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Abstract

Background: Elective repair of bicuspid aortic valve (BAV)-associated ascending thoracic
aortic aneurysms (aTAAS) is recommended at lower size limits than tricuspid aortic valve
(TAV)-associated aTAAs. Rupture/dissection can occur when wall stress exceeds wall strength.
We previously developed a validated computational method for determining aTAA wall stress;
however, to date, this method has not applied to a patient-specific BAV aTAA. The goal of this
study was to develop a patient-specific BAV aTAA computational model to determine regional
wall stress, using the required zero-pressure geometry, wall thickness, material properties, and
residual stress.

Methods: BAV aTAA specimen was excised intact during elective repair and zero-pressure
geometry was generated using micro-computed tomography. Residual stress was determined from
aTAA opening angle. ATAA material properties determined using biaxial stretch testing were
incorporated into an Ogden hyperelastic model. Finite element analyses (FEA) were performed in
LS-DYNA to determine wall stress distribution and magnitudes at systemic pressure.

Results: Left aTAA region had the highest stiffness, followed by the right, and then anterior/
posterior walls suggesting regional variability in mechanical properties. During systole, mean
principal wall stresses were 108.8kPa (circumferential) and 59.9kPa (longitudinal), while peak
wall stresses were 789.4kPa (circumferential) and 618.8kPa (longitudinal). Elevated wall stress
pockets were seen in anatomic left aTAA regions.

Conclusions: We developed the first to our knowledge patient-specific BAV aTAA model based
upon surgical specimen. Surgical specimens serve as the gold standard for determining wall stress
to validate models based on /n7 vivo imaging data alone. Regions of maximal wall stress may
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indicate sites most prone to rupture and are crucial for evaluating rupture risk based upon the wall
stress/strength relationship.

Keywords
ascending thoracic aortic aneurysm; wall stress; finite element analysis

Introduction

Elective surgical repair of ascending thoracic aortic aneurysms (aTAA) is based upon size,
rate of growth, and symptoms(1). We have previously shown that a significant proportion of
acute type A aortic dissections occur in patients whose aortic size did not meet size criteria
for surgical intervention(2, 3), since mean aortic diameter after dissection was just under
5.0cm(3). Bicuspid aortic valve (BAV), the most common congenital cardiac abnormality,

is frequently associated with aTAA(4). BAV aortic diameter increases 0.2-1.9mm/year,
with lifetime rates of aortic dilatation reported in up to 59%, 78%, and 68% of BAV
patients at the annulus, Sinuses of Valsalva, and sino-tubular junction (STJ), respectively(4).
Mechanism for BAV aTAA is not known, but abnormal valve hemodynamics creating
turbulent and asymmetric flow directed into ascending aortic wall(5) may contribute to
aTAA formation(6). Furthermore, BAV aorta possesses histopathological changes of medial
degeneration, with loss of vascular smooth muscle cells and fragmentation of elastic
lamellae(7, 8). While BAV patients have higher rates of complications than the general
population(9), comparison of aTAA complications in BAV versus tricuspid aortic valve
(TAV) patients is lacking. Guidelines recommend prophylactic aTAA repair in BAV patients
at smaller diameters compared to TAV patients, and recommendations for BAV aTAA repair
were recently lowered to 4.5cm from 5.0cm(10). However, biomechanical data has shown
that BAV aTAA has greater tensile strength in circumferential and longitudinal directions
than TAV aTAA(11) which call into question the present guidelines.

Since current diameter-based guidelines are not adequate to fully capture predisposing

risk factors for dissection/rupture, aTAA wall stress may serve as a more reliable

predictor. Biomechanically, dissection/rupture occurs when wall stress exceeds wall
strength. Unfortunately, wall stress and strength are not directly measurable /n vivo. Use

of finite element analysis (FEA) in physiologic and biomechanical studies is valuable in
obtaining critical data, i.e. /7 vivowall stress, that otherwise would be impossible to obtain.
FEA of realistic 3D computational models of patient-specific aTAAs can determine wall
stress, while aTAA failure testing can determine wall strength. Generalized BAV aTAA wall
strength has been tested in surgical specimens(11, 12). Accurate finite element (FE) models
require patient-specific 3D geometry in the zero-stress state, regional material properties,
wall thickness, and residual stress. We among others have studied aTAA mechanical
properties from regional stress-strain relationships(12-14). However, in vivo aTAA FE
models(15-19) have previously been filled with assumptions that limited their accuracy and
validity(20, 21). Use of in vivo geometry at systemic pressure from computed tomography
angiography (CTA) or magnetic resonance imaging (MRI) instead of zero-stress geometry is
one such assumption. /n vitro specimens are best for obtaining zero-pressure geometry. Our
prior study successfully demonstrated our methodology to create accurate (TAV)-associated
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aTAA model(22). In this study, our goal was to develop the first to our knowledge BAV
aTAA patient-specific FE model that accurately quantifies aortic wall stress at systemic
pressure.

Materials & Methods
ATAA Mesh Generation

Results

ATAA from 68 year-old man with BAV was excised from STJ to proximal innominate
artery. Proximal and distal ends, as well as anterior, posterior, right, and left regions were
noted. Informed consent was obtained for tissue use for research. Acquisition of human
tissue was approved by Committee on Human Research at University of California at
San Francisco Medical Center and Institutional Review Board at San Francisco Veterans
Administration Medical Center.

BAV ATAA FE model was created using previously described method(22). Briefly,

fresh surgical specimen underwent micro-computed tomography (microCT-40; Scanco
Medical AG, Baseldorf, Switzerland) to obtain zero-pressure geometry. High resolution
DICOM (Digital Imaging and Communications in Medicine) radiologic images (voxel size
76x76x76um) were imported into ITK-SNAP (www.itksnap.org)(23). Surface mesh was
formed with Rapidform XOR (INUS Technology, Inc., Sunnyvale, CA, USA). ATAA wall
was filled with ~100,000 hexahedral elements (TrueGrid; XYZ Scientific, Inc., Livermore,
CA, USA) to create volume mesh of accurate size and thickness at zero-stress. To determine
residual stress, a thin cross-sectional ring of tissue was cut longitudinally to determine
opening angle, which here was measured to be ~80degrees. ATAA residual stress was
determined using a radial cut FE simulation(22). Fresh BAV aTAA specimen underwent
biaxial stretch testing(13, 24). FE model was assigned material properties obtained from
four anatomic regions—anterior, posterior, right, and left. Ogden hyper-elastic material,
previously used to describe non-linear stress-strain relationships of arterial tissues, was
chosen to model aTAA biomechanics(25). LS-DYNA (LSTC, Inc., Livermore, CA, USA)
explicit FE solver was employed for pressure-loading simulations, measurement of first and
second principal stresses, and lumen diameters. Maximum aTAA model diameter at systole
was compared to that obtained from CTA for simulation validation.

ATAA in vivo CT coronal slice is presented(Fig. 1). At surgery, specimen was noted

to shrink in both circumferential and longitudinal directions(Fig. 2) after removal from
systemic pressure. Such shrinkage exemplifies the error of utilizing /n vivo pressurized
geometry as zero-pressure state for reloading to systemic pressure during simulations. ATAA
microCT images were used to create geometry and generate corresponding mesh(Fig. 3).
Final unpressurized BAV aTAA geometry is shown(Fig. 4). ATAA opening angle was
photographed(Fig. 5).

Stress-strain curves of aTAA regions in circumferential and longitudinal directions are
shown(Fig. 6). ATAA tissue stiffness was obtained at 74kPa, corresponding to mean
ascending aortic physiologic stress level under systemic pressure. Ascending aortic stress
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level was calculated based upon Laplace equation considering mean systemic pressure

of 100mmHg and using average aortic thickness and diameter. ATAA stiffness at 74kPa
in circumferential direction was highest in the left region (1238.7kPa), followed by
anterior (615.6kPa), right (608.2kPa) and posterior (316.1kPa). ATAA stiffness at 74kPa
in longitudinal direction was greatest in the left region (1269.5kPa), followed by right
(667.8kPa), anterior (617.9kPa), and posterior (423.8kPa). No significant differences in
stiffness between circumferential and longitudinal directions in each region were noted so
aTAA was modeled as isotropic.

At systole, peak aTAA first principal wall stress (FPS) primarily in circumferential direction
was 789.4kPa with mean 108.8kPa(Fig. 7). Peak aTAA second principal wall stress (SPS)
primarily in longitudinal direction was 618.8kPa with mean 59.9kPa. At diastole, peak

FPS was 651.3kPa with mean 72.2kPa; while peak SPS was 495.6kPa with mean 37.9kPa.
Difference in peak FPS was 138.1kPa throughout the cardiac cycle, while that for peak SPS
was 123.2kPa. Difference in mean FPS throughout the cardiac cycle was 36.6kPa, while that
for mean SPS was 22kPa. Maximum diameter of the proximal lumen ranged 51.5 to 53.1mm
from diastole to systole, while distal lumen ranged 37.6 to 39.2mm. ATAA distensibility,

the change in diameter from diastole to systole, at systole was 3.1% proximally and 4.2%
distally. A pocket of maximal wall stress, could be appreciated at anatomical left region(Fig.
8). Excellent diameter correlation was exhibited when comparing model in systole to pre-
operative CTA.

Discussion

Dissection/rupture of ascending thoracic aortic aneurysms (aTAA) are catastrophic, often
lethal cardiovascular emergencies. Ideally, criteria to determine patient-specific risk of
dissection/rupture would be established. Surgical risks would only be incurred for small
aTAA patients at increased risk. We developed the first to our knowledge validated FE
model of a patient-specific BAV aTAA using surgical specimen to determine wall stress
distribution and magnitude at systemic pressure. Unlike previously created models(15-19),
BAV patient’s surgical aTAA was used to obtain zero-stress geometry, unloaded wall
thickness, regional material properties, and residual stress.

Patient-Specific Regional Material Properties

We previously characterized BAV and TAV aTAA mechanical properties(13). No obvious
differences in anterior and posterior aTAA regional mechanical properties were seen;

but, right and left regions were not studied. Similarly, stress-strain curves in anterior and
posterior regions of this patient were nearly superimposed; however, significant differences
were seen in the left compared to right, anterior, and posterior regions. Left aTAA region
had greatest stiffness than other regions. While further study of regional aTAA mechanical
properties incorporating right and left regions will be necessary, this patient-specific aTAA
suggests regional material differences exist and that computational models incorporating
average literature-based aTAA material properties uniformly applied may not yield realistic
physiologic results.

J Heart Valve Dis. Author manuscript; available in PMC 2021 October 12.
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aTAA Distensibility and Wall Stress

Minimal distensibility (3-4%) was seen proximally and distally, with diameter changes of
only 1.6mm from diastole to systole at systemic pressure. Normal aortic distensibility is
age dependent with 10+3% circumferential distensibility in younger patients vs. 3£1% in
older patients(26). This patient’s aTAA distensibility was within expected range for elderly
patients without aTAA or BAV. Mean aTAA FPS from diastole to systole at systemic
pressure (72.2-108.8kPa), was within peak stress range seen in normal aortic root(27).
Peak aTAA FPS in systole was ~7x greater than mean wall stress. Peak wall stress ranged
from 651.3-789.4kPa circumferentially and 495.6-618.8kPa longitudinally from diastole to
systole at systemic pressure. Peak wall stress distribution was concentrated in left aTAA
region proximally and near STJ. Dissection/rupture could occur in this region in the absence
of surgical repair.

Wall Strength

Pham et al. determined BAV aTAA wall strength using uniaxial failure testing in 20 patients
with mean diameter of 5.01cm and mean age of 55(12). One limitation was that samples
were cryopreserved prior to mechanical testing; the impact of freezing on changes in wall
strength is unknown. Circumferential BAV aTAA wall strength was ~2200kPa, similar to
that of longitudinal wall strength of ~2100kPa. In contrast, Pichamuthu et al. found aTAA
was stronger circumferentially than longitudinally in 23 BAV aTAA patients with average
age 54 and mean aTAA diameter 5¢cm. These samples were stored at 4°C and tested within
48 hours of harvesting. BAV aTAA tensile strength was 1656+980kPa circumferentially
and 698+310kPa longitudinally. Our patient’s aTAA would not have predicted to rupture
circumferentially based on the range of his peak aTAA FPS. On the other hand, his peak
SPS were within range of BAV aTAA longitudinal failure strength, suggesting that his
aTAA could yield longitudinally at higher blood pressures creating a circumferential tear
predisposing to aortic dissection. Our patient-specific FE model served to validate the need
for surgical intervention in this patient and predict a possible failure mechanism.

Comparison to TAV aTAA Model

We recently published a patient-specific FE model of TAV aTAA(22). Comparing regional
tissue stiffness at 74kPa, both anatomic left regions of TAV and BAV aTAAs experience the
greatest stiffness compared to other regions. Stiffness values of TAV aTAA left proximal
and distal regions were 1420.88kPa and 1375.11kPa (circumferential), respectively, and
1410.2kPa and 1364.11kPa (longitudinal), respectively. BAV aTAA patient presented here
did not have separate proximal and distal material property data, but BAV left regional
tissue stiffness (1238.7kPa circumferential, 1269.5kPa longitudinal) had similar magnitude
to that of TAV aTAA. Why left regional stiffness is greatest in magnitude is unknown,

but apposition to the pulmonary artery may be a contributor. Interestingly, throughout the
cardiac cycle, TAV aTAA distensibility, 5-6%, was greater than that of BAV aTAA, 3-4%,
despite greater TAV stiffness.

Comparing stresses, this BAV aTAA patient had greater peak FPS and SPS (789.4kPa
and 618.8kPa, respectively) than those of the prior TAV aTAA patient (545.1kPa and
430.1kPa, respectively). In contrast, TAV aTAA had greater mean FPS and SPS (172.0kPa

J Heart Valve Dis. Author manuscript; available in PMC 2021 October 12.
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and 71.9kPa, respectively) compared to BAV aTAA stresses (108.8kPa and 59.9kPa,
respectively). Greater peak FPS and SPS in BAV aTAA suggests a localized region
experiencing extremely high stress compared to the rest of the aneurysm. Greater mean

FPS and SPS of TAV aTAA suggests that the regions of high stress are of greater area within
the aneurysm. This observation was corroborated by examining the stress models where
BAV aTAA has a distinct region of peak stress in the left proximal aneurysm whilst TAV
aTAA has areas of stress more widespread throughout the left and right regions. Regional
geometry and material properties of BAV aTAA likely contribute to such a distinct region

of elevated wall stress. TAV aTAA also experienced greater difference in peak FPS from
diastole to systole (197.9kPa) compared to that of BAV 138.1kPa.

ATAA Computational Models

While not directly comparable with our study, Nathan et al. examined ascending aortic

wall stress in BAV patients using FEA. Models were created based upon pressurized CTA
geometry, wall thickness from trans-thoracic echocardiography, and literature-based material
properties(16). Average BAV patient age was significantly younger (49 years) than our
patient (68 years) where age significantly impacts mechanical properties and stiffness.
Furthermore, BAV aTAA size averaged 4.0cm, much smaller than our patient. In contrast

to peak wall stress, they reported 99t percentile wall stress which was 540+60kPa in BAV
patients. While similar in wall stress magnitude to our patient, the influence of altering

their simulations to reflect our patient’s older age, larger diameter, and nonuniform material
properties makes direct comparison not possible. In their study, location of 99t percentile
wall stress in BAV, occurred in ascending aortic convexity in anatomic left region (50%) and
in concavity of anatomic right (45%). In our BAV aTAA patient, peak aneurysm wall stress
was located in the anatomic left region.

Computational fluid dynamics (CFD) or fluid-structure interaction (FSI) simulations have
been performed to study how hemodynamic factors such as flow patterns and wall shear
stress could lead to aTAA development and growth. Using CFD, Viscardi et al. studied how
differences in BAV and TAV hemodynamics impact wall shear stress(19). Peak systolic jet
velocities were nearly two-fold greater (5.0m/s) for BAV than TAV (2.3m/s). BAV flows
were more asymmetric, had more pronounced recirculation zones and eddy currents within
ascending aorta, and had flow velocity directed toward mid-ascending aorta convexity.
Using FSI, Pasta et al. demonstrated that sites of maximum wall shear stress occurred in
anterolateral ascending aorta suggesting this region was susceptible to aTAA development
and enlargement(18). BAV aTAA exhibited left-handed nested helical flow in ascending
aorta similar to that shown by our group(5).

Future Model Development

Development of further patient-specific models based on surgical specimens will enable us
to better understand differences between TAV and BAV wall stress magnitude, distribution,
and their contribution to dissection/rupture. Currently, surgical patients undergoing elective
repair are identified as high risk for rupture/dissection based upon size. Patient-specific

FE aTAA models in surgical patients can yield a range of wall stresses reflecting new
thresholds for elective repair in relation to failure strength. Demonstrating peak wall stresses

J Heart Valve Dis. Author manuscript; available in PMC 2021 October 12.
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fall within range of aTAA failure strength (as shown in this study), could allow application
of wall stress magnitude thresholds to smaller aneurysms which despite their size may reach
critical stress values. Furthermore, these models can determine whether the clinical practice
of earlier operation on BAV aTAA is justified biomechanically. These models based upon
experimentally obtained parameters from surgical specimens serve as the gold-standard by
which to compare corresponding models derived from /in vivo data.

Patient-specific aTAA FE models based solely on /n-vivo parameters require validation

to be reliable for clinical use. Model geometry obtained from /in vivo imaging reflects
hemodynamic loading forces, not zero-stress state, which could be obtained by inverse

FE modeling to effectively shrink aTAA geometry to unloaded state. Wall thickness

and regional material properties cannot be determined by CTA but may be estimated

in vivo using Cine Displacement Encoding with Simulated Echos (DENSE)-MRI. We
recently performed the first computational aTAA models derived from /n-vivo imaging
while accounting for zero-pressure geometry and patient specific material properties(28).
Patient-specific aTAA computational models were created from /n-vivo ECG-gated CTA
and DENSE-MRI. We found that peak FPS aTAA stress was 430.6kPa and peak SPS

was 200.7kPa in systole. Without zero-pressure correction, FEA results significantly
underestimated peak FPS and SPS (312.5kPa and 156.2kPa, respectively). The importance
of zero-pressure geometry was demonstrated in these models to attain accurate results. Peak
FPS and SPS results were lower than those of the BAV aTAA patient above, but those
models were of <5.0cm aTAAs.

Study Limitations

While we successfully identified differences in tissue stiffness and material properties within
defined anatomic regions, we assumed that within those regions, aTAA was homogeneous.
More pronounced regional variations could exist, but we incorporated regional differences
to a greater degree than previous models. Our data from circumferential versus longitudinal
stress-strain curves had no significant differences, which correlates with data of Pham et
al(12). As such, this patient’s aTAA tissue was isotropic. Lastly, our simulation did not
account for FSI or asymmetric or turbulent flow patterns from the valve. ATAA dissection/
rupture depends upon understanding wall stress, and wall stress based on pressure (FEA)

is of significantly greater magnitude than the contribution of fluid shear stress whose
maximum value was estimated to be 0.0023kPa(18) by FSI. It is possible, however that
aTAA development and growth could depend on eccentricities of flow and FSI may

be important for predicting growth. Unlike FEA that requires surgical specimens for
accuracy, FSI studies require accurate flow input conditions which can be obtained /n vivo
noninvasively by 4D-flow MRI. Such investigation was beyond the scope of this work.

Conclusions

We report the first to our knowledge of a patient-specific BAV aTAA FE model developed
from an intact freshly excised surgical specimen that incorporated zero-pressure geometry,
wall thicknesses, residual stress, and regional material properties. Mean wall stress was
within range of normal peak wall stress for ascending aorta; however, peak wall stress

J Heart Valve Dis. Author manuscript; available in PMC 2021 October 12.
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was significantly less than reported circumferential BAV aTAA strength but within limits

of longitudinal BAV aTAA strength. Peak wall stress was identified in this patient in left
anatomic region just above STJ. Our data suggests that risk of longitudinal failure with

a circumferential tear could be a possible predisposing mechanism for dissection in the
absence of surgical repair. Creation of such accurate FE models based on surgical specimens
is a vital first step in the development of biomechanically based clinical paradigm for /in-vivo
patient-specific aTAA risk prediction(22).
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Figure 1:

Coronal slice from aTAA ECG-gated CTA.
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Figure 2:
ATAA: a) at surgery prior to excision, b) excised posterior view, 2c) en face.
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Figure 3:
Model generation: 3a) Excised aTAA (side view), 3b) Axial slice from microCT, 3c)

Segmentation with ITK-Snap, 3d) Surfaces smoothed with RapidForm, 3e) Mesh generation
with TrueGrid.
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Figure 4:
BAV aTAA model (3 views) with unpressurized, zero-stress geometry.

J Heart Valve Dis. Author manuscript; available in PMC 2021 October 12.

Page 13

Proximasl

Postencs



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wisneski et al.

Figure5:
ATAA opening angle.

J Heart Valve Dis. Author manuscript; available in PMC 2021 October 12.

Page 14



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wisneski et al.

Circumferential and longitudinal stress-strain curves of aTAA specimen.
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Figure7:
First and second principal wall stresses (FPS and SPS, respectively) in diastole and systole at

systemic pressure.
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Figure8:
Wall stress distribution of FPS and SPS at systemic pressures. Each row of figures represents

four views of the same conditions: 7a) FPS at systole 7b) FPS at diastole 7¢) SPS at systole
7d) SPS at diastole. Fringe levels in kPa.
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