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Abstract
Aortic dissection is the most common catastrophe of the thoracic aorta, with a very high rate of mortality. Type A dissection
is often associated with an ascending thoracic aortic aneurysm (ATAA). However, it is widely acknowledged that the risk of
type A dissection cannot be reliably predicted simply by measuring the ATAA diameter and there is a pressing need for more
reliable risk predictors. It was previously shown that there is a significant correlation between a rupture criterion based on the
ultimate stretch of theATAAand the local extensional stiffness of the aorta. Therefore, reconstructing regional variations of the
extensional stiffness across the aorta appears highly important. In this paper, we present a novel noninvasive inverse method
to identify the patient-specific local extensional stiffness of aortic walls based on preoperative gated CT scans. Using these
scans, a structural mesh is defined across the aorta with a set of nodes attached to the same material points at different time
steps throughout the cardiac cycle. For each node, time variations of the position are analyzed using Fourier series, permitting
the reconstruction of the local strain distribution (fundamental term). Relating these strains to tensions with the extensional
stiffness, and writing the local equilibrium satisfied by the tensions, the local extensional stiffness is finally derived at every
position. The methodology is applied onto the ascending and descending aorta of three patients. Interestingly, the regional
distribution of identified stiffness properties appears heterogeneous across the ATAA. Averagely, the identified stiffness is also
compared with values obtained using other nonlocal methodologies. The results support the possible noninvasive prediction
of stretch-based rupture criteria in clinical practice using local stiffness reconstruction.

Keywords Noninvasive inverse method · Local extensional stiffness · Finite-elements ·Ascending thoracic aortic aneurysms ·
Patient-specific · Risk of rupture

1 Introduction

Ascending thoracic aortic aneurysms (ATAAs) manifest by
localized ballooning of the aorta. They are difficult to detect
because they usually have no symptom. Unrecognized and
untreated TAA may lead to dissection or rupture of the
aneurysm ending with instantaneous death. Independently of
age and gender, about 30,000 people in Europe and 15,000
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people in the United States are diagnosed with a TAA every
year (Bickerstaff et al. 1982; Johansson et al. 1995;Ramanath
et al. 2009).

ATAAs are commonly treatedwith a timely surgical repair
by replacement of the dilated aortic segment with synthetic
grafts. For patients without any familial disorders such as
Marfan syndrome, elective surgical intervention of ATAA is
recommendedwhen its diameter is larger than 5.5 cmorwhen
it is considered as a fast-growing aneurysms (growth>1 cm
per year) (Chau and Elefteriades 2013; Coady et al. 1999,
1997; Elefteriades and Farkas 2010; Johansson et al. 1995).
The diameter of 5.5 cm as a criterion for decision-making of
surgical intervention is extensively recognized as an insuf-
ficient criterion. For example, the International Registry of
Acute Aortic Dissection (IRAD) conveyed that among 591
type “A” aortic dissections, 59% had a diameter below 5.5
cm. Moreover, several studies considering abdominal aortic
aneurysms (AAA) suggest that biomechanical factors may

123

Author's personal copy

http://crossmark.crossref.org/dialog/?doi=10.1007/s10237-018-1073-0&domain=pdf
http://orcid.org/0000-0002-6216-4188
https://doi.org/10.1007/s10237-018-1073-0


138 S. Farzaneh et al.

reliably predict the risk of rupture rather than the diame-
ter criterion alone (Fillinger et al. 2003; Geest et al. 1085;
McGloughlin 2011). Wall stress analysis and identification
of patient-specific material properties of abdominal aortic
aneurysms using 4D ultrasound were performed to improve
rupture risk assessment (Disseldorp et al. 2016). It is well-
known that the rupture of ATAA occurs when the stress
applied to the aortic wall reaches the rupture stress (Malvindi
et al. 2016; Martufi et al. 2014; Trabelsi et al. 2015). Another
definition of rupture can be represented when the stretch
applied to the tissue is greater than its maximum extensibility
or distensibility (stretch-based rupture criterion). Accord-
ingly, Duprey et al. (2016) proposed a stretch-based rupture
risk criterion and showed its correlation with tangent elastic
modulus in ATAA based on data collected in 31 patients. In
that study, individual rupture stretch and tangent elastic mod-
uli were determined in vitro by means of bulge inflation tests
on the identical ATAA wall tissue segments that had been
excised intraoperatively. Trabelsi et al. (2017) proposed a
method for the in vivo identification of the (global) stiffness
of an aortic segment based on the determination of volumet-
ric distensibility from gated CT scans and pulsed pressure.
However, only moderate correlation was found between the
global in vivo stiffness values and the (local) stretch-based
rupture risk criterion determined from bulge inflation tests on
excised tissue segments of 13 ATAA. Therefore, the assess-
ment of the local elastic properties of the ATAAwall from in
vivo data that are clinically available might be a crucial point
for establishing a reliablemethod of estimation ofATAA rup-
ture risk (Mousavi et al. 2017). In the present paper, a new
inverse approach to this task is presented.

This is meaningful as stiffening of the aortic wall is both
a cause and a consequence of ATAA (Choudhury et al. 2009;
Vorp et al. 2003). Stiffening leads to a decrease of extensi-
bility due to loss of elastin and deposition of collagen during
growth and remodeling. There are studies that have indeed
demonstrated such stiffening (without wall weakening) in
age-matched subjects (Iliopoulos et al. 2009; García-Herrera
et al. 2008). Theymostly found local variations ofmechanical
parameters along the longitudinal direction, indicating higher
strength and peak elastic modulus along the circumferential
direction compared to the longitudinal direction (Iliopoulos
et al. 2009). Therefore, identifying noninvasively the in vivo
elastic properties of the aorta would help clinicians to take
decisions whether the patient needs surgical intervention.
Besides, the mechanical properties can be used to perform
computational analyses, the accuracy of which will rely on
the accuracy of input parameters.

However, noninvasive characterization of elastic proper-
ties is not the most common approach for deriving material
properties of aortas. The most common methods to obtain
material properties are in vitro uniaxial and biaxial mechani-
cal tests (Choudhury et al. 2009; Geest et al. 2004; Okamoto

et al. 2002). They permit plotting stress–strain curves and
deriving parameters of strain energy functions or linearized
elastic moduli of the aneurysmal walls at different stages of
loading (Vorp et al. 2003). Several studies have character-
ized the mechanical properties of ATAA via strain energy
functions and elastic moduli indicating that ATAA causes
stiffening and extensibility reduction. To assess rupture risk
on a patient-specific level, their results imply decreased tis-
sue compliance as a rupture risk factor (Sokolis et al. 2012;
Martin et al. 2013).

To our best knowledge, no study has ever identified
regional variations of material properties in ATAAs on
a patient-specific basis using a noninvasive methodology.
Therefore, themainobjective of thiswork is to present a novel
methodology based on gated CT images for the identification
of local stiffness properties in ATAAs under assumptions of
linearized and isotropic elasticity.After a comprehensive pre-
sentation, we present different numerical validations of the
methodology and show exemplary results on three patients
for the proof of concept.

2 Material andmethods

2.1 Origin of data

After informed consent and according to a protocol approved
by the Institutional Review Board of the University Hospital
Center of Saint-Etienne, noninvasive systolic and diastolic
blood pressures in brachial artery and gated CT scans were
obtained for three patients who underwent elective surgical
repair of ATAA at the University Hospital of Saint-Etienne
(CHU-SE) in France. The demographic information of these
patients is recorded in Table 1. For each patient, images were
recorded at ten phases of their cardiac cycle. These images
were used to reconstruct the geometry of their whole aorta,
including diastolic and systolic phases. Semi-automatic seg-
mentation of the CT image slices was done using MIMICS
(v.10.01, Materialise NV). The three-dimensional (3D) sur-
face of the aortawas generated for each phase and exported as
STL format. All phases were cut by the same cross-sectional
planes to predefine a domain of the aorta larger than the final
segment of interest in both ascending and descending parts.
The purpose was to initiate the procedure in order to run the
VascularModeling Toolkit (VMTK, Orobix, Bergamo, Italy;
www.vmtk.org) (Antiga and Steinman 2004) and to derive
the parametric coordinates of the surface. The same smooth-
ing factor was applied at all phases. To recognize the systolic
and diastolic phases, the luminal volumes of all phases were
compared. The systolic scan was defined as the one with
the largest volume and the diastolic scan as the one with the
smallest volume. See Fig. 1 in which each phase is shown
using a different color.
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Table 1 Demographic
information of three patients

Patient ID Sex Age �P (KPa) (mmHg) Qin-vivo (MPa mm) Qin-vitro (MPa mm)

1 M 27 8.66 (65) 1.96 0.78

2 M 84 13.4 (100.5) 6.14 4.11

3 M 61 11.5 (86) 4.6 1.24

Note that �P is the difference between diastolic and systolic pressures, Qin-vivo denotes the extensional
stiffness obtained by Trabelsi et al. (2017) and Qin-vitro is the extensional stiffness obtained by Duprey et al.
(2016)

Fig. 1 Segmentation of the aortic geometry for diastolic phase. Includ-
ing left subclavian artery, brachiocephalic artery, left common carotid
artery and coronary artery branches which are used as anatomical refer-
ences. See video 1 in supplemental materials to visualize the ten phases
of the whole cardiac cycle

2.2 Theory of the inverse approach

A set of nodes was defined across each reconstructed aor-
tic geometry, with the requirement that a node represented
the position of the same material point at each phase of the
cardiac cycle. For this, it was essential to reconstruct a struc-
turalmesh for all phaseswith an identical number of elements
and nodes and to have a mesh morphing function between
the geometries of each phase.

VMTK (Antiga and Steinman 2004) was employed to
generate the structural mesh from STL files. The method
was based on centerlines and decomposition of the surface
into existing branches and mapping each branch onto tem-
plate parametric coordinates. Once a bifurcation is split into
branches, each branch is topologically equivalent to a cylin-
der and can be mapped onto a set of rectangular parametric
coordinates (Antiga and Steinman 2004). The approach for
mapping the surface of bifurcations consisted of several
steps: calculation of centerlines, definition of the reference
system, decomposition of the bifurcation into its branches
and their parameterization. VMTK provides a technique

based on objective criteria capable of generating consistent
parameterizations over a wide range of bifurcating geome-
tries. Let ∂Ωi be the surface of the i th branch which is
delimited by two topological circles ψi0 and ψi L . Consid-
ering u ∈ [0, Li ] is the longitudinal parametric coordinate
and v ∈ [ −π, π ] is the periodic circumferential parametric
coordinate, over the parametric space ofU ⊂ R

2 in the coor-
dinatesU = (u, v), a bijective mapping is derived as (Antiga
and Steinman 2004)

Φ : ∂
x
Ωi → U

u
(1)

such that Φ(x) = (0, v) on ψi0 and Φ(x) = (Li , v) on ψi L .
Longitudinal mapping in VMTK is created by a harmonic
and a stretch function to achieve localization with respect to
centerline abscissa and reference system (Haker et al. 2000).
The harmonic function f = f (x)with x ∈ ∂Ωi is computed
by solving the elliptic partial differential equation as

�B f = 0 (2)

where�B is theLaplace–Beltrami operator. The longitudinal
parametric coordinate is expressed by

u(x) = s ◦ f (x) (3)

where s is the stretch function and can be defined as

s( f ) = 1

|λ( f )|
∫

λ( f )
g(x)dλ (4)

where λ( f ) indicates a level-set of f . The angular position of
each node is determined by a set of normals along the curve
of frame τ , named n(τ ) (which is directed toward the center
of the osculating circle of the curve at each point), and its
nearest point on the centerline, c(τ ), as

v(x) = arccos((x − c(τ )) · n(τ )) (5)

where τ indicates the different time frames.
One of the requirements is that the inlets and outlets of the

imported mesh into VMTK should be open. Left subclavian
artery, brachiocephalic artery, left common carotid artery and
coronary artery branches were used to provide anatomical
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references to ensure that the measurements taken at different
phases of the cardiac cycle were at the same location in the
aorta (see Fig. 1). Eventually, the extracted data fromVMTK
were postprocessed inMATLAB to extract an accurate mesh
using the longitudinal and circumferential metrics obtained
from VMTK. A template meshgrid with an arbitrary num-
ber of points was created in the utemp ∈ [umin, umax] and
vtemp ∈ [−π, π ] domain. A polynomial approximation was
implemented around each node of the templatemeshgrid. For
instance, let (uitemp, v

i
temp) denote the parametric coordinates

of node Xi . Let (unb, vnb) be the parametric coordinates of
the nodes of the reconstructed STL surface aroundXi . These
nodes were selected such that du j = (u j

nb −uitemp) < δu and

dv j = (v
j
nb − vitemp) < δv , δu and δv defining the size of the

neighborhood. We assumed δu = 8 mm and δv = π/5 rad.
Therefore using the least-squares method, the polynomial
approximation was written such as

AX = Xnb (6)

with

A =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 du1 dv1 du1dv1 du12 dv12 du12dv1 du1dv12

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

1 duk dvk dukdvk duk 2 dvk2 duk 2dvk dukdvk2

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

1 dun dvn dundvn dun2 dvn2 dun2dvn dundvn2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(7)

X =

⎡
⎢⎢⎢⎢⎣

X1 Y1 Z1

X2 Y2 Z2

.

.

.
.
.
.

.

.

.

X8 Y8 Z8

⎤
⎥⎥⎥⎥⎦ (8)

and

Xnb =

⎡
⎢⎢⎢⎢⎢⎢⎣

X1
nb Y 1

nb Z1
nb

...
...

...

Xk
nb Y k

nb Zk
nb

...
...

...

Xn
nb Yn

nb Zn
nb

⎤
⎥⎥⎥⎥⎥⎥⎦

(9)

Based on a mesh sensitivity analysis, an average mesh size
of 1 × 1 mm was used. According to Wittek et al. (2016)
who observed that the ascending thoracic aorta experiences
clockwise and counterclockwise twist, we derived the time
variations of the circumferential coordinate, v, of coronary
arteries in the space of parametric coordinate and subtracted
this value from the circumferential coordinate of the assumed
reference phase in order to apply torsion during aortic wall
motion. To adjust all phases longitudinally, the origin of u
was set in the coronary plane at each phase. Accordingly, the
torsion was applied by subtracting the shift of the v value at
the inlet, and by subtracting a shift in the v value all along

the thoracic aorta, varying linearly from v to 0 between the
inlet and the position of the brachiocephalic artery.

Any periodic function [in this case nodal coordinates of
all phases, x(t)] can be expressed as a weighted sum of infi-
nite series of sine and cosine functions of varying frequency.
Therefore, having the structural mesh of all ten phases, a
discrete Fourier transform was employed such as

x(t) = a0 +
∞∑
n=1

(ancos(n f t) + bnsin(n f t)) (10)

Where a0 is the direct current (DC) term and the sum is the
fundamental magnitude of the time-varying node positions
when n=1 while f is the fundamental frequency. A strain
analysis was performed on the average geometry (defined by
using the DC terms of all nodal positions) by applying dis-
placements (including torsion) at each node corresponding
to the fundamental term obtained from the Fourier trans-
form in Eq. 10. As the fundamental term is complex, the real
and the imaginary parts are applied separately at the corre-
sponding nodes (in their average position, defined by the DC
term) using the finite element method (FEM). Eventually,
the reconstructed strain components were also complex. The
components in the longitudinal and circumferential direc-
tions were derived respectively as

εcom1 = εr1 + iεim1
εcom2 = εr2 + iεim2 (11)

where superscripts “r” and “im” indicate real and imagi-
nary contributions, respectively. Therefore the magnitude of
strains in the longitudinal and circumferential directions can
be respectively obtained as

ε1 =
√

εr1
2 + εim1

2

ε2 =
√

εr2
2 + εim2

2
(12)

The results of the strain computation are independent of the
chosen material properties and this methodology is applica-
ble to finite deformation problems. Although the aortic tissue
is globally anisotropic and nonlinear, we linearized here its
mechanical behavior in the range of strains induced by pres-
sure variations between diastole and systole, and neglected
anisotropic effects in this range too. The constitutive equa-
tions reduced to Hooke’s law in plane stress. Due to the
spatial resolution of CT, the local aortic thickness cannot be
measured accurately in vivo. The thickness was previously
measured in vitro on the excised sample after the surgery
(Duprey et al. 2016). However, the in vitro measurement is
performed when the tissue is load free, whereas the tissue
is stretched and pressurized in vivo. Therefore the thickness
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can vary significantly in vivo, thus to express the Hooke’s
law, we wrote the membrane tensions, τ , as

τ1(t) = τ 01 + Q(ε1(t) + νε2(t))

τ2(t) = τ 02 + Q(νε1(t) + ε2(t)) (13)

where τ 01 and τ 02 are the DC terms of both components of the
membrane tension (representing pretensions existing in the
average geometry due to average blood pressure and axial
tension), Q is the extensional stiffness and ν is the Poisson’s
ratio in which incompressibility is assumed (ν = 0.49). We
derived τ 01 and τ 02 by achieving an FE stress analysis on the
average geometry under the effect of the average pressure P0
using the approach proposed by Joldes et al. (2016).

As shown in Fig. 2 it is assumed that each element of
the arterial wall is a finite sector of an ellipsoidal membrane
with radii r1 and r2 in both circumferential and longitudinal
directions. So, in the framework of these assumptions, local
equilibrium equations can be written as

P(t) = τ1(t)

r1(t)
+ τ2(t)

r2(t)
(14)

where r1 and r2 are the radii of the element sector in both
directions (major and minor) as shown in Fig. 2 and P is the
applied pressure. Using P0 to denote the DC term of pressure
variations, and neglecting second order variations, Eq. 14 is
rewritten:

P(t) − P0 = τ1(t) − τ01

r01

+ τ2(t) − τ02

r02
−

τ01

(
r1(t) − r01

)
(
r01

)2 −
τ02

(
r2(t) − r02

)
(
r02

)2 (15)

Using �P , �τ1, �τ2 �r1 and �r2 to denote the funda-
mentals of pressure, the circumferential and longitudinal
components of the local tension tensor, and the circumferen-
tial and longitudinal radius of curvature, respectively, Eq. 15
is written as follows:

�P = �τ1

r01
+ �τ2

r02
− τ 01 (�r1)(

r01
)2 − τ 02 (�r2)(

r02
)2 (16)

In the following, we assume �P = (Psys − Pdias)/2.
Substituting Eqs. 13 in 16, we obtain the extensional stiff-

ness for each element such as

Q =
�P + τ 01 �r1

(r01 )2
+ τ 02 �r2

(r02 )2

ε1(t)+νε2(t)
r01

+ νε1(t)+ε2(t)
r02

(17)

Fig. 2 It is assumed that each element of the arterialwall is a finite sector
of an ellipsoidal membrane with radii r1 and r2 in both circumferential
and longitudinal directions. n1 and n2 are tangential unit vectors normal
to r1 and r2, respectively. nni with i = {1, 2, . . . , 4} is normal unit vector
at each node of the element

To obtain r1 and r2 fast and efficiently, we developed a
method based on the principle of virtual work as previously
introduced in Bersi et al. (2016), so assuming stresses σ at
equilibrium with external loads T should satisfy the follow-
ing equation:

∫
v

σi j : ε∗
i jdν +

∫
∂ν

Tiu
∗
i ds = 0 (18)

where v is the volume of the domain of interest, ∂ν is its sur-
face boundary, u∗ is a virtual continuous displacement field
and ε∗ are the virtual strains related to the gradients of the
virtual displacements. As this equation is valid for any virtual
field, u∗ can be defined as a unit vector oriented along the
normal directions of the aortic wall at every node (directions
nn1,2,3,4 in Fig. 2) to inflate virtually the aorta. Accordingly,
it is possible to derive the following local equation:

σ1hε∗
1 + σ2hε∗

2 = pu∗ (19)

where σ1 and σ2 are the principal components of the stress
and h is the thickness. The Laplace law may be written:

σ1

r1
h + σ2

r2
h = p (20)

By identification between the two previous equations, we
obtain directly a relationship between the local radii of cur-
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vature and the virtual strain fields:

1

r1
= ε∗

1

u∗
1

r2
= ε∗

2

u∗ (21)

In the current studywe used the concept of “extensional stiff-
ness” which equals the material stiffness times the thickness
and whose dimension is MPa mm.

Stiffness variations across the different regions of the tho-
racic aorta may exist at different scales. In order to filter out
high-frequency variations, the obtained results were even-
tually fitted using Fourier polynomial of order 4 along the
circumferential directions and polynomials of order 3 along
the axial direction, permitting a smoother estimation of stiff-
ness distribution.

2.3 Numerical implementation

We reconstructed ascending and descending aortas excluding
all branches. Therefore, the right coronary and brachio-
cephalic arteries were used as reference points to obtain
identical parts of the ascending aorta at different phases and
the left subclavian artery was used as a reference point to
consider identical parts of the descending aorta at differ-
ent phases. For each patient and each phase, a structural
mesh using quadrilateral elements with four nodes was pre-
pared and then the average structural meshes of ascending
and descending aortas were obtained by averaging the nodal
positions throughout the cardiac cycle. Afterward, for each
aorta, theAbaqus FE software (Hibbitt, Karlsson&Sorensen
2011) was employed to calculate ε∗

1 and ε∗
2 by applying u∗

at each node in normal directions of nn1:n
n
4 in Fig. 2. More-

over, two other independent FE analyses were performed by
applying corresponding real and imaginary displacements
at each node (including aorta torsion) to calculate εcom1 and
εcom2 and subsequently ε1 and ε2 expressed in Eq. 12. For
each FE analysis, orientation user subroutine (ORIENT) was
employed to assign local material directions in order to save
results in the local coordinate system. Each geometry was
a nonperfectly cylindrical geometry so that the radial direc-
tion (normal to the artery) was defined as the outward normal
direction to each element, the axial direction was defined as
the direction parallel to the luminal centerline in the direc-
tion of the blood flow, and the circumferential direction was
perpendicular to both previously defined directions. To cal-
culate and visualize the local extensional stiffness expressed
in Eq. 17, a user material subroutine (UMAT) and a user-
defined external databases (UEXTERNALDB)were coupled
with the commercial FE software Abaqus (Hibbitt, Karlsson
& Sorensen 2011). The complete methodology is summa-
rized in a flowchart shown in Fig. 3.

In summary, we had to perform several different steps
to characterize the local aortic stiffness for each patient.
The most time-consuming step was the segmentation of CT
images (cleaning could last 1 day for the noisiest). Gener-
ation of the structural mesh took about 10 min including
VMTKand further processing. It took less than 2 h to prepare
the ABAQUS input files for stress analyses, strain analyses,
stiffness assessment and reconstruction. Each ABAQUS res-
olution took about 5 min.

3 Results

3.1 Numerical validation

Numerical validation was performed considering two dif-
ferent material behaviors: linear isotropic elasticity and
nonlinear anisotropic hyperelasticity.

3.2 Linear elastic material property

For the sake of validation, we used a reference aortic geom-
etry (RG) and we created numerically a deformed aortic
geometry (DG) by considering the effects of an average intra-
mural pressure [P = 40 mmHg (5.33 KPa)] onto the aorta
modeled with a linear elastic behavior. The DG was derived
by a finite element analysis using the raw STL mesh of the
reference geometry. Two analyses (cases) were performed:
one with a homogeneous stiffness in the whole aorta and
another one with a heterogeneous stiffness distribution in
which three regions were defined in the aorta, each one with
a different stiffness as shown in Fig. 6. Each analysis pro-
vided a deformed STL mesh. Displacement maps used to
reconstruct DG are shown in Fig. 4. Having in hand RG
and DG for both cases, we performed our approach using
VMTK and MATLAB to independently generate the struc-
tural mesh of each geometry. For the sake of validation, we
subtracted the nodal coordinates of both structural meshes
(on RG and DG). As it can be observed in Fig. 5, we found
a good agreement between the displacements reconstructed
using our approach and the reference displacement, indicat-
ing that structural meshes of both geometries are related to
nearly similar material points. After this first validation on
the reconstructed displacement data, we applied the whole
methodology with reconstruction of stiffness distributions
from the two simulated cases. For each case, a stiffness dis-
tribution was obtained and compared to the reference one
(Fig. 6). The reconstructed stiffness was in good agreement
with the reference and especially the local heterogeneity
could be well retrieved for the heterogeneous case. Artifacts
only appear very locally at the proximal and distal parts of the
aortic segment due to spurious effects of polynomial smooth-
ing close to the boundary (edge effects).
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Fig. 3 Flowchart of the methodology to identify local extensional stiffness of aorta. �P0 is average blood pressure

Fig. 4 Map of the displacement magnitude (mm) after inflation of the reference geometry (RG) using FE analysis considering a a homogenous
stiffness and b a heterogeneous stiffness distributions

3.3 Nonlinear anisotropic material property

We have performed a complementary validation of our
methodology considering anisotropy and effects of nonlin-
earity. We used the same aortic geometry (raw stl) as the one
used for the linearized case study, which is the aortic geom-
etry of a real patient which was segmented from a CT scan
obtained at Pdiastole = 80 mmHg (10.66 KPa). We modeled
the aortic wall with a Gasser–Ogden–Holzapfel anisotropic
strain energy function which may be written as (Holzapfel
et al. 2000a)

Ψ = C10(I 1−3)+ k1
2k2

∑
i=4,6

[
exp[k2( Īi − 1)2] − 1

]
+κ(J −1)2

(22)

where C10 and k1 are material parameters and have a stress-
like dimension, and k2 is a dimensionlessmaterial parameters
while κ is the bulk modulus and J is the Jacobian. I 1 =
tr(C), I 4 = C : a01 ⊗ a01 and I 6 = C : a02 ⊗ a02
are respectively the first, fourth and sixth invariant of the
modified counterparts of the right Cauchy–Green tensor, C .
Note that the two families of collagen fibers are character-
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Fig. 5 a Displacement maps (mm) obtained by our methodology
considering a homogenous stiffness, b reference displacement maps
obtained using a finite element analysis considering a homogenous stiff-
ness, c displacement maps obtained by our methodology considering

a heterogeneous stiffness distribution, d reference displacement maps
obtained using a finite element analysis considering a heterogeneous
stiffness distribution
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Fig. 6 Validation study:
stiffness map (MPa mm)
reconstructed using our
methodology (left) for the
assigned homogeneous stiffness
(right) (a). Stiffness map
reconstructed using our
methodology (left) for the
assigned heterogeneous stiffness
(right) (b)

ized by two orientation vectors a01 = [0 cosθ sinθ ] and
a02 = [0 cosθ −sinθ ], where θ is the orientation angle.

Two analyses were performed: One with a homogeneous
distribution of hyperelastic material properties in the whole
ascending thoracic aorta and the other with a heterogeneous
distribution of hyperelastic material properties, considering
three regions. Material parameters used for this validation
study are reported in Table 2. Before applying these twomod-
els to calculate displacements between diastole and systole,
we first computed the zero pressure geometry in each case
using the approach presented by Mousavi and Avril (2017),
Mousavi et al. (2017). Afterward, we calculated the defor-
mation of the aortic geometry for a systolic pressure directly
by applying Psystole = 120 mmHg (16 kPa) onto the zero
pressure geometry.

Having in hand the diastolic geometry and the computed
systolic geometry,we applied our approach usingVMTKand
MATLAB to independently generate the structural mesh of
each geometry (systolic and diastolic) in both homogeneous
and heterogeneous analyses.We subtracted the nodal coordi-
nates of both structuralmeshes (systolic and diastolic phases)
to obtain the displacements between systole and diastole for

each case. Assuming the diastolic phase as the reference
geometry we applied our methodology to retrieve the local
aortic stiffness properties. The identified results shown in
Fig. 7 demonstrate that ourmethodology is able to retrieve the
“stiff” region in the heterogeneous case, whereas the homo-
geneous case shows only small variations which are mostly
related to edge effects. However, this remains a qualitative
comparison as the obtained linearized stiffness is not directly
related to hyperelastic properties. This qualitative validation
completes well the previous quantitative validationwhere we
modeled the aorta with a linear elastic behavior and where
we were able to retrieve the correct stiffness properties.

3.4 Patient-specific results

The methodology described previously was applied on 3
patients. The extensional stiffness of their aorta was recon-
structed at every Gauss point of the mesh (excluding the
branches and the region of the arch between the brachioce-
pohalic and the left subclavian arteries) and then the values
were interpolated at nodal positions. The results were plot-
ted as independent colormaps which are shown in Fig. 8. The
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Table 2 Values of nonlinear
anisotropic material parameters
for homogeneous and
heterogeneous models

C10 (kPa mm) k1 (kPa mm) k2 θ1 (◦) θ2 (◦)

Homogenous 30 500 5 35 − 35

Heterogeneous stiff 60 1000 5 35 − 35

Heterogeneous compliant 30 500 5 35 − 35

Fig. 7 Validation study:
stiffness map (MPa mm)
reconstructed using our
methodology considering a
homogeneous and b
heterogeneous hyperelastic
anisotropic material properties

distributions appear heterogeneous, especially in the ATAA
regions where some regions of relatively higher extensional
stiffness appear. The distribution of local extensional stiff-
ness showed higher values for ascending aortas compared to
descending aortas.

3.5 Comparison of the results

For these 3 patients, elastic properties of their ATAA were
previously characterized with two other methods:

1. An ATAA segment was defined by two transverse planes
located respectively at 10 cm and 55 cm from the coro-
nary artery. Across the defined segment, the average
distensibility of the ascending thoracic aortawas assessed
from CT scans according to Trabelsi et al. (2017)

DV = �V

V�P
(23)

where V , �V and �P are respectively the luminal vol-
ume, the volume difference between diastole and systole
and the pressure difference. The extensional stiffnesswas
deduced as the ratio between the distensibility and the
average diameter of the segment. Let Qin-vivo denote the
extensional stiffness obtained with this method.

2. After the surgical intervention on these patients, an
ATAA segment was excised. From this segment, a square
(45 × 45 mm) was cut in the outer curvature region and
tested in bulge inflation. The stress–strain response of

the tested sample was linearized over a range of pressures
inducing similar tensions in the tissue as the tensions pro-
duced by diastolic and systolic pressures. The obtained
linearized stiffness of the tissue over this range, multi-
plied by tissue thickness, yielded another estimate of the
extensional stiffness, which was denoted Qin-vitro.

Therefore, for each patient, we focused on the distribution of
extensional stiffness across the ATAA segment and across
the cut square (Fig. 9). For the sake of statistical analy-
sis, we derived the median and interquartile ranges of all
nodal values of the identified extensional stiffness (Fig. 10).
The analysis was achieved first by taking all the values of
the ascending aorta, then only the values in the ATAA seg-
ment and finally only the values of the cut square. For each
patient, we also plotted in Fig. 10 the Qin-vitro and Qin-vivo

values obtained by Duprey et al. (2016) and Trabelsi et al.
(2017), respectively. This analysis showed that the median
and interquartile values for different cuts of all patients are
relatively at the same ranges. Comparing the interquartile
box obtained in this study with the corresponding results of
Trabelsi et al. (2017), it can be deduced that for all patients
Qin-vivo is a value between the lower and the median value
(mostly close to median) while Qin-vitro values are close to
lower corresponding interquartile. This can be explained by
the mechanical actions of surrounding tissues and environ-
ment in vivo, which may apply a counter pressure on the
artery. We did not take into account this counter pressure in
the identification as P(t) in Eq. 14.
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Fig. 8 Distribution of local extensional stiffness (MPa mm) in ascending and descending aortas for Patient 1 (a), Patient 2 (b) and Patient 3 (c).
Left and right show frontal and distal views respectively

4 Discussion

In this paper we have introduced an original method to
reconstruct the stiffness distribution of the thoracic aorta
from gated CT images considering ten phases of a cardiac
cycle. This methodology requires tracking the deformations

of the aortic wall throughout a cardiac cycle from the gated
CT images. The deformations were tracked without any
additional information or marker indicating heterogeneous
deformation in between the bifurcations.
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Fig. 9 Distributions of local extensional stiffness (MPa mm) for Patient 1 (a), Patient 2 (b) and Patient 3 (c). Results in the left show frontal and
distal views of in vivo. Results in the right demonstrate in vitro cut

4.1 General remarks

For the first time ever, regional variations of stiffness prop-
erties across ATAA were reconstructed on 3 patients nonin-
vasively. To achieve this reconstruction, a novel noninvasive
inverse method was developed based on preoperative gated
CT scans. The noninvasive identification of elastic prop-
erties of ATAA is highly important as our research group
(Duprey et al. 2016; Trabelsi et al. 2017) recently showed
that the extensional stiffness is significantly correlated with
the stretch-based rupture risk of ATAA. Therefore, it is sig-

nificantly interesting to obtain the local extensional stiffness
of the ascending thoracic aorta to detect pathological regions
with the highest risks of rupture. Interestingly, our results
indicate that the local extensional stiffness is higher in the
aneurysmal ascending thoracic aorta than in the descending
aorta and that the values are relatively higher than stiff-
ness properties reported for healthy aortas. However, despite
this general trend, the distribution of extensional stiffness
is heterogeneous in the aneurysmal region, with large stiff-
ness in the bulging part of aneurysm. The local loss of
elasticity can be related to a more pronounced local remod-
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Fig. 10 Median and interquartile range of the local extensional stiffness
(MPa mm) obtained for in vivo cut, in vitro cut and whole ascending
for Patient 1 (a), Patient 2 (b) and Patient 3 (c). The blue and the red

stars demonstrate the values of in vivo and in vitro cuts, respectively,
which are calculated by Trabelsi et al. (2017) and Duprey et al. (2016)

eling with, for instance, a larger fraction of collagen fibers.
Sassani et al. (2015) showed a large distribution of fiber
orientations spanning from circumferential to longitudinal
directions, which was also supported by Sokolis et al. (2012)
stating that ATAA had no effect on strength. However, this
can cause stiffening and extensibility reduction, corroborated
with histological observation of elastin degradation but not
collagen content. It could be interesting also to check the
possible correlation of these regions with local concentra-
tion of wall shear stress induced by the blood flow (Malvindi
et al. 2016). All these possible correlations between regional
variations of extensional stiffness and local tissue composi-
tion or local hemodynamics effects are currently under study
in our group on a cohort of patients. Over the past decades
the biomechanical properties of the aorta have been widely
investigated (Choudhury et al. 2009; Vorp et al. 2003; Geest
et al. 2004; Okamoto et al. 2002; Fung 1993; Duprey et al.
2010; Holzapfel 2006; Mohan and Melvin 1982; Prender-
gast et al. 2003; Sokolis 2007). As the aortic tissues are
intrinsically anisotropic, the identified stiffness provided by
our method combines effects of the axial and circumferen-
tial extensional linearized stiffness. However, as we use only
the pressure loading to solve the identification problem (we
have no information on the axial tension in vivo), it is domi-
nated by effects of the circumferential extensional linearized
stiffness. This is in agreement with conclusions of Ferrara
et al. (2016) who indicated that the weight of the circumfer-
ential elastic modulus is significantly higher than the weight
of the longitudinal one in the aortic mechanical response
to pressure variations. The maximum circumferential elastic
modulus was reported in posterior region. Moreover, their
results indicate that regardless of age and gender, the mean
elastic modulus is larger in the circumferential direction.
However, aging reduces the mean elastic modulus, and male
has higher mean elastic modulus in comparison with female.
Iliopoulos et al. (2009) support these results and state that cir-

cumferential specimenswere stiffer than longitudinal ones in
the posterior, left lateral, and all regions at physiologic and
high stresses but not at low stresses. Furthermore, in agree-
ment with Ferrara et al. (2016), they found no significant
regional variations of aortic stiffness in the circumferential
direction, and similarly at low stresses for longitudinal spec-
imens, while at physiologic and high stresses the right lateral
was the stiffest ATAA region. In the other study by the same
group (Iliopoulos et al. 2008) it was shown that peak elastic
modulus in the anterior region was significantly lower than
that in the right, but not the left, lateral and posterior regions.
Choudhury et al. (2009) studied local mechanical properties
of healthy and diseased, bicuspid and tricuspid aortic valves
(BAVandTAV), human ascending aorta. Indicating that BAV
tissue was the thinnest and contained the largest fraction of
collagen, they found significantly less elastin both inTAVand
BAV tissue in contrast to healthy tissue, while on average the
smallest stiffness was observed in TAV patients. The elastic
modulus was not dependent on direction (isotropic) but it
was dependent on the quadrant and tissue type. The medial
quadrant was the most compliant and the lateral quadrant
tissue was the stiffest.

Although most of these previous investigators carried out
experimental tests on tissue samples excised from patients
during surgery, or on cadavers, the material properties of
tissues are commonly characterized averagedly across these
samples and in conditions which may be far from in vivo
conditions, such as for instance tensile test. Only recently,
the use of digital image correlation (DIC) has made it pos-
sible to investigate the local material properties of excised
aortic samples (Avril et al. 2010; Davis et al. 2015, 2016).
Inverse methods were developed to process DIC measure-
ments and reconstruct the regional variations of material
properties, as for instance using a tension inflation tests keep-
ing the cylindrical shape of the aorta (Bersi et al. 2016).
Regional variations of constitutive properties make sense as
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they can be related to local tissue adaptation through growth
and remodeling (Humphrey 2008).

When excised aortic samples are tested in vitro, the results
usually take the form of constitutive parameters in a strain
energy density function (Holzapfel et al. 2000b). Strain
energy density functions usually have a large number of con-
stitutive parameters with possible couplings between each
other and it was recently suggested to evaluate more func-
tional parameters, such as for instance the linearized in vivo
stiffness (Bersi et al. 2016). Here, we focused only on this lin-
earized in vivo stiffness as we had only a noninvasive loading
of the aorta across a limited range of strains through the varia-
tions of blood pressure. The noninvasive identification of the
aortic stiffness was previously achieved averagedly across
aortic segments either by measuring the aortic distensibility
(Trabelsi et al. 2017) or by measuring the pulse wave veloc-
ity (Groenink et al. 1998), and relating these quantities to the
aortic stiffness. Local non invasive identification was previ-
ously achieved using 4D ultrasound on the abdominal aorta
(Joldes et al. 2016;Wittek et al. 2013) but the present study is
the first one using gated CT scans and applying the approach
onto the ascending thoracic aorta. The availability of these
images allowed us to model subject-specific arterial configu-
rations. Since a correlation between the stretch-based rupture
risk and the tangent elastic modulus was found by Duprey
et al. (2016), the methodology proposed here has potential
to identify the rupture risk of aorta according to calculated
local extensional stiffness.

It is important to point out the benefit of using a Fourier
analysis (as done here for the regional reconstruction) instead
of using simply diastolic and systolic geometries of the aorta
(as done for distensibility measurements). Indeed, the dis-
tensibility is usually assessed by measuring the change of
cross-sectional area of the aorta between diastole and systole,
diastole being defined as the stage with minimum cross-
sectional area and systole being defined as the stage with
maximum cross-sectional area. There is always a significant
uncertainty on the times at which the 10 phases of CT scans
are acquired. If we could reduce this uncertainty and pro-
vided that a pressure curve can be measured simultaneously,
the method could be easily extended to derive time varia-
tions of the stiffness throughout the whole cardiac cycle.
However, we noticed that locally, the maximum deflection
of the aorta, and its maximum strains, are not reached at
the same stage of the cardiac cycle depending on the posi-
tion (Fig. 1). It means that the response of the aorta to the
pressure variations presents phase shifts depending on the
position. These phase shifts are potentially the result of vis-
cous effect but also of the combined action of the blood
pressure and of the cardiac motion, which are not synchro-
nized, as this was previously shown by Wittek et al. (2016).
Due to these local phase shifts, it happens that the maximum
strain of the aorta is not reached at systole for all the positions

and the minimum strain of the aorta is not reached at dias-
tole. Therefore, taking the average change of strain between
diastole and systole to derive the aortic stiffness, as done in
the distensibility method (Duprey et al. 2016; Trabelsi et al.
2017), automatically underestimates the actual strain varia-
tions occurring throughout a cardiac cycle. The consequence
of this strain underestimation should be a stiffness overesti-
mation for the distensibility method. However, in this work,
it can be compensated by another effect which we would like
to point out here as well. Commonly, pressure variations are
linearly related to stress variations without considering the
effects of radius variations as we did in Eq. 16. However,
we found that the term considering the effects of radius vari-

ations, namely
τ 01 (�r1)

(r01 )2
− τ 02 (�r2)

(r02 )2
, is averagely responsible

for about 10% of �P , with local effects possibly reach-
ing 50%. Neglecting this term, as it is traditionally done
in distensibility assessment, induces an underestimation of
stress variations. Combined with the strain underestimation
explained previously, the stress underestimation results in a
good agreement of the distensibility method with our novel
inverse method. Nevertheless, future stiffness identifications
should take into account all these effects as done in the cur-
rent study.

4.2 Limitations

There are several limitations in this work which can be dis-
cussed as below:

– The inverse approach is based on local equilibrium
equations similar to the ones derived in Bersi et al.
(2016). These equations are obtained based on the
principle of virtual work. It is worth noting that they
are equivalent to the generalized Laplace’s law which
writes the local equilibrium between pressures and ten-
sions in a membrane. Accordingly, it means that it
is assumed that the aortic wall behaves as a mem-
brane with no bending moments or no through thickness
shear. Regions near the branches may not satisfy the
membrane assumption, and were removed from the anal-
ysis.

– The present study used gated CT scans as a source of
dynamic images of the aortic wall during the cardiac
cycle. The use of X-ray may present a limitation for an
extensive use of themethodology, especially if one wants
to repeat the identification of aortic stiffness at differ-
ent ages of ATAA growth, which would induce repeated
irradiation for the patient. We are currently working on
an extension of the method to images acquired with 4D
MRI.

– The wall is assumed as a linearly elastic material within
the systolic–diastolic range andwe disregarded the layer-
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specific wall properties and residual stresses existing in
the ATAA wall.

– We here assumed an isotropic behavior of the arterial
wall. It was not possible to consider anisotropic effects
as only one type of loading was available: variations of
the blood pressure. The characterization of anisotropic
materials requires loading samples in different direc-
tions. The consequence of the isotropy assumption in our
approach is that the identified extensional stiffness is a
combination of the axial and circumferential stiffness,
which may be different. However, the local curvatures
being involved in Eq. 17, most of the weight is put
on circumferential effects (the circumferential radius of
curvature being significantly lower than the axial one),
meaning that the identified extensional stiffness would
be closer to the circumferential stiffness than to the axial
stiffness if there was a significant difference between
both.

– Average tensions existing in the aorta due to the action
of the average blood pressure are also involved in Eq. 17.
This comes from geometrical nonlinearity involved in
finite deformations (Baek et al. 2007). These tensions
were approximated using the approach of Joldes et al.
(2016). This approach consists in achieving a linear elas-
tic stress analysis on the same structure as the aorta,
assigning a very large elastic modulus. The approach is
valid for membrane structures. The membrane assump-
tion was previously shown to be a good approxima-
tion for elastostatics of aortic aneurysms (Lu et al.
2007).

– Due to the removal of in vivo loadings, the artery expe-
riences an elastic recoiling. Even when these loadings
are removed, internal or residual stresses still exist in
the tissues. An effect of these internal stresses can be
observed in arteries with the well-known opening angle
(Mousavi and Avril 2017). Moreover, Sokolis (2015)
have provided evidence of residual stresses in both the
circumferential and longitudinal directions considering
different wall layers of ATAA. Therefore, disregarding
the presence of residual stresses and considering the
arterial wall as a 3D membrane with uniform thick-
ness can be considered as additional limitations of the
current work. Nevertheless, despite these limitations,
the extensional stiffness provided by our methodol-
ogy is still a useful indicator of local tissue altered
remodeling.

– The segmented geometries have some local irregularities
(bumps) due to image noise at each phase of the car-
diac cycle. The spatial frequency of these irregularities
is high and their effect is filtered out by Fourier polyno-
mial smoothing. However, if one wanted to obtain spatial
variations of material properties with a higher spatial res-

olution, one would have to address the issue of these
geometric irregularities.

5 Conclusion

Regional variations of stiffness properties across ATAA
were reconstructed on 3 patients noninvasively. To achieve
this reconstruction, a novel noninvasive inverse method was
developed based on preoperative gated CT scans. The nonin-
vasive identification of elastic properties of ATAA is highly
important as our research group Duprey et al. (2016) and
Trabelsi et al. (2017) recently showed that the extensional
stiffness is significantly correlated with stretch-based rup-
ture risk of ATAA. It would be interesting in future studies to
consider a cohort with a larger number of patients in order to
interpret regional variations of stiffness properties in ATAAs
in terms of local hemodynamics effects and of local tissue
remodeling.
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