; see Figure 1) (34). Furthermore,
increased operator experience will probably allow better
results to be achieved; it has been shown that TAVR has
a clear-cut learning curve and better TAVR results are
achieved in high-volume centers (35,36).
Existing randomized trials in low-risk patients
are summarized in Table 1. The Nordic Aortic Valve
Intervention Trial (NOTION; NCT01057173) was a
randomized trial in an all-comers cohort of 280 elderly
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(≥70 years) patients with severe AS requiring therapy
and having no significant coronary disease that were
randomized (1:1) to TAVR with a self-expandable prosthesis
(CoreValve) or SAVR. The results are relevant because
81.8% of participants were low-risk patients (STS <4%).
The combined rate of all-cause death, stroke, or myocardial
infarction at 1 year was similar in both arms (13.1% vs.
16.3%; P=0.43 for superiority). Mortality at 2 years was
also similar. Pacemaker need was higher with TAVR
whereas life-threatening bleeding, cardiogenic shock, acute
kidney injury, and atrial fibrillation were more common
with SAVR (29). In 2018, the Feasibility of Transcatheter
Aortic Valve Replacement in Low-Risk Patients With
Symptomatic, Severe Aortic Stenosis (Low Risk TAVR)
trial (NCT02628899), a prospective non-randomized trial,
compared low-risk patients with severe AS undergoing
TAVR (various valves were used) with historical controls
from the STS database using a propensity matching
procedure. At 30 days, there were no deaths in the TAVR
arm vs. 1.7% mortality in the SAVR arm; in-hospital stroke
rate was null with TAVR vs. 0.6% with SAVR (36).
In the recent months two major trials have been
published. The PARTNER 3 (NCT02675114) trial
randomized 1000 patients with severe AS and low surgical
risk (STS <4%) to transfemoral TAVR implantation of a
third-generation balloon-expandable valve (SAPIEN 3) or
SAVR (30). TAVR achieved strikingly better results. The
composite endpoint of death, stroke, or rehospitalization at
1 year was significantly lower in the TAVR arm (8.5% vs.
15.1%; 95% CI, −10.8 to −2.5; P<0.001 for non-inferiority;
HR, 0.54; 95% CI, 0.37–0.79; P=0.001 for superiority).
At 30 days, TAVR was also better regarding stroke rate
(P=0.02), death or stroke rate (P=0.01), new-onset atrial
fibrillation rate (P<0.001), hospital stay duration (P<0.001)
and rate of death or a low Kansas City Cardiomyopathy
Questionnaire score (P<0.001).
The Evolut Low Risk Trial (NCT02701283) was a
randomized non-inferiority trial of TAVR with a selfexpandable valve (CoreValve, Evolut R, or Evolut PRO) vs.
SAVR in patients with severe AS with suitable anatomy for
both TAVR and surgery and a low surgical risk (STS <3%).
A composite primary endpoint including death or disabling
stroke at 24 months was used. Results when 850 patients (out
of 1403 with an attempted TAVR or SAVR) had reached
12-month follow-up, showed TAVR was non-inferior to
SAVR (primary endpoint: 5.3% in TAVR arm vs. 6.7% in
SAVR; posterior probability of non-inferiority >0.999). At
30 days, TAVR showed lower rates of disabling stroke (0.5%
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vs. 1.7%), bleeding complications (2.4% vs. 7.5%), acute
kidney injury (0.9% vs. 2.8%), and atrial fibrillation (7.7%
vs. 35.4%) but more moderate/severe aortic regurgitation
(3.5% vs. 0.5%) and pacemaker need (17.4% vs. 6.1%) (37).
Although some concern has been expressed on a
potential overselection in PARTNER 3 (one third of
screened patients—compared to 15% in Evolut Low
Risk Trial—were excluded with the main reason being
anatomical features, including bicuspid valve) (32), and the
significantly higher pacemaker need in Evolut Low Risk
Trial should be also a cause of concern, such recent findings
will undoubtedly lead to an expanded use of TAVR in a near
future in low-risk patients. On the long-term, one may now
even speculate on the possibility of a future role of TAVR in
non-symptomatic AS patients showing signs of ventricular
dysfunction if the results continue to improve in coming
years.
Another major trial (NOTION 2, NCT02825134) is
underway in 922 younger (i.e., <75 years old), low-risk
patients, with its expected primary completion date being
June 2020 (38). This trial which is being performed in
Nordic countries, will provide important results because the
lower risk profile is not necessarily associated to a younger
age since AS remains an old-age disorder (39).
A recent meta-analysis of TAVR trials in low-risk
patients, based on NOTION, PARTNER 3, and Evolut
Low Risk trials, has shown no significant difference between
TAVR and SAVR in all-cause mortality (RR 0.86; 95% CI,
0.61–1.19; P=0.36) and stroke (RR 0.82; 95% CI, 0.48–1.43;
P=0.49) (40). However, TAVR was associated to a lower
incidence of other complications (such as acute kidney
injury, new-onset atrial fibrillation, and life-threatening or
disabling bleeding), but a higher rate of paravalvular leak
and need for pacemaker (40). Also recently, an updated
meta-analysis of seven major randomized trials comparing
TAVR with SAVR in patients at all risk levels (including
low-risk PARTNER and Evolut Low Risk trials) has
recently been published (41). Overall results show that,
compared with SAVR, TAVR results in lower all-cause
mortality (HR 0.88; 95% CI, 0.78–0.99; P=0.030) and stroke
(HR 0.81; 95% CI, 0.68–0.98; P=0.028) rates at 2 years,
across the full risk spectrum (P for interaction=0.410) and
irrespective of prosthesis type (P for interaction =0.674) (41).
However, TAVR was associated to a higher risk of major
vascular complications (HR 1.99; P=0.001] and permanent
pacemaker implantations (HR 2.27; P<0.001) compared to
SAVR.
Nevertheless, a number of challenges need still to be
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addressed before TAVR can be used in low-risk patients
on a routine basis: (I) updated international guidelines to
take into account latest evidence. (II) Main complications
will need to be addressed, particularly those having
shown a higher incidence with TAVR in some trials, i.e.,
permanent pacemaker implantation, paravalvular leak, and
stroke (and its potential prevention by using anti-embolic
protection devices). This is particularly important when
treating younger and lower-risk patients who have a longer
life expectancy. (III) The appropriate role of TAVR in
patients with concomitant cardiac ischemic disease should
be addressed. (IV) Durability of bio-prosthetic implanted
valves. We shall briefly discuss these issues in the following
paragraphs.
Guidelines recommendations
In general terms, aortic valve interventions are
recommended for patients with severe AS and direct
objective imaging evidence or surrogate symptomatic
measures of left ventricular dysfunction (42). The most
relevant issue for the present review is the decision to opt
for TAVR or SAVR. Latest versions of both European (ESC/
EACTS) (43) and American (AHA/ACC) (44) guidelines
were issued in 2017, i.e., before the advent of the last
generation TAVR prostheses and before the publication
of the recent randomized trials in patients at low surgical
risk. Thus, updated recommendations are to be expected
once such new evidence is taken into account, and such
guidelines will be needed to assess the best current role of
TAVR in AS.
In spite of being supported by just a C-level evidence,
both guidelines include a class I recommendation for each
TAVR candidate to be presented to a multidisciplinary
Heart Team to establish the presence of symptoms
attributable to a severe AS and to decide the most
appropriate management (43,44). The Heart Team is
possibly one of the most critical current recommendations.
Current American guidelines recommend (class I) TAVR
in inoperable patients. For patients with high surgical risk,
both TAVR and SAVR (both, class I) are recommended,
as well as the involvement of the Heart Team to assess
“surgical risk, patient frailty, comorbid conditions, and
patient preferences and values” (44). Although only limited
data are available, some evidence suggest that such values
and preferences for TAVR/SAVR are not uniform; thus a
well-informed and shared decision-making with patients
is in order (45). SAVR (class I) and TAVR (class IIa) along
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with Heart Team assessment are now also recommended
for patients with intermediate surgical risk. Only SAVR is
recommended at this point for low-risk patients (class I).
Similarly, European guidelines recommend (class I)
TAVR in inoperable patients. Both TAVR and SAVR
are recommended in high-risk patients (both class I),
and in intermediate-risk patients (TAVR class IIa, SAVR
class I). For high or intermediate-risk patients “(STS or
EuroSCORE II ≥4% or logistic EuroSCORE I ≥10% or
other risk factors not included in these scores such as frailty,
porcelain aorta, sequelae of chest radiation), the decision
between SAVR and TAVR should be made by the Heart
Team according to the individual patient characteristics,
with TAVR being favored in elderly patients suitable
for transfemoral access” (43). TAVR is currently not yet
recommended for low-risk patients (class I). Other national
guidelines have reported similar recommendations (46).
Permanent pacemaker implantation
Currently, the need for periprocedural permanent
pacemaker implantation (PPM) is one of the most common
complications of TAVR (47). With first generation devices,
a landmark meta-analysis of 32 studies (5,258 patients)
found a 15% incidence of PPM (25.8% with CoreValve
self-expandable valve vs. 6.5% with Sapien balloonexpandable prosthesis) (48). Another review of 49 studies
(16,063 patients) reported an overall rate of 13% of patients
requiring PPM, and PPM was 5 times more common with
CoreValve device than with Sapien valve (49). In another
meta-analysis of 41 studies (11,240 patients) PPM rate
ranged from 2% to 51%, with median rate being 28% with
Medtronic CoreValve and 6% with Edwards Sapien (47).
The lower risk of balloon-expandable valves has been
confirmed by a randomized trial (17.3% vs. 47.6%,
P<0.001) (50). Rates with new generation prostheses are
highly variable (ranging from 2.3% to 26.1%) (51). The
higher PPM incidence with self-expandable valves appears
to be due to increased radial force on the left ventricular
outflow tract by the expanded nitinol device (34).
Prognostic consequences of PPM in TAVR remain
controversial. While a meta-analysis did not find a negative
impact of PPM on 1-year survival (52), subsequent results
from the large American TVT registry have shown that
PPM implantation results in a longer hospital and ICU stay
and a 1-year increased mortality (24.1% vs. 19.6%; HR 1.31;
96% CI, 1.09–1.58) (53). The long-term impact of PPM
has not been assessed.
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Improvements in newer generation balloon- and selfexpandable prosthesis—with features consisting in sealing
skirts or repositionable and retrievable devices—have been
mainly focused on reducing paravalvular leaks (PVL), but
have not much aimed at reducing PPM need (54). This is
probably due to the fact that PVLs were early shown to be
clearly associated to higher mortality, whereas prognostic
impact of PPM remains unclear. Accordingly, incidence
of PPM use has not declined with newer-generation
valves. For example, Sapien 3 valve features an anti-PVL
external skirt that probably causes greater radial forces on
the annulus. In fact, Sapien 3 multicenter registries have
found PPM rates ranging from 10.1% to 14.1%, which are
more than twice the rate observed with its predecessors
Sapien/Sapien XT (55-58). A higher implantation (<25%
of ventricular portion) appears to mitigate the problem;
further data are needed to confirm that this can be applied
without increasing other complications such as valve
migration or PVL and no trade-off effect is observed
between PPM and PVL. A Portico repositionable
and resheathable annular functioning self-expanding
prosthesis was specifically designed to reduce PPM need,
allowing resheathing and sealing without requiring a
deep positioning in left ventricular outflow tract. Initial
results at 30 days showed PPM was needed in 9.8% of
patients (59,60). A more recent 1-year study has reported a
14.7% PPM rate (61). Higher implantation depth has also
achieved a lower PPM rate with CoreValve (62). Newergeneration self-expandable valves have resulted in a 16.4%
rate with Evolut R (63) and 11.8% with Evolut PRO (64),
whereas an encouraging 4.9% rate has been reported with
the new Edwards Centera self-expanding valve featuring
a low profile with a frame protruding less into the outflow
tract (65) and a 9.9% rate has been obtained with a new
Symetis Acurate Neo/TF self-expandable valve with a leaflet
valve in a supra-annular position and a sealing-skirt on
the outer and inner surface of the stent (66). The recently
published trials in low-risk patients have shown similar
results to previous trials in patients at higher risk, with PPM
rates being 17.4% (significantly higher than SAVR, 6.1%) in
Evolut Low Risk Trial (self-expandable valve) and 6.6% (and
interestingly, not significantly different from SAVR, 4.1%)
in PARTNER 3 (balloon-expandable valve), respectively.
Besides the use of a self-expandable device, main
predictors of PPM need in TAVR are pre-existing right
bundle-branch block, male sex, calcification, depth of
implantation (with some valve-specific cut-off values having
been proposed), first-degree atrioventricular block, and
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oversizing of the aortic annulus/left ventricular outflow
tract (67).
Importantly, pacemaker dependency does not appear to
persist in the long-term after TAVR in all patients. In cohort
studies of patients receiving a mix of TAVR prostheses,
long-term dependency ranged from 27% (68) to 68.4% (69).
A study in patients receiving CoreValve self-expandable
valve showed a 46.7% long-term dependency (70),
whereas in a cohort of patients undergoing TAVR with a
Lotus valve, 57% and 38% of patients were pacemakerdependent at 30-day and 1-year, respectively (71). Thus, a
transient effect of inflammation, edema, ischemia or direct
injury may show a subsequent recovery in a substantial
number of patients, suggesting a short period of rhythm
monitoring could be advisable before PPM is implanted
after TAVR, in order to avoid unnecessary PPM when
attempting to shorten hospital stays.
A number of recommendations and guidelines have
been proposed to reduce PPM needs in TAVR, based
on pre-procedural rhythm screening and patient/
valve type selection, intraprocedural high implantation
procedures, and post-procedural monitoring (72); but
no consensus has yet been reached. A recent paper by an
expert panel has provided a well-founded algorithm that
could be a framework for future research and guideline
recommendations (73).
Paravalvular leak
Paravalvular leak has been one of the most common
complications of TAVR and probably the main driver for
the development of improved device designs. Moderateto-severe PVL is associated to higher short- and long-term
complications and mortality (17,27,74-78). Although some
findings suggest that even mild PVL could have an adverse
impact on survival, this has not consistently been observed
across studies and meta-analyses (74-76,79,80).
Using first-generation prostheses, the overall mild
PVL rate ranged from 20% to 80%, with moderate-tosevere PVL occurring in 5% to 22% of patients (81).
In early pivotal trials, 1-year moderate-to-severe PVL
rates were 6.8% (25) and 10.5% (23) with the Sapien
balloon-expandable valve, and 4.2% (24) and 6.1% (26)
with the CoreValve self-expandable valve. A metaanalysis of 45 studies (11,244 patients) reported a
pooled 11.7% rate, with a significantly higher risk with
CoreValve vs. Sapien (16.0% vs. 9.1%, P=0.005) (77).
The significantly higher risk with self-expandable
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vs. balloon-expandable valves has been also shown in
another meta-analysis (20 studies, 11,244 patients) (82)
and angiographically in a single randomized trial (18.3%
vs. 4.1%, P<0.001) (50). Despite a higher presence of
more-than-mild PVL in self-expandable valves, direct
comparisons of the two technologies have shown no impact
in mortality.
The rate of moderate-to-severe PVL has dramatically
decreased with new-generation valves. A 2% (83) or 3.4% (55)
rate has been reported with Edwards Sapien 3, whereas
early findings showed more-than-mild PVL at 30 days to
be absent (0%) in patients receiving the CoreValve Evolut
PRO device (64); and a single patient (1.0%) had moderate
PVL with none having severe PVL with the Lotus valve (84).
Pilgrim et al. used a propensity score matched analysis of
391 matched pairs of patients to compare early versus newer
generation TAVR devices. Moderate-to-severe PVL rate
was 12.1% vs. 3.1%, P<0.001 (85). Nevertheless, mild PVL
is still frequently associated even to newer devices (64).
Recent trials in low-risk patients demonstrate very low
PVL rates. In PARTNER 3 trial (new-generation Sapien 3
balloon-expandable valve) 30-day moderate-to-severe PVL
rates with TAVR vs. SAVR were 0.8% vs. none (n.s.) (30).
In Evolut Low Risk Trial (CoreValve, Evolut R, or Evolut
PRO self-expanding valves) 30-day rates were 3.5% vs.
0.5%, respectively (31). Such findings confirm both the risk
decrease with new-generation valves and the higher risk
with self-expanding prostheses.
Besides an increased overall operator experience in
prosthesis positioning, two main causes may explain the
dramatic decrease in PVL in recent years: improved design
and pre-procedural imaging for annulus sizing.
The design of new-generation valves is substantially
improved. Manufacturers have added a cuff to the inflow
portion of the valve (Sapien, Lotus) or an external sealing
system (Evolut or Portico). Furthermore, Evolut R has a
shorter height and is retrievable and repositionable after
a partial deployment, and Evolut PRO has an external
pericardial cover on the lower 2 rows of stent frame cell
to fill the gap to the landing zone (81). The Portico valve
features a porcine pericardium sealing cuff to encapsulate
irregular calcium nodules (86,87). The ACURATE neo
prosthesis (Symetis, Boston Scientific) has upper crowns
for supra-annular anchoring and a sealing pericardial
skirt (88,89). However, as previously mentioned, taking
into account that PPM implantation has not decreased or
has even increased with the new-generation valves, some
concerns exist about a potential trade-off between PVL and
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PPM complications.
Routine use of improved echocardiography techniques
and particularly multislice computed tomography
(MSCT) in pre-procedural planning to measure annulus
dimensions to select valve size and model appears to be
critical (90). Furthermore, non-enhanced MSCT helps to
evaluate anatomical considerations such as coronary ostia
or calcification distribution including the left ventricular
outflow tract (81,91). Contrast-related kidney dysfunction
is, though, a potential limitation.
Besides post-procedural echocardiographic imaging,
some biomarkers have been proposed to predict PVL
immediately after TAVR. A loss of high molecular weight
multimers of von Willebrand factor (vWF) is observed with
significant PVL, due to molecular unfolding and exposition
to proteolytic enzymes as a consequence of the turbulent
blood flow (92,93). This results in less haemostatic capacity
of vWF and causes a longer closure time with adenosine
diphosphate (CT-ADP). Both CT-ADP and vWF multimer
ratio predict post-TAVR PVL (94,95).
A trace or mild PVL usually requires no corrective
measures. If a more-than-mild PVL is detected after
TAVR, immediate correction is needed, by means of
additional balloon postdilation (96,97), a valve-in-valve
procedure (96-99), or snearing of the valve. A regression
of PVL severity has been reported after a follow-up period
in patients having received SAPIEN 3 (100) or CoreValve
devices (101).
Stroke and embolic protection
Stroke is one of the most feared complications following
aortic valve replacement. New-onset periprocedural lesions
are found in cerebral magnetic resonance imaging in a high
proportion of patients undergoing TAVR, ranging from
68% to 85% across studies (102-104). A meta-analysis of 25
studies (1,225 patients) found the pooled rate to be 77.5%
(95% CI, 71.7–83.3%), with multiple lesions in 59.5% of
patients and a mean number of lesions of 4.2 (3.4–5.0) (105).
Fortunately, most of such lesions are the so-called “silent
strokes” and are not associated to clinical signs and, in fact,
its significance remains unclear.
Incidence of clinically overt strokes in early pivotal studies
was 2.8–5.0% (23-26). A meta-analysis of 25 multicenter
registries and 33 single-center studies found an overall 30day clinical ictus rate of 2.8%, and a decline in stroke risk
with experience and technological advancement (106).
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Recent trials in low-risk patients demonstrate very low
stroke rates, with TAVR being significantly superior to
SAVR. In PARTNER 3 trial (new-generation Sapien 3
balloon-expandable valve) 30-day and 1-year stroke rates
with TAVR vs. SAVR were 0.6% vs. 2.4%; HR 0.25; 95%
CI, 0.07–0.88; P=0.02) and 1.2% vs. 3.1% (HR 0.38; 95%
CI, 0.15–1.00) (30). In Evolut Low Risk Trial (CoreValve,
Evolut R, or Evolut PRO self-expanding valve) 30-day
and 2-year disabling stroke rates with TAVR vs. SAVR
were 0.5% vs. 1.7% (difference, −1.2 percentage points;
95% credible interval −2.4 to −0.2) and 1.1% vs. 3.5%
(difference, −2.3; −4.8 to −0.4) (31). Nevertheless, methods
to prevent neurologic embolic complications are needed,
because periprocedural stroke is associated to a substantially
increased in-hospital and 1-year mortality rates and to a
reduced quality of life and severe disability in survivors (107).
Several embolic protection devices have been developed
and tested. A detailed review of their types and results has
been recently published in Journal of Thoracic Disease (108).
Such mesh-based devices aim at preventing procedural
debris—including thrombi, valve calcification/tissue,
arterial wall fragments—to reach cerebral vessels and cause
cerebrovascular insults. Two main types are available.
Firstly, those deflecting debris include Embrella Embolic
Deflector (Edwards Lifesciences, CA, USA) featuring two
heparin-coated membranes that are deployed in the aortic
arch and cover brachiocephalic and left common carotid
arteries; and TriGuard (Keystone Heart, Israel), a nitinolcoated device covering also the left subclavian artery.
Secondly, filter-type devices retain the embolized material
thus avoiding also potential peripheral embolisms. Apart
from Embol-X (Edwards Lifesciences, CA, USA), a single
filter device which is inserted through a mid-sternotomy
during transaortic TAVR, to be deployed in ascending
aorta, the Sentinel (Boston Scientific Corporation, CA,
USA) (previously named Montage, Claret Medical) is
available. It features a dual filter with 140 µm pores to cover
brachiocephalic and left common carotid arteries. Sentinel
use has been recently combined with a single left vertebral
filter (Wirion, Allum Medical, Israel) to cover the remaining
20% of total brain perfusion for posterior circulation not
covered by Sentinel device; recovered debris showed equal
amounts in both devices (107).
Such devices are safe and have proved effective to
filtrate debris and to reduce the volume of ischemic
lesions, as suggested by a meta-analysis including 1,170
patients. No differences could be demonstrated, however,
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in terms of clinically evident stroke (109). A more recent
meta-analysis of 8 studies (1,285 patients) confirmed the
significant reduction in volume per lesion and in total
lesion volume, and found a lower rate of 30-day stroke [OR
0.55 (95% CI, 0.31–0.98), P=0.04] when using embolic
protection devices (110). However, the latter results—
that are very close to the upper CI limit—were mainly
driven by a single non-randomized, propensity scorematched study using the Sentinel device (111). Such metaanalyses did not find any significant difference in mortality
rate between patients undergoing TAVR with or without
cerebral protection devices. A single randomized controlled
trial with the Sentinel device that assessed mortality,
did not find differences in mortality and in the primary
combined endpoint including all major adverse cardiac
and cerebrovascular events (112). Statistical methods used
in other studies are limited, and the quality of evidence
supporting clinical efficacy is still low, in spite of a clear and
statistically significant reduction in lesions volume (112).
There is an urgent need of further evidence on this issue.
TAVR and cardiac ischemic disease
Coronary artery disease (CAD) is very common in
patients with severe AS (40–75%) (113), including those
undergoing TAVR [about 75% of patients in PARTNER
1 studies (23,25) and about 50% in large TAVR registries
(114,115)]. This is not surprising because degenerative AS
and atherosclerosis share many risk factors and pathogenic
mechanisms. While a meta-analysis of 7 studies (2,472
patients) did not prove a mid-term effect of CAD on TAVR
outcomes (116), a more recent one (15 studies, 8,013
patients) has shown no impact on 30-days mortality but a
significant adverse impact on 1-year mortality (OR 1.21;
95% CI, 1.07–1.36; P=0.002) (117). In a third meta-analysis
(6 studies, 3,107 patients), a residual SYNTAX (Synergy
Between PCI With Taxus and Cardiac Surgery)-score cut-off
value (<8) after coronary revascularization has been shown
to predict a significantly higher mortality (OR 1.69; 95%
CI, 1.26–2.28; P<0.001) (118). The eagerly awaited results
from the ACTIVATION trial (ISRCTN75836930) (119)
will help to establish recommendations about the need and
appropriate extent of CAD revascularization prior to TAVR.
As the TAVR indications expand to include younger
and lower-risk patients with longer life expectancies, it is
important to establish an appropriate management of CAD
because coronary arteries can have to be re-accessed later on
in these patients, which has proved challenging, particularly
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with self-expandable devices (120). An algorithm has been
proposed to facilitate coronary access after TAVR (120).
Durability
The adoption of TAVR for younger and lower-risk
patients, with a longer life expectancy, raises concerns about
durability. Significant deterioration of surgical bioprostheses
commonly begins about 10 years after implantation, but
increases dramatically during the second post-procedural
decade (121). Instead of bioprostheses, surgeons have
traditionally preferred using the drug therapy required by
mechanical valves to manage thrombotic risk, in exchange
for longer prosthesis durability in such patients. TAVR is a
relatively new technique; therefore, few long-term data are
available to assess the durability of both porcine and bovine
valves. Furthermore, early use was restricted to high-risk
patients and the poor long-term survival of such population
beyond 5 years has limited durability assessments (122).
Potential factors having an impact on durability
are physical (tissue characteristics, anticalcification
treatment, valve design, valve effective area orifice, postimplantation transvalvular gradient, calcifications, postdilation, asymmetric annulus with leaflet deformation…)
and clinical/metabolic (age, diabetes, lipid abnormalities,
calcium/phosphor metabolism…) (123-125).
Early 5-year results of PARTNER 1 trial were reassuring,
with no patient showing a deterioration requiring
reintervention (78). Results were equally favorable in the
high-risk pivotal trial with the CoreValve at 3 years (126).
Five-year results of the ADVANCE trial in 996 high-risk
patients undergoing TAVR with a self-expandable valve
showed valve dysfunction in only 2.5% of patients. Fiveyear results in a multicenter Italian registry were also
reassuring (127). A meta-analysis of 13 observational
studies (8,914 patients) with a 1.6–5 years follow-up
period reported valve deterioration in only 0 to 1.34 per
100 patient-years (126). Similarly, Toggweiler et al. found
moderate prosthetic valve dysfunction in 3.4% of 88
patients after a 5-year follow-up (127). The UK registry
reported an 8.7% deterioration rate after a mean follow-up
of 6.1 years (128).
The problem of lack of consistency in structural valve
deterioration (SVD) definition was addressed in 2017
through a consensus statement of European Association
of Percutaneous Cardiovascular Interventions (EAPCI)
endorsed by the European Society of Cardiology (ESC)
and the European Association for Cardio-Thoracic
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Surgery (EACTS) (129), in which concepts and grades
of “hemodynamic SVD” and “morphological SVD” are
defined; and in 2018 by the Valve-in-Valve International
Data (VIVID) group (129). Using such new definitions,
severe SVD and moderate/severe SVD rates have been 2.5%
and 13.3% at 5 years in the FRANCE 2 registry (129); and
2.4% and 8.3% at 8 years in the local Italian REPLACE
registry (130). Similar findings have been reported in other
recent studies using such definitions (122,131-135). Thus,
mid-term follow-up data are reassuring, but 10- and 15-year
data are eagerly awaited to inform our current decisions on
TAVR use in low-risk patients.
Conclusions
The advent of TAVR has dramatically changed the
landscape of severe AS therapy in the last decade. The
recent results of large well-designed randomized trials in
patients with low surgical risk can be expected to result in
an expansion of its indications in future guidelines updates.
While PVL issue appears to be decreasing with improved
device designs being currently introduced, newer-generation
prostheses will have to address the unsolved issue of PPM
implantation requirements. Stroke incidence is low, but its
adverse impact is a reason of concern; further evidence on
clinical performance of current embolic protection devices
and development, and test of novel devices are needed. The
role of TAVR in patients with concomitant cardiac ischemic
disease should also be better defined. Availability of durability
data in the next few years will be crucial to establish the role
of current prostheses in low-risk patients with a longer life
expectancy, or the need to develop other devices.
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