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Abstract

Aortic Stenosis (AS) is present in approximately 2% of people and is most commonly caused by degenerative
calcification of the aortic valve. Without aortic valve intervention, aortic stenosis is associated with substantial morbidity
and mortality in patients, particularly in those presenting with angina, syncope, or heart failure.

The current gold standard for treatment of Aortic Stenosis is surgical aortic valve replacement, most commonly
with either a mechanical or a bioprosthetic aortic valve. The choice of valve prosthesis is dependent on a myriad of
factors involving patient preferences, age, life expectancy, presence of other comorbidities, and contraindications to
lifelong anticoagulation. Although surgeons have traditionally recommended mechanical valves for patients younger
than 60 for their long-term durability, studies have demonstrated that there was no significant difference in long-term
survival for tissue versus mechanical aortic prosthesis for patients younger than 60 years.

A large proportion of patients deemed high-risk for surgical valve replacement have been successfully treated
with percutaneous deployment of an aortic valve by Transcatheter Aortic Valve Implantation (TAVI) technologies in
a less invasive method. TAVI devices have shown immense success in the clinical realm via both the transfemoral
and transapical approaches. The PARTNER trial investigators have demonstrated in their first cohort of patients that
transfemoral TAVI was superior to standard medical therapy in reducing any-cause mortality, cardiovascular mortality,
and repeat hospitalization. Furthermore, a comparison of TAVI to surgical aortic valve replacement (SAVR) in specific
high-risk populations of patients in the PARTNER trial demonstrated non-inferiority of TAVI compared to SAVR. While
TAVI has shown success in a large group of patients, its limitations and its long-term outcomes are being explored in
a range of studies. Currently, surgical AVR is still the gold standard for treatment of aortic stenosis, but percutaneous
TAVI technology continues to play a key role in management of aortic stenosis in certain subpopulations of patients.
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Review

Aortic Stenosis (AS) is the most common cardiac valve pathology
and is prevalent in approximately 2% of people 65 years and older
[1]. Two factors account for the common occurrence of aortic
stenosis-increasing age and the presence of bicuspid aortic valves [2].
Bicuspid Aortic Valves (BAV) are prone to stenosis and are found in
approximately 1-2% of the population. Studies have suggested that
BAV have a significant incomplete genetic inheritance pattern with
influence from non-genetic factors as well [3,4]. Aortic stenosis (AS)
is a major cause of morbidity and mortality in patients - prognosis is
poor for patients presenting with angina, syncope, or heart failure [2].
However, medical therapy alone is not effective for the treatment of
AS [1]. The current gold standard for treatment of AS is surgical aortic
valve replacement.

Aortic Stenosis is most commonly caused by degenerative
calcification, proliferative and inflammatory changes via lipid
accumulation, up-regulation of angiotensin-converting enzyme activity
and infiltration of macrophages and T-lymphocytes [5]. Risk factors
for Aortic Stenosis are similar to those of atherosclerosis - elevated LDL
cholesterol and lipoprotein A, diabetes, smoking, and hypertension.
Furthermore, aortic valve sclerosis is associated with higher risks
of cardiovascular death and myocardial infarction [5]. This is due to
progressive left ventricular outflow obstruction secondary to increased
afterload. While the response of gradual development of left ventricular
hypertrophy is adaptive in maintaining cardiac output, this increased
myocardial mass has poorer coronary reserve and diastolic and systolic
dysfunction ensues [2]. Aortic Stenosis perturbs the aortic valve’s
passive mechanism that allows blood to flow with minimal pressure
differences between the ventricle and aorta [5]. Consequently, patients
develop signs and symptoms of angina, dyspnea, and congestive heart
failure.

Patients generally do not develop symptoms of aortic stenosis

until the valve area is reduced to approximately 25% of its original
size. Aortic valve replacement is indicated when patients develop
severe symptomatic AS. Guidelines categorize severity of AS by AV
area and mean gradients, respectively: 1.5 cm® and < 25 mmHg for
mild, 1.0-1.5 cm? and 25-40 mmHg for moderate, and <1.0 cm? and
>40 mmHg for severe AS [6]. On average, patients develop symptoms
when the AV area approaches 0.6 to 0.8 cm?[7]. In addition, surgical
replacement is warranted when patients with severe aortic stenosis
require concomitant cardiac or aortic surgery or develop LV systolic
dysfunction defined as an ejection fraction less than 50% [6]. However
for patients who do not undergo aortic valve replacement, their life
expectancy approaches 5 years with symptoms of angina, 3 years with
syncope, and 2 years with the advent of congestive heart failure [2].
Excessive waiting periods with symptomatic AS lead to increased
mortality and sudden death [8]. Controversies exist for aortic valve
replacement in severe asymptomatic AS and in other scenarios, but this
will not be addressed in this article.

The ideal valve for Aortic Valve Replacement (AVR) should have
minimal residual transaortic pressure gradients and should be durable,
affordable, highly thrombo-resistant, simple to implant, and widely
available [5]. Unfortunately, this valve does not exist with current
technology [9]. There are two main classes of prosthetic aortic valves-
mechanical and bioprosthetic valves. Other less commonly used
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bioprosthetic valves include stentless heterograft bioprosthetic valves,
allograft valves, and pulmonary allograft valves. This group of valves
has exceptional physiologic and hemodynamic properties and is less
prone to thrombosis and endocarditis [5]. However, their use is limited
due to availability, the technical difficulty of implantation, and poorer
long-term durability. Bioprosthetic valves are composed of bovine or
porcine pericardial tissue and are fixated with glutaraldehyde to cross-
link collagen fibers, enhance durability, and reduce antigenicity of
the foreign tissue [5]. Unlike bioprosthetic valves, mechanical valves
are composed of materials ranging from Stellite to Silastic, which
necessitates lifelong anticoagulation. In addition to an enhanced
effective orifice area, mechanical valves boast long-term durability
superior to that of bioprosthetic valves. Although mechanical valves
have a much lower risk of re-intervention, they are more prone to
thrombotic complications compared to bioprosthetic valves [7].
However, a study by Hammermeister et al. [10] comparing long-term
outcomes of AVR with bioprosthetic or mechanical valves revealed no
difference in thromboembolic events for patients on anticoagulation.
In a prospective study at our center which evaluated stroke rates in
a cohort of 3,189 patients undergoing aortic and/or mitral valve
replacement, Ruel et al. [11] found that patients with a mechanical
valve in the mitral position had 1.24 times the risk of embolic strokes
compared to those with bioprosthetic valves. However, there was no
observed difference between mechanical and bioprosthetic valves in
the aortic position. This finding may be explained by the high-velocity
and low-stasis profile found in the aortic position as compared to
that of the mitral. However, major bleeding events-those requiring
hospitalization or transfusion, of intracranial location, or causing
mortality - were significantly higher in mechanical prostheses versus
bioprostheses in both valve positions.

The decision for the type of prosthesis is complex and must
take into account patient preference as well as a myriad of factors
related to the characteristics of the prostheses. This involves patient
age, life expectancy, presence of comorbidities, and indications or
contraindications for anticoagulation use. In general, mechanical valves
may be implanted for patients without any contraindication to long-
term anticoagulation and with low risk for accelerated bioprosthetic
deterioration (young age, hyperparathyroidism, or renal insufficiency)
[9]. This also includes patients with metabolic syndrome, which has
been recently verified as an independent risk factor for accelerated
valve deterioration by Briand et al. [12]. On the other hand, patients
who are poorly compliant with medication, have contraindications to
anticoagulation, have limited life expectancy, or are of childbearing
age, may benefit from a bioprosthetic valve. There are only 2 large
randomized control trials that compare survival rates and valve-related
complications for mechanical versus bioprosthetic valves. These studies
were limited because outcomes were not based on different age groups,
follow-up was limited, and a large proportion of patients had previous
redo thoracotomy/sternotomy prior to a first AVR [13].

In general, multiple centers recommend bioprosthetic valves for
patients older than 60-70 from outcome data analysis [14-16]. This
is because bioprosthetic valves deteriorate more rapidly at a younger
age; the Veterans Affair trial showed structural deterioration of more
than 26% of patients for ages >65 and only 9% for ages <65 in a 15
year outcome analysis [10]. Furthermore, with the increasing life
expectancy of patients, the proportion of patients with bioprosthetic
valve deterioration will likely rise. The age of 70 is perceived as a
transitional point for choice of aortic valve prosthesis wherein surgeons
must take into account factors that determine long-term outcomes
[17,18]. Surgeons have traditionally recommended mechanical

valves for patients younger than 60 for their long-term durability [5].
However, this is not well supported by data for patients younger than
60 years [19,20]. In a 20-year cohort conducted at our center, Ruel et
al. [13] demonstrated that there was no significant difference in long-
term survival for tissue versus mechanical single-valve prosthesis for
patients younger than 60 years. Long-term outcomes were similar
despite a higher reoperation rate in bioprosthetic implants. At 20
and 25 years, survival was 65.5 + 3.2% and 51.7 + 4.8%, respectively,
in AVR patients with a tissue bioprosthesis, and 52.3 + 4.4% and 41.2
+ 5.2%, in those with a mechanical prosthesis [13]. Furthermore,
subgroup analysis for patients less than 50 years of age at initial AVR
also revealed no significant difference in survival (HR: 0.8, initial AVR
tissue versus mechanical in adults less than 50 years old; 95% CI: 0.5,
1.2; P=0.3) (Figure 1).

The results of this study suggest that mechanical prostheses
are not necessarily warranted for younger patients, contrary to
recommendations in the literature. There is an increasing trend towards
the use of bioprosthetic valves in North America. One important factor
for this increase is due to improvements in prosthetic valve durability
compared to older generation products [18]. Multivariate analysis in
our study revealed that patient age, the presence of coronary artery
disease, earlier year of surgery, and atrial fibrillation were significant
independent risk factors for AVR, not the choice of prosthesis (Table 1).
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Figure 1: Kaplan-Meier survival curve for patients younger than 60. Ruel et
al. [13], with permission.

HR 95% CI P
Age at operation (per increasing year) 1.03 1.01,1.04 0.008
Coronary artery disease 1.9 14,26 0.002
Atrial fibrillation 1.5 1.01,2.3 0.04
Year of surgery (per increasing year) 0.95 0.93,0.97 <0.001
Nonsignificant covariates
Female gender 0.8 0.6,1.1 0.2
Preoperative NYHA (per increasing year) 1.2 0.98, 1.3 0.1
LV dysfunction’ 1.3 09,17 0.1
Tissue prosthesis (VS mechanical) 095 10.7,1.3 0.7

Contemporary' tissue prosthesis (VS

- 1.2 0.7,2.0 0.5
contemporary mechanical)

* LV dysfunction = ejection fraction <50%.
1 Contemporary = prosthesis are still commercially available.
NYHA indicates New York Heart Association Functional Class; LV, left ventricular.

Table 1: Predictors of late mortality after AVR in the study cohort, Ruel et al. [13],
with permission.
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Other studies have determined that independent variables impacting
long-term outcome were high NYHA class, concomitant CABG, and
increasing age [21].

Operating on patients with multiple comorbidities and risk
factors carries a high risk of morbidity and mortality. However,
because medical therapy or balloon valvuloplasty are not acceptable
alternatives to surgery, surgical options must be explored for these
patients [22]. These patients account for a 22% of all patients in the
US with Aortic Stenosis; they are deemed as ineligible for surgery
when the risk of surgery is judged against the potential for improved
survival and symptomatology [23]. Percutaneous deployment of an
aortic valve via Transcatheter Aortic Valve Implantation (TAVI)
technologies is a novel, less invasive, and widely successful alternative
to surgical aortic valve replacement (Figure 2). This self-expanding
pericardial bioprosthetic valve sits in a nitinol frame and is delivered
via a percutaneous catheter through the femoral artery (transfemoral),
or under general anesthesia by surgically exposing the apex of the
left ventricle (transapical), the axillary or subclavian arteries, or the
distal ascending aorta [23]. Currently there are two approved catheter
valve delivery systems in clinical use - the SAPIEN valve (Edwards
Lifesciences Inc.) and the CoreValve Revalving System (Medtronic
Inc.). The SAPIEN valve utilizes a bovine pericardial bioprosthetic
valve mounted onto a balloon-expandable stent which deploys the
valve along the length of the native aortic valve. The CoreValve system
deploys a self-expanding porcine pericardial valve. Both are delivered
using an 18 French catheter system, on a stent which extends into the
aortic root to anchor the deployed valve.

The transfemoral approach is the most widely used technique
because of its ease of access, virtual absence of postoperative pain, and
tolerance [23]. However, this approach is limited due to a high local
complication at the puncture site and the need for relatively healthy
vasculature; it is currently suitable for only low-profile device and
delivery systems. Patients with severe peripheral vascular disease,
tortuous iliac arteries, aortic aneurysms and extensive atheromas are
not candidates for this approach. TAVI requires non-invasive imaging
of the aortic annulus, echocardiography in particular, to determine
eligibility and ideal implant size for patients [24]. Alternatively,
the transapical approach allows direct access to the target location
with antegrade crossing of the diseased valve. It also permits larger-
size delivery systems and avoids peripheral vascular complications.
However, it does require a thoracotomy and complications may be
more difficult to manage than via standard transfemoral techniques
[23].

TAVI devices have shown immense success in the clinical realm,
and studies have demonstrated successful transcatheter AVR via both
the transfemoral and transapical approaches in thousands of patients
[23]. In the PARTNER Trial, conducted at 21 centers worldwide, a total
of 358 AS patients who were not candidates for SAVR were randomized
to TAVI with the SAPIEN valve versus standard therapy (medical,
possible balloon valvuloplasty). These patients had severe AS (defined
as an aortic-valve area of <0.8 cm? mean AV gradient of >40 mmHg,
peak aortic-jet velocity of >4 m/s), NYHA class II-IV symptoms,
and were at high risk of death or morbidity for surgical therapy
[25]. However, exclusion criteria included patients with bicuspid or
noncalcified valves, post-acute myocardial infarction, coronary artery
disease requiring revascularization, a left ventricular EF < 20%, aortic
annular diameter <18 mm or >25 mm, severe AR/MR ( >3+), transient
ischemic attack or stroke within the past 6 months, and severe renal
insufficiency [25]. The authors found that at 1 year, death from any
cause was 30.7% for TAVI versus 50.7% for standard therapy (HR 0.55;

95% [CI] 0.4-0.74; p<0.001). Furthermore, the composite end point of
any-cause death or repeat hospitalization was 42.5% with TAVI versus
71.6% with standard therapy (HR 0.46; 95% [CI] 0.35-0.59; p<0.001)
(Figure 3). In conclusion, transfemoral TAVI was demonstrated to
be superior to standard therapy via reduction of any-cause mortality,
cardiovascular mortality, and repeat hospitalization. The authors
also found a significant reduction in symptoms by assessing NYHA
symptomatology and using results from a 6-minute walk test (Figure

Edwards SAPIEN valve and delivery system
www.edwards.com, with permission.

Medtronic Core Valve and delivery system
www.medtronic.com/, with permission.

Figure 2: Percutaneous aortic valves with delivery systems.
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Figure 3: Comparison of mortality rates for TAVI and standard therapy. Leon et
al. [25], with permission.
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Figure 4: Patient symptoms at follow-up for TAVI vs. standard therapy. Leon et
al. [25], with permission.
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4). However, there were more neurologic events (all strokes), major
vascular complications, and major bleeding events in the TAVI group
as compared to the standard-therapy group [25]. Reynolds et al. [26]
demonstrated markedly improved survival and re-hospitalization rates
at 2 years follow up for TAVI patients versus medical therapy.

The PARTNER trial investigators were the first to compare surgical
AVR against TAVI in their randomized control trial [27] (Figure 5).
Another group of 699 high-risk AS patients - as determined by a surgeon
as well as with a Society of Thoracic Surgeons risk model score of at
least 10% - were randomized to either SAVR or TAVI with the SAPEIN
valve. The study was also stratified to transfemoral or transapical access
based on the adequacy of the femoral arterial anatomy. For intention-
to-treat analysis, the primary endpoints, or any-cause mortality after
randomization, were 3.4% in the transcatheter group and 6.5% in the
surgical group at 30 days (P=0.07) and 24.2% and 26.8%, respectively, at
1 year (P=0.44, non-inferiority p=0.001). The “as treated” transarterial
AVR mortality was less than one half that of SAVR (3.7% versus 8.2%),
which was found to be statistically significant (p = 0.046). For patients
undergoing transfemoral AVR, the mortality rates at 30 days and at 1
year in the TAVT group were 3.3% and 22.2%, respectively, compared
to 6.2% and 26.4% in the SAVR group (p=0.13 for 30-day mortality,
p=0.29 for 1-year mortality, non-inferiority p=0.002). The rates of major
stroke were similar in both groups, at 3.8% and 2.1% (P=0.20) at 30
days, and 5.1% and 2.4% at 1 year (P=0.07), respectively. Furthermore,
there were no differences in stroke between transfemoral or transapical
valve implantation techniques. However, major vascular complications
were significantly higher with TAVT, with concerns about stroke rates,
while major bleeding and new-onset atrial fibrillation were significantly
higher with surgical AVR. With regards to clinical status, patients
reported improved symptoms at 30 days in the TAVI group, but this
was non-significant at 1 year when compared to surgical patients
[27] (Figure 6). However, subgroup analysis of patients undergoing
transapical TAVT revealed a higher rate of death at 30 days compared
to transfemoral placement. This difference may be attributed to
significantly increased rates of previous CABG, cerebrovascular, renal,
and peripheral vascular disease in the patient population undergoing
transapical TAVI. Furthermore, this difference may point to the steep
learning curve required for trans-apical implantation.

While the results of the PARTNER trial demonstrated non-

A Death from Any Cause, All Patients B Death from Any Cause, Transfemoral-Placement Cohort

604 Hazard ratio, 0.93 (95% CI, 0.71- 1.22) 60 Hazard ratio, 0.83 (95% Cl, 0.60- 1.15)
P=0.62 P=0.25

surgical

Surgical

Death from Any Cause (%)
Death from Any Cause (%)

Transcatheter

o H 2 1 2
Months Months
No. at Risk No. at Risk

Transcatheter 348 208 260 143 67 Transcatheter 244 215 188 119 59
Surgical 351 252 236 139 65 surgical 28 180 168 109 56

C Death from Any Cause, Transapical-Placement Cohort D Death from Any Cause or Major Stroke

Hazard ratio, 1.22 (95% CI, 0.75- 1.98)
P=0.41

60 Hazard ratio, 0.95 (95% Cl, 0.73- 123)
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8
or Major Stroke (%)
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T T T T
0 6 12 18 2 0 6 12 18 2
Months Months

No. at Risk No. at Risk
Transcatheter 104 8 72 28 8 Transcatheter 348 289 252 143 65
Surgical 103 72 68 30 9 Surgical 351 249 232 138 63

Figure 5: Comparison of mortality rates for TAVI and surgical AVR. Smith et al.
[26], with permission.
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Figure 6: Patient symptoms at follow-up for TAVI vs surgical AVR. Smith et al.
[26], with permission.

inferiority of TAVI compared to SAVR in a specific high-risk population
of patients, the long-term results need to be evaluated. Previous studies
by Clavel et al. [28] have outlined the benefits of TAVI over SAVR
with regards to recovery of patients with poor left ventricular function
(EF<50%). In this study, the authors found that at 1-year follow-up,
58% of TAVI patients had normalization of their ejection fraction -
versus 20% of those undergoing SAVR. Furthermore, risk factors in
their study found to be associated with better LVEF recovery included
female gender (P=0.004), lower baseline LVEF (P=0.005), absence of
atrial fibrillation (P=0.01), TAVI (P=0.007), and a larger increase in
aortic valve area after the procedure (P=0.01) [28].

It has been demonstrated that TAVI is a successful, less-invasive
alternative to surgical aortic valve replacement in specific populations.
While TAVI has a myriad of benefits - which include but are not
limited to improved symptomatology, mortality, and increased ejection
fraction - we must be cognizant of its limitations. Data for long-term
durability, mortality and morbidity benefit is lacking and currently
under investigation. While paravalvular leaks are more commonly
found in TAVI when compared to SAVR, most leaks are not clinically
significant [29]. Furthermore, randomized control trials exclude a
range of patients with pathologies such as bicuspid aortic valves or
need for revascularization. Despite these limitations, patients have
experienced an improvement in their functional status post-TAVI, with
non-inferior mortality rates as compared to SAVR. This intervention is
improving with increasing experience, patient selection, and technical
improvements [29]. The limits for TAVI indications are being explored
in a range of studies, including the PARTNER 2 and SURTAVT risk
trials, to include patients who are in the highest 25% risk of patients
[29]. Although the role of TAVI for aortic stenosis is extending to a
larger population of patients, this will remain controversial for a period
of time before outcome data is present. In conclusion, TAVI should be
recommended as an alternative to SAVR for patients who are at high-
risk of mortality and morbidity. However, patients selection for TAVI
should be limited to patients who will likely benefit from an improved
duration and quality of life despite their comorbidities.

Aortic stenosis affects a large population of patients and can cause
substantial morbidity and mortality if left untreated. Treatment in a
timely fashion is particularly important for symptomatic patients
presenting with angina, syncope, or congestive heart failure. While
open-heart surgical AVR is the current gold standard for treatment
of aortic stenosis, percutaneous TAVI technology continues to play a
key role in management of aortic stenosis in certain subpopulations of
patients.
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