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Abstract Accurate assessment of the aortic valve area (AVA)
and evaluation of the aortic root are important for clinical
decision-making in patients being considered for transcatheter
aortic valve implantation (TAVI). Real-time three-dimension-
al transesophageal echocardiography (RT3D-TEE) provides
accurate and reliable quantitative assessment of aortic valve
stenosis and the aortic root. We performed two-dimensional
transthoracic echocardiography (2D-TTE), real-time 2D trans-
esophageal echocardiography (RT2D-TEE) and RT3D-TEE
in 71 consecutive patients referred for TAVI. RT3D-TEE
multiplanar reconstruction was used to measure aortic root
parameters, including left ventricular outflow tract (LVOT)
diameter and area, aortic annulus diameter, aortic annulus
area, and AVA. RT3D-TEE methods for planimetry and the
LVOT-derived continuity equation for the estimation of AVA
showed a good correlation. As iatrogenic coronary ostium
occlusion is a potentially life-threatening complication, we
evaluated the distances from the aortic annulus to the coronary
ostia using RT3D-TEE. Based on our findings, we conclude
that the geometry of the aortic root and aortic valve can be
reliably and feasibly evaluated using RT3D-TEE, which is
important for protecting against potential complications of
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Introduction

Aortic valve (AV) disease has emerged as a frequent clinical
problem in the rapidly growing elderly population, with an
increasing proportion of patients being at high risk for tradi-
tional AV surgery [1]. Transcatheter AV implantation (TAVI)
has accordingly grown in popularity as an alternative to sur-
gery for such high-risk patients [2]. However, since it is an
interventional procedure without the benefit of a direct view of
the AV, detailed anatomical information prior to the procedure
is mandatory to avoid devastating complications. Assessment
ofthe AV area (AVA) is only the first step in the evaluation and
selection of suitable patients. For prosthesis selection from a
range of defined sizes and a variety of prosthesis types, the
accurate measurement of aortic root geometry is essential [3,
4]. Moreover, a rare but extremely critical complication is the
intraoperative occlusion of the coronary ostium, which under-
lines the importance of prior evaluation of the distance from
the aortic annulus to the coronary ostia [5]. Finally,
paravalvular regurgitation—which is known to be associated
with higher mortality in patients undergoing TAVI—can be
avoided by correct prosthesis sizing and positioning when the
aortic root dimensions are known [6].

The major reasons for the regular use of echocardiography
in the clinical setting and for follow-up assessment are its
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availability, lack of relevant procedure-related risks, and low
cost as compared to invasive techniques and cardiovascular
magnetic resonance imaging (MRI). The indications for sur-
gery are based on symptoms and the severity of AV stenosis
(AS); in current guidelines, this is defined as an AVA of less
than 1 cm? (<0.6 cm?/m?) or a mean AV gradient >40 mmHg
[1, 7-9]. Two-dimensional transthoracic echocardiography
(2D-TTE) is now typically used as the first step in quantifica-
tion of AS, based on the determination of flow-dependent
variables using the continuity equation (CE) and the effective
AVA [10]. However, in patients with subvalvular obstruction,
reduced left ventricular function, or aortic regurgitation, the
accurate assessment of AS may be difficult [11]. Multiplane
transesophageal echocardiography (TEE) is known to provide
more exact information by allowing direct planimetric quan-
tification of the AVA. One of the difficulties of this procedure
is obtaining the correct cross-sectional 2D short-axis view at
the tip of the AV cusps due to the motion of the aortic annulus
and valve cusps, which may result in overestimation of the
AVA [12, 13]. The use of real-time 3D-TEE (RT3D-TEE) may
lead to better results than standard 2D-TEE because of the use
of a 3D volume dataset of the AV, where the true orthogonal
imaging plane of the aortic cusps can be measured directly or
analyzed later by an experienced echocardiographer [14].
Moreover, RT3D-TEE is less time-consuming and does not
have limitations, such as those faced when using other 3D
techniques such as computed tomography (CT) and MRI [15].

For the calculation of AVA by echocardiography using the
CE, the determination of the left ventricular outflow tract
(LVOT) cross-sectional area (LVOTA) is necessary. AVA is
usually estimated using CE, including the LVOTA calculated
from a measured LVOT diameter (LVOTD) with the assump-
tion that the LVOT is circular [7]. Measurements using CE
have shown good agreement with those using invasive tech-
niques; however, consistent underestimation is noted since the
commonly used formulation of the CE relies on the assump-
tion of a circular LVOT [16].

The aortic root is the direct continuation of the LVOT,
beginning from the insertion of the aortic valvular cusps to
the level of the sinotubular junction [4]. Its anatomy and
diameter vary in patients with AS or aortic regurgitation as
well as in the healthy population [17]. The measurement of the
aortic annulus is the key measurement for the preparation of
patients undergoing TAVI. Undersizing may lead to prosthesis
migration or paravalvular regurgitation [18]. Even oversizing
may cause problems such as complications related to vascular
access, due to the delivery system or insufficient expansion of
the prosthesis, reducing the valve’s durability [4]. We have
previously described a method for the rapid, detailed 3D
measurement of the aortic annulus using the ability of 3D
measurements to identify the accurate diameter [19]. The
aortic annulus should typically be measured in systole be-
tween the insertion of the AV cusps, not including the
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calcification of the aortic cusps (Fig. 1) [19, 20+¢]. Particularly
when the annulus diameter is in the borderline range, the use
of RT3D-TEE with analysis of volumetric data is helpful.

Piazza et al. [4] defined four parts of the aortic root: a
virtual annulus formed by the joining basal attachments of
the AV leaflets, the anatomic annulus formed by the
ventriculoarterial junction, the sinotubular junction, and a
crown-like ring formed by the insertion of the leaflets. Thus
the structure of the aortic annulus as measured by echocardio-
graphic means is the virtual ring or the hinge point of the AV
cusps (Fig. 2).

In this study, we tested the hypothesis that the LVOT is
circular, based on a formula for eccentricity, and its impact on
the calculation of AVA using the CE in comparison to direct
planimetry. Further, in this context, we studied the geometry
of the LVOT and AV in patients undergoing TAVI at our
institution.

Subjects and Methods

2D-TTE, 2D-TEE, and RT3D-TEE echocardiography were
performed using a commercial ultrasound imaging system
(iE33; Philips Medical Systems, Andover, MA) with 2D
matrix S5-1 and a 3D matrix-array transesophageal transducer
(X7-2 t). The examination protocol was as previously de-
scribed [19] and is further documented in Fig. 1.

The study group comprised 71 patients undergoing
2D-TTE, 2D-TEE, and RT3D-TEE for evaluation as
candidates for TAVI. The 2D-TTE protocol included a
complete transthoracic echo-Doppler study with color-
pulsed and continuous-wave Doppler measurements of
the AV [21]. The LV end-systolic and LV end-diastolic
volume indices were calculated using the Simpson bi-
plane method of discs [21].

Routine 2D-TTE was followed by 2D-TEE and 3D-
TEE full-volume acquisitions. All images were digitally
stored for offline analysis (QLAB; Philips Medical Sys-
tems). For the acquisition of the volumetric 3D datasets,
the live 3D zoom function was used to gain a magnified
zoomed image of the aortic root in the 35° short-axis or
120° long-axis view.

AVA was calculated by 2D-TTE-derived flow methods
(AVA was calculated using the CE and the time—velocity
integral of AV and LVOT spectral Doppler curves): in TEE
using the standard 2D-TEE planimetry method, and in 3D the
planimetric AVA was extracted from volumetric 3D datasets
using RT3D-TEE. In both methods, planimetry was repeated
three times and values were averaged [22]. 2D measurement of
the LVOTD was obtained 0.5-1.0 cm below the AV when the
aortic cusps were maximally separated, and the approximated
cross-sectional area of the LVOT was calculated as 7x72 [7].
For the CE-derived calculation of LVOT, the systolic LVOTD
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Fig. 1 Measurement of the aortic root by RT3D-TEE. From a live 3D
zoom dataset, two orthogonal long-axis views of the aortic valve were
positioned in the multiplanar reconstruction mode (a sagittal, b coronal).
Using a third plane, the cross-sectional view of the aortic valve for correct
tracing of the aortic valve area was selected (¢). The aortic valve area was
traced at the moment of maximal systolic opening. Then the short-axis

view was shifted to the level of the aortic annulus, where the annular area
and maximum and minimal diameters were measured (d). Finally, by
adjusting the imaging plane within the long-axis view, the distance
between the aortic annulus and coronary ostia could be measured (e, f
RCA; g, h LCA)
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Fig. 2 a Three-dimensional A
model of the aortic root showing

the location of the various annular

rings and junctions. b The close

relationship between these

structures and the coronary ostia

can be seen (reprinted with kind

permission from Piazza et al. [4])

was introduced into the equation: LVOTAc=mx(d/2)*. In con-
trast, in 3D using RT3D-TEE, direct planimetry for LVOT was
performed again 0.5-1.0 cm below the AV (LVOTAp).

An eccentricity index (EI) was calculated using the shortest
and longest LVOTDs (EI=1-LVOTDy,o/LVOTD)op,) [23].
Similarly, an EI was used for the aortic annular area. For CE,
the assumed perfect circle would be represent by an EI of zero,
and an ellipsoid shape by a higher EL

Real-time 3D Transesophageal Echocardiography

Loops were viewed after acquisition to ensure that the live 3D
zoom data included LVOT and AV measurements. These full-
volume DICOM loops were analyzed using QLAB. First, the
orientation of an imaging plane within the 3D full volume was
manipulated to gain an LVOT plane aligned parallel and about
0.5-1.0 cm below the AV. Planimetry was then performed by
tracing the outline of the LVOT. Second, in multiplanar re-
construction mode, two orthogonal long-axis views of the AV
and ascending aorta were selected; then a third plane perpen-
dicular to the long-axis view was moved to the smallest AV
orifice area at the moment of maximal aortic valve opening.
Subsequently, the annulus was then measureed by shifting the
short-axis to show the aortic annulus, where the minimum and
maximum diameters and annulus area were measured. The
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correct level of the aortic annulus was defined as the lowest
plane of the valve hinge-point (inferior virtual basal ring) [4].
In addition, as a third step, in an end-diastolic frame using two
different imaging planes, the distances from the ostia of the
left and right coronary arteries (LCA and RCA) to the annulus
were measured. The measurement procedures are illustrated in
Fig. 1.

Written informed consent was obtained from all patients at
the time of consent for the clinical TEE procedure.

Statistical Analysis

Continuous data are expressed as means+SD. Categorical
data are presented as percentages. Pearson’s correlation coef-
ficient and variability were calculated. Variables were com-
pared using a paired #-test. Values of P <0.05 were considered
statistically significant.

Results

The baseline characteristics of the study population are shown
in Table 1.
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Table 1 Baseline clinical and 2D echocardiographic characteristics of
the 71 study patients

Variable Value
Age (years) 75+13
Body surface area (m?) 1.83+£0.21
Body mass index (kg/m?) 30.6

Left ventricular ejection fraction (%) 47+£13
Aortic valve area (m?) 0.71£0.26
Mean transaortic pressure gradient (mmHg) 39.9+21.5
Peak transaortic pressure gradient (mmHg) 67.3+£34.5
LV end-diastolic diameter (mm) 52.249.7

LVOT Eccentricity and LVOTA

LVOTDne was significantly greater than LVOTDg,o by a
mean of 0.32+0.21 cm (P<0.001). LVOTA,, was significantly
greater than LVOTA, (3.51+0.82 cm® vs. 3.24+1.07 cm?;
P<0.001). Using the equation of an ellipse (wxaxb), the
LVOTA 3Dellip [=7x(LVOTDghor)/2 X (LVOTD)ong)/2] was
comparable to LVOTA,, (3.25+1.17 cm?), resulting in improved
agreement with LVOTA,, (#=0.97). The mean EI was 0.14+
0.10, with most patients showing some degree of eccentricity.

Measurement of AVA

The mean AVA calculated by 2D-TTE was 0.69+0.28 cm®
with peak and mean pressure gradients across the AV of 67.3+
34.5 and 39.9+£21.5 mmHg, respectively (Table 1). A high
correlation was noted between the planimetry of AVA by 2D-
TEE and RT3D-TEE (»=0.81, P<0.1); however, 2D-TEE
planimetry showed a significantly larger AVA than RT3D-
TEE (0.71+£0.26 cm?® vs. 0.61+0.23 cm?, P<0.05); Fig. 2).
Figure 3 shows different imaging planes for the same AV,
demonstrating the reason for the overestimation of AV size.
Further, considering the RT3D-derived LVOTA,, in the CE
yielded a higher calculated AVA (0.8+0.58 cm?) (Fig. 4).

Aortic Annulus Diameter and Area

The mean minimal and maximal diameters of the aortic an-
nulus measured by RT3D-TEE were comparable to those
published in previous reports [24] (Table 2). The aortic annu-
lus diameter was measured by 2D-TTE, 2D-TEE, and RT3D-
TEE, and the annulus area was measured by 2D-TEE and
RT3D-TEE successfully in all patients. The aortic annulus
area measured by 2D-TEE was significantly smaller than that
calculated by RT3D-TEE (3.63+0.72 cm” vs. 4.05+0.71 cm’;
P<0.05). There was a high correlation between the planimetry
estimated by 2D-TEE and RT3D-TEE (=0.81). The RT3D-
TEE data underlined again that the aortic annulus has an
ellipsoid shape and is not circular.

Distances from the Coronary Ostia to the Aortic Annulus

The distances from the ostia of the LCA and RCA to the aortic
annulus could be measured in 92 % and 86 % of the patients,
respectively. The mean distance from the LCA ostium to the
aortic annulus was 12.14+3.7 mm and from the RCA ostium to
the aortic annulus was 15.3+3.7 mm, with large ranges of 7 —
21 mm and 7.9 — 24 mm, respectively.

Discussion

In the current study, we demonstrated the feasibility of direct
evaluation using RT3D-TEE for measuring the AV and aortic
root and demonstrated that the aortic annulus and LVOT are
oval in shape.

Our findings are consistent with those of previous studies
showing that LVOTA is significantly underestimated by 2D
minor axis measurements as compared with 3D data and that
the geometry of the LVOTA is best described as elliptical and
is rarely circular [23].

The accuracy in estimating AVA using the CE depends on
the exact measurement of LVOTD and the correct placement
of the pulsed Doppler flow immediately below the AV. Errors
in the measurement of the diameter are squared in the process
of calculating AVA [25], leading to an underestimation of up
to 13 % for LVOTA and 26.3 % for AVA due to the multipli-
cative relationship between these two terms [26]. These find-
ings are in agreement with those of other studies using CT [23,
26] and MRI [27]. This can lead to a reclassification of up to
25 % of patients having moderate AS when using AVA
calculated by RT3D-TEE [26]. Thus, knowledge of the LVOT
geometry is crucial for potential TAVI patients, affecting the
success of the procedure [28]. The accurate measurement of
LVOTA is moreover important in the assessment of shunt
ratios for hypertrophic cardiomyopathy and in the evaluation
of subaortic membranes [29].

Nakai et al. showed the dynamic movements of the aortic
annulus during the cardiac cycle in speckle tracking analysis,
with a more cranial position in early systole and a more caudal
position during isovolumetric relaxation [12]. Different ap-
proaches for the exact estimation of the AVA include: (1)
planimetric measurement from selected slices extracted from
a volumetric 3D-TEE dataset, and (2) flow-derived calcula-
tion of AVA using the CE after 3D evaluation of the LVOTA.
This may lead to a more accurate estimation than 2D-TEE
since this method is limited by difficulties in selecting the
correct cross-sectional view of the tip of the aortic cusps [12,
13, 30]. RT3D-TEE enables rapid data acquisition even of
huge volumetric datasets for later accurate evaluation [31]. We
favor using the live 3D zoom mode during the collection of
the volumetric dataset, which helps reduce artifacts.
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Fig. 3 a, b Linear correlation between the aortic valve (a) area and Quantification of the exact valvular opening area. Red circles in b and
Bland-Altman analysis between RT3D-TEE and 2D-TEE (b). ¢ A 2D- ¢: The funnel-shaped valve results in overestimation of the aortic orifice
TEE image of a severely calcified aortic valve. d Live 3D-TEE reveals the area and underestimation of the aortic stenosis in 2D-TEE [14]

original tricuspid valve with a funnel-shaped valvular opening. e

Fig.4 Overestimation of AVA by
2D-TEE. Before valve
replacement is considered, the
severity of stenosis must be
accurately assessed. It is
important to determine AVA
using a flow-independent
technique such as planimetry. In
2D methods, it is often difficult to
capture the tip of the aortic valve
leaflets at the moment of maximal
systolic opening; this may lead to
overestimation of AVA because of
a “funnel” configuration. The
example images show the
imaging planes of a RT3D-TEE-
acquired volumetric dataset with
long-axis views (/eff) and en face
views (right). Usual 2D
planimetry at different levels
could result in the different AVA
dimensions of 1.15 cm? and

0.75 cm®. This illustrates that
optimal positioning of the
imaging plane is essential for
accurate planimetry of AVA
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Table 2 Aortic valve area calculated by planimetry and the continuity
equation, and comparison of three imaging methods for measuring the
aortic annulus and area

Variable 2D-TTE 2D-TEE RT3D-TEE
Aortic valve area (cm?)
Planimetry 0.82+0.32* 0.71+0.26* 0.61+0.23*
Continuity equation 0.69+0.28  0.75+0.39  0.8+£0.58
Aortic annulus 21.3£3.0 22.3£29 22.0+3.0
Maximum diameter (mm) 24.1+£3.9
Minimum diameter (mm) 21.3+4.4
EI 0.15+0.14
Area (cm?) 3.63+0.72  4.04+0.71
LVOT
Maximum diameter (mm) 19.6+2.3 21.6£3.6
Minimum diameter (mm) 18.5+3.5
EI 0.14+0.10
Area (cm?) 2.94+0.44 3.24+1.07
Distance to coronary artery ostia (mm)
LCA 12.1+3.7
RCA 15.3+£3.7

*P<0.05 versus continuity equation value in each method, paired #-test

3D echocardiography may facilitate the accurate measure-
ment of the aortic annulus and significantly reduce interob-
server and intraobserver variability in comparison to 2D tech-
niques [19]. This is because the 2D long-axis view (sagittal
view) of the aortic annulus is difficult to align in the center of
the annulus using only 2D techniques, as recently described by
Piazza et al. [4]. Ng et al. demonstrated that aortic annular areas
are more significantly underestimated by 2D-TEE than by 3D-
TEE in comparison to the “gold standard” multislice CT
(MSCT), and that such underestimation decreases after TAVI
when the annular areas change to a more circular shape [26].

Previously, cardiologists and cardiac surgeons have hesi-
tated employing TAVI in patients with bicuspid AVs. Howev-
er, newer patient registries have shown that TAVI can be
performed in such patients with satisfactory results despite a
higher rate of relevant aortic regurgitation. 3D echocardiogra-
phy can provide important information in such patients, as
recent reports have shown that patients with bicuspid AS have
larger transverse areas and longitudinal distances [32], helping
to reduce unnecessary paravalvular leakage in the future.

Distances from the Coronary Ostia to the Aortic Annulus

In 2D-TEE examinations, the distance from the RCA ostium
to the annulus can be evaluated but it is rarely possible to
measure the distance from the LCA ostium to the annulus as
the LCA ostium usually lies in a different coronal plane is not
accessible by 2D imaging. 3D-TEE may be an alternative for
the evaluation of these distances instead of the typically used

multidetector CT (MDCT), especially in patients with renal
dysfunction, as earlier studies have shown good correlations
for these techniques [24, 33]. In previous studies, MDCT
measurements yielded an average distance from the aortic
annulus to the coronary ostia from 12.8+3.5 to 13.4+
3.2 mm for the LCA and from 13.2+1.8 to 164+2.8 mm for
the RCA [34-36]. Others have evaluated only the distance to
the LCA ostium and reported a distance of 13.5£2.2 mm [37¢]
with correlations of 7=0.83 (P<0.001) for RT3DTEE vs.
MDCT. We have also evaluated the distance from the aortic
annulus to the RCA ostium, which although possible more
rarely than for the LCA, is possible in 86 % of patients, but
only few data have been published regarding the RCA ostium
[20e]. However, as the distance from the aortic annulus to the
RCA ostium is usually greater, its occlusion is likely to be
more uncommon.

Especially in patients with extensive calcification of the
AV, which impairs exact measurement of the annulus—coro-
nary ostium distance due to artifacts, RT3D-TEE poses certain
disadvantages in comparison to other imaging modalities. An
annulus—coronary ostium distance of less than 10 mm in-
creases the risk of coronary occlusion during TAVI [4, 38,
39]. In addition, several studies have shown that the distance
from the aortic annulus to the coronary artery ostia is reduced
in patients with AS [17, 24, 34]. Measurement of the annulus—
coronary ostium distance is also included in the expert con-
sensus document of the European Association of Echocardi-
ography and American Society of Echocardiography [20e¢].

In our study, accurate measurement of the distance from the
aortic annulus to the LCA ostium was possible in 92 % of the
patients, while others have found a feasibility up to 97.5 %
[37¢]. Tamborini et al. also demonstrated the use of RT3D-
TEE for immediate postoperative evaluation of the distance
from the LCA ostium to the aortic prosthesis, which was
feasible in about 90 % of patients [37¢]. Recently it was
demonstrated that CT-based measurements differ from the
corresponding intraoperative measurements [36]. But un-
doubtedly, knowing that the distance from the aortic annulus
and coronary ostia is small is highly valuable for the surgeon,
who can take additional care in positioning the prosthesis.

Recently increasing attention has been paid to the evalua-
tion of the lengths of the AV cusps in relation to the distance to
the ostia [17, 37¢]. If they are greater than the distance from
the aortic annulus to the coronary ostia, the patient is at risk of
ostial coronary occlusion by the cusp when the valve is
implanted.

Conclusions

The shape of the LVOT and the annulus is more frequently
elliptical and not circular, which may lead to significant
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underestimation of the true LVOT and aortic annulus areas.
RT3D-TEE provides accurate estimation of the AVA and
quantification of the aortic root, with important clinical impli-
cations for the exact estimation of the AVA and annulus area
for optimal selection of prosthetic valves. An advantage of
RT3D-TEE is that it can be performed at the bedside or
directly before or even after prosthetic valve implantation for
the evaluation of the implanted prosthesis, e.g., for identifying
paravalvular regurgitation. Moreover, it is a good alternative
to MDCT, particularly when it is essential to decrease the
burden of contrast agent administration as in patients with
compromised renal function—thereby potentially reducing
the incidence of acute kidney failure [40] —as well as in
patients with cardiac arrthythmia. RT3D-TEE may be per-
formed immediately before and after procedures in the hybrid
operating room [37e, 41].
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