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Abstract

Background—Auortic root evaluation is conventionally based on two-dimensional measurements
at a single phase of the cardiac cycle. This work presents an image analysis method for assessing
dynamic three-dimensional changes in the aortic root of minimally calcified bicuspid aortic valves
(BAVs) with and without moderate to severe aortic regurgitation.

Methods—The aortic root was segmented over the full cardiac cycle in three-dimensional
transesophageal echocardiographic images acquired from 19 patients with minimally calcified
BAVs and from 16 patients with physiologically normal tricuspid aortic valves (TAVS). The size
and dynamics of the aortic root were assessed using the following image-derived measurements:
absolute mean root volume and mean area at the level of the ventriculoaortic junction, sinuses

of Valsalva, and sinotubular junction, as well as normalized root volume change and normalized
area change of the ventriculoaortic junction, sinuses of Valsalva, and sinotubular junction over the
cardiac cycle.

Results—Normalized volume change over the cardiac cycle was significantly greater in BAV
roots with moderate to severe regurgitation than in normal TAV roots and in BAV roots with no

or mild regurgitation. Aortic root dynamics were most significantly different at the mid-level of
the sinuses of Valsalva in BAVs with moderate to severe regurgitation than in competent TAVs and
BAVS.
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Conclusions—Echocardiographic reconstruction of the aortic root demonstrates significant
differences in dynamics of BAV roots with moderate to severe regurgitation relative to
physiologically normal TAVs and competent BAVs. This finding may have implications for risk of
future dilatation, dissection, or rupture, which warrant further investigation.
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Normal structure and function of the aortic root optimize transvalvular flow and minimize
stresses on the aortic cusps. As such, surgical interventions of the aortic valve must account
for evaluation of the aortic root, especially in the presence of a bicuspid aortic valve (BAV),
which is associated with a high prevalence of valvular dysfunction and aortic abnormalities?.
In clinical practice, aortic root assessment is conventionally based on 2D measurement of
root diameters at a single phase of the cardiac cycle. Recent work has demonstrated the
disadvantages of conventional single-plane diameter measurements? and has emphasized the
benefits of a more comprehensive 3D aortic root analysis with 3D transesophageal (3D TEE)
imaging?3. Aortic root sizing with 3D TEE has been compared to other imaging modalities
such as multidetector computed tomography*°, with particular emphasis on planning
transcatheter aortic valve replacement for treatment of aortic stenosis®’. While these studies
have focused on static aortic root geometry in predominantly calcified aortic valves, much
of our knowledge of aortic root dynamics over the cardiac cycle in non-calcified valves has
been gained through invasive marking strategies in animal models82. Although some human
imaging studies have analyzed aortic root dynamics in minimally calcified BAV patients0,
it is not known how volumetric aortic root dynamics differs in patients with physiologically
normal tricuspid aortic valves (TAVS) and in those with minimally calcified BAVs. Such
knowledge is relevant to prediction, diagnosis, and treatment of aortic regurgitation (AR)
and aortopathies in BAV patients.

Towards this goal, this work presents a custom 4D (3D + time) image analysis method for
volumetrically assessing aortic root dynamics of minimally calcified TAVs and BAVs over
the cardiac cycle. The objectives of this study are two-fold: to semi-automatically obtain 4D
patient-specific models of the aortic root from real-time 3D TEE in order to measure aortic
root areas and volume over the cardiac cycle, and to test the hypothesis that abnormalities in
the dynamics of minimally calcified BAV roots are associated with the presence of AR.

Patients and Methods

Image Data and Patient Population

This study was approved by the Institutional Review Board at the University of
Pennsylvania. Electrocardiographically gated real-time 3D TEE images of the aortic root
were retrospectively acquired from routine intra-operative exams of 35 patients performed
immediately before cardiac procedure. The patients included 16 with physiologically normal
TAVs and ascending aortas and 19 with minimally calcified BAVs with or without aneurysm
of the aortic root and/or ascending aorta. The 3D TEE images were devoid of stitching
artifacts and the entire aortic root remained in the field of view during acquisition. The
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images were obtained using the iE33 imaging platform (Philips Medical Systems, Andover,
MA) with a 2 — 7 MHz matrix-array transducer at end-expiration during positive pressure
ventilation in anesthetized patients to eliminate motion caused by respiration. Images were
acquired in full volume mode and averaged over four consecutive heart beats. Each patient’s
3D TEE image series consisted of 9 to 36 frames showing the aortic root from the level

of the ventriculoaortic junction (VAJ) to the sinotubular junction (STJ) over one complete
cardiac cycle beginning at early systole. The images were exported in Cartesian format with
nearly isotropic resolution ranging from 0.4 to 0.8 mm. Intraoperative AR was assessed

by board-certified echocardiographers using the American Society of Echocardiography
and Society of Cardiovascular Anesthesiologists guidelines for performing a comprehensive
transesophageal echocardiographic exam!1:12. In this study, the BAV group was divided into
two AR severity categories: none-to-mild and moderate-to-severe. Clinical characteristics
of the study population, as well as BAV subgroup characteristics related to AR severity,

the presence of dilatation or aneurysm of the aortic root and/or ascending aorta, and cusp
morphology are presented in Table 1. The BAV subgroup with moderate to severe AR was
younger in age and predominantly male. The three subgroups did not otherwise differ in
terms of body mass index and mean systolic or diastolic blood pressure.

4D Image Segmentation of the Aortic Root

From each patient’s 3D TEE dataset, a series of 3D aortic root reconstructions was
generated over one cardiac cycle using the custom semi-automated image analysis pipeline
illustrated in Figure 1. Briefly, the aortic root was first manually traced in a systolic

frame of the cardiac cycle using ITK-SNAP, an open-source tool for interactive 3D
medical image segmentation3. The segmentation was annotated at the level of the STJ
and the VAJ to define the orientation of the root for subsequent measurement. This
segmentation was referred to as the “reference segmentation” and was verified by a

second observer. Deformable registration (image warping) between consecutive frames was
performed with the open-source greed)y 3D registration tool* in order to propagate the
reference segmentation to all other frames of the TEE series. The result was a series

of 3D segmentations of the aortic root at all available frames in the cardiac cycle. A
triangulated mesh of each segmentation was automatically generated from the surface of
each segmentation using an adaptation of [15], such that automated measurements of root
area and volume could be automatically computed. This series of anatomical meshes is
referred to as a 4D patient-specific model of the aortic root.

The image analysis pipeline is referred to as semi-automated since it involved an observer
tracing the aortic root manually in one 3D frame. All subsequent steps, including
propagation of the reference segmentation to all image frames and computation of aortic
root measurements, were fully automated. Without the fully automated propagation and
computation steps, the manual requirements would be enormously greater since there are
generally tens of 3D frames in each data series.

Quantitative Root Analysis

Measurements were automatically computed from the aortic root meshes as follows. The
mesh was sliced at eight equally spaced levels of the aortic outflow tract from the VAJ to
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STJ as illustrated in Figure 2a. At each level, the area enclosed by the inner wall of the root
was computed. The normalized area change over the cardiac cycle at each level of the aortic
root was calculated as:

2) — minimum root area (mmz)

2)

maximum root area (mm

normalized area change (%) = 100 -
minimum root area (mm

Aortic root volume was calculated as the integral of the area of each slice multiplied by
the space between slices. The normalized root volume change over the cardiac cycle was
computed as follows:

maximum root volume (mL) — minimum root volume (mL)
minimum root volume (mL)

normalized volume change (%) = 100 -

Stroke volume (SV) was estimated as SV = CI-BSA/HR, where CI is the cardiac index,
BSA is body surface area, and HR is heart rate in the echocardiogram. Here, a low-normal
Cl of 2.3 L/min/m? was assumed since all patients were in an anesthetized state and it is
the approximate flow rate maintained during cardiopulmonary bypassi®. The stroke volume
buffer was calculated as the change in root volume divided by estimated stroke volume.

Statistical Analysis

Results

Continuous variables were reported as the mean + standard deviation for measurements with
a normal distribution or as the median and interquartile range for non-normal distributions.
Normality was evaluated with the Shapiro-Wilk test. The measurements tested were mean
root volume; mean root area at the level of the VAJ, SOV, and STJ; normalized volume
change; normalized area change of the VAJ, SOV, and STJ; estimated stroke volume; and
stroke volume buffer. These measurements were compared between TAVS, BAVs with no-to-
mild AR, and BAVs with moderate-to-severe AR using one-way ANOVA. For normally
distributed continuous variables, group comparisons were made with the analysis of variance
test and pairwise post-hoc comparisons with Bonferroni correction for multiple testing. For
variables with non-normal distributions, the Kruskal-Wallis and Dunn tests for pairwise
comparisons with the Bonferroni correction were used. A repeated measures ANOVA with

a between subjects term was used to compare normalized area changes of the same valvular
groups at all eight aortic root levels measured.

A total of 835 individual 3D aortic root models were generated from the 3D TEE image
series of 35 patients. On average, 23 aortic root models were generated per patient over one
cardiac cycle. Sample aortic root models from four BAV patients are illustrated in Figure 3,
and a 4D model of a BAV root over the cardiac cycle is shown in a supplemental video. The
variation in size of the BAV roots can be qualitatively observed, as the BAV group included
a mix of patients with and without dilatation or aneurysm of the aortic root and/or ascending
aorta and with AR ranging from none to severe. As shown in the three right-most BAV roots
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in Figure 3, the moderate-to-severe AR group included a mix of roots whose size ranged
from normal to aneurysmal.

Absolute mean root volume and areas, as well as normalized root volume and area changes
over the cardiac cycle, are presented in Table 2 and are illustrated in Figure 2b, Figure 4, and
Figure 5, stratified by group: all TAVs, BAVs with no-to-mild AR, and BAVs with moderate-
to-severe AR. In terms of aortic root size, the absolute volume and area measurements were
highly variable in BAVs since the subgroups consisted of both non-dilated and aneurysmal
phenotypes as summarized in Table 1. The mean aortic root volume was nearly significantly
different between the three subgroups (p = 0.0523). Mean root area was found to be
significantly higher in BAVs with moderate-to-severe AR relative to the TAV controls at the
level of the STJ (p = 0.0026), SOV (p = 0.032), and VAJ (p = 0.0035). Mean STJ area was
also significantly greater in BAV's with no-to-mild AR relative to TAV controls (p = 0.0052).
Differences in absolute root volume, and STJ, SOV, and VVAJ areas were not significant
between BAV subgroups.

In terms of aortic root dynamics, normalized change in volume over the cardiac cycle was
significantly different in the TAV group, the BAV group with minimal AR, and the BAV
group with moderate to severe AR (p = 0.0026). In pairwise comparisons, the normalized
volume change in BAV roots with moderate to severe AR was significantly greater than that
in TAV roots with no AR (p=0.0043) and in BAV roots with no to mild AR (p=0.0347) as
shown in Figure 4.

Normalized area change was significantly different between groups at the level of the SOV
(p = 0.0005) and STJ (p = 0.0042), but not at the level of the VAJ (p = 0.493). Illustrated

in Figure 5, post-hoc pairwise comparisons showed that normalized SOV area change in the
moderate-to-severe AR group was significantly higher than both the TAV group (p = 0.009)
and BAV group with minimal AR (p = 0.0014), but was not significantly different between
TAVs and the BAV group with minimal AR (p=0.581). Relative to TAV controls, the BAVs
with moderate to severe AR had significantly elevated stroke volume (p = 0.012) and stroke
volume buffer (p = 0.0245). The estimated stroke volume and stroke volume buffer were not
significantly different between BAV subgroups.

To analyze root dynamics trends along the length of the outflow tract, repeated measures
ANOVA with a between-subjects term for valve type showed that the normalized root area
change (Figure 2b) was significantly different between BAV subgroups (p = 0.012) and
between TAV controls and BAVs with moderate to severe AR (p = 0.024). Normalized root
area changes in BAVs with no to mild AR were not significantly different with respect to
TAV controls (p = 0.967). The trends in Figure 2b illustrate that the largest normalized area
changes occur at the level of the VVAJ, with smaller root area changes at the level of the SOV.

This study demonstrates a semi-automated method for creating 4D patient-specific models
of minimally calcified aortic roots from intra-operative TEE data. It is the first to

analyze aortic root volume changes over the cardiac cycle, particularly in patients with
minimally calcified BAVs. While aortic root assessment is conventionally based on diameter

Ann Thorac Surg. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pouch et al.

Page 6

measurements made at different levels of the outflow tract, aortic root volume is a global
measure of size that does not assume root symmetry. Root volume can also be interpreted in
conjunction with root area measurements made at multiple levels of the outflow tract (STJ,
SQV, and VAJ), which taken together capture both the size of the root and characterization
of the root phenotype. In terms of aortic root dynamics, an advantage of computing
normalized root volume change in addition to absolute size measurements is that it is
independent of patient habitus (aortic size is known to vary in patients with respect to
BSAL7) and the presence of a root aneurysm (since absolute change in volume may be
related to the size of the root). In summary, the image analysis strategy presented in this
work facilitates computation of both absolute and normalized root size change, both of
which are important in clinical decision making.

The analysis of root area changes in Figure 2b and Figure 5 indicates that root dynamics
over the cardiac cycle differs along the length of the aortic root; the greatest change in

root size over the cardiac cycle generally occurs at the level of the VVAJ. This finding was
observed in all subgroups in this study. A primary finding of this study is that BAV roots
with moderate to severe AR are not only larger than physiologically normal TAVs, but

they also have a significantly increased normalized root volume change over the cardiac
cycle relative to the aortic roots of normal TAVs and of minimally calcified BAVs with
minimal AR. The increased normalized root volume change in severely regurgitant BAVs
may be attributable to enhanced dynamics at the level of the SOV observed in this subgroup
(Figure 5, right column). Given that the estimated stroke volume and stroke volume buffer
were higher in BAVs with moderate-to-severe AR relative to the minimal AR subgroups,

it is conceivable that the elevated stroke volume of BAVS with severe AR is, in part,
accommodated by increased root volume change over the cardiac cycle. These findings have
not been previously reported and may have implications for AR predisposition and risk for
future aortic dilatation, dissection, or rupture, which warrant further investigation.

This study has several limitations. Considering the morphological heterogeneity of BAVS,
further studies with larger sample sizes (including more physiologically normal BAVS,

in particular) are needed to investigate the association between BAV root dynamics and
valve competence, cusp morphology, root asymmetry, vascular stiffness, and patterns of
aortopathy. While the results indicate that root dynamics are altered in BAVs with moderate
to severe AR relative to competent aortic valves, this finding does not indicate whether
changes in root dimensions are a cause for AR or the result of AR. In addition, while the

3D multiplanar measurements presented in this study overcome pitfalls of conventional 2D
root measurements, the proposed 4D TEE analysis has not been compared to conventional
2D analysis or other modalities such as multidetector computed tomography. This study also
used to a low-normal estimation of cardiac output to approximate stroke volume, which
may have underestimated stroke volume in patients with severe AR. Further research will be
needed to address these questions. The image analysis methodology presented in this work
is an important step towards accomplishing these future goals.

In conclusion, this study presents a semi-automated strategy for visualizing and numerically
evaluating the dynamic geometry of the aortic root as it evolves over the cardiac cycle,
which can be standardized to provide more information than traditional methods for

Ann Thorac Surg. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pouch et al. Page 7

derivation of static 2D aortic root diameters. This work may potentially lead to new
user-friendly and cost-effective strategies for risk stratification and surgical management
of patients with minimally calcified aortic valves.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

3D three-dimensional

4D three-dimensional (3D) + time
BAV bicuspid aortic valve

TAV tricuspid aortic valve

TEE transesophageal echocardiography
AR aortic regurgitation

VAJ ventriculoaortic junction

SOV sinuses of Valsalva

STJ sinotubular junction
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Figure 1:
Semi-automated method for creating 4D aortic root reconstructions from real-time 3D

TEE image data: (1) Real-time 3D TEE images were acquired over the cardiac cycle.

(2) The aortic root was manually traced in a systolic frame of the cardiac cycle. This
“reference” segmentation was annotated at the level of the STJ and the VAJ to define the
orientation of the root for subsequent measurement. (3) A dilated mask of the reference
segmentation was generated to create a region of interest around the aortic root in the
reference frame. The TEE image series was down-sampled, and deformable registration
between each consecutive pair of 3D volumes was performed. The resulting deformation
fields were used to propagate the reference mask to all 3D volumes in the series. (4) The
reference frame was registered at full resolution to all other 3D volumes in the TEE series
using the reference mask for increased computational efficiency and precision. The result
was a series of 3D segmentations of the aortic root at all available frames in the cardiac
cycle. (5) A triangulated mesh of each segmentation was automatically generated from the
surface of each segmentation such that automated measurements of root area and volume
could be computed.
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Figure 2:
(a) The aortic root is sliced at 8 levels from the VAJ to STJ and cross-sectional area of the

inner wall of the root is computed at each level. Root volume is the total volume between

the VAJ and STJ levels. (b) Normalized mean area change over the cardiac cycle is plotted
as a function of normalized distance along the aortic root from the VAJ to STJ. Individual
curves are shown for TAVs, BAVs with no to mild AR, and BAVs with moderate to severe
AR. (VAJ = ventriculoaortic junction, STJ = sinotubular junction)
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Figure 3:
3D TEE image-derived models of the aortic root from four subjects with BAVs and varying

degrees of AR severity. (VAJ = ventriculoaortic junction, STJ = sinotubular junction)
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Figure 4:

Normalized aortic root volume change over the cardiac cycle for TAVs (denoted as TAV
AR(-)), BAVs with no to mild AR (denoted as BAV AR(-)), and BAVs with moderate to

severe AR (denoted as BAV AR(+)).
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Normalized change in area of the aortic root over the cardiac cycle at the level of the VAJ
(ventriculoaortic junction), SOV (sinuses of Valsalva), and STJ (sinotubular junction) for
patients with physiologically normal TAVs (denoted as TAV AR(-)), BAVs with no to mild
AR (denoted as BAV AR(-)), and moderate to severe AR (denoted as BAV AR(+)).
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Clinical characteristics and aortic valve characteristics related to AR severity, the presence of dilatation or
aneurysm of the aortic root and/or ascending aorta, and cusp fusion pattern.

All TAVs (N = 16)

BAVs: no to mild AR (N =

BAVs: moderate to severe

6) AR (N =13)

Age (years) 61+12 51+24 46 + 12
Total females (%) 7 (44) 2(33) 4(29)
Body mass index (kg/m?) 27.8+5 23.6+6 262+4
Systolic blood pressure (mmHg) 128 + 14 135+ 17 137+ 18
Diastolic blood pressure (mmHg) 76 £ 12 78+ 11 69 + 16
Aortic valve characteristics (total per group):

Physiologically normal 16 1 0

AR only 0 0 5

Dilatation or aneurysm of the ascending aorta and/or 0 5 9
root

L-R coronary cusp fusion (Sievers Type 1) — 3 7
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Table 2:

3D TEE-derived aortic root volume measurements.

All TAVs (N=16) BAVs: notomild AR (N=6) BAVs: moderate to severe AR (N = 13)

Mean root volume (mL) 135(3.2) 17.5 (10.0) 16.6 (7.6)
Normalized root volume change (%) 9.7 (6.2) 9.2(6.2) 17.2 (9.3) *f
Mean VAJ area (mm?) 390 + 93 458 + 137 571+1777
Normalized VAJ area change (%) 259+ 10.6 19.9+9.3 259+12.3
Mean SOV area (mm?) 659 + 103 845 + 218 889+ 3247
Normalized SOV area change (%) 9.4 (4.2) 5.6 (2.4) 14.7 (14.7) *7
Mean STJ area (mm2) 545 (121) 913 (110)* 824 (373) «f
Normalized STJ area change (%) 7.6 (3.3) 8.6 (2.6) 10.8 (3.7) *
Estimated stroke volume (mL) 59.7 +13.0 775+21.8 80.3+36.7
Stroke volume buffer (%) 2.1(0.9) 22(3.1) 3.1(2.8) *

Mean and normalized values are computed over the full cardiac cycle (* denotes p < 0.05 with respect to all TAVs, T denotes p < 0.05 with respect
to BAVs with no to mild AR)
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