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Abstract

Background: Patients with bicuspid aortic valves (BAV) are heterogeneous with regard
to patterns of root remodeling and valvular dysfunction. Two-dimensional echocardio-
graphy is the standard surveillance modality for patients with aortic valve dysfunction.
However, ancillary computed tomography or magnetic resonance imaging is often
necessary to characterize associated patterns of aortic root pathology. Conversely, the
pairing of three-dimensional (3D) echocardiography with novel quantitative modeling
techniques allows for a single modality description of the entire root complex. We
sought to determine 3D aortic valve and root geometry with this quantitative approach.
Methods: Transesophageal real-time 3D echocardiography was performed in five
patients with tricuspid aortic valves (TAV) and in five patients with BAV. No patient
had evidence of valvular dysfunction or aortic root pathology. A customized image
analysis protocol was used to assess 3D aortic annular, valvular, and root geometry.
Results: Annular, sinus and sinotubular junction diameters and areas were similar in
both groups. Coaptation
(7.25+ 0.98 mm and 298+ 118 mm?, respectively) compared to the BAV group
(5.67 £ 1.33 mm and 177 + 43 mm?; P =.07 and P = .01). Cusp surface area to annular

area, coaptation height, and the sub- and supravalvular tenting indices did not differ

length and area were higher in the TAV group

significantly between groups.

Conclusions: Single modality 3D echocardiography-based modeling allows for a
quantitative description of the aortic valve and root geometry. This technique
together with novel indices will improve our understanding of normal and pathologic
geometry in the BAV population and may help to identify geometric predictors of
adverse remodeling and guide tailored surgical therapy.
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1 | INTRODUCTION

Bicuspid aortic valve (BAV) is the most common congenital cardiac
anomaly occurring in approximately 0.5% to 2.0% of live births.™
This anomaly is of significant clinical relevance, given the observation
that patients with BAV develop valvular dysfunction and/or proximal
aortic dilatation with greater frequency than propensity-matched
patients with tricuspid valves.**

Although BAV has traditionally been approached as a single
clinical entity, there is significant heterogeneity with regard to
patterns of valvular dysfunction. Patients may develop calcific aortic
stenosis or primarily experience isolated aortic insufficiency due to a
combination of cusp prolapse and/or aortic annular dilatation.
Proximal aortic dilatation is also a common derivative pathology in
the BAV population. This clinical heterogeneity likely reflects an
underlying geometric heterogeneity in this population.'? Sievers type
1 BAV (one raphe) is far more common than type O (no raphe).

Conventional two-dimensional (2D) transthoracic echocardiogra-
phy (TTE) is the principal imaging technique used to identify,
characterize and survey BAV. However, 2D TTE has a sensitivity of
only 56% with regard to identifying BAV and is of limited utility in the
characterization of morphologic subgroups and concomitant prox-
imal aortic pathology.®'* While the addition of gated computed
tomography (CT) and/or magnetic resonance imaging (MRI) allows

for a standardized characterization of aortic geometry, not all

patients are candidates for these more involved imaging tech-
niques.'®

Over the last decade, the introduction of real-time three-
dimensional echocardiography (RT-3DE) and its recent pairing
with innovative postprocessing algorithms and quantitative
modeling techniques developed by our research group have
allowed for the high-order characterization of 3D mitral valve
geometry.2®2° The application of modified quantitative techniques
to the characterization of the aortic valve and root, as we report
in the current manuscript, is a natural extension of this study
(Figure 1).

We hypothesize that RT-3DE and 3D modeling can resolve subtle
geometric differences in patients with BAV and TAV—for purposes of
the current study, only patients with right-left cusp fusion were
considered. Furthermore, we report several novel 3D measurements
and indices which may ultimately aid in both the comprehensive
characterization of BAV and in the development of tailored therapies

for this patient population.

2 | METHODS

This study was approved by the Institutional Review Board of the
University of Pennsylvania. Written informed consent was obtained

from all patients.

L
Left coronary ostiurr

FIGURE 1 Comparison of aortic valve and root imaging techniques. A, Two-dimensional echocardiography short-axis view of the aortic valve
cusps (top) and long-axis view of the aortic root (bottom). B, Raw three-dimensional echocardiography short (top) and long-axis views (bottom)
of the aortic valve and root before image processing demonstrating the limited quantitative utility of 3D images alone. C, Three-dimensional
reconstructed datasets demonstrating high resolution modeling of a bicuspid aortic valve and aortic root in the short (top) and long-axis views
(bottom). L, left (coronary cusp); MV, mitral valve; Non, noncoronary cusp; R, right (coronary cusp)
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2.1 | Patients and image acquisition

Three-dimensional transesophageal echocardiograms were acquired
for 10 patients (5 patients with TAV and 5 patients with a BAV with
right-left cusp fusion) with normal ejection fraction, a root diameter
less than 4.2 cm, and no evidence of valvular dysfunction. All patients
underwent transesophageal echocardiography (TEE) for diagnostic
purposes unrelated to aortic root pathology. TEE examinations were
performed under light sedation by an experienced cardiologist in the
echocardiography laboratory at the Hospital of the University of
Pennsylvania. Electrocardiographically-gated, full-volume datasets
were acquired using an iE-33 platform (Philips Medical Systems,
Andover, MA) equipped with a 2 to 7 MHz X7-2t TEE matrix-array
transducer. Care was taken to acquire the entire aortic root complex

in each case.

2.2 | Image segmentation

Each full-volume 3D dataset was exported to an Echo-View 5.4
(TomTec Imaging Systems, Munich, Germany) software workstation
for image analysis. This customized software allowed for interactive
manipulation including rotation, translation, surface rendering, and
measurement of full 3D datasets. All analyses were performed at the
end-diastole.

The plane of the aortic valve orifice was rotated into a short-axis
view. The geometric center of the aortic valve was then translated to
the intersection of two orthogonal long-axis planes of the aortic root.
A rotational template consisting of 18 long-axis cross-sectional
planes separated by 10° increments was superimposed on the 3D
image (Figure 2). Annular points were identified on each of the 18
long-axis rotational planes. Freehand curves were constructed from
the annular points along the height of the root at each rotational
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plane for root reconstruction. The sinotubular junction (STJ) was
manually identified in each plane.

The cusps were segmented in parallel long-axis cross-sections
spaced 1 mm apart (Figure 3). TAV cusps were segmented in pairs
along each of the three coaptation zones (ie, right-left, left-non, and
right-non zones). BAV cusps were segmented along the functional
intercommissural line between the fused and the unfused cusps. The
coaptation zones between all cusps were independently identified in
each parallel cross-section. Datasets, each comprising 600 to 1200
individual data points, were created for each valve. The Cartesian
coordinates of the segmented annulus, root, cusps, and coaptation
zones were exported to Matlab (The Mathworks Inc, Natick, MA) for
image postprocessing and quantitative analysis by means of a series

of well-characterized custom algorithms.

2.3 | Annular and root analysis

The datasets were translated to the origin based on the center of
gravity of their respective point clouds. The least-squares plane of
the data point cloud for the STJ was aligned to the x-y plane. The
plane defined by the lowest point in each of the three sinus segments
was designated the basal annular plane. The plane parallel to the
annular plane and encompassing the maximum area of the root was
defined as the sinus plane. Annular area, sinus area, and STJ area
were calculated as were their interdependent ratios.

Novel indices of valvular and root geometry were derived to allow
for a comprehensive, quantitative description of the aortic root complex.
Coaptation height was defined as the mean vertical displacement of the
intercommisural lines above the basal annular plane. The subvalvular
tenting index was defined as the fractional aortic root volume subtended
by the valvular surface, divided by the cross-sectional area of the aortic

valve annulus. The supravalvular tenting index was defined as the

FIGURE 2 Annular and root segmentation technique. A, Short-axis view containing the (bicuspid) aortic valve with cross-sectional planes at
10-degree increments (resulting in a total of 18 cross-sectional planes and 36 annular data points). B, Long-axis view through a cross-sectional
plane with annular points (blue dots) and the root tracings (blue lines). C, Annular view of a single real-time 3D-derived aortic annular model
with the 36 annular data points. D, Side view of a single real-time 3D-derived aortic root model. 3D, three-dimensional
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FIGURE 3 Cusp segmentation technique. A, Short-axis view containing the (bicuspid) aortic valve and parallel transverse cross-sections
every 1 mm along the functional intercommissural line between fused and unfused cusps. B, One of the 2D cross-sections; the surface of the
aortic cusps and the coaptation zone is interactively traced (blue lines). C, Annular view of the completed 3D cusp segmentation model. D, Side
view of the completed 3D cusp segmentation model. L, left (coronary cusp); Non, noncoronary cusp; R, right (coronary cusp); 3D, three-

dimensional; 2D, two-dimensional

fractional aortic root volume above the valvular surface, divided by the

cross-sectional area of the aortic valve annulus.

2.4 | Cusp and coaptation analysis

Smoothing splines were constructed for each cusp using the Matlab
“thin-plate smoothing spline” function, with the variable smoothing
parameter assigned by the software. The resulting surface splines
were meshed for 3D surface rendering. Individual cusp and
coaptation areas were determined for each valve as was the average

coaptation length along each of the intercommissural lines.

2.5 | Statistical analysis
Continuous variables were expressed as mean + standard deviation.
Categorical variables were expressed as percentages. Comparisons
between groups were performed using Pearson's y? test or Fisher's
exact test (two-sided) as appropriate for categorical variables and the
independent samples t test or the Mann-Whitney U test (two-sided)
as appropriate for continuous variables.

All calculations were performed using SPSS Statistics (IBM SPSS
Statistics 22.0; IBM Corporation, Chicago, IL). Statistically significant
differences were established at P <.05.

3 | RESULTS
3.1 | Baseline patient characteristics

Patient characteristics are presented in Table 1. Patients in the BAV

group were younger than patients in the TAV group, P =.01. There were

no differences in 2D annular, sinus, or STJ diameter measurements
between groups as measured with standard 2D echocardiography. All

patients were similar in terms of left ventricular ejection fraction.

3.2 | Aortic root cross-sectional areas

2D projected annular area, sinus area, and STJ area as determined by
means of 3DE image analysis are shown in Table 2. Ratios describing the
relationship between each of the cross-sectional planes (annulus: sinus:
STJ) were calculated for both groups. For the TAV group the ratio was
1:1.84:1.25 and for the BAV group it was 1:1.35:1.10 (Figure 4).

3.3 | Cusp surface areas

Surface areas for the left, noncoronary, and right TAV cusps were
194429, 174+32, and 188+ 46 mm?, respectively. The unfused

TABLE 1 Baseline patient characteristics

TAV BAV
Variable/parameter® (n=5) (n=5) P value
Age, y 648+10.7 283+206 .01
Female 3 (60) 1 (20) 52
LVEF, % 61065  60.0+35 77
Aortic valve annular 2.54+0.38 304061 .61
diameter, cm
Sinus diameter, cm 3.38+0.4 350+0.64 .73
Sinotubular junction 2924022 290+0.60 .95

diameter, cm

Abbreviations: BAV, bicuspid aortic valve; LVEF, left ventricular ejection
fraction; TAV, tricuspid aortic valve.
?Data were presented as meanzstandard deviation or number (%).
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TABLE 2 Three-dimensional aortic annular, valvular, and root

geometry
TAV BAV
Parameter?® (n=5) (n=5) P value
Aortic root cross-sectional areas
Annular area, mm? 428 +47 622+239 A1

Sinus area, mm? 787 £78 845+ 318 .70
Sinotubular junction 533+25 682 +289 .28
area, mm?
Cusp surface areas
Cusp surface area: annular 1.26 +0.03 1.25+0.05 .65
area ratio

Coaptation zones
Coaptation length, mm 7.25 +0.98 5.67 £1.33 .07
Coaptation area, mm? 298+118 177 £ 43 .01

Cusp tenting and remodeling indices

Coaptation height, mm 4.80+0.62 5.13+0.87 91
Subvalvular tenting index  2.73+0.58 2.49 +0.49 .65
(Index of cusp flattening)

Supravalvular tenting 18.39+2.55 20.97+3.84 .57

index
(Index of root remodeling)

Abbreviations: BAV, bicuspid aortic valve; TAV, tricuspid aortic valve.
?Data were presented as meantstandard deviation.
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FIGURE 4 Comparison of TAV and BAV cross-sectional aortic
areas. In the TAV group, there is a preserved relationship between
the three cross-sectional areas: the annular: STJ ratio approximates
1:1 in normally functioning valves and there is a distinct size
difference between the sinus area and STJ area. In the BAV group,
even though these were all normally functioning valves, there is
relative effacement of the STJ as the difference between the sinus
area and STJ areas are less. Moreover, in the BAV group there is a
trend towards annular and STJ dilatation. BAV(s), bicuspid aortic
valve(s); STJ, sinotubular junction; TAV(s), tricuspid aortic valve(s)
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noncoronary cusp in the BAV group was 312 + 100 mm? (P=.02, vs
noncoronary TAV cusp). The total fused cusp surface area was
469 + 207 mm? for the BAV group compared to 382 + 41 mm? for the
total area of the corresponding right and left coronary cusps in the
TAV group (P =.39). A representative three-dimensional rendering of
these areas is shown in Figure 5. The cusp surface area to annular
area ratios was similar in both groups.

3.4 | Coaptation zones

Mean coaptation length and coaptation area for the TAV and BAV
groups are shown in Table 2. Coaptation area was significantly higher
in the TAV group compared to the BAV group. A representative
three-dimensional rendering of the coaptation areas is shown in

Figure 5.

3.5 | Cusp tenting and remodeling indices
Cusp tenting and remodeling indices are shown in Table 2. These

indices were similar among TAV and BAV groups.

4 | DISCUSSION

Aortic valve replacement has long been the gold standard for aortic
valve pathology. However, both aortic valve-sparing root procedures
and primary valve repair procedures have increased in popularity
over the past two decades and have become the de facto standard of
care for certain patterns of root and/or isolated valve pathology.? As
a consequence, there is a significant clinical need for both a coherent
geometric lexicon and a standardized approach to surgical planning
and postoperative surveillance. To date, the determination of valve
repairability is based on a series of 2D measurements, intraoperative
assessment, and surgical intuition. As a consequence, the majority of
valve repair operations are performed at high-volume centers with
considerable institutional expertise in aortic surgery. As excellent
outcomes have been reported for nearly all patterns of root
pathology, valve-repair procedures, including those for BAV patients,
are increasingly regarded as the standard of care at certain levels of
institutional acuity.??-24

Echocardiographically derived, interactive 3D models of the
aortic root complex allow for a detailed, quantitative description of
root geometry. In the current study, we compare relevant features of
TAV and BAV root geometry and propose several potentially useful
indices that cannot be derived by means of conventional imaging
techniques. These novel indices may ultimately provide rational
geometric targets in patients undergoing valve-sparing operations
and may provide a more quantitative and reproducible means of
characterizing root complex geometry in high-risk patients under-
going surveillance. Our data confirms previous observations that the

bicuspid root complex is geometrically distinct from the tricuspid
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(A) (B)

FIGURE 5 Three-dimensional mesh rendering of a representative
tricuspid (A,C) and bicuspid aortic valve (B,D). Both top-down (A,B)
and side views (C,D) are shown for comparison. The TAV
noncoronary cusp (depicted in blue) is notably smaller when
compared to the corresponding BAV noncoronary/unfused cusp (also
depicted in blue). Additionally, the BAV valve demonstrates
significantly less cusp coaptation overall (depicted in green). Color
coding: blue, noncoronary cusp; Red, right coronary cusp; purple, left
coronary cusp; orange, left-right fused cusp; green, cusp coaptation.
BAV, bicuspid aortic valve; TAV, tricuspid aortic valve

root complex.?>?¢ In both of our study cohorts the STJ to annular
ratio was preserved, (TAV=1.24; BAV=1.09), confirming that adverse
root remodeling had not occurred in either cohort, although the BAV
cohort patients are younger. However, the mid-sinus to annular ratio
was significantly lower in the BAV cohort (1.35 vs 1.8; P =.03) while
the STJ to mid-sinus ratio was higher (0.87 vs 0.67), suggesting that
there is relative effacement of the root in BAV compared to TAV
roots. In other words, the sinus segment is less pronounced (less
“curvy”) in BAV roots. This would tend to increase wall stress in both
the sinus segment and the supra-sinus proximal ascending aorta and
may contribute to the propensity of these two regions to undergo
adverse remodeling in this patient population. Broader application of
the quantitative modeling techniques described herein will ultimately
improve our understanding of BAV and its derivative pathologies.
Furthermore, these techniques have the potential to identify high-
risk geometric features in patients that will benefit from early
intervention to prevent adverse root remodeling.

Interestingly, marked differences were noted with regard to the
distribution of cusp surface area in the BAV and TAV cohorts. This is
particularly relevant in the BAV cohort as our data confirms the long-
held understanding that both the size and radial distribution of the
fused cusp lies somewhere between 50/50 and 66/33. Given the
well-documented need to maintain or reproduce native patterns of
cusp symmetry during aortic valve repair and/or valve-sparing root

t,27

replacemen a thorough understanding of these patterns of 3D

asymmetry is essential to optimizing repair efficacy and durability. It

is also worth noting that while the cusp surface area to annular area
ratios was similar between the two cohorts, coaptation areas were
not (P =.01). This relative paucity of cusp coaptation surface in the
BAV cohort may contribute to the propensity of these valves to
undergo structural and functional deterioration.

Although 2D interrogation of the aortic root complex (customa-
rily obtained using echocardiography) has proven an effective means
for quantifying aortic root dilatation, accurate assessment of cusp
morphology, and geometry remains challenging. All structural
components of the aortic root complex are geometrically and
functionally interrelated and cannot be characterized in isolation,
nor can they be accurately characterized in 2D space as each
component is a fully 3D structure. The relevance of 3D geometry
with regard to valve repair has been previously addressed by several
leaders in the field of aortic surgery.?® The term “effective height,”
defined as the vertical displacement of the free edge margins above
the basal annular plane, was first described in literature by Schéafers
et al*® and is commonly examined as an intraoperative index of
native cusp prolapse both before and after cusp and/or root repair
and thus allows for the quantitative assessment of disease severity
and repair adequacy.

Echocardiographically derived 3D aortic root modeling, as
described in the current study (coaptation height), facilitates the
description of the same parameter and allows for the integration of
this parameter into the preoperative characterization of the valve
and/or root repairability. Furthermore, longitudinal assessment of 3D
aortic root geometry has great potential with regard to elucidating
patterns of function and failure in patients who have undergone
valve-sparing operations. Multiple 2D echocardiographic predictors
of early repair failure have been proposed by several experienced
surgeons. Nearly all of these proposed indexes attempt to quantify
the adequacy of commissural elevation and cusp coaptation following
repair.2?%® However, it has been repeatedly shown that 2D
measurements of geometrically complex intracardiac structures are
highly dependent on plane selection and operator experience, thus
significantly limiting the quantitative and predictive power of the
proposed indexes.>3? The indexes proposed in the current study are
either fully 3D or are directly derived from an interactive 3D model.
As an example, we describe the sub- and supra-valvar tenting index,
which (when paired) provide a means of describing the adequacy of
both commissural elevation and cusp coaptation for the entire aortic
root complex. Similarly, the cusp coaptation area provides a coherent
description of coaptation behavior for the entire root as opposed to
that occurring at a single, selected long-axis plane. The series of 3D
or 3D-derived indexes described in the current study has significant
potential to aid in both the preoperative assessment of valve
repairability and postoperative surveillance of repair durability. Data
acquired therein may ultimately provide a geometrically rational
means of constructing patient-specific, tailored, repair (or replace-
ment) strategies.

Previous work from our group has shown a correlation between
measurements derived from conventional 2D echo assessment and
3D modeling for TAV.2® Intermodality agreement for 2D and 3D
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techniques was again observed in the current study for both cohorts,
though this was not considered a rational means of measurement
validation and was not included in the data summary. It is our opinion
that additional and more rigorous validation of these modeling
techniques involving both documentation of intraoperator reprodu-
cibility and assessment of intermodality agreement (gated CT,
cardiac MRI) is necessary before making any rigorous conclusions.
Another limitation of this study, particularly with regard to the BAV
cohort, is that “normal” is a time-dependent moving data point and is
difficult to define with respect to study inclusion criteria as patterns
of remodeling in this population are unpredictable and often subtle.
To date, most clinicians advocate routine monitoring of these
patients to evaluate functional changes of the cusps, ejection
fraction, remodeling of the left ventricle and remodeling of the root,
thus defining “normal” in the context of the individual patient. Finally,
it was not possible to match subjects for age in the current study. In
fact, the BAV cohort was significantly younger than the correspond-
ing TAV cohort.

In conclusion, while the clinical utility of 2D echocardiography
and gated CT imaging is indisputable, the current study demonstrates
that 3D echocardiography may represent an important adjunctive
technology with regard to both preoperative characterization of
patterns of root pathology and postoperative surveillance. This is
particularly true in BAV populations, where 3D root asymmetry is
well-documented and traditional 2D characterizations can be of

limited utility.
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