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a b s t r a c t

The gold standard for the study of the macro-anatomy of the aortic root are multi-detector computed
tomography (MDCT) and magnetic resonance (MR) imaging. Both technologies have major advantages
and limitations. Although 4D echo is entering the study of the aortic root, 2D echo is the most commonly
used diagnostic tool in daily practice.

We designed and developed an algorithm for 3D modeling of the aortic root based on measures taken
routinely at 2D echocardiography from 20 healthy individuals with normal aortic root. The tool was then
translated in 12 patients who underwent both echo and MDCT. The results obtained with the 3D modeling
programwere quantitatively and qualitatively compared with 3D reconstruction from MDCT. Ad hoc ratios
describing the morphology of the aortic root in MDCT and in the 3D model were used for comparison.

In 12 patients with aortic root dilatation, the ratios obtained with our model are in good agreement
with those from MDCT. Linear correlation for both long axis and short axis ratios was strong.

The 3D modeling software can be easily adopted by cardiologists routinely involved in clinical
evaluation of the pathology of the aortic root. The tool is easy to apply, does not require additional costs,
and may be used to generate a set of data images for monitoring the evolution of the morphology and
dimension of the aortic root, flanking the 3D MDCT and MR that remain the gold standard tools.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The aortic root is a complex anatomo-functional unit that is
constituted of the ventriculo-aortic junction (VAj), the aortic leaf-
lets, the interleaflet triangles, the Valsalva sinuses with the coronary
ostia, the sinotubular junction (STj), and the ascending aorta (AA)
[1] (see Fig. 1). The comprehension of the morpho-functional basis
of aortic root anatomy and pathology, as well as the possibility of
distinguishing the contribution of each single component of the
aortic root in either aortic valve dysfunction or aortic root dilatation,
is a major clinical need for anatomo-functional diagnosis and
monitoring of aortic root diseases.

3D reconstruction of MDCT and MR imaging of the aortic root
provides morphologic information that contributes to the character-
ization of the macro-anatomy of each component of this complex
unit. Both MDCT scan and MR have major advantages and limitations:

the former is fast but expensive, and requires high doses of radiation
and administration of contrast. The latter is not readily available,
expensive and cannot be performed in patients with claustrophobia
or permanent implantable devices, and in any case cannot be
considered an imaging tool for serial evaluations. Nonetheless, a 3D
morphology can be of major clinical relevance especially for struc-
tures that cannot be easily characterized in planar sections.

2D echocardiography is the routine tool for imaging the aortic
root, offering the advantages of easy repeatability and no contrast
administration. However, anatomic details are far less than those
obtained with 3D reconstruction of MDCT and MR. By progressing
from a 2D echo-based to a 3D reconstruction of the aortic root, the
anatomy of the aortic root would be more detailed and the
monitoring of the modifications could include morphology other
than dimensions. This possibility, however, is still unavailable in
the clinical setting and even 3D echo-based images cannot gen-
erate comprehensive and detailed images of the aortic root.
Accordingly, there is a major uncovered clinical need in routine
cardiologic imaging of the aortic root, which is the possibility of 3D
reconstruction of the aortic root morphology starting from 2D
echo measurements and images.
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Moreover, the ability of automatically generating patient-specific
geometrical models of the aortic root also enables patient-specific
computer-based simulations aimed at realistically reproducing the
aortic behavior in different conditions (pathological or physiological,
preoperative or postoperative). In the last decades, in fact, virtual
numerical simulations have been widely adopted to predict the
aortic valve behavior, with the aim of supporting clinical practice
and preoperative procedure planning [2–6].

Asymmetric patient-specific models from 2D echocardiography
have never been developed and represent an important improve-
ment, not only for cardiologic imaging but also for computational
biomechanics. 2D echocardiography is routinely performed in all
patients affected by aortic diseases.

Regarding aortic valve geometry, major studies focused on the
aortic valve leaflets (in both open and closed configuration) but not
on the aortic root [7–9]. The latter has been reconstructed starting
form angiography images [10] as well as from ultrasound measure-
ments [11,12]. In both types of studies, aortic valve and root, the
three-leaflet symmetry assumption has been considered. Existing
studies document the possibility of reconstructing the entire aortic
valve from MRI measurements [6] as well as processing MDCT scan
data [3]. In 2012, Haj-Ali et al. [13] proposed a parametric analytical
approach to model both the aortic root and the leaflets.

In this study, we propose a parametrical, rapid off-line 3D
morphological representation of the aortic root. This representa-
tion is implemented using a commercial CAD software and
employs measures obtained with routine 2D transthoracic echo
(TTE). This novel procedure is applicable to both physiologic and

pathologic aortic roots and can be easily extended to bicuspid
aortic valves (BAV). The resulting geometrical model is circumfer-
entially asymmetric and accounts also for the interleaflet triangles.
The comparative evaluation of aortic root geometry obtained with
the novel 3D-representation and with the 3D MDCT reconstruc-
tions validated the new system.

2. Materials and methods

2.1. Clinical series and echocardiographic study

We performed routine echocardiographic study using a Pro-
sound Alpha 10 machine (ALOKA, Tokyo, Japan) and a Vivid E9 (GE
Healthcare, Milwaukee, WI) on 20 consecutive patients (11 male
and 9 female, median age 20 years, InterQuartile Range – IQR:
15–29) with normal aortic root and valve in order to assess the
feasibility of the 3D modeling construction with measures taken in
the clinical daily practice [14].

Then we investigated 12 consecutive patients diagnosed with
Marfan Syndrome (4 male and 8 female, median age 50, IQR
37–55) and presenting aortic root aneurysm and normal tricuspid
aortic valve (Table 1); the patients underwent angio-MDCT in a
time interval (mean 3.46 71.22)o5 days from the TTE evaluation.

The local ethical committee approved the study, which is part
of a larger institutional clinical and scientific program dedicated to
heritable connective tissue diseases and aortic root pathologies
(Protocol number 20080001059).

2.1.1. 2D echocardiographic projections and measures
The standard echocardiographic projections (parasternal long

axis and short-axis) give detailed information about the dimension
and the geometry of the aortic root. We obtained two- and four-
chamber apical views and standard parasternal long- and short-axis
views. One cine-loop of one cardiac cycle per view was digitally
stored in raw-data format. The same operator obtained off-line
measures (see Fig. 2).

As in routine examinations, evaluation of leaflet coaptation
included: the precise definition of the upper and central point of
coaptation of the valve leaflets [at the level of the three Arantius's
nodules] and the measure of the coaptation height between two
cusps next to the hinge point of the cusps. Since coaptation
between cusps at the level of the hinge point is higher than in
the center of the valve (when the valve is closed), the coaptation
height (HS) at the hinge point is subtracted from the distance
between the STj and the VAj to estimate the height of the
interleaflet triangles (HTR) (see Fig. 3).

STj

Valsalva
sinuses

Interleaflet
triangle

coronary
ostium

Ascending
aorta

Fig. 1. The components of the aortic root: sino-tubular junction (STj, highlighted in
light blue, dotted line), aortic wall at the sinuses of Valsalva, interleaflets triangles
(highlighted in light yellow), ascending “tubular” aorta, ventriculo-aortic junction.
For schematic reasons the picture does not represent the three cusps that are held
at the level of the three-coronet structure of the interleaflet triangles. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Table 1
Echocardiographic study in 12 patients with normal or aneurysmal aortic root and normal aortic valve.

Long axis Short axis Short axis angles

Da Hsin Dmax Hv Dstj Haa Daa Htr a b c d e f CH

p001 21 13 44 26 41 61 44 21 23 21 22 15 18 17 10 69.26 62.81 66.2 41.33 58.39 63.99
p002 19 15 45 37 34 47 32 19 25 20 25 17 17 18 9 59.22 64 47.44 67.6 54.004 69.24
p003 22 8 30 21 23 32 23 22 16 16 16 12 11 13 5 61.77 55.88 60.17 47.3 74.73 59.04
p004 16 8 28 20 28 36 31 16 14 16 18 12 13 11 6 66.1 58.6 61.1 60.5 59.6 54.1
p005 20 8 35 21 30 27 31 20 16 19 20 12 15 12 6 69.74 57.31 59.94 33.06 81.78 61.96
p006 17 8 28 16 24 29 32 17 17 16 16 12 11 11 9 67.66 45.41 67.38 58.39 41.36 79.28
p007 19 8 29 25 25 28 25 19 15 15 15 12 12 13 6 48.79 69.68 57.69 54.82 56.93 76.12
p008 21 9 35 20 25 25 26 21 17 19 19 11 13 13 10 56.53 64.87 47.65 49.9 67.95 75.93
p009 18 10 38 21 29 27 29 18 19 18 16 13 12 12 7 57.7 73.3 68.1 47.8 52.3 60.8
p010 19 8 37 23 27 26 27 19 18 20 18 13 12 11 11 68.9 67.26 55.4 51.9 47.6 68.94
p011 24 12.5 41 23 32 28 36 24 21 22 17 17 14 14 12 55.8 73.1 77.1 49.3 49.2 55.5
p012 30 23.5 49 40 39 44 41 30 21 26 23 20 19 18 17 63.6 63 60.4 58.8 57.4 56.8
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2.1.2. Potential pitfalls in taking measures
The measure of the central coaptation height is rather easy

and reproducible: it only requires, in the long axis projection,
to identify the shortest coaptation height; the definition of the
maximal coaptation height at the hinge point may vary when
standardized echo frames are not pre-defined. Therefore, we
selected the maximal coaptation height at the hinge point by
scanning the long-axis projection of the aortic root, taking the first
frame in which the coaptation between cusps is recognized
moving away from the Valsalva sinus wall, as the best (and
reproducible) approximation of HS.

2.2. Design of the study

The research was developed in two parts:

1. A modeling phase (phase 1), aimed at setting up the algorithm
and the parameters that are necessary for implementing
the geometrical model, establishing the echocardiographic
measurements necessary for the model construction and

developing an informatic tool able to reconstruct automatically
the model. This phase included the investigation of 20 normal
aortic roots with tricuspid aortic valves.

2. A validation phase (phase 2), aimed at comparing images
obtained using the geometrical model starting from echo data
with those obtained by 3D reconstruction of images with
angio-MDCT scan. This phase included 12 additional pathological
cases.

2.2.1. Phase 1
2.2.1.1. Modeling basis. To generate the geometrical model of the
aortic root starting from 2D TTE measures, we hypothesized that
ventriculo-aortic and sino-tubular junctions have circular and
regular shape but with different size.

The geometrical model was designed in 3 steps (Fig. 4).

a. Division of the aortic root in four main referral sections (Fig. 4a):
� Ventriculo-aortic junction (VAj)
� Sinotubular junction (STj)

Fig. 2. Echocardiographic measurements (a) a¼right coronary sinus; b¼non-coronary sinus; LVOT¼ left ventricular outflow tract. (b) a¼right coronary sinus; b¼non-
coronary sinus; c¼ left coronary sinus, (c) long axis measures and (d) short axis measures.
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� Aortic root cross-section (Smax) at the height of maximal
sinus expansion (Hsin). The 3 sinuses are described as
semi-circumferences starting from the lengths of segments a,
b,c,d,e,f and the corresponding angles α, β, γ, δ, and ε (Fig. 4b)

� Ascending Aorta (AA) cross-section at the height of Haa.
b. Generation of the macro-profile of the aortic root

A quartic polynomial function was chosen to represent the
expansion of each aortic sinus profile from the VAj to the STj
(light-blue curves in Fig. 4c). In particular, let P1 be the point
where the maximum sinus expansion occurs and P0, P2 the
correspondent longitudinal projections of P1 on the annulus
and the sinotubular junction, respectively; we impose that the
polynomial curve describing the sinus profile goes through the
points P0, P1, and P2; moreover, to reproduce the physiological
smoothness of the aortic sinus we force null tangency in
correspondence of points P1 and P2 (see Fig. 4c).
Additionally, a quadratic polynomial is adopted to define the
aortic root profile corresponding to the commissures, i.e.,
between adjacent sinuses (see red curves in Fig. 4c). The curves
are forced to be interpolatory, for example, at points Q0, Q1,
and Q2, being Q0 and Q2 the longitudinal projections of Q1
(obtained by ultrasound measurements) on the annulus and
the sinotubular junction, respectively.
Finally, the first part of the ascending aorta is simply modeled
as a linear prolongation from the sinotubular junction (STj) to
the ascending aorta section (AA).

c. Modeling of interleaflet triangles (see Fig. 3 and Fig. 4d)
The interleaflet triangles were modeled by considering the height

of the interleaflet triangles (HTR) as the difference between the
valve height (HV) and the estimated value of the coaptation at the
leaflet insertion (HS), both measured by TEE. In particular, the
edges of the interleaflet triangles (light-blue lines in Fig. 4d) are
obtained following the procedure introduced and described in
Auricchio et al. [3] to define the lines of leaflet attachment.

2.2.1.2. Program code and input data for 3D model reconstruction. The
echo-measured diameters of VAj, STj and Smax (mean of 3
end-diastolic measures for every parameter, Fig. 3) were used
as input values of an in-house coded algorithm, which defines a
set of instructions to be executed automatically. The program
code was implemented using Monkey, an editor for scripts develop-
ment in Rhinoceros 4.0 software (McNeel & associates, Seattle,
WA, USA) which was used to obtain the 3D geometry of the
aortic root.

The code, when compiled by Rhinoceros software, executes a
series of geometric operations as described in the previous Section,
which aimed at generating the 3D model of the aortic root.

A simple user-friendly interface was created to automate the
input operation and rendering creation.

2.2.2. Phase 2
2.2.2.1. Comparative evaluation of the 3D model and MDCT. To
validate the output of the 3D modeling of the aortic root, we
compared the 3D models obtained using echo measures with 3D

Fig. 3. Measure of the different coaptation height at variable distance from valve center to commissure. Upper-left panel: schematic representation of a normal aortic valve
short-axis and planes of echocardiographic scans from the commissure to the center of the valve (from a to c). Panel a–c: the echo result of each highlighted scanning plane
of the valve. (a): the maximal length of coaptation detectable by ultrasound closest to the aortic wall; A is the length of coaptation. (b): intermediate section between the
commissure and the central point of the valve; B is the length of coaptation. (c): section at the center of the valve, where the coaptation length C is the shortest. Notice that
the real-time echo loop shows movements of the structures and makes it easier to recognize images.
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reconstructions from MDCT angiographic scan in 12 pathological
cases. The MDCT scan was performed using a SOMATOM Defini-
tion Dual Energy scanner (Siemens Medical Solution, Forchheim,
Germany) with retrospective ECG gating and collimation 32�
0.6 mm. Telediastolic images with less motion-artifacts (70–85% of
the R–R interval) were transferred to a workstation for three-
dimensional reconstruction (Volume Rendering) using a post-
processing software provided by the CT-machine company.

From 3D VR images, both long-axis and short-axis views were
reproduced with the aim of comparing the measures with those
obtained in the 3D model generated by our software. In particular,
ratios between parameters were computed to highlight the
morphologic characteristics of the echo-based model and com-
pared with those obtained from CT reconstructions. The consid-
ered ratios are detailed in the following (Table 2).

From long-axis view:

- Hv/Dmax to characterize the shape of the sinuses.
- Dmax/Dstj to characterize loss of sinotubular junction.
- Htr/Hv to characterize the height of the interleaflet triangles in
relation to the valve height.

From short-axis view:

- b/a, c/a, c/b to highlight the asymmetry of the Valsalva sinuses.
- d/e, d/f, e/f to measure the asymmetry of each sinus starting
from the depth of the interleaflet commissures.

2.2.2.2. Statistical analysis. All continuous descriptive data are
expressed in median and IQR. The Pearson correlation coefficient
(r) and the Spearman correlation coefficient (rho) were
determined for linear correlation analysis. Bland and Altman
plots [15] were calculated to establish the degree of concordance
and agreement between the morphological parameters. Statistical
analysis was performed with MedCalc (version 9.3.0.0, MedCalc
Software, Mariakerke, Belgium). A p-valuer0.05 was considered
for statistical significance.

3. Results

Based on the measures obtained with 2D echo in 12 patients
diagnosed with aortic root dilatation with and without aortic valve
regurgitation we obtained the following data:

Qualitative assessment (see Fig. 5)
The profiles obtained with MDCT and with the 3D echo-based

model showed similar morphology with the model representing
faithfully, in a qualitative sense, the shape of the aortic root
reconstruct by the MDCT.

Correlation study and Bland–Altman analysis (Table 3, Fig. 6)
Comparing the measures obtained in the 3D echo-based model

with those obtained with MDCT, the linear correlations (para-
metric and not parametric) between ratios were high (r and
rho40.65) and statistically significant (po0.05) in both long axis
and short axis measures. This documents a good adaptability of

Fig. 4. 3D geometrical model design. (a) Da¼Diameter at the level of the ventriculo-aortic junction (VAj); Dstj¼Diameter at the level of the sinotubular junction (STj);
Hsin¼distance between VAj and the height of the maximal expansion of the Valsalva sinuses (Smax); Hv¼distance between VAj and STj (height of the valve); Haa¼distance
between VAj and the considered/measured cross-section of the ascending aorta; Daa¼Diameter of the ascending aorta at the considered level Haa; a.b.c.d.e.f¼main measures
of the aortic valve structure. (b) Aortic root cross-section at the level of Smax,: angles▯ α, β, γ, δ, ε and lengths a,b,c,d,e,f are highlighted. (c) Boundary functions considered to
model the aortic root surface. (d) Dimensions measured by means of echocardiography adopted to reconstruct the interleaflet triangles: Hs¼estimated height of coaptation
at the level of the commissures; Hv¼total valve height; Htr¼estimated height of the interleaflet triangle (Hv�Hs). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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the model to the asymmetry of the root. Ratios between interleaf-
lets commeasures were poorly correlated (r and rhor0.5).

Bland–Altman analysis (Fig. 6) revealed a high agreement in all
morphological ratios, with a mean bias of 0.00170.03, no trend
(increasing or decreasing bias due to a systematic model recon-
struction error) and a very small confidence interval (mean
0.1970.07).

4. Discussion

We generated a program based on 2D-echo routine parasternal
long axis and short-axis views for the 3D modeling of the aortic root
by exploiting the geometric modeling capabilities of the Rhinoceros
software. The program is simple to run by clinical cardiologists
performing echocardiography as it is fast and almost completely
automatic, and the input measures are those standardized for the
echocardiographic evaluation of the aortic root. The procedure
generates a 3D model of the aortic root, which is sensitive to the
asymmetry of the Valsalva sinuses, and able to represent also the
interleaflet triangles. Once the measures from echo evaluation and
the specified input values have been established, the code is
completely reproducible. Different geometrical models of the aortic
root morphology can only result from different sets of values of the
established specific parameters (inter-observer variability) and are
therefore related to the operator.

To our knowledge, 3D modeling of the aortic root is only
performed based on MDCT and MR data [16]. Both procedures are
uniquely precise and informative and represent the gold standard for
imaging of the aortic root, especially when major clinical decisions,
such as time for surgery and type of surgery, need to be taken.
However, in the clinical practice, a simple echo-based 3D modeling
could contribute in monitoring the progression of aortic root
morphology when close controls are necessary, thus also providing
novel dynamic insights in the natural history of the diseases. This
information could integrate those obtained with MDTC and MR.

Recent studies on 3D Real Time echocardiography evaluation of
the aortic root and arch geometry demonstrated the agreement

between measures taken with 3D echocardiographic probes and
MDCT/MR [17]. Efforts of several research teams concentrated on
the monitoring of the aortic root: ultrasound–based tools seemed
to be the perfect non-invasive and fast solution for frequent
evaluations of the progression of the aortic root diameters
[18–20]. However 3D-echo studies focused on the accuracy of
diameter measurements, as compared with MDCT, and on the
estimation of the aortic root volume as a good index of aortic root
variations, without performing a real 3D model render reconstruc-
tion such as the one performed by MDCT or MRI.

In this scenario we aimed at creating a geometrical model
based on 2D echo measures that may support cardiologists in their
evaluation of the 3D morphology of the aortic root also consider-
ing the Valsalva sinuses asymmetry. For example, the model can
be useful for assessment of suitability of transcatheter aortic valve
procedures, especially in patients that cannot be investigated with
MR or MDCT (for example old patients with implanted devices,
claustrophobia, comorbidities, etc.).

The model was created semi-automatically by a software that
was validated by comparatively evaluating images and data
obtained with the 3D reconstruction of MDCT imaging. The 3D-
model based images appear as less impressive than those obtained
with the MDCT images. This is due to necessary artificial mathe-
matical approximation of some parameters instead of reproduc-
tion of real scanned images. The aim of our project was not that of
substituting the MDCT/MR in aortic root imaging, but generating a
simple tool to be implemented in the routine clinical practice
especially for patients that cannot undergo repeated MDCT/MRs.
All crucial anatomic proportions and relationships between the
single components of the aortic root resulted respected, starting
from the asymmetry of the sinuses, giving to the observer a
realistic view of the aortic root morphology.

Comparison between MDCT reconstructions and 3D echo-
based models showed good correlation; only ratios between
interleaflets commissures were low correlated. This lower correla-
tion is probably due to window-related difficulties in measuring d,
e and f , with respect to the hypothesized cusp coaptation center.

The translational impact is mostly expected due to the imple-
mentation of the modeling in daily clinical practice for morpho-
logical description and monitoring of the progression of aortic root
dilatation. Further developments could address prolapsing aortic
cusps and coaptation defects.

The scientific impact could be the better understanding of the
natural history of the aortic root pathology in connective tissue
diseases, which are the major cause of aortic root dilatation in non-
hypertensive/non-atherosclerotic setting. Knowing more about the
rate of progression of the degeneration of the different structures of
the aortic root could further support the increasing strategies of
valve sparing surgery in these patients and the tailored surgical
approach that seems to be the emerging current need.

Moreover, the geometrical description of the aortic root
obtained by our software could represent a basic ingredient ready
to be used for virtual computational studies without requiring any
additional elaboration. This represents another key aspect of our
work. In the last decade, computer simulations have been widely
adopted to predict pathological as well as postoperative aortic
valve performance [2–6], thus representing a powerful and pro-
mising tool to support physicians in clinical practice.

5. Limits of the study

Our geometrical model is strictly connected with on echocar-
diographic 2D measurements, which however also constitutes the
strength of the model, as 2D echo is available in any cardiology
center. As a consequence, the optimal representation of the reality

Table 2
MDCT and TTE morphological parameters ratios in 12 patients with normal or
aneurysmal aortic root and normal aortic valve.

Long-axis Short-axis

Hv/Dmax Dmax/Dstj Htr/Hv b/a c/a c/b d/f d/e e/f

p001 TTE 0.7 1.3 0.76 1 1 1 0.88 0.83 1.06
MDCT 0.65 1.31 0.58 1 1 1 0.92 0.89 1.03

p002 TTE 0.62 1.37 0.52 1.1 1 0.9 0.94 0.83 1.06
MDCT 0.63 1.36 0.58 1.1 1.1 0.98 0.81 1.02 0.8

p003 TTE 0.56 1.28 0.48 1.1 0.81 0.77 0.92 1.09 0.85
MDCT 0.56 1.24 0.48 1.1 0.86 0.8 1.03 0.85 0.96

p004 TTE 0.82 1.26 0.58 1.24 1.1 0.88 1.09 0.92 1.18
MDCT 0.8 1.22 0.53 1.22 1.1 0.9 1.15 0.92 1.24

p005 TTE 0.59 1.07 0.62 0.91 0.96 1.05 1 0.8 1.25
MDCT 0.6 1.11 0.68 1 1.1 1.1 1.26 1.04 1.19

p006 TTE 0.82 1.32 0.76 0.8 1 1.25 1.09 1.09 1
MDCT 0.68 1.46 0.65 0.9 0.98 1.04 1.1 1.28 1.17

p007 TTE 0.57 1.4 0.5 1.1 1.1 1 0.92 1 0.92
MDCT 0.69 1.31 0.42 1.18 1.1 0.9 1.1 1.03 0.94

p008 TTE 0.71 1 0.7 1.14 1.29 1.13 0.85 0.85 1
MDCT 0.7 1.2 0.6 1.1 1.4 1.3 0.9 0.81 1.12

p009 TTE 0.6 1.17 0.7 1.19 1.25 1.1 1.08 1.08 1
MDCT 0.62 1.12 0.6 1.25 1.2 0.93 1.12 1.12 1.07

p010 TTE 0.57 1.17 0.44 0.94 0.94 1 1.18 1.08 1.09
MDCT 0.57 1.28 0.52 0.97 0.9 0.93 0.95 0.83 1.14

p011 TTE 0.86 1.16 0.76 1 1 1 1.21 1.21 1
MDCT 0.72 1.16 0.71 0.97 0.99 1.02 1.16 1.05 1.05

p012 TTE 0.55 1.31 0.67 0.95 0.84 0.89 1.12 1.11 1.06
MDCT 0.6 1.2 0.6 0.97 0.89 0.91 1.13 1.13 1.03
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Fig. 5. Comparison between reconstructed CT models and our geometrical 3D representations. The picture represents longitudinal and axial views from MDCT
reconstruction and echo-based 3D model in 12 different patients. For each patient, on the left side of the panel, the reconstruction from MDCT is shown while the echo-
derived 3D model can be found on the right side of the panel. In each case, both for MDCT and echo-derived reconstructions, the upper panel is a view of the tridimensional
model; the lower panel is the corresponding short-axis, always oriented as follows (corresponding to the usual short-axis view from parasternal approach of transthoracic
echocardiography): lower-left¼non-coronary sinus (b); upper left¼right coronary sinus (a); right¼ left coronary sinus (c).
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is strictly connected with the observer experience in echocardio-
graphy and with inter/intra-observer variability.

In the present version, the software reproduces the radial
asymmetry of Valsalva sinuses and related variations in length in
each single case. However, the three sinuses of the aortic root may
show different lengths when, for example, the level of the
ventriculo-aortic junction is lower in one than in the other(s).

Additional to the width asymmetry, a further implementation
of the software could address the evaluation of the asymmetry of
the length of the sinuses, a feature that may be relevant before
valve-sparing surgery when the preservation of the valve coapta-
tion can be achieved by hanging the commissural apices to the
vascular prosthesis in a physiological way, regardless of mere
geometrical symmetry, without losing coaptation area.

Table 3
Correlation parametric and non parametric tests and Bland–Altman comparison between morphological parameters.

Long axis Short axis

Hv\Dmax Dmax\Dstj Htr\Hv b\a c\a c\b d\f d\e e\f

Pearson correlation
R 0.79 0.65 0.73 0.93 0.91 0.64 0.33 0.39 0.53
p 0.002 0.02 0.0065 o0.001 o0.001 0.02 0.28 0.20 0.07

Spearmann correlation
Rho 0.8 0.77 0.75 0.95 0.96 0.76 0.29 0.48 0.52
p 0.007 0.01 0.01 0.001 0.001 0.01 0.32 0.1 0.07

Bland–Altmann method
Bias �0.013 0.013 �0.045 0.016 0.011 �0.02 0.06 �0.03 0.02
IC (7) 0.14 0.18 0.16 0.09 0.11 0.21 0.31 0.29 0.22
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Fig. 6. Bland–Altman agreement plot: each plot describes the agreement based on Bland–Altman test between ratios calculated in MDCT and TTE.
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