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a b s t r a c t 
The prognosis of patients undergoing emergency endovascular repair of ascending thoracic aortic 
aneurysm (ATAA) depends on defect location, with root disease bearing worse outcomes than proxi- 
mal or distal aortopathy. We speculate that a spatial gradient in aneurysmal tissue mechanics through 
the length of the ascending thoracic aorta may fuel noted survival discrepancies. To this end, we per- 
formed planar biaxial testing on 153 root, proximal, and distal segments of ATAA samples collected from 
80 patients receiving elective open surgical repair. Following data averaging via surface fitting-based in- 
terpolation of strain-controlled protocols, we combined in-vitro and in-vivo measurements of loads and 
geometry to resolve inflation-extension kinematics and evaluate mechanical metrics of stress, stiffness, 
and energy at consistent deformation levels. Representative (averaged) experimental data and simulated 
in-vivo conditions revealed significantly larger biaxial stiffness at the root compared to either proximal or 
distal tissues, which persisted as the entire aorta stiffened during aging. Advancing age further reduced 
biaxial stretch and energy storage, a measure of aortic function, across all ATAA segments. Importantly, 
age emerged as a stronger predictor of tissue mechanics in ATAA disease than either bicuspid aortic 
valve or connective tissue disorders. Besides strengthening the general understanding of aneurysmal dis- 
ease, our findings provide specifications to customize the design of stent-grafts for the treatment of ATAA 
disease. Optimization of deployment and interaction of novel endovascular devices with the local native 
environment is expected to carry significant potential for improving clinical outcomes. 
Statement of significance 
Elucidating the lengthwise regional mechanics of ascending thoracic aortic aneurysms (ATAAs) is crit- 
ical for the design of endovascular devices tailored to the ascending aorta. Stent-grafts provide a less 
invasive alternative to support the long-term survival of ATAA patients ineligible for open surgical re- 
pair. In this study, we developed a numerical framework that combines semi-inverse constitutive and 
forward modeling with in-vitro and in-vivo data to extract mechanical descriptors of ATAA tissue behav- 
ior at physiologically meaningful deformation. Moving distally from the aortic root to the first ascending 
aortic branch, we observed a progressive decline in biaxial stiffness. Furthermore, we showed that aging 
leads to reduced aortic function and is a stronger predictor of mechanics than either valve morphology 
or underlying syndromic disorder. 

© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

∗ Corresponding author at: Department of Bioengineering, Northeastern Univer- 
sity, 360 Huntington Ave., Boston, MA, 02125 USA. 

E-mail address: c.bellini@northeastern.edu (C. Bellini) . 
https://doi.org/10.1016/j.actbio.2023.03.023 
1742-7061/© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

https://doi.org/10.1016/j.actbio.2023.03.023
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2023.03.023&domain=pdf
mailto:c.bellini@northeastern.edu
https://doi.org/10.1016/j.actbio.2023.03.023


S.A. Tarraf, B. Kramer, E. Vianna et al. Acta Biomaterialia 162 (2023) 266–277 
1. Introduction 

Thoracic aortic aneurysms are focal dilatations of the aortic wall 
that carry elevated risk of rupture and dissection. The current in- 
cidence of ruptured thoracic aneurysms is 1.6 per 10 0,0 0 0 per- 
sons/year and bears a mortality rate upwards of 90% [1,2] . Early 
identification of vulnerable individuals and proper clinical manage- 
ment of the aneurysm are crucial to prevent these life-threatening 
events [3] . 

While most thoracic aortic aneurysms occur sporadically, 20% 
of patients inherit a single gene mutation that predisposes them to 
the disease [4] . Heritable conditions linked to thoracic aneurysms 
encompass syndromic disorders across multiple organ systems 
(e.g., Marfan Syndrome, MFS; Loeys-Dietz Syndrome, LDS; vascu- 
lar Ehlers-Danlos Syndrome, EDS) or simply manifest as a family 
history of the disease [3] . Genetically triggered aortopathies of- 
ten involve the aortic root and the ascending thoracic aorta [5–7] , 
which combined harbor 60% of all thoracic aneurysms [8] . Con- 
tributing to the tally, half of bicuspid aortic valve (BAV) patients 
present with aneurysms of the ascending aorta [9] . The disparate 
etiology of ascending thoracic aortic aneurysms (ATAAs) motivates 
probing for both common traits and distinctive features across dis- 
ease manifestations. Besides measuring higher strength in aneurys- 
mal tissues from BAV patients compared with tricuspid aortic valve 
(TAV) peers [10–13] , early evidence revealed differences in the mi- 
crostructural and mechanical properties of the aneurysmal wall be- 
tween MFS and non-MFS cohorts [14–16] . Proper interpretation of 
these findings hinges on further considerations regarding the age 
at which the disease manifests in each etiological group, given that 
aging alone contributes to both tissue and structural stiffening of 
the aortic wall [17–19] . 

Standard treatment for ATAA disease is open surgical repair 
to replace native tissues with a prosthetic vascular graft. While 
the outcomes of this procedure are generally favorable, 8–20% 
of patients with acute type A dissection are deemed too high 
risk [20,21] and would benefit from a less invasive endovascu- 
lar placement of a stent-graft in support of weakened tissues. 
Notwithstanding this need, there is currently no device with FDA 
approval for the thoracic endovascular aortic repair (TEVAR) of 
ATAA aortopathy. Clinical reports describing either trials of inves- 
tigational stent-grafts or off-label use of commercial devices often 
classify the entire length of the ascending thoracic aorta as a sin- 
gle landing zone (i.e., the location of stent-graft attachment), ex- 
tending from the sinotubular junction to the proximal branching 
of the innominate artery [22] . Motivated by clinical outcomes, our 
team has recently emphasized the need to further partition the as- 
cending thoracic aorta (referred to as Zone 0) into three segments: 
Zone 0A or the aortic root, Zone 0B or the proximal half of the 
ascending aorta, from the distal coronary ostia to the right main 
pulmonary artery, and Zone 0C or the distal half, past the right 
main pulmonary artery [21] . Leveraging this modified classifica- 
tion, we have shown that, among the recipients of emergency as- 
cending TEVAR, patients with root disease experience significantly 
worst outcomes than those with proximal or distal disease, with 
age acting as an additional independent predictor of mortality [21] . 

These clinical findings suggest that regional differences—yet to 
be explored—through the length of the aneurysmal ascending tho- 
racic aorta may complement the well established circumferential 
variation in structural and mechanical properties between the an- 
terior and posterior regions [23–25] . The lengthwise mechanical 
characterization of ATAA tissues thus becomes imperative for the 
design of dedicated stent-graft devices that optimize deployment 
and interaction with the native environment by accounting for the 
response of the specific landing zone. Toward this end, we have 
recently shown that the elastic energy storage under equibiax- 
ial loading increases from the aortic root to the distal segment, 

prompting the need to further explore the regional mechanics of 
ATAA tissues [26] . 

To minimize assumptions on loading conditions and extract me- 
chanical metrics at physiologically meaningful deformation levels, 
we have developed a numerical framework that combines in-vitro 
testing with in-vivo imaging and pressure measurements. Follow- 
ing this approach, we report here the first mechanical character- 
ization of aneurysmal tissues through the length of the ascend- 
ing thoracic aorta, according to our revised classification of Zone 
0 [21] . Leveraging a diverse cohort of patients, we further evalu- 
ate the extent to which age and patient medical history, including 
valve morphology and syndromic disorder, contribute to tissue me- 
chanics. 
2. Materials & methods 
2.1. Patient population 

All research activities on human subjects received Institutional 
Review Board approval at the Cleveland Clinic (#16-900, approved 
8/1/2016). Following written informed consent for data collection 
and publication, 80 adults undergoing elective replacement of as- 
cending thoracic aortic aneurysm (ATAA) were prospectively en- 
rolled in the study and assigned to one of three mutually exclu- 
sive etiological groups: (1) patients with a bicuspid aortic valve 
(BAV), (2) patients with normal (tricuspid) aortic valve morphol- 
ogy suffering from a connective tissue disorder (CTD), and (3) 
patients with normal (tricuspid) aortic valve morphology with- 
out any known heritable condition predisposing to ATAA disease 
(TAV). Based on the relationship between age and ATAA function 
recently reported by our team [26] and accounting for the age 
at which the disease typically occurs with each predisposing fac- 
tor, we further identified young ( < 40 year old), middle-aged (40 
to 60 year old), and older ( > 60 year old) patient cohorts. Demo- 
graphic data on the subjects included in the study and informa- 
tion on the average maximum diameter of the ATAA for each etio- 
logical group are listed in Table 1 . Since no statistically significant 
differences emer ged between male and female patients, data from 
both sexes were combined. Furthermore, since our analysis is in- 
tended to aid the design of endovascular devices that exclusively 
interact with ATAA tissues and on account of specimen availabil- 
ity, we did not pursue any comparison with age-matched, non- 
aneurysmal controls. Finally, although hypertension is a known risk 
factor for aneurysmal disease [3,27,28] and despite the prevalence 
(41/80 patients) of hypertension within our cohort, no comparisons 
were conducted to ascertain the independent effect of elevated 
blood pressure on ATAA mechanics, as most patients received anti- 
hypertensive treatment. 
2.2. Planar biaxial testing 

Sample Preparation . A total of 153 square tissue samples were 
carved from root (Zone 0A), proximal (0B), and distal (0C) seg- 
ments [21] along the greater curvature of resected ATAAs, using 
a 15 × 15 mm 2 cutter with edges aligned to the anatomical cir- 
cumferential and axial directions. Thickness was measured with 
a custom-built device at five locations across each specimen and 
averaged [26] . Tissues were either tested fresh or fast-frozen, to 
minimize changes in mechanical properties when same day testing 
could not be performed [29,30] . Frozen samples were preserved at 
−80 ◦C and thawed overnight in 4 ◦C normal saline ahead of testing. 

Experimental Apparatus . Mechanical testing was performed 
with a customized planar biaxial system equipped with four mo- 
tors (ADMET; Norwood, MA, USA) following established proto- 
cols [26,31–36] . A speckle pattern of India ink was applied via 
a rubber stamp onto the intimal side of tissues. Specimens were 
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Table 1 
Characteristics of the patients enrolled in our study. Total number of patients, average ( ±SEM) and median patient age, number and percentage 
of female patients, average ( ±SEM) and median maximum ATAA diameter, as well as number and percentage of aortas that were frozen ahead 
of testing are reported for the mutually-exclusive BAV, CTD, and TAV etiological groups. Aortic size as measured from CT scans according to the 
centerline method [26] . 

etiology n age (yrs) female sex max diam. (cm) frozen 
BAV 41 50.0 ±2.3, 52 13, 31.7% 4.71 ±0.12, 4.86 8, 19.5% 
CTD 17 32.2 ±2.4, 31 7, 41.2% 4.71 ±0.13, 4.64 3, 17.6% 
TAV 22 60.5 ±2.8, 61 5, 22.7% 5.05 ±0.14, 5.08 5, 22.7% 

loaded onto the device using five equally spaced rakes along each 
edge, to yield a 10 × 10 mm 2 testing area. Anatomical circumferen- 
tial and axial directions were aligned with in-plane loading axes 1 
and 2, respectively (Fig. S1A). Tissue hydration was maintained by 
submersion into a heated saline bath at 37 ◦C. A preload of 0.05N 
was applied to remove residual buckling. The displacement of the 
speckle pattern was recorded for calculation of in-plane Green- 
Lagrange strains via digital image correlation (VIC-2D Digital Image 
Correlation system v6.0.6, Correlated Solutions; Irmo, SC, USA). 

Testing Protocols . Tissue samples were first tested under global 
stretch ratios of 1:1 (equibiaxial displacement of the loading arms 
in the circumferential and axial directions, performed as first and 
last), 1:0.75, 1:0.5, 0.5:1, and 0.75:1. This set of six biaxial proto- 
cols was repeated 3x sequentially and with no interruptions at in- 
creasing values of maximum global stretch (+0.1) or until tissue 
failure. Initial maximum global stretch was set to 1.4 for most 
proximal and distal samples, and to 1.3 for the root and other sam- 
ples that were perceived as fragile or were expected to rupture 
at lower deformation. Tissue was preconditioned for nine cycles 
in the first equibiaxial protocol of the set with the lowest max- 
imum global stretch, four cycles in the first equibiaxial protocol 
of each subsequent set, and two cycles in all remaining protocols, 
with data collected on the following and last cycle. This precondi- 
tioning strategy ensured repeatable responses while avoiding dam- 
age to the tissues due to prolonged testing duration. Without fur- 
ther tissue manipulation, samples were then held at a fixed global 
stretch along one axis and cyclically deformed along the orthog- 
onal direction, up to a maximum global stretch of either 1.3 or 
1.4. Global stretch was applied at a quasi-static loading rate of 0.5 
mm/s. Traces of all protocols implemented during biaxial testing, 
including preconditioning cycles, are illustrated in Fig. S2. 
2.3. Biaxial data analysis 

Negligible in-plane shear [37] prompted mapping of the refer- 
ence into the current, deformed configuration as x 1 = λ1 X 1 , x 2 = 
λ2 X 2 , x 3 = λ3 X 3 , where X I ( I = 1 , 2 , 3 ) and x i ( i = 1 , 2 , 3 ) are the 
reference and current coordinate sets, respectively, and λ j ( j = 
1 , 2 , 3 ) are the principal stretches aligned with the three anatomi- 
cal directions of the aorta — circumferential, axial, and radial. The 
corresponding deformation gradient tensor F = ∂ x /∂ X admits ma- 
trix representation diag [ λ1 , λ2 , λ3 ] in our reference system. Simi- 
larly, matrix diag [( λ1 2 − 1) / 2 , ( λ2 2 − 1) / 2 , ( λ3 2 − 1) / 2] represents 
the Green-Lagrange strain tensor E = ( C − I ) / 2 , where C = F T F is 
the right Cauchy-Green deformation tensor, superscript T indi- 
cates the transpose, and I is the identity tensor. Experimental 
measures of in-plane Green-Lagrange strains facilitated calcula- 
tion of in-plane stretches as λ1 = √ 

2 E 11 + 1 and λ2 = √ 
2 E 22 + 1 , 

while λ3 was determined by enforcing incompressibility through 
J = det ( F ) = λ1 λ2 λ3 = 1 . 

Noting that that the top and bottom surfaces of tissue sam- 
ples are traction-free and the thickness is smaller compared to 
in-plane dimensions, the first Piola-Kirchhoff stress tensor P as- 
sumes matrix form diag [ f 1 / (L 2 H) , f 2 / (L 1 H) , 0] , where f 1 and f 2 
are the forces measured by the load cells, L 1 and L 2 are the 

undeformed rake-to-rake distances delimiting the testing area, and 
H is the undeformed thickness. The second Piola-Kirchhoff stress 
tensor is then obtained as S = F −1 P and represented by matrix 
diag [ P 11 λ2 λ3 , P 22 λ1 λ3 , 0] . 
2.4. Biaxial data averaging 

Since our biaxial testing approach controlled for the displace- 
ment of the loading arms and considering that the maximum 
global displacement imposed in each test changed according to the 
protocol or if the tissue failed prematurely, measured local strains 
varied substantially across ATAA samples. To facilitate data averag- 
ing and fair inter-group comparison, we fit biquintic Hermite sur- 
face elements to second Piola-Kirchhoff stress data in the Green- 
Lagrange strain plane [38,39] , and interpolated strain-controlled 
responses up to set loading conditions [18,25,40] (Fig. S1B). 

Surface Fitting . Experimental data in the E 11 , E 22 plane (inde- 
pendent variables) were mapped onto the ξ , η ∈ {−1 , 1 } domain 
assuming a single bilinear element (Eqs. (S1) and (S2)). The distri- 
bution of stress (dependent variable, either S 11 or S 22 ) in the ξ , η
plane was captured with a four-node biquintic element (Fig. S1B). 
Six shape functions were defined (Eq. (S3)) to estimate the nodal 
stress, alongside its first, second, and cross derivatives with respect 
to ξ and η. The stress at point p of coordinates ( ξp , ηp ) was ap- 
proximated as 
ˆ S p (ξp , ηp ) = N i jk (ξp , ηp ) S i jk , (1) 
where N i jk are the values of the shape functions at p and S i jk are 
the values of the stress and its derivatives at node i , with i = 1:4 for 
the node number and j, k = 0:2 for the orders of the derivative, ex- 
cluding j+k > 2 to reduce the total number of nodal values from 36 
to 24. The twenty four S i jk values were estimated by minimization 
(fminunc function; Matlab R2021a; Mathworks, Natick, MA) of the 
error function 
E(S) = n ∑ 

p=1 | ̂  S p − S p | 2 + ∫ ∫ 
G (S) d ξd η, (2) 

where the first term is the least square solution for n data points 
and the second term is the double integral of the Sobolev norm 
(Eq. (S4)) for smoothing regions of sparse or noisy data [38,41–43] , 
with S p indicating experimental data and ˆ S p approximated values 
from Eq. (1) . Quality of fit relied upon the coefficient of determi- 
nation 
R 2 = 1 −

n ∑ 
p=1 (S p − ˆ S p ) 2 

n ∑ 
p=1 (S p − S̄ ) 2 , (3) 

where S̄ is the mean of the experimental measures. 
Data Interpolation . Leveraging nodal S i jk values specific to each 

sample, we applied Eq. (1) to extract five strain-controlled data 
sets with standard E 11 to E 22 ratio of 1:1, 1:0.75, 1:0.5, 0.5:1, and 
0.75:1, up to the largest experimental strain experienced by the 
least distensible tissue within each group (Fig. S1B). 
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Data Averaging . Given the nonlinear stress-strain behavior of 

ATAA tissues, proper averaging of experimental data is necessary 
to estimate group representative material parameters [37,44–46] . 
Average data sets were generated by calculating the mean and dis- 
persion across samples of interpolated S 11 and S 22 values, at set E 11 
and E 22 levels within the interpolation domain, and for each strain 
ratio protocol. Average Cauchy stress vs. stretch data sets were then 
obtained by applying σ = F SF T . 
2.5. Constitutive parameter estimation 

Aneurysmal tissue was modeled as a hyperelastic material en- 
dowed with a strain energy density potential in the form 
W = µ

2 (I C − 3) + c 
2 (e Q − 1) , (4) 

where I C = λ1 2 + λ2 2 + λ3 2 is the first invariant of C with prin- 
cipal stretch directions 1,2,3 aligned with the anatomical circum- 
ferential, axial, and radial directions, µ (dimension of a stress) is 
a Neo-Hookean material parameter describing the isotropic con- 
tribution of the ground matrix, Q = a 1 E 11 2 + a 2 E 22 2 + 2 a 3 E 11 E 22 is 
a quadratic form in the components of E , and c (dimension of a 
stress) and a 1 , a 2 , a 3 (non-dimensional) are Fung-type material pa- 
rameters often used to capture the anisotropic behavior of collagen 
fibers in ATAA tissues [25,47,48] . For such a material, the second 
Piola-Kirchhoff stress tensor is obtained as 
S = −p C −1 + ∂W ( E ) 

∂ E , (5) 
where p is a Lagrange multiplier to enforce incompressibility. Best 
fit estimates of the 5 material parameters were obtained from the 
nonlinear least square minimization of the Euclidean norm of the 
error vector 
e = [ ˆ S 11 − S 11 

S̄ 11 ;
ˆ S 22 − S 22 

S̄ 22 
]
, (6) 

where S is the experimental stress, ˆ S is the theoretical stress from 
Eq. (5) , and S̄ is the average experimental stress in either the cir- 
cumferential or axial direction. Goodness of fit was expressed as 
root-mean-square-error (RMSE). Identification of constitutive pa- 
rameters was performed on individual specimens as well as group 
average data sets. 
2.6. In-vivo mechanics modeling 

One of the main challenges of predicting the mechanical be- 
havior of nonlinear tissues is that energy, stress, and stiffness de- 
pend on the deformation. With regard to ATAA disease, the scarcity 
of data describing in-vivo and traction-free geometries hinders ac- 
curate estimation of tissue strains under physiological loads. To 
overcome this hurdle while minimizing kinematics assumptions, 
we leveraged a property by which arteries preserve axial force 
independent of pressure when extended to their crossover axial 
stretch [49] . That is, the crossover axial stretch marks the intersec- 
tion of axial force vs. axial stretch curves under different luminal 
pressures (Fig. S1D). Since operating above this limit is energeti- 
cally sub-optimal, we assumed crossover axial stretch at systole, 
when the contraction of the heart imposes the largest axial de- 
formation on ascending aortic tissues. We then leveraged experi- 
mental measures of traction-free thickness, systolic luminal radius, 
and systolic pressure to estimate the traction-free outer radius of 
ATAA samples and determine in-vivo circumferential stretch un- 
der inflation-extension kinematics, as detailed in loops 1–3 below 
(Fig. S1C). 

Experimental Input . For a subset of patients (59 out of 80), 
the luminal radii of root, proximal, and distal ATAA segments were 

measured intraoperatively under systolic and diastolic loads, using 
epiaortic (EA) and transesophageal (TEE) imaging. EA and TEE ul- 
trasound was performed following sternotomy but prior to any in- 
tervention, to preserve the integrity of ATAA tissues. Anatomical 
landmarks facilitated identification of desired ATAA segments for 
image capturing. Blood pressure was monitored continuously dur- 
ing surgery via an arterial line, and recorded at the time of imag- 
ing. Additional details on the methods for in-vivo data measure- 
ment are reported in the Supplementary Material. 

Inflation-Extension Kinematics . The ( R, %, Z) traction-free con- 
figuration of a pressurized and axially extended cylinder is 
mapped into the ( r, θ , z) current configuration as r = r(R ) , θ = 
%, z = λz Z and admits a deformation gradient tensor F in the 
form diag [ ∂ r/∂ R, r/R, λz ] , where λz is the axial stretch. Assump- 
tion of incompressibility supports transformation of any refer- 
ence radial position into the current configuration through r = √ 

r i 2 + ( R 2 − R i 2 ) /λz , where the subscript i denotes the luminal ra- 
dius. Given best fit parameters for the strain energy density func- 
tion in Eq. (4) , the Cauchy stress tensor for any given deformation 
reads 
σ = −p I + F ∂ W ( E ) 

∂ E F T , (7) 
where p is a Lagrange multiplier. 

Algorithm for R o and λz,co Estimation . 
LOOP 1: Accounting for the experimental measures of luminal 

radius at systolic pressure and traction-free tissue thickness, we re- 
solved inflation-extension kinematics for a range of admissible ax- 
ial stretches, to estimate the corresponding traction-free outer ra- 
dius (Fig. S1C). Solution of radial equilibrium provided a theoretical 
value for the luminal pressure 
P = ∫ r o 

r i 1 
r (σθθ − σrr ) dr (8) 

where the subscript o indicates the outer radius. Estimates of R o 
that minimized the difference between theoretical and given lumi- 
nal pressure for each instance of λz were iteratively refined via the 
Newton-Raphson method. 

LOOP 2: For each pair of R o and λz , we resolved inflation- 
extension kinematics to identify the crossover axial stretch 
(Fig. S1C). Newton-Raphson was applied to determine the set of 
r o values that accommodated luminal pressures between 10 and 
140 mmHg, as calculated from Eq. (8) . Solution of global axial equi- 
librium provided the corresponding axial force 
f z = π ∫ r o 

r i (2 σzz − σθθ − σrr ) r dr (9) 
The crossover axial stretch ( λz,co ) was extracted from the intersec- 
tion of axial force vs. axial stretch data sets under different luminal 
pressures (Fig. S1D). 

LOOP 3: After updating R o based on the identified crossover ax- 
ial stretch, we repeated LOOP 2 to ensure that the λz,co compatible 
with the revised traction-free dimensions deviated by < 1% from 
the previous estimation (Fig. S1C). 

Energy, Stress, and Stiffness Calculation . Estimates of R o and 
λz,co allowed calculation of systolic circumferential stretch as λθ = 
r/R . Upon solving for local deformation, elastic energy ( W , Eq. (4) ), 
Cauchy stress ( σ , Eq. (7) ), and linearized stiffness were evaluated 
at equispaced radial locations between the luminal and outer radii. 
The components of the linearized stiffness tensor were determined 
according to the small-on-large deformation approach [50] 
C i jkl = σil δ jk + σl j δik + F iI F jJ F kK F lL ∂ 2 ˆ W ( E ) 

∂ E IJ ∂ E KL , (10) 
where δ is the Kronecker delta, (i, j, k, l) ≡ (r, θ , z) and (I, J, K, L ) ≡
(R, %, Z) . We also evaluated tissue anisotropy through index A = 
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0 . 5 · (λz,co − λθ ) / (λz,co + λθ ) [19] . Noting that constitutive parame- 
ters from planar biaxial data describe homogenized tissue behavior 
(i.e., neglecting the layered structure of the aortic wall), we ob- 
tained and report the through-thickness integral mean of all me- 
chanical metrics. 

Model Evaluation . To assess the predictive capability of our 
modeling framework, we first compared estimates of traction-free 
inner radius with experimental measurements collected in a subset 
of ATAA samples. Freshly-harvested tissues were submerged en- 
bloc in saline solution within a 1 × 1 cm 2 grid container for imag- 
ing of distal and proximal edges. With the grid pattern for scaling, 
the luminal perimeter of the aorta was manually traced (roipoly 
function, Matlab v2021a; MathWorks, Natick MA) to measure the 
area (bwarea function, Matlab v2021a; MathWorks, Natick MA) and 
calculate the equivalent radius. 

Second, we compared the through-thickness integral mean of 
predicted circumferential stress at systolic pressure and crossover 
axial stretch against the values that Koullias et al. [51] in- 
ferred under membrane assumption and for pressures of 100 and 
220 mmHg, as a function of ATAA size measured through EA 
echocardiography. 

Third, we compared predicted cyclic (diastole to systole) biaxial 
strains to reported measurements in both ATAA disease [52] and 
aged but non-aneurysmal ascending aortas [53] . We solved 
inflation-extension kinematics (Figs. S1C) to match the luminal di- 
ameters determined from imaging of diastolic and systolic config- 
urations, assuming that tissues experienced crossover axial stretch 
during cardiac systole. Cyclic (area) circumferential strain was cal- 
culated as 100 · (π r i,sys 2 − π r i,dia 2 ) / (π r i,dia 2 ) and axial strain as 
100 · ( λz,sys − λz,dia ) / λz,dia , where subscripts sys and dia refer to 
systole and diastole, respectively. 
2.7. Statistics 

All values are reported as mean ± standard error of mean 
(SEM). Differences in mechanical metrics across groups were deter- 
mined via one-way non-parametric Kruskal-Wallis test with Bon- 
ferroni correction for multiple comparisons. We further relied on 
non-parametric Spearman’s rank-order correlation to evaluate the 
relationship between mechanical metrics and aging, where r s de- 
scribes the strength and direction of the correlation. 
3. Results 

Average Cauchy stress vs. stretch data for ascending thoracic 
aortic aneurysm (ATAA) tissues as a function of anatomical loca- 
tion, patient age, and underlying condition exhibited the expected 
transition from a low-stiffness response, capable of accommo- 
dating large deformations within a small stress range, toward a 
high-stiffness behavior of rapidly increasing stress upon further 
stretching ( Figs. 1 –2 ). Best fit material parameters that describe 
the average response for regional, chronological, and etiological 
groups with no less than 4 samples are reported in Table S1. 

Within the bicuspid aortic valve (BAV) cohort and up to a 
stretch of 1.4, the root of young patients experienced larger 
circumferential distensibility and axial extensibility compared to 
proximal and distal samples under equibiaxial loading ( Fig. 1 A), 
though this relationship reversed with age ( Fig. 1 B,C). Further- 
more, the average biaxial response of proximal ATAA tissues did 
not differ from that of the distal segment in the youngest ( Fig. 1 A) 
and oldest patients ( Fig. 1 C), at least within the experimental 
range of stretches, though it approached the behavior of the 
root in the middle age group ( Fig. 1 B). These findings reflect the 
differential effect of aging on the three anatomical regions of ATAA 
samples in the presence of BAV. While the root experienced the 
largest progressive decrease in distensibility and extensibility with 

age ( Fig. 2 A), the most substantial changes in the mechanics of 
proximal ATAA tissues occurred between the young and middle 
age group, after which the biaxial response stabilized ( Fig. 2 B). 
Note that distal tissues in the oldest age group were not stretched 
beyond the initial low-stiffness behavior, hence more information 
is necessary to fully characterize the mechanical response of this 
segment ( Fig. 2 C). 

Amongst patients suffering from a connective tissue disorder 
(CTD), the root appeared less distensible than proximal tissues 
even in the young age group ( Fig. 1 D). Given that syndromic 
aortopathies are often characterized by highly penetrant root 
aneurysms and manifest earlier in life, we did not have enough 
samples to generate average curves for the distal region at any 
time point nor for any patient above 40 years of age, thus the 
effect of aging could not be investigated for this etiological group. 

Within the cohort of patients that had no prior connective 
tissue disorder diagnosis and exhibited normal valve morphol- 
ogy (TAV), the root was less distensible and extensible than the 
proximal and distal regions in the middle age group ( Fig. 1 E), 
though differences within the low-stiffness response faded beyond 
age 60 ( Fig. 1 F). These findings echo more substantial changes in 
the mechanical behavior of the proximal ( Fig. 2 E) and distal seg- 
ments ( Fig. 2 F) with age, at least in the circumferential direction, 
compared to the root ( Fig. 2 D). 

To extract quantitative information on the mechanical function 
of ATAA tissues, we supplemented the comparison of interpolated 
equibiaxial responses ( Figs. 1 –2 ) by solving inflation-extension 
kinematics to recapitulate in-vivo measures of systolic pressure and 
luminal diameter, under the assumption of energetically-optimal 
crossover axial stretch (Figs. S1D). We resorted to the crossover 
axial stretch to compare ATAA tissues at analogous deformed con- 
figurations that approach their in-situ state [12,49] . Substantiating 
the validity of our approach, predicted values of traction-free 
luminal radii deviated by at most 20% from perioperative mea- 
surements on resected tissues from a subset of patients, with the 
majority of the estimates exhibiting < 10% error ( Fig. 3 A). Given the 
inherent challenge of extracting reliable size information from dig- 
ital images of flaccid tissues, our model predicted the traction-free 
geometry of ATAA samples with reasonable accuracy. Interestingly, 
a ±20% deviation from the estimated traction-free luminal radius 
did not alter the predicted crossover axial stretch, which there- 
fore emerged as a robust property of ATAA tissues rather than 
geometry (Fig. S4). Furthermore, through-thickness integral means 
of calculated circumferential Cauchy stress under systolic luminal 
pressure and crossover axial stretch (average: 0.31 ±0.01 MPa) fell 
within the expected range for ATAA tissues at given diameters and 
for luminal pressures between 100 and 220 mmHg [51] ( Fig. 3 B). 
Finally, average cyclic circumferential (11.1 ±0.6%, measured from 
imaging) and axial (7.6 ±0.8%, predicted by the model) strains 
in proximal and distal ATAA tissues within our patient cohort 
fell within less than half a standard deviation of average in-vivo 
measurements acquired through ECG-gated CT scans in ATAA 
patients [52] and MR imaging in older individuals [53] ( Fig. 3 C). 

Leveraging our model, we first compared regional properties 
independently of additional risk factors. While all three segments 
endured comparable circumferential stretch levels ( Fig. 4 D), the 
root displayed lower crossover axial stretch (1.29 ±0.02) than 
either proximal (1.37 ±0.03) or distal (1.39 ±0.03; p < 0 . 05 ; Fig. 4 A) 
tissues, albeit only the latter was significant. Given this trend, 
and because the circumferential stretch was larger than the axial 
stretch in most samples, the average anisotropy index remained 
negative in all three regions, yet it approached zero in distal 
segments, where the mechanical response under in-vivo loads 
turned fairly isotropic ( Fig. 4 G). Wall thickness increased from 
root (0.95 ±0.04 mm) to distal tissues (1.14 ±0.05 mm; p < 0 . 01 ; 
Fig. 4 H) and contributed to reducing the circumferential stress in 
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Fig. 1. Regional variation in representative equibiaxial Cauchy stress ( σ ) vs. stretch ( λ) responses of ATAA tissues organized by etiology and age. Root, proximal, and distal 
behavior from young ( A ), middle-aged ( B ), and older ( C ) BAV patients. Root and proximal behavior from young ( D ) CTD patients. Root, proximal, and distal behavior from 
middle-aged ( E ) and older ( F ) TAV patients. Subscripts refer to circumferential ( θ ) and axial ( z) directions. Individual data points are averages of interpolated equibiaxial 
responses across samples within each anatomical, chronological, and etiological group. Shaded areas visualize inter-specimen variability as ±SEM. The number of samples in 
each group is reported in Table S1. Average responses shown for groups with at least n = 4 samples. 

Fig. 2. Age-dependent variation in representative equibiaxial Cauchy stress ( σ ) vs. stretch ( λ) responses of ATAA tissues organized by etiology and region. Root ( A ), proximal 
( B ), and distal ( C ) behavior from young, middle-aged, and older BAV patients. Root ( D ), proximal ( E ), and distal ( F ) behavior from middle-aged and older TAV patients. 
Subscripts refer to circumferential ( θ ) and axial ( z) directions. Individual data points are averages of interpolated equibiaxial responses across samples within each anatomical, 
chronological, and etiological group. Shaded areas visualize inter-specimen variability as ±SEM. The number of samples in each group is reported in Table S1. Average 
responses shown for groups with at least n = 4 samples. 
the distal region (261 ±13 kPa) compared to both root (331 ±19 
kPa; p < 0 . 05 ) and proximal (332 ±16 kPa; p < 0 . 01 ) segments 
( Fig. 4 E). In contrast, no difference across regions surfaced in 
the axial stress ( Fig. 4 B). Nevertheless, the intrinsic stiffness of 
ATAA tissues progressively declined when moving distally from 
the heart, in both the axial (Root: 3.4 ±0.2 MPa, Prox: 2.9 ±0.2 
MPa, Dist: 2.3 ±0.1 MPa; p < 0 . 01 or p < 0 . 05 ; Fig. 4 C) and cir- 
cumferential (Root: 5.8 ±0.3 MPa, Prox: 4.0 ±0.3 MPa, Dist: 2.8 ±0.3 

MPa; p < 0 . 01 or p < 0 . 05 ; Fig. 4 F) directions. Finally, the root 
stored less elastic energy (35 ±4 kPa) than more distal regions of 
ATAA samples, though only significantly so when compared to the 
proximal segment (52 ±5 kPa; p < 0 . 01 ; Fig. 4 I). 

Given the inherent regional differences in the biaxial mechan- 
ics of ATAA tissues, we evaluated the contribution of additional 
risk factors, i.e., older age, valve morphology, and the presence 
of a connective tissue disorder, within each anatomical segment. 
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Fig. 3. Comparison of model predictions against independent experimental measurements of unloaded dimensions and reported levels of in-vivo circumferential stress or 
cyclic biaxial strains in patients suffering from ATAA disease. Estimates of unloaded inner radius ( R i ) deviate by at most ±20% from intra-operative measurements on excised 
ATAA samples ( A ). Through-thickness integral mean of circumferential Cauchy stress at systolic pressure and crossover axial stretch fall within the reported range for ATAA 
patients [51] ( B ). Estimates of diastolic axial stretch yield cyclic circumferential and axial strains that are comparable to imaging-based measurements in patients with 
proximal and/or distal ATAA disease [52] and in older but non-aneurysmal individuals [53] ( C ). 

Fig. 4. Material, geometrical, and structural properties of root, proximal, and distal segments of ATAA samples within our patient cohort. Metrics of stress ( B, E ), stiffness 
( C, F ), anisotropy ( G ), thickness ( H ), and stored energy ( I ) are calculated at estimated crossover axial stretch ( A ) and circumferential stretch ( D ) to accommodate systolic 
pressure. Note the gradual decline in biaxial tissue stiffness with increasing distance from the heart. Statistical significance between regions denoted by overbar, with ∗ for 
p < 0 . 05 and ∗∗ for p < 0 . 01 . 
As expected from the qualitative comparison of average equibi- 
axial responses ( Fig. 2 ), systolic deformation gradually decreased 
with advancing age in both the axial (Root: 1.39 → 1.20, r s = -0.672, 
p < 0 . 01 ; Prox: 1.49 → 1.28, r s = -0.496, p < 0 . 01 ; Dist: 1.59 → 1.27, 
r s = -0.816, p < 0 . 01 ; Fig. 5 A) and circumferential (Root: 1.48 → 
1.30, r s = -0.650, p < 0 . 01 ; Prox: 1.47 → 1.36, r s = -0.509, p < 0 . 01 ; 
Dist: 1.45 → 1.33, r s = -0.530, p < 0 . 01 ; Fig. 5 D) directions. The age- 
induced decline of the axial stretch outpaced that of the circum- 
ferential stretch in distal tissues, where anisotropy progressively 
shifted from positive to negative (Dist: 0.09 → -0.04, r s = -0.678, p < 
0 . 01 ; Fig. 5 G). Wall thickness increased with advancing age across 
all regions of ATAA samples (Root: 0.78 → 1.07, r s = 0.630, p < 0 . 01 ; 

Prox: 0.88 → 1.09, r s = 0.401, p < 0 . 05 ; Dist: 0.82 → 1.30, r s = 0.659, 
p < 0 . 01 ; Fig. 5 H). Concurrently, circumferential stress at the root 
(Root: 404 → 287 kPa, r s = -0.512, p < 0 . 01 ; Fig. 5 E) and axial stress 
at the root and in the distal segment of ATAA samples (Root: 
304 → 197 kPa, r s = -0.525, p < 0 . 01 ; Dist: 423 → 190 kPa, r s = -0.720, 
p < 0 . 01 ; Fig. 5 B) decreased as patients became older. Advancing 
age correlated with circumferential stiffening in the proximal and 
distal ATAA tissues (Prox: 3.2 → 5.1 MPa, r s = 0.344, p < 0 . 05 ; Dist: 
1.8 → 3.8 MPa, r s = 0.536, p < 0 . 01 ; Fig. 5 F), yet it did not affect 
axial stiffness at any anatomical location ( Fig. 5 C). Related to de- 
creased deformation, energy storage in ATAA tissues gradually de- 
clined with age in all segments (Root: 52 → 21 kPa, r s = -0.683, p < 
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Fig. 5. Material, geometrical, and structural properties of root, proximal, and distal regions of ATAA samples from young, middle-age, and older patients enrolled in our 
study. Metrics of stress ( B, E ), stiffness ( C, F ), anisotropy ( G ), thickness ( H ), and stored energy ( I ) are calculated at estimated crossover axial stretch ( A ) and circumferential 
stretch ( D ) to accommodate systolic pressure. Note the negative correlation between advancing age and aortic function (through energy storage) across all three segments of 
ATAA samples. Statistical significance between age groups denoted by overbar, with ∗ for p < 0 . 05 and ∗∗ for p < 0 . 01 . 
0 . 01 ; Prox: 69 → 38 kPa, r s = -0.364, p < 0 . 05 ; Dist: 91 → 30 kPa, 
r s = -0.746, p < 0 . 01 ; Fig. 5 I). Plots of all mechanical metrics against 
age are included in the Supplementary Material (Figs. S5-7). 

Etiological differences in the mechanics of ATAA tissues pri- 
marily emerged within the distal segment, where a thicker wall 
( Fig. 6 H) complemented lower biaxial stretches ( Fig. 6 A,D), axial 
stress ( Fig. 6 B), and energy storage ( Fig. 6 I) in TAV patients com- 
pared with either or both the BAV and CTD cohorts. The proximal 
region featured similar discrepancies across etiological groups but 
limited to circumferential stretch ( Fig. 6 D), axial stress ( Fig. 6 B), 
and energy storage ( Fig. 6 I). Aorthopaties related to BAV or CTD 
did not affect anisotropy ( Fig. 6 G), circumferential stress ( Fig. 6 E), 
or biaxial tissue stiffness ( Fig. 6 C,F) in proximal and distal tissues, 
nor any of the mechanical metrics at the root. 
4. Discussion 

Properly timed monitoring and treatment of aortic aneurysms 
is crucial for reducing the risk of premature death due to fa- 
tal dissection and/or rupture [2,3,54] . While endovascular repair 
has become a valuable option for the treatment of non-ruptured 
aneurysms in the abdominal and descending thoracic segments of 
the aorta, it has only been performed on ascending thoracic aor- 
tic aneurysm (ATAA) patients that are ineligible for open surgi- 
cal repair, using either commercial devices off-label or investiga- 
tional devices [21,55] . Survival data from these studies show that 
patients with root disease experience worse outcomes than those 
with either proximal or distal disease [21] . Therefore, elucidating 
the uniqueness of the root in terms of structure, hemodynamics, 

and wall mechanics is imperative for the design of endovascular 
devices that can support the long-term survival of ATAA patients. 
To this end, we developed a methodological framework aimed to 
assess markers of lengthwise regional biomechanical dysfunction 
associated with ATAA disease. 

We first sought to determine the representative (average) 
biaxial behavior of ATAA tissues as a function of region, age, 
and etiology. While our testing approach maximized the data 
yield by cycling a set of biaxial protocols through progressively 
higher stretch levels [56] , it also increased inter-sample variability 
in the range of applied local strains. To circumvent this issue, 
previous studies have leveraged constitutive modeling to simulate 
consistent planar biaxial data [18] . As an alternative approach, 
we showed here that biquintic Hermite surfaces [38,41] faithfully 
capture the stress-strain behavior of ATAA tissues (average good- 
ness of fit R 2 = 0.9846) and support direct interpolation of standard 
biaxial responses suitable for averaging (Fig. S1B). Besides facil- 
itating qualitative cross-group comparisons [40,57] , average data 
supply representative constitutive descriptors for complementary 
finite element analysis (Table S1) [58,59] . Notwithstanding these 
advantages, surface fitting limits the average behavior up to the 
maximum strain experienced by the least-stretched sample. This 
is particularly evident in the distal region, where a significant 
number of tissue specimens exhibited fairly linear stress-strain re- 
sponses due to sub optimal loading that failed to engage collagen 
fibers ( Fig. 2 C). We thus recommend that more data be collected to 
capture the full scope of the tissue behavior in this ATAA segment. 

Paralleling findings for aneurysmal tissues in the abdomi- 
nal aorta [60] , the average equibiaxial Cauchy stress vs. stretch 
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Fig. 6. Material, geometrical, and structural properties of root, proximal, and distal regions of ATAA samples from BAV, CTD, and TAV patients enrolled in our study. Metrics 
of stress ( B, E ), stiffness ( C, F ), anisotropy ( G ), thickness ( H ), and stored energy ( I ) are calculated at estimated crossover axial stretch ( A ) and circumferential stretch ( D ) to 
accommodate systolic pressure. Note the absence of consistent etiological differences across the three segments of ATAA samples. Statistical significance between etiological 
groups denoted by overbar, with ∗ for p < 0 . 05 and ∗∗ for p < 0 . 01 . 
response in the low stiffness region of ATAA samples is quali- 
tatively similar across all but young bicuspid aortic valve (BAV) 
patients, yet aging and proximity to the left ventricle anticipate 
the transition toward rapid strain-stiffening ( Figs. 1,2 ). The trend 
toward reduced equibiaxial transition stretches that manifests in 
healthy human aortic tissues with advancing age [18] therefore 
persists with aneurysmal disease and is most prominent in the 
BAV cohort, due to the wider range of patient ages and the larger 
number of samples in this group. Earlier equibiaxial transition 
stretches at the root vs. more distal regions of ATAA [61] samples 
further mirror the behavior of the aortic sinus compared to the as- 
cending aorta in healthy pigs [62] and humans [63] . Note, delayed 
transition and reduced stress at low-stiffness in root samples from 
BAV patients under 40 years-of-age ( Fig. 1 A) may indicate more 
severe microstructural disarray [64] compared to proximal and 
distal tissues and should be investigated by histological analysis. 

Given the nonlinear response of ATAA tissues (Fig. S1B), me- 
chanical metrics of stress, intrinsic stiffness, and elastic strain 
energy vary with the deformation. To determine the circum- 
ferential stretch compatible with patient-specific measures of 
traction-free wall thickness and systolic luminal diameter, we 
solved equilibrium equations for inflation-extension kinematics, 
constraining the axial stretch to fulfill the energetically-optimal, 
crossover condition that characterizes the axial force vs . length 
relationship for arterial samples (Fig. S1C) [65] . Minimization of 
modeling assumptions through incorporation of in-vivo data facil- 
itated prediction of deformation-dependent mechanical metrics at 
patient- and region-specific biaxial stretches, permissive of more 

relevant and fair comparisons across groups ( Figs. 4–6 ). In contrast, 
previous studies extracted either peak stretch/stress, tangential 
stiffness, or energy loss from either experimental [16,32,63,66] or 
simulated equibiaxial responses [25] , when the axial and circum- 
ferential directions experience the same loading conditions. The 
anisotropy of aneurysmal tissues and the high degree of variability 
in the mechanical response across samples ( Figs. 1,2 ) render 
these circumstances unlikely to hold in-vivo , further emphasizing 
the value of our multi-modal analysis for quantifying biaxial 
deformations. Although frequently used to probe cardiovascular 
tissue mechanics, in-vivo imaging [23,67–69] and in-vitro test- 
ing [14,16,24,25,32,63] individually offer limited capabilities [70] . 
We showed here that coupling of data from both testing modali- 
ties with mechanical models of the aortic wall supports inferences 
of mechanical metrics at consistent and physiologically-meaningful 
levels of deformation ( Fig. 3 ). Note, however, that in adult wild- 
type mice the systolic axial stretch of the ascending thoracic aorta 
extends to at most 85% of the crossover value, thereby suggesting 
the presence of an exertion reserve for supplementing elastic 
energy between rest and strenuous exercise, emotional distress, or 
fight/flight conditions [71] . Therefore, by selecting the crossover 
axial stretch, our model provides the upper bound of tissue stress, 
stiffness, and energy, especially considering that in-vivo pressure 
and luminal diameter were measured under anesthesia. Indeed, 
the through-thickness integral mean of circumferential stress ap- 
proached values reported for ATAA tissues at 220 mmHg pressure 
load [51] , despite the average systolic pressure in our population 
not exceeding 150 mmHg ( Fig. 3 B). Further inaccuracies may 

274 



S.A. Tarraf, B. Kramer, E. Vianna et al. Acta Biomaterialia 162 (2023) 266–277 
have been introduced by using a cylindrical geometry assump- 
tion in the predictions of the mechanics for non-axisymmetric 
ATAAs. 

In agreement with the global trend that emerged from the 
comparison of averaged equibiaxial data ( Fig. 1 ), biaxial tis- 
sue stiffness under simulated inflation-extension kinematics at 
patient-specific systolic pressure is largest at the ATAA root and 
decreases toward the proximal and distal segments ( Fig. 4 C,F). The 
axial gradient in tissue stiffness along ATAA samples complements 
evidence of circumferential heterogeneity reported in previous 
studies [25,72] and upholds the rapid stiffening of the aortic sinus 
compared to the rest of the non-aneurysmal ascending aorta from 
both porcine [62] and human cadaver [63] donors. Note, we have 
recently shown that circumferential tissue stiffness correlates 
with disease severity across mouse models of thoracic aortic 
aneurysm [73] . Stiffening of aneurysmal tissues is attributed to an 
earlier engagement of collagen fibers to compensate for the loss of 
integrity in the elastic laminae [74] . Interestingly, the elastic fiber 
network is looser and the collagen fibers are more haphazardly 
distributed at the root of the non-aneurysmal ascending aorta, 
compared to the proximal and distal regions [63] . Therefore, the 
inherent microstructure of the root may precipitate tissue stiffen- 
ing in aneurysmal disease and synergize with increased procedural 
difficulty to worsen the outcomes of endovascular repair for this 
aortic segment [21] . Finally, root aneurysms have stronger genetic 
etiology, while proximal and distal disease is primarily linked 
to hemodynamics, particularly in BAV patients [75] . Overall, the 
structural, mechanical, and etiological gradients along ATAA sam- 
ples urge for region-specific surgical interventions. We speculate 
that an adaptive design accounting for the intrinsic stiffness of 
the landing zone may help minimize the mechanical mismatch 
between stent-graft and aneurysmal tissues, reducing complica- 
tions that could lead to poor surgical outcomes, particularly in the 
treatment of root disease [21] . 

The spatial gradient in circumferential tissue stiffness along 
ATAA samples persists when patients are grouped by age ( Fig. 5 F). 
A reflection of the positive correlation between aging and the 
circumferential stiffening of root, proximal, and distal tissues, this 
finding corroborates previous observations in both control [17–
19] and aneurysmal [72,76] samples. The age-dependent decline 
in biaxial stretches under systolic pressure load ( Fig. 5 A,D) further 
mirrors the lower crossover axial stretch of the non-aneurysmal 
descending thoracic aorta of older patients [19] and contributes 
to reducing the elastic energy available for diastolic blood flow 
augmentation ( Fig. 5 I). Decreased stored energy hinders the aged 
ATAA wall from acting as a pressure reservoir and may increase 
the workload on the heart or damage the microvasculature [77,78] . 
Loss of elastic fiber integrity and deposition of collagen with both 
aging and aneurysmal disease [64,79,80] likely contribute to re- 
ducing the elastic energy storage within the aortic wall [74,81,82] . 
Overall, age emerges as the strongest predictor of tissue mechanics 
within our patient cohort. 

Since ATAA disease is age-selective by etiology ( Table 1 ), the 
reported divergence in mechanical descriptors between tricuspid 
aortic valve patients (TAV) and BAV [11–13,83–86] or syndromic 
aneurysm (CTD) [14–16] cohorts may depend, at least in part, 
on the age at which the disease typically manifests in these 
etiological groups. For instance, tissues from TAV patients enrolled 
in our study are thicker ( Fig. 6 H), operate at lower stretches 
( Fig. 6 A,D), and store less elastic energy ( Fig. 6 I) compared to 
tissues in the BAV group, yet these differences are consistent with 
the average older age of TAV patients (Figs. S5–7). Aligned with 
this interpretation, Okamoto et al. showed that age influences 
the mechanical properties of aneurysmal ascending aortas, re- 
gardless of the underlying source of dilatation [14] . Recognizing 
the age discrepancy across etiologies, Sulejmani et al. limited the 

comparison between Marfan and non-Marfan thoracic aneurys- 
mal tissues to patients above 40 years-of-age and noted larger 
equibiaxial transition strains in the Marfan group, though only 
significantly so in the circumferential direction [16] . This finding 
mirrors the delayed stiffening of the average equibiaxial responses 
in root tissues from CTD compared to TAV patients in our middle 
age cohort (Fig. S3C) and may reflect an abundance of thinner and 
loosely-packed collagen fibers with reduced load bearing capabil- 
ity [16] . Nevertheless, differences between CTD and TAV tissues 
fade when mechanical metrics are evaluated at patient-specific 
systolic pressure and crossover axial stretch within the same age 
group (Figs. S5–7). Leveraging finite element simulations, Xuan 
et al. further reported that tissues from the aortic sinuses expe- 
rience larger circumferential stress compared to the sinotubular 
junction in Marfan patients alone [87] , emphasizing the influence 
of axial location on mechanics ( Fig. 4 ) and the perniciousness of 
root aortopathies associated with connective tissue disorders. 
4.1. Conclusions 

In response to the clinical need for alternative treatment op- 
tions beyond open surgical repair, detailed characterization of the 
lengthwise regional mechanics of ATAA tissues offers invaluable 
guidance in formulating design specifications and testing param- 
eters for the development and regulatory evaluation of endovascu- 
lar devices catered specifically to the ascending aorta. Leveraging 
a multidisciplinary approach at the interface between clinical sci- 
ences and engineering, we coupled semi-inverse constitutive and 
forward modeling with in-vitro biaxial data and in-vivo blood pres- 
sure and diameter measurements to extract mechanical descriptors 
of aortic behavior at physiologically meaningful levels of deforma- 
tion, while minimizing assumptions on tissue loading conditions. 
Our analysis revealed inherent axial regional differences in the bi- 
axial mechanics of ATAA tissues across a diverse patient cohort, 
which persist with age and disease. Moving distally from the aortic 
root to the first ascending aortic branch, we observed an increase 
in crossover stretch, thickness, and energy storage, accompanied 
by a progressive decline in circumferential and axial stiffness. Fur- 
thermore, we showed that aging leads to reduced aortic function 
independent of anatomical location and is a stronger predictor of 
mechanical response than either valve morphology or underlying 
syndromic disorder. These findings further our current understand- 
ing of the regional biomechanical derangement in ATAA tissues and 
provide evidence to elucidate disease pathogenesis, predict lesion 
progression, and identify appropriate treatment course. 
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