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Transcatheter aortic valve replacement (TAVR) is an established therapy for patients with symptomatic severe aortic

stenosis. Technological advances and the learning curve have resulted in better procedural results in terms of hemo-

dynamic valve performance and intermediate-term clinical outcomes. The integration of anatomical and functional in-

formation provided by multimodality imaging has improved size selection of TAVR prostheses, permitted better patient

selection, and provided new insights in the performance of the TAVR prostheses at follow-up. Furthermore, the field of

TAVR continues to develop and expand the technique to younger patients with lower risk on the one hand, and more

complex clinical scenarios, on the other hand, such as degenerated aortic bioprostheses, bicuspid aortic valves, or pure

native aortic regurgitation. The present review article summarizes how multimodality imaging can be integrated in

TAVR in clinical (sometimes complex) scenarios that have not been included in the landmark randomized clinical trials.

(J Am Coll Cardiol Img 2020;13:124–39) © 2020 by the American College of Cardiology Foundation.
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(TAVR) is an established therapy for patients
with symptomatic severe aortic stenosis (AS).

Randomized controlled trials have demonstrated the
survival benefit of TAVR over medical treatment
and balloon valvuloplasty in inoperable patients (1),
as well as the non-inferiority of TAVR compared
with surgical aortic valve replacement (SAVR) among
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m the aDepartment of Cardiology, Leiden University Medical Center, Lei

nter, NY Presbyterian Hospital, New York, New York; cDepartment of Rad

lve Innovation, St Paul’s Hospital, University of British Columbia, Vanco

rk-Presbyterian Hospital and the Weill Cornell Medical College, New Yo

d the Division of Cardiology, Department of Internal Medicine, Baylor U

nter, Rigshospitalet, University of Copenhagen, Denmark; gDepartm

art Institute, Los Angeles, California; and the hDepartment of Ca

iversity of Bern, Bern, Switzerland. The Department of Cardiology,

restricted research grants from Biotronik, Medtronic, Boston Scientifi

x has received speaker fees from Abbott Vascular and Boehringer In

m Abbott Vascular. Dr. Leipsic has received institutional support

esciences, Medtronic, Abbott, and Neovasc; and serves as a consult

s received research and educational grants to the institution from

tronik, Boston Scientific, CSL, Edwards, Medtronic, Sinomed, and P

ston Scientific Corporation and Baylis Medical; consulting f

re&Associates, Medtronic, Navigate, Philips Healthcare, and Siemens

d GE Healthcare; is Chief Scientific Officer for the Echocardiography

undation for multiple industry-sponsored trials, for which she

ndergaard has received consultant fees and institutional research

esciences, and Medtronic. Dr. Min is on the Scientific Advisory Boar

earch agreement with GE Healthcare. Dr. Grayburn has received rese

ntracts, Valtech Cardio is now Edwards Lifesciences. Harvey Hecht, M

nuscript received December 23, 2017; revised manuscript received Octob
risk (2–5). Technological advances and the learning
curve have resulted in better procedural results in
terms of hemodynamic valve performance and
intermediate-term outcomes, extending this therapy
to patients with degenerated surgical aortic, bicuspid
aortic valve anatomy, or native aortic regurgitation
(6–9). The integration of anatomical and functional
information provided using multimodality imaging
has improved patient selection, selection of type
den, the Netherlands; bColumbia University Medical

iology and Division of Cardiology, Centre for Heart

uver, Canada; dDepartment of Radiology, The New

rk, New York; eBaylor Heart and Vascular Institute

niversity Medical Center, Dallas, Texas; fThe Heart

ent of Interventional Cardiology, Cedars-Sinai

rdiology, Bern University Hospital, Inselspital,

Leiden University Medical Center has received

c, GE Healthcare, and Edwards Lifesciences. Dr.

gelheim. Dr. Delgado has received speaker fees

through core laboratory services for Edwards

ant for Circle CVI and Heartflow. Dr. Windecker

Abbott, Amgen, Bayer, Bristol-Myers Squibb,

olares. Dr. Hahn has received speaker fees from

or Abbott Structural, Edwards Lifesciences,

Healthcare; non-financial support from 3mensio

Core Laboratory at the Cardiovascular Research

receives no direct industry compensation. Dr.

grants from Abbott, Boston Scientific, Edwards

d of Arineta; has ownership in MDDX; and has a

arch grants Boston Scientific and under Core Lab

D, was Guest Editor on this paper.

er 15, 2018, accepted October 18, 2018.



TABLE 1 Sizing Algorithms for

and Self-Expanding Transcathet

Annular Dimension

Nominal area (mm2)

Annular range for S3 (mm2)

Nominal perimeter (mm)

Perimeter range (mm) 56

The nominal areas (in mm2) and perim
measurements for each valve size. Note t
valve and a perimeter oversizing of 7% to
to undersizing of the valve, in which th
transcatheter valve.)

ABBR EV I A T I ON S

AND ACRONYMS

2/3D = 2-/3-dimensional

AS = aortic stenosis

CMR = cardiac magnetic

resonance

CT = computed tomography

EOA = effective orifice area

EROA = effective regurgitant

orifice area

LV = left ventricle

LVEF = left ventricular ejection

fraction

LVOT = left ventricular outflow

tract

MDCT = multi-detector row

computed tomography

OR = odds ratio

PPM = prosthesis-patient

mismatch

SAVR = surgical aortic valve

replacement

STS/ACC TVT = Society of

Thoracic Surgeons/American

College of Cardiology

Transcatheter Valve Therapy

TAVR = transcatheter aortic

valve replacement

TEE = transesophageal

echocardiography

THV = transcatheter heart

valve

ViV = valve-in-valve
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and size of transcatheter heart valve prosthe-
ses, and planning of the procedure (predict-
ing fluoroscopic angulation with computed
tomography). However, there remain areas
of uncertainties in diagnosis and newer indi-
cations are considered. The present review
article discusses how multimodality imaging
can be integrated in clinical scenarios that
have not been included in landmark random-
ized clinical trials.

AREAS OF UNCERTAINTY IN

TAVR FOR AS

CURRENT STATUS OF ANNULAR SIZING.

Aortic annulus sizing as well as character-
ization of the peri-annular region (left ven-
tricular outflow tract [LVOT] and proximal
aortic root) are essential steps in TAVR to
minimize or avoid complications (10–12).
Multi-detector row computed tomography
(MDCT) has become the standard method for
pre-procedural evaluation of the aortic
annulus. However, in patients in whom the
use of iodinated contrast should be avoided
or when MDCT data acquisition does not
allow accurate evaluation of the aortic
annulus, 3-dimensional (3D) transesophageal
echocardiography (TEE) is an accurate alter-
native (13).

The measured aortic annular plane is
defined as the plane transecting the lowest
hinge-points of the 3 aortic cusps. The annulus is thus
“virtual” because >50% of the circumference of this
plane is composed of the fibrous trigones between the
cusps with no distinct anatomical or histological
marker (14). In the majority of patients, the annulus is
larger in systole and annular measurements for
the Current Commercially Available Balloon-Expandable

er Heart Valves

SAPIEN Valve Size

20 mm 23 mm 26 mm 29 mm

328 406 518 661

273–345 338–430 430–546 540–683

CoreValve Transcatheter Valve Size

23 mm 26 mm 29 mm 31 mm

72.24 81.7 91.1 94.5

.5–62.8 62.8–72.3 72.3–84.8 81.7–91.1

eter (in mm) are listed, as well as the appropriate ranges of annular
hat a �5 to þ20% oversizing may be used with the balloon-expandable
30% for the self-expanding valve. (Note: A negative oversizing equates
e native annulus can be up to 5% larger than the nominal area of the
transcatheter heart valve sizing are typically derived
from a mid-systolic image (15). In fact, the systemat-
ically smaller annular area and perimeter measure-
ment in diastole would undersize the prosthesis in
nearly 50% of patients (15). Each type of commercially
available transcatheter heart valve currently has
different sizing algorithms using different measure-
ments of the annular plane (Table 1) (16,17). Impor-
tantly the algorithms continue to use oversizing to
ensure complete coverage of the aortic annulus.

When using MDCT or 3D TEE, the multiplanar
reformation planes are oriented to create a double-
oblique plane containing all 3 hinge points of the cor-
onary cusps (Figure 1) (18). Vendor-specific software
for MDCT and TEE data has facilitated assessment of
the aortic annulus dimensions by setting 3 markers at
the hinge points of the aortic cusps that define the
aortic annulus plane (19). These software packages
automate many of the steps needed to obtain the
double-oblique plane and can reduce inter-observer
variability of the aortic annulus measurements (20).

Assessment of calcifications of the landing zone
(spanning from the LVOT to the aortic valve) is also
important to predict the risk of paravalvular regurgi-
tation and annulus rupture (10,11). Technological
developments of current transcatheter heart valve
(THV) generations that ensure accurate sealing of the
aortic annulus despite the calcifications of the land-
ing zone have significantly reduced the rate of para-
valvular regurgitation (21). However, it is important
to integrate this information if significant oversizing
is anticipated. Moderate and severe LVOT calcifica-
tion and $20% prosthesis oversizing have been
associated with aortic root rupture (10).

PATIENT PROSTHESIS MISMATCH.

Prosthesis-patient mismatch (PPM) is a limitation of
both SAVR and TAVR. Based on echocardiographic
assessment, PPM is defined as an effective orifice area
(EOA) of the surgical valve or transcatheter heart valve
indexed to body surface area #0.85 cm2/m2 and it can
be further graded as moderate PPM when the indexed
EOA is between 0.65 cm2/m2 and 0.85 cm2/m2 and se-
vere PPM when the indexed EOA is <0.65 cm2/m2 (22).
The incidence of PPM after TAVR ranges between 18%
and 35% and is significantly lower compared with
SAVR (20% for stentless bioprostheses, and up to 60%
for mechanical prostheses) (23). The clinical impor-
tance of PPM in the setting of TAVR remains contro-
versial. In the PARTNER I (Placement of Aortic
Transcatheter Valves) trial, among patients at high
surgical risk, PPM after TAVR or SAVR was associated
with poor clinical outcome after adjusting for
the presence of paravalvular regurgitation (24).



FIGURE 1 Measurement of the Aortic Annulus

A B CDirect Planimetry Indirect Planimetry

Area = 485 mm2

Area = 414 mm2

Multi-slice CT

(A) Identification of the 3 hinge points of the aortic valve leaflets in the long-axis images, which defines the annular plane, and the direct measurement of annular area,

perimeter, and diameters in the short-axis plane. (B) Example of direct planimetry of a 3D transesophageal volume. A is the same 3D volume used to perform the

indirect planimetry of the annulus (C). The different 3D echocardiographic methods yield different annular area measurements. 3D ¼ 3-dimensional.
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Conversely, in the PARTNER II trial, PPM was less
frequently encountered (due to the greater valve areas
that were achieved) and was not associated with
adverse prognosis (3).

The reasons for the disparities in the incidence of
PPM have been attributed to the methodology used to
estimate the indexed EOA, type of prosthesis, and
differences in patient populations (23). Compared
with the geometric orifice area (obtained from the
internal valve diameter provided by the manufac-
turer) and indexed EOA obtained from some
commercially available charts based on in vitro or
echocardiographic data, the projected indexed EOA
derived from reference values published in the liter-
ature is the best method to predict the occurrence of
PPM (25). Interestingly, when MDCT measurements
of the cross-sectional area of the LVOT are integrated
into the continuity equation, the frequency of severe
and moderate PPM reduces from 36% and 9% to 18%
and 6%, respectively (26). These findings suggest that
the echocardiographic measurements of the LVOT
may introduce a systematic error in the calculation of
the indexed EOA that results in increased rates of PPM
compared with MDCT-derived LVOT area. Of note,
the appropriate cut-off values to define PPM based
on MDCT calculations have not been established.

LOW-FLOW LOW-GRADIENT AS. Approximately 30% of
patients with symptomatic severe AS (defined by an
aortic valve area <1 cm2 or #0.6 cm2/m2) treated with
TAVR have a low mean gradient (<40 mm Hg) and
low flow (stroke volume index <35 ml/m2) (27,28).
This group of patients can be subdivided according to
the left ventricular ejection fraction (LVEF): classical
low-flow low-gradient severe AS when LVEF is <50%
and paradoxical low-flow low-gradient severe AS
when LVEF is $50%. Accurate identification of pa-
tients with low-flow low-gradient severe AS who will
benefit from TAVR is pivotal.

In patients with classical low-flow low-gradient
severe AS, the first step is to demonstrate the pres-
ence of flow reserve. If normalization of stroke vol-
ume (flow reserve) during low-dose dobutamine
stress echocardiography significantly increases the
peak velocity or mean gradient, but does not result
in an increased aortic valve area, then the diagnosis
of true severe AS is confirmed. Alternatively, an in-
crease in aortic valve area >1 cm2 along with the
stroke volume confirms the diagnosis of pseudose-
vere AS. However, when flow reserve cannot reliably
be demonstrated, assessment of the aortic valve
calcium load is useful to identify patients with true
severe AS (29). The presence of an aortic valve cal-
cium load measured on computed tomography (CT)
according to the Agatston method $2,000 (arbitrary
units) in men and $1,200 (arbitrary units) in women
increases the likelihood of severe AS (22). However,
the data supporting these cut-off values are based on
retrospective studies and prospective validation is
needed.

Patients with paradoxical low-flow low-gradient
severe AS usually present with a severely hypertro-
phied left ventricle (LV) with a small cavity. In these
patients, low-dose dobutamine stress echocardiogra-
phy to calculate the projected aortic valve area and
CT to assess the aortic valve calcium load may help to
identify true severe AS (22,23).

Furthermore, correct measurement of the LVOT
area is important to minimize the underestimation of



FIGURE 2 Transesophageal Echocardiographic Images From Combined TAVR and MitraClip in a Patient With Severe Aortic Stenosis and

Flail Posterior Leaflet

A

LA

LA

P2

LV

C D

B

(A) Long-axis view showing flail posterior leaflet middle scallop (yellow arrow) and aortic stenosis (blue arrow). (B) 3D “en face” view

(“surgeon’s view”) showing flail posterior leaflet middle scallop (P2) with two ruptured chords (arrows). (C) Short-axis view after implan-

tation of a 26-mm Sapien 3 valve with trace paravalvular leak (yellow arrow). (D) 3D “en face” view showing two MitraClips (arrows) with a

tissue bridge. Mitral regurgitation was reduced to mild with normalization of pulmonary venous flow (from systolic reversal to normal, not

shown). TAVR ¼ transcatheter aortic valve replacement; other abbreviation as in Figure 1.
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the aortic valve area. When using 2-dimensional (2D)
echocardiography, the shape of the LVOT is assumed
to be circular, which introduces an important mea-
surement error. The use of 3D imaging techniques
(MDCT, cardiac magnetic resonance [CMR], and
echocardiography) that permit accurate measurement
of the LVOT area by direct planimetry has demon-
strated ability to reclassify severe AS patients into
moderate AS by 12% in patients with low-flow low-
gradient severe AS (based on an aortic valve area <1
cm2) (30). However, it has been suggested that when
using 3D imaging modalities, a cut-off value of <1.2
cm2 has prognostic implications (31).

Low flow and low gradient have shown an inde-
pendent association with poor prognosis in several
registries, whereas LVEF has not (32,33). When eval-
uating the prognosis of these patients, additional
parameters related to low flow and low gradient such
as LV myocardial fibrosis have incremental prognostic
value (27,34). Direct assessment of myocardial
fibrosis by means of late gadolinium-enhanced CMR
and measurement of LV global longitudinal strain
with speckle tracking echocardiography have been
associated with increased all-cause mortality after
aortic valve replacement (27,34). In addition, assess-
ment of diffuse reactive fibrosis with T1 mapping
CMR techniques has shown that patients with severe
AS have increased native T1 values (indicating
increased diffuse fibrosis) as compared with age- and
sex-matched controls (35). Furthermore, patients
with severe AS with the highest native T1 value pre-
sented higher events rates of all-cause mortality and
hospitalization for heart failure at follow-up than
those with lower values of native T1 (42.9% vs. 2.4%;
p < 0.001) (35).
CONCOMITANT VALVE DISEASE. The prevalence of
moderate or severe mitral and tricuspid regurgitation
in patients undergoing TAVR varies widely (36), in



FIGURE 3 Hypoattenuated Leaflet Thickening of a Self-Expandable Transcatheter Aortic Valve on Multi-Detector Row

Computed Tomography

A B

(A) The reconstructed short-axis view of the transcatheter valve with hypoattenuated masses within the bioprosthetic frame (arrowheads).

(B) On the sagittal plane, hypoattenuation is visible in the belly of the leaflet on the aortic surface (arrowhead).
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part due to differences in grading schemes and
absence of valve regurgitation quantification or core
laboratory adjudication. However, a recent report
from the United States Society of Thoracic Surgeons/
American College of Cardiology Transcatheter Valve
Therapy (STS/ACC TVT) Registry shows that nearly
30% of patients undergoing TAVR have moderate-to-
severe mitral regurgitation and 24% have moderate-
to-severe tricuspid regurgitation (37).

The mechanism of mitral regurgitation varies and
includes both hemodynamic and morphological
abnormalities. The majority of patients have
TABLE 2 Incidence of Transcatheter Aortic Valve Thrombosis

First Author (Ref. #) (Year) N
Prevalence of Thromb

on MDCT (Time)

Latib et al. (49) (2015) 4266 NA

Pache et al. (50) (2016) 156 10.6% (median, 5 da

Leetmaa et al. (51) (2016) 140 4% (1–3 months)

Del Trigo et al. (52) (2016) 1521 NA

Hansson et al. (53) (2016) 405 7% (1–3 months)

Makkar et al. (54) (2016) 55 40% (median, 32 da

Makkar et al. (54) (2016) 132 13% (median, 86 da

Yanagisawa et al. (55) (2017) 70 14.3% (1 yr)

Chakravarty et al. (45) (2017) 752 13% (median, 58 da

Vollema et al. (56) (2017) 434 12% (median, 35 da

Jose et al. (57) (2017) 642 9/10 (NA)

Sondergaard et al. (58) (2017) 61 11% (140 � 152 day

EOA ¼ effective orifice area; MDCT ¼ multi-detector row computed tomography; NA ¼
high-gradient AS with very high LV systolic pressures,
which results in more mitral regurgitation across a
given effective regurgitant orifice area (EROA). In
low-flow, low-gradient severe AS, global or regional
wall motion abnormalities may cause functional
mitral regurgitation due to tethering of nearly normal
mitral leaflets. However, most patients undergoing
TAVR are of older age, and mitral annular calcification
combined with varying degrees of leaflet thickening
and/or calcification are common. Thus, mitral regur-
gitation may be of mixed etiology, with some ele-
ments of leaflet tethering and high-driving pressures
osis Prevalence of Thrombosis
on Echo (Time)

Mean Gradient (mm Hg)–
EOA (cm2)

0.61% (median, 181 days) 40.5 � 14.0–NA

ys) NA (median, 5 days) 8 � 3.5–NA

NA (1–3 months) 19.2–1.44

4.5% (4 yrs) 26.1 � 11–NA

NA (1–3 months) 10 � 7–1.5 � 0.5

ys) NA (30 days) 9.2 � 4.9–NA

ys) NA (30 days) 8.4 � 2.9–NA

NA (1 yr) 8.3 � 0.8–1.03 � 0.25

ys) 6% (median, 58 days) 13.8 � 10.0–NA

ys) 3% (3 yrs) 9.3 � 4.7–1.99 � 0.56

2.8% (median, 181 days) 34 � 14–1.06 � 0.46

s) NA 7.0 � 3.2–NA

not available.
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superimposed on thickened leaflets with poor
mobility. Prolapsed or flail leaflets are occasionally
noted. Tricuspid regurgitation tends to occur with
normal tricuspid leaflets due to pulmonary hyper-
tension, annular dilation, and/or right ventricular
dilation/dysfunction.

After successful TAVR, mitral regurgitation
severity improves spontaneously in 50% to 60% of
such patients (38). A 3D TEE study suggests that
improvement inmitral regurgitation severity is largely
due to improved hemodynamics (lower driving ve-
locity from decreased LV systolic pressure) and
reduced leaflet tethering after TAVR (39). However,
when there is a major anatomical abnormality, such as
a flail leaflet, TAVR would not be expected to improve
mitral regurgitation severity. Such patients may
benefit from combined TAVR and transcatheter mitral
valve repair (i.e., MitraClip) (Figure 2), or, in the
future, transcatheter mitral valve replacement (40).

Conflicting data exist regarding the prognostic
significance of mitral regurgitation in TAVR patients.
A recent PARTNER trial publication indicated that
moderate or severe mitral regurgitation at discharge
after TAVR is an independent predictor of 1-year
mortality (41). In addition, a meta-analysis of 8
studies showed that baseline MR was associated with
increased early and late mortality after TAVR (38).
However, in the PARTNER A randomized trial, in
which mitral regurgitation severity was adjudicated
by a core laboratory, baseline mitral regurgitation was
associated with mortality after SAVR, but not TAVR
(42). In contrast, data from the large STS/ACC TVT
registry with 22,248 patients from 318 United States
sites showed that moderate or severe tricuspid
regurgitation (odds ratio [OR]: 1.22 [95% confidence
interval (CI): 1.05 to 1.41]), but not mitral regurgita-
tion (OR: 1.02 [95% CI: 0.89 to 1.17]), was indepen-
dently associated with mortality (43). Future studies
should focus on the impact of persistent concomitant
significant mitral and tricuspid valve disease after
TAVR.
VALVE THROMBOSIS: HOW TO DIAGNOSE? The use
of surgical bioprosthetic heart valves in patients with
severe AS has increased significantly over the last
decades (44). Avoidance of anti-coagulation therapy
is attractive in elderly patients with increased
bleeding risk. However, the bioprosthetic valves have
limited durability, with a risk of structural degener-
ation (including thrombosis and pannus formation)
and subsequent dysfunction. Recently, standardized
definitions of structural deterioration and valve fail-
ure of transcatheter and surgical aortic bioprostheses
have been proposed (45,46). These definitions
include valve thrombosis as one of the causes of
bioprosthesis valve dysfunction. Besides visualiza-
tion of leaflet thickening and restricted motion, the
American College of Cardiology recommendations on
echocardiographic surveillance of bioprostheses pro-
vide several functional criteria to define possible
valve stenosis (peak prosthetic aortic jet velocity 3 to
4 m/s, mean gradient 20 to 35 mm Hg, and EOA be-
tween 0.88 and 1.2 cm2/m2) and significant stenosis
(peak prosthetic aortic jet velocity >4 m/s, mean
gradient >35 mm Hg, and EOA <0.8 cm2/m2) caused
by thrombosis. The European recommendations
further consider an increase in mean gradient during
stress echocardiography or at follow-up between
10 and 19 mm Hg for possible valve stenosis
and $20 mm Hg for significant stenosis (47,48). More
recently, anatomical findings on MDCT for assess-
ment of transcatheter heart valve and surgical aortic
bioprostheses have added more controversy to the
field by considering hypoattenuated leaflet thick-
ening as valve thrombosis (Figure 3) (45,49–58). The
association between hypoattenuated leaflet thick-
ening and leaflet restrictive movement is not
straightforward and not all thickened leaflets show
restrictive motion, suggesting that these findings are
two stages of the same phenomenon, with leaflet
thickening occurring earlier, followed by reduced
leaflet motion at a more advanced stage. Table 2
summarizes recent studies evaluating valve throm-
bosis of transcatheter heart valve (45,49–58). Note
that the incidence of valve thrombosis is much higher
when using MDCT anatomical criteria as compared
with the incidence when echocardiographic func-
tional criteria are considered. Accordingly, it has been
suggested that MDCT may be the most sensitive
method to detect transcatheter heart valve thrombus.

It is speculated whether subclinical leaflet throm-
bosis will have an impact on post-procedural outcome
(e.g., an increased risk of stroke/transient ischemic
attack) or will relate to early structural valve degen-
eration. Large registry data recently suggested that
hypoattenuated leaflet thickening and restrictive
leaflet motion may be associated with a higher prev-
alence of transient ischemic attack, but not stroke
(56). These findings, however, must be interpreted
with caution due to a time delay between MDCT and
clinical event, and, therefore, prospective clinical
studies are warranted.

Further studies characterizing predisposing factors
for this phenomenon are clearly warranted because
treatment with anticoagulation can resolve leaflet
thrombosis. A recent in vitro imaging of flow charac-
teristics of the transcatheter heart valve leaflets
found a higher risk for thrombus formation in over-
sized transcatheter heart valve, reduced cardiac
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output in balloon-expandable transcatheter heart
valve, and implant depth in the self-expanding
transcatheter heart valve (59). In addition, Fuchs
et al. (60) showed, in self-expandable transcatheter
heart valve, that regional stent frame under-
expansion has been associated with increased rate
of leaflet thrombosis, whereas supra-annular valve
position as well as post-dilatation seem to reduce the
occurrence of this phenomenon. Ongoing trials
randomizing low-risk, severe AS patients to SAVR
versus TAVR include in their designs the use of MDCT
for follow-up (Placement of Aortic Transcatheter
Valves 3 [PARTNER 3, NCT02675114; CoreValve
Evolut R Transcatheter Aortic Valve [CoreValve
EVOLUT R], NCT02746809). These results will help to
elucidate the incidence of hypoattenuated leaflet
thickening with and without leaflet motion restric-
tion, the predisposing factors, and their impact on
clinical outcomes. In addition, the role of MDCT in the
management of patients with aortic bioprostheses at
follow-up will be defined.

NEW INDICATIONS FOR TAVR

WHAT INFORMATION IS NEEDED FOR VALVE-IN-

VALVE PROCEDURES? Transcatheter valve-in-valve
(ViV) is a feasible and safe therapeutic strategy for
failed surgical aortic bioprostheses. Recent data from
large registries have reported 1-year survival rates of
approximately 85% after transcatheter ViV implan-
tation in degenerated aortic bioprostheses (6,7).
Moreover, in contrast to native TAVR, the incidence
of more than mild paravalvular regurgitation, new
pacemaker implantation, and annulus rupture is low,
probably related to the presence of a rigid sewing ring
(7). However, the hemodynamics of the transcatheter
heart valve after the ViV procedure are characterized
by higher mean and peak gradients compared with
those observed in native TAVR. These results have
prompted the development of new surgical prosthe-
ses that can expand the sewing ring and host a larger
transcatheter valve to prevent high transvalvular
gradients. When evaluating patients with dysfunc-
tioning surgical aortic bioprostheses, cardiac imaging
plays a central role in the evaluation of the following
aspects: mode of prosthesis dysfunction, prosthesis
sizing, and risk of coronary ostia obstruction.

Mode of prosthesis dysfunction. Degeneration of the
prosthetic leaflets with thickening and calcification
frequently cause valve stenosis, whereas endocarditis
or sewing ring dehiscence usually cause valve regur-
gitation. In the majority of the registries, stenosis is
the mode of bioprosthesis dysfunction in 55% of the
patients, regurgitation is observed in 23%, and
combination of both in 22% (61–63). In small surgical
bioprostheses, differentiation between increased
transvalvular gradients due to PPM and valve stenosis
should be performed (48). When severe aortic regur-
gitation is the mode of dysfunction, analysis of the
underlying mechanism is important to plan the pro-
cedure; when flail leaflets are present, the risk of
obstruction of the coronary ostia should be foreseen.
Large sewing ring dehiscence causing aortic regurgi-
tation may not be appropriately treated with ViV
intervention because the new implanted valve may
not have appropriate anchoring. Also, MDCT provides
important information in the mode of prosthesis
degeneration showing thickening of the leaflets,
thrombus or pannus formation, and dehiscence.

Prosthesis sizing. The internal dimensions of the aortic
bioprosthesis indicated by the manufacturer can be
used to size the transcatheter heart valve that will be
implanted. The grade of oversizing needs to take into
consideration the risk of incomplete deployment of
the THV and increased residual transvalvular gradi-
ents. MDCT provides the highest spatial resolution to
size the internal dimensions of the degenerated
prosthesis. Eventually, when the use of iodinated
contrast should be kept at a minimum, 3D TEE is a
good alternative to size the prosthesis. The ViV aortic
application developed by Dr. Vinayak Bapat is a use-
ful tool to determine the prosthesis size based on the
specific bioprosthesis manufacturer’s dimensions
(http://www.ubqo.com/viv).

Risk of coronary ostia obstruction. Furthermore, the
dimensions of the sinus of Valsalva and the height of
the coronary ostia are important to predict the risk of
coronary ostia obstruction. When the diameter of the
sinus of Valsalva is <30 mm and the distance of
the coronary ostia relative to the aortic annulus
is <12 mm, the risk of obstruction is high. MDCT and
3D TEE can accurately assess these dimensions
(Figure 4). In addition, periprocedural aortography
with a projection perpendicular to the aortic bio-
prosthesis and the coronary ostia should be per-
formed to monitor the risk of this complication (62).
HOW TO EVALUATE PATIENTS WITH BICUSPID

AORTIC VALVE? When evaluating patients with se-
vere bicuspid AS for TAVR, the anatomy of the aortic
valve should be first defined. The bicuspid aortic
valve has been classified according to the presence
and location of a raphe fusion and the orientation of
the commissures (64). In elderly patients, bicuspid
aortic valve with raphe may lead to controversy
because it may be impossible to differentiate from
heavily calcified tricuspid AS. Recently, a new
classification based on MDCT has been proposed:

https://clinicaltrials.gov/ct2/show/NCT02675114
https://clinicaltrials.gov/ct2/show/NCT02746809
http://www.ubqo.com/viv


FIGURE 4 Evaluating the Risk of Aortic Root Damage and Coronary Ostia Obstruction in Valve-in-Valve Procedure
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Degenerated aortic bioprosthesis with flail leaflet introducing in the left coronary ostia during systole visualized on transesophageal echo-

cardiographic biplane view (A, arrows). On multi-detector row computed tomography (B), the distance from the ostium of the left main

coronary artery to the aortic annulus plane was short (13 mm; red arrow) and the diameter of the sinus of Valsalva was narrow (25 mm; double

arrowhead). During the valve-in-valve procedure, a wire was introduced in the left coronary artery to eventually perform a percutaneous

coronary intervention if obstruction of the left coronary ostium occurred (C). Note in D the patency of the left main coronary artery during

deployment of the valve. (E) The deployment of the valve on fluoroscopy. (F) The simultaneous view on 2-dimensional and color Doppler

data of the short-axis view of the transcatheter valve-in-valve with a patent left main coronary artery. This is also confirmed on coronary

angiography (G).
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tri-commissural, when one commissure is completely
fused by calcifications (also known as functional
bicuspid aortic valve), bi-commissural raphe type,
when there is a fibrous, calcified fusion raphe that
does not reach the height of the commissure (the
fusion of cusps affects to the proximal or basal third
of the sinus), and bi-commissural non-raphe type,
when 2 cusps and only 2 commissures are identified
without a fusion raphe (Figure 5A) (65). Next, the se-
lection of the appropriate prosthesis size in bicuspid
aortic valve anatomy can be challenging. When 3
aortic sinuses can be identified (type 1 and 2 mor-
phologies), the annulus plane can be set as conven-
tionally performed in tricuspid aortic valve. The
hinge points of the 3 aortic cusps are demarcated and
the annulus plane is defined. In contrast, in type
0 bicuspid AS, the hinge points of the 2 aortic cusps
are defined and the third point will be set with an
orthogonal plane parallel to the device landing zone
including the LVOT and aortic annulus (Figure 5B).



FIGURE 5 Evaluation of Patients With Bicuspid Aortic Valve Stenosis Undergoing TAVR

Tricommissural Bicommissural
raphe type

*

Bicommissural
non-raphe-type

A

B

C

First, the anatomy of the bicuspid aortic valve should be assessed (A). The tri-commissural type is defined by the presence of 3 commissures

(arrows), one of them fused by calcification (functional bicuspid aortic valve). The bi-commissural raphe type is characterized by 2 com-

missures (arrows) and the presence of a raphe that affects to the proximal or basal third of the sinus (asterisk). The bi-commissural non-raphe

type is defined by the presence of 2 cusps and 2 commissures (arrows). Second, measurement of the aortic annulus should be performed (B).

When the aortic valve has only 2 cusps and 2 commissures, definition of the aortic annulus plane requires orientation of a plane crossing the

hinge points of the cusps conventionally (left, red line) and a second orthogonal plane (middle, green line) parallel to the device landing

zone (middle, shaded zone). The minimum and maximum diameters, cross-sectional area, and perimeter can be measured in the resultant

short-axis of the aortic annulus (right). In addition, the dimensions of the aortic root and ascending aorta (C, middle) and the height of the

coronary ostia relative to the annulus plane should be measured (C, right, arrowhead). Abbreviation as in Figure 2.
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FIGURE 6 Technical and Anatomical Challenges for Transcatheter Aortic Valve Replacement Among Patients With Pure Native

Aortic Regurgitation

•  Absence of valvular
    calcification

•  Large stroke volume and 
    turbulent regurgitant jet

•  Large aortic annulus
    dimensions

•  Association with aortopathy

Area: 744 mm2

Perimeter: 100 mm
Max. diameter: 35 mm

•  Poor visualization of native
    aortic valve annulus

TABLE 3 Transcatheter Aortic Valve Replacement in Pure Native Aortic Regurgitation

First Author (Ref. #) (Year) N Age (yrs)
Logistic

EuroSCORE (%) Device Access (%)
Device

Success (%)
Conversion to
Surgery (%)

30-day
Mortality (%)

New
PPI (%)

Zhu et al. (73) 2016 33 74.2 � 5.2 24.4 � 5.1 J-Valve TA (100%) 97% 3% 3% 6%

Freker et al. (74) 2015 22 80.0 � 5.6 25.0 � 18.0 95.5% CoreValve
4.5% SAPIEN

– 77% – 22.7% 27.3%

Seiffert et al. (75) 2014 31 80.0 � 5.6 25.0 � 18.0 JenaValve TA (100%) 97% 0 12.9% 6.4%

Testa et al. (76) 2014 26 73.0 � 10.0 24.0 � 8.0 CoreValve 81% TF
19% non-TA/non-TF

77% 0 23% 16%

Roy et al. (77) 2013 43 75.3 � 8.8 26.9 � 17.9 CoreValve 81.4% TF
18.6% non-TA/non-TF

74% 2% 9.3% 16.3%

Sawaya et al. (63) 2017 78 74 � 10 20.4 � 11.8 42% CoreValve
29% JenaValve
29% Others

65% TF
29% TA
6% non-TA/non-TF

72% 0 14% 18%

Yoon et al. (78) 2017 331 74.4 � 12.2 9.8 � 10.7 48% CoreValve
19% JenaValve
12% SAPIEN 3
21% Others

70% TF
24% TA
26% non-TA/non-TF

74% 3.6% 10.9% 18.2%

The main studies (with 20 or more patients included) are summarized.

TA ¼ transapical; TF ¼ transfemoral.
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CENTRAL ILLUSTRATION TAVR: The Pivotal Role of Multimodality Imaging to Evaluate Conventional and
New Indications

Bax, J.J. et al. J Am Coll Cardiol Img. 2020;13(1):124–39.

3D ¼ 3-dimensional; BAV ¼ bicuspid aortic valve; CT ¼ computed tomography; LVOT ¼ left ventricular outflow tract; MDCT ¼ multi-detector row computed

tomography; TAVR ¼ transcatheter aortic valve replacement.

HIGHLIGHTS

� TAVR is an established therapy for pa-
tients with symptomatic severe AS.

� This therapy is safe and feasible in
bicuspid AS, degenerated bioprostheses,
and aortic regurgitation.

� CT is becoming the central imaging
technique to plan the procedure.

� Multimodality imaging integrating func-
tional and anatomical information ex-
pands this technique to complex clinical
scenarios.
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In addition, concomitant aortopathy should be
assessed for patients with bicuspid AS (Figure 5C).
The risk of aortic dissection in patients with
bicuspid aortic valve and severe aortic enlargement
is established. According to current guidelines (66),
repair of the aortic root or replacement of the
ascending aorta is reasonable when the aortic
diameter is $5.0 cm in patients with bicuspid aortic
valve who are at low surgical risk. Furthermore, the
recently updated 2016 American Heart Association/
ACC guidelines stated that replacement of the
ascending aorta is reasonable in patients with
bicuspid aortic valve undergoing aortic valve
replacement when the diameter of the ascending
aorta is >4.5 cm (67). The decision made in favor of
the less invasive “TAVR alone” approach may be
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weighted toward older age with multiple comor-
bidities and limited expected life period after the
procedure. However, if TAVR is an alternative for
younger and lower-risk surgical populations, this
dilemma will be more frequently encountered.

Furthermore, the presence of horizontal aorta
defined as an acute angle (<30⁰) between the plane
perpendicular to the aortic annulus and the horizon-
tal reference plane is more frequent than in tricuspid
AS. A horizontal aorta may challenge the definition of
the angiographic projection to deploy the trans-
catheter heart valve. On MDCT, horizontal aorta can
be identified, and with specific software the angio-
graphic projection to deploy the THV can be set
before the procedure avoiding repeated aortograms.
Finally, anomalous origin of the coronary arteries is
associated with bicuspid aortic valve anatomy (68).
The location and height of the coronary ostia relative
to the aortic annulus plane can be defined with
MDCT, which provides better spatial resolution than
invasive aortography. This analysis is important
before the procedure to minimize the risk of coronary
ostia obstruction.
TAVR FOR THE TREATMENT OF NATIVE (PURE)

AORTIC VALVE REGURGITATION. SAVR is the cur-
rent standard of care for patients with severe aortic
regurgitation in the presence of symptoms, LV dila-
tation, or reduced LV function (69). Notwithstanding,
TAVR has been described among patients with native
pure aortic regurgitation considered at prohibitive
risk for surgery. As compared with calcific AS, the
transcatheter treatment of native pure aortic regur-
gitation poses some unique challenges in terms of
technical and anatomical feasibility including
(Figure 6): the poor visualization of the native aortic
valve annulus on fluoroscopy; the absence of valvular
calcification impairing the placement and fixation of
the prosthesis within the annulus; the large stroke
volume combined with the turbulent regurgitant jet,
limiting device control during positioning and
release; the complex anatomy with larger and more
elliptical annulus size exceeding the range of
commercially available transcatheter valve prosthe-
ses; and the frequent association of native pure aortic
regurgitation with an aortopathy and dilatation of the
aortic root and ascending aorta.

Due to these issues, valve deployment is less pre-
dictable and may be complicated by dislocation of the
prosthesis despite generous oversizing. In selecting
patients with severe native aortic regurgitation for
TAVR, echocardiography is the preferred imaging
technique to evaluate the aortic regurgitation
severity and the underlying mechanism of valve
regurgitation and to determine the presence of
concomitant aortic root and ascending aorta dilation
and the LV dimensions and function (70). Compared
with 2D echocardiography, 3D echocardiography
provides better agreement with CMR in the quantifi-
cation of the regurgitant volume, particularly in
eccentric regurgitant jets (71). CMR is the reference
method to quantify LV volumes and function and,
based on phase contrast analysis, an aortic regur-
gitant fraction >50% defines severe aortic regurgita-
tion (72). Aortic regurgitation caused by restricted
motion of the cusps due to degenerative changes
without significant dilation of the annulus may be
amenable for TAVR because frequently the aortic
valve is calcified and ensures good anchoring of the
transcatheter valve.

The evidence on the efficacy and safety of TAVR in
pure native aortic regurgitation is summarized in
Table 3 (63,73–78). The largest multicenter study in-
cludes 331 patients with native pure aortic regurgi-
tation treated with TAVR (78). The estimated 30-day
all-cause mortality was 10.9%. Device success was
74.3%, 16.6% of patients required the implantation of
a second valve, and 3.6% of patients underwent
conversion to SAVR. Moderate or severe post-
procedural aortic regurgitation (9.6%) was observed
at similar frequency compared with those reported in
patients with severe AS treated with early-generation
devices (79,80).

Although SAVR remains the standard therapeu-
tic option for patients with native pure aortic
regurgitation, TAVR may be considered among
carefully selected patients with native pure aortic
regurgitation deemed at inappropriately high risk.
Novel devices featuring repositionability, self-
positioning geometry, and specific fixation
mechanisms have the potential to improve the
performance of TAVR in patients with native pure
aortic regurgitation.

CONCLUSIONS

Multimodality imaging plays an important role in the
evaluation of patients referred for TAVR. The use of
both echocardiography and MDCT is key in the diag-
nosis of patients with severe AS who may benefit
from TAVR as well as in the procedural planning and
evaluation of the results at follow-up. In addition, the
excellent results of TAVR in inoperable and low–,
intermediate–, and high–surgical risk populations
have prompted the use of this therapy in other pa-
tients who were not represented in the randomized
clinical trials. Ongoing trials evaluating the efficacy of
TAVR in patients with heart failure and moderate AS
will open new therapeutic possibilities to patients
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with pseudosevere AS (81). Because TAVR prostheses
have better hemodynamic profile than surgical pros-
theses, as demonstrated by lower incidence of PPM,
relief of the increased afterload posed by the moder-
ate AS may result in improvement of LVEF. Addi-
tionally, whether treatment of other concomitant
clinically significant valve disease during the same
TAVR procedure or afterward will provide better
prognosis needs to be demonstrated. The number of
patients with bicuspid AS treated with TAVR is
increasing and the TAVR results with the use of new
generation prostheses are promising. TAVR in
degenerated bioprosthesis has been an important
breakthrough because re-operation is associated with
increased mortality. Finally, patients with native
aortic regurgitation are being treated with TAVR.
These two clinical scenarios need careful evaluation
of the anatomy of the landing zone to ensure suc-
cessful anchoring of the TAVR prosthesis and to
minimize complications. These new horizons put
multimodality imaging at the epicenter of this
evolving therapy (Central Illustration).

ADDRESS FOR CORRESPONDENCE: Dr. Jeroen J.
Bax, Department of Cardiology, Leiden University
Medical Center, Albinusdreef 2 2333 ZA Leiden, the
Netherlands. E-mail: j.j.bax@lumc.nl.
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