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Objective: To provide (1) an overview of the aortic valve (AV) apparatus anatomy and nomenclature, and (2) data regarding the normal AV
apparatus geometry and dynamism during the cardiac cycle obtained from three-dimensional transesophageal echocardiography (3D TEE).
Design: Retrospective feasibility study.
Setting: A single-center university teaching hospital.
Participants: The study was performed on data of 10 patients with a nonregurgitant, nonstenotic aortic valve undergoing cardiac surgery.
Interventions: Intraoperative 3D TEE was performed on all the participants using the Siemens ACUSON SC2000 ultrasound system and Z6Ms
transducer (Siemens Medical Systems, Mountainview, CA).
Measurements and Main Results: Dynamic offline analyses were performed with Siemens eSie valve analytical software in a semiautomated
fashion. Forty-five parameters were exported of which 13 were selected and analyzed. The cardiac cycle was divided into 4 quartiles to account
for frame-rate variations. The annulus, sinus of Valsalva (SoV) and sinotubular junction (STJ) areas, diameter, perimeter and height, aortic leaflet
height, leaflet coaptation height, and aortic valve-mitral valve angle changed significantly during the cardiac cycle (p o 0.001). STJ expanded
more than both the annulus and the SoV (p o 0.001). The maximum aortic valve leaflet height change was greater in the left and right versus
noncoronary leaflet (p o 0.001).
Conclusions: The semiautomated AV apparatus dynamic assessment using eSie valve software is a clinically feasible technique and can be
performed readily in the operating room. It has the potential to significantly impact intraoperative decision-making in cases suitable for AV
repair. The AV apparatus is a dynamic structure and demonstrates significant changes during the cardiac cycle.
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Once thought to be a passive conduit with a simple,
pressure-operated unidirectional leaflet, the aortic valve
(AV) is now being appreciated as part of a sophisticated
dynamic apparatus. A thorough understanding of its anatomy,
function, and dynamism during the cardiac cycle is pivotal
for multidisciplinary procedural guidance that includes, but is
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Fig 1. Schematic overview of the AV apparatus.

A. Khamooshian et al. / Journal of Cardiothoracic and Vascular Anesthesia 31 (2017) 1290–1300 1291
not limited to, interventional cardiologists, cardiac surgeons,
and echocardiographers. A uniform nomenclature without
ambiguity can facilitate communication across disciplines
and improve patient care and management. Various imaging
modalities with their specific image orientation and display
conventions (surgical, echocardiographic, or fluoroscopy)
further complicate the consistency of specific anatomic
definitions. The terminology regarding the various aspects
of the AV is an example of this confusion and disagreement1

(eg, the ambiguity regarding the definition of aortic annulus).
What remains after AV leaflet excision as well as a virtual
basal ring has been defined as the annulus by various
experts.2,3

Due to its pressure-dependent operation, the AV was
considered an inert structure without any significant dynamic
behavior, and AV surgery was considered synonymous with
AV replacement. With AV repair becoming a feasible opera-
tion for select cases, the dynamic anatomy of the aortic root
has been appreciated with a degree of precision. Aortic root
and AV dimensions can be measured and analyzed using a
variety of imaging modalities (eg, magnetic resonance ima-
ging, computed tomography, and echocardiography). With
reference to intraoperative imaging, three-dimensional transe-
sophageal echocardiography (3D TEE) is a high-resolution
imaging technique with qualitative and quantitative value.
Quantitative echocardiographic analyses of AV have been
reported as offline research techniques with little or no real-
time clinical value. The reported techniques are cumbersome
and time-consuming methods requiring significant expertise
and user input.
Availability of an automated, simple, and time-efficient

method of quantitative aortic root analysis can further improve
the understanding of the function of the AV apparatus. Also,
knowledge of the dynamic behavior of the aortic root possibly
can improve the selection of patients for AV repair and
establish objective criteria for repair assessment. Therefore,
there is clinical value in establishing the dynamic behavior of
the AV apparatus. In this study, the authors attempted to
establish the clinical feasibility of performing dynamic ana-
lyses of the AV with commercially available software.

AV Apparatus Nomenclature and Function

The AV apparatus consists of the left ventricular outflow
tract, aortic annulus, aortic semilunar leaflets, sinus of Valsalva
(SoV), and sinotubular junction (STJ) (Fig 1).4,5 The segment
from the annulus (nadirs of the AV) to the STJ is also called
the functional aortic annulus and has provided a framework for
echocardiographic and CT analysis of the aortic root to guide
AV repair and transcatheter AV replacement.6,7 Table 1
provides an overview of the definitions and function of the
AV apparatus components.

Methods

This study was conducted at the authors’ institution from
June 2016 to December 2016 as part of an institutional review-
board-approved protocol of intraoperative data collection with
waiver of informed consent. All studies were carried out in the
operating room in patients undergoing elective cardiac surgical
procedures. Inclusion criteria included normal biventricular
and valvular function, normal diameter ascending aorta, and
absence of any cardiac congenital abnormalities. Specifically,
the AV had to be trileaflet without any sclerosis, calcification,
normal leaflet motion, absence of any regurgitation, and
devoid of any attached echo densities (mammillary bodies,
nodules).

Image Acquisition

After an uneventful induction of general anesthesia, the
esophagus was intubated with a 3D TEE probe and an
intraoperative 3D TEE examination was performed according
to the institution’s perioperative imaging protocol. A Siemens
ACUSON SC2000 ultrasound system and a Z6Ms True
Volume TEE transducer (Siemens Medical Systems, Moun-
tainview, CA) were used for full-volume 3D image acquisi-
tion. A midesophageal long-axis view at 1351 rotation of the
scan plane with AV as the region of interest was initially
obtained and optimized. The 3D control was used to obtain a
corresponding 3D image and dart view was used to set the
field of view through the ascending aorta to the AV. Prior to
storage and further analyses, the examiner (F.M.) ensured the
quality of image. A full-volume 3D data set over 3 beats was
acquired and stored.

Offline Analysis

Offline analyses were performed with Siemens eSie valve
analytical software (Siemens Medical Systems Mountainview,
CA). The valve analysis is based on an artificial intelligence-
based machine learning algorithm. The software automatically
detects the predefined anatomic landmarks and automatically
identifies the aortic and mitral valves (Fig 2). Using the cine



Table 1
Anatomic Overview of the Aortic Valve Apparatus

Structure Definition Function

LVOT Region of the left ventricle that lies among the
interventricular septum (anterior wall) and the subaortic
curtain and the anterior MV leaflet, which are considered
the posterior wall.8

A bridge directing blood from the left ventricle towards the
aortic root.

Aortic annulus Classic surgical annulus Interface between the left ventricular outflow tract and the
proximal sinus of Valsalva where the aortic leaflets are
attached.

Remnants of the excised aortic leaflets during aortic valve
replacement. Collagenous tissue condensation following
the hinge points of AV leaflets gives the annulus its
crown-like shape.2,3

Virtual ring
A 3-pointed circular structure formed by the thick collagen

condensation at the nadirs of the aortic valve leaflets
form a virtual aortic annulus.

Sinus of Valsalva Three symmetrical structures that are expanded portions
(bulges) of the aortic root extending proximally from the
aortic annulus to the STJ. Two of the 3 sinuses host the
origin of the left and right coronary arteries and are
named according to the arteries arising from within
them: left and right sinus. The remaining one is called
the noncoronary sinus. Although the sinuses look
identical, the basal part of the left and right coronary
sinuses contains a crescent of ventricular musculature.
The leaflet nadirs of the corresponding sinuses cross the
anatomic ventriculo-aortic junction (Fig 1). The
noncoronary sinus does not contain a muscular crescent
since the walls are entirely made up of fibrous tissue.5

Stress reduction on aortic valve leaflets
The stress applied to the aortic valve leaflets is passed on to

the SoV, which causes further stress reduction.
Stress reduction
The radius of curvature of the sinuses will decrease

between systole and diastole to accommodate for the
differing levels of stress, in accordance with LaPlace’s
law.9

Aortic leaflet closure and prevention of wall contact
Further, the distance the sinuses create between the aortic

leaflets and the aortic wall prevent systolic leaflet-wall
contact and aid in a more rapid valve closure during
diastole.

Rapid aortic valve closure priming
The sinuses provide a reservoir of blood to develop

vortices. These prime the aortic leaflets for rapid closure
when the pressure between the aorta and ventricle
equalizes.10

Aortic valve leaflets Preferably called leaflets, also referred to as cusps or
scallops. The three leaflets are configured in a crown-
shaped fashion with three edges and become thicker
toward their free margin. The nadirs are present as
prominent ridges.4 Three segments can be distinguished:
leaflet body, nadir (lowest hinge point), and coaptation
zone (lunula and nodules of Arantius) (Fig 1).

Aortic valve leaflets serve to provide unidirectional blood
flow through the ascending aorta. In a normal valve the
lunula does not exceed 5 mm and distributes stress along
the leaflet edges to the commissures, which suspend the
leaflets in a triangular shape.9

Intervalvular triangles (IVT) Posterior IVT The aortic root provides support to the AV leaflets and the
ascending aorta.8,10 The IVTs play a major role in this
supporting function as anchoring pillars for the
attachment of the 3 leaflets.

Positioned between left and noncoronary leaflet. In
continuum with the fibrous tissue of the anterior mitral
valve leaflet and part of the fibrous skeleton of the heart.

Right IVT
Positioned between the non- and right coronary leaflets and

is part of the membranous septum of the interventricular
septum. Is in close proximity to the His-Bundle and
tricuspid valve.

The trigones in-between the anterior and posterior LVOT
walls function as a hinge point, which enables
displacement of the posterior wall in systole.

Left IVT
Positioned between the left and right coronary leaflets and

has a close relation to the pulmonary root. Its base
corresponds to the lateral wall muscle of the left
ventricle. The lower one-third of the left IVT is
comprised of muscular structure, whereas the remaining
two-thirds consist of fibrous structure.

Sinotubular junction The sinotubular junction represents the tops of the
3 commissures. It is the location where the sinuses, the
commissures, and the ascending aorta meet (Fig 1).

This ridge is made of elastic fibers and supports the
peripheral attachments of the valve leaflets. The
perimeter of the lumen is slightly smaller compared to
the lowest section of the aortic annulus and therefore has
important hemodynamic implications.11,12

Abbreviation: LVOT, left ventricular outflow tract; MV, mitral valve; SoV, sinus of Valsalva; STJ, sinotubular junction.
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Fig 2. Overview of the offline analysis with eSie valve analytical software. (A) Image selection and access in eSie valve. (B) Automated alignment of aortic valve.
(C) Automated tracking adjustment. (D) Static and dynamic analysis.
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control function, the user can identify the frame of interest for
static analysis (end-systolic or end-diastolic). The dynamic
module analyzes all the frames in the identified cardiac cycle
(s). For the purpose of this study, dynamic AV analysis was
performed. Briefly, the steps of the procedure are (Fig 2):

1) Image selection
2) Accessing the 3D data through the eSie valve
3) Automated alignment of the AV
4) Automated tracking adjustment
5) Static analysis
6) Selection of the number of beats
7) Dynamic analysis

There is also a provision for manual correction to adjust the
leaflet tracking during various phases of the cardiac cycle. Minor
adjustments of the leaflet and aortic root tracking were performed
for this study in all datasets to ensure consistency in analyses. After
adjustments are applied, the analysis can be repeated.

Results

At the end of static analysis, a rendered parametric model
of the AV is generated superimposed on the 3D volume.
Any of the analyzed parameters can be selected that is
highlighted on the parametric model. Dynamic analysis can
be performed on 1-to-3 beats with automated detection of
the anatomic landmarks throughout the cardiac cycle. The
final result is a dynamic parametric model of the AV
superimposed on the 3D volume with highlighted geo-
metric parameters (Fig 2D). The duration of analysis
depends on the number of selected cardiac cycles to be
analyzed. For a single cycle analysis, fewer than 2 minutes
are required for each valve.
Analyzed Geometric Parameters

The AV analyses generate 45 different parameters
that can be exported in a comma-separated values file
format (Fig 2D). Including the aortic valve-mitral valve
(AV-MV) angle values, 45 parameters were exported
(Table 2). For the purpose of this study, 15 parameters
were arbitrarily selected based on their clinical value
(Table 2 depicted by an asterisk symbol). The precise
measurement technique for these parameters is described
and visualized in Figure 3.



Table 2
Siemens eSie Valve Exportable Data

Parameters

Annular min diameter Root average height*
Annular max diameter Inter ostia angle
Annular diameter (area derived)* L ostia height
Annular diameter (perimeter derived) R ostia height
Annular L-hinge diameter Valve orifice area
Annular N-hinge diameter Coaptation height*
Annular R-hinge diameter L leaflet edge length
Annular perimeter* N leaflet edge length
Annular area* R leaflet edge length
Root STJ min diameter L leaflet height*
Root STJ max diameter N leaflet height*
Root STJ diameter (area derived)* R leaflet height*
Root STJ diameter (perimeter derived) L leaflet edge length/height ratio
Root STJ area* N leaflet edge length/height ratio
Root STJ perimeter* R leaflet edge length/height ratio
Root SoV min diameter L-R intercommissural angle
Root SoV max diameter N-L intercommissural angle
Root SoV diameter (area derived)* R-N intercommissural angle
Root SoV diameter (perimeter derived) L intercommissural distance
Root SoV perimeter* N intercommissural distance
Root SoV area* R intercommissural distance
Root min height AV-MV angle*
Root max height

NOTE. Asterisk symbol depicts analyzed parameters.
Abbreviations: AV, atrial valve; L, left; MV, mitral valve; N, none; R, right;
SoV, sinus of Valsalva; STJ, sinotubular junction.
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Statistical Analysis

Statistical analysis was conducted with IBM SPSS Statistics
24.0 (IBM, Armonk, NY). To account for variations in frame
rate between patients, the cardiac cycle was divided into
4 quartiles for purposes of analysis. Descriptive statistics for
continuous variables are presented as mean 7 standard
deviation. The Student’s t-test was used for statistical analysis
to compute the maximal intravariable change during the
cardiac cycle. Analysis of variance with post hoc Bonferroni
comparison was conducted to establish differences among the
aortic annulus, SoV, and STJ regarding the maximal change
during the cardiac cycle. A p value of less than 0.05 was
considered to be significant.
Table 3
Basic Characteristics

Sex (male) 6 (60%)
Age (year) 68
Height (cm) 168 7 8.7
Weight (kg) 75.6 7 15.1
BMI 26.8 7 4.5
BSA 1.9 7 0.2
Procedure 9 CABG (90%)

1 MVR þ TVR (10%)

NOTE. Data are presented as mean 7 standard deviation.
Abbreviations: BMI, body mass index; BSA, body surface are; CABG,
coronary artery bypass graft; MVR, mitral valve replacement; TVR, tricuspid
valve replacement.
Results

A total of 10 patients undergoing elective coronary artery
bypass graft surgery (CABG) were included in this study.
Patient demographics are presented in Table 3. Dynamism of
the analyzed parameters during the various stages of the
cardiac cycle is depicted in Figure 4 and Table 4. Trend
similarities between patients were observed. To detect max-
imum dynamism during the cardiac cycle, the minimum and
maximum values of each parameter were selected. Comparison
of the means demonstrated significant difference between the
lowest and highest values of all the selected parameters (p o
0.001) (Table 5). The aortic root area, diameter, perimeter and
height, aortic leaflet height, leaflet coaptation height, and
AV-MV angle changed significantly during the cardiac cycle.
The amount of variation in percentages is presented in Table 5
and Figure 5. Analysis demonstrated interstructural differences
of maximal dynamism among the AV annulus, SoV and STJ
for area, diameter, and perimeter. During the cardiac cycle, the
STJ expands significantly more than both to the aortic annulus
and the SoV, resulting in greater changes in area, diameter,
and perimeter (57.8% and 67.5%, 85.1% and 66.4%,
and 61.1%, respectively) (p o 0.001). The maximum AV
leaflet height change was greater in the left and right versus
noncoronary leaflet (72% and 68%, respectively) (p o 0.001),
suggesting reduced stretchability of the noncoronary leaflet.
Discussion

The results of this study demonstrated that automated 3D
geometric analysis of AV using 3D TEE is a clinically feasible
technique. Moreover, automated dynamic analyses can be
readily performed over the entire cardiac cycle. This results
in the generation of dynamic parametric models of patient-
specific anatomy in which the aortic root has been dynamically
analyzed and can be displayed with and without color-flow
Doppler (CFD). This could provide a more comprehensive
analysis of the AV apparatus than comparable techniques (eg,
magnetic resonance imaging and computed tomography).13–15

Normal AVs in the study were analyzed and results showed a
consistent pattern of dynamism of the various geometric
parameters, implying a consistent anatomic variance during
the cardiac cycle. The data demonstrated that there was greater
selective STJ dynamism than the annulus and SoV (60% more
area expansion). Interestingly, there was also selective dyna-
mism in the aortic leaflet lengths (mentioned as height
according to the eSie valve nomenclature), with the noncor-
onary sinus showing 70% less stretching compared to the left
and right coronary leaflets. With AV repair surgery gaining
more popularity for select patients, dynamic assessment of AV
geometry will possibly impact surgical decision-making. Three
independent predictors for a durable repair have been pointed
out: (1) absence of aortic regurgitation, (2) leaflet coaptation
44 mm, and (3) effective leaflet height (nadir to tip of



Fig 3. Overview of the analyzed parameters. 3D reconstruction images are obtained from Siemens eSie valve analytical software.
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Fig 4. Composite of graphs demonstrating the dynamism of the analyzed parameters. Avg, average; L, left; N, non; R, right.
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Table 4
Aortic Apparatus Dynamism During Cardiac Cycle

Patient Annular
Area
(mm2)

SoV
Area
(mm2)

STJ
Area
(mm2)

Annular
Diameter
(mm)

SoV
Diameter
(mm)

STJ
Diameter
(mm)

Annular
Perimeter
(mm)

SoV
Perimeter
(mm)

STJ
Perimeter
(mm)

Root avg
Height
(mm)

L-leaflet
Height
(mm)

N-leaflet
Height
(mm)

R-leaflet
Height
(mm)

Leaflet
Coaptation
Height (mm)

AV-MV
Angle
(degree)

1 Cardiac cycle phase 1 370.3 664.6 547.2 21.7 29.1 26.4 69.8 93.9 83.3 23.2 11.3 11.6 11.6 10.3 118.9
Cardiac cycle phase 2 389.5 671.9 510.3 22.3 29.2 25.5 71.8 93.6 80.4 24.0 13.6 13.5 12.0 9.7 114.2
Cardiac cycle phase 3 339.9 626.8 456.3 20.8 28.3 24.1 68.1 91.1 76.2 23.3 14.8 16.0 14.4 10.5 104.1
Cardiac cycle phase 4 345.7 618.4 470.9 21.0 28.1 24.5 68.8 90.7 77.5 22.7 15.7 15.7 14.2 10.4 107.5

2 Cardiac cycle phase 1 451.8 720.2 587.4 24.0 30.3 27.3 76.5 97.2 87.3 21.5 14.4 12.9 9.6 10.6 128.2
Cardiac cycle phase 2 445.7 710.2 578.2 23.8 30.1 27.1 76.3 95.8 85.8 26.2 17.2 14.1 14.1 9.2 118.5
Cardiac cycle phase 3 465.1 681.9 526.6 24.3 29.5 25.9 78.6 94.0 82.0 26.0 19.1 15.3 16.8 11.2 113.5
Cardiac cycle phase 4 449.9 647.0 500.4 23.9 28.7 25.2 77.2 92.5 80.6 25.7 17.6 16.1 18.9 14.1 109.7

3 Cardiac cycle phase 1 505.9 736.8 659.4 25.4 30.6 29.0 81.5 97.5 92.3 25.4 9.2 12.8 12.0 9.5 113.7
Cardiac cycle phase 2 501.3 755.1 729.3 25.3 31.0 30.5 80.9 98.6 96.5 28.3 12.8 15.2 12.2 9.3 109.8
Cardiac cycle phase 3 509.4 712.6 631.6 25.5 30.1 28.4 81.1 96.1 90.0 25.3 16.2 16.5 13.9 9.3 98.7
Cardiac cycle phase 4 495.2 702.5 615.3 25.1 29.9 28.0 80.2 95.4 88.6 25.0 17.2 18.0 14.0 10.2 97.2

4 Cardiac cycle phase 1 378.2 696.0 648.7 21.9 29.8 28.7 72.7 95.7 92.3 27.8 18.1 20.7 17.5 14.1 98.5
Cardiac cycle phase 2 432.6 644.9 622.5 23.5 28.7 28.2 76.7 93.2 90.0 27.3 18.5 21.2 18.0 14.9 138.1
Cardiac cycle phase 3 455.0 614.8 605.2 24.1 28.0 27.8 78.3 91.2 87.8 25.6 18.5 19.2 18.3 14.3 133.3
Cardiac cycle phase 4 374.2 677.5 695.1 21.8 29.4 29.7 69.8 96.7 95.1 23.4 14.6 18.0 13.3 13.8 135.1

5 Cardiac cycle phase 1 323.0 502.6 374.0 20.3 25.3 21.8 65.1 80.3 69.0 20.1 10.2 9.8 9.8 8.7 104.5
Cardiac cycle phase 2 311.8 486.0 357.9 19.9 24.9 21.3 63.8 79.3 67.4 21.2 12.1 12.9 11.6 8.6 97.7
Cardiac cycle phase 3 311.9 459.6 297.4 19.9 24.2 19.5 63.7 77.5 61.7 21.9 13.5 13.8 12.9 9.6 95.2
Cardiac cycle phase 4 304.6 460.8 323.3 19.7 24.2 20.3 63.5 77.2 64.3 20.1 12.0 12.9 13.8 9.5 102.4

6 Cardiac cycle phase 1 416.0 767.2 693.4 23.0 31.3 29.7 76.2 100.5 94.3 26.6 13.7 14.5 13.2 10.4 114.4
Cardiac cycle phase 2 396.2 737.2 584.3 22.5 30.6 27.3 74.7 98.3 86.5 26.5 14.9 16.8 12.2 9.1 89.3
Cardiac cycle phase 3 428.0 712.6 545.1 23.3 30.1 26.3 76.8 96.3 83.3 25.9 15.7 16.2 13.1 9.4 99.1
Cardiac cycle phase 4 404.8 660.9 536.1 22.7 29.0 26.1 75.8 93.0 82.8 24.6 15.5 16.0 14.8 10.3 101.3

7 Cardiac cycle phase 1 433.3 675.1 610.0 23.5 29.3 27.9 76.1 94.1 88.0 23.4 11.5 12.4 9.0 9.4 98.4
Cardiac cycle phase 2 435.7 624.9 553.5 23.6 28.2 26.5 75.4 90.4 83.8 22.5 16.7 14.1 11.9 8.6 96.8
Cardiac cycle phase 3 442.5 590.2 522.5 23.7 27.4 25.8 76.5 88.1 81.6 21.6 16.4 14.5 13.7 9.0 91.5
Cardiac cycle phase 4 435.4 571.1 504.1 23.5 27.0 25.3 75.7 86.1 80.0 21.0 16.2 14.7 13.1 10.4 98.7

8 Cardiac cycle phase 1 413.7 659.3 579.9 22.9 29.0 27.2 73.9 92.3 85.8 26.5 11.3 10.6 11.7 10.2 113.9
Cardiac cycle phase 2 389.2 623.5 527.7 22.3 28.2 25.9 71.5 89.9 81.7 25.9 14.1 13.1 12.3 9.1 103.1
Cardiac cycle phase 3 410.1 593.4 461.4 22.8 27.5 24.2 73.1 87.9 76.6 24.8 16.1 15.1 14.7 9.8 103.6
Cardiac cycle phase 4 408.4 588.1 464.1 22.8 27.4 24.3 73.1 87.7 76.9 24.4 16.3 15.1 14.0 9.4 103.7

9 Cardiac cycle phase 1 413.6 558.8 550.3 22.9 26.7 26.5 73.1 85.5 84.6 22.5 12.1 14.8 13.8 12.5 105.9
Cardiac cycle phase 2 424.6 553.8 506.2 23.3 26.6 25.4 74.3 84.5 80.6 22.5 15.3 14.2 15.3 9.0 108.2
Cardiac cycle phase 3 435.5 545.7 471.1 23.5 26.4 24.5 74.7 84.1 77.7 22.6 17.2 15.5 16.5 11.0 104.5
Cardiac cycle phase 4 446.1 519.2 445.9 23.8 25.7 23.8 76.0 82.2 75.4 21.7 16.1 15.1 15.5 10.9 109.1

10 Cardiac cycle phase 1 317.4 484.8 392.2 20.1 24.8 22.3 64.1 79.7 70.5 18.6 7.6 12.6 9.5 8.9 118.6
Cardiac cycle phase 2 308.3 473.3 368.1 19.8 24.5 21.6 63.7 78.5 68.5 20.8 14.0 14.8 11.4 7.9 115.5
Cardiac cycle phase 3 341.7 456.9 356.1 20.9 24.1 21.3 67.2 77.7 67.4 20.5 14.6 15.5 13.4 9.8 107.2
Cardiac cycle phase 4 338.6 462.0 413.9 20.8 24.2 23.0 67.0 78.5 73.3 19.7 12.6 13.3 12.7 10.7 113.4

NOTE. Data presented as mean of the 4 cardiac cycle groups of each parameter of the 10 patients.
Abbreviations: Avg, average; AV, aortic valve; L, left; MV, mitral valve; N, non; R, right; SoV, sinus of Valsalva; STJ, sinotubular junction.
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Table 5
Maximum Dynamism During Cardiac Cycle

N ¼ 10 Maximum Minimum p Value* Change (%) p Value†

Annular area (mm2) 431.5 7 58.8 374.8 7 57.9 o0.001 13.2 7 3.6
SoV area (mm2) 664.9 7 100.5 563.3 7 96.2 o0.001 15.4 7 4.4
STJ area (mm2) 600.1 7 123.7 464.2 7 102.3 o0.001 22.8 7 3.8‡ o0.001
Annular diameter (mm) 23.4 7 1.6 21.8 7 1.7 o0.001 6.9 7 2.0
SoV diameter (mm) 29.0 7 2.3 26.7 7 2.3 o0.001 8.1 7 2.4
STJ diameter (mm) 27.5 7 2.9 24.2 7 2.8 o0.001 12.2 7 2.1‡ o0.001
Annular perimeter (mm) 75.6 7 5.4 70.5 7 5.2 o0.001 6.8 7 2.2
SoV perimeter (mm) 93.0 7 7.4 85.9 7 7.6 o0.001 7.7 7 2.8
STJ perimeter (mm) 87.57 9.3 76.5 7 8.7 o0.001 12.6 7 2.0‡ o0.001
L-leaflet height (mm) 17.5 7 2.1 10.5 7 2.0 o0.001 40.0 7 8.4
N-leaflet height (mm) 17.1 7 2.5 12.2 7 2.1 o0.001 28.9 7 6.2‡ o0.001
R-leaflet height (mm) 16.6 7 2.0 9.5 7 1.3 o0.001 42.1 7 11.6
Root avg height (mm) 25.4 7 2.9 21.4 7 2.4 o0.001 15.3 7 5.1 N/A
Leaflet coaptation Height (mm) 12.7 7 2.2 8.1 7 1.4 o0.001 35.6 7 10.3
AV-MV angle (degree) 121.3 7 13.5 91.2 7 11.9 o0.001 24.1 7 12.0

NOTE. Data are presented as mean 7 standard deviation. The difference between the maximum and minimum of each value in the cardiac cycle is depicted as
percentage of change. All parameters demonstrated significant dynamism during the cardiac cycle.
Abbreviations: Avg, average; AV, aortic valve; L, left; MV, mitral valve; N, non; R, right; SoV, sinus of Valsalva; STJ, sinotubular junction.

np Value depicting difference between maximum and minimum values.
†p Value depecting analysis of variance with post hoc Bonferroni comparison results.
‡Values significantly different compared to their matched values.
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coaptation) 48 mm.16 The authors demonstrated that the
leaflet coaptation height (also known as effective leaflet
height) can be measured easily with this new automated
technique (8.1 7 1.4 to 12.7 7 2.2 mm). This is of great
clinical importance in AV repair.17 Also, with valvular
interventions becoming minimally invasive and percutaneous,
traditional open valve analyses are either limited or cannot be
performed at all. Availability of a tool to provide dynamic and
precise geometric analyses will have significant clinical value.
The observations of selective dynamism in various compo-

nents of the AV apparatus have plausible explanations. The
SoV is predominantly made of muscular aortic wall, although
it becomes thinner and richer of collagen proceeding inferiorly
towards the annulus.4,17,18 It is plausible that this thinner wall
structure is the reason for the more rigid structure of the SoV.
The same accounts for the aortic annulus, which is made of a
combination of fibrous tissue and left ventricular muscle.5

A possible explanation for the selective dynamism observation
of the leaflets could be the slightly smaller configuration of the
valve (the nadir is positioned higher).4,5

AV surgery was considered synonymous with AV repla-
cement. However, AV repair is becoming popular for select
patients with aortic insufficiency. Based on 2D imaging, the
AV analysis was limited to annular dimensions, coaptation
length (CL) measurement, and quantification of aortic
insufficiency with CFD.19 Quantitative data can be generated
with 3D imaging and can be used for geometric analyses of
the AV due to the ability of producing orthogonal images in
the multiplanar reformatting setting.20,21 Various geometric
parameters of AV have shown clinical significance during
intraoperative clinical decision making.16,17 Availability of
more information can only further refine and improve
clinical management of these patients. Lack of dependence
on R-wave gating and simultaneous incorporation of CFD
without significant compromise on spatial and temporal
resolution enable dynamic analyses of AVs in patients with
arrhythmias.
The role of echocardiography during valve repair decisions

extends from assessing suitability, procedural guidance during
percutaneous interventions, establishing success/failure after
the intervention, and exclusion of complications. During the
prerepair echocardiographic examination, a comprehensive
valve qualitative and quantitative analysis is performed.
Whereas qualitative 3D valve analyses are based on visual
appreciation of anatomy on a rendered image, multiplanar
reformatting can be used for precise linear measures. The
current study was based on automatic registration and tracking
of specific anatomic landmarks in 3D space with minimal user
input and editing. Therefore, it is less time consuming and
avoids any geometric assumptions.
This study had a few limitations. First, the analysis was

limited to normal AVs only. It remains to be seen how well
the dynamic tracking will work on abnormal/repaired AVs
and dilated aortic roots. The consistency of these results in
tracking of normal valves, however, suggested that it will
likely have the same results under those circumstances.
Second, this was a feasibility study and there needs to be
accumulation of more clinical data and experience prior to its
routine clinical use.
In conclusion, (1) the automated AV apparatus dynamic

assessment using 3D TEE and eSie valve analytical software is
a clinically feasible technique and can be performed readily in
the operating room (it has the potential to significantly impact
intraoperative decision making in cases suitable for AV



Fig 5. Composite of graphs demonstrating the maximum dynamism of the analyzed parameters.
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repair), and (2) the AV apparatus is a dynamic structure and
demonstrates significant changes during the cardiac cycle.
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