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ABSTRACTS



Challenges in cardiovascular CFD: the potential of multi-fidelity models

Pasquale Claudio Africa!, Gianluigi Rozza!
1 SISSA MATHLAB, TRIESTE, ITALY

The fight against cardiovascular diseases, a leading cause of mortality worldwide,
requires sophisticated diagnostic and therapeutic strategies. To this end, Full Order
Models (FOMs), known for their high-fidelity in hemodynamic assessments, are
indispensable. Nonetheless, the extensive computational demands of these models,
often relying on finite element or finite volume methods, pose a significant barrier to
their instantaneous application in clinical settings. The emergence of digital twins
— virtual representations of a patient’s cardiovascular system — has revolutionized
personalized healthcare, enabling immediate diagnostic and therapeutic decision-
making, as well as ongoing health monitoring. Reduced Order Models (ROMs) play
a pivotal role within this innovative framework, offering a simplified yet precise
alternative to complex FOMs, thereby enhancing computational efficiency without
compromising essential accuracy.

In this talk, we will explore the synergy between ROMs and FOMs in enriching
cardiovascular Computational Fluid Dynamics (CFD). We will particularly focus
on the potential of traditional physics-based ROMs and contemporary data-driven
methods, notably those that incorporate machine learning and neural networks.
These methodologies are crucial for evolving adaptable models that can accommo-
date the variability and intricacy of cardiovascular conditions in clinical environ-
ments.

A highlight of this presentation is the introduction of a novel multi-scale hybrid
ROM for cardiovascular flow simulations. This study addresses the implementation
of patient-specific, non-uniform Dirichlet boundary conditions for pressure within
an intrusive ROM framework, utilizing a lifting function strategy. The Finite Vol-
ume method is employed to simulate multi-scale blood flow in cardiovascular ge-
ometries, both idealized and realistic. This discussion will include a comparison of
two stabilization methods: one based on supremizers, and the other grounded in
the Pressure Poisson Equation. Our goal is to enable the integration of dynamic
boundary conditions concerning both velocity and pressure at a reduced level, which
is expected to improve the accuracy and efficiency of cardiovascular simulations.
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Inverse problems in cardiovascular models from velocity measurements

Cristébal Bertoglio!, Jorge Aguayo!, Reidmen Aréstica', Jeremias
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In this talk, we will present the recent progresses and challenges of assimilating
MRI velocity data into cardiovascular models [1]. After a brief introduction on
MRI, we will treat the following aspects: estimating boundary condition parameters
[2], both classical 0D model parameters, as well as a new Stokes-enforcing outlet
boundary condition. Next, we will present some results in FSI, finishing with the
estimation of the shape of cardiac valves [3,4] and wall position uncertainty [5].
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A framework for patient-specific electrophysiology simulations in
healthy and post-infarction patients
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We develop a quasi-automatic framework for the development of patient-specific
models of cardiac electrophysiology. The main novelty of the proposed framework
is that it directly applies to segmented images without any need for an unstruc-
tured mesh. Each framework step is performed in a voxel-based representation of
the geometry. Our pipeline starts with the segmented image and produces fiber
orientation and a Purkinje network (PN), based on previously published meth-
ods [1,2]. The simulation of cardiac electrical activity is obtained through the
monodomain formulation. To solve the monodomain equation in a voxelized ge-
ometry, we used a smoothed boundary approach [3]. Our monodomain solver is
thus mesh-free and runs on GPU. Our framework can also develop cardiac elec-
trophysiology models with patient-specific structural alterations of post-infarctions
patients. The construction of patient-specific scar tissue was achieved with late
gadolinium-enhanced magnetic resonance imaging. Cardiac images were manually
segmented using ADAS 3D. Segmented cardiac geometries were processed with our
framework to generate the fibers orientation, PN, and transmurally heterogeneous
layers. Cardiac regions with pixel intensity (PI) below a user-selected lower bound
were considered healthy, and the normalized pixel intensity (NPI) value was as-
signed to 0. Contrarily, the areas with PI above a user-selected upper bound were
considered scar, and the value of the NPI was assigned to 1. In the remaining my-
ocardium, the pixel intensity was normalized between 0 and 1 to obtain the NPIL.
Differently from previous works, we modulated the structural and electrophysio-
logical properties in the border zone based on the NPI. Each voxel was assigned a
probability of being fibrotic equal to the NPI. The cellular electrophysiology was
represented with a phenomenological model previously developed by our group [4].
For increasing values of the NPI, the model reproduces increasingly slowed upstroke
velocity, prolonged action potential duration (APD), and reduced AP notch and
amplitude. Finally, local activation time (LAT) maps were generated by simulating
AP propagation in the left ventricle initiated from the PN. The generated endo-
cardial and epicardial LAT maps were exported in VTK polydata format to allow
the import of LAT maps into EAM systems. Continuous and 8-steps isochronal
endo-epicardial LAT maps were simulated for 5 ischemic subjects and compared at
an ASE 17-segments level to actual high-density LAT maps obtained with a mul-
tipolar catheter. In terms of deceleration zones localization prediction, our LAT
model showed 83% sensitivity, 90% specificity, 88% accuracy.
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A novel atrial-specific ionic model for stem cells—derived CMs
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Human induced pluripotent stem cells—derived cardiomyocytes (hiPSC-CMs) have
revolutionized the field of regenerative medicine, offering unparalleled potential
for in—vitro modeling of normal and pathological human cardiomyocytes'. The
ability to produce stem cardiac myocytes in abundance has opened new avenues
for drug efficacy and safety testing. The development of atrial fibrillation, for
instanace, is influenced by ion channel mutations, genetic variants, and other risk
factors. hiPSC—CMs hold promise in personalized medicine, as they share the
genetic heritage of the donor.

In recent years, mathematical models of the ionic currents through the hiPSC-
CM'’s membrane have focused on immature phenotypes, developing a system of stiff
ordinary differential equations (ODEs). Previous studies characterizations of the
CM’s phenotype were based on action potential (AP) morphology®, but the clas-
sification criteria were still undefined. Thus, the forerunner Paci2013% model was
based on recordings obtained from a mixture of ventricular-like (VL), atrial-like
(AL), and nodal-like hiPSC-CMs and the phenotypical heterogeneity was repro-
duced considering different scalings, instead of phenotype—specific currents.

Nowadays, the employment of electronic maturation highlights the chamber-
specific AP phenotype of the cells and a phenotype—specific in—silico model is
needed. In this direction, the latest version Paci20203 provides a developed ventricular—
specific model. In this talk, I will present the first atrial-specific in—silico model of
the hiPSC-CM ionic currents, based on experimental data provided by Altomare
et al.*. Starting form an updated version of the ventricular Paci2020 model for
AL hiPSC-CM, we incorporated the atrial-specific Ix, and Ixc, currents and a
different [, formulation, inspired by the Koivuméki 2014 model of human adult
atrial CM. Thus, the fine tuning of the model parameters was performed by means
of an automatic optimization technique, in order to reproduce realistic AP transient
shape and to speed up the parameter tuning phaseS.

The resulting model accurately reflects the experimental rate dependence data
and demonstrates the expected response to a specific current blocker.
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Parameter estimation in cardiac biomechanical models based on
physics-informed neural networks
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As a result of their predictive nature and their ability to aid in interpreting clinical

data and optimising tailored diagnoses, biophysical models of the cardiovascular sys-
tem have been experiencing a notable increase in development within the scientific
community, as highlighted in [1]. However, the development of high-resolution and
accurate multi-physics mathematical models comes with a significant computational
cost, and their personalisation demands fine calibration of numerous parameters,
rendering their application in clinical settings challenging. In this work we intro-
duce a novel methodology to create reliable and efficient surrogate models, designed
to reconstruct displacement fields and estimate patient-specific biophysical proper-
ties. The methodology integrates physics-informed neural networks [2] with high-
resolution three-dimensional nonlinear cardiac biomechanical models. The physics
of the problem is represented by a mathematical model based on partial differen-
tial equations. Additionally, the learning algorithm incorporates displacement and
strain data that can be routinely acquired in clinical settings. This integration of
data-driven learning with physics-driven modeling serves to regularise the problem
and enhance its convergence properties. The presentation also includes a series
of benchmark tests that demonstrate the accuracy, robustness, and promising po-
tential of this method for the precise and efficient determination of heterogenous,
patient-specific physical properties in nonlinear biomechanical models.
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A parallel implicit algorithm for simulating patient-specific human
heart

Xiao-Chuan Cai!
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In this talk, we discuss a highly parallel domain decomposition method for sim-
ulating the elastodynamics of a four-chamber human heart with patient-specific
geometry. The heterogeneous hyperelastic model is discretized by a finite element
method in space and a fully implicit adaptive method in time, and the resulting non-
linear algebraic systems are solved by a scalable domain decomposition algorithm.
The deformations of the cardiac muscles are quite complex due to the realistic ge-
ometry, the heterogeneous hyperelasticity of the cardiac tissue, and the myocardial
fibers with active stresses. Moreover, the deformations in different chambers and at
different phases of the cardiac cycle are very different. To simulate all the muscle
movements including the atrial diastole, the atrial systole, the isovolumic contrac-
tion, the ventricular ejection, the isovolumic relaxation, and the ventricular filling,
the temporal-spatial mesh needs to be sufficiently fine, but not too fine so that the
overall computing time is manageable, we introduce a baseline mesh in space and
a two-level time stepping strategy including a uniform baseline time step size to
obtain the desired time accuracy and an adaptive time stepping method within a
baseline time step to guarantee the convergence of the nonlinear solver. This is a
joint work with Y. Jiang and R. Chen.



Operator learning for ionic models in cardiac electrophysiology

Edoardo Centofanti!
I UNIVERSITA DEGLI STUDI DI PAVIA

Tonic models are among the most extensively studied dynamical systems in
biomathematics, as they play a crucial role in modeling electrophysiology at the
cellular scale. In particular, they are a key component in cardiac modeling since
they account for the excitability of the cellular membrane and they are responsible
for the action potential. Since they may significantly contribute to the computa-
tional complexity of the problem, it is important to develop alternative techniques
that minimize their impact on the global solution time. In this talk, we will in-
troduce a strategy for exploiting Operator Learning techniques, such as DeepONet
[1], Fourier Neural Operator (FNO) [2] and Wavelet Neural Operator (WNO) [3],
to solve these systems more efficiently. Specifically, we will compare the accuracy
of the trained models with the ones solved numerically and discuss the capabili-
ties of these architectures in reconstructing the desired dynamics. Joint work with
Massimiliano Ghiotto.
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Efficient Simulation of Cardiac Electrophysiology with Algebraic
Adaptivity
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The cardiac extracellular-membrane-intracellular (EMI) model [1] enables the pre-
cise geometrical representation and resolution of aggregates of individual myocytes.
Achieving efficient higher-order time stepping is imperative in this context due to
large problem sizes. The locality of solution features in cardiac electrophysiol-
ogy simulations calls for adaptive methods. Yet, traditional mesh refinement and
coarsening approaches incur significant overheads. Firstly, this study investigates
an efficient spatial adaptivity method that is based on nested subset selection for
algebraic degrees of freedom in spectral deferred correction methods (SDC) [2] and
realizes a multirate integration with minimal overhead. Consequently, shrinking ef-
fective support of SDC corrections allows for a reduction of the spatial domains on
which Euler subproblems need to be solved, such that the smaller size of systems to
solve translates directly into a significant reduction of simulation time compared to
the baseline [3]. Since the first sweep is always performed on the whole domain, a
second acceleration technique in the SDC computations is to consider coarser collo-
cation grids on the early sweeps [4]. Due to the frequently changing linear equation
systems to be solved, preconditioners with expensive setups cannot be used except
for the very first SDC sweep. This study uses the Balancing Domain Decomposi-
tion by Constraints (BDDC) method [5] as a preconditioner in the SDC method.
We propose a novel combination of BDDC and algebraic adaptivity, eliminating
the need for updating the preconditioner on system reduction. As the local time
step changes in SDC correction, BDDC submatrices must be constructed for each
time step in advance, potentially resulting in different BDDC preconditioners for
each time step. Another improvement is to construct the BDDC submatrices with
respect to the minimum step size to ensure stability. Finally, we assess the com-
putational efficiency of BDDC and block Jacobi preconditioners using numerical
examples.
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Medical imaging for patient-specific modelling: the best option to run
realistic simulation studies
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Medical imaging offers unique opportunities to develop patient-specific anatomical
models and run simulations in realistic computational domains. However, data from
different medical imaging acquisition systems result in different anatomical models
and boundary conditions which might affect simulation results. Magnetic resonance
imaging, computed tomography and real-time 3D echocardiography are nowadays
the main options to build realistic computational domains but indeed they are
characterized by different spatial and temporal resolutions, and their choice should
depend on the specific simulation objective. After a brief review of potentialities and
limitations of the different medical imaging acquisition modalities, we will provide
some examples in the field of computational fluid dynamics simulations to highlight
the impact of different anatomical models and boundary conditions to run realistic
simulation studies aimed at stroke risk assessment in atrial fibrillation patients.



Experimental-based mathematical modeling of
thermo-electric spatio-temporal cardiac excitation
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The intricate relationship between temperature and cardiac dynamics has gar-
nered significant attention for over a century, prompting the exploration of novel
techniques to dissect the impact of temperature variation on the heart electrophys-
iology. Hypothermia, characterized by a lowering in body temperature, manifests
in prolonged action potential duration, amplitude, conduction velocity and high
dispersion of repolarization [1], often leading to the emergence of pro-arrhythmic
phenomena as early period-doubling bifurcation and beat-to-beat alternans. In this
context, cardiac activation patterns analysis may reveal fundamental mechanisms
governing tissue synchronization and excitation-contraction couplings.

Our group has investigated various modeling approaches that effectively simulate
the impact of temperature on cardiac dynamics. By incorporating van’t Hoff and
Arrhenius equations, alongside Pennes’ bioheat transfer equation [2, 3, 4], we have
studied temperature’s effects on fibrillation induction and cardiac tissue behavior.

In addition to the theoretical studies, we have also conducted experimental opti-
cal mapping studies to validate our findings. The optical mapping data confirmed
the theoretical predictions on action potential dynamics expanded to include intra-
cellular calcium dynamics, showing that temperature has a significant impact on
restitution properties, conduction velocity, and alternans dynamics.

We also developed novel post-processing techniques for experimental data in
order to extract robust and easy-to-use indices for a more comprehensive charac-
terization of spatio-temporal dynamics of the tissue, as characteristic spatial length
[5]. We demonstrate how these indices can be used to identify early signs of cardiac
fibrillation and to provide more information for modeling fitting procedures.

By focusing on the effects of temperature on cardiac dynamics and arrhythmias,
these studies have opened new avenues for understanding the underlying mech-
anisms of cardiac arrhythmias and exploring potential therapeutic interventions.
Our comprehensive research aims to influence future clinical approaches to in silico
managing and predicting cardiac arrhythmias.
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Transcatheter Aortic Valve Implantation (TAVI) is a minimally invasive procedure
for the treatment of severe aortic stenosis. Introduced in 2002 as an alternative to
surgery for high-risk elderly patients, TAVI procedure is currently being extended
to lower-risk younger patients. Nonetheless, assessing the long-term durability of
TAVT valves is still an open clinical question due to a lack of follow-up data. In par-
ticular, valve durability can be impacted by Structural Valve Deterioration (SVD),
a time-related irreversible degenerative process manifested as intrinsic changes in
the prosthesis. SVD can ultimately lead to regurgitation and stenosis of the im-
planted valve, but its underlying mechanisms are yet to be fully understood [1].

Starting from a preliminary work [2], in the current computational retrospective
study we aim at identifying aortic hemodynamics indicators that correlate with
a premature onset of SVD. To this aim, we perform patient-specific numerical
simulations of aortic hemodynamics in early post-TAVI scenarios, built from pre-
TAVT clinical images. Consequently, an in-depth analysis of the numerical results
is performed to define synthetic indices able to discriminate between patients with
SVD at 5-10 years follow-up exam (degenerated patients) and patients without
SVD at follow-up (non-degenerated patients).

Thanks to our ongoing collaboration, Monzino Cardiology Centre provided us
with all the clinical data used in this project. Post-TAVI computational domains are
generated starting from pre-TAVI CT images by performing a virtual implantation
of the bioprosthetic valve (stent and leaflets). The virtual implantation procedure is
validated against post-TAVI CT scans, if available. Aortic hemodynamics are mod-
eled following a Computational Fluid Dynamics approach and numerically solved
using the Finite Element library life*, developed at MOX laboratory within iHeart
European project. Patient-specific flow rates, taken from post-TAVI Echo Doppler
measurements, are imposed through a defective condition using the Lagrange mul-
tipliers method. Bioprosthetic valve leaflets in open and closed configurations are
managed with the Resistive Immersed Implicit Surface method. Turbulence is ac-
counted for by using a Large Eddy Simulation model.

Following the presented strategy in fourteen patient-specific cases, we identified
four hemodynamics features that correlate with SVD: Wall Shear Stress on the
aortic wall, flow disturbances inside the ascending aortic, oscillating stresses on the
bioprosthetic valve leaflets, and turbulence. By providing a suitable quantifica-
tion of these features, we are able to clearly discriminate between degenerated and
non-degenerated patients, giving promising results for the prediction of SVD. The
presented model could assist clinicians in planning patient-specific follow-up exams
based on the risk of developing a premature onset of SVD.
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Patient-specific coronary angioplasty simulations with
mixed-dimensional contact mechanics for stent-artery interaction
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Coronary angioplasty with stent implantation is the most common treatment for
coronary artery disease. However, up to one out of ten lesions treated with drug-
eluting stents develop in-stent restenosis (ISR) in the following months, making a
recurrent intervention necessary. It is widely accepted that tissue damage and over-
stretch, which frequently happen during the stenting procedure, promote excessive
tissue growth. Additionally, incomplete stent expansion or apposition can alter the
blood flow conditions and thus facilitate ISR. Specific plaque features, such as the
lesion shape or the position and size of calcifications, can significantly influence the
stent placement and impact on the surrounding tissue. However, in the clinical
setting, these mechanical aspects are yet to be included in treatment strategy de-
cisions. State-of-the-art coronary computed tomography angiography (CCTA) en-
ables high-resolution imaging of diseased coronary arteries and their specific plaque
characteristics. Combined with physics-based simulations of the stent implantation
procedure, we create insight into the relationship between patient-specific lesion
characteristics and mechanical factors influencing ISR.

We present a novel framework for simulating stent angioplasty in patient-specific
lesions, considering the specific plaque features. We use a mixed-dimensional (i.e.,
1D-3D) formulation for the interaction between stent and artery, enabling efficient
and accurate simulations. The framework is applied to patient-specific models cre-
ated from CCTA images provided by the German Heart Center Munich. The results
are compared to the clinical outcome as determined in the follow-up assessment of
the respective patients. The numerical examples show that certain plaque char-
acteristics considerably influence the mechanical stresses and strains during and
after stent angioplasty, suggesting a correlation with the risk of ISR. For example,
the size and location of calcifications influence the stress in the surrounding tissue
during and after the procedure and limit full stent expansion in certain configu-
rations. This framework offers insight into mechanical quantities relevant to ISR
risk, providing additional information to clinicians. In the future, this could help
to make more informed decisions on the treatment strategy based on the specific
geometry and lesion characteristics.
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Electroanatomic mapping systems provide many informations regarding substrate
in term of anatomical identification as well as electrical activation of heart cham-
bers during both sinus rhythm and arrhythmia. However, only recently have elec-
troanatomic mapping systems been able to offer more details about the arrhythmic
substrate including conduction velocity and vectorial direction of the arrhythmias
wave front propagations improving the identification of the ablation target. Fur-
thermore, electroanatomic mapping systems has also shown to provide useful infor-
mation in subjects with intraventricular conduction disorders who are candidates
for cardiac resynchronization therapy (CRT).



Conduction System Pacing: new opportunities for patients, new
challenges for modelling
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Bradycardia is a condition characterized by slow heart rate, causing disability and
death. Its treatment relies on permanent cardiac pacing (PCP) by implant of leads
and pulse generators that provide electrical activation of the myocardium. PCP is
highly effective but may alter normal physiology of the heart at long term, lead-
ing to cardiac dysfunction and to the so-called pacing induced cardiomyopathy
(PICM). Several strategies were proposed to prevent PICM; the eldest is cardiac
resynchronization therapy (CRT), that uses three transvenous leads (one for the
right atrium, one for the right ventricle and one for the left ventricle) to keep the
physiologic sequence of activation of heart chambers. Robust literature demon-
strated CRT advantages for patients with heart failure and PICM; mathematical
models of the heart helped to select best candidates to this therapy. In more recent
times, the specialized conduction system (CS) of the heart was exploited to provide
reliable and effective PCP, maintaining full physiology of cardiac electromechanical
activation, and thus preventing PICM at the best, with simpler and safer surgery
comparing to CRT. CS-PCP trials and evidence of benefit are steadily increasing;
however, mathematical models of the heart are to date not able to replicate or pre-
dict heart activation in this setting. A joint effort of cardiologists, mathematicians
and engineers should be encouraged to provide novel instruments to select the best
therapy for each patient, increasing benefits and minimizing disadvantages.
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The focus of this lecture will be on computerized modeling of the human atria
with special emphasis on electrophysiology and pathways to clinical applications.
We have nearly perfect models of the healthy atria at hand but a prerequisite
for clinical applications is the realistic modeling of diseases like atrial flutter and
atrial fibrillation. This requires faithful modelling of the tissue that is responsible
for onset and perpetuation of these arrhythmias. ”Fibrosis” is an important aspect
but there are many different types and grades of fibrosis. New methods of modeling
fibrosis will be presented. If computer models of the atria are supposed to be used
for clinical decision making, they must be verified and validated. The comparison of
calculated and simulated electrograms and ECGs can serve this purpose. The model
must - at least to some degree - be personalized to directly inform decision making.
Our path to personalized models of the atria will be explained [1]. Modeling of a big
cohort of patients can lead to better comprehension of atrial arrhythmias and can
serve for training of machine learning algorithms. Another goal of computerized
modeling and simulation of the atria can be the optimization of an ablation strategy
for the individual patient. This calls not only for adequate personalization but
also for a quantitative prediction of vulnerability of the atria to fall back into an
arrhythmia. A practical approach will be presented [2].
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Persistent atrial fibrillation: mathematical modeling of the STD vs non
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Introduction Atrial fibrillation (AF) is a common heart condition with a signif-
icant risk for stroke [1]. Catheter ablation (CA) stands as the most effective long-
term treatment for persistent AF [2]. A novel CA approach focuses on spatiotem-
poral dispersion (STD) patterns identified visually by interventional cardiologists
using the Pentaray multielectrode mapping catheter [3]. While an ever-growing
number of patients qualify for CA, determining the most effective ablation strategy
for persistent AF remains a challenge [2].

Challenges The identification of STD patterns currently relies on visual inter-
pretation by interventional cardiologists.The real time data acquisition and labelling
is prone to errors. Offline relabeling is needed to improve data quality, but experts
lack availability for this task and there are considerable variations in operator ex-
perience and learning curves, leading to inconsistencies in the process [4].

Methods The existing literature, prompting the use of machine learning (ML)
to guide the classification process lacks a comprehensive methodological analysis,
and it is difficult to be interpreted by cardiologist in terms of explainability. A real
dataset from Nice CHU university hospital is labeled by experts during the interven-
tion, and validated post procedure. ML methods involve constructing model from
training data to predict classification labels [5]. The proposed alternative approach
seeks to model the interventional cardiologist’s reasoning process, translating it into
mathematical equations for the sake of explainability and accountability, using the
data only for testing.

Results The dataset is composed by 430 samples, 112 STD and 318 non STD.
Data are filtered before being injected in the papipeline. All local maxima are
identified by simple comparison of neighboring values and local activation are con-
sidered as peaks of interest, according to specific conditions determining a peak.
Amplitude similarities between close peaks are computed and fragmented signals
are identified. Next AF activation is compared per each cycle to identify if STD
occurs or not. Further cases, like gradient activation among leads, or intermitted
dispersion, were included in the STD class.

The success rate of the mathematical pipeline in terms of F1 score is 0.48, which
is comparable to 0.41 obtained with ML models in our previous work [5].

Conclusion The shift from traditional ML to an explanatory mathematical
approach offers preliminary results comparable, but it contributes to interpretability
in the decision-making process of STD identification for cardiologists.
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Radiofrequency catheter ablation (RFCA) lacks reliable computational modeling
of the three-dimensional microstructural representations of the myocardium and
the complex phenomena arising during tissue heating [1]. In the present contri-
bution, we propose a thermodynamically consistent transversely isotropic thermo-
hyperelastic constitutive model of the myocardium, accounting for local anisotropies
and multiscale dynamics [2]. We introduce, in particular, i) a biophysical rationale
formulating a continuum damage approach based on a dynamical cell death model,
ii) a fully coupled thermo-mechanical formulation using a multiplicative decompo-
sition of the deformation gradient, and iii) anisotropic thermo-electrical conduction
mechanisms based on myocardial 3D fiber distribution, complemented by the phe-
nomenological temperature dependence of the constitutive parameters.

We solve the overall multiphysics and multiscale model employing a finite ele-
ment scheme under the additional constraint of constant power control. We show
the reliability of our generalized constitutive and computational model of RFCA,
obtaining a better match for ablating volumes compared to the current models
in the literature [3]. We highlight elliptically-shaped thermal lesions owing to the
anisotropic thermo-electric conduction in the biological medium. Upon completion
of the treatment and load removal, we observe residual strains as a result of the
ablative procedure, producing stiffening and damage accumulation in the tissue.

We conclude by discussing future perspectives of RFCA modeling and simulation.
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Introduction: Aortic stenosis (AS) is the most frequent primary valve disease.
Transcatheter aortic valve implantation (TAVI) is becoming the treatment of choice
for elderly AS patients with high surgical risk. Despite significant technological ad-
vancements, procedural complications remain critical issues with a negative prog-
nostic impact on rehospitalization and cardiac mortality [1]. However, current
in silico simulations have limited capability to predict them [2]. For this reason,
our goal is to develop patient-specific in silico simulations of the TAVI procedure,
with the aim of implementing a model for optimal treatment indication and post-
procedural outcomes prediction.

Materials and Methods: Twenty-four patients suffering from severe AS un-
dergoing TAVI at Humanitas Research Hospital were enrolled. Patient-specific
anatomical models were reconstructed from computed tomography (CT) scans. In
addition, high-fidelity models of the most commonly used prosthetic valves were
reconstructed. FSI simulations were conducted considering: i) patient-specific
anatomical features, ii) the bioprosthetic valve, and iii) the patient’s hemodynam-
ics, applying intra-procedural invasive pressure gradients as boundary conditions.
The simulations will be validated with cardiac magnetic resonance imaging (MRI).

Results: First of all, we performed an experimental crimping test on the TAVI
valves and we compared it with our computational crimping simulation. For both
valves, an optimal overlapping of the two force-diameter curves was obtained,
demonstrating a faithful reproduction of real prosthetic valves mechanical behaviour.
Moreover, structural implantation simulations showed a reliable reproduction of the
valve positioning in the aortic root — compared to intra-procedural angiographic
views — and a robust quantification of Von Mises stress and contact pressure ex-
erted by the prosthetic device on the aortic wall. FSI simulations are still underway,
but our first results show an accurate quantification of the paravalvular leak, vali-
dated with post-procedural MRI.

Conclusions: Our preliminary results are very promising in terms of implantation
reproduction accuracy and post-procedural outcome prediction. The refinement
of these models could hold significant potential in clinical practice enhancement,
offering a robust tool for pre-operative planning.
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insights from Domain Decomposition

Ngoc Mai Monica Huynh!, Luca F. Pavarino!, Simone Scacchi?
L UNIVERSITA DEGLI STUDI DI PAvVIA
2 UNIVERSITA DEGLI STUDI DI MILANO

Cardiac simulations play a crucial role in unraveling aspects of physiological dynam-
ics and advancing clinical interventions. However, the computational complexity of
modeling cardiac phenomena needs efficient numerical methods. In this talk, we fo-
cus on the pivotal role of tailored Domain Decomposition (DD) preconditioners for
cardiac models, with particular emphasis on their application to microscopic car-
diac models, also known as EMI (Extracellular - Membrane - Intracellular) models.

DD methods consist in iterative algorithms where smaller subproblems are solved
in parallel, and method-specific constraints are imposed in order to correctly re-
trieve the global solution. Preconditioning techniques, such as the Balancing Do-
main Decomposition by Constraints (BDDC) and the Generalized Drija-Smith-
Widlund (GDSW) methods, hold promise for optimizing computational efficiency
and accuracy in solving the large-scale linear systems arising from finite element
discretizations of cardiac models.

We delve into the design of these preconditioning strategies and show their perfor-
mance in addressing the computational challenges when simulating cardiac events.
In particular, we focus and discuss the tailoring and optimization of these precon-
ditioners when accounting for factors such as geometric complexity, heterogeneous
tissue properties as well as jumps in the electric potentials. We show that such pre-
conditioners converge theoretically with an upper bound for the condition number
that depends on the time step and the number of subdomains.
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Introduction: Left Ventricular Hypertrophy (LVH) signifies a notable condition
marked by heightened mass and volume in the left ventricle, evident through thick-
ening of the ventricular wall or dilation. This cardiovascular phenomenon holds a
prominent position in research due to its intricate ties with both electrophysiological
and mechanical remodeling of the heart.

Aim: This study focuses on elucidating the factors influencing ECG pattern
alterations linked to LVH. The aim is to discern whether the observed ECG charac-
teristics in LVH are predominantly attributed to anatomical changes, specifically an
increase in volume, or if alterations in electrophysiological parameters play a more
pivotal role in shaping these patterns. Anticipating that the findings will provide
insight, we sought to deepen our comprehension of the fundamental mechanisms
underlying LVH.

Method: To emulate both concentric and eccentric hypertrophy, a cardiac model
representing a healthy individual was employed. Using simulation techniques, the
growth of the left ventricle was systematically induced by specific percentages, gen-
erating a set of 10 concentric and 10 eccentric hypertrophy models. Subsequently,
computational simulations were employed to obtain the activation sequence within
the cardiac models, followed by the recording of ECGs for each generated hyper-
trophy case.

Results: The simulated ECGs highlight a direct relationship between left ven-
tricular volume and QRS duration—incremental increases in volume correspond to
prolonged QRS duration. Furthermore, R-wave amplitude, particularly in precor-
dial leads V5 and V6, exhibits a noticeable rise with the expanding left ventricular
volume. These findings are consistent with well-established clinical ECG markers
utilized in the detection of left ventricular hypertrophy [1, 2].

Conclusion: While past research has predominantly focused on electrophysio-
logical changes in hypertrophy, this study introduces a captivating perspective [3,
4]. The findings underscore that the growth of left ventricular mass and volume
plays a significant role in shaping established clinical ECG markers, even without
considering electrophysiological adaptations in this particular study.
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A thermodynamically consistent phase-field model is developed for simulating mo-
tion and shape transformation of vesicles or red blood cells (RBCs) under blood
flow conditions. A general slip boundary condition is first used to describe the
interaction between RBCs and the wall of an artery in the absence of cell-wall ad-
hesion. Then a more realistic RBC-RBC and RBC-artery wall adhesive interaction
is introduced by a 2D Lennard-Jones type of potential. A second-order accurate
in both space and time continuous finite element scheme is proposed to solve the
model governing equations. Various numerical examples confirm the convergence,
energy stability, and conservation of mass and surface area of cells of the proposed
scheme. The validity of the model is also established through numerical tests, and
experimental data from cell stretch tests is utilised for model calibration and valida-
tion. Additionally, the study investigates the impact of varying shapes, mechanical
properties and adhesion properties of RBCs in a narrowed artery or in an artery
network. The talk is a combination of a few recent results [1], [2].
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4D Flow MRI is the state of the art technique for measuring blood flow, and it
provides valuable information for inverse problems in the cardiovascular system.
However, 4D Flow MRI has a very long acquisition time, straining healthcare re-
sources and inconveniencing patients. Due to this, usually only a (small) part of
the frequency space is acquired, where then further assumptions need to be made
in order to obtain an image.

Reconstructing these measurements with Compressed Sensing techniques|1, 2]
introduces potential artifacts and inaccuracies, which can compromise the results
of the inverse problems. Additionally, there is a high number of different sampling
patterns available, and it is often unclear which of them is preferable.

Here, we present an inverse problem using highly undersampled frequency space
measurements by using a Reduced-Order Unscented Kalman Filter (ROUKF) with
a novel objective function. We show that this results in more accurate parameter
estimation for boundary conditions in a synthetic aortic blood flow than using
measurements reconstructed with Compressed Sensing.

We also compare different sampling patterns, demonstrating that the quality of
the parameter estimation is strongly dependent on the choice of sampling pattern.
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The development of efficient mathematical models and numerical methods for the
study of haemodynamics is becoming increasingly prominent in the analysis of
pathological state of the cardiovascular system. It helps in medical diagnosis re-
ducing the need of classical invasive medical techniques, which might be a risk for
the patients and generate high health costs. In this talk, we will present a novel
semi-implicit pressure-based algorithm for the simulation of incompressible flows
in staggered grids. The development of this method is based on the extension of
the flux splitting techniques introduced in [1]. After performing an adequate flux-
vector splitting of the governing PDE system, the pressure is computed by deriving
a discrete wave equation from the mass and momentum conservation equations.
Meanwhile, the velocity is approximated solving a proper transport subsystem com-
plemented with a pressure correction stage, where the velocity is updated using the
new pressure in order to obtain the final approximation. In addition, the diffusive
terms can be solved within the convective stage, leading to a transport-diffusion
subsystem, or an operator splitting can be again applied, in this case to decouple
the pure convective terms and the diffusive terms. Consequently, we end up with
a computationally efficient algorithm, where the bulk flow velocity is decoupled
from the fast sound waves and does not depend on diffusive terms. Therefore, the
algorithm can be divided into three main stages (transport-diffusion stage, pres-
sure stage, correction stage), where different numerical methods, both implicit and
explicit, are employed according to the nature of the equations. The new family
of semi-implicit schemes is applicable to fully three-dimensional problems as well
as to simplified models based on networks of 1D vessels, including a new approach
for the treatment of junctions. The proposed methodology is then exploited to
study haemodynamics in coronary artery trees with particular emphasis on the
pathological condition which occurs when a vessel presents a lumen restriction.
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Coronary arteries are remarkably subject to the formation of atherosclerotic plaques
(stenoses), therefore increasing the risk of myocardial infarction (MI) [1]. Several
indices have been proposed in order to quantify the severity of stenotic formations,
such as the fractional flow reserve (FFR) and descriptors based on the wall shear
stress (WSS) [2]. This work is the result of a collaboration with the CHUV (Centre
hospitalier universitaire vaudois) which provided the data on the coronary arteries.
The purpose of this study is to develop a computational framework for hexahedral
grid generation and numerical simulation of heemodynamics in patient-specific coro-
nary artery geometries. On the fluid dynamics side, we take into account the first
bifurcation of the coronary tree (LAD-CX) and the presence of stenosis. Regard-
ing the meshing, we present a fast and robust hexahedral mesh generator which is
capable of adapting to the bifurcations and to a possible integration of the cardiac
motion. We show numerical results on a select number of geometries. The FFR
results are furthermore compared against clinical measures.
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Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia and a risk factor
for ischemic stroke, with 18-26% of patients with pre-existing AF admitted to the
hospital with stroke [1]. For these patients, 90% of thrombi originate in the left
atrial appendage (LAA) [2]. The presence of Spontaneous Echo Contrast (SEC)
in the LAA has been strongly linked to stroke in AF patients [3]. Haematocrit
and fibrinogen are associated with the presence of SEC [4], and could therefore be
incorporated into stroke risk scores, such as the CHA2DS2-VASc score, for AF pa-
tients currently deemed low risk [5], [6]. We trained and deployed Gaussian Process
Emulators (GPE) to infer the output of computationally expensive computational
fluid dynamics (CFD) models of SEC formation and use it to carry out a global
sensitivity analysis (GSA) to determine the effects of the hematocrit and fibrinogen
on the CFD output.

Methods

Sample data for the models GPE training was generated from CFD simulations
in four 3D left atrium anatomies with different morphologies of LAA (i.e. chicken
wing, cactus, broccoli and windsock). Three virtual cohorts were simulated with
varying levels of hematocrit and fibrinogen in the blood: atrial fibrillation patients,
covid-19 patients and healthy controls. In each anatomical model, a Latin Hyper-
cube design for the inputs (hematocrit and fibrinogen) was created, for a total of
360 CFD simulations across the three cohorts. The simulation results were then
post-processed to determine the viscosity averaged temporally and spatially in the
LAA. These outputs were then used to train the GPE which was subsequently
tested and used to perform the GSA.

Results & Discussion

Across all virtual cohorts the GPE was successful in predicting the output of the
model when tested on outputs from the same morphology with an average R2 score
of 0.987 and mean squared error (MSE) of 0.00775. Except for the chicken-wing
morphology all GPEs were successful when applied to other morphologies with an
R2 score of above 0.89 and MSE of below 0.002 for all GPEs, this indicates the
need for a separate GPE to be trained for the chicken wing morphology. The
Sobol indices were similar for each morphology; however, they differed across the
three virtual patient cohorts. The average Sobol indices were: Covid-19 patients
- fibrinogen 0.371, haematocrit 0.628; AF patients - fibrinogen 0.522, haematocrit
0.473; and controls - fibrinogen 0.383, haematocrit 0.612.

Conclusion

This study has demonstrated that GPEs can be successfully trained for pre-
dicting outcomes from non-Newtonian flow simulations of SEC in the left atrium.
The findings also indicated that the chicken wing morphology may require a dis-
tinct GPE to account for significant geometric differences compared to the other
morphologies. Our GSA indicates that while the effects of both fibrinogen and
haematocrit on the formation of SEC are significant, their relative contribution to
the overall viscosity changed depending on the patient cohort.
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In silico technologies have been greatly evolved in the last decades and applica-
tion to real cases are nowadays possible. The idea to develop methodological and
technological approaches toward the definition of a personalized digital twins to
monitor citizen healthy status or to predict responses to therapeutic actions has
been shown as a matter of fact.

Cardiovascular diseases have been studied with in silico methodological as one of
the first examples either from a fluid dynamic and a structural point of views. The
treatment of pathologies of the aortic valve and thoracic aorta, easy to be translate
to the majority of the mini-invasive treatments of cardiovascular pathologies where
an implantable device is used will be illustrated. Results of computer simulations
can guide the clinicians in the correct device choice and surgical approach. A key
point of this process is the verification and validation step to be rigorously done
before applying results to the clinical practice.

In the future computer models will be more sophisticated, more complex, more
detailed; however, a thorough validation will always be necessary as well as the need
to identify patient-specific properties and characteristics. Personalized simulations
as a pre-planning tool will be available in an easier way and with a more and
widespread use for clinicians, patients’ communities and industrial players.
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Introduction - Quantitative assessment of coronary blood flow and myocardial per-
fusion is of critical importance in the prognostic stratification of patients with
coronary artery disease. Despite the high potential of computational models to
this aim, many issues remain to be addressed to use them in a predictive way,
such as capturing of the interplay between ventricle contraction and coronary flow
and the integration of personalized inputs for model calibration. Here, we propose
a multiscale framework to run simulations of hyperemic coronary blood flow up
to the microvasculature, with novel elements to address these issues. Methods -
Patients anatomy is reconstructed through 3D segmentation of CT angiographic
images. The multiscale perfusion model is an evolution of what we proposed in [1]
and features a 3D description of blood dynamics in the epicardial arteries, coupled
with a multicompartment Darcy formulation for the microvasculature, including
a treatment for microvessels compliance and ventricular contraction. Model cal-
ibration is performed integrating patients anatomical features with experimental
literature data. Blood flow simulations are run retrospectively on patients enrolled
in the PERFECTION study from Monzino Cardiology centre [2] using the Finite
Elements software life”, developed at MOX (DMAT), in cooperation with LaBS
(DCMC), both at Politecnico di Milano. Simulations accuracy is assessed through
direct comparison of quantities of clinical interest, namely Fractional Flow Reserve
(FFR) and Myocardial Blood Flow (MBF), with the outcomes of the respective
clinical exams. Results - Characteristic phasic flow patterns with high arterial in-
flow in diastole, mainly diastolic perfusion and high venous outflow in systole are
recovered. Transmural distribution of MBF is observed with progressively higher
flow values from the subendocardium to the subepicardium. In healthy subjects,
regional distribution of MBF shows significant correlations with anatomical fea-
tures of the epicardial arteries, suggesting the possibility for a calibration of the
model parameters based on such features, thus incorporating inter-patient variabil-
ity. MBF maps show significantly higher values in patients with non-significant
stenosis i.e. FFR > 0.8 (mean MBF = 2.89 ml/min/g) compared to patients with
at least one lesion with FFR < 0.8 (mean MBF = 1.83 ml/min/g). Perfusion
defects associated with such lesions were also highlighted in the obtained maps,
although the precise localization of these defects remains a challenge, suggesting
that the inclusion of pathology-related mechanisms is mandatory for a successful
predictive application of the model.
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The purpose of this study is to provide a comprehensive numerical investigation into
unsteady blood flow through axisymmetric elliptical-shaped stenosis, employing a
diverse array of physical and mathematical considerations ( refer to fig. 1). The
numerical solution is achieved through the FTCS method, with special attention to
incorporating magnetic field effects via Hall effects. The analysis is performed on
blood, which is modeled as a non-Newtonian Casson fluid, under the influence of a
pulsating pressure gradient. The study introduces a novel dimension by hybridizing
copper (Cu) and aluminum oxide (Al3O3) nanoparticles within the blood flow.
To better understand the behavior of fluids in motion, turbulence terms in the
flow equations are addressed by using the Prandtl mixing length zero equation
model. This helps to provide a more accurate representation of the dynamic fluid
behavior. To make it easier to analyze, the long wavelength approximation and
radial coordinate transformations were employed for the nondimensionalization of
the flow equations. Post-processing of numerical computations reveals insights into
key physical properties. The rate of heat transfer, wall shear stress, and volumetric
flow rate are systematically studied across a spectrum of emerging parameters in
the flow equations. This exploration not only enriches our understanding of blood
flow dynamics but also provides a foundation for potential applications in medical
and biomechanical contexts.

. Inlet Outlet
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FIGURE 1. Flow model.
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Cardiac modeling for precision cardiology is an emerging technology in clinical prac-
tice. Thanks to the sophistication of state-of-the-art electrophysiology models, it
is possible to tailor treatments to patient characteristics, thus improving the ther-
apeutic outcome. Patient-specific modeling requires a deep integration of clinical
data into existing models. This aspect is, however, not straightforward. Cardiac
models are computationally expensive, with several patient-specific parameters of
difficult identification. Clinical data is scarce, multi-modal, and sparse in space-
time. Thus, neither purely data-driven nor model-driven approaches are optimal
in the digital twinning process.

In this talk, we will address the issue using a physics-informed strategy. We
tackle the problem of recovering the early activation sites and Purkinje network in
the heart, starting from sparse electric recordings collected by clinicians like the
electrocardiogram (ECG). The proposed approach is inherently probabilistic and
generates a population of plausible Purkinje networks, all fitting the ECG within
a given tolerance. In this way, we can estimate the uncertainty of the parameters,
thus providing reliable predictions. We test our methodology in physiological and
pathological scenarios, showing that we are able to accurately recover the ECG
with our model. We propagate the uncertainty in the Purkinje network parameters
in a simulation of conduction system pacing therapy. Our methodology is a step
forward in creation of digital twins from non-invasive data in precision medicine.
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A crucial aspect in simulating heart electromechanics (EM) revolves around ac-
curately representing the arrangement of myocardial fibers. The collective organiza-
tion of myofibers, dictated by cardiomyocyte orientation, plays a pivotal role in both
the electric signal propagation and the mechanical contraction of the heart. There-
fore, it is imperative to incorporate accurate cardiac fibers in EM computational
models. However, the difficulty of reconstructing cardiac fibers from medical imag-
ing, have necessitated the adoption of mathematical models as a surrogate of my-
ocardial fiber field. Existing methodologies for fiber prescription in EM simulations
are: rule-based methods (RBMs), which predominantly rely on semi-automatic ap-
proaches that manually prescribe fiber orientations in specific regions; atlas-based
methods, where fibers from a reference geometry are mapped onto a target one.
While these approaches offer insights, they often require manual intervention and
are tailored to specific morphologies. Recently, advanced Laplace-Dirichlet-RBMs
(LDRBMs) have emerged, showing promise in automatically generating chamber-
specific myofibers directly on full heart computational models. However, these novel
algorithms may overlook important fiber bundles, especially in the atrial chambers,
and lack rigorous validation against imaging data. This talk provides an overview
of existing LDRBMs for prescribing cardiac muscular fibers within full heart geome-
tries. Furthermore, it introduces an enhanced atrial LDRBM capable of prescribing
a highly detailed bi-atrial and volumetric fiber architecture. Validation of this novel
atrial method is conducted by comparing LDRBM fibers with submillimiter Dif-
fusion Tensor Magnetic Resonance Imaging (DTMRI) data. The utility of the
LDRBM framework is demonstrated in analising the myofibers coming from exper-
imental data, revealing thier orientations within the cardiac muscle. Additionally,
a novel methodology to estimate the myofiber dispersion in cardiac fiber data is
introduced. Lastly, a systematic comparison is carried out using different LDRBMs
based on meaningful biomarkers produced by numerical EM simulations. Specif-
ically, differences in electrophysiological simulations among various methodologies
to reconstruct the atrial fiber architecture with respect to the DTMRI ground truth
fibers are investigated. Finally, different arrangements in cross-fibers mechanical
contraction are analyzed, showcasing the impact of using different fiber fields in
EM simulations. This comprehensive talk sheds light on the recent advancements
in LDRBMs for fiber generation, offering insights into their validation, applica-
tion to analyze experimental data measurements, and the impact of cardiac fiber
architecture on EM simulations.
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In nearly all cardiac diseases, abnormal tissue structure plays an important if not
crucial role. Reduced mechanical and electrical coupling between myocytes and
death of individual cells can increase local functional heterogeneity and lead to ar-
rhythmogenic situations on a very small scale. Faithful numerical simulations of
these phenomena require models in which individual cells and inter-cellular connec-
tions are discretized. Yet, nearly all current models are based on homogenization
approaches with spatial scales that are much larger than a single cell.

Until now, homogenization has been necessary to make whole-heart simulations
possible. Even today, discretizing each of the two billion myocytes in the human
heart, let alone its nearly ten billion other cells, is not feasible. But with supercom-
puters approaching exaFLOP speeds (10'® floating-point operations per second)
and memory sizes in the order of petabytes, cell-by-cell simulations of a mouse
heart or a human atrium seem reachable. Still, a huge effort and a wide variety
of expertise is needed to achieve the roughly 200,000-fold scale increase that this
involves and to build model geometries representing millions of cells with billions
of elements.

In the EuroHPC project MICROCARD we have tackled every aspect of this
challenge. We have developed numerical schemes, linear solvers, and precondition-
ers that are tailored to the problem and to the high level of parallelization that is
required [3,4]; we increased the performance of cardiac membrane models on high-
performance architectures [5]; we developed tissue models both using imaging data
and using fully synthetic methods [6]; and we are working on a simulation code
that brings all these pieces together.

In this presentation I will illustrate the rationale for this work and highlight
the project’s achievements, some of which are already available to the community
through improvements in the openCARP code, the Ginkgo linear algebra library,
and the Mmg remeshing tools.
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In this study, we delve into the time-dependent analysis of parametrized opti-
mal control problems (OCP,s) governed by unsteady Navier-Stokes equations,
coupled with reduced-order techniques. These parameters represent the geomet-
rical and/or physical properties inherent in the cardiovascular system, crucial for
accurate modeling. Recent advances in reduced-order modeling have revolution-
ized real-world simulations, facilitating real-time computations of OCP(,)s while
maintaining accuracy and efficiency. We are leveraging the offline-online paradigm
to significantly reduce computational costs during the online phase. We employ
the Galerkin finite element method to compute the “truth’ approximation, and to
enhance computational efficiency, we integrate proper orthogonal decomposition
(POD) over these approximations to compute the flow fields of the cardiovascular
system. To comprehensively evaluate the efficacy of this proposed methodology, we
conducted a numerical test on a patient-specific CABG model. We considered the
outflow boundary as an optimal control, yielding a detailed understanding of the
blood flow dynamics through this intricate vascular model.
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One of the main obstacles toward clinical translation of cardiac computational
models is their elevated computational burden, which is often not compatible with
the constraints dictated by clinical practice. On the one hand, the computational
resources required are so high that they do not allow for a financially and envi-
ronmentally sustainable exploitation of in silico simulations. On the other hand,
the response times often fall short of meeting the needs of clinical practice, which
frequently necessitates near real-time responses. In this talk, with the aim of ad-
dressing these challenges, we present some recent contributions aimed at acceler-
ating the numerical approximation of cardiovascular models, making use of both
increasingly efficient numerical methods and innovative approaches that combine
scientific computing methods with machine learning algorithms. Specifically, we
present a formulation that significantly accelerates the simulation setup, allowing
the stress-free configuration of the myocardium to be reconstructed from a deformed
geometry. This approach is notably more robust and efficient than the prevailing
point-fixed scheme commonly employed [1]. Next, we present a novel algorithm
for transferring information between different meshes, which is particularly useful
in allowing the use of different resolutions for mechanical and electrophysiological
variables. The proposed algorithm allows for the use of independent meshes, en-
suring the physical consistency of the transferred tensors through a combined use
of Radial Basis Function (RBF) interpolation and Singular Value Decomposition
(SVD) [2]. Finally, we show some new Scientific Machine Learning techniques, in-
cluding USMNets (Universal Solution Manifold Networks), surrogate models that
are able to generalize to geometries of different shape, and thus do not require new
training for each new patient [3]. Furthermore, we present LDNet (Latent Dynam-
ics Network), a new space-time operator-learning method, which shows, tested in
challenging problems arising in cardiac electrophysiology, superior accuracy (nor-
malized error 5 times smaller) with significantly fewer trainable parameters (more
than 10 times fewer) [4].
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Clinical interest in the right side of the heart (RH) has increased significantly
due to the awareness that changes in right cardiac structure and function have
prognostic implications in several congenital and acquired heart diseases, such as
Tetralogy of Fallot, pulmonary hypertension or tricuspid regurgitation[l]. Many
such diseases affect blood dynamics, and Computational Fluid Dynamics (CFD)
models are proven to be valid tools for the quantitative and non-invasive analysis
of blood pressures, velocities, and wall shear stresses, which is crucial to improve
the understanding of RH functioning.

In this work, we develop a complete patient-specific CFD model of the complete
beating RH, including both chambers and valves, where the wall displacement and
the RH geometry are reconstructed from images. We developed a flexible method,
called Multi-Series Morphing based (MSMorph) technique, that can integrate the
information coming from different MR acquisition series. Our method leverages
registration-based and morphing-based algorithms to accurately reconstruct cru-
cial cardiac features and the complete cardiac contraction and relaxation motion.
Through these reconstructed data, we were able to build accurate patient-specific
computational fluid dynamics models and analyze the hemodynamics in healthy
and clinically relevant scenarios. To perform CFD simulations we used the C++
library 1ife*[2], solving the Navier-Stokes equations in an Arbitrary Lagrangian-
FEulerian framework where the domain moves according to the reconstructed dis-
placement field. The reconstructed valves are modeled as surfaces immersed in
the fluid dynamics domain by the Resistive Immersed Implicit Surface (RIIS) [3]
method. We validated the accuracy of our reconstruction method by comparing,
through the mean contour distance, our results with the ground truth and with
the reconstructions obtained by a standard method[4]. Finally, we analyzed the
CFD results to assess the reliability of our computational model to answer specific
clinical questions.
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Introduction The development of high-fidelity digital twins of the cardiovascular
(CV) system presents several challenges, for example, in achieving customization to
individual patients. While Fluid-structure interaction (FSI) models represent one
of the best tools for this purpose, their practical application is often limited by the
necessity for several unknown patient-specific parameters. Medical imaging repre-
sents the richest source of in-vivo data, however its full integration into in-silico
models still faces several difficulties.

Material and methods This study employs data assimilation techniques to merge
a dynamic CT scan of a patient with an FSI simulation to create a digital twin of
the patient’s left ventricle (LV) and aorta. An ECG-gated CT scan is used to ob-
tain segmentations of the aorta and LV lumen boundaries at each of the 20 cardiac
phases acquired. Lagrangian markers are defined on these surfaces and tracked over
time employing a gradient-based registration method [1]. Data-driven FSI simu-
lations are performed using an in-house code based on the Immersed Boundary
method [2]. Data assimilation is applied to the dynamics of the CV structures to
conform to the in-vivo measurements. A variation of the Nudging technique [3]
is developed to simultaneously integrate local and integral measurements into the
model. For anatomical regions where in-vivo data is accurate, local measurements
guide each Lagrangian marker. Conversely, in areas with less reliability, nudging is
applied to follow integral measurements, such as tracking the LV volume over time.
Results and discussion The methods used in this study allow for the accurate
reproduction of the kinematics of the cardiovascular structures, which is crucial in
capturing hemodynamics as well. The method allows to switch in a continuous way
from a purely FSI-based simulation to one driven by kinematics, offering enhanced
adaptability to the simulation process. This flexibility allows for testing various
scenarios to derive the most precise outcomes.
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In silico trials (ISTs) are digital counterparts of conventional clinical trials, that
leverage simulation-based virtual interventions in place of real patient interventions.
They enable generation of so-called digital, as compared with clinical, evidence of
safety and efficacy of new devices or drugs. Such digital evidence is increasingly
embraced by regulatory bodies, alongside that from conventional clinical and pre-
clinical sources. ISTs, moreover, may be conducted in fractions of the time, and for
fractions of the cost of these conventional approaches. Their impact in the MedTech
sector, by accelerating development, reducing costs, and de-risking innovation is
potentially transformational.

A key requirement of ISTs is availability of realistic and representative pop-
ulations of virtual patients. That is, digital representations of relevant patient
characteristics, such as anatomy, constitution, and physiology that facilitate the
described virtual interventions. These virtual populations should be realistic, in
the sense they capture all required characteristics with sufficient fidelity, and rep-
resentative, meaning they encapsulate the phenotypic breadth of the target real
population. Creation of such virtual populations is challenging.

In this talk T will describe our efforts toward creation of scalable technologies
for this purpose. I will discuss creation of virtual twin populations from large-scale
imaging and other datasets, in which subjects are based on real patient counterparts
and thus represent, by construction, plausible phenotypic instances. I will then
highlight the key shortcomings of such approaches that have led us instead to
synthetic generation strategies, and to our concept of virtual patient chimeras.
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In-vitro cardiac models are more and more frequently used to investigate tissue
properties[1], drug screening [2], and disease modeling [3]. However, their spreading
in the practice is limited by the high-cost for platform design, which relies mainly
on a trial-and-error approach.

In developing a numerical tool for design, we investigate the potential of using
the same spline functions to represent the physical domain and discretize the partial
differential equations underlaid by the electrophysiological problem, trying to unify
the geometrical modeling and the analysis step within the same environment.

Specifically, we take advantage of the high regularity of B-splines to develop an
isogeometric collocation approach [4] to limit the effort linked to quadrature during
the discretization process. To overcome the limitations in the geometrical represen-
tation due to the tensor-product nature of the isogeometric approach, we present an
extension to the immersed framework [5] combining Galerkin-type and Collocation-
based methodologies. Motivated by the great interest of coupled-electromechanical
simulations for in-silico drug testing, we provide a coupled simulator [6] exploiting
the potential of the approach.

Numerical benchmarks illustrate the main features of the proposed approaches.
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Objectives: Numerical computational simulations (CS) in vascular surgery can
be integrated into the preoperative workflow when credible and reliable. To benefit
vascular surgery different types of simulations are used; CFD, Ex-vivo/In-Vitro, 3D
printed modelling, and drag-force calculations. We explore the potential of these
simulations in the predicting of technical outcomes and adverse events.

Methods: The use of CFD will be discussed for follow-up and control of medi-
cally managed aortic problems and changes in flow after treatment of aortic disease.
It is also used for calculations in drag forces in differently angulated arteries as a
means of predicting the possibility of endograft migration and endoleak. 3D mod-
elling is used for intervention simulations, usefulness of disease explanation, and
in-vitro studies. Quantitative simulation will be discussed, to predict the technical
outcome and deployment, and possible adverse events encountered during treat-
ment of the aorta. For which two cases are described.

Results: The first case involves an 82 year old female, presenting with a pen-
etrating atherosclerotic ulcer in the left hemiarch. The patient was submitted to
TEVAR in zone 2, with previous left common carotid artery to left subclavian
artery bypass. During the intervention, kinking of the distal thoracic stent graft
occurred. The kinking was resolved by ballooning the area. The simulation was
able to reproduce both the kinking and the situation after simulation of the bal-
looning. Postoperative CT-scan was compared to the simulation and a less than
10% difference in opening area for the nitinol rings was found. The second case
includes a 76 year old patient presenting with a descending thoracic aneurysm, type
IIT arch angulations with several aortic calcifications and a previous open thoraco-
abdominal type IV repair. The CS showed both the proximal correct deployment
without presence of bird-beak and a partial shrinkage of the last stent within the
surgical graft.

Conclusion: This report highlights the potential and reliability of TEVAR
simulations in predicting perioperative adverse events and short-term postoperative
technical results.
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Cardiomyocytes derived from human induced pluripotent stem cells (hiPSC-CMs)
offer new ways to study and understand the human cardiac action potential in
microphysiological systems (MPSs). The possibility of investigating electrophysio-
logical properties of human cells in an MPS offer a range of opportunities to improve
understanding of human cells and to reduce the application of animal models in
drug development and in fundamental biological research, [1,2]. MPSs are used to
measure important biomarkers characterizing electrophysiological properties of the
cardiomyocytes. However, in order to use the measurements to deduce molecular
properties of cardiomyocytes, it is often necessary to apply a mathematical model
that mimcs the properties of the dynamics taking place in the MPS. Traditionally,
cardiac electrophysiology has been modeled using averaged mathematical represen-
tations such as the bidomain or monodomain models. However, an MPS contains
only a limited number of cells (typically 1,000-50,000) and they are frequently dis-
tributed in a highly non-uniform manner. It may therefore be advantageous to apply
models that actually represent individual cells and not merely the average proper-
ties of collections of cells. Recently, mathematical models representing individual
cells have been derived. Here, we will report on the application of the Extracellular-
Membrane-Intracellular (EMI) model, [3], the Kirchhoff network model (KNM, [4])
and the simplified Kirchhoff network model (SKNM, [5]) for simulating the trans-
membrane potential and the calcium transient in an MPS. Furthermore, we will
compare numerical results and measurements obtained using the MPS, [1].
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Electroanatomic mapping offers the best view of cardiac electrical activity avail-
able to the clinic. It is an invasive procedure relying on the recording of local
electrograms, using catheters of various configurations. From the recorded signals,
the presence of scar can be estimated, and activation times can be assigned. The
latter can be used to locate ectopic foci [1], or arrhythmogenic substrates [2]. How-
ever, the interpretation of the signals recorded is not always clear given a surface
projection of three-dimensional events.

This talk will discuss how to improve the fidelity of cardiac modeling in the
context of generating realistic extracellular fields. Both the atria and the ventricles
will be considered. Several structures which greatly affect propagation cannot be
imaged and must be included. These include the His/Purkinje system[3] in the ven-
tricles and often, Bachmann’s bundle [4] in the atria. Several mapping applications
will be discussed, highlight the difficulty in interpreting results.
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Clinicians have expressed the need for scientists to construct mathematical models
aiding in diagnosing organ perfusion defects or assessing surgery risks, when the
surgery alters the vascular networks and /or hemodynamics. Typically, these models
are PDEs or ODEs representing hemodynamics in the different organs of the blood
circulation. Examples will demonstrate hemodynamics models predicting changes
due to heart disease or liver surgery. Personalizing these models from patient
data involves sensitivity analysis, parameterization, and uncertainty quantification,
often requiring costly simulations [1]. Deep learning emerges as a promising tool to
streamline hemodynamics models [2]. Furthermore, in cases where no mathematical
model exists, Al offers a practical alternatives but needs to learn from large amount
of data: we will show an approach to reduce the need for data to predict liver surgery
complexity from patient CT scans [3].
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Aortic valve replacement is a form of open-heart surgery employed to address
issues with the heart’s aortic valve, such as aortic stenosis or aortic regurgitation.
Bioprosthetic heart valves, typically crafted from bovine or porcine pericardial tis-
sues, exhibit flow patterns resembling those of the natural human aortic valve,
allowing patients to avoid chronic anticoagulation. However, the placement of the
stented frame relative to the native aortic annulus can significantly impact blood
flow and pressure [1]. In particular, the supra-annular configuration, where the
valve ring is positioned above the tissue annulus and the leaflets extend into the
Valsalva sinuses, aims to prevent interference with the native annulus, minimizing
blood flow obstruction. Conversely, the intra-annular case more closely mimics the
natural aortic valve anatomy and its interaction with coronary arteries but involves
implanting a smaller prosthesis with a reduced effective orifice area (EOA) [2].

This study investigates the impact of the deployment location of biological pros-
thetic valves by analyzing blood flow characteristics in intra-annular and supra-
annular settings. We focus on biological cardiac valves which are commonly used
in surgical valve replacement and that can be mounted either in supra- or -intra-
annular position, depending on the diverse anatomy and surgeon preferences. The
problem is first investigated through dedicated in-vitro experiments using a cardio-
vascular duplicator. The corresponding hemodynamics is measured through stan-
dard two-dimensional particle image velocimetry (PIV). Three-dimensional flow
fields are then obtained through the solution of the fluid-structure interaction be-
tween the blood flow and the deformable valve leaflets within a realistic anatomy
of the left heart. The pulsatile and transitional nature of the hemodynamics is
captured by directly solving the incompressible Navier-Stokes equations using a
staggered finite differences method. Immersed boundary (IB) techniques handle
complex moving and deforming geometries. Structural mechanics relies on the Fe-
dosov interaction potential method to account for the anisotropic and nonlinear
mechanical properties of biological tissues [3,4].
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Accurate determination of Quantities of Interest (Qols) is paramount for achieving
optimal outcomes in Transcatheter Aortic Valve Replacement (TAVR). Conven-
tional imaging methods often fall short in providing precise measurements of these
Qols, while in-silico models present an opportunity to augment the accuracy of
Qols, thereby influencing clinical decision-making. Despite the wealth of literature
on Fluid-Structure Interaction (FSI) models for Aortic Valve (AV) dynamics, a no-
table deficiency remains, particularly in terms of validation against in-vivo data,
such as 4D flow MRI data. In this study, we introduce a comprehensive validation
of a blood-AV FSI model using in-vivo data for aortic stenosis (pre TAVR) patients.
Our model is crafted from patient-specific aorta and AV meshes, derived meticu-
lously from CT data. The FSI model incorporates an immersed boundary method
within a finite element framework implemented in a high-performance computing
multi-physics simulation software. Through a meticulous comparison of computa-
tional results with 4D flow MRI measurements, our investigation underscores the
efficacy of FSI in faithfully replicating in-vivo dynamics, accurately reproducing
blood flow patterns, and precisely capturing kinetic energy variation. Furthermore,
we draw a distinction between FSI outcomes and standard Computational Fluid
Dynamics (CFD) simulations, revealing the superior performance of FSI in validat-
ing aortic flow and computing indispensable biomarkers critical for precise assess-
ment of stenosis. Lastly, we emphasize the indispensable role of in-silico models as
robust cross-checks, presenting a resilient approach to alleviate noise and erratic
behavior in in-vivo data. This study contributes to advancements in FSI validation
methodologies, showcasing the potential of in-silico models to fortify the reliability
of in-vivo observations in the context of AS and TAVR.
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