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The management of severe aortic stenosis (AS) has evolved significantly, with a shift toward shared decision-
making regarding the choice of transcatheter aortic valve replacement (TAVR) or surgical aortic valve
replacement (SAVR). This shift necessitates careful consideration of long-term valve durability, as both
TAVR and SAVR with bioprosthetic valves offer limited durability, potentially requiring reoperation later in
life. While mechanical valves and the Ross procedure offer lifelong durability, patient preferences, including
avoidance of anticoagulation, often dominate the discussion. This manuscript reviews the complex decision-
making process in selecting the most appropriate valve for the first intervention, focusing on balancing
the immediate benefits of a less invasive procedure with the long-term risks and the potential need for a
second valve intervention. In the TAVR era, younger patients elect the least invasive treatment option with
the shortest recovery. Age, anticoagulation tolerance, comorbidities, and aortic root anatomy influence
valve choice, with particular attention to prosthesis-patient mismatch (PPM). Here, we emphasize that
careful preoperative planning is essential to minimize PPM and optimize hemodynamics for the first valve,
considering the possibility of future valve interventions. Furthermore, advanced imaging and simulation
tools, such as computed tomography (CT) and artificial intelligence-based platforms, are now being utilized
to predict the feasibility of redo interventions and guide the selection of the initial valve. The increasing
prevalence of redo-TAVR and TAVR explantation underscores the importance of planning for a second
valve at the time of the initial intervention. Simulation techniques can predict the anatomical feasibility of
redo-TAVR, providing a safer framework for managing patients requiring subsequent valve replacements.
Ultimately, heart teams must equip themselves with the tools and expertise necessary to ensure the durability
of the first valve and readiness for future interventions, thereby improving patient outcomes over their

lifetimes.
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Introduction

The current guidelines for managing valvular heart disease
changed the treatment focus for aortic stenosis (AS) to
shared decision-making with the patient regarding recovery
goals and the potential need for valve reoperation, shifting
from historical metrics of determining risk stratification
and feasibility (1,2). In the United States (US), symptomatic
AS patients over 65 years old with at least 20 years of life
expectancy have the choice of transcatheter aortic valve
replacement (TAVR) or surgical aortic valve replacement
(SAVR) (1). European Guidelines employ an age cutoff of
75 years, similar to patients in the low-risk randomized
controlled trials and the median age of low-risk patients in
the Society of Thoracic Surgery (STS) national database
(3-6). Databases of US patients consistently show that the
fastest growing demographic receiving TAVR are patients
under 65 years old, with 47.5% in the Vizient Clinical
Database (7), 45.7% in the California registry (60 years
old or less) (8), and 51.7% in the Northern New England
Cardiovascular Group (9). Although age alone does not
necessarily determine procedural risk or life expectancy
(10,11), many who receive biological valves will require a
second valve in their lifetime. A patient’s desire for a less
invasive operation and faster recovery must be balanced
with the long-term objectives of the lifetime management
of valvular heart disease.

While we acknowledge that surgical mechanical valves
and the Ross procedure offer the greatest opportunity
for only one aortic valve replacement (AVR) in a patient’s
lifetime, the reality is that most patients do not want a
lifetime of Coumadin, and the Ross procedure is reserved
for very young patients who make up only a small portion of
patients with severe AS (1,12). A biological valve relieves the
mechanical obstruction of AS but does not cure the valve
disease. Instead, SAVR or TAVR with a bioprosthesis trades
native AS for a biologic valve with a finite, unpredictable
lifespan that will eventually fail if the patient lives long
enough.

Although there are many considerations when discussing
the “best” first valve for a specific patient, such as age,
anticoagulation tolerance, durability of available valves,
presence of bicuspid aortic valve or concomitant aortopathy,
existing comorbidities, aortic root anatomy, additional valve
or coronary disease, and coronary re-access, the feasibility
of a second valve must be considered at the pre-planning
stage of the first valve. Heart teams must attempt to select
a first valve that will provide a high likelihood of lifetime
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durability and be a platform for a second valve if the first
valve fails. Moreover, with limited long-term durability
for transcatheter aortic valves (TAVs) and only 5 years of
follow-up in the US low-risk AS trials, planning for one
valve in a patient’s lifetime is challenging. Herein, we review
our strategy around selecting an initial valve to prevent the
need for a second valve or plan appropriately if the need
arises.

Valve durability

Historically, biological valve durability was based on small
single-armed observational series (13) typically sponsored
by the valve manufacturers. Surgical valves were assumed
to have 10-15-year durability, with only medical therapy as
an alternative. This durability was defined as freedom from
valve reintervention and failed to account for patients not
offered a second operation or who died with a failed valve.
Nonetheless, the STS Registry reports few redo-SAVRs or
TAV-in-SAV, suggesting this is uncommon (3).

With head-to-head trials of SAVR and TAVR, valve
failure and durability definitions have become more
sophisticated to standardize across studies (14-16). Debate
persists on the validity of the VARC-3 definitions as there
is little validation or correlation to clinical outcomes.
Reintervention after TAVR remains uncommon, with <1%
of valves, yet TAVR removal is now the fastest-growing
surgical procedure in the STS registry and is associated
with high rates of morbidity and mortality (3,17). For redo-
SAVR, 30-day mortality has ranged from 2.5-9% (18,19).
Surgical removal of a TAV has been associated with much
higher risks, in-hospital mortality 11.9%, 30-day 13.1%,
and 1-year 28.5% in the EXPLANT-TAVR registry (17).

The reintervention rates for TAVR and SAVR have been
low in the randomized controlled trials (4-6). In a pooled
analysis of TAVR with Evolut (Medtronic Minneapolis,
MN, USA) compared to SAVR, the reintervention rate was
similar at 5 years (0.9% vs. 1.5%; P=0.41) (20).

Selecting the right sized valve

Prosthesis-patient mismatch (PPM), or implanting a valve
that is too small for a patient’s hemodynamic needs, presents
a persistent risk when the implanted valve’s effective orifice
area (EOA) is insufficient relative to the patient’s body size,
negatively impacting cardiac output requirements (21). A
ratio of EOA to body surface area >0.85 cm®/m’ is generally
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required to avoid unacceptable transvalvular gradients
(14,22,23). Severe PPM has been linked to increased short-
and long-term mortality (24-30). Furthermore, leaving a
patient with a small initial valve, especially with moderate or
severe PPM at the time of the initial AVR, leaves minimal
options for re-valving, as the initial small platform will
constrain the second valve, likely further impacting the
hemodynamics of the second valve.

Compared with SAVR, TAVR has been consistently
associated with lower rates of PPM, especially with supra-
annular self-expanding valves (SEV) (5,31-33). SEVs have
generally been associated with lower gradients, larger
EOAs, and less PPM than balloon-expandable valves (BEV),
particularly supra-annular valves (4,5,34-37). For a patient
at risk for severe PPM, a valve with supra-annular leaflets is
likely better for reducing PPM risk than an intra-annular or
BEV TAVR, which is better than a small surgical valve (38).

Preoperative multidetector cardiac-gated computed
tomography (MDCT) helps predict PPM. After
determining annular measurements, valve size can be
selected, published tables of normal valve EOAs referenced,
and an estimate of the risk of PPM for the specific patient
can be calculated (38). Unlike SAVR, where the predicted
EOA of the surgical valve is fixed, the final size of the
TAVR prosthesis is determined by the native annular size.
Appropriate treatment strategy with either TAVR or SAVR
(with or without root enlargement or replacement) can then
be planned to avoid PPM and optimize hemodynamics and
durability.

Especially in a young patient with a small aortic annulus
undergoing bioprosthetic valve workup, initial treatment
options should consider the degree of PPM at index aortic
valve intervention and potential size mismatches at redo-
valve interventions. During SAVR, aortic root enlargement
is a well-described technique that allows implanting surgical
aortic valves up to 2—4 sizes larger in some published series
(39-42). Root enlargement or replacement procedures
may decrease the risk of PPM and early structural valve
degeneration at initial SAVR and facilitate future valve-in-
valve TAVR options. Of note, a single institution review
of TAVR explant patients revealed that an aortic root
enlargement procedure was performed in nearly 50% of
patients, and the risk of morbidity and mortality was much
higher at TAVR explant compared to index SAVR (43).

Simulation for planning the second valve

A cornerstone of failed TAV management is proficiency at
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“redo-TAVR,” or “TAV-in-TAV” (44). The same simulation
for redo-TAVR feasibility can be performed at the initial
implant to plan for the most appropriate first and second
valves and facilitate lifetime management. In early published
series, redo-TAVR was associated with over 85% procedural
success, defined as freedom from residual high gradient
>20 mmHg, regurgitation, and coronary obstruction
(which occurred in <1%), and excellent short-term clinical
outcomes (45). However, based on the local heart team
assessment, 26.8% of failed TAVs had unfavorable anatomy
and were not candidates for redo-TAVR. For redo-TAVR,
30-day mortality rates of 0.7-4.6% have been reported
(19,45). These cases are often referred to experienced
centers, given the non-trivial risk of coronary artery
obstruction.

Coronaries are in jeopardy of partial obstruction or
complete sequestration when a redo-TAVR stent frame pins
open the leaflets of the initial TAV onto the stent frame,
forming a covered cylindrical stent graft, creating a “neo-
skirt”. Depending on the “neo-skirt” position relative to
the sinotubular junction (STJ) and sinus diameters, there
may not be sufficient blood flow around the valve and into
the coronaries, which could have devastating consequences.
This is particularly concerning for supra-annular SEVs with
leaflets that can extend to the STJ, but has become more
predictable with benchtop measurements and computed
tomography (CT) modeling (5,46,47).

To optimize and standardize the redo-TAVR analysis,
a step-by-step methodology for evaluating preprocedural
CTs for redo-TAVR and determining anatomical feasibility
is necessary. Herein, we demonstrate the steps for redo-
TAVR with either balloon-expandable SAPIEN valve (S3)
(Edwards Lifesciences, Irvine, CA, USA) in Evolut or
Evolut-in-Evolut (Figure I). Notably, the planning for a
second valve can be done during pre-TAVR planning for
the first valve, and the steps for assessing a virtual second
valve are identical to what we describe herein.

Using a failed Evolut as an example, the approach to
redo-TAVR CT analysis is based on published iz vitro bench
testing (47). In the study, S3 valves sized 20 mm, 23 mm,
26 mm, and 29 mm were implanted within 23 mm, 26 mm,
29 mm, and 34 mm Evolut valves, respectively. Analyzing a
variety of implantation heights (S3 outflow height aligned
with Evolut nodes 4 to 6) demonstrated that the lower
implant position of S3-in-Evolut reduces the neo-skirt
height while preserving hemodynamic performance despite
leaflet overhanging. These values are a reference for CT
preplanning (Table 1) (47).
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Figure 1 Representative images of procedure steps. (A) Neo-annulus: the dots and polygon tracing are placed in the middle of metal frame.

Diastolic phase is selected to better locate the commissures. (B) Coronary heights are measured both for RCA and LCA. (C) Sinus height is

measured; by convention and for simplicity, one height, whichever is higher is measured. (D) The neo-skirt is set; for simulating S3-in-Evolut,
the neo-skirt height derived from benchtop testing is used (7able 1). (E) VT Cs are measured separately for RCA and LCA. (F) VIST]Js
are measured separately for RCA and LCA. (G) The neo-skirt is set; for simulating Evolut-in-Evolut, the neo-skirt height equals the fully
pinned leaflet height of original Evolut. (H) VTCs are measured separately for RCA and LCA. (I) VI'ST]Js are measured separately for RCA
and LCA. (J) VTAs are measured separately for RCA and LCA. LCA, left coronary artery; RCA, right coronary artery; VTA, valve-to-aorta;

VTG, valve-to-coronary; VIST], valve-to-sinotubular junction.

CT analysis may be conducted using several available
platforms. 3Mensio (Pie Medical Imaging, Maastricht,
The Netherlands) was used to demonstrate a step-by-step
CT pre-procedural analysis for redo-TAVR after Evolut.
The next generation of 3Mensio, currently in Beta format,
is expected to be released in the spring of 2025. Based
on native valve anatomy, it can easily simulate a second
valve when planning for the first valve. More sophisticated
computer simulation using artificial intelligence technology
is now approved and may ultimately provide a better way to
predict the best valve for a patient’s specific anatomy.

© AME Publishing Company.

Step 1: select cardiac CT phase

Standard TAVR in native annulus CT analysis is typically
done in a systolic phase due to the dynamic nature of the
annulus during the cardiac cycle. By contrast, a diastolic
phase is preferred for a redo-TAVR workup; the prior
implanted TAV is not as dynamic as the native annulus,
and the diastolic phase allows better visualization of the
TAV commissures. The diastolic phases with the least
amount of aortic root motion are selected for accurate
measurements.
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Table 1 Reference benchtop measurements used for CT analysis

vo SeOmA TRV ) ciameter ()
23mm 20 mm Node4  16.3 19.3
SAPIEN 3 Node5 20.7 22.9
Node6  23.9 28.2
23 mm Evolut 23.3
26 mm 23 mm Node4  17.1 23.4
SAPIEN 3 Node5 21 24.2
Node6 23.4 23.3
26 mm Evolut 26.2
29 mm 26 mm Node4  18.3 25.8
SAPIEN 3 Node5 20.6 26.5
Node 6  24.7 25.6
29 mm Evolut 27.5
34 mm 29 mm Node4  19.9 27.4
SAPIEN 3 Node5 23 28.6
Node 6 27 28.5
34 mm Evolut 28.9

Adapted from Akodad et al. (47) and Grubb et al. (46). CT,
computed tomography; TAV, transcatheter aortic valve.

Step 2: adjust window/level

The window/level setting on the image is adjusted to
minimize the degree of blooming artifact in the frame.
If the aortic root has contrast opacification, a setting of

1,800/800 is typically used.

Step 3: define and measure the neo-annulus

The neo-annulus is the ventricular edge of the implanted
valve at the inflow. The short-axis image of the neo-annulus
should include the inferior-most parts of the metal frame,
known as “node 0” (Figure 1A4). The centerline is set in the
middle of the neo-annulus. Dimensions are obtained using
polygon tracing to place points in the middle of the metal
frame.

Further measurements are assessed to confirm the
appropriateness of the second valve size throughout the
frame of the initial failed valve. For BEV, an assessment of
the midportion or waist and outflow are typically done. For
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a failed Evolut, measurements are taken at the node level
where the second valve is expected to land (see below, Step 6).

Step 4: measure coronary heights

By convention, coronary heights are measured from
the basal plane (neo-annulus) to the coronary artery.
Publications differ on the superior versus inferior point
on the ostium; here, we use the inferior edge. This
measurement is made separately for the left and right
coronary arteries (FFigure 1B).

Step 5: measure sinus heights

Given the risk for sinus sequestration, the sinus height
is measured from the neo-annular plane to the point at
which the bulge of the sinus tapers inward to become the
ascending aorta (Figure 1C).

Step 6: choose appropriate redo valve type and size

Modeling redo-TAVR with S3-in-Evolut is more
straightforward and has less risk of coronary flow
obstruction and coronary access issues than Evolut-in-
Evolut (46). The size of the S3 is based on the neo-annular
area and S3 published indications for use, with confirmation
at the intended nodal outflow. The original native annular
measurements are helpful as well, if available. Notably, it is
standard to downsize by at least one size when selecting the
S3 for re-valving an Evolut and often necessary to downsize
by two valve sizes (i.e., choosing a 23 mm S3 for a second
valve in a 29 mm Evolut). Evolut-in-Evolut size is chosen to
match the original Evolut’s size in most cases (46).

Step 7: simulate virtual valve implantation depth

The S3 valve shortens from the ventricular side, and
aligning the outflow edge with one of the Evolut “nodes” is
more practical. Considering the coronary heights and risk
plane, nodes 4, 5, or 6 are typically selected as the target of
the S3 outflow.

For virtual modeling, the “inflow to inflow” configuration
is also reasonable and well supported by benchtop testing,
which demonstrates even when the node alignment method
(implanting S3 with outflow aligned to node 4 or 5) is used,
the final S3 inflow height is just below or just above the
Evolut inflow, yielding similar results (47). Benchtop testing
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Figure 2 Algorithm on assessing coronary obstruction risks. Adapted from Grubb ez 4. (46). CT, computed tomography; LCA, left coronary

artery; RCA, right coronary artery; STJ, sinotubular junction; TAV, transcatheter heart valve; THV, transcatheter heart valve; VTA, valve-

to-aorta; VI'C, valve-to-coronary; VIST], valve-to-sinotubular junction.

also demonstrates that S3 valves do not attain industry-
specified nominal measurements when constrained by the
Evolut valve (47). Therefore, the virtual valve should be
modeled using custom dimensions (7able T). However, using
nominal measurements simulates full expansion of the S3
and may reflect the “worst-case scenario” after balloon post-
dilation.

Step 8: determine neo-skirt height

A “neo-skirt” is formed when the valve leaflets are pinned
against the stent frame by the second valve, creating a
contiguous valve skirt. The neo-skirt height for each
combination of Evolut and S3 size was tested and can be
used for modeling (7ible 1). For Evolut-in-Evolut modeling,
the neo-skirt height equals the fully pinned leaflet height.
The level of neo-skirt height is annotated on the analysis
by placing a line at the appropriate height above the neo-
annulus (Figure 1D,1G).

Step 9: assess risk of coronary obstruction

Coronary obstruction can occur with two different
mechanisms—direct coronary obstruction and sinus

© AME Publishing Company.

sequestration (48).

The measured coronary height is compared to the neo-
skirt height to assess the risk of direct coronary obstruction.
If the neo-skirt is below the coronary risk plane, there is
no major concern for obstruction. If the neo-skirt height
reaches the corresponding coronary height, there may be
an obstruction risk, and valve to coronary distance (VI'C)
should be obtained. The VTC is measured from the
valve frame to the proximal-most portion of the coronary
artery (Figure 1E,1H). A VI'C of <4 mm represents a risk
for direct coronary flow obstruction, VI'C of >4 mm are
considered low risk of coronary obstruction but may still
have challenging coronary access (Figure 2).

To assess the risk of sinus sequestration, the STJ height
is compared to the neo-skirt height. If the neo-skirt height
approaches the STJ, there is sinus sequestration risk, so a
valve to STJ distance (VI'ST]) should be obtained. The
VTST]J is taken from the valve frame to the aortic wall at
the level of the STJ (Figure 1F11). A VIST] of <2 mm
represents a high risk for sinus sequestration. In the case
of Evolut-in-Evolut, valve to aorta distance (VTA) is
additionally measured if the leaflets extend above the ST]
(Figure 17), and VTA of <2 mm is similarly considered high
risk for sinus sequestration (Figure 2).
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Step 10: assess commissural alignment

Commissural misalignment (TAV commissure not aligning
with the native commissure) can lead to challenging
coronary access as the commissure is in front of the
coronary ostium. Newer implantation techniques using
the cusp overlap view and rotating the delivery catheter
have increased commissural alignment to over 95% in
native trileaflet valves (49,50), yet with earlier generations,
severe malalignment occurred in 20.2% (51). Commercially
available S3 valves do not have commissural alignment
capabilities, currently under investigation. Assessing
commissural alignment before redo-TAVR is especially
crucial when the risk of coronary obstruction is high, since
misalignment jeopardizes the ability to perform leaflet
modification before redo-TAVR (49).

In CT modeling, commissures are typically identified
in the diastolic phase when the valve is closed. At the
level where the commissures are visible, 360-degree
clock measurements are performed, locating the right
coronary artery origin, left coronary artery origin, and each
commissure (Figure 3). The angles between the coronary
arteries and the commissures are calculated. An angle
of <15 degrees identifies a commissure in front of a
coronary (52)—these cases are likely unsuitable for simple
leaflet modification, and alternative measures should be
considered (53).

With the increasing number of young and low-risk
TAVR patients potentially requiring a second aortic valve
intervention, many will prefer redo-TAVR. Planning the
second valve during the initial assessment for TAVR versus
SAVR is necessary for younger patients with long life
expectancy. Comprehensive valve centers must be prepared
to optimize the initial valve as well as simulate redo-TAVR
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and safely offer this operation. The algorithm presented
here provides a framework for redo-TAVR workup—which
can be done during the planning of the first valve.

As with any virtual valve simulation, /n-vivo results will
not perfectly match in-situ results; there is no substitute for
experienced clinical judgment and operative skills. However,
just as low- and high-volume centers have mastered the
initial TAVR implantation to produce widespread excellent
outcomes, they should be able to simulate the likelihood of
a second valve.

Tools and simulation

With the evolution of the technology and a better
understanding of valve placement, the number of patients
who are anatomical candidates for a second valve is
increasing. Leaflet modification strategies (53-55) have
been disseminated so that appropriately selected patients
who are deemed high risk can safely undergo re-valving,
and designated tools are now approved for use (56). Many
clinicians question if our assumptions to assess the safety of
re-valving are overly conservative and unnecessarily subject
patients to higher-risk surgical operations or palliative care.
Using artificial intelligence algorithms, such as simulation
software like Dasi Simulation, now FDA approved, a much
more detailed anatomical assessment can be made in a
dynamic aortic root that considers calcium distribution,
membranous septum height, coronary access, and can help
predict not only the best initial valve, but also simulate the
second valve at the time of the initial implant (57). A more
sophisticated approach to valve selection for SAVR and
TAVR will likely increase the durability of the first valve,
making the need for a second valve less likely.

Ann Cardiothorac Surg 2025;14(2):112-121 | https://dx.doi.org/10.21037/acs-2024-etavr-0190



Annals of Cardiothoracic Surgery, Vol 14, No 2 March 2025

Conclusions

Advanced imaging and simulation tools have changed how
we manage severe AS. While no current bioprosthetic valve
will have the proven durability of mechanical valves or the
Ross procedure, considering patient preferences, heart
teams must be equipped with the tools and skills necessary
to select the best first valve with the greatest chance of the
longest durability while simultaneously accounting for a
second valve.
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