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ABSTRACT

Objectives: Rupture and dissection are feared complications of ascending thoracic
aortic aneurysms caused by mechanical failure of the wall. The current method of
using the aortic diameter to predict the risk of wall failure and to determine the
need for surgical resection lacks accuracy. Therefore, this study aims to identify reli-
able and clinically measurable predictors for aneurysm rupture or dissection by per-
forming a personalized failure risk analysis, including clinical, geometrical, histologic,
and mechanical data.

Methods: The study cohort consisted of 33 patients diagnosed with ascending
aortic aneurysms without genetic syndromes. Uniaxial tensile tests until failure
were performed to determine the wall strength. Material parameters were fitted
against ex vivo planar biaxial data and in vivo pressure–diameter relationships at
diastole and systole, which were derived from multiphasic computed tomography
(CT) scans. Using the resulting material properties and in vivo data, the maximal
in vivo stress at systole was calculated, assuming a thin-walled axisymmetric geom-
etry. The retrospective failure risk was calculated by comparing the peak wall stress
at suprasystolic pressure with the wall strength.

Results: The distensibility coefficient, reflecting aortic compliance and derived
from blood pressure measurements and multiphasic CT scans, outperformed
predictors solely based on geometrical features in assessing the risk of aneurysm
failure.

Conclusions: In a clinical setting, multiphasic CT scans followed by the calculation
of the distensibility coefficient are of added benefit in patient-specific, clinical
decision-making. The distensibility derived from the aneurysm volume change
has the best predictive power, as it also takes the axial stretch into account. (JTCVS
Open 2023;16:66-83)
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CENTRAL MESSAGE

The distensibility, ie, the capacity
of the vessel to expand during
pressure changes, outperforms
purely geometrical predictors
when assessing the failure risk of
ascending thoracic aortic
aneurysms.
PERSPECTIVE
The distensibility outperforms purely geometrical
predictors when assessing the failure risk of
ascending thoracic aortic aneurysms. The aneu-
rysm should be visualized at 2 phases, ie, at dias-
tole and systole. Clinicians can add this metric
to the risk stratification process, where it can
gradually replace purely geometrical predictors
as the database and confidence in a cut-off value
grows.
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Abbreviations and Acronyms
AHI ¼ aortic height index
ASI ¼ aortic size index
ATAA ¼ ascending thoracic aortic aneurysm
DC ¼ distensibility coefficient
DFR ¼ deterministic failure risk

Vander Linden et al Adult: Aorta
An ascending thoracic aortic aneurysm (ATAA) is a chronic
degenerative disease characterized by a permanent dilation
of the aortic wall, which can culminate in a life-threatening
emergency when the wall ruptures or dissects.1 In theory,
prophylactic replacement of the aorta should be performed
when the risk of rupture or dissection is greater than the in-
terventional risk. In clinical practice, the rupture or dissec-
tion risk is assessed by geometric factors. Currently,
surgical repair is recommended when the maximum aortic
diameter exceeds the threshold value of 55 mm, or when
the growth exceeds 5 mm per year.2 The mentioned values
may vary in case other risk factors are present, such as a
bicuspid aortic valve, genetic syndromes (Marfan, Loeys–
Dietz and Turner syndrome), hypertension, and family his-
tory of dissection.3 Research has shown that the diameter
criterion poorly represents the individual risk, resulting in
a large number of false positives and false negatives.4,5

In search of better predictive tools to assess the failure
risk, some have indicated that the diameter should be in-
dexed by patient body surface area (aortic size index,
ASI)6 or height (aortic height index, AHI).7 Others have
pointed out that the axial length of the ATAA, measured
as the distance between the annulus and the brachiocephalic
artery, may improve the risk stratification.8

Essentially, wall failure is a biomechanical phenomenon,
since it occurs when the load, ie, wall stress or strain, ex-
erted on the aortic wall exceeds its load-bearing capacity,
ie, wall strength or extensibility.9 Therefore, biomechanical
models to predict failure risk have gained increasing atten-
tion. Martin and colleagues10 compared aortic wall stiffness
with the risk of rupture. Although a decreased compliance
seemed to correlate with an increased risk, one major limi-
tation of this study was that the authors neglected the in vivo
wall thickness when calculating the risk, so there was no
compelling evidence of the wall stiffness’ risk potential.

Despite these findings, recent publications demonstrate
that the ongoing clinical debate is still primarily dominated
by the diameter criterion.11,12 There is need for clear evi-
dence and more reliable guidelines to identify patients at
risk of aneurysm rupture or dissection. To identify reliable
and clinically measurable predictors, we performed a retro-
spective personalized failure risk analysis, including clin-
ical, geometrical, histologic, and mechanical data from
patients undergoing surgery for an ATAA.
METHODS
The study was approved by the Ethics Committee Research UZ/KU

Leuven (NCT03142074, approved on December 23, 2016) and patient

informed consent for publication of study data was obtained. The cohort

consisted of 33 adult patients who underwent surgery at the University

Hospitals Leuven. Patients were included if they had an ascending aortic

diameter larger than 55 mm, or 50 mm in case of aortic valve issues

such as aortic valve stenosis or aortic insufficiency, as measured by the sur-

geons within the clinical routine, following the guidelines presented in Is-

selbacher and colleagues,2 or if they underwent resection of the ascending

aorta during the Ross procedure. Patients with genetic syndromes such as

Marfan, Loeys–Dietz, and Turner were excluded from the study. Before

surgery, patients underwent an electrocardiogram-gated contrast-enhanced

computed tomography scan and the diastolic (pdias) and systolic (psys) pres-

sures were measured noninvasively. All patients were operated under car-

diopulmonary bypass with arrested heart via sternotomy. The ascending

aorta was excised and sent for further analysis.

Histologic Analysis
Samples for histologic analysis were fixed in paraformaldehyde (6%),

dehydrated (Medite TES 99), and embedded in paraffin. Then, 5-mm-thick

serial cross-sections were created (Microm HM360) and stained with he-

matoxylin and eosin and Elastica van Gieson stains using standard labora-

tory protocols. All specimens were microscopically examined (Philips

Ultra Fast Scanner). The thickness of the entire wall and sublayers, ie, in-

tima, media, and adventitia, was calculated as the average at 10 different

locations of the slice with ImageJ 1.52a (National Institutes of Health).

The fractions of the wall constituents, ie, elastin, collagen, and smooth

muscle cells, were measured using an in-house developed image process-

ing software written in MATLAB R2023a (MathWorks Inc). The presence

of intimal hyperplasia and medial degeneration (moderate or severe) was

qualitatively assessed according to guidelines presented in Halushka and

colleagues.13 All measurements and assessments were performed by 2 in-

dependent observers.

Geometrical Analysis
Preoperative electrocardiogram-gated computed tomography scans,

each consisting of approximately 600 to 800 transversal slices with an

in-plane resolution of 0.34 mm and a slice thickness of 0.6 mm, were

segmented and reconstructed into a 3-dimensional model at end-diastole

(k¼dias, 0% RR-interval) and mid-systole (k¼sys, 33% RR-interval)

phase using Mimics Innovation Suite 23 (Materialise).14 At both phases

k, the luminal volume of the aorta, was segmented (Figure 1). The maximal

diameter Dk was defined by the best-fit circle along the center line at the

widest point of the aneurysm. The length of the aneurysm Lk was defined

as the distance along the center line between the sinotubular junction and

the first bifurcation, ie, the brachiocephalic artery. Consequently, the vol-

ume of the aneurysm Vk was defined as the volume of the aorta measured

along the center line between the sinotubular junction proximally and the

brachiocephalic artery distally. Moreover, AHI was calculated as AHI ¼
Dsys

l , with l the height of the patient7 and the ASI was calculated as ASI ¼
Dsysffiffiffiffiffiffiffiffiffiffiffiffiffi

lw

3:6e5kgm3:5

p , with w the weight of the patient.15

Mechanical Analysis
In vivo mechanical characterization. The invivo distensibility

coefficient (DC) defines the vessel compliance and reflects the capacity of

the vessel to expand during pressure changes. The DC based on the cross-

sectional area is defined as follows16:

DCA ¼
D2

sys�D2
dias

D2
dias

�
psys�pdias

� : (1)
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FIGURE 1. Example of a segmented aorta (pink) with the ATAA (orange)

and centerline (CL) (red). The aneurysm’s volume (Vk), maximal diameter

(Dk), and length (Lk) were measured based on the segmentation at phase

k¼dias,sys.

Adult: Aorta Vander Linden et al
The previous equation ignores the geometrical changes in axial direction

of the ATAA between diastole and systole. Therefore, we define an alterna-

tive measure for the DC, based on the volume:

DCV ¼ Vsys�Vdias

Vdias

�
psys�pdias

� : (2)

In vitro mechanical characterization. After aortic replace-

ment, the excised tissue intended for mechanical testing was preserved in

phosphate-buffered saline solution at �80 �C. Experiments were per-

formed at FIBEr, KU Leuven Core Facility for Biomechanical

Experimentation. After thawing overnight at 4 �C, the tissue was cut

open axially and the samples, hourglass-shaped for uniaxial or square-

shaped for biaxial tensile testing, were excised according to the tissue’s

circumferential (q) and axial (z) direction of the aorta (Figure 2). In

some cases, insufficient tissue was available for testing all the indicated

samples. Sample thickness was measured with a VHX-6000 Digital

Microscope (Keyence Corporation). All tensile tests were performed using

a Messphysik testing device (ZwickRoell). Images were captured at 20 Hz

with Vic-Snap (Correlated Solutions, with isi-sys as system integrator)

using a Manta G-917B camera with a Sony ICX814 monochrome

charged-coupled device, mounted perpendicularly to the sample’s surface.

The samples were submerged in saline solution at 37 �C during mechanical

testing. For a detailed description of the test protocols, the reader is referred

to Appendix E1.

To estimate thewall strength, hourglass samples were mounted on a uni-

axial test set-up using clamps and were loaded until rupture (Figure 3). The
68 JTCVS Open c December 2023
strength of the tissue Yii in the direction i¼q,z is expressed in terms of the

first Piola–Kirchhoff stress and is calculated as follows:

Yii ¼ 4f yii
W0H0

(3)

With f yii the normal force measured at yield, defined according to Martin

and colleagues,10 in direction i, and W0 and H0 the width and thickness

measured at the gauge section in the stress-free state, respectively.

4¼1.06 is the factor that incorporates the stress concentrations arising

from the hourglass shape of the test specimen.

To characterize the mechanical behavior, square samples were mounted

on a planar biaxial testing set-up using rakes (Figure 3). The samples were

cyclically loaded along their circumferential and axial axes. Experimental

forces in the circumferential (fqq) and longitudinal direction (fzz) were

measured. The corresponding deformation at the center of the sample

was measured with digital image correlation.17

Determining Failure Risk
Calculation of the intraluminal maximal wall stress requires informa-

tion on the material behavior and in vivo wall thickness of the tissue.

The material parameters s and wall thickness at diastole Hdias were esti-

mated using a material fitting approach explained in (18,19), by minimizing

the difference between (1) the experimental (fii) and model (f modii ) reaction

forces in the direction i¼q,z of the planar biaxial test, (2) the measured (H0)

and model (Hmod
0 ) ex vivo thickness and (3) the measured (psys) and model

(pmodsys ) systolic blood pressure (Figure 3). Knowing the material parameters

and in vivo thickness, the PWSii, first Piola–Kirchhoff peak wall stress in

the direction i at supra-systolic blood pressure, was calculated while

approximating the aneurysm as a thin-walled cylinder. More specifically,

the aneurysm at diastolewas further pressurized and axially stretched using

110%psys and lsys;zz ¼ Lsys
Ldias

, respectively.

The deterministic failure risk DFRi in the direction i was calculated as

the ratio between the maximal estimated in vivo wall stress and the wall

strength: DFRi ¼ PWSii
Yii

. A low value of DFRi means that the aneurysm is

unlikely to rupture or dissect in the direction i, and vice versa. In addition,

to address the uncertainty associated with the input variables used to

compute the wall stress, a probabilistic failure risk (PFRi) was calculated

by considering the stochastic nature of the wall thickness and blood pres-

sure. PFRi values are negative, and as they approach zero, the likelihood

of aneurysm failure increases, with zero representing a 100% chance.20

A schematic representation of the deterministic and probabilistic failure

risk estimation is shown in Figure 3. For a detailed description of the

parameter fitting approach, the maximal in vivo stress and the failure risk

estimation, the reader is referred to Appendix E2.

Statistical Analysis
Statistical analysis was performed using RStudio. Comparisons were

determined using the Mann–Whitney U test and the Fisher exact test for

continuous and categorical variables, respectively. Correlations were deter-

mined using the Spearman rank nonparametric test. Simple logistic regres-

sion was performed to establish a relationship between DFRi and possible

predictors, linear regression was performed to establish a relationship be-

tween PFRi and possible predictors.
RESULTS
Subject Characteristics

The subject characteristics are summarized in Table 1.
The data set was categorized into 2 different groups depend-
ing on their area-based distensibility coefficient DCA in
relation to DCphys

A . DCphys
A was set to 1.0e-3 mm Hg�1, rep-

resenting the third decile of the reported values for the



FIGURE 2. Excised, load-free (left) and opened, stress-free (right) ATAA. Hourglass and square-shaped samples for uniaxial (UA) and planar biaxial (PB)

tensile testing are indicated, respectively, as well as the proximal (prox) and distal (dist) side, and the axial (z) and circumferential (q) direction. PB samples

were extracted from the 4 quadrants (A, anterior;M, medial or inner curvature; P, posterior; L, lateral or outer curvature). ATAA, Ascending thoracic aortic

aneurysm.
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healthy population’s ascending aortic distensibility.22 If
DCA � DCphys

A , the aneurysm was classified as “stiff,” if
DCA>DCphys

A , the aneurysm was classified as “compliant”.
Figure 4 shows the volume-based distensibility in func-

tion of the patient’s age. The fitted material parameters s
and diastolic wall thickness Hdias of each patient, together
with the fitting measures are shown in Appendix E3,
Table E2.

Failure Risk Assessment
Table 2 presents the Spearman r correlation coefficients

with corresponding P values between the different clini-
cally accessible characteristics and the failure risk DFRi

(i¼q,z). Figure 5 shows the failure risk DFRi (i¼q,z) as
function of Dsys, AHI, DCA, and DCV. The Spearman r cor-
relation coefficient with corresponding P value and Nagel-
kerke pseudo R2 value of the logistic regression is also
shown in the figure. All but 1 aneurysm was predicted not
to rupture or dissect, ie, DFRi<1 (i¼q,z). For the one aneu-
rysm for whichDFRqq and DFRzz¼1.10, the failure risk was
retrospectively set to 1, since no ATAA had ruptured or
dissected before surgery. A significant increase of the fail-
ure risk in the circumferential direction was observed for
hypertensive patients with respect to normotensive patients.
No significant difference could be observed for the failure
risk between patients with tricuspid and bicuspid aortic
valves. The probabilistic failure risk assessment shows the
same trends as the deterministic approach, the results of
which are described in Appendix E4.

DISCUSSION
We performed a retrospective patient-specific failure risk

analysis of ascending thoracic aortic aneurysms, including
clinical, geometrical, histologic, and mechanical data. Uni-
axial tensile tests were performed to determine the wall
strength and material parameters were fitted against
in vitro planar biaxial data and in vivo pressure–diameter re-
lationships at diastole and systole. Using the resulting ma-
terial properties and in vivo data, the maximal in vivo
stress at systole was calculated, assuming a thin-walled
axisymmetric geometry. Failure risks were defined by
comparing the peak wall stress with the wall strength. The
failure risks were compared with clinically accessible pre-
dictors to predict aneurysm failure. In addition, age-
related changes to the aneurysm behavior and wall
morphology were investigated.
Aneurysm Failure Risk Assessment
The presented results in Figure 5 and Table 2 again

confirm the inadequacy of the diameter when assessing
the failure risk of ATAA.4,6 Likewise, alternative geomet-
rical features such as the aneurysm length or volume do
not correlate with the failure risk DFRi, although they are
recommended by others.8 Although the diameter indexed
against the patient height (AHI) slightly improves the risk
assessment in the circumferential direction, the AHI and
ASI (indexing the diameter against the patient body surface
area) do not result in statistically significant correlations in
either direction, contrary to what has been suggested in
literature.6,7 However, hypertension, which has been identi-
fied as a risk factor in multiple cardiovascular diseases, does
lead to a greater failure risk in the circumferential
direction.16,23

As aneurysm rupture or dissection is primarily a mechan-
ical event, mechanical predictors have the possibility to
improve the risk stratification. The distensibility coefficient
JTCVS Open c Volume 16, Number C 69
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expresses the ability of the artery to dilate in response to an
increase in pressure.16 The area-based DC expresses the
compliance in terms of the diameter and relates it to the cor-
responding pressure increase. Through the classification of
aneurysms according to their distensibility relative to a
reference healthy distensibility (as outlined in Table 1), it
becomes evident that stiff aneurysms exhibit greater dimen-
sions in terms of axial length, diameter (including derived
variables AHI and ASI), and volume compared with
compliant aneurysms. Furthermore, this classification en-
ables us to differentiate aneurysms at low risk, associated
with high compliance, from those at greater risk, associated
with high stiffness. A low distensibility is also associated
with weaker tissue in the circumferential direction.

Consequently, the failure risk DFRi in both circumferen-
tial and axial direction exhibits a significant correlation with
DCA. The lower its compliance, the stiffer the material be-
comes and the greater the failure risk DFRi. This is in accor-
dance with Martin and colleagues,10 who defined a similar
empirical mechanical coefficient, ie, the (diameter-based)
pressure–strain modulus to quantify the stiffness of the
aorta and found that this predictor has a strong relation
70 JTCVS Open c December 2023
with the failure risk. In addition to this, Emerel and col-
leagues24 observed a significant decrease of the distensi-
bility among 7 dissected ATAA cases when compared
with 7 nondissected cases, deriving the distensibility from
diameter measurements. This was confirmed by a more
recent study.25 However, considering the elevated circum-
ferential stiffness of aneurysms with respect to healthy arte-
rial wall, and the axial displacement of the aortic root, the
diameter may lower between diastole and systole, which ex-
plains why several patients have a negative DCA (Figure 5).
As pointed out by others, the axial dimension is an often-
overlooked parameter.26 It is not possible to relate the axial
stretch to any kind of measurable axial load. Therefore, the
volume-based distensibility DCV was defined and relates
the pressure increase, the only measurable information on
the load exerted on the tissue, to the total volume change
of the aneurysm. As can be seen in Figure 5 and Table 2,
DCV correlates even better with the failure risk DFRi in
both directions as compared with DCA.

To enhance the reliability of our risk assessment, we
introduced an alternative metric called probabilistic failure
risk (PFRi), which accounts for uncertainties in blood



TABLE 1. Baseline characteristics21

Variable

Population

(n ¼ 33)

DCA � DCphys
A

(n ¼ 16)

DCA>DCphys
A

(n ¼ 17)

General

Age, y* 58.1 � 19.8 68.8 � 14.1 51.1 � 14.9

Weight, kg 81.7 � 24.9 80.4 � 24.3 81.7 � 23.1

Height, m* 1.74 � 0.09 1.69 � 0.09 1.76 � 0.03

Sex: female 9 (27%) 7 (44%) 2 (12%)

Hypertension 21 (64%) 12 (75%) 9 (53%)

BAV 17 (52%) 9 (56%) 8 (47%)

TAV 16 (48%) 7 (44%) 9 (53%)

Aortic valve stenosis 14 (42%) 7 (44%) 7 (41%)

Aortic valve insufficiency 21 (64%) 10 (62%) 11 (65%)

Aortic regurgitation (II, III, IV) 18 (55%) 8 (50%) 10 (59%)

pdias, mm Hg 72 � 14 70.5 � 15.2 73 � 10

psys, mm Hg* 131 � 32 145 � 22.3 117 � 19

Geometrical

Ddias, mm* 47.5 � 12.6 52.4 � 11.4 45.3 � 6.79

Dsys, mm* 48.1 � 13 52.9 � 11.6 47.5 � 6.04
Dsys

Ddias
, -* 1.03 � 0.0442 1.01 � 0.00732 1.05 � 0.0352

Ldias, mm* 76 � 21.5 85.6 � 16.9 71.6 � 16.5

Lsys, mm* 82.1 � 17.2 86.2 � 14.8 76 � 17
Lsys
Ldias

, -* 1.08 � 0.08 1.04 � 0.06 1.09 � 0.05

Vdias, cm
3* 107 � 78.4 150 � 51.9 98.2 � 60.5

Vsys, cm
3* 130 � 82.5 160 � 64.9 119 � 55.7

Vsys

Vdias
, -* 1.14 � 0.16 1.1 � 0.06 1.21 � 0.12

AHI$10�2, -* 2.84 � 0.64 3.14 � 0.90 2.69 � 0.49

ASI$10�5, mm�1* 2.53 � 0.84 2.93 � 0.71 2.34 � 0.46

Histologic

Intimal hyperplasia 12 (36%) 8 (50%) 4 (24%)

Medial degeneration 9 (27%) 7 (44%) 2 (12%)

Total wall thickness, mm 1.71 � 0.366 1.7 � 0.399 1.73 � 0.27

Intima thickness, mm* 0.06 � 0.22 0.073 � 0.46 0.040 � 0.07

Media thickness, mm 1.24 � 0.241 1.2 � 0.36 1.29 � 0.21

Adventitia thickness, mm 0.412 � 0.15 0.44 � 0.16 0.41 � 0.13

Elastin, % 22.5 � 18.2 20.5 � 19.6 23.8 � 16.5

Collagen, % 30.5 � 12.8 32.3 � 15.3 29.4 � 9.14

Mechanical

Yqq, MPa* 1.510 � 1.030 0.834 � 0.795 1.900 � 1.110

Yzz, MPa 0.587 � 0.232 0.567 � 0.253 0.607 � 0.184

PWSqq, MPa 0.177 � 0.090 0.186 � 0.102 0.156 � 0.057

PWSzz, MPa 0.076 � 0.110 0.121 � 0.088 0.053 � 0.033

DCA$10
�3, mm Hg�1* 1.43 � 1.98 0.22 � 0.30 2.20 � 1.05

DCV$10
�3, mm Hg�1* 2.77 � 2.88 1.25 � 1.28 4.09 � 3.26

DFRq, -* 0.138 � 0.098 0.164 � 0.196 0.073 � 0.053

DFRz, -* 0.148 � 0.204 0.275 � 0.095 0.073 � 0.021

PFRq, -* �91.7 � 60.8 �56.0 � 54.2 �114.0 � 39.8

PFRz, -* �40.8 � 73.7 �17.2 � 8.7 �95.0 � 39.6

Results are shown as median� interquartile range or as number of patients (percentage).Ddias andDsys and refer to the maximal aortic diameter measured at diastole and systole,

respectively. Aortic regurgitation was classified according to the guidelines presented in Zoghbi and colleagues.21 BAV, Bicuspid aortic valve; TAV, tricuspid aortic valve; Pdias,

diastolic pressure; Psys, systolic pressure; -, dimensionless; Ldias, axial length of the aneurysm at diastole; Lsys, axial length of the aneurysm at systole; Vdias, aneurysm volume at

diastole; Vsys, aneurysm volume at systole; AHI, aortic height index; ASI, aortic size index; PWS, peak wall stress; DC, distensibility coefficient; DFR, deterministic failure risk;

PFR, probabilistic failure risk. *P<.01.
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pressure measurements and in vivo thickness estimation.
The results from the probabilistic approach, presented in
Appendix E4, align with the deterministic assessment and
confirm our findings.

It is worth noting that “stiff” aneurysms exhibit signifi-
cantly larger diameters compared with the “compliant”
aorta (Table 1). However, as a positive correlation is not a
transitive property, this does not imply that diameter alone
is a reliable predictor for aneurysm wall failure.27 This is
further supported by our findings presented in Figure 5
and Table 2, which demonstrate that the correlation between
diameter and failure risk is nonsignificant, in contrast to the
significant correlation between distensibility and failure
risk.
Implications for Surgical Guidelines
The presented results have important implications, sug-

gesting the necessity of visualizing the aorta at both diastole
and systole. Only by correlating the deformation between
these 2 phases with the measured luminal pressures can
the aortic distensibility be assessed in vivo.28 Therefore,
we recommend considering the incorporation of multi-
phasic scans into clinical practice when diagnosing patients
TABLE 2. Spearman coefficients with corresponding P values of the cor

accessible characteristics

Age Dsys Lsys Vsys

r P r P r P r P

DFRq 0.45 .06 0.44 .07 0.24 .33 0.52 .03

DFRz 0.36 .26 0.29 .35 �0.26 .42 0.06 .85

Significant P values are shown in bold. Dsys, Maximal aortic diameter measured at systole;

aneurysm volume at systole; AHI, aortic height index; ASI, aortic size index; DCA, area-b
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with aneurysm. In addition, clinical practice should not only
focus on the circumferential changes of the aneurysm, ie,
related to the diameter, but also on axial and volumetric
changes. Moreover, the distensibility needs to be measured
consistently and accurately. This requires the use of dedi-
cated software to segment the aorta at the time points of in-
terest. A 3-dimensional reconstruction of the aneurysm
allows for an accurate measurement not only of its volume
but also its diameter.29 The blood pressures (typically at
diastole and systole) must correspond to the appropriate
phases at which the aneurysm is segmented and consistently
measured.14,30

According to Figure 4, the distensibility decreases with
age, which is in accordance with Koullias and colleagues.16

Therefore, age seems to have an indirect effect on the failure
risk due to the corresponding arterial remodeling and stiff-
ening. Depending on their distensibility, older patients may
be at greater risk for rupture or dissection and be more
eligible for aortic repair. In this regard, it is important to
note that Zierer and colleagues31 found that elective repair
in patients of advanced age, ie, older than 70 years, does not
impair functional recovery.
Limitations and Future Work
Despite the recommendations, it is important to acknowl-

edge that validation studies are essential before implement-
ing these practices in routine clinical care. Furthermore, in
the presented study, it was assumed that blood flow patterns
do not affect the acute failure risk. Indeed, although it has
been found that elevated wall shear stresses can induce
wall remodeling processes,32 we hypothesize that these
are of lesser importance when assessing the risk of acute
rupture or dissection. This same assumption allowed us to
mix different etiologies in an attempt to identify common
predictors. Still, further research is required to study the un-
derlying mechanisms and pathophysiology of the ascending
thoracic aortic aneurysm to further increase our understand-
ing of how the disease progresses and differentiate risk
stratification accordingly.

The R2 values describing the simple logistic regression
between the failure risk and the distensibility coefficients
were low to moderate. In addition, multivariate logistic
regression analysis found no significant combinations of
predictors that help to predict the failure risk. Therefore,
relation between the deterministic failure risk (DFRi) and clinically

AHI ASI DCA DCV

r P r P r P r P

0.54 .02 0.45 .06 �0.56 .018 �0.59 .01

0.31 .33 0.31 .33 �0.68 .019 �0.80 .003

Lsys, axial length of the aneurysm at systole; Vdias, aneurysm volume at diastole; Vsys,

ased distensibility coefficient; DCV, volume-based distensibility coefficient.
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it is not yet possible to determine with sufficient confidence
the critical range of predictor values that distinguish stable
aneurysms from aneurysms that are likely to rupture or
dissect, or even aneurysms from healthy aortas.33 To do
so, more patients are required in the clinical study. The
limited data set may also explain why no significant corre-
lations were found between the distensibility coefficient
and other cardiovascular characteristics such aortic valve
stenosis, insufficiency and regurgitation (Table 1).

We have chosen for uniaxial tensile testing to estimate
the strength of the tissue. Whereas other measurement tech-
niques exist,9 uniaxial tensile testing is a widely accepted
method to estimate the strength of the tissue.34 The benefit
of hourglass-shaped samples is that tear will more likely
occur at the center of the sample instead of the regions
near the clamps due to stress concentrations caused by the
test design. The downside of this shape is that deformation
at the gauge region is highly inhomogeneous. Conse-
quently, we were only able to express the failure risk in
terms of the (nominal) stress but not in terms of the
deformation. It is important to note that the stress measured
at yield did not always align with the maximal stress
observed during the test. In certain samples, the yield point
coincided with partial tearing of some of the medial layers,
ie, dissection. Consequently, stress levels greater than this
yield point might have been recorded. In contrast, other
samples experienced an immediate tear throughout the
entire wall, ie, rupture. This discrepancy in outcomes
(rupture or dissection) is why the term “wall failure” was
used.
Although we measured the ex vivo thickness and me-

chanical behavior of different tissue sample along the aneu-
rysm circumference, we fitted a single material model to the
experimental results. Moreover, we could excise only up to
2 samples for uniaxial testing (one for each principal direc-
tion), and thus did not explicitly account for tissue heteroge-
neity.35 We modeled the aneurysms as an axisymmetric
homogeneous thin-walled cylinder. The influence of other
irregular geometric features such as arterial tortuosity36

and spatial-dependent material characteristics can be
JTCVS Open c Volume 16, Number C 73
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modeled using finite element modelling, but did not fall
within the scope of the presented study.

CONCLUSIONS
By conducting a retrospective personalized failure risk

assessment of patients with ATAA, we were able to identify
and compare clinically accessible aneurysm failure risk pre-
dictors. Mechanical predictors, ie, the distensibility coeffi-
cients, outperform predictors based on geometrical
features alone in predicting wall failure (Figure 6). The
volume-based DC has the best predictive power, as it also
takes the axial stretch into account. This study provides sup-
porting evidence to include multiphasic scans in clinical
practice for assessing the risk of aneurysm failure. Clini-
cians can implement this new metric in their risk-
stratification process, where it can gradually replace purely
geometrical predictors as the database and hence confi-
dence in a cut-off value grows.
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APPENDIX E1. EXPERIMENTAL PROTOCOLS OF
THE UNIAXIAL AND PLANAR BIAXIAL TENSILE
TEST
Uniaxial Tensile Test

Hourglass samples were mounted on a uniaxial test set-
up using clamps. The clamp-to-clamp separation at the start
of the uniaxial test was 30 mm. The protocol consisted of
multiple displacement-controlled loading steps: 5%,
10%, 15%, 20%, 25%, 50% nominal strain and until
rupture, applied at a linear rate of 5%/s. Every loading
step consisted of 5 loading cycles to precondition the tissue.
A preload of 0.05 N was applied to flatten the sample. Two
markers were applied at the gauge region to track the
deformation.

Planar Biaxial Tensile Test
Square samples were mounted on a planar biaxial testing

set-up using rakes. The rakes consisted of 4 sets of 5 parallel
needles, each rake spaced 1 mm apart. The sample’s
circumferential and axial axes were aligned with the hori-
zontal and vertical testing axes, respectively. The rake-to-
rake separation at the start of the test was 7 mm. A
displacement-controlled loading protocol was used consist-
ing of 6 loading steps: 5%, 10%, 15%, 20%, 25%, and
35% nominal strain, applied at a linear rate of 5%/s.
Each loading step was repeated three times, while changing
the relative applied loading between the circumferential and
axial direction: 1:1; 2:1, and 1:2. Each loading step con-
sisted of four preconditioning cycles and one loading cycle
used for further analysis. Before every loading cycle, a pre-
load of 0.05 N was applied in both directions to avoid buck-
ling. Using graphite powder, a speckle pattern was applied
to the biaxial samples to track the deformation using digital
image correlation (DIC). Incremental DIC was performed
using VIC-2D (Correlated Solutions) with a subset of 97
pixels and a step size of 7 pixels. The deformation gradient
throughout the experiment was calculated based on the DIC
results of the central 25% of the area enclosed by the rakes,
assuming homogeneous deformation.E1 Experimental
forces in the circumferential (fqq) and longitudinal direction
(fzz) were captured at 20 Hz and calculated as the average
force measured by the horizontally and vertically opposed
actuators, respectively. For every ratio, the fifth loading cy-
cle of the last loading step was processed.

APPENDIX E2. MECHANICAL ANALYSIS
Material Description

The Cauchy model stress smod is calculated as follows:

smod ¼ vJ

vF
FT�bI: (4)

In this equation, J represents the strain energy of the
described material, F the total deformation with respect to

a reference state, I the identity matrix and b a Lagrange
multiplier. The stresses (both in vivo and in vitro) are calcu-
lated using the plane stress assumption, ie, the stress in the
radial direction r equals zero: smodrr ¼ 0, which determines
the value of b.

The Gasser–Ogden–HolzapfelE2 constitutive material
model in the context of the constrained mixture theory is
used to calculate the strain energy. The aneurysmal tissue
is modelled as a mixture consisting of two constituents:
the noncollagenous isotropic matrix (e) and collagen fibres
(c). The strain energy function is described as:

J¼C10

�
I
ðeÞ
1 � 3

�

þ k1
2k2

X
i¼4;6

h
exp
�
k2

h�
kI

ðcÞ
1 þð1�3kÞIðcÞi

�
�1
i2�

� 1
i

(5)

with:

I
ðjÞ
1 ¼ tr

�
CðjÞ�; j¼ e; c;

I
ðcÞ
i ¼CðcÞ : Mi5Mi; i ¼ 4; 6;

M4 ¼ ½0; cos a; sin a�T ; M6 ¼ ½0; cos a;�sin a�T ;

CðjÞ ¼FðjÞTFðjÞ; (6)

and with F(j)¼FG(j) representing the elastic deformation
experienced by constituent j¼e,c which consists of the total
deformation of the mixture w.r.t. the diastolic reference
configuration (F) and the constituent specific deposition
stretch tensor (G(j)). Figure E1 shows an overview of the
different loading states. Theparameter set s contains the 5ma-
terial properties, C10,k1,k2,k,a, representing the matrix stiff-
ness, fiber stiffness, fiber stiffening, fiber dispersion, and
fiber angle w.r.t. circumferential direction, respectively. The
deposition stretch of collagenG(c) is assumed to be knownE3:

G
ðcÞ
i ¼ gðcÞMi 5Mi þ 1ffiffiffiffiffiffiffi

gðcÞ
p ðI�Mi 5MiÞ; i¼ 4; 6; gðcÞ ¼ 1:1

(7)

Assuming isochoric deformation:

GðeÞ ¼

2
666664

1

g
ðeÞ
qq g

ðeÞ
zz

0 0

0 g
ðeÞ
qq 0

0 0 gðeÞzz

3
777775: (8)
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In the current study, the axial deposition stretch gðeÞzz is
derived from literature, as function of the patient’s age,E4

whereas the circumferential deposition stretch g
ðeÞ
qq is calcu-

lated based on the condition of static equilibrium of the ge-
ometry experiencing the internal pressure at diastole pdias.

E5

For a given s, Hdias, pdias and F¼I, and using the nonlinear
equation solver ‘fsolve’ in MATLAB R2023a, g

ðeÞ
qq can be

solved from the following:

pdias ¼ 2smod
qq Hdias

Ddias

: (9)

Parameter Fitting
The material parameters s and diastolic thickness Hdias

are found by minimizing the objective O in the following
equation:

with f modii ðtj;rÞ and fii(tj,r) the model and experimental forces
in the direction i¼q,z during the planar biaxial experiment
at time point tj,r. j determines the index of the loading cycle
at ratio r, n the total number of time points of a loading cy-
cle, s the sample index, and N the total number of samples
excised from the aneurysm. Theweightsw1,w2, andw3 were
set to 0.4, 0.3, and 0.3, respectively. fii (i¼q,z) indicates the
mean of all experimental forces along the i th direction. f modii

is calculated as follows:

f modii ¼Pmod
0;ii a0;i; (11)

with a0,i the cross-sectional area in the zero-stress state with
its normal along i th direction. Pmod

0;ii is the first Piola–
Kirchhoff stress along i th direction pulled back to the
zero-stress state and is calculated according to:

Pmod
0 ¼smod

�
FF�1

rel

��T
; (12)

with F¼FbiaxFrel, where Fbiax is the deformation between
the zero-stress state and the biaxially loaded state, and
Frel the deformation between the reference and the zero-
stress state, see Figure E1.

To calculate f modii , one should identify Frel and Fbiax.
Once the diastolic reference configuration is prestressed us-
ing G(c) and G(e), Frel, defined as

Frel ¼
2
4 lrel;rr 0 0

0 lrel;qq 0
0 0 lrel;zz

3
5 (13)

can be derived from the condition that smodii ¼ 0 (i¼q,z).
Assuming isochoric deformation, ie, lrel;rr ¼ 1

lrel;qqlrel;zz
,

lrel,qq, and lrel,zz are calculated using the nonlinear equation
solver ‘fsolve’ in Matlab R2023a. Knowing Frel, the model
thickness in the zero-stress state is then calculated as
Hmod

0 ¼ Hdiaslrel;rr
Fbiax¼FLCFp, where Fp is the deformation caused by the

preloading of the sample before the loading cycle, see Van-
der Linden and colleagues.19 No shear deformation during
biaxial testing is assumed:

FLC ¼

2
66664

1

lLC;qqlLC;zz
0 0

0 lLC;qq 0

0 0 lLC;zz

3
77775;

Fp ¼

2
66664

1

lp;qqlp;zz
0 0

0 lp;qq 0

0 0 lp;zz

3
77775: (14)

lLC,qq and lLC,zz are experimentally measured by
performing DIC between a biaxially loaded state and
the preloaded state. lp,qq and lp,zz are derived from the
condition that f modii ¼ fiiðt1; rÞ ði¼ q; zÞ at each ratio r,
using the nonlinear equation solver ‘fsolve’ in Matlab
R2023a.19

a0,i, used in the equation to calculate the model force, is
determined as:

a0;r ¼ lp;zlp;q
lp;zzlp;qq

;

O¼ w1

3nN

XN
s¼1

X3
r¼1

Xn
j¼1

"�
f modqq

�
tj;r
��fqq

�
tj;r
�

fqq

�2

þ
�
f modzz

�
tj;r
��fzz

�
tj;r
�

fzz

�2
#
s

þw2

N

XN
s¼1

"�
Hmod

0 �H0

H0

�2
#
s

þw3

�
pmodsys �psys

psys

�2

;

(10)
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a0;q ¼H0lp;z
lp;zz

;

a0;z ¼H0lp;q
lp;qq

; (15)

with lp,z and lp,q the rake-to-rake distance in the preloaded
state in the axial and circumferential direction, respectively.

The Cauchy stress at systolesmod
sys is calculated for a given

s, G(c), G(e) and F¼Fsys, with

Fsys ¼

2
66664

1

l
avg
sys;qqlsys;zz

0 0

0 l
avg
sys;qq 0

0 0 lsys;zz

3
77775; (16)

where lsys;zz ¼ Lsys
Ldias

represents the axial stretch between dias-
tole and systole. Assuming an incompressible extension–
inflation between diastole and systoleE5:

l
avg
sys;qq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2

sysþ
ðDdiasþHdiasÞ2�D2

dias

lsys;zz

r
DdiasþHdias

: (17)

The model intraluminal systolic pressure is then: pmodsys ¼
2smod

sys;qq
Hsys

Dsys

, with Hsys ¼ Hdias

l
avg
sys;qq

lsys;zz
.

The objective O was minimized using the nonlinear least
square solver in Matlab R2023a. 20 different start points are
used to find a global minimum. The imposed boundaries on
the parameters of s and Hdias are shown in Table E1.
Because of the different ranges of the boundaries, the pa-
rameters were first scaled when performing the fitting.
The fitting quality measures are defined through the use
of the normalized root mean squared error (NRMSE):

NRMSEpsys ¼
				pmodsys �psys

psys

				; (18)

with favg and Havg
0 the mean of all the measured forces and

ex vivo thicknesses, respectively.

Calculating the Peak Wall Stresses and Failure Risks
Peak wall stresses and failure risks can be determined

once the material parameters and in vivo thickness are
fitted. Two main approaches are used for these calculations:
a deterministic and a probabilistic approach.
Deterministic approach. In the deterministic approach,
the calculation of peak wall stress assumes that no uncer-
tainty affects the results. The aneurysm at diastole, pre-
stressing it through G(c) and G(e), was assigned a
thickness Hdias and material properties s. The aneurysm
was further pressurized and axially stretched using
110%psys and ldef ;zz ¼ lsys;zz ¼ Lsys

Ldias
, respectively. This

deformed state is characterized by the deformation
gradient Fdef:

Fdef ¼

2
66664

1

l
avg
def ;qqldef ;zz

0 0

0 l
avg
def ;qq 0

0 0 ldef ;zz

3
77775;

l
avg
def ;qq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2

defþ
ðDdiasþHdiasÞ2�D2

dias

ldef ;zz

r
DdiasþHdias

: (19)

Using ‘fsolve’ in Matlab R2023a, the diameter in the
deformed state Ddef is calculated from the equation

1:10psys ¼ 2smod
def ;qq

Hdef

Ddef
, with Hdef ¼ Hdias

l
avg
def ;qq

ldef ;zz
the wall

NRMSEPB ¼ 1

f avg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
s¼1

P3
r¼1

Pn
j¼1

h�
f modqq

�
tj;r
��fqq

�
tj;r
��2þ�f modzz

�
tj;r
��fzz

�
tj;r
��2i

s

3nN

vuuut
;

NRMSEH0
¼ 1

Havg
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
s¼1

h�
Hmod

0 �H0

�2i
s

N

vuuut
;
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thickness in the deformed state and smoddef ;qq the circumferen-
tial component of smod

def . s
mod
def is solved from Eq. 4, using

s,G(c), G(e) and F¼Fdef. The peak wall stress PWSii in the
direction i¼q,z is defined as the ith component of Pmod

0 , ac-
cording to Eq. 12 with F¼Fdef.

The resulting deterministic failure risk DFRi in the direc-
tion i¼q,z is defined as the ratio between the peak wall stress
PWSii and wall strength Yi, ie, DFRi ¼ PWSii

Yii
.E6

Probabilistic approach. The parameters used to calculate
the peak wall stresses are subject to uncertainty which can
arise from various sources, including intrapatient variability
or measurement uncertainty. To address this uncertainty,
these parameters can be treated as stochastic variables.
More specifically, the blood pressure is not measured at
the same time at which the diameter is measured. To ac-
count for this, the diastolic blood pressure pdias is assumed
to follow a normal distribution (rN):

rpdias � rNðxÞ¼ rN
�
mx; SD

2
x

�¼ 1

SDx

ffiffiffiffiffiffi
2p

p exp

 
�1

2



x�mx

SDx

�2!
;

(20)

with mx ¼ pmeasdias the measured diastolic pressure (denoted
with superscript ‘meas’) and SDx ¼ SDpdias ¼ 0:15pmeasdias

the standard deviation representing the 24-hour blood pres-
sure variability.E7 The pulse pressure is assumed to be con-
stant throughout the day, ie, psys ¼ pdiasþðpmeassys � pmeasdias Þ:

The in vivo wall thickness Hdias is fitted based on exper-
imental data which are subject to measurement uncertainty.
To account for this, Hdias is assumed to follow a lognormal
distribution (rLN):

rHdias
� rLNðxÞ¼ rLN

�
mx; SD

2
x

�¼ 1

x SDx

ffiffiffiffiffiffiffi
2 p

p exp

 
�ðlogx�mxÞ2

2SD2
x

!
;

(21)

with mx ¼ log ðHfit
diasÞ, SDx¼0.29 according to E7 and Hfit

dias

the diastolic wall thickness resulting from the parameter
fitting procedure.

Using the Latin Hypercube Sampling method in the
Sensitivity Analysis Library (SALib) in Python, the input
space was discretized in 10,000 sampling points. Assuming
a deterministic set of material properties s, the peak wall
stresses were calculated for each sampling point, as ex-
plained in the previous section.

Based on the resulting PWSii data, a lognormal distribu-
tion rPWSii was fitted and its quality was verified using the
Chi-Square Goodness-of-Fit Test. The resulting probabi-
listic failure risk PFRi in the direction i¼q,z was calculated
as followsE7:

PFRi ¼ log

� ZþN

Yii

rPWSiiðxÞdx;
�

(22)

assuming a deterministic wall strength Yii. The integral in
Eq. 22was numerically solved using the trapezoidal rule be-
tween 0 and 4 MPa with an interval of 1 kPa and represents
the probability that the aneurysm ruptures or dissects in a
single heartbeat. PFRi values are negative, and as they
approach zero, the likelihood of aneurysm failure increases,
with zero representing a 100% chance. Figure E2 shows
the results of the probabilistic approach for patient
ATAA005.

APPENDIX E3. FITTED MATERIAL PARAMETERS
Table E2 shows an overview of the fitted parameters,

fitted in vivo diastolic thickness and fitting quality measures
RMSEPB, RMSEH0

, RMSEpsys . No PB test was performed for
ATAA 6, 13 and 14.

APPENDIX E4. RESULTS OF THE PROBABILISTIC
FAILURE RISK ASSESSMENT
Table E3 presents the Spearman r correlation coefficients

with corresponding P values between the different clini-
cally accessible characteristics and the failure risk PFRi

(i¼q,z). Figure E3 shows the failure risk PFRi (i¼q,z) as
function of Dsys, AHI, DCA and DCV. Spearman r correla-
tion coefficient with corresponding P value and R2 value
of the linear regression is also shown in the Figure.
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FIGUREE1. Different loading configurationsU considered during the parameter fitting approach.Udias andUsys represent the in vivo diastolic (reference)

and systolic configuration, respectively. U
ðeÞ
0 and U

ðcÞ
0 represent the individual stress-free state of the noncollagenous isotropic matrix and collagen, respec-

tively.Urel andUbiax represents the ex vivo zero-stress and biaxially loaded configuration, respectively.Ddias, aneurysm diameter at diastole;Dsys, aneurysm

diameter at systole; pdias, blood pressure at diastole; psys, blood pressure at systole. Figure partially adapted from Vander Linden and colleagues.19
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TABLE E1. Boundaries of the material properties and in vivo thickness

Boundaries C10, kPa k1, kPa k2, - k, - a, � Hdias, mm

Lower 0.5 0.5 0 0 0 0.2 min
s
ðH0Þs

Upper 7.5 50 500 1/3 90 min
s
ðH0Þs

s indicates the sample index; Hdias, in vivo wall thickness at diastole.

TABLE E2. Overview of the fitted parameters, fitted in vivo diastolic thickness, and fitting quality measures NRMSEPB, NRMSEH0, NRMSEpsys

ATAA Hdias, mm C10, kPa k1, kPa k2, - k, - a, � NRMSEPB, - NRMSEH0, - NRMSEpsys, -

1 2.66 2.90 820.50 165.58 0.22 57.83 0.41 0.21 9.46e-04

2 2.07 19.80 74.70 124.67 0.23 33.69 0.42 0.06 1.80e-03

3 1.73 21.40 203.40 231.31 0.22 22.37 0.24 0.08 9.08e-04

4 1.90 27.30 2.00 232.18 0.13 12.19 0.38 0.13 1.08e-03

5 1.64 19.20 91.00 71.06 0.17 33.91 0.23 0.11 8.06e-04

7 2.09 31.50 17.50 157.93 0.15 1.90 0.78 0.18 9.85e-04

8 1.70 19.90 334.50 33.92 0.17 32.94 0.23 0.17 2.14e-04

9 3.31 13.60 54.90 352.63 0.21 38.92 0.55 0.09 1.71e-04

10 2.38 14.00 128.00 68.42 0.17 30.55 0.25 0.16 9.34e-04

11 1.51 17.50 125.60 52.52 0.16 7.10 0.19 0.05 1.73e-04

12 3.03 16.00 171.10 53.85 0.20 15.78 0.55 0.08 8.90e-05

15 2.13 0.80 72.00 13.85 0.22 32.88 0.22 0.03 3.15e-04

16 2.11 14.10 296.00 77.69 0.20 33.36 0.18 0.15 5.83e-04

17 2.08 14.80 73.40 35.65 0.18 3.66 0.31 0.14 5.34e-05

18 2.48 9.10 170.10 160.73 0.21 37.87 0.26 0.13 3.55e-04

19 1.47 14.90 272.50 19.71 0.15 40.33 0.15 0.06 5.96e-04

20 1.64 12.80 81.20 33.66 0.13 3.72 0.40 0.34 5.48e-05

21 1.92 10.00 178.70 103.40 0.18 37.13 0.55 0.25 5.23e-04

22 2.08 12.00 277.40 201.60 0.23 27.00 0.29 0.13 2.76e-04

23 2.79 12.40 5.70 256.38 0.16 1.44 0.28 0.11 3.03e-04

24 1.14 8.40 456.90 4.05 0.14 43.16 0.35 0.11 2.13e-04

25 1.63 13.70 51.10 24.44 0.17 5.77 0.27 0.14 2.48e-04

26 1.26 18.20 259.50 0.72 0.16 0.29 0.26 0.16 1.49e-05

27 1.24 11.10 69.20 22.99 0.10 0.24 0.17 0.10 3.91e-04

28 1.59 16.20 434.90 25.06 0.19 35.37 0.13 0.14 2.59e-04

29 1.03 13.80 22.10 12.88 0.12 2.60 0.18 0.09 1.97e-04

30 1.73 9.30 193.20 33.38 0.17 7.56 0.25 0.16 6.12e-04

31 1.73 12.60 122.50 17.18 0.20 0.81 0.16 0.11 3.89e-05

32 1.66 15.00 372.60 34.23 0.21 0.21 0.19 0.20 4.83e-04

33 1.71 15.40 255.50 13.47 0.18 19.25 0.36 0.15 2.11e-04

NRMSEPB, Normalized root mean squared error of the planar biaxial test results; NRMSEH0
, normalized root mean squared error of the ex vivo thickness; NRMSEpsys , normalized

root mean squared error of the systolic blood pressure; ATAA, ascending thoracic aortic aneurysm; Hdias, in vivo wall thickness at diastole.
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TABLE E3. Spearman coefficients with corresponding P values of the correlation between the probabilistic failure risk PBRi and clinically

accessible characteristics

Age Dsys Lsys Vsys AHI ASI DCA DCV

r P r P r P r P r P r P r P r P

PFRq 0.41 .10 0.30 .22 0.14 .59 0.36 .14 0.43 .07 0.42 .09 �0.55 .02 �0.60 .01

PFRz 0.21 .51 0.21 .51 �0.24 .44 �0.04 .90 0.22 .50 0.32 .31 �0.69 .017 �0.76 .006

Significant P values are shown in bold. PFRi, Probabilistic failure risk in the circumferential (i¼theta) and axial (i¼z) direction; Dsys, maximal aortic diameter measured at sys-

tole; Lsys, axial length of the aneurysm at systole; Vsys, aneurysm volume systole; AHI, aortic height index; ASI, aortic size index;DCA, area-based distensibility coefficient; DCV,

volume-based distensibility coefficient.
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