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Key question

What anatomic regions experience the highest wall . . . . )
; fatad with . id . Representative tricuspid aortic valve-associated
stresses in aTAAs associated with a tricuspid aortic ascending thoracic aortic aneurysm wall stress profile in
valve? circumferential and longitudinal directions o
l ;
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Key finding(s)

Circumferential and longitudinal wall stresses are
greatest at the aortic root for patients with TAV-aTAA.

|

Take-home message

Finite element analysis may be clinically used to assess
patient-specific dissection risk based on regional wall
stress-to-strength ratios.

Abstract

OBJECTIVES: Ascending thoracic aortic aneurysms (aTAAs) carry a risk of acute type A dissection. Elective repair guidelines are based on
diameter, but complications often occur below diameter threshold. Biomechanically, dissection can occur when wall stress exceeds wall
strength. Aneurysm wall stresses may better capture dissection risk. Our aim was to investigate patient-specific aTAA wall stresses associ-
ated with a tricuspid aortic valve (TAV) by anatomic region.
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METHODS: Patients with aneurysm diameter >4.0 cm underwent computed tomography angiography. Aneurysm geometries were recon-
structed and loaded to systemic pressure while taking prestress into account. Finite element analyses were conducted to obtain wall stress
distributions. The 99th percentile longitudinal and circumferential stresses were determined at systole. Wall stresses between regions were
compared using one-way analysis of variance with post hoc Tukey HSD for pairwise comparisons.

RESULTS: Peak longitudinal wall stresses on aneurysms (n = 204) were 326 [standard deviation (SD): 61.7], 246 (SD: 63.4) and 195 (SD: 38.7)
kPa in sinuses of Valsalva, sinotubular junction (STJ) and ascending aorta (AscAo), respectively, with significant differences between AscAo
and both sinuses (P < 0.001) and STJ (P < 0.001). Peak circumferential wall stresses were 416 (SD: 85.1), 501 (SD: 119) and 340 (SD: 57.6) kPa
for sinuses, STJ and AscAo, respectively, with significant differences between AscAo and both sinuses (P < 0.001) and STJ (P < 0.001).

CONCLUSIONS: Circumferential and longitudinal wall stresses were greater in the aortic root than AscAo on aneurysm patients with a
TAV. Aneurysm wall stress magnitudes and distribution relative to respective regional wall strength could improve understanding of aortic

regions at greater risk of dissection in a particular patient.

Keywords: Aortic aneurysm « Wall stress + Finite element analysis

ABBREVIATIONS

AscAo  Ascending aorta

aTAA  Ascending thoracic aortic aneurysm
BAV Bicuspid aortic valve

CTA Computer tomography angiography

FE Finite element
SD Standard deviation
ST) Sinotubular junction

TAV Tricuspid aortic valve

INTRODUCTION

Most ascending thoracic aortic aneurysms (aTAAs) are sporadic
and associated with a tricuspid aortic valve (TAV) [1]. Despite
more frequent aTAA diagnoses and guidelines for elective repair,
~2-3% of patients experience dissection/rupture events per year
[2], which carry 11-18% perioperative mortality in patients that
reach the hospital alive [3, 4]. aTAA repair guidelines use diame-
ter cut-offs balancing risk of dissection with that of surgery. The
American College of Cardiology/American Heart Association rec-
ommend elective surgical replacement for diameter >5.5cm with
earlier intervention for rapid growth rate, connective tissue disor-
der, family history of dissection and concomitant surgery [5]. Our
laboratory and others have reported that ~60-90% of type A dis-
section events occur in aTAAs with diameter <5.5cm and other-
wise not meeting elective surgical repair indications [6-8]. There
is an unmet need for patient-specific aTAA repair criteria that ac-
curately captures dissection risk in aneurysms of all sizes.

Laplace’s Law describes wall stress of cylindrical structures as
proportional to diameter. Diameter serves as a surrogate for
aTAA wall stress, where dissection can occur from aortic wall fail-
ure when wall stresses exceed wall strength [9]. However,
Laplace’s law does not accurately estimate wall stresses in com-
plex aTAA geometries. Accurate patient-specific wall stress pro-
files could significantly enhance understanding and prediction of
aTAA complications. Unfortunately, wall stresses cannot be di-
rectly measured in vivo. Finite element (FE) analysis is a validated
computational technique to determine patient-specific wall stress
profiles. We previously studied bicuspid aortic valve (BAV)-aTAA
wall stresses by anatomic region to assess vulnerability when
combined with complementary wall strength data [1]. The aim of
this study was to determine wall stress magnitudes of TAV-aTAAs
in relationship to anatomic regions.

MATERIAL AND METHODS
Study participants

aTAA patients with maximum diameter >4.0cm were included
from the San Francisco Veterans Affairs Medical Center (SFVAMC).
Patients with BAV, connective tissue disorder, prior cardiac surgical
intervention or isolated aortic root/arch dilatation were excluded.
Patients with at least 1 computer tomography angiography (CTA)
scan and aneurysm diagnosis were included in the study. Patients
with aneurysm surgery had a CTA scan prior to surgery used for
analysis. This study was approved by the Committee on Human
Research at University of California San Francisco Medical Center
and Institutional Review Board at SFVAMC. Informed consent was
not required from the large cohort population as the protocols ap-
proved allowed retrospective review of imaging and clinical data.

Geometry reconstruction and finite element
modelling

Patient-specific 3-dimensional TAV-aTAA geometries were recon-
structed from CTA images using MeVisLab software (MeVis
Medical Solutions AG, Bremen, Germany). All modelled CTA
images preceded any aortic intervention. Models included left ven-
tricular outflow tract, aortic annulus, sinuses of Valsalva, sinotubular
junction (STJ), ascending aorta (AscAo), aortic arch and portion of
the descending thoracic aorta. Aortic arch branches were not in-
cluded. Models were then imported into TrueGrid software (ver-
sion 3.1.3; XYZ Scientific, Inc., Livermore, CA, USA) to create a
geometric mesh with 11202 hexahedral elements and uniform
1.80 mm thickness. Geometric meshes had 3 layers reflecting aortic
intima, media and adventitia. LS-DYNA R10 (LSTC Inc., Livermore,
CA, USA) was used for FE pressure loading simulations and analysis.

Initial aTAA models had geometries at systemic pressure. A
modified update-Lagrangian method was applied to account for
this prestress and obtain zero-pressure geometries suitable for FE
simulations [10]. aTAA wall was modelled as incompressible
hyperelastic material with a user-defined collagen-embedded
material model [11]. Average population TAV-specific aTAA ma-
terial properties were derived from previous stretch testing [12].
To allow for aortic movement during the cardiac cycle while con-
sidering restraint from the ligamentum arteriosum, we fixed
translational motion at the left ventricular outflow tract (20 mm
proximal to the aortic annulus) and distally at the descending
thoracic aorta. No constraints to rotational motion were placed.
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Figure 1: Schematic representation of finite element modelling process: image segmentation of a sample TAV-aTAA, patient-specific ascending thoracic aortic aneu-
rysm surface reconstruction (yellow), geometric mesh creation with anatomic regions defined in colour and wall stress distribution with peak systolic stress (black ar-

row). TAV-aTAA: tricuspid aortic valve-associated ascending thoracic aortic aneurysm.

FE simulations were performed by applying human physiological
arterial pressure conditions to aTAA inner lumen. Simulations
started with an initial lumen pressurization to 80 mmHg. The car-
diac cycle was subsequently simulated by a gradual increase in
pressure from 80 to 120 mmHg over 300 ms followed by a de-
crease back to 80mmHg over an additional 500ms.
Reproducibility was tested with 2 independent investigators re-
constructing TAV-aTAA models for a 25% patient subset and run-
ning FE simulations. Figure 1 provides a process schematic of
TAV-aTAA geometry reconstruction and FE simulations.

Data and statistical analysis

Statistical analysis was performed utilizing 99th percentile wall
stresses to avoid inhomogeneities in the models [13]. Peak wall
stresses will heretofore refer to 99th percentile wall stresses. Peak
circumferential and longitudinal wall stresses were calculated at
sinuses, ST) and AscAo. Effect of region on peak wall stress was
studied with one-way repeated measures analysis of variance with
Greenhouse-Geisser correction for sphericity departure. When
analysis of variance found statistically significant effect of region on
peak stress, post hoc Tukey HSD test was implemented for pairwise
comparison of regions. For STJ and AscAo, we also studied the ef-
fect of curvature, either greater or lesser, on peak stress.
Comparisons of peak stress between curvatures at a single region
were performed with a paired sample t-test. TAV-aTAA models
were classified by ST) effacement, aortic valve disease and diame-
ter. For each classification system, peak wall stresses were com-
pared at different regions using unpaired sample t-tests.
Continuous variables are reported as mean and standard deviation
(SD). Categorical variables are reported with count and percen-
tages. A P-value <0.05 was considered statistically significant.
Statistical analyses were performed using R software by a single in-
vestigator (http://www.r-projectorg). The raw wall stress data will
be shared on reasonable request to the corresponding author.

RESULTS
Patient characteristics

A total of 204 TAV-aTAA patients had a mean age of 69 (SD: 7.7)
years. The mean aTAA diameter was 4.62 (SD: 0.55) cm. Majority

of patients were male (97.1%). The most common co-morbidities
were hypertension (77.9%), hyperlipidaemia (71.1%) and chronic
obstructive pulmonary disease (25.5%). Patient characteristics are
presented in Table 1.

Wall stress by anatomic region

Peak wall stress differed between regions for both circumferential
(F=160, P<0.007) and longitudinal (F=287, P<0.001) directions.
Peak circumferential wall stresses were 416 (SD: 85.1) kPa at
sinuses, 501 (SD: 119) kPa at ST) and 340 (SD: 57.6) kPa at AscAo.
Circumferential stresses were lower at the AscAo than sinuses
(P<0.001) and ST) (P<0.001). ST) had greater circumferential
peak stresses than the sinuses (P <0.001). Locations of peak cir-
cumferential wall stresses were the sinuses in 35 (17.2%), STJ in
164 (80.4%) and AscAo in 5 (2.5%) of TAV-aTAAs. Circumferential
peak stresses by region are illustrated in Fig. 2A. Peak longitudinal
wall stresses were 326 (SD: 61.7) kPa at sinuses, 246 (SD: 63.4)
kPa at STJ and 195 (SD: 38.7) kPa at AscAo. Longitudinal stresses
were also lower at the AscAo than sinuses (P<0.001) and ST)
(P<0.001). Sinuses had greater longitudinal stresses than STJ
(P<0.001). Locations of peak longitudinal wall stresses were the
sinuses in 192 (94.1%) and ST) in 12 (5.9%) of TAV-aTAAs.
Longitudinal peak stresses are shown in Fig. 2B. Overall, peak cir-
cumferential wall stresses for TAV-aTAAs were greater in the cir-
cumferential than longitudinal direction [509 (SD: 111) vs 318
(SD: 57.7) kPa, P<0.001]. The same relationship was true for the
sinuses (P <0.001), ST) (P<0.007) and AscAo (P<0.001). A repre-
sentative TAV-aTAA wall stress profile of a specific patient is
shown illustrating the overall relationships found in this study
(Fig. 3). Wall stress values for the overall patient cohort and also
by groups of aTAA size <5.5 vs >5.5 cm are shown in Table 2.

Wall stresses along greater versus lesser curvature

For the AscAo, peak circumferential and longitudinal wall stresses
were larger in the lesser than greater curvature 342 (SD: 55.5) vs
286 (SD: 45.0) kPa, P<0.001, and 190 (SD: 42.1) vs 174 (SD: 28.8)
kPa, P <0.001, respectively. Similarly, for ST), peak circumferential
and longitudinal wall stresses were higher in the lesser than
greater curvature 502 (SD: 121) vs 366 (SD: 74.4) kPa, P <0.001,
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Table 1: Population characteristics

Characteristics TAV-aTAA
(n=204)
Maximum diameter (cm), mean (SD) 4.62 (0.55)
Sinuses of Valsalva diameter (n =149), mean (SD) 4.32(0.56)
Sinotubular junction diameter (n = 149), mean (SD) 3.67 (0.56)
Mid-ascending aorta diameter (n = 149), mean (SD) 4.34(0.51)
Age (years), mean (SD) 69 (7.7)
Male gender, n (%) 198 (97.1)
Smoking (pack-years), mean (SD) 25 (26)
Hypertension, n (%) 159 (77.9)
Diabetes, n (%) 37(18.1)
Hyperlipidaemia, n (%) 145 (71.1)
CAD, n (%) 39(19.1)
PVD, n (%) 19(9.3)
COPD, n (%) 52 (25.5)
CVA, n (%) 14 (6.9)
CKD, n (%) 21(10.3)
Carotid stenosis, n (%) 3(1.5)
Arrhythmia, n (%) 62 (30.4)
M, n (%) 13 (6.4)
LVEF (%), mean (SD) 61(8.2)
NYHA class CHF, n (%) 12(5.9)
Class | 6(2.9)
Class II 3(1.5)
Class Il 3(1.5)
Class IV 0(0)
Haemodialysis, n (%) 1(0.5)
Prior PCl, n (%) 15 (7.4)
Aortic stenosis, n (%)
None 151 (74.0)
Mild 6(2.9)
Moderate 2(1.0)
Severe 2(1.0)
Data not available 43(21.1)
Aortic insufficiency, n (%)
None 109 (53.4)
Mild 32(15.7)
Moderate 12(5.9)
Severe 8(3.9)
Data not available 43(21.1)

CAD: coronary artery disease; CHF: congestive heart failure; CKD: chronic
kidney disease; COPD: chronic obstructive pulmonary disease; CVA: cere-
brovascular accident; LVEF: left ventricular ejection fraction; MI: myocardial
infarction; NYHA: New York Heart Association; PCI: percutaneous coronary
intervention; PVD: peripheral vascular disease; SD: standard deviation;
TAV-aTAA: tricuspid aortic valve-associated ascending thoracic aortic
aneurysm.

and 231 (SD: 65.4) vs 220 (SD: 58.1) kPa, P=0.002, respectively.
Representative curvatures stress profiles are shown (Fig. 3).

Wall stresses based upon ST) effacement

For 149 (73.0%) TAV-aTAAs with available size measurements of
sinuses, STJ and AscAo, ST) effacement was present in 81 (54.4%)
of patients. aTAAs with ST) effacement had an overall smaller di-
ameter than those without effacement [4.5 (SD: 0.39) vs 4.7 (SD:
0.60) kPa, P=0.008]. Longitudinal peak stresses between the ef-
faced and non-effaced ST) phenotypes were 318 (SD: 52.7) vs
336 (SD: 70.2) kPa (P=0.10) at the sinuses, 235 (SD: 53.0) vs 251
(SD: 70.7) kPa (P=0.12) at STJ and 191 (SD: 33.9) vs 196 (SD:
42.1) kPa (P=0.48) at AscAo, respectively. Circumferential peak
stresses between the effaced and non-effaced ST) phenotypes
were 401 (SD: 68.2) vs 424 (SD: 87.7) kPa (P =0.08) at the sinuses,

487 (SD: 102) vs 515 (SD: 138)kPa (P=0.17) at ST) and 326
(SD: 45.9) vs 353 (SD: 70.3) kPa (P=0.008) at AscAo, respectively.
Representative wall stress profiles in specific patients of similar
aneurysm size but with and without STJ effacement are shown

(Fig. 4).
Wall stresses based upon aortic valve disease

For 161 (78.9%) TAV-aTAAs with echocardiographic data, 10
(6.2%) patients had some degree of aortic stenosis and 52 (32.3%)
patients had aortic insufficiency. Circumferential and longitudinal
wall stresses were similar among aTAAs with and without aortic
stenosis (Table 3). Patients with aortic stenosis had an overall
similar diameter than those without [4.7 (SD: 0.75) vs 4.7
(SD: 0.57) kPa, P=0.76]. Circumferential and longitudinal wall
stresses were greater in aTAAs with aortic insufficiency than those
without (Table 3). Patients with aortic insufficiency had an overall
greater diameter than those without [5.0 (SD: 0.66) vs 4.5
(SD: 0.47) cm, P<0.001]. Representative wall stress profiles in
specific patients with and without aortic stenosis or aortic insuffi-
ciency are shown (Fig. 5).

Reproducibility of results was evaluated by comparing FE sim-
ulation results of TAV-aTAA models constructed independently
by 2 investigators for n=51 (25%) patients. The inter-investigator
variability had a percentage difference of 4% (SD: 4%) for circum-
ferential peak wall stresses (P=0.51) and 5% (SD: 3%) for longitu-
dinal peak wall stresses (P =0.14).

DISCUSSION

Acute type A dissection is a surgical emergency with ~25% pre-
hospital and 11-18% surgical mortality rates [3, 4]. From a biome-
chanical standpoint, dissection represents aortic wall failure
when wall stresses exceed wall strength. In our study, we found
higher longitudinal wall stresses in the root with location of peak
stresses occurring at the sinuses the majority of the time followed
by STJ. Studying patient-specific wall stress profiles in relation to
regional strength variation can help identify TAV-aTAA patients
at risk of dissection and aortic regions vulnerable to an initial inti-
mal tear.

Wall stress profiles

In this study, we found that the magnitudes of TAV-aTAA peak
wall stresses were greater in the aortic root than AscAo. Both ST)
and sinuses experienced larger circumferential and longitudinal
wall stresses than AscAo. A limited number of FE analysis studies
have evaluated TAV-aTAA wall stress distributions. Consistent
with our findings, Jackson et al. reported that in 20 TAV-aTAAs,
locations of 99th percentile Von Mises wall stresses were just
above the right or left coronary sinuses in 80% versus AscAo in
remaining 20% of patients [14]. Their study was limited by small
sample size, lack of in vivo prestressed geometry correction and
peak stress general locations without defining magnitudes and
differences between aortic regions. Similarly, Pasta et al. [15]
found that a local wall principal stress maxima was present just
above the STJ in TAV-aTAAs with 2 additional foci of increased
stresses in AscAo without comparison to ST) magnitudes.
Average principal wall stresses in the anterolateral aorta were
230kPa in AscAo, 300kPa in STJ and 180kPa in aortic annulus.
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Figure 3: Representative TAV-aTAA wall stress profiles in both circumferential
and longitudinal directions for whole aneurysm geometry, greater curvature
and lesser curvature. TAV-aTAA: tricuspid aortic valve-associated ascending
thoracic aortic aneurysm.

Consistent with our results, STJ experienced overall higher first
principal wall stresses than AscAo. However, they potentially
masked sub-regions of higher stresses when averaged with
smaller stresses in the same region. Our findings are also consis-
tent with our earlier results of smaller sample size. In our previ-
ous study, we found that for a cohort of ~100 aTAAs, peak wall

stresses were largest at the aortic root for both longitudinal and
circumferential directions [11]. In particular, the ST) experienced
the largest circumferential stresses. These findings remained
true when examining aneurysms of either size <5.0 or >5 cm.
However, both BAV- and TAV-aTAAs were included, while our
current study focuses exclusively on TAV-aTAAs, with double
the sample size. Notably, in this study, we re-examined the ef-
fect of size on wall stress profiles and noted that TAV-aTAAs
<5.5 and >5.5cm share a regional stress distribution pattern
only differing by a greater magnitude in the larger aneurysms.
Patterns of high wall stresses in STJ and root are not unique to
TAV-aTAAs and have also been reported in BAV-aTAAs and
non-aneurysmal aorta [1, 16]. Clinically, the location of the ini-
tial intimal tear is often at or near the STJ [8]. Current evidence
seems to suggest that the aortic root especially at the STJ, re-
gardless of aortic valve phenotype, experiences the largest wall
stress in aTAAs and depending on corresponding strength of
aortic root may provide insight into the proclivity for biome-
chanical failure.

In our study, we found that TAV-aTAA lesser curvature experi-
enced higher wall stresses than the greater curvature in both STJ
and AscAo. Difference in peak wall stresses between greater and
lesser curvature was higher in the circumferential than longitudi-
nal directions. Longitudinal peak wall stress differences between
the 2 curvatures were minor, <10% of their absolute values for
both STJ and AscAo; thus, this statistically significant difference is
unlikely to be clinically significant. In contrast, circumferential
wall stress differences between the 2 curvatures had a more sub-
stantial ~20% difference from their absolute magnitudes. Figure
3 shows a representative specific patient with their wall stress
profile that presents these relationships. Our results are consistent
with previous small studies [17]. Avril et al. found that the maxi-
mal principal wall stresses were located in the inner curvature for
all 5 patients of their study [17]. That study was limited by their
small sample size and because their aneurysm geometries were
limited to AscAo and ST, excluding sinuses and left ventricular
outflow tract, wall stress values may have been affected by their
boundary conditions. Our group also previously studied and
reported differences in wall stresses between greater and lesser
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Table 2: TAV-aTAA peak wall stresses upon diameter
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All aTAAs (n=204)

aTAAs <5.5cm (n=183)

aTAAs >5.5cm (n=21)

P-value between aTAAs
<5.5and >5.5cm

Circumferential wall stresses

Sinuses of Valsalva (kPa), mean (SD) 416 (85.1)
Sinotubular junction (kPa), mean (SD) 501 (119)
AscAo (kPa), mean (SD) 340 (57.6)

F-value 160
P-values between regions

Sinuses versus STJ <0.001
Sinuses versus AscAo <0.001
ST) versus AscAo <0.001
Longitudinal wall stresses
Sinuses of Valsalva (kPa), mean (SD) 326 (61.7)
Sinotubular junction (kPa), mean (SD) 246 (63.4)
AscAo (kPa), mean (SD) 195 (38.7)

F-value 287
P-values between regions

Sinuses versus ST) <0.001
Sinuses versus AscAo <0.001
STJ versus AscAo <0.001

404 (73.7) 518 (108) <0.001
486 (108) 627 (135) <0.001
330 (48.6) 431 (50.6) <0.001
173 18.7
<0.001 0.003
<0.001 0.02
<0.001 <0.001
317 (54.1) 402 (72.3) <0.001
236 (55.5) 331 (64.9) <0.001
190 (35.7) 240 (33.9) <0.001
315 39.1
<0.001 <0.001
<0.001 <0.001
<0.001 <0.001

“TAA: ascending thoracic aortic aneurysm; AscAo: ascending aorta; SD: standard deviation; STJ: sinotubular junction; TAV-aTAA: tricuspid aortic valve-associated

ascending thoracic aortic aneurysm.

Circumferential Wall Stress
>=55¢cm

<55cm

Effaced STJ

Non-effaced STJ

Longitudinal Wall Stress
>=55cm

<55cm

Effaced STJ

Non-effaced STJ

Figure 4: Representative circumferential (A) and longitudinal (B) wall stress profiles of small and large ascending thoracic aortic aneurysms with and without STJ

effacement. STJ: sinotubular junction.

curvatures in TAV-aTAAs. Xuan et al. [18] studied 17 TAV-aTAAs
and found that circumferential but not longitudinal wall stresses
were larger in the lesser curvature for the AscAo. Our current
study adds stronger evidence of higher wall stresses in the lesser
than greater curvature at a population level. Lastly, these results
are not inconsistent with the observation of larger expansion
along the greater versus lesser curvature during systole. Higher
circumferential stress at the lesser curvature was also observed
by Gleason et al. [19]. Due to the non-linear material property of
soft tissue, the relative tissue stiffness increases as stress increases.
Regions of higher stress could lead to smaller observable
deformation.

We were also interested in exploring the effect of TAV-aTAA
morphology on wall stress. We defined ST effacement by the
presence of sinuses/ST) or AscAo/ST) diameter ratios smaller than
otherwise expected from normal size variation [20]. Overall, we
found that STJ effacement did not impact wall stress magnitudes
outside of what would be accounted by differences in diameter.
This is in agreement with prior observations in the BAV-aTAAs
counterparts [1]. However, we are not aware of any other studies
that have looked at this relationship in TAV-aTAAs. In addition,
we inspected the effect of a pathological aortic valve on wall
stress. We found that aortic stenosis did not appear to affect
magnitudes of wall stress, but it was noted that patients with
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Table 3: TAV-aTAA peak wall stresses upon aortic valve disease

Aortic stenosis

Aortic insufficiency

Present (n=10), Absent (n=151),

mean (SD) mean (SD)
Circumferential wall stresses
Sinuses of 398 (102) 421 (88.1)
Valsalva (kPa)
Sinotubular 466 (86.7) 506 (127)
junction (kPa)
Ascending 340 (52.5) 344 (61.0)
aorta (kPa)
Longitudinal wall stresses
Sinuses of 348 (84.2) 327 (63.5)
Valsalva (kPa)
Sinotubular 242 (57.7) 248 (66.8)
junction (kPa)
Ascending 202 (41.8) 196 (40.3)
aorta (kPa)

P-value Present (n=52), Absent (n=109), P-value
mean (SD) mean (SD)

0.51 438 (87.1) 411 (887) 0.07
0.20 558 (137) 478 (110) <0.001
0.80 378 (66.9) 328(49.7) <0.001
0.45 351 (63.1) 317 (63.0) 0.002
077 275 (71.0) 235(59.6) <0.001
0.63 213 (363) 188 (39.7) <0.001

SD: standard deviation; TAV-aTAA: tricuspid aortic valve-associated ascending thoracic aortic aneurysm.

Circumferential

Longitudinal

4.000e+02
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32000402 _
28008402 _
24000402
20006402
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Non-diseased

Aortic insufficiency

Aortic stenosis

Figure 5: Representative ascending thoracic aortic aneurysm wall stress profiles
in both circumferential and longitudinal directions for aneurysms with either
aortic stenosis, aortic insufficiency or disease-free aortic valve.

aortic insufficiency experienced larger wall stress than those with-
out disease. An overall larger diameter in the aortic insufficiency
group likely contributed to the increased stress, but this observa-
tion has been reported in prior studies where a larger axial root
displacement was also identified as a key contributor [21].

Our study fills a substantial gap in knowledge regarding wall
stress profiles in TAV-aTAAs. Measuring patient-specific wall
stress distributions and peak magnitudes through computational

modelling could be helpful at identifying patients and aneurysm
regions at increased risk of dissection when considering their
wall stress in relation to their respective strength. Our findings of
high circumferential and longitudinal peak wall stresses in the
aortic root and lesser curvature suggest regions that may be at
risk of intimal tears if the magnitudes of wall stresses are substan-
tially greater than that in the normal population or exceed the
wall strength in those regions. We demonstrated the reproduc-
ibility of our methodology and results by having 2 independent
investigators perform FE simulations in 25% of the subjects with
consistent findings between them.

Intimal tear location

In acute dissection, the initial entry site can occur in various loca-
tions in the thoracic aorta with distribution varying between
studies [8, 22, 23]. In our published experience, we observed that
aortic intimal tears by CT were located in the STJ in 29%, AscAo
in 29%, sinuses in 18% and remainder in the arch [8]. Not all tears
on CT were documented and confirmed in the intraoperative
reports, but for those that were, 1 tear in the AscAo was not
detected on CT but found at operation. Most studies did not
clearly separate out the regions, i.e. root, STJ, AscAo, but in 2
studies that specified the root separately from the AscAo, the in-
timal tear rates at the root were 24% [23, 24]. Januzzi et al. [23]
reported that for ~1000 patients, tears in the root were more fre-
quent in younger patients, 29% for patients <40 years old versus
23% when patients were >40years old. High wall stresses at the
aortic root may play a role in this finding. Younger patients also
had more frequent dissection at the ST when that region was
specifically evaluated separately from AscAo, with 21% tears
when patients were <40 and only 7% tears when >40years old.
Unfortunately, the study did not report rates for TAV patients in-
dependently. In contrast in another study of ~400 patients that
presented with acute type A dissection, location of initial intimal
tear was much more frequent in the AscAo versus aortic root
(88% vs 12%, respectively) [22], which remained similar in pro-
portion when exclusively examining TAV patients. One study has
found that regions of high wall stress overlapped with the intimal
tear locations of their dissection patients [25]. Our results found
much higher longitudinal stresses in sinuses than in STJ and
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AscAo. These results are consistent with the observation of aortic
root as a common initial dissection site. Nevertheless, the AscAo
has been reported as the most common aortic tear location in
many studies. The location of initial intimal tear not only
depends on wall stress but also on wall strength. Regional pat-
terns of wall strength in relation to wall stress could help explain
this apparent discrepancy among studies regarding the distribu-
tion of intimal tear. Regional wall strength data coupled with wall
stresses may be used clinically to determine not only patient-
specific risk of dissection but also specific regions most vulnera-
ble to initial intimal tear.

Another proposed hypothesis is that the embryological
myocardium-smooth muscle junctions are potential sites for dis-
section [26]. The first junction is located at the level of the semilu-
nar valves, corresponding to the sinuses. The second junction is
located in the proximal AscAo ~2 cm above the root. These loca-
tions do align nicely to our results as we have found that peak
wall stresses are the highest in the aortic root. In addition, we
have observed that wall stresses tend to be higher near than STJ,
which can be appreciated in Fig. 3 which displays representative
wall stress profiles.

Aneurysm wall strength properties

Overall, limited data exist presently for regional aortic failure data
on a population level. Gasser et al. [27] reported that the first
Piola-Kirchoff failure stress for TAV-aTAA was 0.49 MPa. On the
other hand, Gleason's group found TAV-aTAA wall tensile
strength from direct force application to aneurysmal tissue [9].
TAV-aTAA were stronger in the circumferential (1656 kPa) than
longitudinal direction (698 kPa). This larger circumferential than
longitudinal tensile strength has been corroborated by others,
which explains why dissection entry tears often begin trans-
versely [8, 28]. However, regional tensile strength of sinuses ver-
sus STJ versus AscAo were not reported.

Biomechanical aTAA wall properties have also been described
based upon wall layer in addition to aortic region [28, 29], al-
though such layer variations would be impossible at present to
capture with in vivo clinical imaging. Deveja et al. [30] studied
biomechanical properties of aneurysmal wall as a whole and sep-
arate intimal, medial and adventitial layers. Failure longitudinal
wall stresses in TAV-aTAAs were ~800kPa at the intima,
~200kPa at the media and ~1300kPa at the adventitia. Intact
wall longitudinal failure stress was ~700kPa. Sokolis et al. [28]
found regional variation of human aTAA mechanical properties
from surgical tissue samples. Anterior aTAA wall was weaker than
either the right or left lateral walls but not the posterior wall. No
other regional differences were noted. No studies have com-
pared wall strength of AscAo versus sinuses versus STJ). Our pre-
liminary data suggests ST) is weaker than sinuses in normal aorta.
As such, higher stresses in the sinuses may be compensated by
greater strength. When examining peak walls stresses in ST) ver-
sus AscAo exclusively, longitudinal peak stresses occurred in
greater frequency in the ST) 202 (87%) than AscAo 30 (13%).
Larger population studies of wall strength and regional variation
are required. For clinical application of FE models, understanding
patient-specific aTAA wall stresses will be valuable for determin-
ing dissection risk when coupled with comprehensive population
wall strength data.

Limitations

This veteran population study was predominantly male (97%)
and thus does not apply to women. Furthermore, the veteran risk
profile carries a larger percentage of risk factors for aTAAs includ-
ing hypertension, hyperlipidaemia and smoking and thus may
not be representative of the general civilian aTAA population. In
addition, we focused on wall stresses due to hydrostatic forces
from blood pressure rather than wall shear stresses as they are 5
orders of magnitude larger [15]. As such the impact of wall shear
stresses on our wall stresses would be minimal. Wall shear
stresses and helical flows are primarily deranged in BAV-associ-
ated aTAA. BAV disease has been found to have elevated wall
shear stresses in aTAA which correlated with medial degenera-
tion. This could possibly lead to aneurysm growth or changes in
wall strength, but that population was excluded in this study.
Fluid-structure interaction (FSI) simulations were beyond the
scope of the study. Lastly, averaged TAV-aTAA material proper-
ties from prior stretch testing were used uniformly across aortic
regions. We previously found that wall stresses were not signifi-
cantly different when averaged versus patient-specific material
properties were used [16].

CONCLUSION

We described patient-specific TAV-aTAA wall stress profiles and
found that sinuses and ST) experienced significantly larger cir-
cumferential and longitudinal wall stresses than AscAo. Similarly,
stresses along the lesser curvature were larger than along the
greater curvature. Our results suggest regions of greater wall
stresses where if the peak magnitudes substantially exceeded
normal values or exceeded the wall strength in those regions, ini-
tial dissection tear could occur in TAV-aTAA patients. With better
understanding of relative regional wall strength, FE modelling
could be studied prospectively to determine the wall stress cut-
offs for dissection similar to diameter cut-offs. Patient-specific
wall stress assessments could then be applied to determine
patient-specific dissection risk based on wall stress to wall
strength ratios and aid in the decision-making of elective surgical
TAV-aTAA repair.
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