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Abstract Ascending thoracic aortic aneurysms
(ATAA) are a silent disease, ultimately leading to
dissection or rupture of the arterial wall. There is a
growing consensus that diameter information is
insufficient to assess rupture risk, whereas wall stress
and strength provide a more reliable estimate. The
latter parameters cannot be measured directly and
must be inferred through biomechanical assessment,
requiring a thorough knowledge of the mechanical
behaviour of the tissue. However, for healthy and
aneurysmal ascending aortic tissues, this knowledge
remains scarce.

This study provides the geometrical and
mechanical properties of the ATAA of six patients
with unprecedented detail. Prior to their ATAA
repair, pressure and diameter were acquired
non-invasively, from which the distensibility
coefficient, pressure-strain modulus and wall stress
were calculated. Uniaxial tensile tests on the resected
tissue yielded ultimate stress and stretch values.
Parameters for the Holzapfel-Gasser-Ogden material
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model were estimated based on the pre-operative
pressure-diameter data and the post-operative
stress-stretch curves from planar biaxial tensile tests.

Our results confirmed that mechanical or
geometrical information alone cannot provide
sufficient rupture risk estimation. The ratio of
physiological to ultimate wall stress seems a more
promising parameter. However, wall stress estimation
suffers from uncertainties in wall thickness
measurement, for which our results show large
variability, between patients but also between
measurement methods. Our results also show a large
strength variability, a value which cannot be measured
non-invasively. Future work should therefore be
directed towards improved accuracy of wall thickness
estimation, but also towards the large scale collection
of ATAA wall strength data.

Keywords Ascending aortic aneurysm · Material
properties · Planar biaxial testing · In vivo pressure-
diameter measurements · Rupture risk

1 Introduction

Among cardiovascular diseases, which are the leading
cause of death in Europe (Nichols et al, 2012),
ascending thoracic aortic aneurysms are perceived as a
’silent killer’ with 95% of the incidents not diagnosed
until complications such as dissection or rupture occur
(Elefteriades et al, 2015). An aortic aneurysm is a
permanent dilatation of the aorta of at least 1.5 times
its expected diameter. This dilatation is a consequence
of an irreversible pathological weakening of the aortic
wall caused by a degenerative process described in
Martufi et al (2014).
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Currently, elective surgical repair is the only
treatment for aortic aneurysms, but this surgical
intervention includes high risks and an absolute
benefit cannot be guaranteed. Two criteria are
clinically used to estimate the rupture risk of the
aorta and to evaluate the risk-to-benefit ratio for a
possible intervention. The geometry criterion urges
aneurysm repair if the ascending thoracic aortic
aneurysm (ATAA) diameter exceeds the size of 55
mm, and the growth rate criterion advises intervention
in case of fast aneurysmal diameter expansion (i.e. ≈1
cm/year) (Chau and Elefteriades, 2013).

However, according to Pape et al (2007), 60% of
the dissections in their study happened at diameters
lower than 55 mm, and 40% at diameters lower than
50 mm. Indeed, several studies report that there is no
correlation between the aneurysm size and the risk of
rupture (Martin et al, 2013b; Vorp et al, 2003).
Besides this issue of the reliability of the geometry
criterion, additional problems are related to the
accuracy of the diameter measurements. The imaging
techniques used in the standard clinical protocol do
not distinguish between different phases of the cardiac
cycle (Martin et al, 2013b). This can lead to
underestimation of the current maximal diameter (if
the measurement was not performed at systole), or
overestimation of the growth rate (if the previous
measurement was captured close to diastole and the
current close to systole). These errors significantly
influence the diagnosis of the physician.

Several research groups have already suggested to
use wall stress as a new predictor of the rupture risk
for abdominal (Fillinger et al, 2003;
Venkatasubramaniam et al, 2004) and descending
thoracic aortic aneurysms (Shang et al, 2013).
However, the estimation of the in vivo peak stress is
not as straightforward as the maximal diameter
measurement, as it requires to solve the static (or
perhaps even dynamic) mechanical equilibrium of the
aortic wall in response to the in vivo loading situation.
To date, this research has mostly been focused on
abdominal aortic aneurysms (AAA). Gasser et al
(2010) used nonlinear finite element (FE) analyses to
successfully distinguish between ruptured and
non-ruptured AAA based on an estimation of the
peak wall stress and the peak wall rupture risk. To
simplify and speed up computation, Joldes et al
(2015) suggested an approach to estimate the wall
stresses by using linear elastic FE computations that
do not require any information on the actual material
parameters. However, the latter approach is highly
sensitive to the correct geometrical description, and
hence suffers significantly from the current struggle to

accurately estimate wall thickness and its distribution.
An overview of the modelling studies of ATAA tissues
up to December 2014 can be found in Martufi et al
(2015). Recently, Trabelsi et al (2015) performed
patient-specific FE analyses of five ATAA cases to
estimate the wall stress at four different pressure
levels and concluded that the peak wall stress was
between 28% and 94% of the ATAA’s failure strength.
The location of the peak wall stress was at the inner
curvature. In a follow-up study, Trablesi et al (2016)
characterized material parameters of five human
ATAAs in two ways: by means of an inverse method
based on a gated CT scan and secondly by testing the
excised tissue in a bulge-inflation test. The obtained
parameters were used in a FE stress analysis to
estimate the rupture risk.

The peak wall stress by itself is not a sufficient
criterion to estimate rupture risk, since it has to be
related to the patient-specific wall strength. Since the
latter proves impossible to measure in vivo, large
datasets of clinical cases of ruptured aneurysms, as
well as in vitro tensile strength tests should be
combined with statistical regression models to
estimate patient specific wall strength. Multiple
studies reported wall strength data for AAA, e.g.
Raghavan et al (2011); Xiong et al (2008). However,
only Vande Geest et al (2006) used multiple linear
regression and mixed-effects modelling techniques to
define a statistical model for a non-invasive estimation
of local wall strength. The input data to the model
were the thickness of the intraluminal thrombus, the
normalized diameter, family history and gender. For
ATAA, Vorp et al (2003); Iliopoulos et al (2009);
García-Herrera et al (2012) and Trabelsi et al (2015)
reported wall strength of in total 82 cases. Out of
these, only Trabelsi et al (2015) combined this
information to in vivo patient data. Krishnan et al
(2015) derived in vivo patient specific isotropic
hyperelastic material properties of ATAA from cyclic
aortic wall strain measured with DENSE-MRI. These
properties were used to estimate the peak wall stress
at diastolic and systolic pressure by means of FE
analysis. In their case, ex situ mechanical experiments
were not performed, so no strength data could be
obtained.

This manuscript provides detailed clinical and
mechanical data on six ATAA patients who underwent
elective surgery repair. Apart from general health
information and preoperative blood pressure and
dynamic CT imaging, the in vivo aortic diameter, the
blood pressure and the aortic wall thickness were
measured intra-operatively. Following surgical
resection, the aneurysmal tissue was tested



Biomechanical Characterization of Ascending Aortic Aneurysms 3

mechanically in uniaxial and planar biaxial test
setups. Subsequent data analysis yielded several
parameters commonly used in literature as well as
nonlinear anisotropic material parameters. The
following section elaborates on the data acquisition
and presents the different biomechanical
characterization methods used in this study. The
results section provides a representative extract of all
data. In the final section, a critical interpretation of
these results is combined with a discussion on the next
steps to be taken towards a more reliable assessment
of ATAA rupture risk.

2 Materials and Methods

2.1 Data acquisition

2.1.1 Patient info

Six patients were operated at Gasthuisberg University
Hospital (UZ Leuven, Belgium) between October and
November 2013. The study was approved by the UZ
Leuven Ethical Committee. For all but one patient,
surgery was executed before the aortic size reached
the critical diameter of 55 mm, due to confounding
factors such as a bicuspid aortic valve (BAV) or severe
coronary artery disease. In the latter case, the
coronary artery bypass grafting was needed so the
aneurysm repair was a concomitant cardiac surgery.
An overview of relevant patient data is provided in
Table 1. As detailed below, data was collected
pre-operatively, intra-operatively, as well as ex situ on
the resected tissue.

2.1.2 Pre-operative

ECG-gated time-resolved CT-scans (Somatom
Definition Flash system; Siemens Healthcare,
Forchheim, Germany) were taken over a cardiac cycle
for each patient. Patients were injected with 70 mL
iomide (flow rate of 4 mL/s), followed by 30 mL of
saline solution. At the cost of a slightly higher
radiation dose, this imaging technique allows precise
determination of the time point during the cardiac
cycle at which the scan was taken. CT-images were
made at 21 phases of the cardiac cycle. Each phase
contains ca. 600 transverse slices.

From these scans, the maximal outer diameter at
the belly of the aneurysm was measured. This was
done manually using a standard DICOM viewer, by
an experienced surgeon. The process was repeated for
the 21 phases of the cardiac cycle, resulting in a
diameter-phase curve for every patient.

Systolic and diastolic pressures were measured
auscultatorily at the time of the CT-scan. In order to
derive the pressure evolution over the cardiac cycle,
aortic pressure waveforms were reproduced using a
cardiovascular simulator as described in Ferrari et al
(2012); Fresiello et al (2014). The simulator uses a
lumped parameter model including a representation of
the left and the right heart according to the
Frank-Starling mechanism and pulmonary and
systemic circulation according to the Windkessel
model. The additional model inputs, besides
pressures, were the heart rate, the body weight and
the height of each patient.

The obtained pressure-phase curve was manually
synchronized to the diameter-phase curve by matching
the maximal diameter to the maximal pressure and
minimizing the hysteresis in the pressure-diameter
loop.

2.1.3 Intra-operative

During surgery, before resection, an epiaortic
echocardiography probe was placed directly on the
belly region of the aneurysm wall, on the anterior side,
3 to 5 cm above the aortic valve (at the level of the
maximal diameter). A sample image can be seen in
Figure 1a. By synchronizing these images to the
simultaneously obtained ECG signal, the in vivo wall
thickness at systolic and diastolic pressure were
derived during post-processing. Three separate wall
thickness measurements were averaged at each
pressure level. Considering the image contrast
properties and location of the probe, these
measurements represent the thickness of the intimal
and the medial layer of the aortic wall (IMT).

2.1.4 Ex situ

After aneurysm resection, a ring-shaped specimen was
cut from the belly region of the patients’ ATAA and
fresh frozen in phosphate-buffered saline at -80◦C.
Histological slices of 5 µm were stained with
hematoxylin and eosin. Mosaic pictures (see Figure
1b) of the slices were microscopically obtained
(MosaiX, Axiovision, Zeiss, Germany). The
intima-media thickness (IMT) (dark pink area on
Figure 1b) was measured on 20 locations along the
whole sample and then averaged using an open source
image processing program ImageJ.

Prior to mechanical testing, the specimens were
slowly defrosted over night, at +4◦C. Next, they were
cut into square- and dogbone-shaped samples for
planar biaxial and uniaxial testing, respectively
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Table 1 Summary of the six patients examined in this study. ddia
i and the dsys

i are the inner aortic diameter at diastole and
systole. Pdia and Psys are the diastolic and systolic blood pressure, respectively. BMI stands for the body mass index. LDL is the
low density lipoprotein cholesterol, also referred to as ’bad cholesterol’. Aortic size index (ASI) was calculated as dsys

i divided by
the body surface area Davies et al (2006). BAV stands for a bicuspid aortic valve and CAGB for a coronary artery bypass grafting.
The patients’ labels refer to the gender (M - male or F - female) and the age in years.

ddiai - dsysi Pdia - Psys BMI LDL ASI Comment
Patient [mm] [mmHg] [kg/m2] [mg/dL] [cm/m2]

F74 58.5 - 62.1 70 - 143 37.5 126 3.30 -
F68 49.3 - 51.0 99 - 149 26.0 68 2.74 BAV
M58 46.6 - 51.2 65 - 135 30.7 77 2.63 BAV
M60 43.8 - 45.6 84 - 135 34.9 104 2.04 CABG
M52 43.3 - 45.5 80 - 117 24.4 144 2.39 BAV
M55 38.9 - 41.4 73 - 144 30.6 84 2.07 BAV

Fig. 1 Different types of thickness measurements: a) in
vivo epiaortic echocardiography, b) ex situ histological
measurements and c) ex situ measurement prior to the uniaxial
and planar biaxial testing.

(Figure 2). The intima-media-adventitia thickness
(IMAT) of the samples was measured optically by
placing them between two calibrated metal plates and
performing image analysis in Matlab R© (Figure 1c).
The dogbone samples were 12 mm in length on
average with a 2 mm width in the neck region. For
each patient, minimally one sample in the axial and
one sample in the circumferential direction was
prepared and tested. The biaxial samples were

Fig. 2 A sample example with markers attached for a) uniaxial
and b) planar biaxial mechanical testing. Circ. stands for the
circumferential direction.

mounted on a planar biaxial setup using rakes, with
the axial and the circumferential axes of the sample
aligned with the testing axes of the setup, Figure 2b.
The size covered by the rakes was 6 by 6 mm.

On each biaxial sample, five markers were glued in
the central region (Fig. 2b). For the uniaxial samples,
two markers were used (Fig. 2a). Small fragments of
surgical suture wire were used as markers and marker
tracking was performed using in-house developed
software in Matlab R©. However, in the case of uniaxial
tests, the displacements of the clamps were used for
strain calculations due to the marker tracking
problems caused by insufficient lighting conditions
during the test.

The dogbone-shaped samples were tested
uniaxially with an Instron R© 5943 testing device
(Instron, Norwood, USA). Small pieces of sand paper
were placed at the sample edges to reduce a chance of
slippage. Three to five samples per patient were
tested. A displacement-controlled protocol was used
with ten preconditioning cycles (up to 8% strain)
followed by stretch until failure.

Planar biaxial tests were performed on a BioTester
5000 (CellScale, Waterloo, Canada). Samples were
submerged in the physiological solution which was
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heated at 37oC. Three to six samples per patient were
tested. A physiologically relevant testing protocol was
derived by estimating the in vivo circumferential
force, strain and loading rate. For this estimation, the
aneurysm was approximated as a thin-walled tube and
the circumferential stress (σθ) was estimated using
Laplace’s law, i.e. σθ = Psys dosys/2 t with dosys the
outer diameter at systolic pressure Psys and t the wall
thickness. The circumferential force was then obtained
as Fθ = σθ w h, with w and h sample width and
height respectively. Taking patient M58 as a reference
and assuming here that t = h and for w = 6 mm as
marked on Figure 2b, a physiologically relevant level
of Fθ was estimated to be 2.8 N. Assuming an average
heart rate of 60 bpm, the loading rate can then be
averaged out as F sysθ − F diasθ [N/s], F sysθ and F diaθ

being the circumferential force at systole and diastole,
respectively. A force-controlled testing protocol was
used with a loading rate of 1.2 N/s. First ten
equibiaxial preconditioning cycles up to 1.4 N were
performed. Next, the tissue was stretched up to 2.8 N
in circumferential direction, with five different
circumferential to axial force ratios: 0.5:1, 0.75:1, 1:1,
1:0.75, 1:0.5. For each ratio, five testing cycles were
applied. Forces and images were stored at 30 Hz.

2.2 Mechanical parameter estimation

2.2.1 Empirical parameters

Three parameters commonly used in literature were
used to describe the mechanical properties of arteries
through non-invasive assessment. Koullias et al (2005)
used the distensibility coefficient (DC, eq. 1) and wall
stress (WS, eq. 2) to characterize healthy and
aneurysmal ascending aortic tissue, whereas Martin
et al (2013b) reported the pressure-strain modulus
(PSmod, eq. 3) to characterize healthy ascending aorta
for different age groups.

DC =
d2
sys − d2

dias

d2
dias(Psys − Pdias)

(1)

WS = dsysPsys
2hsys

(2)

PSmod = ddias(Psys − Pdias)
dsys − ddias

(3)

In the above equations, Psys and Pdias are systolic
and diastolic blood pressure, respectively. dsys and

ddias are the outer aortic diameters at systolic and
diastolic pressure, and hsys is the in vivo systolic wall
thickness. DC and PSmod are closely related to each
other and reflect the intrinsic stiffness of the vessel.
WS is a measure for the amount of pressure applied
by the blood on the vessel wall.

2.2.2 Constitutive parameters

The above parameters characterize the tissue in a
simplified manner, not taking into account the
non-linear, anisotropic behaviour of the aorta.
Another common way to describe tissue behaviour is
through constitutive modelling. The
Holzapfel-Gasser-Ogden (HGO) model (eq. 4) is a
material model used to represent the behaviour of
arterial tissue Gasser et al (2006). It is a structural
model which additively decomposes the strain energy
density function (SEDF, Ψ) into an isotropic
contribution of the matrix material (Ψmat) and an
anisotropic contribution of the two collagen fibre
families (Ψcol):

Ψ = Ψmat + Ψcol

Ψmat = µ

2 (I1 − 3)

Ψcol = k1

2k2

∑
i=4,6

{
exp
{
k2[(κI1 + (1 − 3κ)Ii) − 1]2

}
− 1
}

I1 = λ2
r + λ2

θ + λ2
z, I4,6 = λ2

θ cos2α+ λ2
z sin2α

(4)

In the strain invariants I1 and I4,6, λr, λθ and λz are
the stretches in radial, circumferential, and axial
direction, respectively. λθ and λz are measured during
the planar biaxial testing and λr can be calculated
from the incompressibility condition λr = λθλz

−1. In
the above equations, the shear was considered
negligible.

If k2 approaches zero, a simplified version of the
SEDF is used (Weisbecker et al, 2012):

Ψ = µ

2 (I1 − 3) + k1

2
∑
i=4,6

(
Ii − 1

)2
. (5)

As for the material model parameters, µ and k1 are
stress-like parameters representing the stiffness of the
matrix material and the collagen fibres, respectively;
k2 is a dimensionless parameter which accounts for the
nonlinear stiffening of the tissue at higher strains; α
is the orientation of the collagen fibre families (defined
as an angle w.r.t. the circumferential direction) and κ
is the dispersion of the collagen fibres about the angle
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α. Two symmetrical fibre families are assumed to be
embedded in the matrix material.

The above material model parameters are obtained
by minimizing the difference between the experimental
stresses or pressures and their predictions obtained
using the constitutive model. This iterative
optimization process was performed in Matlab R©. The
lsqnonlin function and the trust-region-reflective
algorithm were used.

Non-invasive estimation In the in vivo case, a
cylindrical coordinate system is used. The
non-invasively obtained unloading pressure-diameter
data and the in vivo wall thickness are used as input
to the optimization procedure. The data is fitted using
the approach described in (Smoljkić et al, 2015). In
short, the minimized objective function included four
conditions and is given as:

min
[

n∑
j=1

{[
wp

(
Pmod
j − P exp

j

)]2

+
[
wf

(Fmod
j

Amod
j

− F average

Amod
j

)]2
}

+
m∑
k=1

{[
wΨ1

(
Ψdias,mod
k − Ψaverage

)]2

+
[
wΨ2

(
Ψdias,mod
k,col − Ψdias,mod

k,mat

)]2
}]

.

(6)

The first condition minimizes the difference between
the measured pressure (P exp) and the model pressure
(Pmod). Pmod can be calculated by inserting eq. 4 in:

Pmod
j =

∫ λi

λo

(λ2
θλz − 1)−1 ∂Ψ

∂λθ
dλθ, (7)

where λi and λo are the circumferential stretches at
the inner and the outer wall, respectively. Subscript j
goes from 1 to n, n being the number of recorded data
points.

The second condition ensures that the reduced
axial force remains approximately constant in the
physiological range. The model prediction of the
reduced axial force (Fmod, the axial force exerted on
the aortic tissue without taking the pressure
contribution into account) can be calculated with eq.
8.

Fmod
j = πρ2

i (λ2
θ,iλz − 1)

∫ λi

λo

(λ2
θλz − 1)−2(

2λz
∂Ψ
∂λz

− λ
∂Ψ
∂λθ

)
λθdλθ,

(8)

where ρi stands for the inner radius in the unloaded
configuration (i.e. no pressure and no axial prestretch
applied). F average is the result of a zero order
polynomial fit with the polyfit function in Matlab R©,
applied on Fmod. Amod is the current cross-sectional
area.

The third condition aims to keep the energy across
the arterial wall approximately constant at the
diastolic pressure. Ψdias,mod is the strain energy
density at diastolic pressure. To calculate Ψaverage the
polyfit function was used on Ψdias,mod.

The last condition equalizes the collagen energy
contribution (Ψdias,mod

col ) and the matrix energy
contribution (Ψdias,mod

mat ) at diastole. Subscript k goes
from 1 to m (m=11) and represents different points
throughout the wall thickness. The weighting factors
wp, wf , wΨ1 and wΨ2 were set to 1, 10−2, 10−4 and
10−1, respectively. For a more detailed explanation of
the minimized objective function see Smoljkić et al
(2015).

When fitting the in vivo data, besides five HGO
parameters, additional two geometrical parameters
were fitted since they are not measurable in vivo.
These two additional parameters are axial prestretch
(λz) and the thickness in the unloaded configuration
(H).

Ex situ estimation In the ex situ case, the
experimental stresses, stretches in the two directions
(λθ and λz) of the planar biaxial test, and the ex vivo
wall thickness were used as an input to a non-linear
least squares optimization procedure. The minimized
objective function was:

min
n∑
j=1

[
(σmodθ,j − σexpθ,j )2 + (σmodz,j − σexpz,j )2

]
, (9)

where, σexp and σmod are the experimental and model
Cauchy stresses, respectively. j is again the number of
data points recorded during a test. The model stresses
are calculated from eq. 4 as follows:

σmod
q,j = λq

∂Ψ
∂λq

− p, q = θ, z. (10)

p is the hydrostatic pressure and can be calculated
assuming σr = 0, see Ogden (2009).

The experimental Cauchy stresses are obtained from
the first Piola-Kirchhoff stresses through:

σexp
q = Pexp

q F
T, q = θ, z. (11)
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The deformation gradientF is equal to diag(λr, λθ, λz).
The first Piola-Kirchhoff stresses are in turn calculated
from the forces Fq measured during the planar biaxial
test and the initial cross-sectional surface area Aq,0:

Pexp
q = Fq

Aq,0
, q = θ, z. (12)

Aq,0 is calculated as the length covered by the rakes
(6 mm in our case) multiplied by the initial sample
thickness (reported in Table 5). For a more detailed
explanation see e.g. Fehervary et al (2016).

2.2.3 Strength parameters

In the ex situ setting, strength parameters were
obtained from the uniaxial failure tests in both the
longitudinal and circumferential direction. Frequently
used parameters are the ultimate Cauchy stresses
(σult) and ultimate stretches (λult), defined as the
stress and stretch values at which the tissue ruptures.
λult is defined as the current length divided by the
initial length. σult was calculated as the applied load
(F) divided by the current cross-sectional area, which
comes to σult = F λult/A0 if incompressibility is
assumed. A0 is the initial cross-sectional area.

In the in vivo setting, the circumferential
physiological stress and stretch range were estimated.
The circumferential stress (σphys

θ ) was calculated at
diastolic and systolic pressure assuming the aorta to
be a thin-walled tube (Laplace law). The
circumferential stretch (λphys

θ ) was calculated as the in
vivo circumference of the aorta at diastolic and
systolic pressure divided by the ex vivo circumference
in the unloaded configuration.

Combining the above, the relative distance between
σult
θ and σphys

θ on the one hand and between λult
θ to

λphys
θ on the other, serve as rupture risk indicators.

3 Results

3.1 Data acquisition

3.1.1 Pre-operative pressure-diameter curves

The in vivo pressure-diameter curves of all six patients
are shown on Figure 3. It is nicely apparent from this
figure that only patient F74 has diameter values over
55 mm.

Table 2 The wall thickness of the entire dataset. The in
vivo thickness was measured via epiaortic echocardiography
at systolic and diastolic blood pressure (sys - dias). Ex
vivo measurments were performed through histology and
with a thickness-measuring device. IMT and IMAT are the
intima-media thickness and intima-media-adventitia thickness,
respectively. Avg. stands for average and SD for standard
deviation. All measurements are reported in millimetres.

Method Epiaotic echo
(sys-dias)

Histology
(Avg.±SD)

Thickness device
(Avg.±SD)

Type In vivo
IMT

Ex situ
IMT

Ex situ
IMAT

F74 1.5-2.0 2.00±0.28 3.5±0.7
F68 1.0-1.2 1.33±0.29 2.5±0.3
M58 1.0-1.1 1.33±0.22 2.6±0.3
M60 1.3-1.5 1.32±0.28 2.7±0.4
M52 1.1-1.4 1.42±0.26 2.2±0.2
M55 1.4-1.8 1.25±0.10 2.8±0.4

3.1.2 Thickness measurements

The aortic wall thickness was measured both in vivo
using an epiaortic ultrasound probe (IMT) and ex situ
through histology (IMT) as well as prior to the
mechanical experiments (IMAT). The thickness values
obtained with each of these measuring techniques are
reported in Table 2.

3.1.3 Mechanical testing

The samples of five out of six patients were
successfully tested mechanically. The stress-stretch
curves of these patients obtained from the planar
biaxial tests are shown on Figure 4. Multiple samples
per patient are tested and plotted. The circumferential
stress-stretch curves obtained from uniaxial testing
are shown in Figure 5.

Note however that all uniaxial curves show a slight
underestimation of the stretch, since the displacement
of the clamps was used for the calculation of the stretch
although the samples were dogbone-shaped.

3.2 Mechanical parameter estimation

3.2.1 Empirical parameters

The empirical parameters calculated for the six
patients are presented in Table 3, along with a
literature overview of the same parameters for normal
and aneurysmal tissue. Koullias et al (2005)
previously calculated the DC and the WS of human
(aneurysmal) ascending aortas for a group of 53
patients. The investigated group was split in normal
and aneurysmal (aortic diameter >50 mm) aortas and
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Fig. 3 Non-invasively obtained pressure-diameter curves of all six patients.

Fig. 4 Biaxially obtained stress-stretch curves for the five tested patients (multiple samples per patient). The data is plotted
for the circumferential and axial direction and for 1:0.75 ratio. The dashed lines represent the physiological stress range. The
circumferential stress was estimated with Laplace’s Law and the axial was calculated to be half of the circumferential. The lower
line is the lowest diastolic stress from all patients and the upper one is the highest systolic stress from all patients.

for both parameters the average and standard
deviation were calculated. Okamoto et al (2003)
similarly computed the DC for 7 ATAA patients.
Martin et al (2013b) calculated the PSmod for 45 male
patients for different age categories (30−49, 50−59,
60−79).

3.2.2 Constitutive parameters

Non-invasive estimation The non-invasive estimation
of the HGO parameters revealed a good fit between
the modelled and the experimental values. The
average coefficient of determination (R2) was 0.90 ±
0.07. The parameters obtained from the in vivo data
are reported in Table 4. Figure 6 shows an example of
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Fig. 5 Uniaxial circumferential stress-stretch curves for the five tested patients. The ultimate Cauchy stress and ultimate stretch
are reported on each graph.

the non-invasive fit for one patient with all four
minimized conditions explained in the 2.2 section.

Ex situ estimation The HGO parameters from all
samples and all patients tested in planar biaxial mode
are reported in Table 5. The invasive estimation of the
HGO parameters resulted in good fits between the
modelled and the experimental values. The average R2

was 0.97 ± 0.02. Figure 7 shows an example of the
experimental stress-stretch curves and the model fit
for patient M60.

3.2.3 Strength parameters

Ultimate stress and stretch in circumferential and
longitudinal direction were obtained from the uniaxial
stress-stretch curves (see Figure 5). The results are
presented in Table 6 and compared with literature.
García-Herrera et al (2012) calculated the ultimate
stress and stretch for normal and aneurysmal aortic
tissue. The control group (with subjects older than
35) consisted of 12 patients and had an average
diameter of 23.7±4.4 mm. The aneurysm group
consisted of 11 patients and had an average diameter
of 38.5±7.7 mm. The aneurysmal group with BAV
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Table 3 The empirical and strength parameters of the six patients examined in this study. Avg. and SD stand for average and
standard deviations, respectively. The results reported in literature for healthy and aneurysmal tissue are listed at the bottom of
the table. The patients are ordered on decreasing aortic size. In some cases, DC is calculated differently than in this study. Please,
check the references to see the original equations.

Patient DC
[10−3mmHg−1]

WS
[kPa]

PSmod
[kPa]

F74 1.74 402 158
F68 1.37 522 197
M58 2.93 447 95
M60 1.20 309 227
M52 3.00 303 91
M55 1.87 284 147
Avg. 2.02 378 153
SD 0.77 95 54

Healthy 2.50±0.49 (Koullias et al, 2005) 93±6 (Koullias et al, 2005)
Age30−49y 80 (Martin et al, 2013b)
Age50−59y 110 (Martin et al, 2013b)
Age60−79y 170 (Martin et al, 2013b)

Aneurysm > 5 cm 1.45±0.38 (Koullias et al, 2005)
1.46±0.83 (Okamoto et al, 2003) 245±63 (Koullias et al, 2005) -

Fig. 6 Results of the non-invasive fit for patient M52. The four minimized conditions are plotted in the following order: a) The
in vivo measured pressure (P) and the outer diameter (di) data (red x) and the HGO model fit (blue dots); b) Reduced axial
force (F) predicted by the HGO model; c) Strain energy density (Ψ) - total and split into collagen and matrix contribution; d) Ψ
throughout the aortic wall thickness (h) - from inner to outer wall.

consisted of 11 patients and had an average diameter
of 38.0±2.0 mm. Vorp et al (2003) uniaxially tested 54
test-specimens (40 ATAA and 14 control) and
calculate the ultimate stress for these groups.
(Iliopoulos et al, 2009) tested 26 aneurysmal patients
and 15 non-aneurysmal patients and calculated the
ultimate stress and stretch. Sommer et al (2016)
preformed uniaxial tests on 7 circumferential, 10 axial
and 13 radial aneurysmal samples. The results of the
four research groups are shown at the bottom of Table
6 for comparison.

Table 6 also reports the ratios of the estimated
physiological stress or stretch (at systole) and the
ultimate stress or stretch, for our data set. This was
also visualized on Figure 5 where the physiological
stress and stretch range for each patient is marked.
Comparing this range to the patient-specific ultimate
stress and stretch provides an indication of rupture
risk.
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Table 4 The seven non-invasively obtained HGO model
parameters. The coefficient of determination (R2) indicates the
quality of the fit.

Patient F74∗ F68∗ M58 M60 M52 M55

µ [kPa] 190.2 306.7 98.2 6.2 3.6 119.4
k1 [kPa] 466.5 756.4 16.5 3.4 5.1 36.3
k2 [/] - - 0.63 3.56 1.59 11.38
α [deg] 40.6 40.0 36.9 31.5 82.1 58.9
κ [/] 0 0 0.012 0.004 0.030 0.243
H [mm] 2.11 1.28 3.11 2.95 5.00 2.82
λz [/] 1.02 1.02 1.78 1.59 1.00 1.06

R2 0.93 0.92 0.99 0.86 0.93 0.90
∗ model without k2 was used

Fig. 7 Experimental stress-stretch curves (dotted lines) and
HGO model fits (full lines) for M60-S2. All tested ratios
(circumferential:axial) are plotted.

4 Discussion

This study provides detailed clinical and mechanical
data on six ATAA patients who underwent elective
surgery repair. An in depth analysis is performed on
parameters that can be obtained in vivo and those
that can only be obtained ex situ. An overall
limitation of the study is the number of patients
(n=6), and the diversity of the patient group (i.e. only
one patient, F74, was admitted to surgery according
to the ‘normal’ procedure, i.e. without confounding
factors such as BAV). To reach a more general
conclusion, the study should be repeated on a larger
number of specimens. Nevertheless, the degree of
detail of the obtained information of each of the
patients is unprecedented and therefore considered
highly valuable to the study of ATAA. Below, the
obtained results are discussed in detail, indicating
possible study limitations and, where possible,
relating the results to literature.

4.1 Data acquisition

4.1.1 Pre-operative pressure-diameter curves

The non-invasively obtained pressure diameter curves
shown on Figure 3 provide immediate insight into a
number of important parameters such as minimum
and maximum diameter and pressure, degree of
hysteresis and slope, and therefore by themselves
already serve as a useful visual inspection tool for the
physician. Time-resolved CT scans are required to
obtain these curves, which is relatively easy to fit into
the clinical workflow since patients in follow-up for
ATAA are regularly scheduled for a CT scan anyway,
but implies a slightly higher radiation dose. Though
more data points would undoubtedly be useful, the
trade-off between radiation dose and number of points
in the cardiac cycle yielded a maximum of 21 data
points on the pressure-diameter graph. Note that an
important benefit of having images throughout the
cardiac cycle is that the maximal diameter of the
aneurysm can be measured more precisely than with a
standard, non-gated single CT scan.

4.1.2 Thickness measurements

Table 2 exposes the largest wall thickness in patient
F74, which was also the patient with the largest
ATAA diameter and the weakest mechanical
properties. The higher thickness can be explained by
the thickening of the intimal layer, commonly seen in
diseased aortic tissue. The same table also exposes a
large variability in thickness due to the measurement
method. The average ex vivo wall thickness measured
with the device is remarkably higher than the average
ex vivo wall thickness measured from the histological
slices (Table 2). This can be explained by the fact that
the histological measurements exclude the adventitia
from the measurement. In general, the in vivo wall
thickness is lowest, as can be expected since radial
contraction is induced by the Poisson effect when the
tissue is loaded. For patients M60 and M55 however,
the ex vivo wall thickness (in unloaded state) is
slightly smaller than the in vivo wall thickness (in
loaded state). This non-intuitive result can be
explained by the fact that the thickness obtained from
histology is an averaged value along the wall of the
sample, which shows high variation. The echo on the
other hand, measures only a small portion of the
aortic wall, which in this case coincided with a region
of lower thickness.

It is important to note that no reliable
non-invasive method is currently available for aortic
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Table 5 Results of the invasive constitutive modelling, based on the planar biaxial tests. Besides HGO parameters, sample
thickness H, measured with the device on Figure 1c, is reported.

Patient-Sample H [mm] µ [kPa] k1 [kPa] k2 [-] α [deg] κ [-] R2

F74-S1 2,75 32,1 2035,9 14,16 90 0,33 0,93
F74-S2 3,25 21,9 477,6 20,19 90 0,31 0,96
F74-S5 4,80 33,3 38,2 100.00 67.2 0,18 0,91

F68-S1 2,23 44,7 62,3 40,51 0 0,329 0,97
F68-S2 2,63 33,6 25,5 39,53 0 0,316 0,98
F68-S3 2,65 38,5 7,8 18,56 27.5 0,206 0,98
F68-S4 2,7 34,6 28,5 37,93 23.5 0,326 0,97
F68-S5 2,8 41,3 43,1 5,87 28.6 0,241 0,98

M58-S1 2,44 42,3 59,9 14,06 0 0,296 0,98
M58-S2 2,91 33,0 62,5 7,11 0 0,314 0,99
M58-S3 2,41 40,1 55,7 14,86 0 0,320 0,99
M58-S4 2,82 35,4 63,5 13,16 0 0,316 0,98
M58-S5 3,15 29,1 50,8 1,73 0 0,284 0,97
M58-S6 2,42 42,4 53,2 10,54 0 0,294 0,98

M60-S2 2,50 40,0 45,8 8,34 0 0,273 0,97
M60-S4 3,30 55.2 57,0 15,53 0 0,270 0,99
M60-S5 3,32 34,5 43,5 7,91 0 0,316 0,99

M55-S1 3,40 33,1 18,2 10,11 0 0,222 0,98
M55-S2 2,95 43,6 6,3 3,35 14.9 0 0,96
M55-S3 3,10 47,2 28,9 12,64 27.5 0,108 0,96

Table 6 The strength parameters of all successfully tested uniaxial samples. Reported stress is Cauchy stress. Avg and SD stand
for the average values and standard deviations, respectively. The results reported in literature for healthy and aneurysmal tissue
are listed at the bottom of the table. Note that García-Herrera et al (2012) and Iliopoulos et al (2009) report rupture stresses as
being the maximum stress before the specimen’s first rupture. In García-Herrera et al (2012), this rupture stress is reported to be
< 5% lower than the ultimate stress. The numbers in brackets stand for different references, as follows: (1) - Vorp et al (2003), (2)
- García-Herrera et al (2012), (3) - Iliopoulos et al (2009), (4) - Sommer et al (2016).

Sample σult
θ [MPa] λult

θ [-] σphysio
θ

/σultθ λphysio
θ

/λultθ Sample σult
z [MPa] λult

z [-]

F74-Circ1 0.808 1.76 0.26 0.77 F74-Ax1 1.261 1.60
F74-Circ2 0.471 1.55 0.45 0.87 M58-Ax1 0.835 1.56
F68-Circ1 1.416 1.46 0.13 0.88 M58-Ax2 0.859 1.58
F68-Circ2 1.127 1.45 0.17 0.88 M60-Ax1 0.832 1.65
F68-Circ3 0.741 1.53 0.26 0.84 M60-Ax2 0.766 1.50
M58-Circ1 2.094 1.66 0.10 0.81 M60-Ax3 0.894 1.50
M60-Circ1 2.221 1.48 0.09 0.84 M55-Ax1 0.850 1.46
M55-Circ1 2.670 1.64 0.07 0.84 M55-Ax2 1.008 1.60

Avg 1.443 1.57 0.19 0.84 Avg 0.913 1.56
SD 0.748 0.10 0.12 0.04 SD 0.147 0.06

Healthy
1.80±0.24 (1)
1.20±0.20 (2)

1.60∗∗ (3)
1.8∗∗ (2)
1.6∗∗ (3) - - -

1.71±0.14 (1)
0.66±0.07 (2)

0.88∗∗ (3)
1.8∗∗ (2)
1.6∗∗ (3)

Aneurysm

1.18±0.12 (1)
1.19±0.13 (2)

1.23±0.15∗ (2)
1.62∗∗ (3)

1.28±0.82 (4)

1.75∗∗ (2)
1.8∗,∗∗ (2)
1.55∗∗ (3)

1.52±0.20 (4)
- - -

1.21±0.09 (1)
0.88±0.10 (2)

0.84±0.10∗ (2)
1.20∗∗ (3)

0.57±0.20 (4)

1.75∗∗ (2)
≈1.58∗ (2)
1.52∗∗ (3)

1.50±0.18 (4)

∗ aneurysms with a bicuspid aortic valve (BAV)
∗∗ value estimated from a graph

wall thickness measurement. At this point, the most
promising technique is magnetic resonance imaging
(MRI). However, even with a state-of-the-art 7T MRI,
the resolution of the obtained measurement is only
around 0.5 m (Sinnecker et al, 2012). The tissue itself
also has a varying thickness. However, current
measuring techniques do not provide satisfying
resolution and image quality to obtain an in vivo map
of local wall thicknesses.

4.1.3 Mechanical testing

Ex situ mechanical tests were performed on samples of
all six patients. For five out of six this yielded reliable
data. Note how the results of the mechanical tests
performed ex situ should be interpreted with care,
since the samples were frozen at −80oC and slowly
defrosted prior to testing. Studies that investigated
the effect of freezing at -20oC and -80oC report
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contradictory results. Stemper et al (2007) report no
effect of freezing on porcine aortas.
Venkatasubramanian et al (2006) report an effect of
freezing on the mechanical response in the low-strain
region for porcine femoral arteries. Finally, Chow and
Zhang (2011) report no effect in low-strain region but
increase in the stiff region for bovine thoracic aortas.

4.2 Mechanical parameter estimation

4.2.1 Empirical parameters

The distensibility coefficient (DC) is a measure of the
stiffness of the aorta. It is associated with the capacity
of the vessel to dilate during pressure changes. ATAA
tissue is expected to be stiffer than healthy ascending
aortic tissue and thus, to be less capable of
withstanding big pressure differences. These
expectations are reflected in the results reported by
Koullias et al (2005). ATAA tissue has lower
distensibility values than healthy tissue. Based on DC,
the dataset of our six patients can be divided into two
groups. Patients M58 and M52 have DC in the range
of the healthy tissue (2.50±0.49 mmHg−1), while
patients F74, F68, M60 and M55 have DC in the
range of aneurysmal tissue (1.45±0.38 mmHg−1). The
latter samples are thus stiffer. Okamoto et al (2003)
report a similar value for aneurysm distensibility
(1.46±0.83 mmHg−1), confirming the results reported
by Koullias et al (2005).

Another measure of aortic stiffness is the
pressure-strain modulus (PSmod). This coefficient is
similar to the reciprocal of the DC, except that the
pressure range becomes more important relative to the
diameter range for the PSmod as the difference
between diastolic and systolic diameter is not squared
in the latter. To our knowledge, no PSmod-values for
ATAA tissue are reported in literature, but Martin
et al (2013b) computed the PSmod for healthy
ascending aortic tissue from different age groups (see
Table 6). The results reveal that the aorta stiffens
with age. Compared to their respective age-categories,
patients F74, M58 and M52 have normal PSmod
whereas patients F68, M60 and M55 show PSmod far
above their respective categories. Given the fact that
the PSmod is similar to the DC and that both
aneurysm development and ageing stiffen the aortic
tissue, it may not surprise that the outliers of the DC
correspond to those of the PSmod. According to
Martin et al (2013a), PSmod may be a more reliable
indicator of rupture potential than the maximal
diameter criterion. They report that patients with
PSmod-values higher than 100 kPa are at higher risk

of rupture. Four out of six patients from our dataset
had values higher than 100. However, based on the
performed uniaxial failure tests the higher risk
classification was only confirmed for patient F74.

The wall stress (WS) is defined as the amount of
pressure applied by the blood on the vessel wall. WS
reported in literature by Koullias et al (2005) are
presented in table 3 and reveal that ATAA tissue has
an increased WS compared to healthy tissue (245±63
kPa vs. 93±6 kPa). From our dataset, three patients
have a WS that is in the range of the aneurysmal wall
stresses as depicted by Koullias et al (2005) (patients
M60, M52 and M55). The other three patients (F74,
F68, M58) have wall stresses far above this range. A
possible explanation for the high difference in WS
between our dataset and the values reported in
Koullias et al (2005) is the wall thickness that is used
for the calculations. Koullias et al (2005) report
systolic wall thicknesses of healthy aortas of 2.28±0.20
mm and for aneurysmal tissue of 2.45±0.19 mm,
whereas for our dataset all in vivo measured wall
thicknesses are smaller than 2 mm (see Table 2). The
WS-values are, regardless of one exception (patient
F74), positively related to the diameter size of the
patients. However, when examining the WS-values of
all patients, patient F74 does not stand out, even
though this patient’s tissue strength was clearly
reduced compared to the others. However, patient F74
also had a very thick aortic wall compared to the
other samples, which explains the lower WS-value.
This confirms the limited reliability of WS as a
rupture risk indicator, due to its high sensitivity to
the wall thickness measurement.

4.2.2 Constitutive parameters

Non-invasive estimation The HGO parameters for
each patient, resulting from the non-invasive
parameter estimation approach, are reported in Table
4. These parameters are, however, difficult to interpret
and vary between patients. Compared to the
invasively obtained HGO parameters reported in
Table 5, it can be noticed that in vivo µ values are an
order of magnitude higher. k1 is sometimes higher ex
vivo and sometimes in situ, while k2 values are either
similar or higher in the in situ case. The collagen fibre
angle α was on average 26.9 degrees but with an
almost equally big standard deviation (21,4) as an
indicator of a big patient variability. κ was lower than
invasively obtained.

When using in vivo data for the non-invasive
estimation of the constitutive parameters,
assumptions related to the reduced axial force and the
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SED (explained in subsection 2.2.2) were used. These
assumptions were derived from literature or based on
our own experimental data (see Smoljkić et al (2015)
for more detail) and are developed for healthy tissues.
It might be the case that these assumptions do not
hold for aneurysmal tissue, which is something that
requires further investigation. Additionally, the
aneurysm is in this case assumed to be a perfect
cylinder which is far from reality. Experimental
findings show that in a region of aneurysmal changes
wall properties can vary drastically even between very
close sections (Niestrawska et al, 2016). However,
taking a full geometry into account for in vivo
parameter estimation makes the process more
complex, time consuming and therefore less feasible to
incorporate into a clinical work-flow.

Note also that, in the non-invasive parameter
estimation, we consider the unloaded configuration to
be the stress-free configuration, consequently
neglecting the residual circumferential stresses. Since
an in vivo measurement of these residual stresses is
not possible it would have to be implemented as an
additional fitting parameter. Since there are already
seven parameters that are fitted in the non-invasive
estimation procedure, we decided to not include the
opening angle as one of them.

Ex situ estimation To our knowledge, no HGO
parameters from planar biaxial tests have previously
been reported for ATAAs. Azadani et al (2013) and
Martin et al (2013a) preformed planar biaxial tests
and fitted Fung-type SEDF to the experimental
curves. The invasively obtained HGO parameters
presented in Table 5 can however be compared to the
results from uniaxial tests on ATAA performed in
Pierce et al (2015) and Pasta et al (2015). Pierce et al
(2015) fitted HGO parameters and additional damage
parameters to the data. Pasta et al (2015) fitted the
HGO model to layer-specific uniaxial data and to the
uniaxial data combined with image-based fibre
analysis (in the latter only µ, k1 and k2 were fitted).
Parameter values for µ reported in the present study
were in the same range as in Pierce et al (2015)
(0.022-0.046 MPa in our case and 0.018-0.046 MPa in
Pierce et al (2015)). (Pasta et al, 2015) tested two
separated layers and report average parameters for
each layer for two aneurysmal tissue groups (based on
the geometry of the aortic valve, i. e. bicuspid or
tricuspid). µ values reported there are lower, between
4.5 and 5.9 kPa in the case when all five material
parameters were fitted.

When comparing k1 values, our results, ranging
from 0.006 to 2.036 MPa, are comparable both to

Pierce et al (2015), which reports values from 0.12 to
9.07 MPa and to Pasta et al (2015) with average
values between 0.112 and 0.177 MPa. Comparable
values were obtained for k2 as well (1.73-100 our
results, 0-94.63 in Pierce et al (2015) and 7.4-8.5 in
Pasta et al (2015)).

Parameter α often went to its lower limit. From a
microscopic point of view this means that the fibre
bundles are aligned in the circumferential direction of
the vessel wall. This is in accordance with findings
reported in Haskett et al (2010) for healthy ascending
aorta. However, the aneurysms were modelled as a
one-layered structure and the same paper reports that
the physiological meaning of α disappears when the
three layers of the arterial wall are modelled together.

The dispersion-related parameter κ has a median
value of 0.295 which is higher than 0.039 - the median
value reported in Pierce et al (2015). Pasta et al (2015)
reports average fitted values for different layers between
0.17 and 0.29, while the values obtained from multi-
photon imaging range between 0.22 and 0.27.

It is important to consider that the HGO model
used in this study is originally developed for healthy
arterial tissue. Additionally, it takes into account only
the passive response of the tissue, which is correct for
the ex situ data, but not for the in vivo case where the
active contribution of the smooth muscle cells plays a
role as well. To investigate the effect of SMCs, an
additional FE simulation would be required which
would, besides the passive behavior, include the active
contribution of SMCs. By fitting the HGO model to
the pressure-force data provided by that simulation,
the relevance of the active contribution could be
quantified. Also, in the case of ATAA tissue, the
regional heterogeneity might be important, which is
something that was not accounted for in this study.
All these factors might explain the fact that the HGO
parameters obtained in this study do not manage to
distinguish between patients, or to expose patients at
risk.

4.2.3 Strength parameters

In Table 6, patient F74 clearly stands out from the
others by its low ultimate stress and by the fact that
the estimated physiological stress-stretch region is
located very close to the rupture point 5. This patient
was also the only one with a diameter above 55 mm.
All these elements point towards a higher rupture risk
for this patient compared to the others. Table 6 also
illustrates that, except for patient F74, the ultimate
circumferential strength is higher or similar to the
ultimate axial strength of the tissue (1.44 ± 0.75 MPa
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vs. 0.91 ± 0.15 MPa). These results are confirmed by
several studies (Iliopoulos et al, 2009; García-Herrera
et al, 2012; Koullias et al, 2005; Sommer et al, 2016;
Khanafer et al, 2011). In contrast, in Vorp et al (2003)
no directional strength differences were noticed.
Similarly, there is no agreement in literature on
whether or not the ultimate strength is significantly
lower for aneurysmal tissue than for healthy tissue. In
García-Herrera et al (2012) and Vorp et al (2003) a
difference was reported, while in Iliopoulos et al
(2009) no difference was noticed.

The directional differences in ultimate stretches
are minor in our dataset (1.57 ± 0.10 MPa (circ) vs.
1.56 ± 0.06 MPa (axial)). This trend is confirmed by
literature. No differences in ultimate stretches between
aneurysm and healthy tissue are noticed in
García-Herrera et al (2012); Iliopoulos et al (2009);
Vorp et al (2003); Sommer et al (2016). An interesting
analysis of the difference between the axial and
circumferential direction in ATAAs was done by
Duprey et al (2010). In their study, the tissue’s elastic
modulus was significantly higher in the circumferential
than in the axial direction and they attribute the
presence of the anisotropy to the mechanical
requirements of the tissue.

The large spread in ultimate circumferential stress
indicates a strong patient specificity of the rupture
risk. Secondly, there was no correlation between the
ultimate circumferential stress and the patient’s
diameter. A more indicative predictor is the ratio of
the in vivo wall stress to ultimate circumferential
stress (both are reported in Table 6 for each patient).
However, the latter can obviously not be measured
pre-operatively whereas the former is highly sensitive
to the measured wall thickness and should be
calculated more accurately than by using thin-walled
tube theory. Though research groups have already
identified the need for more accurate calculation of
wall stress through finite element simulations on a
patient-specific geometry, this study also indicates the
strong need for reliable estimation of patient-specific
ultimate stress, by identifying correlations with
parameters that can be acquired pre-operatively.

Duprey et al (2016) calculated the rupture risk of
ATAA tissue of 31 patients based on both stress and
stretch. They concluded that the ratio of the in vivo
stress and the strength is in general low. Instead, a
ratio based on the in vivo and ultimate stretch should
be considered and can be even more physiologically
meaningful. Table 6 reports the ratios of the estimated
physiological stress or stretch (at systole) and the
ultimate stress or stretch, for our data set. The stress
ratio was indeed lower than the stretch ratio. The

stretch-based values had similar values among patients
(0.77 - 0.88) while the stress-based values had a bigger
spread (0.07 - 0.45). The stress-based rupture risk was
able to better indicate the patient who was at higher
risk of rupture, i.e. F74. However, since the
stretch-based rupture risk results in similar values for
all patients, it would be possible to estimate the
patient-specific ultimate stretch, under the
assumption that the physiological stretch is known.

5 Conclusion

There is a growing consensus that diameter
information alone does not suffice for rupture risk
estimation of ATAA and that mechanical parameters
should be included in the risk assessment. However,
our knowledge on the mechanical properties of
ascending thoracic tissues, both healthy and
aneurysmal, is still scarce. This study provides
information on the geometrical and mechanical
properties of the ATAA of 6 patients with
unprecedented detail. To the best of authors’
knowledge, the HGO material parameters of ATAA
tissue based on planar biaxial testing have not been
previously reported. They are, however, essential to
the development of reliable FE models. Due to the
fact that the in vivo conditions used for the parameter
identification were only evaluated for healthy tissue,
we advise to use the parameters obtained ex vivo.

From this study, it is confirmed that either
mechanical or geometrical information alone cannot
provide sufficient information regarding rupture risk.
Rather, the ratio of phsyiological wall stress to
ultimate wall stress seems to be the most convincing
parameter. Nevertheless, the accurate and
non-invasive estimation of both factors in this ratio is
highly challenging. Physiological wall stress can be
estimated using relatively simple, empirical methods,
or more complex, FE-based methods. Either way, the
estimation suffers from uncertainties in wall thickness
estimation, for which our results show large
variability, between patients but also between
measurement methods. Our results also show a large
variability in ultimate stress, a value which can hardly
be obtained non-invasively. In order to infer a
patient-specific estimate of this value, a statistical
multiple regression analysis should be performed on a
vast dataset of ultimate stress values related to
clinically relevant patient data.
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