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Wall Stress Distribution in Bicuspid Aortic Valve—Associated
Ascending Thoracic Aortic Aneurysms

Axel Gomez, BS, Zhongjie Wang, PhD, Yue Xuan, PhD, Andrew D. Wisneski, MD, Michael
D. Hope, MD, David A. Saloner, PhD, Julius M. Guccione, PhD, Liang Ge, PhD, Elaine E.
Tseng, MD

Department of Surgery, University of California, San Francisco and San Francisco VA Medical
Center, San Francisco, California; and Department of Radiology, University of California, San
Francisco and San Francisco VA Medical Center, San Francisco, California

Abstract

Background.—Bicuspid aortic valve—associated ascending thoracic aortic aneurysms (BAV-
aTAAS) carry a risk of acute type A dissection. Biomechanically, dissection may occur when
wall stress exceeds wall strength. Our aim was to develop patient-specific computational models
of BAV-aTAAs to determine magnitudes of wall stress by anatomic regions.

Methods.—Patients with BAV-aTAA diameter greater than 4.5 cm (n = 41) underwent
electrocardiogram-gated computed tomography angiography. Three-dimensional aneurysm
geometries were reconstructed after accounting for prestress and loaded to systemic pressure.
Finite element analyses were performed with fiber-embedded hyperelastic material model using
LS-DYNA software (LSTC Inc, Livermore, CA) to obtain wall stress distributions. The 99th
percentile longitudinal and circumferential stresses were determined at systole.

Results.—The 99th percentile longitudinal wall stresses for BAV-aTAAs at sinuses of Valsalva,
sinotubular junction (STJ), and ascending aorta were 361 + 59.8 kPa, 295 + 67.2 kPa, and 224 +
37.6 kPa, respectively, with significant differences in ascending aorta vs sinuses (P< 1 x 10713)
and STJ (P< 1 x 1075). The 99th percentile circumferential wall stresses were 474 + 88.2 kPa, 634
+ 181.9 kPa, and 381 + 54.0 kPa for sinuses, the STJ, and the ascending aorta, respectively, with
significant differences in the ascending aorta vs sinuses (2= .002) and STJ (P< 1 x 10713),

Conclusions.—Wall stresses, both circumferential and longitudinal, were greater in the aortic
root, sinuses, and STJ than in the ascending aorta on BAV-aTAAs. These results fill a fundamental
knowledge gap regarding biomechanical stress distribution in BAV-aTAA patients, which when
related to wall strength may provide prognostication of aTAA dissection risk by patient-specific
modeling.

Bicuspid aortic valve (BAV) is the most common cardiac congenital abnormality, affecting
1% to 2% of the population.! BAV is associated with ascending thoracic aortic aneurysms
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(@aTAAs), which grow at a faster rate and tend to dissect at younger age, with a larger size
at time of dissection than their tricuspid aortic valve (TAV)-aTAA counterparts.2~ While
BAV-aTAAs have a similar low dissection rate as do TAV-aTAAsS, their risk of dissection

is higher than in the general population.2~* Despite advances in surgical techniques,
imaging, and screening strategies, overall in-hospital dissection mortality remains as high
as 25%.° To prevent this cardiovascular catastrophe, the American College of Cardiology/
American Heart Association guidelines recommend elective surgical repair for all aTAAs
with diameter greater than or equal to 5.5 cm, growth rate greater than or equal to 0.5
cmly, or diameter greater than or equal to 5.0 cm with a family history of aortic dissection.
Patients undergoing primary aortic valve replacement are also eligible for preventive surgery
with aTAA diameter greater than 4.5 cm.8 Guidelines no longer distinguish between
BAV-associated and TAV-associated aTAAs, and the 2016 American College of Cardiology/
American Heart Association statement expanded diameter criteria for asymptomatic BAV-
aTAA to 5.5 cm from 4.5 cm, citing a lack of evidence regarding diameter and dissection
risk.” Acute type A dissection is a complex hemodynamic and biomechanical phenomenon
that is not well captured or predicted by diameter.8 The International Registry of Acute
Aortic Dissection reported that in type A dissection patients, 59% had aortic diameter less
than 5.5 cm and 40% had diameter less than 5 cm,® while ~90% of aTAA patients failed

to meet elective surgical repair guidelines before the event.10 BAV-aTAAs showed similar
trends, with 12.5% of dissections occurring at a diameter less than 5 cm.1! There is a need
for patient-specific aTAA surgical repair criteria.

Biomechanically, aortic dissection can occur when wall stress exceeds wall strength.12
Despite similar collagen content, mechanical failure testing of BAV-aTAA suggests greater
wall strength than in TAV-aTAA,13.14 highlighting the importance of studying wall stress

to understand BAV-aTAA behavior. The law of Laplace linearly relates wall stress to both
diameter and pressure, assuming a perfect cylindrical geometry, but is unable to predict wall
stresses in complex surfaces such as aTAA geometries. Finite element analysis (FEA) is a
validated computational method that can be used to determine failure modes and stresses
that are otherwise impossible to directly measure in vivo. Prior studies have applied FEA

to patient-specific aTAAs, demonstrating that regions of peak stress can be found in regions
where clinical dissection is often observed.81516 However, limited data exist regarding the
distribution of BAV-aTAA wall stress.15:16 Patient-specific BAV-aTAA wall stresses can be
accurately characterized from precise 3-dimensional computational models. BAV-aTAA wall
stress profiles could be potentially helpful to identify regions of intrinsic vulnerability and
guide clinical decision making. The aim of this study was to determine magnitudes of wall
stress by anatomic regions on BAV-aTAAs.

Material and Methods

Patients with electrocardiogram-gated computed tomography angiography (CTA)
undergoing routine aneurysm surveillance were evaluated for BAV-aTAA with diameter
greater than 4.5 cm. Patients with motion artifact or poor image quality resolution were
excluded. Patients were required to have neither a history of aortic valve surgery nor isolated
aortic root dilatation. BAVs were not differentiated by subtype. This study was approved by
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the Committee on Human Research at the University of California San Francisco Medical
Center and Institutional Review Board at San Francisco Veterans Affairs Medical Center.

BAV-aTAA Geometry Reconstruction

DICOM (Digital Imaging and Communications in Medicine) CTA images were imported
into MeVisLab (MeVis Medical Solutions AG, Bremen, Germany) for segmentation.
Patient-specific 3-dimensional aTAA geometries, from the left ventricular outflow tract to
the descending thoracic aorta, were reconstructed from CTA slices orthogonal to the long
axis of the aorta. The aortic wall was meshed into 19,008 hexahedral elements (TrueGrid
version 3.1.3; XYZ Scientific, Inc, Livermore, CA) to create geometric mesh. LS-DYNA
R10 (LSTC Inc, Livermore, CA), a FEA software package, was used for pressure loading
simulations and data analysis.

Zero-Pressure Geometry and FE Simulations

CTA images were obtained under in vivo physiologic blood pressure conditions. To account
for this prestress, a modified update-Lagrangian method was applied to obtain zero-pressure
aTAA geometries. The aTAA wall was assumed to be incompressible, uniform, hyperelastic,
and anisotropic; and modeled according to our previously described user-defined fiber-
embedded hyperelastic material model.1” The aortic root is a dynamic structure with
movement during the cardiac cycle. Axial displacement at the root may increase peak
longitudinal stress up to 50%.18 Translational motion was fixed proximally at the left
ventricular outflow tract, 20 mm below the annulus, to allow aortic root motion during

the cardiac cycle and fixed distally at the descending thoracic aorta to account for the
physiologic effects of the ligamentum arteriosum without constraints to rotational motion.
FE simulations were performed by applying pressure loading conditions representative of
human physiologic arterial pressure to the aTAA inner lumen. Simulations consisted of
initial inner lumen pressurization and stabilization from 0 mm Hg to 80 mm Hg over a
4-second duration, then the cardiac cycle was simulated by an increase from 80 mm Hg

to 120 mm Hg over 300 ms, followed by a decrease back to 80 mm Hg over 500 ms.
Averaged BAV-aTAA material properties, along with uniform aTAA thickness of 1.75 mm,
were applied based on previous biaxial stretch testing.1® Figure 1 and the Supplemental
Video provide a schematic of the process from geometry creation, mesh generation, and
FEA.

Data and Statistical Analysis

In this study, FEA computes the mechanical stresses due to hydrostatic loads on the aortic
wall. Shear stress represents the contribution of blood flow on wall stress, which is orders

of magnitude less than the contribution from blood pressure.2? Analysis was performed
utilizing 99th percentile wall stresses to avoid artifacts arising from inhomogeneities in the
mesh, as previously described.16:21 Peak wall stresses will heretofore refer to 99th percentile
wall stresses. Peak circumferential and longitudinal wall stresses were calculated at the
sinuses of Valsalva, sinotubular junction (STJ), and ascending aorta (AscAo) using LS-
DYNA postprocessing software. Reproducibility was tested with 3 independent investigators
developing a subset of 17 patient-specific models and running FE simulations. Wall stresses
in these regions were compared using 1-way repeated-measures analysis of variance with

Ann Thorac Surg. Author manuscript; available in PMC 2021 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gomez et al.

Results

Page 4

Greenhouse-Geisser correction for sphericity departure. The Tukey’s honestly significant
difference test was utilized for pairwise comparisons when analysis of variance showed
statistical significance. The STJ and AscAo were further subdivided into greater and lesser
curvatures and compared using a paired-sample #test. BAV-aTAA models were classified by
either STJ effacement or aortic dilation morphology, and as previously proposed by Della
Corte and colleagues,?? into predominantly root vs AscAo dilated phenotypes. Peak wall
stresses between the root and AscAo dilation phenotype as well as between aTAAs with
and without STJ effacement were compared at different regions using unpaired-sample
ttests. Values are reported as mean + SD. A Pvalue less than .05 was considered
statistically significant. Statistical analyses were performed using R version 3.5.1 software
(R Foundation for Statistical Computing, Vienna, Austria).

Clinical Profiles

There were 41 male BAV-aTAA patients, with mean age of 66 + 9 years. Mean aTAA
diameter was 5.05 + 0.46 cm. Patient characteristics are summarized in Table 1.

BAV-aTAA Wall Stresses

There was a significant effect of region on peak circumferential wall stresses for the sinuses
(474 £88.2 kPa), STJ (634 £+ 181.9 kPa), and AscAo (381 + 54.0 kPa) at systolic pressure
(F =46, P< 1 x 10712), which were significantly lower at the AscAo than in the sinuses (P
=.002) and STJ (P< 1 x 10713), and higher in the STJ than in the sinuses (P< 1 x 1077)
(Figure 2A). Peak longitudinal wall stresses in the sinuses (361 + 59.8 kPa), STJ (295 + 67.2
kPa), and AscAo (224 + 37.6 kPa) at systolic pressure also differed by region (F =61, P<

1 x 10715) and were lower in the AscAo than in the sinuses (P< 1 x 10713) and STJ (P< 1
x 107%) and higher in the sinuses than in the STJ (P< 1 x 107°) (Figure 2B). Similar trends
were found at diastolic pressure. Representative wall stress profiles in BAV patients are
shown in Figure 3. For a 17-patient subset, 3 independent investigators performed geometric
contouring, meshing, and FEA. Interinvestigator variability had overall mean percentage
differences of 7% + 4% and 5% + 2% for the peak circumferential and longitudinal wall
stresses, respectively, without significant differences (P= .4) between investigators.

Greater vs Lesser Curvature

Peak AscAo circumferential wall stresses at systole were located at the lesser curvature in 35
(83.3%) aTAAs and larger at lesser than at greater curvature (378 + 55.4 kPa vs 326 + 41.4
kPa; P< 1 x 107°). Peak AscAo longitudinal stresses at systole were significantly different
between greater and lesser curvature (199 + 25.6 kPa vs 218 + 40.5 kPa; P=.016). Peak
STJ circumferential wall stresses were located at lesser curvature in 38 (90.5%) aTAAs and
larger at lesser than at greater curvature (631 + 185.2 kPa vs 416 + 82.3 kPa; A< 1 x 1078).
Peak STJ longitudinal stresses were not significantly different between lesser and greater
curvature (274 + 69.0 kPa vs 278 + 68.8 kPa; A= .81). Similar trends were found at diastolic
pressure. Representative curvatures stress profiles are shown in Figure 4.
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Root vs AscAo aTAA Phenotype

BAV-aTAAs (n = 23, 56.1%) were predominately dilated at the root, while 18 (43.9%) were
predominately dilated at the AscAo. Longitudinal peak stresses at systole between the root
and AscAo phenotype were 369 + 56.7 kPa vs 350 + 63.8 kPa (P=.17) at the sinuses, 294
+57.1 kPa vs 298 + 79.9 kPa (P = .43) at the STJ, and 216 + 26.4 kPa vs 233 + 47.5 kPa (P
=.090) at the AscAo. Circumferential peak stresses at systole between the root and AscAo
phenotype were 464 + 73.7 kPa vs 488 + 104.5 kPa (P = .21) at the sinuses, 619 + 166.6 kPa
vs 654 + 203.0 kPa (P=.28) at the STJ, and 376 = 54.5 kPa vs 388 + 54.0 kPa (P=.24) at
the AscAo.

STJ Effacement

BAV-aTAAs (n = 8, 19.5%) were effaced at the STJ, while 33 (80.5%) had no STJ
effacement. Longitudinal peak stresses at systole between effaced and noneffaced STJ
phenotypes were 357 + 72.5 kPa vs 362 + 57.7 kPa (P = .43) at the sinuses, 306 + 57.1

kPa vs 293 £ 70.0 kPa (P=.29) at the STJ, and 228 + 20.5 kPa vs 223 + 40.9 kPa (P=.31)
at the AscAo. Circumferential peak stresses at systole between effaced and noneffaced STJ
phenotypes were 482 + 86.6 kPa vs 472 + 89.7 kPa (P = .39) at the sinuses, 614 + 115.1 kPa
vs 639 + 195.8 kPa (P=.32) at the STJ, and 403 + 64.8 kPa vs 376 + 50.7 kPa (P=.14) at
the AscAo.

Comment

Current American College of Cardiology/American Heart Association aTAA surgical

repair guidelines base their recommendations primarily on diameter, along with growth
rate, connective tissue disorder, and family history of dissection. We, among others,
demonstrated that aTAA diameter is not a good predictor for aneurysm dissection or
rupture.’-9:16.19 Bjomechanical studies suggest higher wall strength of BAV than TAV-
aTAAs,12-14 highlighting the importance of patient-specific wall stress analyses. Guidelines
currently do not distinguish by valve phenotype.® Use of patient-specific computational
modeling to identify BAV-aTAA high-stress regions in relationship to wall strength could
point to areas at risk of initial intimal tear and facilitate development of patient-specific
repair criteria.

BAV-aTAA Wall Stresses

In this study, we found that BAV-aTAA patients sustained larger wall stresses at the aortic
root than at the AscAo. Circumferential and longitudinal stresses at the STJ and sinuses
were significantly greater than were stresses at the AscAo. We also found that AscAo
longitudinal and circumferential stresses were larger at lesser than at greater curvature, while
only circumferential stresses were larger at the lesser than at the greater curvature in the STJ.

Our findings are consistent with those of Nathan and colleagues.?! While their study did not
take prestress geometry into account, which we previously demonstrated was important for
accurate wall stress determination,’ they found that 99th percentile von Mises wall stresses
for 90% of BAV patients were located above either the right or left coronary sinus (P=
.075). Notably, their wall stress results were normalized to radius of the respective region,
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so they also found higher wall stresses in the sinuses than in the STJ overall when not
normalized. Similar trends were also previously described by our group.1® We found that for
BAV-aTAA patients, circumferential and longitudinal 99th percentile systolic wall stresses
were 548 kPa and 280 kPa, respectively, and when STJ region was examined, that the STJ
had higher stresses than the AscAo did. Our numbers in that study were limited to n = 17
and our geometries did not extend to the left ventricular outflow tract but started just below
the STJ, so we were not able to evaluate statistical significance of this anatomic difference or
assess sinus stresses. That study and others published evaluated geometry starting at the STJ,
which may influence wall stress results based on boundary conditions. Nonetheless, when
not restricted to BAV-aTAA, other studies have corroborated higher aTAA wall stresses at
the STJ than at the AscA0.20:23

Differences in BAV-aTAA wall stresses between greater and lesser curvatures have been

less extensively characterized.1> We previously found higher circumferential peak stresses at
lesser curvature for both the AscAo and STJ,16 similar to our current results and others.1®
While our previous study had a trend toward higher longitudinal peak stresses at STJ

greater compared with lesser curvature, our current study showed no statistically significant
difference. Nathan and colleagues?! also demonstrated similar high stress localization in
BAV-aTAA without differences in greater and lesser curvature. Geometric modeling from
the STJ vs below the aortic annulus may impact wall stress, though our results are of similar
magnitude as other studies.1516:24 Qur fixed boundary conditions were below the aortic
annulus to allow free movement of aortic root and reduce the effects of boundary fixation.
Last, we demonstrated in a subset of patients that FEA results were not statistically different
when 3 independent investigators used the same methodology, beginning with CT images to
FEA results.

Our results fill in a valuable gap in knowledge regarding wall stress distribution in BAV-
aTAA. From a clinical perspective, having overall stresses higher in the STJ and sinuses
reflects areas at risk of dissection. Because dissection also depends on wall strength,
differences in wall stress relative to wall strength in these regions, the sinuses, the STJ,
and the ascending aorta may determine the initiation region for a given patient. Notably,
determining patient-specific BAV-aTAA biomechanics through computational models as
performed here may not only help determine areas at risk for the individual patient
based on wall stress-to-strength ratio, but also evaluate these same patients under differing
hemodynamic conditions such as hypertension. Evaluating changes in peak wall stress
magnitudes in these regions during exercise or acute hypertension may further help
determine if elective aTAA surgery is performed despite a size less than 5.5 cm.

BAV-aTAA Wall Strength

From a biomechanical standpoint, aortic dissection could occur when wall stress exceeds
wall strength, which results in tearing of the aortic intimal layer.12 The BAV-aTAA wall
has not been shown to be weaker than the TAV-aTAA wall.12.14.25 Deveja and colleagues!?
showed that wall strength is greater in BAV-aTAA than TAV-aTAA in both longitudinal and
circumferential directions. On the most conservative side, Pham and colleagues> reported
no differences in failure mechanics between BAV-aTAA and TAV-aTAA. These findings

Ann Thorac Surg. Author manuscript; available in PMC 2021 November 17.
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highlight the importance of studying wall stress to determine dissection risk in BAV-aTAA
patients.

Previous studies demonstrated higher circumferential than longitudinal aTAA strength,
even when restricted to BAV-aTAA, circumferential wall strength nearly doubles that

of longitudinal wall strength.14 These findings suggest that dissection entry tear begins
transversely due to relative longitudinal weakness and propagates along the circumferential
spiral 8

Clinical determination of dissection entry site can be challenging and limited by the extent
of propagation on presentation. Multiple studies have suggested the STJ as a common entry
location. Jaussaud and colleagues8 found equal proportions of type A dissection intimal tears
on the AscAo vs at the STJ (29% vs 29%). The majority of dissections with identifiable
entry tears by CT are +2cm from the STJ.26 When looking at BAV, Tadros and colleagues?
found that BAV-aTAAs were more likely to have an entry tear at the aortic root than were
TAV-aTAAS (31% vs 6%; P=.039). These observations are consistent with our findings

of higher wall stresses at the STJ and sinuses of Valsalva. Our results provide fundamental
information regarding patient-specific peak wall stresses with respect to region, which,
coupled with wall strength distribution among anatomic regions, will provide important
answers for dissection risk. At present, distribution of wall strength based on anatomic
regions is lacking because of the nature of aneurysm surgery, which does not excise

the aortic root intact from the left ventricular outflow tract. Future studies of aneurysms
from rejected organ donors would provide valuable information regarding failure strength
(Supplemental Figure S1).

BAV-aTAA Morphology

Different classifications systems for BAV-aTAA morphology have been proposed to
correlate morphology to clinical behavior.1:22:27.28 Della Corte and colleagues?? devised

a binary classification of root vs AscAo type based on predominant regions of dilation. They
found that the root phenotype exhibited a faster aneurysm growth rate compared with the
AscAo phenotype.?2 In this study, no significant differences in peak stresses in each region
between root and AscAo phenotypes were found with stress distributions that mirrored the
overall population. Furthermore, no significant differences in circumferential or longitudinal
peak stresses were found based on the presence or absence of STJ effacement. The sample
size limits our ability to fully explore the effect of morphology and STJ effacement on

peak wall stresses. Classification by aneurysm morphology may serve in the future as a
prognostic tool.

Study Limitations

One study limitation is that BAV-aTAA was assumed to be homogenous across regions
and subjects. While regional variations can exist, CTA does not provide wall thickness

or material properties,2%:30 and Displacement Encoding with Stimulated Echoes magnetic
resonance imaging was too expensive and time consuming to perform.1” As such, averaged
BAV-aTAA material properties were used, which we have shown provides reasonable
estimation of patient-specific wall stresses when compared with patient-specific material

Ann Thorac Surg. Author manuscript; available in PMC 2021 November 17.
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properties.31 Another limitation is that the present study did not consider fluid-structure
interactions or blood flow patterns specific to BAV. Abnormal helical flow patterns and
higher velocities have been reported for BAV-aTAAs.2 Wall shear stresses may play

an important role in BAV aneurysm growth by influencing endothelial cell regulation

of extracellular matrix,32 but are approximately 5 orders of magnitude less than wall

stress, with respect to dissection and rupture risk.29 Finally, BAV patients were not
classified by valve subphenotype. BAV-aTAA failure properties did not vary by BAV typel3;
however, studying the effect of subphenotype on peak wall stress would require a much
larger population sample for statistical analysis. Thus, we could not explore any potential
relationship between wall stress magnitudes and BAV subtype with the study sample size.

Conclusion

We described BAV-aTAA wall stress distribution and found greater wall stresses at the aortic
root, particularly the STJ and sinuses, than at the AscAo. These results fill a fundamental
gap in knowledge regarding peak stress distributions in BAV-ATAA biomechanics. Our
results suggest potential regions of intrinsic vulnerability for initial intimal tear, depending
on their relationship with wall strength in these regions. For patients, understanding their
individual peak wall stresses in relationship to wall strength may supplement and aid
surgical decision making with respect to elective surgery if the ratio of high wall stress

to low wall strength suggests a risk of dissection despite not meeting surgical size criteria.
This study emphasizes the need and utility of patient-specific criteria for identification and
elective repair of high-risk aTAAs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DICOM images Geometry contouring Surface extraction

Anatomic regions Mesh development

Figurel.
Schematic of finite element modeling process: Digital Imaging and Communications in

Medicine (DICOM) images to geometric contouring (blue) to mesh development (yellow
and green), anatomic regions defined in color, and finally finite element analysis (FEA).
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Relationship between peak (A) circumferential and (B) longitudinal wall stresses and aortic

region. Mean (horizontal line), 25th and 75th percentiles (box), range (whiskers), and
observations (dots). (AscAo, ascending aorta; STJ, sinotubular junction.)

Ann Thorac Surg. Author manuscript; available in PMC 2021 November 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Gomez et al.

Page 13
A Circumferential Wall Stress
)
o
2
o
=
@
<
o
[}
g 5.000e+02
7] 4.500e+02 ]
< 4.000e+02 _|
3.500e+02 _
3.000e+02 _
25000402 _
2.000e+02 _
1.500e+02 _ .
@
o 1.000e+02
= 5.000e+01
g 0.000e+00 _|
@
£
a
b4
o
]
4
@
Q
2
<)
c
@
]
[}
Q
ﬁ 3.000e+02
2 z.1oo.+oz:|
2.400e+02 _|
2.100e+02 _
1.800e+02 _
1.500e+02 _
1.200e+02 _
® 9.000e+01 _
o 6.000e+01
%‘ 3.000e+01
e 0.000e+00 _|
@
£
[}
-
o
o
'

Figure 3.
(A) Characteristic bicuspid aortic valve—associated ascending thoracic aortic aneurysm

circumferential wall stress profiles in (a-€) the ascending aorta (AscAo) and (f-j) the root
phenotype. (B) Characteristic bicuspid aortic valve—associated ascending thoracic aortic
aneurysm longitudinal wall stress profiles in (a-€) the AscAo and (f-j) the root phenotype.
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Figure 4.
Characteristic bicuspid aortic valve—associated ascending thoracic aortic aneurysm peak wall

stress profiles (A) along circumferential direction and lesser curvature, (B) circumferential
direction and greater curvature, (C) longitudinal direction and lesser curvature, and (D)
longitudinal direction and greater curvature.
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Table 1.

Population Characteristics

Characteristic Bicuspid Aortic Valve (N = 41)
Age,y 66 +9

Male 41 (100)

Diameter, cm 5.05 + 0.46

Risk factors

Hypertension 35 (85.4)
Smoking 20 (48.8)
Diabetes mellitus type 2 6 (14.6)
Diabetes mellitus type 1 1(2.44)
Hyperlipidemia 31(71.6)
CAD 19 (46.3)
PVD 4(122)
COPD 2(4.88)
CVA 4 (9.76)
CKD 3(7.32)
Arrhythmia 26 (63.4)
MI 4 (9.76)
EF, % 60.5+10.1
Hemodialysis 0(0)
Prior PCI 4(9.76)
Prior cardiac surgery 4 (9.76)
Aortic stenosis
None 13 (31.7)
Trace 0 (0)
Mild 5(12.2)
Moderate 6 (14.6)
Severe 17 (41.5)
Total 28 (68.3)
Aortic regurgitation
None 11 (26.8)
Trace 10 (24.4)
Mild 9 (22.0)
Moderate 8 (19.5)
Severe 3(7.32)
Total 30 (73.2)
Mixed aortic valve disease 16 (39.0)

Values are mean + SD or n (%).

CAD, coronary artery disease; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; CVA, cerebrovascular accident; EF,
ejection fraction; MI, myocardial infarction; PCI, percutaneous coronary intervention; PVD, peripheral vascular disease.
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