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Abstract. Computed tomography (CT) plays an important role in the workup of patients who are can-
didates for implantation of a catheter-based aortic valve, a procedure referred to as transcatheter aortic
valve implantation (TAVI) or transcatheter aortic valve replacement (TAVR). Contrast-enhanced CT
imaging provides information on the suitability of the peripheral access vessels to accommodate the
relatively large sheaths necessary to introduce the prosthesis. CT imaging also provides accurate di-
mensions of the ascending aorta, aortic root, and aortic annulus which are of importance for prosthesis
sizing, and initial data indicate that compared with echocardiographic sizing, CT-based sizing of the
prosthesis may lead to better results for postprocedural aortic valve regurgitation. Finally, CT permits
one to predict appropriate fluoroscopic projections which are oriented orthogonal to the aortic valve
plane. This consensus document provides recommendations about the use of CT imaging in patients
scheduled for TAVR/TAVI, including data acquisition, interpretation, and reporting.
� 2012 Society of Cardiovascular Computed Tomography. All rights reserved.
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Introduction to transcatheter aortic valve
replacement/transcatheter aortic valve
implantation

Aortic valve stenosis

Aortic valve stenosis is a common disease and fre-
quently affects patients of older age. When symptoms are
present, and in selected situations even for asymptomatic
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Figure 1 Implanted CoreValve (A) and Edwards Sapien valve (B) in contrast-enhanced, multiplanar reformatted CT.
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persons, aortic valve replacement is indicated.1–3 Although
surgery for aortic valve replacement can usually be per-
formed at relatively low risk, some conditions substantially
increase the risk of conventional surgery. The conditions in-
clude, among others, frailty, prior radiation therapy that
caused significant damage to the chest, ‘‘porcelain aorta,’’
severe pulmonary or hepatic disease, and chest deformities.
In addition, other comorbidities, for example, renal impair-
ment, prior stroke and peripheral vascular disease, reduced
left ventricular (LV) function, and older age can increase
surgical risk. The presence of multiple such circumstances
is not infrequent in older patients with aortic valve stenosis
and may prompt the surgeon or patient to decline surgery
because of a high perioperative mortality risk. In 2002,
the first catheter-based aortic valve implantation was per-
formed in a human.4 In the past years, this procedure has
become increasingly common and is an accepted alterna-
tive to surgical aortic valve replacement in patients with
contraindications to surgery or high surgical risk.1

Transcatheter aortic valve replacement/
transcatheter aortic valve implantation

Catheter-based implantation of a bioprosthetic aortic
valve is referred to as transcatheter aortic valve replace-
ment (TAVR) or transcatheter aortic valve implantation
Table 1 Recommendations about CT before TAVI/TAVR

CT imaging should be performed in the evaluation process of
patients who are under consideration for TAVI/TAVR unless
there is a contraindication.

CT datasets should be interpreted jointly with a member
of the TAVI/TAVR procedural team or reviewed with the
operator before the procedure.

TAVI, transcatheter aortic valve implantation; TAVR, transcatheter

aortic valve replacement.
(TAVI), sometimes as percutaneous aortic valve replace-
ment. Several prosthesis types are available, and by far the
most commonly used are the self-expandable Medtronic
CoreValve (Medtronic Inc, Minneapolis, MN, USA), avail-
able in the sizes 23 mm, 26 mm, 29 mm, and 31 mm, as
well as the balloon-expandable Edwards Sapien valve
(Edwards Lifesciences Inc, Irvine, CA, USA), available
in multiple models and sizes of 20 mm, 23 mm, 26 mm, and
29 mm (Fig. 1). In the United States, only 23 mm and 26
mm Edwards Sapien valve prostheses are currently avail-
able. Typically, the preferred implantation route is transfe-
moral. If this is not possible because of patient
characteristics, both valve types can be implanted via the
subclavian artery, and the Edwards Sapien valve can be im-
planted via a transapical route. An aortic approach (entry
into the ascending aorta after mini-thoracotomy, eg, in the
second intercostal space) is also possible.5 Transcatheter aor-
tic valve prostheses are anchored in the aortic annulus and
displace the native aortic wall cusps toward the aortic wall.

CT imaging before TAVI/TAVR

As opposed to conventional aortic valve replacement,
direct visualization of the valve and annulus is lacking
during the TAVI/TAVR procedure. As a result, imaging is
necessary to allow for appropriate valve sizing. This needs
to be performed before the procedure because for some
patients, no suitable valve is available (eg, patients with an
aortic annulus diameter of ,18 mm). Imaging is also
necessary to evaluate the best access pathway (transfemoral
vs apical, subclavian, or aortic). Other information that
computed tomography (CT) can provide and that are
potentially helpful for the procedure are the extent of aortic
valve calcification and appropriate fluoroscopic projection
angles that permit exactly orthogonal views onto the valve.

CT imaging is a highly valuable diagnostic tool in the
workup of patients who are being considered for TAVI/
TAVR.6 Image acquisition remains challenging, however, as



Table 2 Recommendations for CT image acquisition before TAVI/TAVR

Imaging of the aortic root must use ECG-synchronization.
Motion artifacts should be minimized.
Slice thickness should be %1.0 mm.
Multiphase (‘‘cine’’) imaging is in general not necessary.
Imaging of the aorta and peripheral vessels should extend from aortic arch (and potentially subclavian artery) to below the groin.
Imaging of the abdominal aorta and peripheral vessels does not need to be ECG gated.
Contrast agent exposure may be an issue in the patients who are often of advanced age and may have renal impairment. Contrast
reduction and adherence to protocols for prevention of contrast-induced nephropathy is recommended.

Two separate acquisitions (ECG-synchronized for the aortic root and nongated for the aorta and peripheral vessels) may be preferable
over an ECG-synchronized acquisition of the entire volume to reduce the amount of contrast agent. If ECG-triggered
high-pitch spiral acquisition is available, its use may be advantageous.

ECG, electrocardiogram; TAVI, transcatheter aortic valve implantation; TAVR, transcatheter aortic valve replacement.
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a large imaging volume needs to be covered from the aortic
arch to the lesser trochanters. A substantial amount of clini-
cally relevant information can and should be obtained from
the dataset, and interpretation requires knowledge of the
TAVI/TAVR procedure and potential complications. Image
interpretation should be performed jointly by an expert
reader and a member of the team who performs the TAVI/
TAVR procedure, or the image dataset should be reviewed
with the responsible operator. The ability to review the CT
image dataset in the room used for the TAVI/TAVR interven-
tion is ideal (Table 1).

Although CT can determine the aortic valve orifice area
and provide a measure of aortic valve stenosis severity,7,8

this is typically not the primary indication to perform CT be-
fore TAVI/TAVR. The main indications relate to the evalua-
tion of the access route (peripheral, transapical, subclavian,
transaortic), aortic root and aortic annulus dimensions, as
well as aortic valve structure and calcification. The volume
Table 3 Minimum recommended vessel lumen diameters
depending on the device considered for TAVI/TAVR

Device and
valve size

Introducer
profile, F

Recommended minimum
vessel lumen diameter, mm

Edwards Sapien Transcatheter Heart Valve with Retroflex
3 Delivery System*

23 mm 22 R7
26 mm 24 R8

Edwards Sapien XT Transcatheter Heart Valve with NovaFlex
Delivery System and eSheath
23 mm 16 R6
26 mm 18 R6.5
29 mm 20 R7.0

Medtronic CoreValve Revalving System
26 mm 18 R6
29 mm 18 R6
31 mm 18 R6

TAVI, transcatheter aortic valve implantation; TAVR, transcatheter

aortic valve replacement.

*Available in the United States.
of iodinated contrast medium is of concern in many patients
because candidates for TAVI/TAVR frequently have im-
paired renal function. Given the commonly advanced age
of patients being considered for TAVI/TAVR, radiation expo-
sure is of lesser concern. Finally, current practice suggests
that CT evaluation should also include competent evaluation
of extracardiac and extravascular pathology for relevant
findings.
Data acquisition protocols

CT imaging in the evaluation for TAVI/TAVR should
include imaging of the aortic root, aorta, and iliac, as well
as common femoral arteries. Hence, a large volume must be
covered. To achieve the desired accuracy, imaging of the
aortic root must be synchronized to the electrocardiogram
(ECG) either by retrospective ECG gating or through the
use of prospective ECG triggering. Spatial resolution must
be high to provide adequate imaging, especially of the
aortic root and of the iliofemoral arteries, because in both
regions detailed dimensions must be obtained to adequately
plan the procedure.

Image acquisition protocols vary and depend on the
scanner platform that is used. In general, it is desirable to
choose an acquisition protocol that obtains a reconstructed
slice width of %1.0 mm throughout the entire imaging
volume. Imaging should be performed in supine position
and during suspended respiration. The aortic root must be
imaged with retrospective ECG gating or prospective ECG
triggering (depending on patient characteristics and scanner
capabilities) to allow for adequate motion-free imaging.
However, it is not necessary to image the entire aorta and
iliofemoral arteries with ECG synchronization. For these
sections, nongated acquisitions may be preferable because
of lower radiation exposure (because of the higher helical
pitch than with retrospective ECG-gated techniques) and
because of faster volume coverage that requires lower
volumes of iodinated contrast medium. As a result, several
strategies are possible. With wide detector systems, it
is feasible to image the entire volume with an



Table 4 Recommendations for assessment of the access route by CT before TAVI/TAVR

CT imaging should be performed for vascular access assessment (pelvic arteries and aorta) when not contraindicated;
CT examinations should be performed with iodinated contrast medium.
Manual multiplanar reformation or semiautomated centerline reconstruction should be used to achieve cross-sectional visualization for
measurement of vessel dimensions. From these reconstructed images, the minimal luminal diameter along the course of the
vascular access should be determined.

Qualitative assessment of vascular tortuosity should be performed.
Qualitative assessment of vascular calcification should be performed.
Consideration to varied thresholds of vessel size (sheath/femoral artery ratio) should be contemplated, depending on the presence
and extent of vascular calcification.

The left ventricle should be evaluated for the presence of thrombus and, if a transapical access route is planned, for geometry and
position of the apex.

TAVI, transcatheter aortic valve implantation; TAVR, transcatheter aortic valve replacement.

Table 5 Recommendations for assessment of the aorta

The entire aorta should be imaged and evaluated, unless a
transapical access is planned.

Severe elongation and kinking of the aorta, dissection, and
obstructions caused by thrombus or other material should
be reported.

Figure 2 The aortic annulus has an oval shape in most patients.
On the basis of their viewing angle, both transthoracic echocardi-
ography (TTE; parasternal long-axis view) and transesophageal
echocardiography (TEE; 120-degree left ventricular outflow tract
view) usually show the smaller diameter of the left ventricular out-
flow tract and aortic annulus (see arrows).
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ECG-synchronized approach. ECG-triggered high-pitch
spiral acquisitions may be advantageous because they allow
the required z-axis coverage to be obtained rapidly.9 With
systems that have limited detector width (eg, 64 simulta-
neously acquired slices or less), it may be better to acquire
an ECG-gated dataset that contains the heart and aortic root
and to cover the remaining volume with a second nongated
acquisition (potentially even on a second day if contrast ex-
posure is problematic). Recent data indicate that imaging of
the aortic root and annulus in systole may be preferable
over diastole because of the dynamic changes of the annu-
lus and slightly larger annular sizes noted in systole.10,11

However, it is important to ensure adequate image quality
even if systolic imaging is used. Because CT is typically
not used to determine the severity of aortic valve stenosis,
datasets do not need to cover the entire cardiac cycle, which
allows for reduction of radiation exposure.
Figure 3 The oval shape of the aortic annulus will typically
change to a more circular geometry after a catheter-based valve
is implanted. Shown here are CT cross-sections in identical posi-
tion and orientation in a patient before and after catheter-based
implantation of a balloon-expandable valve.



Figure 4 This sequence describes a method of creating a plane that precisely corresponds to the aortic annulus/basal ring. A multiplanar
reconstruction will be rendered which includes all 3 lowest insertion points of the aortic valve cusps (hinge points). This approach can be
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According to recommendations on radiation protection
in cardiovascular CT by the Society of Cardiovascular
Computed Tomography (SCCT),12 a tube potential of 100
kV should be considered for patients weighing %90 kg
or with a body mass index (BMI; calculated as weight in
kg divided by height in m2) %30; whereas a tube potential
of 120 kV is usually indicated for patients weighing.90 kg
and with a BMI . 30. Choice of tube current strongly de-
pends on the CT hardware as well as chosen slice collima-
tion. It should be adjusted, based on each individual
patient’s size, to the lowest setting that guarantees accept-
able image noise.12

To maximize the information obtained by CT, imaging
needs to be performed with intravenous contrast injection.

Timing of the image acquisition procedure can occur
through a separate test bolus or by bolus triggering.
Limiting the amount of contrast agent is an important
concern in TAVI/TAVR candidates. Choice of an appropri-
ate imaging strategy (ECG gated vs nongated) is therefore
important to limit contrast volumes. Reduction of contrast
volumes can be achieved by using lower flow rates than for
coronary CT angiography. Although 5 mL/s is typically
recommended for coronary imaging,13 3 mL/s and in some
cases even less may be sufficient for imaging patients in the
workup for TAVI/TAVR (Table 2).7 Dual-energy techniques
with low monochromatic energy imaging may also be help-
ful to reduce contrast volume and are expected to be gener-
ally available in the near-term future.14 Direct aortic
injection with extremely low volumes of contrast has
been reported by some groups.15,16

Assessment of the access route

The iliofemoral axis remains the most common route
of access for TAVI/TAVR. Ongoing refinements have
resulted in progressive reduction of the profile of the
followed with any image processing software that allows free multiplana
in orthogonal position. In this way, it is possible to ensure that all planes
imaging planes. The principle of this approach is to create a double-o
insertion points. (A) Step 1, start out with multiplanar images in axia
line in the coronal image to rotate the former axial plane in a way s
Step 3: in the coronal image, move the reference line that controls the fo
of the right coronary cusp which is usually located at about the 1 o’cloc
that cusp insertion point. Then, move the crosshair in the formerly axial
4, rotate (without moving up and down or left and right) the reference lin
the former sagittal plane crosses the lowest insertion point of the nonco
sition (note: it is not shown here that this may require to interactively cha
with the use of the reference line in the formerly coronal image, withou
the formerly sagittal plane will now show the lowest insertion point both
dow, move and rotate the reference line of the former axial plane so tha
achieved, the formerly axial plane will contain 2 of the 3 lowest cusp ins
out moving it) the reference line of the former axial plane until the lowes
formerly axial window (arrow). Now, the former axial plane is exactly al
represents both the orientation as well as the level of the ‘‘aortic annu
should be performed in this plane.

=

delivery systems for transfemoral TAVI/TAVR, and the
required sheath sizes can be expected to decrease further
in the future. Current delivery profiles, as well as the
corresponding vendor recommendations for minimal ves-
sel diameters, are listed in Table 3. Single-plane angiogra-
phy, which is typically performed at the time of coronary
artery assessment, was considered a minimum require-
ment for evaluation of the iliofemoral system in the early
days of TAVI/TAVR, but this yields limited information
about true vessel lumen, calcification, and tortuosity. Vas-
cular complications have emerged as a main cause of mor-
tality and morbidity in transfemoral TAVI/TAVR.17–19 The
large 22- to 24-F sheaths required for the first-generation
valves were associated with vascular complication rates of
30.7% in the North American PARTNER 1B trial.18 Better
patient selection and smaller sheaths have been associated
with lower reported vascular complication rates, ranging
from 1.9% to 13% for 18-F sheaths. Vascular complications
are largely attributable to the large device size, significant
atherosclerosis, vessel tortuosity, and kinking that are often
present.20,21 Risk factors for vascular complications are an
external sheath diameter that exceeds the minimal artery
diameter, moderate or severe calcification, and peripheral
vascular disease.20,21 CT can consistently identify the pres-
ence of these risk factors. Along with better vascular closure
techniques, CT imaging has improved patient selection
for the transfemoral access. Some centers have recently
reported improved outcomes, decreasingmajor vascular com-
plications from 8% to 1% and minor vascular complications
from 24% to 8% between 2009 and 2010.21

CT Predictors of vascular injury

Moderate-to-severe arterial calcification is associated
with a 3-fold increase in vascular complications (29% vs
9%), and the presence of a minimal arterial lumen diameter
r reconstruction and in which the reference lines can be ‘‘locked’’
will remain orthogonal to each other during manipulation of other
blique plane (the formerly axial plane) which contains all 3 cusp
l, sagittal, and coronal orientation. (B) Step 2, use the reference
o that it crudely approximates the plane of the aortic valve. (C)
rmer axial plane up and down to identify the lowest insertion point
k position. Position the formerly axial plane exactly at the level of
plane exactly onto the right coronary cusp insertion point. (D) Step
es in the formerly axial plane in a way so that the line that controls
ronary cusp, which is located at approximately the 8 o’clock po-
nge the level of the formerly axial plane by moving it up and down
t rotating it so that the orientation remains unchanged). (E) Step 5,
of the right coronary cusp and the noncoronary cusp. In this win-

t it very exactly crosses both of these insertion points. Once this is
ertion points. (F) Step 6, in the former coronal plane, rotate (with-
t insertion point of the left coronary cusp just barely appears in the
igned with the lowest cusp insertion points of all 3 aortic cusps and
lus’’ (image on left). Measurements of aortic annulus dimensions



372 Journal of Cardiovascular Computed Tomography, Vol 6, No 6, November/December 2012
less than that of the external sheath showed a 4-fold
increase (23% vs 5%).22 A sheath-to-femoral artery ratio
(SFAR) of R1.05 is predictive of vascular access–related
complications and 30-day mortality.21 It has been shown
that this threshold is more lenient (SFAR 5 1.10) in the ab-
sence of calcification of the iliofemoral vessels, and a
stricter threshold (SFAR 5 1.00) is required in the presence
of moderate-to-severe calcification. Special caution is indi-
cated if calcification is circumferential or nearly circumfer-
ential and/or located at vessel bifurcations.

CT is a helpful adjunct for the evaluation of other access
routes for TAVI/TAVR. CT can identify bulky atheroma or
eccentric calcifications in the aortic arch,22 which might
cause stroke when dislodged by mechanic manipulation
during an intervention.23 In the setting of unfavorable vas-
cular pelvic anatomy, a transapical, subclavian, or trans-
aortic approach may be selected. CT can provide similar
anatomic detail for the subclavian system and provide pre-
procedural localization of the LV apex to assist with trans-
apical puncture as well as the angle at which to advance the
device.

Image processing and evaluation

In addition to assessment of transaxial images, multi-
planar reconstructions, curved multiplanar reformats, max-
imum intensity projection images, and 3-dimensional (3D)
volume-rendered images can be used for evaluation of the
peripheral vessels. The most important parameter to be
reported is the minimal luminal diameter along the entire
course of the iliac arteries on either side. Transverse source
images allow no more than a preliminary assessment of
vessel size. Careful multiplanar reconstruction, either man-
ual or with the use of automated software algorithms, must
be used to create images oriented exactly orthogonal to the
vessel course. These images must be used to measure
luminal diameter. Otherwise, the risk of overestimation of
the vessel diameter is substantial. Modern workstations can
automatically extract vessel centerlines and display the
orthogonal planes that allow manual or automated mea-
surements orthogonal to the vessel at every point regardless
of vessel obliquity. Pronounced arterial wall calcifications
can lead to underestimation of the lumen diameter because
of partial volume effects that make calcification seem larger
than they actually are (‘‘blooming’’).

Tortuosity of vascular structures can be assessed on
transverse source images, but evaluation is facilitated with
3D display from multiple viewing angles. Anterior-
posterior and 45-degree right anterior oblique as well as
45-degree left anterior oblique projections are the minimum
required to allow for a qualitative visual assessment of iliac
tortuosity. In the absence of calcification, iliofemoral
arterial tortuosity, even with angles of 90 degrees or
slightly more, is not necessarily a contraindication for
femoral access. Noncalcified, but tortuous vessel segments
can usually be straightened to introduce the sheath.
However, calcified tortuous segments carry a substantial
risk of access failure, and the operator should be advised
about this situation.

Assessment of the left ventricle and chest wall

LV thrombi can be a source of embolic complications
both for the transapical approach and, because of the stiff
guide wire that needs to be advanced through the aortic
valve into the LV cavity, also for the transfemoral approach.
Hence, CT datasets should be evaluated for the presence of
LV thrombi. Position of the LV apex relative to the chest
wall and alignment of the LV axis with LV outflow tract
(OT) orientation may be useful information in the case of
transapical access. Similarly, chest deformities are of
relevance and should be reported (Table 4).
Assessment of the aorta

In addition to the iliac and femoral arteries, the entire
aorta should be evaluated by CT angiography before a
TAVI/TAVR procedure if a transfemoral approach is
considered. Transverse axial images and multiplanar
reconstructions are commonly used. Contraindications to
a femoral access include massive elongation with kinking
of the aorta, dissection, or large thrombi protruding into
the lumen or other obstacles that may prevent advancing
the valve through the aortic lumen. If a transaortic
approach is considered, the position of the ascending
aorta relative to the chest wall is of importance. If
coronary bypass grafts are present, their position and
potential adhesion to the sternum may be of relevance if
emergency conversion to open heart surgery is required
(Table 5).
Aortic annulus

Choosing the appropriate prosthesis size requires accu-
rate measurement of the dimensions of the aortic annulus.
If the prosthesis size is too small, embolization may occur,
and paravalvular regurgitation is more frequent, with
negative clinical outcome.24–26 If the prosthesis is too large
relative to the aortic annulus, rupture may occur which is
often fatal.

The aortic annulus is not a separate anatomic structure.
Much rather, it is formed by the 3 lowest points of the aortic
valve cusps (‘‘hinge points’’) as they connect to the wall of
the LVOT.27 The virtual ring that connects these 3 hinge
points, the ‘‘virtual basal ring,’’ is the target structure for
sizing transcatheter aortic valve prostheses.

Measurements of aortic annulus size for TAVI/TAVR
preparation have historically been performed with calibrated
aortic angiography, transthoracic echocardiography (TTE),
or transesophageal echocardiography (TEE). Discordance
between these measurements is common.28–30 Substantial



Figure 5 Determination of aortic annulus dimensions in CT. After an appropriate plane that exactly contains the 3 lowest insertion points
of the coronary cusps has been created, 3 different methods of determining aortic annulus size have been proposed. The long and short
diameter can be measured to calculate the mean diameter. The area can be measured and the diameter can be deducted under the assumption
that this area changes to a circle when a valve is implanted. Finally, it can be assumed that the circumference will stay constant during the
implantation, and the diameter can be derived from the circumference, again assuming that the annulus will achieve a perfectly circular
shape. The more eccentric the aortic annulus, the more these 3 measurements will differ from one another, with the circumference-
based method yielding the largest results.
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limitations of these 2-dimensional (2D) techniques arise
from the fact that the annulus has an oval, not a circular,
shape.28,29 Two-dimensional echocardiography, whether
transthoracic or transesophageal, will typically measure the
shorter diameter of the oval aortic annulus (Fig. 2). It is im-
portant to note that the oval aortic annulus will reshape to a
more circular geometry after catheter-based implantation
of prosthesis (Fig. 3). This effect is probably more pro-
nounced in balloon-expandable prostheses than in self-
expanding prostheses.31

In most experienced sites, sizing of the aortic valve
prosthesis is achieved in a multifactorial process that is
based on R1 imaging technique and does not rely on a
single echocardiographic measurement alone. Growing
evidence suggests that CT offers valuable information
about prosthesis sizing in TAVI/TAVR and that incorpo-
rating CT-derived dimensions of the aortic annulus may
improve outcome of the procedure. For example, aortic
annulus dimensions obtained by magnetic resonance
(MR) and CT correlate closely, without systematic differ-
ence between the 2 methods (bias, 0.4 mm).32 In this trial,
both MR (bias, 4.5 mm) and CT (bias, 4.1 mm) yielded
significantly larger aortic annulus dimensions than TTE.
Similar results have consistently been reported in other
Table 6 Manufacturer-suggested aortic annulus and aortic root dim

Aortic annulus
diameter, mm

Distance aortic annu
to left main ostium,

Edwards Sapien XT 23 mm 18–22 R10
Edwards Sapien XT 26 mm 21–25 R10
Edwards Sapien XT 29 mm 24–27 R10
Medtronic CoreValve 26 mm 20–23
Medtronic CoreValve 29 mm 23–27
Medtronic CoreValve 31 mm 26–29

TAVI, transcatheter aortic valve implantation; TAVR, transcatheter aortic v
studies.10,28–31,33 It is therefore well accepted that 3D
imaging techniques, with a particular amount of evidence
for CT, yield larger aortic annulus dimensions than echo-
cardiography. This is not because echocardiography mea-
sures incorrectly, but because the diameter seen and
reported in echocardiography will usually be comparable
with the smaller of the 2 diameters reported by 3D tech-
niques. This emphasizes the often oval shape of the
annulus.

Evaluation of aortic annulus dimensions

Measurement of aortic annulus dimensions by CT
requires the manipulation of image data to create an image
that exactly corresponds to the basal ring of the aortic
valve,34 as defined by the level immediately below the 3
lowest insertion points of the aortic cusps. Coronal, sagittal,
or single-oblique reconstructions to approximate the short
and long axis of the noncircular annulus are not considered
acceptable.

Because of the double-oblique position of the aortic
valve it is not trivial to render a plane in exactly the same
orientation as defined by the 3 lowest insertion points of the
aortic valve leaflets. The plane formed by the 3 insertion
ensions for TAVI/TAVR

lus
mm

Ascending aorta
diameter, mm

Sinus of Valsalva
width, mm

Sinus of Valsalva
height, mm

%40 R27 R15
%43 R29 R15
%43 R29 R15

alve replacement.



Table 7 Manufacturer recommendations for CT-based sizing of the self-expanding Medtronic CoreValve

Mean diameter, mm Perimeter/circumference, mm Area, mm2

Medtronic CoreValve 23 mm 18–20 56.5–62.8 254.5–314.2
Medtronic CoreValve 26 mm 20–23 62.8–72.3 314.2–415.5
Medtronic CoreValve 29 mm 23–27 72.3–84.8 415.5–572.6
Medtronic CoreValve 31 mm 26–29 81.7–91.1 530.9–660.5
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points is often not orthogonal to the LVOT. Frequently, the
insertion of the right coronary cusp leaflet is inferior to the
left and noncoronary cusp leaflets. Figure 4 suggests a pos-
sible approach for creating a plane which exactly corre-
sponds to the aortic annulus.

When a plane that corresponds precisely to the basal ring/
aortic annulus has been generated, 3 measurements have
been proposed as the most appropriate for annular sizing and
prosthesis selection. These 3 commonly proposed measure-
ments are displayed in Figure 5. They are as follows. (1)
Measurement of the long and short diameters (DL and DS)
of the oval aortic annulus. Themean diameter D is calculated
by averaging the 2 values [D5 (DL1DS)/2]. (2) Planimetry
of the area A of the aortic annulus and calculation of the di-
ameter D that corresponds to this area under the assumption
of full circularity [D5 2*O(A/ p)]. (3) Measurement of the
circumference C of the aortic annulus and calculation of the
diameter D that corresponds to this area under the assump-
tion of full circularity (D 5 C/p)

Preliminary data suggest that it may be preferable to
measure aortic annulus dimensions in systole (as is done
in echocardiography). The planimetered annular area and
mean diameters are larger in systole than in diastole.20,21

Measurement of the circumference may be more stable
throughout the cardiac cycle,35,36 and it also appears to
undergo a lesser degree of dynamic change throughout
the cardiac cycle. However, the mean diameter obtained
by averaging the short and long diameter, and the aortic
annular area have been suggested to offer better interob-
server agreement than circumference measurements across
operators and workstation platforms.30 This is potentially
due to interobserver variability as well as a lack of stan-
dardization across workstations to generate a perimeter/
circumference measurement. Many platforms lack ade-
quate smoothing algorithms at present which results in
Table 8 Recommendations for measurement of aortic annulus dime

For measurement of aortic annulus dimensions, an imaging plane mu
insertion points of the aortic cusps (hinge points).

If available, systolic measurements may be preferable to diastolic me
Dimensions that should be obtained include small and large diameter
diameter).

Measurements in a coronal or sagittal reconstruction or in a 3-chamb
Choice of prosthesis size should be multifactorial and multimodality
underestimate the true dimension of the aortic annulus.
perimeter values that are significantly larger than they
are in reality.

Prosthesis sizing

Manufacturer suggested thresholds of aortic annulus
dimensions for transcatheter heart valve selection are
provided in Tables 6 and 7. These recommendations have
typically been used on the basis of echocardiographic mea-
surements, and the use of CT-based measurements without
adaptation of the sizing thresholds may lead to the choice
of different prosthesis sizes in approximately 25%–45%
of cases.10,11,33 No CT-specific guidelines for prosthesis
sizing have been developed and sufficiently validated yet
for the balloon-expandable prosthesis. They are more
firmly entrenched for the self-expanding prosthesis34

(Table 7). However, evidence is growing that for both valve
types CT-based dimensions permits better prediction of par-
avalvular regurgitation than TEE-derived annular dimen-
sions.33,36–38 These data have led many to believe that
selection of prosthesis size with CT may yield better clini-
cal results. In fact, in a study of 133 patients who under-
went CT before TAVI/TAVR, it was reported that, in
comparison with TEE-based sizing, the use of CT-based
aortic annulus dimensions led to a significantly lower rate
of ‘‘worse-than-mild’’ paravalvular regurgitation after im-
plantation of a balloon-expandable Edwards Sapien valve
(7.5% vs 21.9%).33 The investigators aimed to use a pros-
thesis diameter ,4 mm smaller than the maximum diame-
ter of the aortic annulus in CT and ,1.5 mm smaller than
the circumference-derived diameter of the aortic annulus.33

Manufacturer suggestions for CT-specific sizing thresholds
for the self-expanding CoreValve prosthesis are listed in
Table 7. They include an approximate oversizing of the an-
nular perimeter by 10%–15%.34
nsions

st be created which is exactly aligned with the 3 most caudal

asurements of aortic annulus size.
, area, and circumference (and for all 3 the derived mean

er view are not acceptable.
based, with the recognition that echocardiography may



Figure 6 Measurement of the distance of the coronary ostia
from the aortic annulus plane.
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Despite that the results of recent studies uniformly
indicate that CT-based sizing may be superior to TEE-
based sizing of the prosthesis, it has currently not been fully
clarified in clinical trials that CT-derived dimension permits
optimal guidance of prosthesis selection and which thresh-
olds should be used. It is therefore currently recommended
that a multidisciplinary and multimodality approach should
be used for prosthesis selection. Despite recognition that
echocardiography is supported by a large body of literature,
including randomized data,18,38 modifying sizing may be
advisable in the setting of discordance between echocardi-
ography and appropriately determined dimensions on the
basis of CT. This is of particular relevance when CT clearly
shows a noncircular annulus, suggesting that in this partic-
ular patient, 2D echocardiography underestimates the true
annulus size (Table 8).

Other aortic root dimensions

Besides aortic annulus size, other anatomic measures of
the aortic root have relevance for TAVI/TAVR planning.
They include distance of the coronary ostia to the aortic
valve plane, aortic cusp length, width of the aortic sinus,
width of the sinotubular junction, and width of the
ascending aorta. These measurements are important to
Table 9 Recommendations for measurements of aortic root dimensi

The distance of the aortic annular plane to the lower point of the lef
expandable prosthesis is considered.

The length of aortic leaflets and presence of severe leaflet calcificatio
should be determined.

Heavily and diffusely calcified aortic valve cusps particularly in the se
Sinus of Valsalva height and width should be measured if a self-expa
The ascending aorta diameter should be measured if a self-expandabl
avoid potentially catastrophic complications such as coro-
nary occlusion and root injury.39 CT is well suited to pro-
vide these measures because of its multiplanar imaging
capabilities and high spatial resolution.

Unlike in surgical aortic valve replacement whereby
the native valve leaflets and the majority of annular
calcification is resected, with TAVI/TAVR the native leaf-
lets and calcifications are displaced and at times crushed by
the prosthesis. With this is the risk of potential coronary
occlusion, particularly when associated with shallow si-
nuses and heavily calcified and long cusps. Distance from
the aortic annulus plane to the coronary ostia can easily be
assessed by CT with the use appropriately oriented multi-
planar reconstructions (Fig. 6). In a study of 100 patients
with aortic stenosis undergoing CT, the average distance
of left coronary ostium and right coronary ostium was
found to be 15.5 6 2.9 mm and 17.3 6 3.6 mm, respec-
tively.40 However, reported average distances vary and
may depend on the measurement technique used (eg, ob-
lique from depicted hinge point to coronary ostia vs parallel
to the aortic root axis).40 Currently, there are no strict ex-
clusion criteria about a minimum distance of the coronary
ostia from the aortic annulus to avoid coronary obstruction.
Risk is assumed less with the CoreValve prosthesis than
with the Edwards Sapien prosthesis. For the latter, mini-
mum distance values of 10–14 mm between the coronary
ostia and leaflet insertion are usually suggested.39 In addi-
tion to the distance to the coronary ostia, the length of
the aortic valve cusps and the extent of calcification should
be taken into consideration. Concern about coronary occlu-
sion is much greater in the setting of heavily and diffusely
calcified cusps than in the absence of calcification or when
the calcification is isolated to the cusp insertion. Other fea-
tures that may be predictive of risk of coronary occlusion
are shallow sinuses of Valsalva, long aortic valve cusps,
and a narrow sinotubular junction.

While the Edwards Sapien prostheses are between 15
and 19 mm in height and do not extend beyond the aortic
sinus, the self-expandable CoreValve is between 52 and
55 mm in length and, when implanted, extends beyond the
sinotubular junction into the ascending aorta (Fig. 1).
Manufacturer specifications for CoreValve require a min-
imum sinus of Valsalva width of 27 mm for the 29-mm
prosthesis and 29 mm for the 26-mm and 31-mm prosthe-
ses, as well as minimum sinus of Valsalva height of 15
mm. Maximum diameter of the proximal ascending aorta
ons

t and right coronary ostium should be measured if a balloon-

n that may obstruct a coronary ostium after valve implantation

tting of shallow sinuses of Valsalva should be noted.
ndable prosthesis is considered.
e prosthesis is considered.



Figure 7 Ideal projection for implantation of a catheter-based
aortic valve in fluoroscopy. All tree coronary cusps are in the
same plane, with the right coronary cusp in the middle and the
left and noncoronary cusp symmetrically to the left and right.
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should not exceed 40–43 mm at 40 mm from the annulus
for the 3 prosthesis sizes (Table 6). These dimensions can
easily be extracted from contrast-enhanced CT datasets
(Table 9).

Aortic annulus plane for fluoroscopy

During catheter-based implantation especially of the
balloon-expandable prosthesis, it is important to use a
fluoroscopic projection that provides an exact orthogonal
Figure 8 Determination of an appropriate projection on the basis of the
identified as explained in Fig. 4. Then the plane is moved to a more cr
missures of the aortic valve. Multiplanar reconstructions are rendered o
orthogonal to the commissure between the left coronary cusp and noncor
obtained image (right, corresponds to the thicker white reference line) is
the angulation of that image (arrows). The displayed values can be use
view onto the aortic annular plane. Theoretically, an
unlimited number of projections exist which will provide
such a view, but most operators prefer a projection whereby
the right coronary cusp is central and closest to the image
intensifier, whereas the left and noncoronary cusps are
positioned symmetrically to either side of the right coro-
nary cusp (Fig. 7). Because CT offers a 3D dataset, it allows
identification of appropriate projection angles that will pro-
vide an orthogonal view onto the aortic valve plane.41–43

Recently, appropriate angles predicted from preprocedural
CT have been shown to correlate well with 3D rotational
angiography at the time of the procedure when patients
are positioned in a similar fashion.44 Dedicated, automated
software programs are available, but manual evaluation is
possible. If the exact plane of the aortic annulus has been
defined in CT (a multiplanar reconstruction that exactly
contains the 3 lowest cusp insertion points; Fig. 4), most
image processing software products will permit to place a
further multiplanar reconstruction that is both orthogonal
to the aortic annulus plane and orthogonal to the commis-
sure between the left coronary cusp and noncoronary
cusp (Fig. 8). The angulation of this plane is often dis-
played in the image. It corresponds to the angulation of
the C-arm which will provide the desired view during the
implantation procedure. Another approach is the use of
thick maximum intensity projections that are manually an-
gulated to align aortic valve calcifications.45

If the patient is positioned differently during CT acqui-
sition and the TAVI/TAVR procedure (eg, patients may be
turned toward their right side for easier access during
transapical implantation, whereas they were positioned on
their back during the CT acquisition), corrections need to
be made to account for the difference in patient orientation
(Table 10).
CT dataset. First, the exact plane of the aortic annulus needs to be
anial position (without changing its orientation) to show the com-
rthogonal to the aortic annulus plane and, in the reference image,
onary cusp (thicker white reference line than in the left image). The
exactly in the desired plane. Most software programs will display
d to angulate the C-arm.



Table 10 Recommendations about determination of an appropriate fluoroscopic projection for valve implantation

Automated software tools or manual evaluation permit determination of suitable angulations of the C-arm that provide a projection
orthogonal to the aortic annular plane.

Potential differences in patient position between CT data acquisition and the fluoroscopically guided TAVI/TAVR procedure may result in
discordance

TAVI, transcatheter aortic valve implantation; TAVR, transcatheter aortic valve replacement.

Table 12 Data elements included in the report

Data acquisition mode
Timing of images in the cardiac cycle (systolic vs diastolic)
Contrast volume
Image quality
Aorta
Presence of kinking
Presence of intraluminal obstruction
Presence of intraluminal thrombi

Ascending aorta
Width at 40 mm from annulus
Position relative to sternum

Aortic arch
Width
Branch anatomy (for embolic protection device purposes)

Descending aorta
Width

Iliofemoral arteries
Minimal width on both sides
Tortuosity
Calcification

Aortic root
Sinotubular junction aortic diameter*

Sinus of Valsalva width*

Sinus of Valsalva height*

Distance of coronary ostia from aortic annular plane
Aortic valve
Cuspidity
Qualitative extent of aortic valve calcification, separately
for commissures and annulus

Presence of a severely calcified cusp which may obstruct a
coronary ostium

Aortic Annulus
Aortic annulus short diameter
Aortic annulus long diameter
Aortic annulus area and area-derived diameter
Aortic annulus circumference and circumference-derived
diameter
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Aortic valve calcification

Calcific aortic valve stenosis is pathologically charac-
terized by thickening of the aortic valve cusps with large
calcific nodules that protrude on the aortic surface of the
cusps. Unlike surgical aortic valve replacement, the dis-
eased aortic cusps are not removed in TAVI/TAVR. The
presence of valvular calcifications may be of importance to
ensure prosthesis anchorage and avoid dislodgement.46 By
contrast, excessive calcification may hamper the apposition
of the prosthesis to the irregular surface of the aortic root
and may leave gaps between the prosthetic frame and the
native aortic root that favor the occurrence of paravalvular
aortic regurgitation after implantation.47,48 However, evi-
dence about the presence of aortic valve calcification and
the occurrence of paravalvular aortic regurgitation is con-
troversial.44 The severity and location or aortic ring calcifi-
cation may be related to annular rupture. Aortic valve
calcification has also been speculated to be associated
with increased risk for prosthesis dislodgement,46 reported
in 4%–18% of several series.46,49,50 Possibly, calcification
has a greater effect on postimplant paravalvular regurgita-
tion with self-expanding prostheses than with balloon-
expandable prostheses.

A further potential consequence of severe aortic calci-
fication may be obstruction of coronary ostia during TAVI/
TAVR. Displacement of an extremely bulky calcified aortic
cusp over the coronary ostia is the most frequent reported
cause.16,17,51,52 As detailed above, a distance from the cor-
onary ostia to the aortic valve annulus of R10–14 mm is
recommended for the Edwards Sapien valve and the width
of the sinuses of Valsalva should be R30 mm, particularly
for Medtronic CoreValve, to minimize the risk of this com-
plication. These recommendations are not based on scien-
tific data. Furthermore, these parameters alone are not
sufficient. The length of the aortic valve cusps and the pres-
ence of bulky calcification at the commissures must be in-
dividually evaluated and considered in every case.

Atheroembolism from the ascending aorta or aortic arch
is assumed to be the most common cause of periprocedural
stroke during TAVI/TAVR.39 In addition, the occurrence of
Table 11 Recommendations about aortic valve calcification

The extent and severity of aortic valve calcification should be
mentioned in descriptive terms in the report.
calcific embolism from the aortic valve after aggressive bal-
loon valvuloplasty has been reported.53 The extent of aortic
valve calcification may therefore be of relevance for stroke
risk, especially when the use of embolic protection devices
Appropriate fluoroscopic projection angle to obtain an
orthogonal view onto the aortic valve plane (if the reader
feels competent to report this)

Left Ventricle
Presence of thrombi

*For self-expanding valves.
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is considered. However, no clinical data exist in this regard
(Table 11).

Quantification of aortic valve calcification in CT can be
achieved on a continuous scale through the Agatston score,
calcified volume, or calcified mass.46,47 Semiquantitative
scores consider, for example, the circularity of calcium or
the number of affected cusps.48
Data elements to be included in the report

The data elements included in the report are shown in
Table 12.
Summary

CT imaging plays an important role in procedural
planning for TAVI/TAVR and should be a fully integrated
component of any TAVI/TAVR program. The use of CT in
TAVI/TAVR is multifaceted and should include the
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assessment of vascular access of the aortic valve, annulus,
and root and of the orientation of the annulus plane.
Importantly, the person responsible for the interpretation
of the CT examination should be integrated in the TAVI/
TAVR team to ensure appropriate incorporation into the
patient selection process and procedure planning.
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