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ABSTRACT

Transcatheter aortic valve replacement (TAVR)
has revolutionized the treatment of severe aor-
tic stenosis (AS) over the last decade. The results
of the Placement of Aortic Transcatheter Valves
(PARTNER) 3 and Evolut Low Risk trials
demonstrated the safety and efficacy of TAVR in
low-surgical-risk patients and led to the
approval of TAVR for use across the risk spec-
trum. Heart teams around the world will now be
faced with evaluating a deluge of younger,
healthier patients with severe AS. Prior to the
PARTNER 3 and Evolut Low Risk studies, this
heterogenous patient population would have
undergone surgical aortic valve replacement
(SAVR). It is unlikely that TAVR will completely
supplant SAVR for the treatment of severe AS in
patients with a low surgical risk, as SAVR has
excellent short- and long-term outcomes and
years of durability data. In this review, we

outline the critical role that SAVR will continue
to play in the treatment of severe AS in the post-
PARTNER 3/Evolut Low Risk era.
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Key Summary Points

The PARTNER 3 and Evolut Low Risk trials
will greatly expand the use of TAVR to a
significantly larger group of eligible
patients with severe aortic stenosis.

SAVR remains a vital treatment choice in
patients with high anatomical risk
including bicuspid aortic valve, heavy
annular calcification, and low coronary
heights.

The long-term impact of increased
pacemaker use, paravalvular
regurgitation, and durability concerns
associated with transcatheter heart valves
is still unknown.

Leaflet thickening and future coronary re-
access remain significant concerns with
TAVR.
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INTRODUCTION

In the last decade, the development of tran-
scatheter aortic valve replacement (TAVR) has
dramatically changed the management of
symptomatic severe aortic stenosis (AS). Early
studies showed a clear benefit with TAVR in
prohibitive and high-surgical-risk patients (So-
ciety of Thoracic Surgery-Predicted Risk of
Mortality [STS-PROM][8%) [1, 2]. With
ongoing refinement of TAVR technology, more
accurate methods of annular sizing, and
improvements in procedural technique, TAVR
use has expanded to AS patients at intermediate
surgical risk (STS-PROM 4–8%) [3, 4]. An anal-
ysis of surgical aortic valve replacements (SAVR)
between 2002 and 2010 found that 80% of
SAVRs are being performed in patients with low
surgical risk (STS-PROM\4%) [5]. While, the
population of patients with AS who qualify as
low-risk after integrating other markers of risk
with the STS-PROM may actually be lower
(* 50%), this still represents a large pool of
patients [6]. Low-risk patients undergoing SAVR
are, on average, 65 years old, lack significant
medical comorbidities, receive a bioprosthetic
valve at a rate of 75%, and have short-term
mortality of 1.7% [5]. The publication of the
Placement of Aortic Transcatheter Valves
(PARTNER) 3 and Evolut Low Risk trials in 2019
has created excitement around expanding
TAVR into the large pool of low-risk patients
[7, 8]. While the number of low-risk AS patients
treated with TAVR is bound to increase, a close
analysis of the low-risk trials indicates that
SAVR will continue to play a major role in many
AS patients. In this review, we aim to identify
low-surgical-risk patients with severe AS who
may be considered for SAVR in the post-PART-
NER 3/Evolut Low Risk trial era. This article is
based on previously conducted studies and does
not contain any studies with human partici-
pants or animals performed by any of the
authors.

SUMMARY OF LOW-RISK TRIALS

The classification of a patient as having low
surgical risk goes beyond their STS-PROM score.

According to the valvular heart disease guideli-
nes, a low-surgical-risk patient is one who has
an STS-PROM\ 4%, lacks any of the major
indices of frailty, lacks any major organ system
compromise, and has no procedural impedi-
ments (Fig. 1) [9]. Having any one of these fac-
tors pushes a patient up into the intermediate
risk group despite having a low STS-PROM. The
heart team plays a vital role in integrating the
STS-PROM with additional risk factors to deter-
mine the patient’s overall operative risk. To be
eligible for the low-risk TAVR trials, patients
had to meet strict inclusion and exclusion cri-
teria (Fig. 2) [7, 8]. After the initial screen, an
independent screening committee reviewed
each patient’s clinical and radiographic data to
determine eligibility for randomization.
Patients with known bicuspid valves, heavy left
ventricular outflow tract (LVOT) calcification,
small effaced sinuses of Valsalva, a narrow or
heavily calcified sinotubular junction (STJ), or
those at high risk of prosthesis patient mis-
match were excluded in both trials.

After this rigorous enrollment process, over
2300 patients were randomized to either TAVR
or SAVR between the two trials (Fig. 3) [7, 8].
The baseline clinical characteristics were
remarkably similar between the two trials with
an average age of 73 years, 30% women, an STS-
PROM of 1.9%, and a lack of significant co-
morbidities. In the PARTNER 3 trial, over 95%
of patients undergoing TAVR had a C 23-mm
Sapien S3 valve while in the Evolut Low Risk
trial over 95% of patients had a C 26-mm valve
(74% Evolut R, 22% EvolutPro, 3.6% Cor-
eValve). In both trials, nearly 80% of patients
undergoing SAVR had C 23-mm prosthetic
valve implanted. Of note, this is in contrast to
the STS SAVR registry where only around 60%
of patients receive a valve C 23 mm in size [5].

The primary outcome in PARTNER 3 of
death, stroke, or rehospitalization was reached
in 8.5% of TAVR patients versus 15.1% of SAVR
patients at 1 year, which met statistical signifi-
cance for superiority. In the Evolut Low Risk
trial, the primary endpoint of death or disabling
stroke was reached in 5.3% of TAVR patients
versus 6.7% of SAVR patients at 2 years, which
met statistical significance for non-inferiority.
The need for a permanent pacemaker (PPM) was
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7.3% for TAVR and 5.4% for SAVR in PARTNER
3 and 19.4% for TAVR and 6.7% for SAVR in the
Evolut Low Risk trial. The rate of severe pros-
thesis patient mismatch was 4.3% for TAVR and
6.3% for SAVR in PARTNER 3 and 1.8% for
TAVR and 8.2% for SAVR in Evolut Low Risk.
The mean gradient at 1 year was 13.7 mmHg for
TAVR and 11.3 mmHg for SAVR in PARTNER 3
and 8.6 mmHg for TAVR and 11.2 mmHg for

SAVR in Evolut Low Risk. The rate of moderate
or greater paravalvular leak (PVL) was 0.6% for
TAVR and 0.5% for SAVR in PARTNER 3 and
3.6% for TAVR and 0.6% for SAVR in Evolut
Low Risk. Overall, these results demonstrated
the safety of TAVR in a carefully selected low-
surgical-risk population at 1–2 years of follow-
up. However, the impact of certain high-risk
anatomical features, post-TAVR complications

Fig. 1 Integrative criteria for low-surgical-risk determina-
tion. Society of Thoracic Surgery-predicted risk of
mortality (STS-PROM); left ventricle (LV); right ventricle

(RV); chronic kidney disease (CKD); forced expiratory
volume in 1 s (FEV1); diffusing capacity of lung for carbon
monoxide (DLCO). Adapted from Nishimura et al. [9]

Fig. 2 Inclusion and exclusion criteria for the low-risk
trials. Society of Thoracic Surgery-predicted risk of
mortality (STS-PROM); synergy between percutaneous

coronary intervention with Taxus and cardiac surgery
(SYNTAX); transfemoral (TF); unprotected left main
disease (UPLMD); left ventricular outflow tract (LVOT)
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including PPM implantation and PVL, as well as
unknown long-term durability of TAVR outline
areas where SAVR should be strongly considered
in treating severe low-risk AS patients.

ANATOMIC FACTORS FAVORING
SAVR

Bicuspid Aortic Valve

Approximately 2% of the general population
have a bicuspid aortic valve, and among all AS
patients undergoing SAVR up to 49% have been
found to have bicuspid anatomy [10]. When
stratified by age, those over 70 years had a 38%
rate of bicuspid AS compared to a 62% among
those ages of 50–70 years [10]. Although these
data were from a study of surgical patients, it
suggests that as we expand TAVR into low-risk
patients, a larger proportion will be found to
have bicuspid anatomy. Bicuspid valves often
have heavy asymmetric calcification, associated
aortopathy, and present unique anatomical
challenges for TAVR due to the often non-cir-
cular implantation of the transcatheter heart
valve (THV) [11–13]. These challenges may
increase the risk of periprocedural

complications including annular rupture,
asymmetric valve deployment, and paravalvular
leak (PVL), which may all impact short- and
long-term outcomes with TAVR [14].

Studies of early generation THVs in bicuspid
AS found that, compared to trileaflet AS patients
treated with TAVR, bicuspid patients experi-
enced higher rates of open conversion, signifi-
cant PVL, and PPM implantation [15, 16]. With
the use of CT-guided annular sizing, advances
in the sealing mechanism of newer THVs, and
operator experience, outcomes of TAVR for
bicuspid AS have improved [16–19]. However,
conversion to open surgery, peri-procedural
stroke, and need for PPM continue to remain
significantly higher in bicuspid patients with
newer-generation THVs [18]. Computed
tomography (CT) studies of implanted THVs in
patients with bicuspid AS have found subopti-
mal, non-circular valve expansion in bicuspid
patients, which may impact long-term valve
performance and the rate of valve degeneration
[14].

Studies directly comparing SAVR to TAVR in
bicuspid AS are scant; however, one study from
the National Inpatient Sample of nearly 2000
propensity-matched patients found no major
difference in in-hospital mortality or stroke

Fig. 3 Low-risk trial outcomes. 1Met statistical signifi-
cance for non-inferiority and superiority; 2Met statistical
significance for non-inferiority. Transcatheter aortic valve
replacement (TAVR); surgical aortic valve replacement
(SAVR); Society of Thoracic Surgery-predicted risk of

mortality (STS-PROM); percutaneous coronary interven-
tion (PCI); coronary artery bypass graft surgery (CABG);
paravalvular leak (PVL); left bundle branch block (LBBB);
not significant (NS); not reported (NR)
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between TAVR and SAVR [20]. Interestingly,
SAVR was associated with significantly lower
mortality among patients under 65 years of age
and significantly lower rates of PPM implanta-
tion [20]. A smaller study prospectively study-
ing low-risk patients with bicuspid AS
demonstrated low rates of in-hospital mortality
and stroke with TAVR; however, longer-term
follow-up with a larger patient population is
needed [21]. For low-risk bicuspid AS patients
with associated aortopathy (ascending aortic
dimension[4.5 cm), SAVR with aortic root
repair should be the preferred treatment
[22, 23]. Given the unique challenges of bicus-
pid anatomy, SAVR will continue to have a
central role in the management of low-risk
severe bicuspid AS patients until more data is
available on short- and long-term outcomes
[24].

Pure Native Aortic Valve Regurgitation

Despite advances in THVs in patients with AS,
the use of TAVR for aortic regurgitation has
been limited and remains off-label in the United
States. Unlike AS, the etiology of aortic regur-
gitation may originate at the leaflet or aortic
root level [25]. Several anatomical considera-
tions make SAVR a more suitable therapy for
low-surgical-risk patients with aortic regurgita-
tion including the lack of sufficient calcium for
THV anchoring, often dilated aortic root, and
risk of PVL [26]. Many patients with pure aortic
regurgitation have a bicuspid aortic valve which
may further increase the complexity and result
in a suboptimal transcatheter result [16]. Reg-
istry data show that even with newer-genera-
tion THVs, there remained a 3.8% risk of open
conversion, a 12.7% risk of needing a second
THV, an 18.6% PPM rate, and a 4.2% risk of
moderate or greater residual aortic regurgitation
[26]. Trials with specialized THVs designed for
aortic regurgitation are ongoing
(NCT02732704). Until more data are available,
SAVR remains the treatment of choice for pure
aortic regurgitation for low-surgical-risk
patients.

Small Aortic Annulus

The prevalence of patients with AS and a small
aortic annulus is as high as 17% and predomi-
nantly affects older women [27]. Although there
are no universally accepted criteria for what
qualifies as a small aortic annulus, many pro-
pose an annular diameter of\21–23 mm
[28–30]. Small aortic annulus has several short-
and long-term implications for patients with
severe symptomatic AS principally prosthesis
patient mismatch and the sequela of this con-
dition [31–33]. Prosthesis patient mismatch
occurs at an indexed effective orifice area of less
than 0.85 cm2/m2, and those patients with an
EOAi less than 0.65 cm2/m2 are classified as
severe [34]. Severe prosthesis patient mismatch
has been consistently shown to predict worse
long-term outcomes including mortality
[34–36]. The rate of severe prosthesis patient
mismatch is higher in SAVR than for TAVR
likely because of the ability to oversize a THV
for a patient’s annular size [37–39]. However,
patients with small aortic annulus receiving
TAVR still have a 4–20% rate of severe prosthesis
patient mismatch [37–39]. Additionally, over-
sizing THVs in small aortic annulus patients
with heavy asymmetric annular and LVOT cal-
cification can increase the risk of annular rup-
ture and coronary obstruction [40, 41].

SAVR in low-risk patients allows for the
possibility of aortic root enlargement, which is
effective at reducing the rate of post-operative
prosthesis patient mismatch by up to 50% and
results in lower 30 days and long-term morbid-
ity and mortality [28, 29, 42]. Importantly, in
younger low-risk patients, root enlargement
with SAVR as a first operation would allow for a
larger THV during valve-in-valve TAVR when
the first bioprosthesis fails [31]. In those small
aortic annulus patients who are younger and at
a low bleeding risk, SAVR with a mechanical
prosthesis can also be considered to obviate the
need for a second valve procedure and further
limit the risk of PPM. Although randomized
studies are ongoing to compare TAVR versus
SAVR in small aortic annulus patients (VIVA
Trial NCT 03383445), SAVR will likely play a
role in low-surgical-risk patients with severe AS
and a small aortic annulus.
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Heavy Annular and LVOT Calcification,
Stroke, and PVL

In both the PARTNER 3 and Evolut Low Risk
trials, the final decision to randomize patients
rested with a case review committee analyzing
all clinical and imaging data. Of the patients
who failed review in PARTNER 3, 38% failed due
to severe LVOT calcium and 17% failed due to
hostile aortic root while 8% failed due to severe
LVOT calcium in the Evolut Low Risk trial [7, 8].
Although there is no objective or universally
accepted criteria for determining the severity of
annular and LVOT calcification, the presence of
either has been associated with worse outcomes
with TAVR including annular rupture, stroke,
and paravalvular leak [43, 44]. LVOT calcium,
especially in oversized balloon-expanded valves
(BEV) and self-expanding valves (SEV) requiring
post-dilation, increase the risk of annular rup-
ture, which is associated with over 50% mor-
tality [40, 44, 45]. Heavy annular/LVOT
calcification is also linked to increased rates
of C moderate PVL, which is associated with
worse outcomes and was more frequently seen
in the early TAVR trials [44, 46–49]. The inci-
dence of C moderate PVL was 0.6–3.6% in the
low-risk trials, likely due in part to excluding
heavily annular/LVOT calcification, improve-
ments in THV technology, and the frequent use
of post-dilation (20–30%) [7, 8]. The rate
of C moderate PVL was approximately 15% in
the low-risk subset of the Nordic Aortic Valve
Intervention (NOTION) study, which did not
systematically exclude patients with heavy
annular/LVOT calcification [50]. Additionally,
29–34% TAVR patients had mild PVL in the
low-risk trials at 1 year, and how this affects
THV and left ventricular performance over
extended follow-up is still unknown [7, 8].
Among high-surgical risk patients, mild-PVL
was associated with increased mortality at
2-year follow-up [51]. An advantage of SAVR is
the ability to directly visualize and surgically
remove heavy calcification at the time of AVR
resulting in\1% rates of significant PVL [7, 8].

Calcium and atheromatous embolization
also play a key role in the underlying mecha-
nism of stroke after TAVR. The manipulation of
wires and catheters in the aortic arch, pre-TAVR

balloon aortic valvuloplasty (BAV), THV posi-
tioning, and post-dilation all serve to liberate
calcific deposits. The ability of cerebral embolic
protection devices to modify stroke risk with
TAVR remains controversial given conflicting
data [52, 53]. Initially, stroke was a major
drawback of TAVR, however 30-day disabling
stroke rates have come down dramatically from
5–6% to 0.6–2% in the low-risk trials [1–4, 7, 8].
Post-dilation has been shown to confer a 2.5-
fold increase in stroke and was performed in
20–30% of patients in the low-risk trials
[7, 8, 54, 55]. Excluding patients with heavy
annular/LVOT calcification may partially
explain the extremely low rate of stroke in the
low-risk trials. As TAVR continues to expand
into low-risk patients, SAVR should strongly be
considered in patients with heavy, asymmetric
calcification patterns given its link to annular
rupture, significant PVL, and stroke.

Alternative Access

The vast majority of TAVRs are performed via
transfemoral (TF) access. In the Evolut Low Risk
trial, the use of alternative access was approxi-
mately 1%, and a lack of TF access was an
exclusion criteria for PARTNER 3 [7, 8]. Alter-
native modes of access include transthoracic
access (direct aortic and transapical) and non-
femoral peripheral access (transaxillary, tran-
scarotid, and transcaval). Patients who lack TF
access are more likely to be obese men with
peripheral arterial disease [56]. All modes of
alternative access have been associated with
higher mortality and stroke compared to TF
patients with markedly worse outcomes for
transapical, direct aortic, and transcaval
patients [57–63]. Newer technology such as
intravascular lithotripsy to accommodate the
TAVR delivery sheaths in patients with stenotic
calcified iliofemoral vessels is actively being
studied and holds promise [64]. However, given
the morbidity and mortality associated with
alternative access TAVR, and the exclusion of
these patients from the low-risk trials, SAVR
should remain the preferred choice in low-sur-
gical-risk patients without TF access.
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Low Coronary Heights at Risk
for Obstruction

The rate of coronary obstruction is rare, occur-
ring in less than 1% of TAVR cases but is asso-
ciated with high procedural morbidity and
mortality [41]. Coronary obstruction typically
occurs due to displacement of the native valve
leaflets and any associated calcium. Identifica-
tion of patients at risk of coronary obstruction
has markedly improved, and patients with
coronary ostia less 10–11 mm above the nadir of
the associated sinus, effaced sinuses, and a
narrow STJ are at higher risk of occlusion [41].
This often affects the left coronary ostium and is
seen more frequently in women, patients with a
small aortic annulus and effaced sinuses,
bicuspid aortic valves, and during valve-in-valve
TAVR [41]. Over 90% of these cases can be res-
cued with percutaneous coronary intervention,
however one study found an 8.3% mortality
rate [41]. The use of a chimney-stent to protect a
coronary artery at risk of post-TAVR obstruction
has shown good mid-term survival rates, how-
ever long-term data and coronary re-access
issues remain in these patients [65]. Studies of
the bioprosthetic or native aortic scallop
intentional laceration to prevent iatrogenic
coronary artery obstruction (BASILICA) tech-
nique has been shown to prevent coronary
obstruction [66]. However, these studies were
primarily done in intermediate and high-surgi-
cal-risk patients. Therefore, SAVR should
remain the mode of treatment for low-surgical-
risk patients with severe AS at significant risk of
TAVR-induced coronary obstruction.

POST-TAVR COMPLICATION RISKS:
PACEMAKER AND LEFT BUNDLE
BRANCH BLOCK (LBBB)

Conduction disturbances and the need for a
PPM continues to remain high in patients
undergoing TAVR despite improvements in
THV technology, operator experience, and
expansion to low-surgical-risk patients. The His
bundle runs just below the aortic annulus and is
subject to mechanical injury from both BEV and

SEVs [67, 68]. While risk prediction models of
atrioventricular (AV) block for specific valve
types are in development, a baseline right
bundle branch block, 1st degree AV block, THV
implantation depth and a short membranous
septum have all been found to predict need for
PPM implantation [69–73]. Studies of how PPM
implantation affects long-term outcomes in
TAVR patients have been mixed, but some have
shown up to a 40% increase in 1-year mortality
and nearly a doubling in risk of heart failure
admission [70, 74–76]. Importantly, there is also
marked center-to-center variability in how
patients are selected for post-TAVR PPM
implantation [77]. In one survey, 15% of centers
reported implanting a PPM prophylactically for
a new LBBB after TAVR [77]. There was a 6.5,
17.4, and 34% risk of 30-day PPM implantation
after TAVR in the PARTNER 3, Evolut Low Risk,
and NOTION low-risk studies, respectively, and
rates in the SAVR group were markedly lower
[7, 8]. Likewise, the development of isolated,
persistent LBBB is common after TAVR and was
found in 22% of TAVR patients in the PARTNER
3 trial [7, 8]. The long-term implications of a
new LBBB after TAVR are mixed [69, 78]. While
the risk of AV block alone should not dictate
how we treat low-risk AS, the potential down-
sides of TAVR, including the need for a PPM and
new LBBB, should be discussed with patients.
These complications from TAVR may subject
patients to future procedures such as generator
changes and device upgrades for right ventric-
ular pacing induced cardiomyopathy. Younger
low-risk patients who are at a higher risk of AV
block may elect to undergo SAVR to avoid these
potential future sequela of TAVR.

LONG-TERM CONSIDERATIONS

With the approval of both the Edwards Sapien 3
and Medtronic Evolut valves for low-surgical
risk patients, it is likely that the age at which
patients are referred for TAVR will progressively
decrease. The mean age of patients in the low-
risk trials was between 73 and 79 years and is
approximately 80 years of age in TAVR registries
[7, 8, 79]. While most would agree that the
findings from the low-risk trials greatly inform
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the 1-year safety of performing TAVR on low-
risk patients over the age of 70, the best strategy
for younger patients and those with a longer life
expectancy remains unclear. The durability of
both surgical and transcatheter bioprosthetic
valves is not indefinite, thus for low-surgical-
risk patients under 50 years of age, without a
contraindication to anticoagulation, a
mechanical valve is still recommended by most
guidelines [80]. At 15-year follow-up, patients
under the age of 55 receiving a mechanical
aortic valve had a lower mortality than those
receiving a surgical bioprosthetic valve [81].
This was in part driven by the mortality asso-
ciated with re-operation of a failed biopros-
thetic valve [81]. In younger low-risk patients,
the optimal treatment strategy of AS should
incorporate the risk of anticoagulation and
bleeding, patient life expectancy, risk of re-in-
tervention for bioprosthetic valve failure, need
for coronary re-access, and patient preference
[82].

Bioprosthetic Valve Failure

There are ample data on the long-term dura-
bility of bioprosthetic surgical valves, with
approximately 23% primary bioprosthetic valve
failure rates at 15 years [83]. Importantly, the
age at which bioprosthetic SAVR is performed
impacts the rate of bioprosthetic valve failure.
Patients under 65 years of age who undergo
bioprosthetic SAVR have a * 26% rate of bio-
prosthetic valve failure while those 65 years and
older have a * 9% rate of this complication
15 years after valve implantation [83]. The
method of defining bioprosthetic valve failure is
vital to understanding valve durability. The
surgical literature defines bioprosthetic valve
failure as patients who actually undergo surgical
re-operation [84]. In the era of valve-in-valve
(ViV) TAVR, many patients with prohibitive
surgical risk who would previously be declined
for surgery, and thus not ‘‘counted’’ as biopros-
thetic SAVR failure, are now being treated with
ViV-TAVR. Data from the ViV International
Database (VIVID) show that the average time
from bioprosthetic SAVR to ViV-TAVR is 9 years
[85]. As more patients undergo ViV TAVR, our

understanding of the durability of surgical bio-
prosthetic valves is likely to evolve. For THVs,
long-term durability beyond 5–8 years is poorly
understood and short-term durability appears
similar between SEV and BEV [86–88]. Unlike
the definition of bioprosthetic valve failure in
SAVR studies, there are numerous proposed
methods of defining structural valve degenera-
tion (SVD) and bioprosthetic valve failure after
TAVR [89]. SVD defined by the European Asso-
ciation of Percutaneous Cardiovascular Inter-
ventions (EAPCI) is divided into mild,
moderate, and severe based on the mean gra-
dient, change in mean gradient from the initial
post-procedural assessment, and degree of intra-
prosthetic regurgitation [90]. Bioprosthetic
valve failure is defined as a THV with severe
hemodynamic compromise either requiring
intervention or causing death [91]. The Valve
Academic Research Consortium (VARC) criteria
define severe structural valve dysfunction as a
mean gradient[40 mmHg (moderate to severe
stenosis), EOAi\0.6–0.65 cm2/m2 (severe
patient prosthesis mismatch), DVI\ 0.35, or
moderate-to-severe prosthetic valve regurgita-
tion [91]. At 5–8 years THVs have a 3.6–10.8,
0–2.5, 0.6–7.5% for moderate SVD, severe SVD,
and bioprosthetic valve failure, respectively
[92]. Numerous factors unique to TAVR can
affect long-term durability including THV
crimping, post-dilation, noncircular implanta-
tion, PVL, and leaflet thrombosis [93]. Hypo-
attenuating leaflet thickening (HALT) and
hypo-attenuation affecting motion (HAM),
both likely caused by leaflet thrombus forma-
tion, have been associated with SVD and post-
TAVR stroke [89, 94]. While less commonly seen
in SAVR patients, HAM and HALT have been
reported in up to 40% of TAVR [95, 96].

A critical implication of bioprostheses dura-
bility is how the life-span of the valve compares
to the life expectancy of the patient and the
possibility of needing a second valve replace-
ment. Indeed, in younger low-risk patients who
have a[15-year life expectancy, it is reasonable
to consider implantation of a mechanical valve
given the lower rate of mechanical aortic valve
failure compared to surgical bioprosthetic valve
failure [81]. For failed bioprosthetic surgical
valves, there is a growing body of data
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demonstrating the safety and short-term clini-
cal efficacy of implanting a THV (TAV-in-SAV)
[97, 98]. Among patients in the TAV-in-SAV
substudy of PARTNER 2 and CoreValve Pivotal
Extreme risk trials, TAV-in-SAV 30-day mortal-
ity was approximately 2.6% with stable THV
hemodynamics out to 3 years [99–102]. TAV-in-
SAV patients in the VIVID registry had a 5.3%
overall mortality at 30 days [103]. When TAV-
in-SAV outcomes are compared to re-do SAVR,
limited available data show comparable 30-day
and 3-year mortality [104, 105]. On the con-
trary, limited data exist on the treatment of a
failed THV valve. Surgical removal and
replacement of a failed THV can be a complex
surgery potentially requiring aortic root
replacement while the implantation of a second
THV (TAV-in-TAV) has not been widely per-
formed. A recent registry study found that 0.3%
of TAVRs were TAV-in-TAV procedures done
predominantly for valvular regurgitation with
2.9% overall mortality, low rates of stroke and
coronary obstruction, but a 9% rate of C mod-
erate PVL [106]. As TAVR patients continue to
live longer, our understanding of long-term
bioprosthetic valve durability will improve so
we can better inform our decision on the best
‘‘first implanted valve’’ in younger, low-risk AS
patients.

Coronary Access

Given the lack of direct visualization of the
aortic root during implantation of a THV, the
interplay of the implanted valve commissures,
aortic root geometry, displaced native aortic
valve leaflets, and coronary sinus calcification
can limit access to the coronary ostia after
TAVR. The rate of coronary artery disease (CAD)
in TAVR patients ranges from 40 to 75% and as
TAVR expands to low-risk patients, it is likely
that these patients may require future coronary
angiography and percutaneous coronary inter-
vention (PCI) for either urgent or elective indi-
cations [107]. One study reported a 10% rate of
acute coronary syndrome after TAVR with 47%
of cases occurring within the first year [108].
A MDCT study of TAVR patients found that in
51% of cases, the ostia of one or both of the

coronary arteries was blocked by the neo-com-
missure of the THV [109]. This is particularly
problematic in patients needing a TAV in TAV
procedure where there are two THVs with neo-
commissures that could both block access to the
coronary arteries. In patients receiving SAVR,
there is direct visualization of the aortic annulus
during implantation and re-accessing the coro-
nary arteries is done routinely. As TAVR
expands into younger low-risk patients, the
ability to re-access the coronary arteries may
prove to be a major limitation of TAVR, partic-
ularly with the SEV [110].

Quality of Life (QOL)

A key secondary endpoint studied in both the
PARTNER 3 and Evolut Low Risk trials was QOL
measured as the change in Kansas City Car-
diomyopathy Questionnaire Overall Summary
(KCCQ-OS) score. In both trials, there was a
marked improvement in the KCCQ-OS score for
TAVR patients at 30 days and 1 year [7, 8].
Importantly, TAVR performed better than SAVR
in regard to KCCQ-OS at 30 days, however by
12 months there was minimal difference
between the two groups in both trials [7, 8].
Prior analyses of the PARTNER 1 and CoreValve
extreme risk trials, as well as analysis of the STS/
TVT registry, have shown similar improvements
in QOL extending out to 3 years [111–113].
These findings are reassuring for low-risk
patients who are weighing the recovery from
these two treatment modalities as they will
likely enjoy the same, marked improvement in
QOL by 1 year regardless of the strategy they
pursue.

Women have consistently been shown to
have differential short- and long-term outcomes
after TAVR compared to men. Early studies of
the earlier generation THVs in high and inter-
mediate surgical risk patients showed that
women had improved survival compared to
men at 1 year [114–116]. However, treatment of
severe aortic stenosis in women studies of the
newer-generation THVs have shown no signifi-
cant long-term differences in mortality between
men and women [117]. Notably, women have
consistently been shown to have higher rates of
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periprocedural complications including major
vascular complications, stroke, and major life-
threatening bleeding [116, 118, 119]. Addi-
tionally, women tend to have lower coronary
heights and smaller annuli, which increases
their risk of coronary obstruction, patient
prosthesis mismatch, as well annular rupture
[119–121]. Women represent a larger portion of
patients requiring alternative access TAVR likely
due to smaller diameter femoral arteries in
women [119]. Given these unique anatomic and
procedural outcomes, women with severe AS
who are at low surgical risk should be given
special consideration for SAVR given the con-
sistently worse periprocedural complications
seen in this group.

NEED FOR CONCOMITANT
PROCEDURE

CAD is common in patients with severe AS, and
among patients in the Evolut Low Risk and
PARTNER 3 low-risk trials, the baseline history
of prior PCI was 13 and 28%, respectively
[7, 8, 107, 122]. In both trials, approximately
7% of patients in the TAVR group underwent
concomitant PCI while 13% of patients in the
SAVR group underwent coronary artery bypass
grafting surgery (CABG). In both trials, patients
with significant left main disease and those with
complex CAD defined as a SYNTAX score[22
in Evolut Low Risk and[ 32 in PARTNER 3 were
excluded. It is curious why the rate of revascu-
larization was nearly double in the surgical arm
of both trials and what impact that may have on
future cardiovascular events. In the PARTNER 2
trial, CABG or PCI at the time of aortic valve
intervention did not impact short-term out-
comes [3]. Others have shown that patients
with comorbid CAD have significantly worse
30-day and 1-year outcomes after TAVR com-
pared to those without CAD [123–125]. Com-
plete surgical revascularization has been
consistently shown to improve outcomes in
patients with multivessel CAD, and in those
patients undergoing SAVR, guidelines recom-
mend concomitant CABG [9]. There is no con-
sensus on what types of lesions should be
revascularized prior to TAVR as benefit has not

been consistently shown and prospective trials
are ongoing [126]. At this time, low-risk severe
AS patients with significant, multivessel coro-
nary artery disease or left main disease should
be guided towards SAVR with CABG.

Other co-existent valvular heart disease
would also tilt a low-risk AS patient towards
SAVR. Current guidelines recommend patients
with asymptomatic moderate and severe pri-
mary mitral regurgitation to undergo mitral
valve repair or replacement at the time of car-
diac surgery for other indications [80]. Addi-
tionally, as discussed previously, the presence of
a dilated ascending aorta, especially in low
surgical risk patients with bicuspid AS, should
be guided towards SAVR with aortic root repair
[127]. It is still unclear how to manage patients
with borderline or mildly dilated aortas where
interval imaging is not available to assess for
rate of aneurysm expansion. Patients with
chronic atrial fibrillation may benefit from a
MAZE with left atrial appendage excision.
Ongoing studies including the WATCH-TAVR
trial evaluating the safety and efficacy of con-
comitant TAVR and left atrial appendage
occlusion in severe AS patients with atrial fib-
rillation (NCT03173534), are needed to better
inform treatment strategies in low-risk patients.

CONCLUSIONS

The publication of the low-risk TAVR trials
represents a tremendous advance in the man-
agement of aortic stenosis and speaks to the
significant progress made in the development of
THV technology, cardiovascular imaging, and
operator technique. It is likely that the volume
of low-risk patients being evaluated by heart
teams will increase exponentially, and many
informed patients with aortic valve disease will
come seeking percutaneous options. However,
as outlined in this review, the low-risk trials
were performed in carefully selected low-risk
patients and the results are not generalizable to
all low-risk AS patients. Significant unknowns
remain regarding the outcomes of TAVR in
patients with bicuspid AS, patients adverse
asymmetric annular calcification, and those
with significant co-morbid multivessel CAD. In
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addition, as we shift to implanting these devices
in younger patients, the long-term durability of
THV will need to be carefully studied as will
outcomes for patients being treated for failed
THVs. In sum, despite the incredible results of
the low-risk TAVR trials, SAVR will continue to
have a central role in the management of many
low-surgical risk AS patients (Fig. 4).
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