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Summary. Advanced computational techniques, such as Fluid-Structure Interaction (FSI), to
model Ascending thoracic Aortic Aneurysms (ATAA) may revolutionize the way precise medicine
is performed. One major issue in modelling ATAA biomechanics is the need for the stress-free
configuration which is unavailable from imaging data. The Zero Pressure Geometry (ZPG) and
Prestress Tensor (PT) are the two main approaches to overcome this issue. However, their impact
on the numerical results is yet to be analysed. In this work, three distinct tissue prestressing
methodologies were employed and their impact on the numerical results was analysed. The
selected tissue prestressing approaches were: (i) ZPG, (ii) PT and (iii) a combination of the PT
algorithm with a regional mapping of calibrated material properties (PTCALIB). The results
suggested that PT based approaches presented a close agreement with ZPG regarding ATAA
hemodynamics. The PT model presented a significantly stiffer mechanical response than the
ZPG model. The inclusion of a regional mapping of calibrated material properties contributed



significantly to reduce these differences. Additionally, it was evident that PT based approaches
contributed to significantly reduce the amount of iterations required to achieve cycle-to-cycle
convergence.

1 INTRODUCTION

The field of cardiovascular biomechanics has shown remarkable progress in its ability to de-
velop Ascending Thoracic Aortic Aneurysm (ATAA) digital twins [1]. Although current clinical
guidelines recommend surgery for patients with a maximum aortic diameter greater than 55
mm [2], this threshold does not account for individual variability, as some patients with smaller
diameters may still experience acute complications, such as rupture or dissection. There is a
need for improved risk stratification tools and numerical models that can recreate patient-specific
hemodynamics and wall mechanics are a potential tool to accomplish this. Fluid-Structure Inter-
action (FSI) is the gold-standard methodology for simulating the interaction between hemody-
namics and aortic wall mechanics [3-6]. Notwithstanding, the high computational requirements
limit its clinical application [7, 8]. Creating FSI models of ATAA requires addressing the chal-
lenge of the unavailability of the reference configuration, as the aorta is continuously loaded
during the cardiac cycle. Two main tissue prestressing methodologies have been developed to
overcome this: Zero Pressure Geometry (ZPG) and Prestress Tensor (PT). The ZPG approach
characterize a set of algorithms (e.g., reverse displacement algorithm, modified updated La-
grangian formulation, and generalized prestressing algorithm) that estimate the stress-free con-
figuration through solving minimization problems [9-11]. The PT approach, proposed by Hsu
and Bazilevs [12], is more straightforward to implement and focuses on finding the intramural
stress state that balances the diastolic hemodynamic loads.

Despite the shared purpose, these approaches may have a significant impact on ATAA nu-
merical modelling. However, in the literature, the relevance of using ZPG or PT methodologies
remains unclear. This paper presents a comprehensive systematic comparative analysis of the
impact of using different tissue prestressing algorithms on the numerical results estimated by
2-way FSI models implemented in SimVascular. To achieve this objective the biomechanics of
one ATAA patient was simulated considering three distinct tissue prestressing methodology:
(i) ZPG, (ii) PT and (iii) a novel suggested approach coupling the PT algorithm and a re-
gional mapping of calibrated material properties (PTCALIB). The impact of the prestressing
algorithms was evaluated on the pressure field, Wall Shear Stress (WSS) and maximum princi-
pal strain and stress due to the relevance of these metrics on the development and progress of
cardiovascular disease and estimation of rupture risk.

2 MATERIALS AND METHODS

The development of the 2-way FSI models was assisted by patient-specific Computed To-
mography Angiography (CTA) and 4D flow Magnetic Resonance Imaging (MRI) data. These
data were obtained from a 48-year-old female patient with ATAA and a bovine aortic arch. The
medical imaging exams were performed following the research protocol approved by the review
board of the Unidade Local de Satide Sao José and with patient’s written informed consent.
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Figure 1: Computational domain: a) Final lumen virtualization and b) representative finite element
mesh of the fluid and solid domains.

2.1 Segmentation and meshing

The CTA was performed on a revolution CT scanner (GE Healthcare, Milwaukee, WI, USA)
and with the administration of iodinated contrast agent (Ultravist 370, Bayer, Leverkusen,
Germany). The complete CTA dataset comprised 21 ECG-gated acquisitions. For this work
the segmentation was performed at the beginning of the cardiac cycle using the open-source
software 3D Slicer [13] which constituted the patient-specific virtualization of the lumen (Fig.
la). Regarding the virtualization of the aortic wall, as it still remains a challenge the direct
extraction from CTA data, a uniform thickness of 1.8 mm was considered. The mesh of both
domains (Fig. 1b) was generated, ensuring a nodal correspondence at the interface of the
domains, using the Tetgen Libraries tools embedded into SimVascular [14]. The process of mesh
generation and mesh sensitivity analysis is described in detail in [15].

2.2 Fluid-structure interaction model

Blood can be described as an incompressible solution of plasma and blood cells and exhibits
distinctive rheological properties. Nonetheless, in the realm of large arteries hemodynamics the
consensus is to model the blood as Newtonian, as well as, the flow as laminar. Fluid viscosity
and density are the two only necessary parameters to completely describe the behaviour of a
Newtonian fluid and the values used in this work are presented in Table 1.

The aortic wall also exhibits distinctive mechanical behaviour characteristic of an anisotropic,
hyperelastic and viscoelastic material. In this work, however, the ATAA wall was modelled as
an isotropic, incompressible and Neo-Hookean material [20]. The values chosen for solid domain
density and Poisson ratio are also presented in Table 1 and were obtained from the available
literature. To find a patient-specific Young Modulus estimation, a simple iterative methodology
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Table 1: Mechanical properties of the fluid and solid domains.

Property Symbol  Units Value  References
Blood density Pt kg/m? 1060 [16]
Viscosity 1 Pa.s  4x1073 [17]
Aortic wall density Ps kg/m? 1120 [18]
Poisson ratio Vs —  49x1072 [19]

was employed. The volume of the segmentation at 30% of the cardiac cycle was the target
value for this calibration process. Computational Solid Mechanics (CSM) simulations considering
different Young’s Modulus and a pressure boundary condition equivalent to the hemodynamic
load at the same instance, were performed until the estimated volume matched the reference
value within a margin of error below 5%. The final value of the Young’s Modulus was 0.95 MPa.

The interaction between the blood and the aortic wall occurs at the interface between the
domains, in which, the hemodynamic loads are transferred to the solid domain and the displace-
ment of the aortic wall updates the fluid domain mesh. SimVascular resorts to a monolithic
approach to solve the FSI problem. At the interface, kinematic and dynamic boundary condi-
tions are fulfilled.

ou
et 1
w= (1)
oms+osng =0 (2)

2.3 Boundary conditions

Three different boundary conditions were used to develop the FSI model (Fig. 2). At the
fluid domain inlet, a patient-specific flow rate, obtained via MRI, was prescribed and a parabolic
velocity profile was assumed. The outlets were coupled with three-element Windkessel models.
The patient-specific coefficients (Table 2) were calibrated, using reduced order models imple-
mented in SimVascular, to fit a diastolic systolic pressure variation of 80-120 mmHg. The
extremities of the solid domain were fixed not allowing out of plane displacements.

Table 2: Patient-specific three-element windkessel models parameters: resistance of larger caliber arter-
ies, Rp, artery compliance, C, and Resistance of smaller arteries and arterioles, Ry.

Model Units Descending Brachiocephalic Left common Left
Parameter aorta trunk carotid subclavian
R, MPa.s.m > 15 50 90 70
C 10% m3.Pa~! 40 7 6 10
Ry MPa.s.m ™3 300 850 2000 1700
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Figure 2: Boundary conditions of the fluid and solid domain: a) patient-specific flow rate at the
inlet; three-element Windkessel models at the outlets and b) domain extremities are fixed in the normal
direction to the plane.

2.4 Tissue prestressing methodologies

The ATAA is constantly loaded during the cardiac cycle by blood pressure and viscous
forces. Therefore, the image configuration available in CTA data does not match the reference
configuration. This negatively impacts the accuracy of the numerical results, mainly due to the
non-linear elasticity of the aortic wall. The two main methodologies to address this issue are
the ZPG [9-11] and PT [12, 21]. In this work, a novel method that couples the PT approach
and a regional mapping of calibrated of the material properties is also proposed and analysed.

2.4.1 Reverse displacement algorithm

A wide range of methods based on the ZPG approach are available in the literature. In this
work, the reverse displacement algorithm proposed by Raghavan et al. [9] in 2006 was imple-
mented. The main principle is to estimate a parameter, k, that describes the motion between
the reference and image configurations. This parameter is calculated by solving a minimiza-
tion problem of a distance score which quantifies the differences amidst the deformed candidate
configuration (the results of applying the diastolic pressure field on a candidate reference con-
figuration) and the image configuration. The complete description of the reverse displacement
algorithm is provided by Raghavan et al. [9].

2.4.2 Prestress tensor

The PT methodology was proposed by Hsu and Bazilevs [12] in 2011 and accounts for the
diastolic stress state by suggesting a slight modification to the solid domain formulation, propos-
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ing to incorporate the PT using the additive decomposition of the second Piola-Kirchhoff stress
tensor. This tensor is calibrated in order to balance the diastolic hemodynamic loads applied at
the fluid-solid interface. The numerical implementation of this methodology is described in [12].

2.4.3 Prestress tensor with calibrated material properties

Previous analyses conducted by our research group revealed that models employing the PT
method exhibit a significantly stiffer structural response when compared to those using ZPG
algorithms. This phenomenon arises, as depicted in Fig. 3a, due to ZPG algorithms accounting
with the (pre)deformation between the reference and image configurations, while the PT ap-
proach does not. The PTCALIB method was designed to improve this agreement by suggesting
that, after employing the PT algorithm, a regional mapping of calibrated material properties
should also be provided when performing structural analysis of the ATAA wall.

The implementation of the PTCALIB methodology involves two main tasks: (i) dividing
the ATAA wall mesh into subdomains (Fig. 3b) and (ii) assigning each subdomain a Young’s
Modulus representative of the stress-strain state at the beginning of the cardiac cycle (Fig. 3c).
The following steps were performed to complete these tasks:

1. Create 10 subdomains, 0.

(a) Use the estimated PT to calculate the principal stresses average, op, of each element
of the solid domain;

(b) Divide the range of &p into 10 equally spaced intervals. Each of the intervals define a
subdomain, Q). These subdomains follow: L_le.O:1 {1 =Y and ﬂjlil 0l = @. Additionally,
they are characterized by the medium value of principal stresses average, ap’.

2. Estimate the new Young’s Modulus [22], Eéalib, for each subdomain.

(a) Virtualize an uniaxial tensile test on a sample of ATAA tissue (considering the Young’s
Modulus used for the PT) to estimate the relation between the force, F', and the stretch,
A, relative to the deformation between the reference and image configurations;

(b) Calculate the Kirchhoff stress, o/, and Green-St. Venant strain, &, as follows:

F , -1
Ap- A 2

Where Ay is the initial cross-sectional area of the sample;

(c) Estimate the inverse of the tangent Young’s Modulus, £ ! as the derivative of &’ with
respect to o”;

(d) Attribute the new Young’s Modulus, Eéalib, to each subdomain as the estimated
tangent Young’s Modulus correspondent to Ef, ., = Er(o’ = op’).
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Figure 3: a) Representative stress-stretch curves of a Neo-Hookean material using the ZPG and the PT
approaches; b) correspondence between the medium value of Principal Stresses average and ¢) schematic
of the numerical implementation of the PTCALIB methodology.

3 RESULTS

The impact of different tissue prestressing methodologies on the biomechanical characteriza-
tion of ATAA using FSI models was measured in this study. Regarding the hemodynamics, both
the pressure field and WSS based metrics were analysed due to their positive correlation with
the development and progression of aneurysms and the risk of acute complications. The nodal
pressure time series of PT and PTCALIB models were compared with the ZPG model using
the pairwise Pearson’s correlation coefficient, R. Regarding the estimated WSS, the impact was
quantified in terms of Time-Averaged Wall Shear Stress (TAWSS) (measures the local aver-
age magnitude of WSS) and Oscillatory Shear Index (OSI) (quantifies the directional changes
of WSS during the cardiac cycle), which were calculated as follows:
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1 T
TAWSS = - / WsS| dt
T 0

. (4)
Ly wss dt|>

ST |wss| dt

To investigate the impact of the prestressing methodologies on the estimated structural re-
sponse, the maximum principal strain and maximum principal stress were analysed as these
are also relevant metrics for the risk stratification of acute complications. Additionally, the
cycle-to-cycle convergence was also evaluated by analysing the required iterations until a peri-
odic steady-state is achieved. The periodic steady-state was considered to be obtained when
the relative instantaneous difference of estimated pressure in consequent cycles was below 2.5%
throughout the cardiac cycle.

0SI = 0.5(

3.1 Hemodynamics indices

The violin plot of the Pearson’s Correlation coefficient regarding the comparison of nodal
pressure time series between the ZPG approach, considered the reference values, the PT and
PTCALIB models is presented in Fig. 4. The PT based approaches exhibited a strong correlation
with the estimated pressure field by the ZPG model (at least 98% of the R values are above
0.99). The violin plots regarding WSS based metrics (Fig. 4), revealed that all models produced
similar distributions and average behaviours which is indicative of a good agreement between
the ZPG approach, PT and PTCALIB models.
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Figure 4: Impact of different tissue prestressing methodologies on the ATAA hemodynamics: violin
plots of the Pearson’s correlation coefficient, TAWSS and OSI.

3.2 Structural indices

The impact of different tissue prestressing methodologies on the estimated probability density
function of the maximum principal strain and stress in the ATAA wall is presented in Fig. 5.
The PT model, as expected, presented a significantly stiffer mechanical response than the ZPG
model. The PTCALIB model, outperformed its counterpart, presenting a significantly closer
agreement with the ZPG model.
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Figure 5: Impact of different tissue prestressing methodologies on the ATAA hemodynamics: violin
plots of the maximum principal strains and stresses.

3.3 Cycle-to-cycle convergence

In Fig. 6 is presented the evolution of the average pressure and the periodic state criterium in
three distinct orthogonal slices located along the computational domain (mid ascending aorta,
aortic arch and descending aorta). These results show that the PT based algorithms required
around 60% fewer iterations to achieve a periodic steady-state than the ZPG models.

I — Pressure ----- Periodic State Criterium

Slice 11 Slice III

Pressure [kPa]
Steady State [%]

Figure 6: Impact of different tissue prestressing methodologies on the cycle-to-cycle convergence: time
series of the average pressure and periodic state criterium in three orthogonal slices (mid ascending aorta,
aortic arch and descending aorta).

4 DISCUSSION

The characterization of the reference configuration is a fundamental step to effectively per-
form numerical analysis of structures. This poses a concrete problem in modelling the mechanical
behaviour of the ATAA wall, as this configuration is not available in imaging data. The ZPG
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approach is the most commonly used methodology to estimate the reference configuration and
is considered the gold-standard. However, this approach is computationally expensive and com-
plex to implement. In this context, the PT approach emerges as a more straightforward and
numerically efficient method.

The results of this study revealed that the PT model produced similar results to ZPG in
terms of the estimated ATAA hemodynamics. The estimated structural indices, however, were
significantly different as the PT model presented a stiffer mechanical response. The PTCALIB
was developed to surpass this limitation. The regional mapping of calibrated material properties
aimed to better characterize the stress-strain state at the diastole in order to provide an improved
agreement with the ZPG model. The PTCALIB model produced results with equivalent degree
of accuracy when compared to PT regarding blood pressure and WSS. However, outperformed
the PT model in the estimation of structural indices, presenting a closer agreement with the ZPG
model, in both.

One more relevant aspect when aiming towards the introduction of numerical models into
clinical practices is the reporting time which can be directly influenced by the amount of itera-
tions required to achieve cycle-to-cycle convergence. In this matter both the PT and PTCALIB
models outperformed the ZPG approach as they required around 60% less iterations to achieve
the periodic state.

5 CONCLUSIONS

In this work the impact of using different tissue prestressing algorithms on the results of FSI
simulations of ATAA was investigated. The ZPG, PT and PTCALIB methodologies were em-
ployed and the results regarding the estimated blood pressure, WSS, wall mechanics and cycle-
to-cycle convergence were compared. The PT and PTCALIB models presented a good agree-
ment with the ZPG models in terms of hemodynamics and required around 60% less iterations
to achieve cycle-to-cycle convergence. Regarding the simulation of the ATAA wall mechanics,
the PT methodology revealed to produce a stiffer mechanical response than the model using
the ZPG approach. The PTCALIB methodology, developed to surpass this issue, outperformed
the PT model, presenting a significantly closer agreement with ZPG. This aspect highlights the
need to consider a regional mapping of material properties when using the PT approach.
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