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Purpose: To test the ability of a model-based segmentation of the aortic root for con-
sistent assessment of aortic valve structures in patients considered for transcatheter
aortic valve implantation (TAVI) who underwent 256-slice cardiac computed tomogra-
phy (CT). Methods: Consecutive patients (n 5 49) with symptomatic severe aortic ste-
nosis considered for TAVI and patients without aortic stenosis (n 5 17) underwent
cardiac CT. Images were evaluated by two independent observers who measured the
diameter of the aortic annulus and its distance to both coronary ostia (1) manually
and (2) software-assisted. All acquired measures were compared with each other and
to (3) fully automatic quantification. Results: High correlations were observed for 3D
measures of the aortic annulus conducted on multiple oblique planes (r 5 0.87 and
0.84 between observers and model-based measures, and r 5 0.81 between observ-
ers). Reproducibility was further improved by software-assisted versus manual
assessment for all the acquired variables (r 5 0.98 versus 0.81 for annulus diameter,
r 5 0.94 versus 0.85 for distance to the left coronary ostium, P < 0.01 for both). Thus,
using software-assisted measurements very low limits of agreement were observed
for the annulus diameter (95%CI of 21.2 to 0.6 mm) and within very low time-spent
(0.6 6 0.1 min for software-assisted versus 1.6 6 0.3 min per patient for manual
assessment, P < 0.001). Assessment of the aortic annulus using the 3D model-based
instead of manual 2D-coronal measurements would have modified the implantation
strategy in 12 of 49 patients (25%) with aortic stenosis. Four of 12 patients with
potentially modified implantation strategy yielded postprocedural moderate paravalv-
ular regurgitation, which may have been avoided by implantation of a larger prosthe-
sis, as suggested by automatic 3D measures. Conclusion: Our study highlights the
usefulness of software-assisted preprocedural assessment of the aortic annulus in
patients considered for TAVI. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Transcatheter aortic valve implantation (TAVI) is
increasingly used in patients with symptomatic severe
aortic stenosis who are considered at high risk for cardiac
surgery [1–3]. In contrast to surgery however, where siz-
ing is performed under direct visualization, preprocedural
imaging is essential before TAVI. Hereby, prosthesis siz-
ing and positioning are essential to avoid peri-procedural
complications as for e.g., occlusion of the coronary ostia
[4], paravalvular regurgitation or dislocation of the valve
into the aorta or the left ventricle [5,6]

The aortic annulus is anatomically defined as a vir-
tual ring with three anatomical anchors at the nadir of
each aortic leaflet. Contrast aortography and echocardi-
ography have been previously proposed for the assess-
ment of aortic valve structures [4,7]. However, the
complex 3D-geometry and the crown-like and addition-
ally elliptical shape of the aortic annulus may limit the
accuracy of 2D-measures, which may not transect the
full diameter but tangent cuts across the aortic root [8].
Technical developments with cardiac computed tomog-
raphy angiography (CTA) have recently enabled
ECG-gated imaging of the heart with high temporal
and isotropic submillimeter spatial resolution [9]. In
this regard, cardiac CTA has emerged as a valuable
noninvasive tool for the assessment of aortic valve
structures in patients considered for TAVI in recent
clinical trials [10–12]. However, objective approaches
for the quantitative estimation of aortic valve structures
are still lacking.

We recently introduced a model-based segmentation
software for the automatic extraction of aortic valve anat-
omy from CTA images [13]. The aim of our study was to
test the ability of this method for consistent and reproduc-
ible measurements of aortic valve structures in patients
considered for TAVI and in control subjects without aor-
tic stenosis who underwent 256-slice CTA (Brilliance
iCT, Philips Healthcare). Measures on CT images were
assessed by two experienced independent observers (1)
manually, (2) software-assisted by the same 2 observers,
and (3) fully automatically using the model-based
approach. The degree of agreement between visual, soft-
ware-assisted and automatic measures was evaluated.

METHODS

Patient Population

From October 2009 to April 2010 consecutive patients
(n ¼ 49) with symptomatic severe aortic stenosis diag-
nosed by echocardiography and cardiac catheterization

and considered for TAVI underwent cardiac CT. In addi-
tion, 17 randomly selected patients without aortic valve
stenosis who underwent clinically indicated CT for sus-
pected or known coronary artery disease within the same
time period served as a ‘‘control’’ group. Patients with
nonsinus rhythm, unstable angina, elevated serum creati-
nine (>2.0 mg/dl), or other contraindications to the
administration of contrast agent were excluded. All pro-
cedures complied with the Declaration of Helsinki, were
approved by our local ethic committee and all patients
gave written informed consent.

256-Slice CT Scanning Technique

All scans were performed using a 256-slice Bril-
liance iCT scanner (Philips Healthcare) that features a
gantry rotation time of 270 ms, resulting in a temporal
resolution of 36–135 ms, depending on the heart rate
of the patient and the performance of multisegment
reconstruction algorithms, and an isotropic submillime-
ter spatial resolution.

For cardiac CT angiography a bolus of 80 ml of
contrast agent (Ultravist 370, Bayer Schering Pharma)
was injected intravenously using an antecubital i.v.-line
(18GA, BD Venflon TM Pro Safetly). The contrast
agent was injected at a flow of 5 ml/sec followed by a
saline flush (50 ml at a flow of 5 ml/sec). The scan
started automatically using a bolus tracking with a
region of interest placed in the descending aorta and a
threshold of 110 Hounsfield Units (HU). The entire
volume of the heart was acquired during one breath-
hold in 4–7 sec with simultaneous ECG recording. The
detector collimation was 2 � 128 � 0.625 mm3, with
256 overlapping slices of 0.625 mm thickness and
dynamic z-focal spot.

The CT study protocol included the intravenous
administration of incremental doses of 2.5 mg of meto-
prolol (range, 2.5–25.0 mg), (Lopresor

VR

, Novartis,
Pharma GmbH) and sublingual glyceryl nitrate in con-
trol subjects. No premedication was given in patients
with severe aortic stenosis. The tube voltage was 120
kV and the gantry rotation time was 0.27 sec. In all
patients retrospective CT was performed using dose
modulation (with a pulsing window at 75% and a tube
current of 800–1,050 mAs (depending on patient habi-
tus). For control subjects who underwent prospective
CT and a current of 200 mAs was applied. For assess-
ment of aortic valvular structures diastolic images
(75% of the cardiac cycle) were used both in patients
with aortic stenosis and in control subjects.
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CT Image Analysis

CT data sets were anonymized and were analyzed in
a random order using commercially available software
(Philips Extended Brilliance Workspace 4.0).

Diameter Assessment of the Aortic Root and Its
Distance to the Coronary Ostia

Standard coronal and sagittal views were used for
the initial orientation of the aortic valve. Multiple
oblique cuts through the aortic root were then obtained
by aligning three perpendicular analysis windows
(axial, oblique sagittal and oblique coronal), so that the
most caudal attachments of all three aortic valve leaf-
lets could be simultaneously depicted in one multiple
oblique image (as shown in the Supporting Information
Fig. 1). Subsequently, the following diameters and dis-
tances were assessed by two independent observers
with at least 10 years experience in cardiovascular
imaging (R.B. and G.K.):

1 The diameter of the aortic annulus using two-dimen-
sional coronal images (Dannulus coronal).

2 The shortest diameter of the aortic annulus on
multiple oblique planes defined by the base
(i.e., most caudal attachments) of the native leaflets
(Dannulus short).

3 The longest diameter of the aortic annulus on the
same multiple oblique plane (Dannulus long).

4 The distance between the annulus and the left coro-
nary ostium (Dleft ostium).

5 The distance between the annulus and the right cor-
onary ostium (Dright ostium).

Hereby it should be noted that the oblique sagittal
plane approximates the parasternal long-axis view on
echocardiography, which usually provides the smallest
annulus, while the oblique coronal plane approximates
the postero-anterior view on contrast aortography
(interventionalist’s view), providing the largest annulus
diameter [11,14] (Supporting Information Fig. 1).

Model-Based Measurements

The software used in our study is based on the Phi-
lips general segmentation framework [15]. Further
modifications were performed with this software for
measuring distances and diameters of aortic valve
structures (I.W and J.W) [13]. Details on the mathe-
matic algorithms used for the model-based segmenta-
tion are provided elsewhere [13,15]. Briefly, a generic
model of the aortic valve structures, in which anatomi-
cal landmarks are encoded, is matched to the CT
images. Anatomical landmarks are placed on the basal
ring of the aortic annulus, taking into account its com-
plex anatomical crown line and elliptical shape.
Hereby, the annulus plane is calculated out of a 3D-
volume data set, by joining the most caudal basal
attachments of the aortic valve leaflets.

Fig. 1. Moderate agreement was noticed between observers and model-based measures for
Dannulus coronal (a–c), while a trend for underestimation of �1–2 mm was detected for manual
versus fully automatic assessment of Dannulus coronal (d–f). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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1 Automatic Measures. To assess the short and long
annulus diameter (Dannulus short and Dannulus long) the
mesh is cut by the respective plane, and an ellipse
is fitted to the vertices of the resultant contours
using direct least square fitting. The annulus diame-
ter in the coronal images (Dannulus coronal) is deter-
mined by intersecting the ellipse with a coronal
plane and by selecting the coronal image with the
largest diameter. To localize the coronary ostia, a
search region is encoded in the model and the
ostium is identified using a pattern matching tech-
nique. For calculation of Dleft ostium and Dright ostium,
their distance to the lowest point of the annulus
plane is computed.

2 Interactive measures: For software-assisted measure-
ments, observers are able to adjust the annulus plane
by manually shifting the plane towards the aortic
bulbus or the outflow tract. Furthermore, the posi-
tion of both coronary ostia can be manually defined
by clicking at the desired location.

Cardiac Catheterization

All patients underwent invasive cardiac evaluation,
including coronary angiography and hemodynamic
assessment of the severity of the aortic stenosis using
simultaneous left and right heart catheterization. Simul-
taneous peak-to-peak and mean transvalvular gradients
were routinely determined after transseptal puncture or
retrograde crossing of the aortic valve. The aortic valve
area (AVA) was calculated using the Gorlin formula
[16]. In addition, selective angiography of the left and
right coronary artery was performed according to the
angiographic guidelines.

Peri-Procedural Complications and
Follow-Up Data

In patients who underwent TAVI echocardiographic
examinations were routinely performed in order to
assess the presence of postprocedural paravalvular aor-
tic regurgitation (semiquantitative grading of I–III� for
mild, moderate, or severe regurgitation). Furthermore,
peri-procedural complications and clinical events at
one month of follow-up (death, nonfatal myocardial in-
farction and all cause-mortality) were documented.

Statistical Analysis

Statistical analysis was performed using commercially
available software MedCalc9.3 (MedCalc software,
Mariakerke, Belgium). Continuous variables were
expressed as mean � standard deviation and categorical
variables as proportions. To compare diameter and dis-
tance measures performed automatically, manually, or

software-assisted, repeated-measures ANOVA with Bon-
ferroni correction for multiple comparisons were used.
All tests were two-tailed. Linear regression was used to
compare diameter and distance measures performed fully
automatically, manually, or software-assisted (by observer
1 and 2). Bland-Altman statistics [17] were performed to
determine whether there was any systematic bias in either
measurement approach. Furthermore, comparison of cor-
relation coefficients was assessed using z-statistics. Differ-
ences were considered significant at P < 0.05.

RESULTS

Demographic Parameters

In all patients, CTA was performed without adverse
events. Clinical, hemodynamic and demographic data
in patients with severe aortic stenosis and in control
subjects are summarized in Table I.

TABLE I. Demographic, Clinical, Hemodynamic, and Labora-
tory Parameters

Parameters Controls

Severe

aortic

stenosis

Demographics

No of subjects n ¼ 17 n ¼ 49

Age (years) 65 � 12 78 � 17*

Male sex 8 (47%) 29 (59%)

Atherogenic risk factors

Arterial hypertension 11 (65%) 43 (88%)

Hypercholesterolemia 10 (59%) 26 (53%)

Diabetes mellitus 2 (12%) 19 (39%)*

Smoker 4 (24%) 10 (20%)

Family history for CAD 6 (35%) 11 (22%)

Computed tomography

angiography data

Heart rate during CTA 61 � 7 72 � 6*

Coronary artery disease

(>50% stenosis)

6 (35%) 43 (88%)*

Single-vessel coronary

artery disease

3 (18%) 24 (50%)*

Multi-vessel coronary

artery disease

3 (18%) 19 (39%)

Aortic stenosis assessment

by cardiac catheterization

Peak-to-peak gradient

(mmHg)

n.a. 62 � 27

Mean gradient (mmHg) n.a. 41 � 17

Aortic valve area (cm2) n.a. 0.7 � 0.2

Laboratory findings

Serum creatinine (mg/dl) 0.8 � 1.0 1.2 � 0.6*

NT-proBNP serum levels

(pg/ml)

n.a. 3173 � 2994

Data presented as number of patients or as mean � standard deviation;

n.a, not applicable; NT-proBNP, N-terminal brain natriuretic peptide.

*P < 0.05 between patients with severe aortic stenosis and subjects

without aortic stenosis which served as controls.
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2D-Coronal Diameters by Cardiac CT

A moderate agreement (r ¼ 0.62 and 0.65 between
observers and model-based measures, and r ¼ 0.67
between observers) was noticed for Dannulus coronal (Fig.
1a–c), while a trend for underestimation of �1–2 mm was
observed for manual versus fully automatic assessment of
Dannulus coronal on Bland-Altman plots (Fig. 1d–f).

3D-Multiple Oblique Diameters by Cardiac CT

With multiple oblique measures at the most caudal
attachments of all three aortic valve leaflets a higher
degree of agreement (r ¼ 0.87 and 0.84 between observ-
ers and model-based measures, and r ¼ 0.81 between
observers for Dannulus short; P < 0.05 for all compared to
2D-measures) could be achieved (Fig. 2a–c). Further-
more, software-assisted assessment Dannulus short exhib-
ited an excellent correlation between observers (r ¼
0.98, P < 0.001 versus manual assessment in Fig. 2d).
In contrast to coronal measures no trend for over-
or underestimation of Dannulus short was present between
observers and model-based measures (Fig. 3a–c). Using
software-assisted measurements for Dannulus short ex-
tremely low limits of agreement (95%CI of �1.2 to 0.6
mm) were observed (Fig. 3d). Similar results were

acquired for Dannulus long (Supporting Information Figs. 2
and 3).

Distances to the Coronary Ostia by Cardiac CT

For assessment of Dleft ostium correlation coefficients
of r ¼ 0.81 and 0.80 were acquired between observers
and fully automatic measures and of r ¼ 0.85 between
observers (Fig. 4a–c). Again software-assisted assess-
ment of Dleft ostium also significantly improved the
agreement between observers (r ¼ 0.94 in Fig. 4d);
while no trend for over- or underestimation was noted
(Fig. 5). Similar results were acquired for Dright ostium

(Supporting Information Figs. 4 and 5).
The mean values for all five acquired variables and

corresponding correlation coefficients between observers
to each other and with automatic measures are summar-
ized in Tables II and III. A representative example of a
patient with severe aortic stenosis and the corresponding
diameters and distances assessed by model-based seg-
mentation of the aortic root are presented in Figure 6.

Follow-up Data and Implantation Strategy
Based on CT Measures

Of 42 patients who underwent TAVI, 10 developed
high-grade AV block requiring a permanent

Fig. 2. Using multiple oblique planes good agreement was noticed between observers and
model-based measures for Dannulus short (a–c). Software-assisted estimation Dannulus short

exhibited an excellent correlation between observers (d). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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pacemaker, 7 showed moderate post-procedural para-
valvular regurgitation, and 4 had peripheral complica-
tions. Occlusions of coronary arteries and valve dislo-
cations were not observed. At 1 month of follow-up 5
(12%) patients died (4 due to sepsis and 1 due to ful-
minant pulmonary embolism).

Of 49 patients screened by cardiac CT and based on
the manual assessment of 2D-coronal annulus diame-
ter, 6 received the Edwards Sapien XT valve (26 mm),
15 the CoreValve system (26 mm), and 21 received
the CoreValve system (29mm), while the 7 remaining
were deemed as ineligible for TAVI due to annulus di-
ameter >27 mm (Fig. 7a).

If prothesis sizing had been assessed by the
automatically model-based mean of Dannulus short and
Dannulus long instead of 2D-coronal manual measures
however, the implantation strategy would have been
modified in 12 of 49 (25%) cases (blue dots, see
Fig. 7b for details). Hereby, postprocedural moderate
paravalvular regurgitation was observed in 33% (4 of
12) patients with potentially modified versus 8% (3 of
37) patients with nonmodified implantation strategy
(Fig. 7c). In 4 of 12 patients with moderate paravalvu-
lar regurgitation and potentially modified implantation

strategy, automatic 3D measures suggested the implan-
tation of a larger prosthesis (n ¼ 3) or deemed patients
as noneligible for TAVI (n ¼ 1). Similar results were
obtained for software-assisted measures of Dannulus short

and Dannulus long (Fig. 7d).

Time-Spent

All variables could be assessed within a time-spent of
0.6 � 0.1 min versus 1.6 � 0.3 min per patient (P <
0.001) using software-assisted versus manual assessment.

DISCUSSION

The results of our study demonstrate for the first
time in the current literature the ability of a model-
based segmentation algorithm to consistently quantify
the diameter of the aortic annulus and its distance to
the coronary ostia on CT images. The agreement of
automatic measures derived from the proposed model
with manual assessment was high for measures con-
ducted on multiple oblique planes, while a lower corre-
lation accompanied by systematic overestimation of the
annulus diameter was observed using 2D-coronal

Fig. 3. No trend for over- or underestimation of Dannulus short was present between observers
and model-based measures (a–c). Using software-assisted measurements for Dannulus short

extremely low limits of agreement (95%CI of 21.2 to 0.6 mm) were observed (d). [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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datasets. Furthermore, interobserver agreement could
be significantly improved by software-assisted quantifi-
cation of the aortic annulus and its distance to coronary
ostia, compared with manual assessment. Using soft-
ware-assisted measurements, very narrow limits of
agreement (<1 mm) could be achieved for the diame-
ter of the aortic annulus. Considering the faster auto-
mated analysis, compared with manual measurements,
this tool seems very promising for translation into the
clinical reality.

Consistent assessment of the aortic annulus diameter
is crucial to circumvent peri- and post-procedural com-
plications in patients undergoing TAVI. TAVI repre-
sents nearly 13% of all aortic valve procedures, and it
is forecasted that by 2012 transcatheter valve therapies
will account for � 40% of the total heart valve proce-
dures performed in Europe [18]. Currently, two devices
are commercialised for TAVI: (1) the balloon expanda-
ble Edwards Sapien XT valve, which consists of three
bovine pericardial leaflets mounted within a tubular
cobalt chromium frame and which exists in 23 and 26
mm sizes and (2) the CoreValve system, which con-

sists of three porcine pericardial leaflets mounted in a
self-expanding nitinol frame and which exists in 26
and 29 mm sizes. Preprocedural sizing of the aortic
annulus is crucial for both devices, because implanting
a too large prosthesis may cause aortic root damage or
impair optimal valve expansion [19]. Implanting a too
small prosthesis on the other hand, may prevent solid
anchoring of the valve into the annulus. This may
result in paravalvular regurgitation or dislocation of the
valve, which is associated with significantly increased
rates for severe complications and death [5,6]. Particu-
larly with the Edwards valve, deployment of the cov-
ered lower part of the prosthesis at the level of coro-
nary ostia may cause coronary artery occlusion [20].
Therefore the assessment of the distance between the
aortic annulus and coronary ostia is also important.

Previous studies successfully used contrast aortogra-
phy or echocardiography for the preprocedural evalua-
tion of aortic valve structures including device sizing
and placement [21,22]. However, the two-dimensional
nature of these techniques may limit their ability to
consistently assess the complex 3D-geometry of the

Fig. 4. For assessment of Dleft ostium correlation coefficients of r 5 0.81 and 0.80 were
acquired between observers and model-based measures and of r 5 0.85 between observers
to each other (a–c). Software-assisted assessment of Dleft ostium significantly improved the
agreement between observers (r 5 0.94 in d). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Fig. 5. No trend for over- or underestimation of Dleft ostium was present between observers
and model-based measures (a–c). Using software-assisted measurements low limits of
agreement (95%CI of 21.6 to 1.4 mm) were observed (d). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

TABLE II. Mean Values for Annulus Diameters and Their Distance to the Coronary Ostia

Fully

automatic

Observer 1

(manually)

Observer 2

(manually)

Observer 1

(software-assisted)

Observer 2

(software-assisted)

Dannulus coronal 27.1 � 2.7* 25.4 � 3.2 25.7 � 3.0 n.a. n.a.

Dannulus short 22.4 � 2.5 22.3 � 2.5 22.5 � 2.6 22.4 � 2.5 22.7 � 2.5

Dannulus long 27.4 � 2.7 27.6 � 3.0 27.0 � 3.0 27.5 � 2.7 27.7 � 2.7

Dright ostium 15.4 � 2.2 15.4 � 2.5 14.9 � 2.4 14.9 � 2.6 15.5 � 2.3

Dleft ostium 13.1 � 2.3 13.1 � 2.4 12.8 � 2.3 13.1 � 2.2 13.3 � 2.3

Data are presented as numbers and standard deviation. N.A., not applicable.

*P < 0.01 for fully automatic versus manual assessment of Dannulus coronal.

TABLE III. Correlation Coefficients Between Observers 1 and 2 to Each Other by Manual or Soft-Assisted Assessment and to
Fully Automatic Measurements

Observer 1

versus

Automatic

Observer 2

versus

Automatic

Observer 1:

manually

software-assisted

Observer 2:

manually

software-assisted

Observer 1

versus Observer 2

(manually)

Observer 1

versus Observer 2

(software-assisted)

Dannulus coronal 0.65 0.62 n.a. n.a. 0.67 n.a.

Dannulus short 0.87** 0.84** 0.88 0.84 0.81** 0.98*

Dannulus long 0.84** 0.84** 0.83 0.82 0.73 0.99*

Dright ostium 0.78 0.67 0.76 0.70 0.78 0.92*

Dleft ostium 0.81 0.80 0.83 0.78 0.85 0.94*

Data are presented as numbers. N.A., not applicable.

*P < 0.01 for software-assisted versus manual measures of the aortic annulus and its distance to the coronary ostia;

**P<0.05 for measures of the aortic annulus on 2D-coronal (Dannulus coronal) versus multiple oblique views (Dannulus short and Dannulus long); all tested

by z-statistics.
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aortic annulus. In agreement with these theoretical con-
siderations, recent studies indicated that echocardiogra-
phy systematically underestimates the diameter of the
aortic annulus diameter (�2 mm) compared with car-
diac CT [11]. In this regard, 3D trans-esophageal echo-
cardiography (3D TEE) has been previously proposed
as a valuable modality for improving the correlation of
echocardiographic measurements of the aortic annulus
to those assessed by cardiac CT [23,24].

Although echocardiography is a very practical imag-
ing technique we chose to assess aortic valve structures
using computed tomography in our study. In this
regard we demonstrated a ‘‘proof of concept’’ that such
measurements can be assessed consistently and easily
by using a model based segmentation approach with
3D CT images. Hereby, using the 2D-coronal approach
based on CT image datasets resulted in underestimation
of the aortic annulus diameters (�1–2 mm) compared
with 3D model-based measures, which may be attrib-
uted to the fact that such measures do not transect the
full diameter of the aortic annulus but instead cut a
tangent across the root [8]. Furthermore prosthesis siz-

ing by model-based 3D- instead of 2D-measures would
have modified the implantation strategy in 25% of our
patients. This is in agreement with previous trials,
where a clinical decision based on cardiac CT meas-
urements would have modified the implantation strat-
egy in a substantial number of patients (�40%) under-
going TAVI based on echocardiographic criteria, high-
lighting the rather poor agreement between the two
modalities [25]. In the above study moderate postpro-
cedural aortic regurgitation was observed in 15% of
the patients. In the same line, we observed aortic re-
gurgitation in 17% of our patients. In this regard,
assessment of the congruence between the device con-
sidered for implantation and the aortic annulus together
with more precise 3D measures may further help
reducing the incidence of moderate or severe aortic re-
gurgitation in future trials [26].

In addition, in our study, for the first time in the cur-
rent literature a model-based segmentation of the aortic
root is presented, which allows (1) for fully automatic
assessment of aortic valve structures and (2) for soft-
ware-assisted measures by adjustment of the automatic

Fig. 6. Using model-based segmentation of the aortic root,
measures of Dannulus coronal (a) and of the distance between annu-
lus and coronary ostia (Dleft ostium and Dright ostium in d) were auto-
matically provided. By taking into account the complex 3D-geom-
etry and the crown-like shape of the aortic annulus (b), with mag-
nification of the ‘‘crown’’ on the right upper side, the diameters of

the aortic root were calculated as a function of distance from the
left ventricular outflow tract [red, green, and purple line, indicating
the short, mean, and long diameter of the aortic root, respectively
in (e)] at different levels as for e.g. in aortic bulbus (c) and at the
level of the aortic annulus (f). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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measurements by the clinical observers. The utilized
model-based approach yielded good agreement with
standardized 3D-measures, while the agreement with
2D-coronal measures was lower. This is in agreement
with methods previously proposed for standardized 3D-
measurements on CT images, which yielded a high
degree of interobserver agreement for the estimation of
the aortic annulus when multiple oblique cutplanes are
used [27]. Therefore, in the meanwhile such 3D multi-
ple oblique cutplanes are used for the assessment of
the aortic annulus. In addition, the software-assisted
model-based approach resulted in substantial improve-
ment of interobserver agreement versus manual assess-
ment, and by software-assisted measures overall corre-
lation coefficients of r > 0.9 were acquired. The
improvement of the interobserver agreement is crucial
to guarantee for reproducibility of the acquired varia-
bles (both annulus diameter and its distance to the cor-
onaries) and is expected to gain even more importance
when vendors deliver a wider range of more special-
ized devices of varying dimensions. Certainly, the clin-
ical value of the observed higher reproducibility

remains to be elucidated in future studies, as in our
study model-based measures were not used to structure
prosthesis sizing for patient treatment compared with
conventional measures. In contrast to previous studies
all patients included underwent ECG-gated cardiac CT
using a state-of -the-art 256-slice scanner which
encompasses high temporal resolution and an isotropic
submillimeter spatial resolution.

Limitations

The number of patients included in our study was
relatively small and long term follow-up data in patients
who underwent TAVI are not yet available at this time
point. Furthermore, no comparison to echocardiography
or TEE data was available and no standard reference
was defined for the ‘‘real’’ size of the aortic annulus,
which are both limitation. Such ‘‘real’’ size measures
can be for e.g. assessed during intraoperative measure-
ment of the aortic annulus with a neutral sizer after
excision of the native valve. However, as preprocedural
assessment of the aortic annulus is usually performed in

Fig. 7. Based on the manual assessment of 2D-coronal annu-
lus diameter, 6 received the Edwards Sapien XT valve (26 mm),
15 the CoreValve system (26 mm), and 21 received the Core-
Valve system (29 mm), while the 7 remaining were deemed as
ineligible for TAVI due to annulus diameter >27 mm (a). If pro-
thesis sizing had been assessed by the automatically model-
based mean of Dannulus short and Dannulus long however, implanta-
tion strategy would have been modified in 12 of 49 (25%) cases
(blue dots in b). Thus, of seven patients deemed inappropriate
for TAVI, five patients would have received Corevalve (29 mm);
two patients who received Corevalve (29 mm) and Edwards

Sapien (26 mm), respectively would have been deemed inap-
propriate for transfemoral and transapical TAVI, respectively;
four patients who received Corevalve (26 mm) would have
received Corevalve (29 mm) and one patient who received Cor-
evalve (29 mm) would have received Corevalve (26 mm). Post-
procedural moderate paravalvular regurgitation was observed
in 33% (4 of 12) patients with potentially modified versus 8% (3
of 37) patients with nonmodified implantation strategy (c). Simi-
lar results were obtained for software-assisted measures of
Dannulus short and Dannulus long (d). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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patients who are not ineligible for conventional surgery,
such reference measures are not expected to be avail-
able in such trials. In addition, iodine injection and ex-
posure are known limitations with cardiac CT. In our
study however, all CT scans were clinically indicated in
order to assess both the aortic annulus and peripheral
femoro-iliac artery dimensions to guide our clinical
decision between a transfemoral or transapical approach
and cardiac scan were performed using dose modulation
techniques [28]. In future trials, methods such as pro-
spective triggering combined with lower tube voltages
and iterative reconstructions [28,29] or high-pitch dual-
source CTA [30] of the aortic root would represent
ways to reduce radiation exposure for such patients.

CONCLUSIONS

This is to our knowledge the first study to demon-
strate that a model-based segmentation of the aortic
root can be used to objectively and consistently
quantify the diameter of the aortic annulus and its dis-
tance to the coronary ostia on ECG-gated cardiac CT
images. Interobserver variability could be significantly
improved by software-assisted versus manual quantifi-
cation of aortic valve structures, and software-assisted
measurements exhibited extremely narrow limits of
agreement and acceptable time-spent for implementa-
tion in the clinical work flow.
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