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Abstract
In clinical practice, management of abdominal aortic aneurysms (AAA) is predominantly based 
on the diameter of the lumen. State-of-the-art fluid structure interaction (FSI) simulations have 
proven to be superior in estimating rupture risk, although they still have considerable shortcom-
ings. In this paper we address one such unresolved problem, and present the outline of biome-
chanical material parameter distribution identification via inverse finite element (FE) analysis. 
Our method is based on the non invasive approximation of the displacement field using electro-
cardiogram-gated computer tomography angiography (ECG-gated CT-angiography, CTA) and 
estimating the load field with usual computational fluid dynamics (CFD) simulations. Param-
eters of our model connecting the two abovementioned sets of variables result from an optimiza-
tion algorithm minimizing a work and energy related variational functional. Consequently, also 
supported by experimental measurements, we are able to assess local distribution of the biome-
chanical material properties of the arterial wall and give a functional characterization of vessel 
wall degeneration.

Keywords: abdominal aortic aneurysm, risk of rupture, in vivo measurement, biomechanical ma-
terial parameters, ECG-gated CTA, clinical application

1. Introduction

In healthy elderly men, the diameter of the 
infrarenal abdominal aorta ranges between 
15 mm and 24 mm.1 Abdominal aortic aneu-
rysm (AAA) is a persistent and irreversible, 
circumscribed, spindle-shaped dilatation of 
the vessel with diameters exceeding 1.5 times 
this value.2,3 Ensuing rupture of these lesions 
is extremely hazardous, with lethal outcomes 
in the overwhelming majority of the cases.4,5 
Since the advent of modern imaging technolo-
gies and regular screening tests, aortic defor-
mations are often discovered at an early stage, 
and although, elective repair by open surgery 
or endovascular stent grafting at this point can 
decrease mortality ratio significantly, treatment 
of these lesions remains a high risk procedure.6 

Therefore, any prediction rule regarding the 
risk of rupture is of paramount importance.

2. Motivation

In clinical practice, the management of as-
ymptomatic aortic aneurysms is predomi-
nantly based on the measurement of maximal 
lumen diameter and its rate of expansion with 
critical values being 5.5 cm and 1 cm/year, re-
spectively.7 Although, a strong correlation has 
been observed, that also can be well explained 
by Laplace’s law of thin membranes; there is 
no exclusive causal relation between these fac-
tors and the probability of rupture.

Insufficient effectiveness of early elective sur-
gical repair8 and the still occurring rupture 
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of untreated small aneurysms (dilatations less 
than 5.5 cm in diameter)9 raised the demand 
of an improved decision strategy based on bio-
mechanical concepts: rupture occurs when 
the blood flow induced stress of the vessel wall 
reaches the strength limit of the tissue. Patient-
specific numerical modeling techniques adopt-
ing this concept10-14 are proven to have higher 
discriminatory value, with a proper reproduc-
ibility,15 than the maximal diameter.

These methods handle the liquid blood and 
the solid wall phases separately by solving 
the respective differential equations in a fully 
coupled fluid-structure interaction (FSI) algo-
rithm. In practice, first, the geometry of the lu-
men is captured at a single timestep with CTA 
imaging; the blood pressure is measured usu-
ally on the arm, and then transformed to tran-
sient volumetric flow rate inlet and pressure 
outlet boundary conditions for the examined 
segment using the method of characteristics on 
a one-dimensional branching model.16 With 
an adequate fluid model for the blood, the 
CFD calculation yields the pressure acting on 
the wall as the boundary condition for the FE 
model, which itself is embedded in an elastic 
support environment. Conversely, the displace-
ment field resulting from the FE model of the 
solid phase augments the boundary condition 
for the CFD simulation of the liquid phase. 
This concept requires an iteration algorithm 
in each timestep of an unsteady problem until 
the dynamic equilibrium is fulfilled.

One of the greatest shortcomings of these 
methods – beside the complex support bound-
ary conditions17 – is the lack of individual cali-
bration of the material parameters of the wall. 
Their distribution has a significant impact18,19 
on the stress distribution and on the rupture 
criterion as well. In concordance with clinical 
observations, at the dilated part local stiffening 
of the hyperstatic structure concentrates the 
stresses exactly where the resistance decreased.

3. Purpose

Our aim is to develop a new, non invasive 
method to measure material parameters in 
vivo; thus, analyzing the adequacy of the wall 
stresses calculated by existing methods, and 
completing the characterization of the aneu-
rysm with the assessment of tissue degenera-
tion. The procedure involves 5 cornerstones: 
(1) displacement field determination, (2) cor-
responding load field calculation, (3) identifi-
cation of local material model parameters, (4) 
assessment of vessel wall degeneration, and (5) 
the validation of the methodology. In the fol-
lowing, we present the basic ideas behind these 
steps.

4. Method

4.1. Determination of the displacement field

Characterizing the dynamic movement of the 
living tissue is possible in theory by following 
either natural landmarks or artificial mark-
ers.20 The first requires a sophisticated ex-
perimental setup, while the second is highly 
invasive, both of which we want to avoid. Our 
method stems from the novel application of the 
electrocardiogram-gated computer tomogra-
phy angiography (ECG-gated CTA) – com-
monly used in cardiology – opening new hori-
zons for investigation of the dynamic behavior 
of the artery in contrast to the more commonly 
used static properties.21

Image acquisition

We used a Philips Brilliance iCT (Koninklijke 
Philips NV, Best, Netherlands) device to scan 
the aorta with slice thickness of 1 mm and 
transverse voxel size of approximately 0.5 mm. 
The reconstruction was performed at 10 dis-
crete timesteps of the R-R interval with an ac-
tive contour algorithm. The total displacement 
amplitude of a point of interest at the aortic 
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wall was comparable to the estimated measure-
ment precision (identified by the voxel size in 
the transverse direction).

Parametric surface representation

At each timestep we constructed a parametric 
bicubic spline surface of the arterial lumen by 
minimizing the smoothness measure of the 
surface under the condition that the deviation 
of the measured points from the fitted sur-
face exceeds the estimated measurement error 
(identified by the voxel size in the transverse 
direction) with probability less than a given 
significance level. The motion tracking of the 
resulting surface point is an ill-posed problem, 
since we have no information on the in-plane 
displacements. Two approaches are at hand: 
The first is solving the weak formulation of 
the problem by minimizing an image simi-
larity measure combined with the variational 
functional of the mechanical energy. The sec-
ond – which is followed in this paper due to 
its numerical efficiency and the advantage of 
restricting the problem to geometric properties 

– is to amend the local, strong formulation by 
making auxiliary constraint on the movement. 
Based on FSI simulation observations, we as-
sume the incremental displacement vector of 
the reference surface to align with its corrected 
normal vector. The correction accounts for 
the periodic movement and plays the role as 
the measure of the assumption efficiency. As  
Figure 1  shows, the necessary correction de-
creases with increasing temporal resolution.

Isogeometric analysis

The idea of using the functions describing 
the geometry as basis functions of the finite 
element analysis was introduced by Hughes 
et al.22 and summarized by Cottrell et al.23 
applying the non-uniform rational B-spline 
(NURBS) description within the isogeometric 
paradigm to close the gap between CAD based 
design and analysis not requiring the interme-
diate step of mesh generation and enabling the 
work on the exact geometry. This approach is 
adopted in our investigations so that the con-
trol point motion function defines the kine-

Figure 1. The top left figure shows the surface normal vectors (black), the remaining closure error (green) 
after a period, and the displacement increments (blue). The bottom left figure shows the maximum and 

average closure error convergence with increasing temporal resolution. The spatial distribution of the error 
in the converged state is presented on the right
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matics of the structure with the given set of 
basis functions as demonstrated in Figure 2.

The reference surface motion function (χ) is 
consequently defined in the form of (1), where 
ξ1, ξ2XΩ are the surface parameters, Ni, Mj are 
the basis functions, t is the time and Tc is the 
duration of the heartbeat. The velocity and ac-
celeration – components that are also needed 
in future dynamic analysis – are easily derived 
by partial differentiation. The displacement 
amplitude and the maximal velocity and ac-
celeration magnitudes are shown in Figure 3.

Figure 4 shows the amplitudes of the in-plane 
Green-Lagrange strain components in local 
orthonormal coordinate system at the refer-
ence surface. These values oscillate around the 
initial strain, which is approximately 0.3.24-26 

The main load bearing direction is the circum-
ferential one (E22) with peak strain amplitude 
values of 0.1 surrounding the bulge region, 
while the values of strain amplitude are with 
an order of magnitude smaller within this re-
gion. This fact squares well with the expect-
ed behavior of a stiffer inclusion, and is also 
supported by observations of rupture, mostly 
occurring at the dilated part by having small 
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Figure 2. Natural and periodic univariate cubic 
uniform basis function constituting the bicubic 
uniform spline, the parameter mesh and the Pij  
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Figure 3. Amplitudes of the kinematic variables in 
a cardiac cycle. The sides move with displacement 
amplitude approximately 1 mm, while the frontal 

dilated part virtually remains in place

Figure 4. Green-Lagrange strain amplitude 
components at the lumenχ
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strains in a weakened region and high values at 
its border with a thin transition zone. In-plane 
shear (E12) behaves similarly with peak values 
around 3%. Axial stretch (E11) is also small at 
the dilatation and large at locations of high 
axial curvature.

Material point kinematics

In this example only the inner side of the ar-
terial wall was extracted from the images, in 
order to characterize the rotational displace-
ment of the material points situated above this 
reference surface, since it was convenient to 
suppose that the directors (straight material 
lines normal to the initial reference surface) 
remain straight and normal to the deformed 
lumen throughout the whole process, leading 
to Kirchhoff-Love shell theory. It is possible to 
determine the displacement field of the outer 
surface of the wall, as well, in a similar manner, 
which provides the linear approximation of the 
deflection of the director from the surface nor-
mal, which accommodates the transverse shear 
deformations using the Reissner-Mindlin shell 
formulation.

4.2. Determination of the load field

Simultaneously with the geometry scan, over-
pressure and velocity profile measurements 
were carried out at a limb, which was then 
transformed to the desired aortic section via a 
1D systematic model – analogous to the electric 
circuit model – serving as boundary condition 
for the fluid simulation.16 The previously deter-
mined wall displacement served as a moving 
wall boundary making the resource consum-
ing FSI calculation unnecessary, which is an 
advantage of our model in terms of real-time 
applicability. The simulation was carried out 
within the ANSYS framework yielding the 
flow induced pressure and wall shear stress 
distribution acting on the wall.

4.3. Identification of local material model pa-
rameters

The power of these forces should be equal to 
the time derivative of the sum of the strain en-
ergy and kinetic energy. The power is calcu-
lated from the loads and the reference surface 
velocity function. The kinetic energy is given 
by the shell model and the  reference surface 
velocity function, while for the estimate of 
strain energy we needed additional character-
istics of the material model, for which well de-
veloped formulae were found in the literature 
based on a microstructural approach.27 Model 
parameter identification was carried out by a 
fast Levenberg-Marquardt local optimization 
algorithm where the objective function gradi-
ent is provided numerically in time comparable 
to a normal function evaluation by virtue of the 
local support property of the spline basis func-
tions.

4.4. Degree of vessel wall degeneration

Changes in material properties will usually 
be accompanied by slow, gradual distension 
of vessel geometry. This phenomenon can be 
observed both on the macro- (stiffening) and 
microscale (decreased elastin content). We re-
lated the identified model parameters to these 
observed phenomena in order to get a thresh-
old of material strength and to determine the 
level of degenerative process.

Aneurysmal aortic sections were dissected (see 
Figure 5) from patients undergoing to open 
surgery at the Heart and Vascular Center of 
Semmelweis University, where ECG-gated 
CTA images were also taken preceding the op-
erations.

We measured  macroscopic elastic behavior of 
the specimen by using displacement controlled 
equi-biaxial tensile tests shown in Figure 6, 
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while the microstructure of the same samples 
was assessed by multi-photon microscopy, 
which is capable to visualize collagen through-
out the cross-section of arterial constitutive 
layers, as shown in Figure 7. Then, we stacked 
image slices together in order to get 3D data, 
and by the aid of an automatic image process-
ing algorithm we were able to determine the 
collagen content and the distribution function 

of the fiber orientation by applying a 3D Fou-
rier transform.

4.5. Validation and verification

The applicability of the method components 
should be validated individually. The hypoth-
esis of the displacement to be aligned with 
the corrected actual normal is observed by FSI 
simulations on geometries with small changes 
in curvature with homogenous hyperelastic 
material model. Deviations are expected at lo-
cations with negative Gaussian curvature. Ex-
perimental verification is also needed and pro-
posed in the near future by natural landmark 
tracking. The load field determination proce-
dure is documented extensively in the litera-
ture.17 The material identification procedure 
carried out on noisy data is an optimization 
problem of well described approximating solu-
tion algorithms as well. To verify the process 
itself, in silico measurements of an artificial 
silicon artery loaded with pulsatile fluid flow 
are also planned.

Figure 5. Dissected aneurysm sample (Semmelweis 
University, Heart and Vascular Center)

Figure 7. Dissected aneurysm sample (Semmelweis 
University, Heart and Vascular Center)

Figure 6. Equipment for equibiaxial tensile testing 
aneurysm specimens (Semmelweis University, 

Department of Biophysics and Radiation Biology 
Institute of Human Physiology and Clinical 

Experimental Research)
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