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Objectives This study compared cross-sectional three-dimensional (3D) transesophageal echocardiography (TEE) to two-dimensional
(2D) TEE as methods for predicting aortic regurgitation after transcatheter aortic valve replacement (TAVR).

Background Data have shown that TAVR sizing using cross-sectional contrast computed tomography (CT) parameters is supe-
rior to 2D-TEE for the prediction of paravalvular aortic regurgitation (AR). Three-dimensional TEE can offer cross-
sectional assessment of the aortic annulus but its role for TAVR sizing has been poorly elucidated.

Methods All patients had severe symptomatic aortic stenosis and were treated with balloon-expandable TAVR in a single
center. Patients studied had both 2D-TEE and 3D imaging (contrast CT and/or 3D-TEE) of the aortic annulus at
baseline. Receiver-operating characteristic curves were generated for each measurement parameter using post-
TAVR paravalvular AR moderate or greater as the state variable.

Results For the 256 patients studied, paravalvular AR moderate or greater occurred in 26 of 256 (10.2%) of patients.
Prospectively recorded 2D-TEE measurements had a low discriminatory value (area under the curve � 0.52,
95% confidence interval: 0.40 to 0.63, p � 0.75). Average cross-sectional diameter by CT offered a high degree
of discrimination (area under the curve � 0.82, 95% confidence interval: 0.73 to 0.90, p � 0.0001) and mean
cross-sectional diameter by 3D-TEE was of intermediate value (area under the curve � 0.68, 95% confidence
interval: 0.54 to 0.81, p � 0.036).

Conclusions Cross-sectional 3D echocardiographic sizing of the aortic annulus dimension offers discrimination of post-TAVR
paravalvular AR that is significantly superior to that of 2D-TEE. Cross-sectional data should be sought from 3D-
TEE if good CT data are unavailable for TAVR sizing. (J Am Coll Cardiol 2013;61:908–16) © 2013 by the
American College of Cardiology Foundation

Published by Elsevier Inc. http://dx.doi.org/10.1016/j.jacc.2012.11.055
Significant paravalvular aortic regurgitation (PVAR) occurs
after transcatheter aortic valve replacement (TAVR) in
�10% of patients (1). This group (2), and others (3), have
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demonstrated that cross-sectional contrast computed to-
mography (CT) derived measurements of the aortic annulus
offer greater discriminatory value for post-TAVR PVAR
than conventional two-dimensional (2D) measurements
using transesophageal echocardiography (TEE). However,
because of renal dysfunction in a population with a signif-
icant burden of comorbidities, contrast CT is often not an
option.

Three-dimensional TEE (3D-TEE) can also provide
immediate cross-sectional information on the aortic annu-
lus, but its clinical value for TAVR sizing remains unclear.
This study, therefore, has 2 goals: to determine the value

of the 3 measurement techniques for predicting PVAR



e

M

P
h
b
w
P
(
a
f
t
W
q
B

d
d
f
C
P
T
g
v
p
e
p
a
S
S
I
N

v
S
a
(

i
a
v
t
v
3
a
m
u
t
d
d
c
o
p
A
c
w
a
m

R

S
i
c
i
d
i
h
t
3
C
o
3
(
b
(
c
c
s
(
m
D

909JACC Vol. 61, No. 9, 2013 Jilaihawi et al.
March 5, 2013:908–16 Aortic Annular Sizing for TAVR by 3D-TEE
after TAVR, and to define clinically relevant sizing param-
ters that can be applied to practice.

ethods

atient population, assessment, and procedure. All patients
ad severe symptomatic aortic stenosis and were treated with
alloon-expandable TAVR (Edwards Sapien/Sapien XT, Ed-
ards Lifesciences, Irvine, California) in a single center.
atients studied had both 2D-TEE and 3D imaging

electrocardiography-gated CT or 3D-TEE) of the aortic
nnulus available at baseline (Fig. 1). The TEE was per-
ormed using the iE33 xMATRIX echocardiography sys-
em (Philips Ultrasound, Philips Medical Systems, Bothell,

ashington), which has 3D-TEE capabilities, and built-in
uantitative analysis software (QLab, Philips Ultrasound,
othell, Washington) An electrocardiography-gated cardiac

contrast CT study was only performed if the renal function
was considered satisfactory by the treating physician. Avail-
able 3D data (CT or 3D-TEE QLab) were analyzed by
different investigators, blinded during data collection to the
measurements of each other, to prosthesis size, and to the
outcomes of the TAVR procedure. The X-plane (simulta-
neous biplane 2D-TEE) cross-sectional measurements were
prospectively made, with avoidance of non-coaxial cuts
(Fig. 2). QLab allows greater control of the coaxiality,
employing 2 planes (coronal and saggital) to generate an
orthogonal axial cross-section retrospectively as an offline
multiplanar analysis of a 3D volume (Fig. 1); this can also be
obtained online, prospectively, using the same software. The
methodology for multislice CT image acquisition and anal-
ysis has been previously described (2); details are available in
the online Appendix. Presence of left ventricular outflow
tract calcium was determined qualitatively by contrast or
noncontrast CT in all patients.
Annular sizing for TAVR. Sizing for TAVR was made at
the operator’s discretion, using data from all available imaging
modalities, with a prospective knowledge of cross-sectional CT
dimensions after May 2011. Traditional cutoffs for annular size
by 2D-TEE measurement (D2D-TEE) have been previously
escribed (2). As parameters for 3D-TEE sizing were unclear
uring the study, 3D-TEE did not influence the final decision
or device size. All aortic annular measurements (2D-TEE,
T, 3D-TEE) were made in midsystole.
ost-TAVR paravalvular aortic regurgitation. Post-
AVR PVAR was assessed in line with contemporary
uidelines (4), with periprocedural TEE examinations re-
iewed retrospectively. This was performed by 1 of 2
hysician readers experienced in the assessment of TAVR
chocardiograms, blinded to the periprocedural TEE re-
ort, CT and 3D-TEE measurements, and clinical and
ngiographic data.
tatistical analysis. Statistical analyses were made using
PSS software (PASW, version 18.0, SPSS, Chicago,
llinois) and SAS software (version 9.2, SAS Institute, Cary,

orth Carolina). Normality of distributions for continuous
ariables was tested using the
hapiro-Wilks test, and data an-
lyzed appropriately thereafter
Online Appendix).

Receiver-operating character-
stic (ROC) curves were gener-
ted using post-TAVR paraval-
ular AR moderate or greater as
he principal endpoint (state
ariable) and 2D-TEE, CT, and
D-TEE as the dependent vari-
bles (Online Appendix). The
ethod of deLong et al. (5) was

sed for direct comparisons of
he discriminatory value of 1 mo-
ality to another. The ROC-
erived upper cutoffs for sizing
orresponded to the highest sum
f sensitivity and specificity for
rediction of PVAR (see Online
ppendix). Undersizing by 3D

ross-sectional measurements
as also assessed in a multivari-

ble binary logistic regression model for PVAR greater than
ild (see Online Appendix).

esults

tudy population. Baseline 2D-TEE and cross-sectional
maging of the aortic annulus (electrocardiography-gated
ontrast CT or 3D-TEE) was available in 256 patients,
ncluded in this analysis (Online Fig. 1). Regarding proce-
ural complications, 6 (2.3%) had �1 prosthesis implanted
n the aortic position (emergent valve-in-valve), 5 (2.0%)
ad valve embolization, and 3 (1.2%) had device malposi-
ioning resulting in significant paravalvular regurgitation (all

high malpositioning).
orrelation of 3D-TEE and CT. Reliability assessment
f aortic annular measurements by cross-sectional CT and
D-TEE measurements showed excellent reproducibility
Online Appendix). There was a moderate correlation
etween dimension obtained by 3D-TEE (QLab) and CT
Table 1), but QLab measurements were smaller than the
orresponding cross-sectional CT measurements. The ec-
entricity index (orthogonal maximal over minimal dimen-
ion) was greater by CT (1.22 � 0.11) than by 3D-TEE
1.16 � 0.12; p � 0.001). The relative differences between
odalities were greater for area than for perimeter and
mean (Table 1).

ROC curve analyses for predicting paravalvular regurgitation
and determining evidence-based sizing parameters. For the
patients studied, PVAR moderate or greater occurred in 26 of
256 (10.2%). In ROC curve analyses (Table 2, Figs. 3 and 4),
CT-derived parameters had the greatest discriminatory
value for PVAR. A statistical comparison of areas under the

Abbreviations
and Acronyms

AR � aortic regurgitation

CI � confidence interval

CT � computed
tomography

LVEF � left ventricular
ejection fraction

OR � odds ratio

PAVR � paravalvular aortic
regurgitation

ROC � receiver-operating
characteristic

TAVR � transcatheter
aortic valve replacement

TEE � transesophageal
echocardiography

TTE � transthoracic
echocardiography

2D � two-dimensional

3D � three-dimensional
curve of various measurement pa
rameters to �D2D-TEE
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showed significantly greater areas for both �Dmean(QLab)
(p � 0.031) and �Dmean(CT) (p � 0.0001) (Fig. 4).

There were 3 cases with malpositioning (high implanta-
tion, with the lowest part of the stent frame above the aortic
annulus) and significant PVAR. After exclusion of these
cases from the analysis, Dmean by cross-sectional CT and
D-TEE remained significant predictors of PVAR moder-

Figure 1 Methodology of Cross-Sectional Imaging

Measurements by (A) computed tomography (CT): red arrows demonstrate the cre
leaflet cusp (i–iii), (B) X-plane: orange dotted line indicates plane of cross-section
(Philips Ultrasound, Bothell, Washington): green arrows indicate co-axial alignmen
of measurements by conventional hingepoint-hingepoint 2-dimensional transesophageal e
Sapien/Sapien XT prosthesis (Edwards Lifesciences, Irvine, California). LCC � left corona
te or greater (area under the curve 0.81, 95% CI: 0.71 to f
.90, p � 0.001 for �Dmean by CT; area under the curve

.68, 95% CI: 0.52 to 0.84, p � 0.048 for �Dmean by
D-TEE).
For each sizing parameter, a cutoff was set that corre-

ponded to the highest sum of sensitivity and specificity for
he prediction of PVAR moderate or greater (Table 2),
enerating evidence-based sizing parameters that differed

of a cross-section (iv) derived from a basal plane that touches the base of each
a long axis view (i) with orange arrow pointing to derived cut (ii), and (C) QLab
ross-section (ii) using coronal (i) and long (iii) axes, are shown. (D) Heterogeneity
iography (2D-TEE) was observed. Parameters indicate appropriate sizing for a 26-mm

; NCC � noncoronary cusp; RCC � right coronary cusp.
ation
from

t of a c
chocard
ry cusp
or each imaging modality (Table 3). Using the cutoffs for
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Dmean, sensitivity appeared similar for cutoffs defined by
�D2DTEE, �Dmean(QLab), and �Dmean(CT) (88.5%, 84.6%,
nd 84.2%, respectively). However, specificity was better for
oth cross-sectional measures than for 2D-TEE (for CT
ata, specificity for cutoffs from �Dmean(CT) vs. �D2D-TEE �
0.6% vs. 21.8%, p � 0.0001; for 3D-TEE, specificity for
utoffs from �Dmean(QLab) vs. �D2D-TEE � 55.0% vs.

17.6%, p � 0.0001). Only 104 patients had both CT and
3D-TEE data, and only 6 of these had PVAR moderate or
greater, limiting the statistical validity of direct comparisons
of CT and 3D-TEE data; however, specificity for cutoffs
from �Dmean(CT) versus �Dmean(QLab) � 69.4% versus
55.1% (p � 0.020).
Reassignment of sizing based on evidence-based param-
eters. Of patients with available cross-sectional CT data, 91
of 216 (42.1%) were undersized by Dmean(CT) parameters,
leading to a large proportion with size reassignment if these
parameters had been strictly adhered to (Online Fig. 2). Of
those with available cross-sectional 3D-TEE data, 73 of
144 (50.7%) were undersized by Dmean(QLab) parameters.

Figure 2 Potential Non-Coaxial Cross-Section by X-Plane

Non-coaxiality of the cross-section of the long-axis plane (left) can generate a ske
leading to inaccurate measurements.

Correlations and Differences Between Similar Measurements MadeTable 1 Correlations and Differences Between Similar Measure

Variable r p Value (for Correlation)
Pair

CT–3

Dmax, mm 0.62 �0.001 2.3

Dmin, mm 0.60 �0.001 0.8

Dmean, mm 0.69 �0.001 1.5

Area, cm2 0.69 �0.001 0.4

Perimeter, mm† 0.72 �0.001 4.9

*Cross-sectional computed tomography (CT) 3mensio (3mensio Medical Imaging, Bilthoven, the N
(3D-TEE) QLab (Philips Ultrasound, Bothell, Washington) images to Osirix (Pixmeo Sarl, Geneva,
imension] � 1] � 100). The percentage difference (over-estimation) for area by CT relative to 3
p � 0.001), but the percentage difference by perimeter and Dmean dimension did not differ signific
than for the minor dimension (p � 0.001).
CI � confidence interval.
Although choice of bioprosthesis was generally under-
sized by 2D-TEE relative to the cross sectional measures,
there were many cases of the converse, with down-sizing of
prosthesis choice with adherence to cross-sectional mea-
sures (Fig. 5, Online Fig. 2). Indeed, undersizing by
2D-TEE appeared nondiscriminatory for PVAR moderate
or greater (Online Table 1). This was in comparison to a
7.3-fold excess of PVAR moderate or greater for undersiz-
ing by CT-derived Dmean and a 11.7-fold excess for under-
izing by 3D-TEE (QLab)-derived Dmean parameters (On-
ine Table 1).

ultivariable analysis for the prediction of significant
aravalvular PVAR. Details are available in the Online
ppendix. This analysis showed undersizing by cross-

ectional measures to be an independent predictor of
VAR (OR: 3.24, 95% CI: 1.56 to 6.71, p � 0.002),
long with presence of left ventricular outflow tract
alcium (OR: 2.38, 95% CI: 1.08 to 5.23, p � 0.031) and
ale sex (OR: 3.26, 95% CI: 1.49 to 7.12, p � 0.003).
here there was undersizing by CT cross-sectional

t that can generate a distorted short-axis/axial cut (right),

ross-Sectional CT* and 3D-TEE (n � 104)s Made by Cross-Sectional CT* and 3D-TEE (n � 104)

erence:
(95% CI) p Value (for Difference) Percentage Difference (SD)

–2.84) �0.001 10.35 (11.52)

–1.26) �0.001 4.63 (10.09)

–2.00) �0.001 7.48 (8.80)

–0.58) �0.001 12.89 (16.87)

–6.03) �0.001 7.30 (7.98)

nds) images. †Perimeters derived by exporting 3-dimensional transesophageal echocardiography
land [perimeter data not available within QLab]). Percentage difference � ([CT dimension/3D-TEE
was significantly greater than the difference for perimeter (p � 0.001) and for Dmean dimension
� 0.656). The percentage difference by CT relative to 3D-TEE was greater for the major dimension
wed cu
by Cment

ed Diff
D-TEE

5 (1.86

5 (0.45

9 (1.22

5 (0.32

4 (3.85

etherla
Switzer
D-TEE
antly (p
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measures, �Dmean(CT) was considerably larger in males
(median 1.20 mm, interquartile range: 0.75 to 2.00 mm)
than in females (median 0.6 mm, interquartile range: 0.2
to 1.6 mm), indicating a greater degree of undersizing in
males (p � 0.008).

Discussion

Most importantly, the present study demonstrates that
cross-sectional measurements from 3D-TEE provide more
accurate information than 2D-TEE for the performance of
TAVR, with superior discrimination of post-TAVR
PVAR. This information is highly relevant to case selection
for TAVR and to the success of the procedure itself.
Prostheses appropriately sized by ROC-curve–directed
cross-sectional 3D-TEE (Dmean) parameters had an inci-

ence of significant PVAR of only 1.4% relative to 10.3% in
hose appropriately sized by 2D-TEE (Online Table 2).
ross-sectional 3D-TEE using QLab can be performed

apidly in the catheterization laboratory before choice of
alve prosthesis and carries a similarly high sensitivity for
he prediction of PVAR to the present gold standard of
ross-sectional CT, with a reasonable specificity intermedi-
te between CT and 2D-TEE.

A recent study by Gripari et al. (6) studied cross-
ectional 3D-TEE in 135 patients undergoing balloon-
xpandable TAVR. The investigators made the impor-
ant observation that the 3D-TEE “area cover index”
efore TAVR (1 � [annulus area / prosthesis nominal
rea]) was an independent predictor of PVAR. The

ROC Curve Analysis for Multiple Baseline Systolic 3D and 2D CT aTable 2 ROC Curve Analysis for Multiple Baseline Systolic 3D

Variable n
AUC for � or Ratio

(95% CI)

2D echocardiography

�D2D-TEE 256 0.52 (0.40–0.63)

�D2D-TTE 211 0.44 (0.32–0.56)

3D-TEE (X-plane)

�Dmax (X-plane) 84 0.66 (0.45–0.75)

�Dmin (X-plane) 84 0.61 (0.33–0.86)

�Dmean (X-plane) 84 0.66 (0.42–0.90)

3D-TEE (QLab)

�Dmax (QLab) 144 0.71 (0.59–0.83)

�Dmin (QLab) 144 0.58 (0.42–0.74)

�Dmean (QLab) 144 0.68 (0.58–0.81)

Area annulus/area THV(QLab) 144 0.64 (0.51–0.77)

Perimeter annulus/perimeter THV(QLab)* 144 0.64 (0.51–0.76)

Cross-sectional CT

�Dmax (CT) 216 0.82 (0.74–0.90)

�Dmin (CT) 216 0.71 (0.58–0.83)

�Dmean (CT) 216 0.82 (0.73–0.90)

Area annulus/area THV(CT) 216 0.79 (0.69–0.90)

Perimeter annulus/perimeter THV(CT) 216 0.82 (0.73–0.91)

Post-transcatheter aortic valve replacement paravalvular regurgitation moderate or greater is the o
based on each parameter are shown.*Perimeters derived by exporting QLab (Philips Ultrasound, Bo
QLab]).

AUC � area under the curve; TEE � transesophageal echocardiography; THV � transcatheter he
uestions arising from this paper were how cross- m
ectional 3D-TEE data compare to CT data and how this
nformation can be practically applied to sizing, the foci
f the present study.
We demonstrated cross-sectional 3D-TEE measure-
ents to be smaller than those obtained by cross-sectional
T. This observation is important, as the application of 3D

ross-sectional TEE measurements to sizing cutoffs origi-
ally defined by cross-sectional CT parameters could lead to
ross prosthesis undersizing and the potential for even more
VAR.
Our data are consistent with those of Tsang et al. (7),

ho compared cross-sectional measurements by 3D-TEE,
T, and cardiac MRI in an ex-vivo cadaveric phantom

maging model. They found that, although well correlated,
ross-sectional Dmean measurements by CT were on average
.3 mm larger and 3D-TEE measurements were 1.3 mm
maller than cardiac MRI measurements, which were closer
o the true dimensions. Similarly, Ng et al. (8) demonstrated
9.6% underestimation of annular cross-sectional areas by

D-TEE compared to CT, which is in line with the 12.89%
nderestimation we observed (Table 1).
he present limitations of cross-sectional 3D echocardio-

raphy. In contrast to QLab 3D-TEE, software for CT
nalysis is highly evolved for the purposes of TAVR.

oreover, QLab software does not provide perimetric data
n traced annular cross-sections, meaning that this infor-
ation is presently unavailable prospectively. These issues
ay be rectified in future by the focused application of this

echnology to the purpose of aortic valvar complex assess-

hocardiographic Measures of Aortic AnnulusD CT and Echocardiographic Measures of Aortic Annulus

alue Upper Cutoff for � or Ratio Sensitivity (%) Specificity (%)

.75 �3.3 88.5% 20.9%

.33 �4.1 56.5% 34.6%

.17 1.7 57.1% 80.5%

.34 �2.65 71.4% 71.4%

.16 �0.35 57.1% 83.1%

.013 �0.35 84.6% 51.9%

.34 �3.65 61.5% 55.7%

.036 �1.88 84.6% 55.0%

.10 0.86 69.2% 53.4%

.10 0.94 69.2% 55.7%

.001 3.75 73.7% 80.0%

.003 �1.25 52.6% 83.8%

.001 0.35 84.2% 70.6%

.001 1.02 84.2% 73.1%

.001 1.04 84.2% 75.1%

measure. The receiver-operating characteristic (ROC) curve derived upper cutoffs for device sizing
ashington) images to Osirix (Pixmeo Sarl, Geneva, Switzerland [perimeter data not available within

e; TTE � transthoracic echocardiography; 2D � 2-dimensional; other abbreviations as in Table 1.
nd Ecand 2

p V

0
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Figure 3 Prediction of Significant PVAR

Receiver-operating characteristic (ROC) curve analysis for prediction of paravalvular aortic regurgitation (PVAR) moderate or greater by measures derived from the multiple
imaging parameters are shown with the imaging modality used as the predictive variable indicated for each panel. (Refer to text for further details.) AUC � area under
the curve; CI � confidence interval; CT � computed tomography; TAVR � transcatheter aortic valve replacement; TEE � transesophageal echocardiography; 2D � 2-di-
mensional; 3D � 3-dimensional.
Figure 4 Comparison of Predictive Value for PVAR of Cross-Sectional CT and 3D-TEE Compared to 2D-TEE

Receiver-operating characteristic (ROC) curves with state variable paravalvular aortic regurgitation (PVAR) moderate or greater and independent variable of �Dmean(CT)

(left) and �Dmean(QLab) (right), respectively, compared to �D2DTEE are shown. Both have significantly greater areas under the curves (AUC), and hence, significantly
greater predictive value for PVAR than 2-dimensional transesophageal echocardiography (2D-TEE) measures of the aortic annulus. CI � confidence interval; CT � com-
puted tomography; TAVR � transcatheter aortic valve replacement; 3D-TEE � 3-dimensional transesophageal echocardiography.
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Study limitations. Advances in CT imaging (such as
ual energy, high pitch, and helical methods) are now
vailable; these techniques were not utilized in this study
ut may greatly reduce the volume of contrast required
or cross-sectional imaging of the aortic annulus using

Evidence-Based Device Sizing Derived From ROCTable 3 Evidence-Based Device Sizing Deriv

Evidence Basis

Prosthesis

Diameter, mm 20

Area, cm2 3.14

Perimeter, mm 62.8

3D-TEE (QLab)

Dmean, mm 15.1–18.1

Area, cm2 1.96–2.71

Perimeter, mm 50.4–59.3

Cross-sectional CT

Dmean , mm 17.3–20.3

Area, cm2 2.31–3.20

Perimeter, mm 55.6–65.4

2D-TEE

Manufacturer-directed sizing, mm 16–19

PVAR � paravalvular aortic regurgitation; other abbreviations as in Ta

Figure 5 Prospective Application of Cross-Sectional Measures

(Top left) Hingepoint-hingepoint 2-dimensional transesophageal echocardiography
dimension could have been further over-estimated had the plane been well center
implanted in accordance with the (top right) cross-sectional computed tomograph
(PVAR) grade zero.
CT. Nevertheless, 3D-TEE is an alternative imaging
method for cross-sectional imaging of the aortic annulus
that avoids the need for contrast and is thus desirable,
particularly if there is significant renal dysfunction
(Fig. 6).

ve Prediction of PVARom ROC Curve Prediction of PVAR

Device Sizing

23 26 29

4.15 5.31 6.61

72.3 81.7 91.1

18.1–21.1 21.1–24.1 24.1–27.1

2.71–3.59 3.59–4.58 4.58–5.70

59.3–68.2 68.2–77.1 77.1–86.0

20.3–23.3 23.3–26.3 26.3–29.3

3.20–4.23 4.23–5.40 5.40–6.72

65.4–75.2 75.2–85.0 85.0–94.8

18–22 21–25 24–27

and 2.

wn-Size Choice of Prosthesis

E) resulted in an over-estimated choice of prosthesis. (Bottom left) Annular
ab (Philips Ultrasound, Bothell, Washington) 2D image). A 23-mm prosthesis was
and (bottom right) cross-sectional 3D-TEE, with paravalvular aortic regurgitation
Cured Fr
to Do

(2D-TE
ed (QL
y (CT)
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Conclusions

Avoidance of paravalvular regurgitation is fundamental to
the success of TAVR. Adherence to sizing parameters
defined by cross-sectional 3D-TEE is associated with a
lower incidence of PVAR than conventional 2D-TEE
cutoffs, and should be used for balloon-expandable TAVR
sizing if good cross-sectional CT data are unavailable.
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