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Abstract

This work introduces an inverse modeling approach
tailored to individual patients for characterizing the
biomechanical behavior of Abdominal Aortic Aneurysms.
The method estimates the nonlinear, fibers’ direction-
dependent properties of the aneurysmal wall and of the
intraluminal thrombus tissues. Patient-specific geome-
tries and displacement fields, derived from magnetic res-
onance imaging scans spanning end-diastolic to late-
systolic phases, serve as inputs for calibrating hyperelas-
tic material models. A Bayesian optimization strategy is
employed to reduce the mismatch between simulated dis-
placements from finite element analysis and those obtained
from image registration, yielding physiologically relevant
mechanical models. This personalized framework provides
a reliable means of identifying vascular tissue properties
and represents a robust tool for enhancing aneurysm rup-
ture risk prediction. The findings underscore the value of
combining medical imaging, computational biomechanics,
and probabilistic optimization to advance individualized
biomechanical characterization of aneurysms.

1. Introduction

Abdominal aortic aneurysm (AAA) is a life-threatening
vascular condition marked by a localized dilation of the ab-
dominal aorta, often accompanied by a progressive weak-
ening of the aortic wall and formation of an intraluminal
thrombus (ILT). AAA rupture has a high mortality rate, yet
current clinical decisions are still largely based on simple
geometrical indicators, such as maximum diameter. How-
ever, diameter alone is an inadequate predictor of rupture
risk, as it overlooks the complex interplay of factors af-

fecting the aneurysm biomechanics [1–3]. Patient-specific
finite element (FE) modeling offers a promising alternative
for rupture risk assessment by simulating stress and strain
distributions within the aneurysmal wall under physiolog-
ical loading. This approach depends critically on accurate
representation of tissue mechanical properties, which are
nonlinear, heterogeneous, and patient-specific. Nonethe-
less, in vivo mechanical characterization remains elusive.
The objective of this study is to develop a patient-specific
inverse modeling framework for AAA that enables the es-
timation of nonlinear material properties of the aneurys-
mal aortic wall and the of ILT. The method is applied to
a cohort of four patients with magnetic resonance imag-
ing (MRI)-derived geometries and deformation data. The
primary focus of the approach is the optimization of ma-
terial parameters based on real, patient-specific deforma-
tion measurements, ensuring that the resulting biomechan-
ical model reliably captures the actual mechanical behav-
ior of the aneurysm. The model enables the identification
of regions of elevated wall stress, which are key indica-
tors for assessing rupture risk [4]. In parallel, it allows for
the investigation of the mechanical influence of the ILT on
aneurysm behavior.

2. Materials and Methods

2.1. Image Processing and Registration

Three-dimensional cine-MRI datasets were obtained
from four patients diagnosed with AAAs, provided by the
Vall d’Hebron Research Institute (Barcelona, Spain). The
aortic wall and ILT were segmented to reconstruct patient-
specific geometries throughout the cardiac cycle. Subse-
quently, the inner wall displacements between the end-
diastolic and peak-systolic phases were registered using a
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non-rigid Iterative Closest Point (ICP) algorithm [5]. The
study was approved by the local ethics committee (C.I.
PI25/327) and written informed consent was obtained from
each patient.

2.2. Finite Element Modeling and Simula-
tion

FE models were constructed using quadratic tetrahedral
meshes generated in the ANSA pre-processing environ-
ment. A uniform wall thickness (2 mm) was assigned
to the segmented inner surface of the AAA, and the ILT
volume was built adjacent to this surface. To ensure me-
chanical continuity, ILT elements in direct contact with the
wall were shared with the corresponding wall elements,
as shown in fig. 1. The aortic wall was modeled using
the anisotropic Gasser-Holzapfel-Ogden constitutive for-
mulation [6], characterized by five material parameters:
C10 [kPa], k1 [kPa], k2 [-], γ [◦], and κ [-]. The ILT
was modeled as an isotropic, nearly incompressible neo-
Hookean material [7], defined by a single stiffness param-
eter, c [kPa]. Parameter bounds for both materials were
informed by previously reported experimental data [7, 8].
For each patient, 200 FE simulations were conducted in
ABAQUS, by applying physiological loading conditions
to the recovered zero-pressure configuration [9], ranging
from average diastolic (80 mmHg) to systolic (120 mmHg)
pressures. The material parameter space was systemati-
cally explored by sampling within the predefined bounds.
To reduce computational cost, a surrogate model was built
using Gaussian Process Regression (GPR). The model was
trained using the simulation-derived displacements, where
the inputs were the 6-dimensional material parameter vec-
tors. The output was the root mean squared error (RMSE),
derived from the discrepancy between the MRI-derived
displacement field and the computationally obtained ones.

2.3. Bayesian Optimization and Biome-
chanical Analysis

An Automatic Relevance Determination Squared Expo-
nential kernel was used with standardization and a con-
stant basis function, allowing the GPR model to capture the
anisotropic sensitivity of each parameter to the output er-
ror. The optimal parameter set was searched via Bayesian
optimization, using the trained GPR as a probabilistic sur-
rogate for the objective function. The optimization aimed
to minimize RMSE. The acquisition function used was the
Expected Improvement Plus (EI+), which balances explo-
ration and exploitation in the parameter space [10]. Once
the optimal material parameters were identified for each
patient, they were employed in further FE simulations to
compute biomechanical quantities of interest. In particu-
lar, the analysis focused on the inner surface of the aortic

wall to evaluate the spatial distribution of mechanical in-
dicators, such as peak wall stresses (PWSs) and logarith-
mic strains (PWLEs). These fields were used to identify
localized regions of elevated mechanical loading, which
are known to be clinically relevant for AAA rupture risk
[11–13]. The influence of the ILT on stress shielding and
stress redistribution was also examined by comparing FE
simulations with and without the ILT component.

3. Results

For each patient, the optimized material parameters
were assigned to the FE models. The resulting displace-
ment fields were quantitatively compared to those obtained
through image registration. The axial and circumferential
stretch versus Cauchy stress curves corresponding to the
optimal AAA material parameters for a representative pa-
tient (P2) are shown in fig. 2, together with a representa-
tive comparison of simulated and MRI-derived displace-
ment fields. These results demonstrate that the model reli-
ably reproduces both the deformation patterns and magni-
tude ranges observed in vivo. Furthermore, spatial distri-
butions of maximum principal Cauchy stress and logarith-
mic strain were evaluated on the inner surface of the aor-
tic wall using the calibrated material models. These maps
revealed that PWSs and PWLEs consistently localized in
regions of high curvature, particularly at the proximal and
distal necks of the aneurysm (fig. 3 a, b). In contrast, the re-
gion underlying the ILT exhibited markedly lower stresses,
supporting the hypothesis that the thrombus acts as a me-
chanical buffer. Additional simulations performed without
the ILT showed a substantial increase in PWSs and PWLEs
values, especially in the central bulging region of the AAA,
where the ILT was originally located (fig. 3 c, d).

4. Discussion

This study presents a patient-specific inverse modeling
framework for AAAs, designed to estimate individualized
nonlinear properties of the AAA and the ILT. A central
component of the framework is the calibration of the me-
chanical model against patient-specific imaging data. Sim-
ulated wall displacements between diastolic and systolic
phases showed strong agreement with displacements ex-
tracted from MRI, confirming the physiological fidelity of
the model. Inverse calibration of material parameters was
performed using Bayesian optimization based on Gaussian
Process Regression (GPR), which enabled efficient explo-
ration of the high-dimensional parameter space with a re-
duced number of simulations. The optimization targeted
the minimization of the error between FE-simulated and
MRI-derived displacement fields. The resulting frame-
work offers a robust, data-driven approach for patient-
specific biomechanical modeling, contributing to more ac-
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Figure 1. Representative patient’s AAA lumen (a) and ILT (b) segmented and meshed surfaces and ANSA pre-processing
3D FE whole model (c), with a closer look to the cross section including the ILT (d), where the contact surface between
the aortic wall and the ILT is highlighted, and to the proximal end (e), where the thickness (t) of the aortic wall is shown
and the nodes belonging to the quadratic elements are highlighted.

(a) (b) (c)

Figure 2. Axial and circunferential stretch [-] - Cauchy
stress [kPa] curves of the optimal AAA material (a) and
displacements’ difference between systolic and diastolic
phase (Udiff [mm]) distribution maps on the inner AAA
wall of P2 for FE model (b) and MRI-derived (c).

curate rupture risk assessment through realistic geometry,
boundary conditions, and tissue heterogeneity. The spa-
tial distribution of maximum principal stress and logarith-
mic strain across the inner aortic wall revealed PWSs as-
sociated with high curvature regions, while lower stresses
were related to ILT deposition [14]. Maximum wall stress
values fell within clinically expected ranges [4]. Compar-
ative simulations with and without the ILT clearly illus-
trated its biomechanical impact: the ILT not only attenu-
ated peak stress magnitudes but also altered their spatial
distribution. These findings support the hypothesis that
the ILT functions as a mechanical buffer, reducing local-

ized wall loading while redistributing stresses across the
aneurysmal region [4]. Nonetheless, the framework is sub-
ject to some limitations: the mechanical model assumes
uniform wall thickness and homogeneous ILT properties.
While these assumptions were addressed through sensitiv-
ity analyses and Bayesian calibration, further refinement
may be achieved by integrating diffusion tensor imaging
(DTI) to capture spatially varying mechanical characteris-
tics. However, by incorporating inverse-calibrated material
properties, patient-specific geometries, and the mechanical
contribution of the ILT, this study advances the develop-
ment of personalized AAA rupture risk models grounded
in biomechanics and data. The proposed framework lays
the foundation for future integration into clinical imaging
workflows, enabling non-invasive, simulation-based risk
stratification in AAA management.

5. Conclusion

This work presents a patient-specific inverse modeling
framework that integrates imaging and biomechanics to es-
timate aortic wall and ILT material properties in AAAs.
The proposed methodology accurately reproduces phys-
iological deformation patterns and highlights the biome-
chanical role of ILT in modulating stress distribution. By
enabling image-based calibration of material models, the
framework supports the development of personalized rup-
ture risk assessment tools. Future efforts will focus on ac-
celerating computation and integrating additional imaging
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(a) (b)

(c) (d)

Figure 3. Maximum principal stress [kPa] and Maximum
principal logarithmic strain [-] maps in the inner AAA wall
of P2 (two different views each), obtained with optimized
material properties, including ILT (a,b) and omitting ILT
(c,d).

modalities for enhanced clinical applicability.
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