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Abstract

Optic neuropathies such as glaucoma are often late-onset, progressive and incurable dis-
eases. Despite the recent progress in clinical research, there are still numerous open questions
regarding the etiology of these disorders and their pathophysiology. Furthermore, data on
ocular posterior tissues are difficult to estimate noninvasively and their clinical interpretation
remains challenging due to the interaction among multiple factors that are not easily isolated.
The recent use of mathematical models applied to biomedical problems has helped unveiling
complex mechanisms of the human physiology.

In this very compelling context, our contribution is devoted to designing a mathematical and
computational model coupling tissue perfusion and biomechanics within the human eye. In
this thesis we have developed a patient-specific Ocular Mathematical Virtual Simulator (OMVS),
which is able to disentangle multiscale and multiphysics factors in a accessible environment by
employing advanced and innovative mathematical models and numerical methods. More-
over, the proposed framework may serve as a complementary method for data analysis and
visualization for clinical and experimental research, and a training application for educational
purposes.

In the first part of the thesis, we describe the anatomy of the eye and the pathophysiology
of glaucoma. Next, we define the modeling choices and the mathematical architecture of the
OMVS (Part II). In part III we present the complex ocular geometry and mesh along with the
new numerical methods we have developed, namely the Hybridizable Discontinuous Galerkin
method with Integral Boundary Conditions, and the operator splitting technique for solving
coupled PDE-ODE systems. The fourth part of the thesis gathers all the C++ libraries that have
been implemented to create and solve the OMVS. Part V illustrates the OMVS simulation re-
sults, specifically the verification and the validation strategy, and some clinically meaningful
virtual experiments. Then, we propose a preliminary uncertainty quantification study, in par-
ticular an analysis on the propagation of uncertainties and a sensitivity analysis using Sobol
indices (Part VI). Finally, in the last part of the thesis, we draw the conclusions and characterize
different projects that can be integrated in the OMVS in the future.
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Résumé

Les neuropathies optiques comme le glaucome sont souvent des maladies tardives, évolu-
tives et incurables. Malgré les progres récents de la recherche clinique, de nombreuses ques-
tions relatives a 1’étiologie de ces troubles et a leur physiopathologie restent ouvertes. De plus,
les données sur les tissus postérieurs oculaires sont difficiles & estimer de fagon non invasive
et leur interprétation clinique demeure difficile en raison de l'interaction entre de multiples
facteurs qui ne peuvent pas étre facilement isolés. L'utilisation récente de modeles mathéma-
tiques pour des problemes biomédicaux a permis de révéler des mécanismes complexes de la
physiologie humaine.

Dans ce contexte tres enthousiasmant, notre contribution est consacrée a la conception d'un
modele mathématique et computationnel couplant I'hémodynamique et la biomécanique de
I'ceil humain. Dans le cadre de cette these, nous avons mis au point un modele spécifique
au patient appelé simulateur virtuel de mathématiques oculaires (OMVS), capable de déméler
les facteurs multi-échelles et multi-physiques dans un environnement accessible en utilisant
des modeéles mathématiques et des méthodes numériques avancés et innovants. De plus, le
cadre proposé peut servir comme méthode complémentaire pour 'analyse et la visualisation
des données pour la recherche clinique et expérimentale, et comme outil de formation pour la
recherche pédagogique.

Dans la premiére partie de la these, nous décrivons I’anatomie de 'ceil et la physiopathologie
du glaucome. Ensuite, nous définissons les choix de modélisation et 1’architecture mathéma-
tique de 'OMVS (partie II). Dans la partie III, nous présentons la complexe géométrie oculaire
et le maillage computationnel ainsi que les nouvelles méthodes numériques que nous avons
développées, a savoir la méthode de Galerkin Discontinue Hybride avec conditions limites in-
tégrales, et la technique de décomposition d’opérateur pour résoudre les systemes EDP-EDO
couplés. La quatrieme partie de la these rassemble toutes les bibliotheques C++ qui ont été
implémentées pour créer et résoudre 'OMVS. La partie V illustre les résultats de la simula-
tion de 'OMVS, en particulier la stratégie de vérification et de validation, ainsi que certaines
expériences virtuelles significatives sur le plan clinique. Ensuite, nous proposons une étude
préliminaire de quantification d’incertitude, notamment une analyse sur la propagation des
incertitudes et une analyse de sensibilité a I’aide des indices de Sobol (partie VI). Enfin, dans la
derniére partie de la these, nous en tirons les conclusions et caractérisons différents projets qui
pourront étre intégrés dans ’'OMVS a 'avenir.



CONTENTS



Part1

Introduction and motivation






CHAPTER 1

Introduction

The interest on mathematical models applied to biomedical problems has greatly increased.
This situation emerges from the incredible progress that has been made in medicine in the last
years. In this context, clinicians are continuously looking for new techniques to obtain patient-
specific information in a non-invasive way, in particular exploiting mathematical models. This
unceasing growth has raised exponentially the complexity of mathematics that is employed for
the description of such physical systems.

Thanks to its accessibility to measurements and its special connection, the eye provides a
unique window on the brain, thereby offering non-invasive access to a large set of potential
biomarkers that might help in the early diagnosis and clinical care of Neuro-Degenerative Dis-
eases (NDD). However, characterizing ocular biomarkers as surrogates of cerebral or systemic
vascular status is far from trivial. In this thesis, we focus on glaucoma, which is an ocular
NDD that involves the optic nerve head, by that providing a first step towards the study of the
system eye-brain.

Clinical measurements are influenced by many factors that vary among individuals and
cannot be isolated in vivo, thereby posing serious challenges for the interpretation of such mea-
surements. This difficult, yet extremely appealing opportunity of using the eye as a window
on the brain provides the main rationale of our contribution to the project. More specifically,
stems from the basic ideas that an ocular measurement per se does not allow to draw any con-
clusion on what might be the fluid-dynamical and /or metabolic status of the brain in a given
patient, unless some other factors specific to that patient are properly taken into account. In
this framework mathematical modeling can provide quantitative tools to help accounting for
patient-specific factors when interpreting potential ocular biomarkers.

The use of mathematical and computational models to study biofluids is not a novelty. The
cardiovascular system was one of the first human systems to be studied with this kind of ap-
proach [96, 167]; later also other organs were investigated, such as lungs [132, 173] and brain
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8 CHAPTER 1. INTRODUCTION

[55, 150]. On the contrary, the interest on the eye is very recent, with many opportunities of
developments.

Thus, motivated by the need of mathematical and computational methods to study the Eye-
Brain system - which we refer to as Eye2Brain - and aid the interpretation of ocular measure-
ments as biomarkers for the brain status, this PhD thesis relates to the development of a multi-
component platform combining detailed descriptions of the eye in view of a connection with
the brain network. Specifically the Eye2Brain project aims at studying the interactions among
the biofluids within the eye and the brain (aqueous and vitreous humor, blood, cerebrospinal
fluid), the biomechanics of the ocular tissues (retina, sclera, cornea), the electric activity and the
metabolism within the neurons.

Such level of complexity calls for a multiscale and multiphysics modeling approach. Network
based models allow to capture the main dynamics of complex systems at relatively low com-
putational costs, whereas detailed 3d models allow to interface with clinical data that are 3d in
nature, e.g. images obtained with magnetic resonance or optical coherence tomography. This
thesis is a first attempt to realize this ambitious project and it focuses on the hemodynamics
of the ocular posterior segment and the biomechanics of the main tissues of the eye. In order
to accomplish this task, we have theorized and implemented innovative numerical methods,
which handle the multiscale and multiphysics (PDEs/ODEs coupling) in a High Performance
Computing (HPC) framework.

The development of this articulated computational platform that can simultaneously pro-
cess and integrate medical images and measurements obtained with various instruments on the
same patient bears a tremendous importance from the clinical viewpoint. Despite the signifi-
cant advances in medical imaging, it is still extremely challenging for the attending physicians
to have a clear full picture of the clinical status of the patient.

This is due mainly to two reasons:

* each instrument targets different parts and functions of the patient’s tissue; however, the
relative significance of various measurements might depend on the patient’s status;

e many instruments do come with specific softwares that attempt to classify the measured
data as normal, suspicious or abnormal; however, these softwares are based on different
cohorts for health and disease, thereby making it difficult to combine the outcomes.

Thus, the development of an articulated platform capable of providing physicians with an
integrated view of the patient’s status will significantly improve their current ability to monitor
health and to prevent, detect, treat and manage disease in a personalized manner.

Within this thesis, we propose to develop the mathematical model behind this complex
physiological system, in particular a software for application in ophthalmology. The goal is to
implement, test and deliver a software that can be used in clinics to improve diagnosis and care
of ocular diseases (e.g. glaucoma, diabetic retinopathy, age-related macular degeneration) and
other pathologies that also manifest in the eye (e.g. diabetes, hypertension, NDD) [134].

Thanks to the collaboration with Prof. Harris in Indianapolis we had the opportunity to
compare and test our ideas and predictions with hundreds of prospective investigations involv-
ing ocular structure, ocular perfusion and blood flow in health and disease, including diabetes,
glaucoma and age-related macular degeneration conducted over the past several decades at
the Eugene and Marilyn Glick Eye Institute (Indianapolis, USA).



The thesis is structured as follows:

Part I: we describe the anatomy of the eye and the pathophysiology of glaucoma (Ch. 2).

Part II: we define the modeling choices and the mathematical architecture of the OMVS, in
particular the three stages of complexity of the model: Level 0 (Ch. 3), Level 1 (Ch. 4), and
Level 2 (Ch. 5).

Part IIl: we present the complex ocular geometry and mesh (Ch. 6) along with the new nu-
merical methods we have developed, namely the operator splitting technique for solving
coupled PDE-ODE systems (Ch. 7), and the Hybridizable Discontinuous Galerkin (HDG)
method with Integral Boundary Conditions (Ch. 8).

Part IV: we gather all the C++ libraries that have been implemented to create and solve the
OMVS, i.e. the HDG toolboxes (Ch. 9), the 3D-0D coupling libraries (Ch. 10), and finally
the developer and user-friendly OMVS interfaces (Ch. 11).

Part V: we illustrate the OMVS simulation results, in particular

the verification via a convergence study for the HDG method and 3D-0D operator
splitting technique (Ch. 12);

the validation strategy (Ch. 13);

a virtual study to understand the effect of the blood pressure on the ocular system
(Ch. 14);

a virtual study to understand the effect of the intraocular pressure on the ocular
system (Ch. 15);

a virtual study to understand the effect of the trans-laminar pressure difference on
the ocular system (Ch. 16);

a study on a virtual patient database using the OMVS as clinical investigative tool
(Ch. 17).

Part VI: we propose a preliminary uncertainty quantification study (Ch. 18), in particular an
analysis on the propagation of uncertainties (Ch. 19) and a sensitivity analysis using
Sobol indices (Ch. 20).

Part VII: we characterize different projects that have been developed alongside the thesis and
can be eventually integrated in the OMVS, namely:

a review on mathematical models describing the cerebrospinal fluid flow (Ch. 21);
a study of the cardiovascular functions in the interest of ballistocardiography (Ch.
22);

an industrial application of the developed HDG method for Darcy equations to de-
sign a floating-gate nMOS transistor (Ch. 23);

an application of the developed HDG method for linear elastic equations concerning
material traction tests (Ch. 24).

Part VIII: we draw the conclusions together with an outlook for the future (Ch. 25).
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CHAPTER 2

Medical background

Contents
1  Ocular anatomy and physiology . . . . ... ... ... ... 11
2 Quantities of interest and their measurements . ................. 13
3 Glaucoma . . . .o e e e e e e e e e e e e e e e e e 15

In this chapter we introduce the medical context of the thesis by means of three sections where
we describe

i) the physiology of the ocular tissues we have focused on;

ii) the significant quantities of interest and their measurements;

iii) glaucoma and the corresponding challenges in medicine.

1 Ocular anatomy and physiology

Fig. 2.1 illustrates a scheme of the ocular anatomy.

The eye is a complex organ composed by multi-layer tissues (Fig. 2.1). Moving inward
inside the eye, we have the sclera, the choroid, the retina and the vitreous humor. In the front of
the eye we have the cornea, which is the main tissue that interacts with the outside, and also
the anterior and posterior chambers filled with the aqueous humor. The aqueous and vitreous
humors are separated by an ocular structure mainly constituted of iris, lens and ligaments.

The sclera, also called the white of the eye, contains mainly collagen and some elastic fibers
and covers more than 80% of the surface area of the eyeball, from the cornea to the optic nerve.

11
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- Anterior chamber Cornea
{aqueous humour)

Posterior chamber

Figure 2.1 — Anatomy of the eye. Courtesy of https://en.wikipedia.org.

It ranges in thickness from about 0.3mm to 1.0mm and is relatively inactive metabolically with
a limited blood supply. Its main function is to maintain the shape of the eye.

The choroid supplies the outer retina with nutrients, and maintains the temperature and
volume of the eye. The choroidal circulation, which accounts for 85% of the total blood flow
in the eye, is a high-flow system with relatively low oxygen content. Its main function is to
conduct arteries and nerves to other structures in the eye.

The retina is the light sensitive inner layer and is composed by multiple sub-layers, which
have different functions. The region that we are more interested in is where the retinal gan-
glion cells are located, indeed these neurons are responsible for the transmission of the visual
information from the retina to the brain via the optic nerve.

The ocular blood supply comes mainly from the ophthalmic artery (OA), which is located
close to the optic nerve. From the OA, the central retinal artery (CRA) branches off and enters
the optic nerve approximately 10mm behind the eyeball.

In parallel with the central retinal vein (CRV) that drains the blood from the eye, the CRA
runs within the central lumen of the optic nerve till the optic nerve head or lamina cribrosa.
The CRA branches into four major arteries that nourish the four quadrant of the retina, respec-
tively. From the retinal microvasculature, the blood is drained via four major retinal veins that
converge into the CRV.
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Central
__ retinal
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and vein
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(b) Micro-structure

(a) Anatomy and vascular supply

Figure 2.2 — Lamina cribrosa. Panel (a) shows the anatomy and the vascular supply. Courtesy of A.M. Cantagallo
[179]. Panel (b) illustrates the micro-structure. Courtesy of https://coggle.it.

The lamina cribrosa is an extension of the sclera, which allows the retinal ganglion cells and
the central retinal vessels to access the eyeball protected environment. Its anatomical position
and elevated vascular supply are illustrated by Fig. 2.2a. Its biomechanical response is mainly
driven by collagen beams that forms a network that gives strength to this tissue but at the same
time let the nerve fibers pass through it (Fig. 2.2b). The lamina cribrosa has, therefore, a crucial
role in the connection between the eye and the brain - from a neurological viewpoint - and
between the eye and the cardiovascular system - from a hemodynamical viewpoint. Its micro-
structure is still a matter of debate in clinical research [61, 221, 86, 240], however very recently,
in some works proposed by Brazile et al. [22], the authors have discovered, thanks to highly
detailed images that, on average,

i) only 22% of the collagen beams contain a vessel within;
ii) 21% of the vessels within the lamina cribrosa were located outside of a collagenous beam.

Besides, the authors also affirm that the distribution of blood vessels doesn’t have a significant
difference between the various subregions of the lamina.

2 Quantities of interest and their measurements

In this section we introduce the main quantities of interest in the eye in view of the descrip-
tion of the mathematical model in Part II. Moreover, we present the measurement techniques
to retrieve the data for these quantities giving some insights on their accuracy and variability.
The overview of these quantities and their measurements is illustrated by Fig. 2.3.

One of the most important quantity for our future investigation is the translaminar tissue
pressure difference (TLPd), which is the pressure difference between the intraocular pressure (IOP)
and the retrolaminar tissue pressure (RLTp):

TLPd=IOP — RLTp.

IOP is the pressure of the fluids inside the eye and it is determined by the balance between the
production and the drainage of aqueous humor. This pressure is measured with the Goldmann
Applanation Tonometer, which measures the force necessary to flatten an area of the cornea,
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Figure 2.3 — Overview scheme of the main quantities of interest and the instruments to measure them. Courtesy of
the Eugene and Marilyn Glick Eye Institute (Indianapolis, USA).

computing therefore the pressure exploiting the Imbert-Fick law [62]. This measurement ac-
curacy is however affected by the central corneal thickness (CCT) and the corneal rigidity, in
particular, thicker CCT may give artificially high IOP measurements, whereas thinner CCT
may give artificially low readings [14]. The dynamics contour tonometer partially solves this
issue [128], indeed it is based on the principle that when the tip of the device exactly matches
the contour of the cornea, the pressure measured by a transducer placed on its tip is an accurate
indicator of the true IOP [182].

The RLTp is the pressure of the tissues behind the lamina cribrosa. This pressure is largely de-
termined by the pressure within the subarachnoid space, i.e. the intracranial pressure (ICP)[157].
ICP is usually measured with a lumbar puncture, an invasive technique in which a needle is in-
serted into the spinal canal to collect cerebrospinal fluid (CSF). Some recent works in medicine
[158, 193, 155] and with mathematical models [76], however, show some innovative methods
in order to estimate ICP noninvasively.

For what concerns the hemodynamics, the measurements that are relevant for the descrip-
tion and validation of our model are mainly the systemic systolic and diastolic pressures (SP/DP),
the mean arterial pressure (MAP), and the retinal blood flow. The sphygmomanometer is a clin-
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ical instrument, which typically consists of an inflatable rubber cuff that is applied to the arm
and connected to a column of mercury next to a graduated scale, enabling the determination of
systolic and diastolic blood pressure by increasing and gradually releasing the pressure in the
cuff. For the retinal blood flow measurements we refer to the Color Doppler Imaging (CDI) or
Doppler ultrasonography [246], which employs the Doppler effect to generate imaging of the
movement of tissues and body fluids - usually blood - and their relative velocity to the probe
by calculating the frequency shift of a particular sample volume. For the retinal blood flow, an-
other quantity that the ophthalmologist can measure is the oxygenation of the blood by means
of the retinal oxymetry [97].

Hence we discuss the geometric and material properties of the ocular tissues. Thanks to the
Optical Coherence Tomography Angiography (OCTA), we have access to the dimensions, the
thickness, and vessel structure of the lamina and the retina [145, 254]. With the pachymeter,
instead, we can measure the CCT. For the material properties we point out the use of the ul-
trasound elastography and we refer to the abundant literature in ocular biomechanics, in par-
ticular to some ex-vivo measurements and traction tests with advanced mathematical analysis
[109, 170, 164].

Finally, we remark that not all the clinical tools we have mentioned above are available in all
the research centers or hospitals, in particular we refer to the dynamics contour tonometer, the
Eco Doppler Imaging, the retinal oxymetry and the ultrasound elastography. The use of the
OCTA is becoming quite ordinary for ophthalmologists working on glaucomatous patients,
which is moderately replacing the OCT (Optical Coherence Tomography).

We emphasize that the presented overview does not aim at being exhaustive in the wide
clinical context, rather to give some ideas of the instruments and their accuracy that has to be
considered when using the corresponding data for mathematical modeling and the measure-
ments that are not yet directly accessible nowadays.

3 Glaucoma

Glaucoma is an optic neuropathy characterized by progressive death of retinal ganglion
cells (RGCs) and irreversible vision loss. The only treatable risk factor for glaucoma is elevated
IOP, however, for instance, Normal Tension Glaucoma (NTG) patients show a disease progres-
sion even with IOP lower than the threshold approved to use treatments. Another interesting
clinical situation is ocular hypertension (OHT). In this case, patients suffer from consistently
elevated IOP in one or both eyes in the absence of clinical evidence of optic nerve damage,
visual field defect or other pathology that could explain high IOP.

Thus leads to the conclusion that IOP cannot be the only factor in glaucoma. Recent works have
emphasized that other confounding factors have to be considered in the study of glaucoma, for
instance:

¢ TLPd, i.e. the combined interaction of IOP and RLTp [242, 147];
* ocular shape, for instance the axial length [75, 104];

* CCT, which can largely alter the IOP measurements [21].
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In addition to these factors that are local to the eye, various studies suggest that also systemic
factors may have a significant impact on the ocular mechanisms, such that:

* blood pressure level [243, 233];

e vascular regulation [66];

e diabetes [41];

* age [98, 234, 136, 135];

¢ gender [237, 175];

* ethnicity [127, 219];

* body-mass index [163];

* genetic [101].

The current challenge in ophthalmology is to disentangle causes from effects for each spe-
cific patient. In this context, the OMVS may be employed to single out the mechanisms in-

volved in the pathophysiology of glaucoma and inspect individually the influence of these
multiple factors on the overall system.
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The Ocular Mathematical Virtual
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As stated in the first part of this thesis (Part I), the lamina cribrosa plays a crucial role in
the balance of pressures between the eye and the brain. Since IOP has certainly a major role in
glaucoma, we are interested in modeling the complex multiphysics phenomena that take place
at the level of this ocular tissue.

Specifically, in this part we illustrate the evolution of the framework of the modeling and sim-
ulation environment we developed, called Ocular Mathematical Virtual Simulator (OMVS),
from its early characterization to the current status.

The development of the OMVS can be organized in different stages of increasing complex-
ity. In the following, we present these 3 mathematical modeling frameworks:

* Level 0 describes the hemodynamics in the ocular posterior vasculature in the back of the
eye via a reduced model based on a nonlinear ODEs system ;

* Level 1 models the hemodynamics in the ocular posterior vasculature via a multiscale
approach coupling a nonlinear ODEs system with the 3D Darcy equations within the
lamina cribrosa;

* Level 2 accounts for the hemodynamics in the ocular posterior vasculature via a nonlinear
ODEs system, within the lamina cribrosa via 3D Darcy equations, and the biomechanics
of the optic nerve head (2a), sclera, choroid, retina and cornea (2b) by means of different
systems of PDEs describing their linear elastic behavior.

Details concerning Level 0, Level 1, and Level 2 are provided in chapters 3, 4, and 5, respectively.
The contents of this part has been published in [204].



20



CHAPTER 3

Level O
Contents
1 Nonlinearresistormodel . . . . .. .. .. .. ittt 23
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Level 0 consists in a simple representation of the blood circulation in the back of the eye, in
particular within the central retinal vessels, the retina and the lamina cribrosa. The blood cir-
culation is modeled via a lumped-parameter model, which exploits the electric analogy to fluid
flow [71]. Within this analogy, the flow of a fluid through a hydraulic network corresponds to
the flow of an electric current through an electric circuit. Thus, volume, flow rate, fluid velocity,
pressure correspond to electric charge, current, current density, potential, respectively (see Tab.
3.1).

ELECTRIC HYDRAULIC

conductive wire simple pipe
resistor constricted pipe
capacitance pipe compliance

q charge volume Vv
1 current flow rate Q
J current density velocity v
1) potential pressure D
4A
j=—oVo¢ Ohm’s law Poiseuille’s law @ = %Tp
24

Table 3.1 — Electric analogy to fluid flow

The ODEs model illustrated in Fig. 3.1 is an extension of the circuit described in [89], i.e.
we have added the hemodynamics description of the lamina cribrosa. In the original circuit

21
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Figure 3.1 — 0D circuit representing the ocular posterior vasculature. The vasculature is divided into six
main compartments: the CRA (cra), arterioles (ra), capillaries (r,c), venules (r,v), the CRV (crv), and the lam-
ina cribrosa (Ic). Each compartment includes resistances (R) and capacitances (C). The intraocular segments
(Rera,3, Rera,a, Rrv1, Rew2, Rero,1, Rero,2) are exposed to the IOP and the retrobulbar segments are exposed to the
RLTp (RcTa,I, Rcra,27 Rcrv,l&, Rch,él)-

the external pressure on the resistances R, 3 and R, 2 is the effective stress exerted by the
lamina on these vessels, which has been computed via the simplified FSI (fluid-structure inter-
action) model on studied by [88] on the CRA/CRV interaction with the lamina cribrosa. In our
lumped-parameter model (Fig. 3.1), we neglect this contribution by reason of the fact that we
are going to introduce a more detailed 3D biomechanics description of the lamina cribrosa in
Level 2 (Ch. 5).

Following the electronic-hydraulic analogy, the 0D circuit comprises the following elements:

(a) (b)  (mm)

R
PO.—M—.Pl Pob—%—Q_Pl

_

Q Q

(d) vu

HI— —

Figure 3.2 — Electrical elements included in the 0D circuit: (a) linear resistor; (b) non-linear resistor; (c) linear capac-
itor; (d) voltage source.

* linear resistor (Fig. 3.2a): the hydraulic analog to Ohm’s law states that the volumetric
flow rate () is proportional to the pressure difference ) — P across the resistor, namely

Py — P,

Q== 31
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where R is the hydraulic resistance;

* nonlinear resistor (Fig. 3.2b): this element follows the same constitutive law as the linear
resistor (Eq. 3.1) with the difference that the resistance is not a constant, but it depends
on a pressure II, which is external to the element:

szo—Pl

o (3.2)

e linear capacitor (Fig. 3.2c): the time rate of change of the fluid volume V stored in a capaci-
tor equals the volumetric flow rate Q). In the case of linear capacitor, the volume V' is equal
to the pressure difference Py — P, multiplied by a positive constant C called capacitance,
namely V = C (P — P;). Thus, the constitutive law of a linear capacitor is

d(Py — P1)

dt

e voltage source (Fig. 3.2d): the hydraulic analog of a voltage source is an element that
imposes the nodal pressure as P;(t) = U(t), where U(t) is a given function.

Q=C (3.3)

1 Nonlinear resistor model

Nonlinear resistors are utilized in Level 0 to describe the mechanical response of the CRA
and the CRV to external loads. Both vessels experience two external pressures in the pre- and
postlaminar regions, i.e. RLTp and IOP, respectively. Thus in the remaining part of this chapter
the external pressure called II in Eq. 3.2 has to be replaced by RLTp for the segments outside
the globe of the eye and by IOP for the segments within the eyeball. In particular, our intent is
to model the mechanical response of the vessels due to changes in the value of the transmural
pressure. The transmural pressure is the difference between the pressure inside the vessel and
the external load acting on the same segment.

Such analysis has already been performed in literature, and we report for sake of completeness
the principal results below. For more details see [31].

Q

z=20 z=1L
Figure 3.3 — Representative cylinder in the Cartesian coordinate system (x; y; z) with cross-section 3, of length L

Let us consider a straight cylinder Q with cross section X of general shape (Fig. 3.3). Let
us assume that the movement of a viscous fluid inside the cylinder can be described by the
stationary Navier-Stokes equations with no-slip boundary conditions:

V.-u= in Q
(u-V)u= —%vp+ EAu inQ (3.4)
u=0 on 9% x (0, L)
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where u is the fluid velocity, p is the fluid pressure, p is the fluid dynamic viscosity, p is the fluid
density and 0¥ is the lateral boundary of the cylinder 2. Moreover, we impose a determined
pressure at inlet and outlet, and we rewrite u = uy, + u.e, with uy, = uze, + uye, and ny, is the
outward normal vector to 0% x (0, L).

Let us perform a model reduction based on the following assumptions:

* pis constant on each section ¥, which means that p = p(z);
* body forces and mass sources are absent;

* |ugp| << |u;|, which means axial motion is predominant;

* u, = u(z)f(X), where u(z) represents the average axial velocity on the cross-section X
and f(X) is an appropriate shape function;

L
* low Reynolds number, for instance in the CRA Re = % ~ 4[31];

the variability of A with respect to z can be neglected = [, f(X)dy = A(z).

Combining these assumptions we can obtain the following reduced system:

di?l(z) ~0 in (0, L)
“ap Q) (3.5)
Kopd: " a2(2) = 0 in(0,L)

where Q(z) = / udo = u(z)A(z) is the volumetric average flow rate, A(z) = [y, 1do is the
by

cross-sectional area and K, = _E / ny, - Vs f(X£)dy. The choice of the specific shape function
f(¥) for the fluid motion influences the value of K. For Poiseuille’s flow, where the fluid

8
velocity has a parabolic profile, we have that K, = Sl [185, 27].
P
Till now, we have not introduced yet any mechanical interaction between the vessels and
the fluid, in particular depending on the transmural pressure difference. Thus, we adopt the

tube law [27, 84, 176, 214]:
Pla) = PE) e (3.6)

A(z)
Are f
sectional area A,.r. p(z) and p,. are the internal and external pressure acting on the tube, re-
spectively, and K, is a material parameter that, for a linear elastic tube, can be expressed as

where o = is the ratio between the cross-sectional area A(z) and the reference cross-

E

)

where E, v, h and r,. are the tube Young modulus, Poisson’s ration, wall thickness and refer-
ence radius, respectively [84, 176, 214].
Thus, we have two possible situations, i.e. cross-section constriction (p. > p(z) = « < 1, Fig.

K, =
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Pe

Figure 3.4 — Radial displacement on cross-section ¥ for compressible tube in the case a < 0

3.4) and cross-section dilation (p. < p(z) = « > 1). The situation a = 1 corresponds to circular
cross-section: A(z) = Ayep = mr?, 5

For the sake of simplicity hereafter we will consider the retinal venules as part of the CRV
segment. Following the passages described in [31] and [202] we adopt the following model
choices:

KopL [p—pe 17"
CRA R= 1 3.7
Agef |:KP kL - :| ( )
K’I’ L h — e - A
A2p I:];{ ISL + 1] D 2 De
CRV R — Tef P " 4/3 (38)
KrpL {1, P —pe p<p
Azef Kp ‘

where L is the length of the vessel, p is the average pressure inside the vessel and k; =
12 (el ’

L)
In Eq. 3.7 we have assumed that the cross-section remains circular in presence of external pres-
sures, whereas in Eq. (3.8) we have employed the Starling resistor effect based on experiments
suggested by [27, 214]. This formula expresses that, in case of compressible tubes, the circular

cross-section is preserved for dilation, whereas when the transmural pressure is negative the
cross-section becomes elliptical.

In conclusion, we have defined two types of nonlinear resistors - for CRA and CRV seg-
2

ments, respectively - that are univocally characterized by three parameters: ky = 7 ref T kr,
P
and K.

2 Data and implementation
In Tabs. 3.2 and 3.3 we report the parameter values we have used in the simulation of this
first model, if not specified differently in the results (Part V). The data are taken from [31].

The ODEs model has been implemented in OpenModelica [74], Fig. 3.5 shows the imple-
mentation of the model Level 0 in this open-source software.
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Name Type Parameters Values Units
P, blood pressure source SP 120 mmHg
DP 80 mmHg
HR 60 mmHg
P pressure source A\ mmHg
RLT, pressure source \Y% mmHg
0P pressure source \% 15 mmHg
Ri, linear resistor R 22500 mmHg s cm ™3
Ry, nonlinear resistor (3.7) ko 2.124-107%* cm?® mmHg !s™!
kr, 55.714 [-]
K, 24.665 mmHg
Pe RLTp mmHg
Ry nonlinear resistor (3.7) ko 2.107-107* cm® mmHg !s™!
kr 55.487 [-]
K, 24.816 mmHg
De RLTp mmHg
Ry, nonlinear resistor (3.7) ko 0.0047 cm?® mmHg ! s7!
kr, 56.1468 [-]
K, 24.3797 mmHg
Pe I10P mmHg
Ryg4 nonlinear resistor (3.7) ko 0.0010 cm® mmHg ! s7?
kr, 56.1785 [-]
K, 24.3591 mmHg
De I0P mmHg
Ra, linear resistor R 6000 mmHg s cm ™3
Ry, linear resistor R 6000 mmHg s cm ™3
R3, linear resistor R 5680 mmHg s cm ™3
Rsy linear resistor R 5680 mmHg s cm—3
Ru, nonlinear resistor (3.8) ko 2.199-107% cm?® mmHg !s™!
kr, 992.4853 [-]
K, 0.0722 mmHg
Pe 10P mmHg
Ry, nonlinear resistor (3.8) ko 2.199-107%* cm?® mmHg !s™!
kr, 992.4853 [-]
K, 0.0722 mmHg
De IOP mmHg

Table 3.2 — Data for Level 0

Level 0 framework exploits some electronic elements already implemented in OpenMod-
elica, in particular linear resistor, linear capacitor and pressure (voltage) source. However, in
order to be able to reproduce the physiological mechanisms related to vessel collapsibility, we

have implemented these new OpenModelica classes:

* nonlinear resistor that follows Eq. (3.8):
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Name Type Parameters Values Units
Rsq nonlinear resistor (3.8) ko 0.0031 cm?® mmHg ! s}
kr, 1457.5 [-]
K, 0.3687 mmHg
De 10P mmHg
Rsp nonlinear resistor (3.8) ko 0.0156 cm?® mmHg ! s7!
kr 1458.2 [-]
K, 0.3684 mmHg
De 10P mmHg
Rs. nonlinear resistor (3.8) ko 0.0007 cm® mmHg ! s}
kr, 1419.4 [-]
K, 0.3836 mmHg
Pe RLTp mmHg
Rsq nonlinear resistor (3.8) ko 0.0007 cm® mmHg ! s}
kr 1424.1 [-]
K, 0.3817 mmHg
De RLTp mmHg
Rout linear resistor R 14111.39 mmHg s cm 3
lcR;, linear resistor R 78181.9 mmHg s cm 3
Ryufferin linear resistor R 2000 mmHg s cm 3
lcR linear resistor R 21988.25 mmHg s cm ™3
4 linear capacitor C 0.000000722  cm?® mmHg !
Cs linear capacitor C 0.000000753  cm?® mmHg ™!
Cs linear capacitor C 0.0000167 cm® mmHg ™!
Cy linear capacitor C 0.0000107 cm?® mmHg ™!
Cs linear capacitor C 0.000000753 cm?® mmHg ™!

Table 3.3 — Data for Level 0

CRV resistor

extends Modelica.Electrical.Analog.Interfaces.OnePort;

parameter Real kO (quantity = "k0", unit = "ml/ (mmHg.s)") "Aref”2/(krxroxL), kr=8*pi*mu/ro";
parameter Real kl(quantity = "k1", unit = "1") "12 ArefAZ/(pithZ)";

parameter Real kp(quantity = "kp", unit = "mmHg") "E/(12x(1-ni”2)x* (h/rref)”3";

Modelica.Blocks.Interfaces.RealInput REF "Pressure that controlled the resistance";

final Modelica.SIunits.Resistance Ractual;
final Modelica.SIunits.Voltage DP;

® N oUW RN

10 equation

11 DP = n.v;

12 Ractual = noEvent( if noEvent (DP < REF)

13 then 1 / k0O = (1 - (DP - REF) / kp) ~ (4 / 3)

14 else 1 / kO = (1 + (DP — REF) / (kp * k1)) ~ (-4) );
15

16 v = Ractual * i;

* nonlinear resistor that follows Eq. (3.7):

Modelica.Blocks.Interfaces.RealInput REF "Pressure that controlled the resistance";

CRA resistor
1 extends Modelica.Electrical.Analog.Interfaces.OnePort;
2 parameter Real kO (quantity = "k0", unit = "ml/ (mmHg.s)") "Aref”2/(krxroxL), kr=8*pi*mu/ro";
3 parameter Real kl(quantity = "k1", unit = "1") "12 ArefAZ/(pith2)";
4 parameter Real kp(quantity = "kp", unit = "mmHg") "E/(12%(1-ni”2)x (h/rref)"3";
5
6
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Figure 3.5 — Level 0 circuit implemented in OpenModelica

final Modelica.SIunits.Resistance Ractual;

Ractual =1 / kO » (1L + ((p.v + n.v) / 2 = REF) / (kp = k1)) ~ (-4);

7
8
9 equation
0
1 v = Ractual * i;

* blood pressure source; in this case we have employed the same approach used in [89];
we reconstruct the CRA blood pressure time profile from typical CDI measurement of the
blood velocity in the CRA (Fig. 3.6) and we impose it as time-dependent pressure source.
Moreover, we have parametrized the reconstructed signal using the heart rate (HR), the
systemic systolic and diastolic pressures (SP and DP, respectively) as input; thus, we have
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divided the CRA blood pressure time profile into 6 parts for each cardiac cycle :

or .2 60 ; 60
0.65SP — 0.475DP sin Tt e 0.082 = for { < 0.082——
4008259 " " 032882 HR HR
o . 2 60 60 . 60
0.65SP + 0.9sin [ ——f — ——0.082 for 0.082~ < < 0.112—
00389 0.0380 " HR HR HR
o . 2 60 60 . 60
0.65SP + 0.118SPsin < T 0112 > for 01122~ < 7 < 0.398 -
Pt = 0.57289 " 057282 THR HR AR
0.13SP 0.135P 60 60 . 60
4 0.655P — — - 0.398 for 0.398 2~ < i <0432~
0.034 5% 3450 UHR HR HR
o . 2 60 60 . 60
0.525P — 0.8sin | —— oo d — —— 0 0.332—— for 0.432—— < < 0.482
00589 0.058 ""HR HR HR
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207288 " 207289 " HR HR
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SV Angle -10°
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Figure 3.6 — Color Doppler Imaging (CDI) blood velocity profile within the CRA. Courtesy of the Eugene and
Marilyn Glick Eye Institute (Indianapolis, USA).
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Level 1
Contents
1  Darcy equations with integral boundary conditions IBCs) . .. ... ... .. 32
2 Porous media model for the laminacribrosa . . . . ... ... ... ....... 33

In Level 1 of the OMVS we look for a more detailed description of the hemodynamics
within the lamina cribrosa. Since this tissue has a structure similar to a sponge - see Ch. 2
for the anatomical details of the lamina cribrosa - we have employed the Darcy equations that
describe the behavior of a porous medium.

The modeling of the lamina cribrosa is not a novelty in the scientific panorama, indeed this
tissue has risen a lot of interest from a biomechanical viewpoint [61, 220, 86, 162, 11, 81]. On
the other hand, few studies have been completed on the hemodynamics of the lamina [39].

The proposed innovative model provides a unique window on both the biomechanics and
hemodynamics. The interaction between this two aspects is investigated in Ch. 5, whereas here
we focus on the importance of having an overview of the blood circulation. The originality
we bring out with this model is that we consider not only the major region of interest - the
lamina cribrosa - but we take into account also the blood framework from which this tissue is
nourished. In this way we look at the local to systemic feedback acting on the whole system.
For instance, if the lamina is compressed in a certain region, the blood flow may redistribute
not only in the lamina itself, but also in the other vessels connected with this structure.

In order to accomplish this challenging task, we couple Darcy equations with the ODEs sys-
tem described in Ch. 3 by using an integral boundary conditions (IBC). In the upcoming section
we present the Darcy equations in a framework, which is meaningful from the viewpoint of the
target application involving IBCs. We next specify the model in the medical context we are in-
terested in. The new numerical methods that we have developed to discretize the considered

31



32 CHAPTER 4. LEVEL 1

formulation are presented in Chs. 7 and 8.

1 Darcy equations with integral boundary conditions (IBCs)

The novelty of our work is the development of non-standard boundary conditions for the
Darcy model written in the mixed form by reason of a natural PDEs/ODEs coupling.

Before entering the details of our application that are discussed in Sec. 2, we discuss below
this mixed form formulation for Darcy from a general perspective and at a continuous level.
Thus, let us denote by €2 an open bounded set of RY, d = 2,3 representing the computational
domain. Let the boundary I' of 2 be partitioned into three disjoint subsets: I'p, I'y, and I';.
The goal is to solve the following mixed problem: find j, p such that

JTK-Vp=0 in Q (4.1a)
V-j=1f in Q (4.1b)

subject to the following non-standard boundary conditions

P=4gp onI'p 4.2)

J-n=gn onT'y (4.3)

/ .7 n= Itarget on F[ (44)
r;

p(z,t) = p(t) onT;. (4.5)

where I4,4¢ is a given constant. p on I'r is a constant (Eq. (4.5)), however its value is not
known until the system is solved [13]. Moreover, we have that f € L?(2) and K € (L>(Q))"*"
is a symmetric n x n matrix, uniformly positive defined over {2 and represents the permeability
tensor. We use a standard notation for integrals: for functions p, ¢ € L?(D), we write (p, q)p =
[ppqif D C RY and (p,q)p = [, pqif D C R¥1

Introducing a fixed function ¢ € H'/?(T") verifying

@lrp, =0, @, =1,

we consider the following variational formulation of the problem: find j € H(div;Q), p €
L%*(Q), p € span{p) ® Héé2(FN), where

Hy)*(Ty) = {p e H/2(T): p=00nTp UT,},

such that for all v € H(div;Q), w € L*(Q), u € span{@) @ Hééz(PN) we have

(K'0)g— 0 V-v)a  +{Hv-n)r=0, (4.6a)
(V-j,w)a = (f,w)q, (4.6b)

(j - m, w)ryur; = (9N, )Ty + Trarget U1 (1, Dy, (4.60)
(D, 1)) = (9D, )T p- (4.6d)

This formulation leads to the following theorem:
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Theorem 1. For f € L*(Q), gp € HY/*(T'p), gv € L*(T'x), problem (4.6) admits a unique solution
(4, p, D) satisfying

-V (&Vp) =f in €, (4.7a)
P=9pD onT'p, (4.7b)
—KVp-n=gn on 'y, (4.7¢)
with p constant on I'y. (4.8)

Moreover, the integral boundary condition
—KVp-n = Itarget (49)
r;

is satisfied.

The details and the proof of this theorem can be found in [13].

2 Porous media model for the lamina cribrosa

As anticipated in the introduction of this chapter, to describe the lamina cribrosa model,
we couple the system of PDEs described above (Eq. 4.1) with the system of ODEs proposed
for Level 0 in a natural way thanks to the mixed formulation with IBCs. Specifically, we have
replaced the reduced model in the gray area of Fig. 3.1 with a 3D model of the lamina. The
overview of Level 1 is sketched in Fig. 4.1.
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Figure 4.1 — Schematic overview of Level 1.

The data used for the lumped-parameter model are the same as those reported in Ch. 3, in
particular we refer to Tabs. 3.2 and 3.3. For what concerns the 3D model, Fig. 4.2 depicts the
boundary/interface conditions, which are an reformulation of the BCs proposed by [34]; i.e. we
have:
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® D= pPery ON Lipy;

* j-n = 0on ytom Uy, corresponding to the physiological situation where there are no
outward fluxes from the top or the bottom surfaces of the lamina;

o / j-n = Qrand p|r,.,, = Pr on the external lateral boundary, where Q; and P refer to
Fc t a

the variables within the circuit, therefore they are not predetermined.

The BC on I'c,; is crucial for the temporal and spatial coupling between Level 0 and the
new porous media model introduced in Level 1 . This framework provides a zoom in a region
of interest for the lamina cribrosa, while accounting for systemic feedback via the 0D circuit. In
particular, the value P on I'y is obtained after solving the integral condition, which is the core
to achieve the natural spatial coupling between the 3D flux (j) and its 0D representation in the
circuit (Q7). -

LAMINA CRIBROSA

<
I3
Il

[a]

Ftop

<
I3
I

]

FboLLom

Figure 4.2 - Boundary and interface conditions for the 3D Darcy model of the lamina cribrosa.

These conditions replicate the physiology of the lamina. This tissue is nourished through
the lateral boundaries, and finally the blood is gathered by the CRV at the central opening (Fig.
4.3a). We use a baseline value of p.,, = 19 mmHg [89]. We adopt the isotropic hypothesis (Fig.
4.3b) for the permeability tensor K which takes into account for capillaries within the tissue
of the lamina. Thus, K = I with x = 0.015192 cm®sKg~'. As already stated in Ch. 2, this
hypothesis provides a satisfactory approximation of physiological conditions [22].
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nerve fibers

central retinal vessels

blood capillaries

(b) Micro-structure

(a) Perfusion

Figure 4.3 — Lamina cribrosa porous media model.
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Level 2
Contents
1 Linearelasticity . . . . ... ... .. . . e 38
2  Poroelasticity . ... ... ... .. ... e e 40
3  Poroelastic model for the laminacribrosa . .................... 41
4 Biomechanics of sclera, choroid, retinaandcornea . ... ............ 42

The Level 2 of the OMVS adds to the hemodynamics of Level 1 a biomechanical description
of the lamina cribrosa, then the biomechanical part of the model is extended in a second step to
the sclera, choroid, retina and cornea. The simpler version of this model is called Level 2a, which
includes the biomechanics of the lamina cribrosa, whereas the framework that incorporates also
the description of other ocular tissues is called Level 2b.

This chapter is structured as follows:

a first section introduces the equations used for the biomechanical description, namely
the linear elasticity system;

¢ asecond section presents the general framework of a poroelastic model;

* a third section illustrates the specific poroelastic model of the lamina cribrosa we have
used for the OMVS;

* a final section adds the description of the sclera, choroid, retina and cornea to the poroe-
lastic system proposed above.
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1 Linear elasticity

Following a similar procedure to the one utilized for the Darcy system, we present the
development of integral boundary conditions for the linear elastic model written in the mixed
form. Using the same notation as in Ch. 4, we consider the computational domain 2 € R? with
d = 2,3, the boundary I' = 02 = I'p UI'y UTI';. The scope is to solve the following mixed
problem: find o, u such that

Ao —e(u) =0 inQ x[0,7] ¢ RY x R, (5.1a)
0%u .
Poz = Voa+F.. in Q x [0,77, (5.1b)

gn=gy on 'y, (5.2a)

u=g, onI'p, (5.2b)

/ g-ndl'r= Etarget only, (52C)
IV

u(z,t) = u(t) onT; (5.2d)

where u is the displacement, F',,
in R4, g(u) = % (Vg + (VQ)T) is the strain tensor, [ is the identity tensor, o is the stress ten-
sor - symmetric tensor in R%*? - and the compliance operator A is assumed to be a bounded,
symmetric, positive definite operator over the set of a symmetric matrices in R*%:

is the volumetric force term, Fy,, ., is a given constant vector

Av = c1v + cotrace(v) L (5.3)
In Eq. (5.3), v is a symmetric second order tensor in R?*<.
In the hypothesis of homogeneous, isotropic, linear materials, we have that
1 -A
1=, = s 5.4
L7 o > 2u(3A + 2p) -4

where 1, ) are the Lamé parameters [133]. Moreover we assume that the volumetric force term
F 4 lies in L2 (2 x (0,7)), g, € H/*(T'p) = [H1/2(FD)]d, gy € L*(Ty) = [L2(FN)]d, and

=ext

Etm'get € L2(FI) - [LQ(F[)}d

With these premises we can write the variational formulation of the problem: we look for
ceS(Q) ={SeR¥:8=8T} ueL*N),ac span(p) & HY?(Ty)4, where

d
Hy [(Cn)]* = {¢ € [HYA(T)| ¢ =0onTpuTy},
d
such that for all v € S(2), w € L?(Q), p € span(p) & [H%Z(FN)} we have

(Ag. ) — (e(w), 1), =0, (5.5a)

0%u
(Vg w),+ (5w = (Fepw)q (5.5b)
Q
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<g -n, H>FNUF1 = <QN7H>FN + Etarget |F1|_1 <H’ l>FI> (55C)
<@7 M>FD = <QD7H>FD' (55d)

After defining the variational formulation, we would like to give some insights to enlighten

the motivation of constraint (5.2d). First, we multiply (5.1b) by % and we integrate it on the

9%u du 8@

whole domain Q:

Denoting by F := / F emta—%dﬁ, we can write:
Q

Bi oul? B ' ou _/ ' ou

5 7t / —(% = /QV < 875) dQ Qg. v Fn dQ+ F (5.6a)
pd ou / ou

Lt = —= Q — : — | dQ .

5 7t ‘ . /aﬂ atgﬂd@ Qg V(a aQ+ F (5.6b)

Next, we rewrite

/Qo V<?;Z>d(2 = [ V)L v(aaz‘)cm +/Q2u6( ) V(Z)dﬁ (5.7a)
~ ) /Q (V-u) : gt(Vu)dQ o /Q c(u): i(m)da (5.7b)

D [(Cwg Ve [ s pewde 670

= 2219 ulage g @y (5.74)

(5.7¢)

and finally obtain by substitution of (5.7e) into (5.6b):

oul|? )\ d ou
T ||= = —= d(09)
200 |0 |y T2 tlix) +“dt (] o r 2O
Our interest is now focused on 5
Zond(09).
a0 Ot=
We can distinguish three different situations:
. 8
1. Neumann BC on I'y: on= gN(g, t) = we incorporate 8 dPN
e 9 .
. . 99,
2. DirichletonI'p: u= gD(L t) = we obtain / ﬁg ndl'p
g . g

0
3. IBConI': we have / andl'y = Fygpgets but %g n dI'; is still undefined.
'y I, o
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Note that only if
ou ou
ol = a(t) (5.8)
ou ou
we can write —a nd(09) = o |, Zn d(0Q) = y —Fi4rge on T'1. Thus, Eq. (5.8) leads to

the supplementary Constramt on the 1ntegral boundary condition specified in Eq. (5.2d).

Remark 1. In the OMVS we use only Dirichlet and Neumann BCs for the linear elasticity system,
whereas we employ the IBC in an application proposed in Ch. 24.

2 Poroelasticity

We will describe the lamina cribrosa as a poroelastic medium, where hemodynamics and
biomechanics are combined to model the physiological behavior of this tissue, with the goal of
understanding the interactions between these two biological mechanisms. In order to achieve
this scope we started from the poroelastic system introduced by Biot [15] and subsequently
studied by [56, 51, 244, 148]:

o%u

p2 V(o —apl)=F, inQx[0,T

" o (¢, —arI) = Fu 0,7] 59)
8t+V j_Ffl ian[O,T]

where 2 C R, d = 2,3 is the computational domain, u is the solid displacement, o ., 1s elastic
stress tensor, F,,; is the volumetric force term, p is the fluid pressure, « is the Biot coefficient, J
is the discharge Ve10C1ty, FYy is the volumetric fluid source term, and ( is the fluid content. The
definition of ¢, g, and j, reads:

1
(= Vi +aV-u (5.10)
o, =1 (Vu+Viu)+X(V-ul (5.11)
j=-KVp (5.12)

where M is the Biot modulus, p» and A are the Lamé parameters of the elastic matrix, and Kis
the permeability tensor. Exploiting these definitions we can rewrite the system (5.9) as:
82
pa—g - A+ WV (V-u) —pAu+aVp=F, inQx][0,T]
1 5}9 8u

From this formulation, we introduce the hypothesis that the exchange of fluid content is

only due to p, i.e. agt (V - u) ~ 0. Thus, we obtain the following simplified system of PDEs:

82g
1 dp
M ot
where g = o g —aplis the stress tensor of the mixture or total stress. System (5.13) is accom-

panied by appropriate boundary and initial conditions.

in Q x [0,7]
(5.13)
+ V. j—Ffl in ) x [O,T]

Remark 2. The well posedness of the poroelastic system (5.9) is proved by Showalter in [217].
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3 Poroelastic model for the lamina cribrosa

For our application we are interested in using the poroelastic system presented in the previ-
ous section for modeling the lamina cribrosa. The idea is to use the hemodynamic framework
of Level 1 combined with the biomechanical description via the model proposed in (5.13).

In the context of the lamina cribrosa there are more advanced studied in specific parts of
this model, for instance the use of a nonlinear model to describe the biomechanics of the lamina
[197], or the use of a poro-viscoelastic model to characterize the interaction between the blood
flow and the elastic tissue within the optic nerve head [179]. The novelty that we are bringing,
despite the hypothesis introduced and the use of a simple linear elastic model, is the concep-
tion of this framework in which the 3D model of the lamina cribrosa does not have artificial
boundary conditions but via an IBC it is coupled with a system of ODEs representing the blood
flow circulation. Moreover, the use of Egs. (5.13) has to be seen as a first step to create the
"big picture” of the ocular system in which each mathematical component can be replaced with
more sophisticated and adapted models as soon as the research evolves.

We sketch the new scheme for Level 2a in Fig. 5.1.

HEMODYNAMICS BIOMECHANICS

Figure 5.1 — Level 2a scheme.

CENTRAL RETINAL CENTRAL RETINAL
ARTERY (CRA) VEIN (CRV)

IOP

LAMINA CRIBROSA @
Scleral tension Scleral tension
G e >

]

Figure 5.2 — Biomechanical boundary condition for the lamina cribrosa.
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The data used for the hemodynamics part of the model are the same as in Ch. 4.

Remark 3. Hereafter we do not consider external volumetric forces or volumetric fluid source terms,
ie. ', =0and Fp =0.

For what concerns the biomechanics, the BCs are depicted in Fig. 5.2, i.e. we have:

® g, M= —Peran ON the internal boundary of the lamina; in this case - due to lack of bio-
loglcal information - we have assumed that all the internal boundaries feel the pressure
within the CRA that is compressing (negative sign), whereas from a strictly physiological
viewpoint there is a subset that is influenced by the CRV; thus, we are overestimating this

pressure sSince perq > Pery ¥t € [0,T7;

* 0 -n = —IOPn on the top boundary; the negative sign is to indicate the fact that IOP is
compressing the tissue;

* 0-n = —RLTpn on the bottom boundary; also in this case the negative sign is to indicate
the compressing effect of the CSF behind the eye on the tissue;

¢ u = ( on the lateral boundary; at first instance we did not consider the effect of the sclera
on the optic nerve head; this hypothesis will be removed in the next section when we add
the biomechanical description of the sclera.

The baseline values for the BCs for Level 2a are p.., = 80 mmHg, IOP = 15mmHg, and RLTp =
7mmHg. The values for the Lamé coefficients to describe the elastic properties of the lamina
cribrosa are summarized in Tab. 5.1 and have been retrieved from [35] and [248] in case of
small stresses (0.0 — 8.0 kPa), which include the physiological range of pressures involved in
the realistic framework.

LAME PARAMETER VALUE UNIT

[ 012 MPa
A 588  MPa

Table 5.1 — Elastic properties of the lamina cribrosa for Level 2a.

4 Biomechanics of sclera, choroid, retina and cornea

In this section we extend the previous model introducing the biomechanics of the sclera
(Fig. 5.3a), choroid (Fig. 5.3b), retina (Fig. 5.3c) and cornea (Fig. 5.3d). This is the current most
advanced version of the OMVS and it is called Level 2b.

The hemodynamics model is the same as Level 2a (Fig. 4.1), which means that we account
for the vasculature in the back of the eye thanks to the 0D model described in Ch. 3 and the
blood perfusion of the lamina cribrosa via a 3D poroelastic model presented in Ch. 4. For
what concerns the biomechanics we impose the continuity of stresses and displacements on
the interfaces between the different tissues:

U o [:] rt

int int
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(a) Sclera (b) Choroid

(c) Retina (d) Cornea

Figure 5.3 — Ocular tissues introduced in the biomechanical description of Level 2b.

s, = b,
where T';,, and I'}, are the left and right interface of the shared internal faces of the ocular
domain. Tab. 5.2 lists all the BCs for the linear elasticity equations solved within the biome-
chanical domain and the values of the data used; the different panels in Fig. 5.4 illustrate the
labels for the name of the different boundaries in the complex 3D domain of Level 2b.

In Tab. 5.3, we resume the Lamé coefficients of each simulated ocular tissue for Level 2b model,
values that have been retrieved from [73, 65].
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Name boundary BC type Parameter Value Unit
SCLERA
Iris_Sclera g-n=-I0Pn Iopr 15 mmHg
Sclera_internalBC g-n=-I0Pn IOP 15 mmHg
Pia_Sclera u=0 [—] [—] [—]
OpticNerve_Sclera u=20 [—] [—] [—]
Sclera_external BC u=0 [—] [—] [—]
CHOROID
BC_Choroid og-n=-I0Pn IoprP 15 mmHg
Choroid_Iris u=20 [—] [—] [—]
RETINA
BC_spherical_Retina g-n=-I0Pn IOP 15 mmHg
OpticNerve_Retina u=20 [—] [—] [—]
CORNEA
Cornea_internalBC g-n=-I0Pn I0P 15 mmHg
Cornea_externalBC u=0 [—] [—] [—]

LAMINA CRIBROSA

Out g-n=—-RLTpn RLTp 7 mmHg
HOZE gel n = _pCT‘(l n pcra, 80 mmHg
Table 5.2 — BCs data for Level 2b of the OMVS.
LAMINA CRIBROSA SCLERA CHOROID RETINA CORNEA
I A I A I A 7 A I A
Value [MPa] 0.12 5.88 0.676 16.216 0203 4.86 0.067 1.62 0.845 20.27
Reference [35] [248] [73] [169] [248] [73] [118] [247] [178] [248]

Table 5.3 — Lamé parameters for Level 2b of the OMVS
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SCLERA
Sclera_externalBC

Sclera_internalBC

Iris_Sclera
Pia_Sclera

OpticNerve_Sclera

RETINA

BC_spherical_Retina

OpticNerve_Retina

LAMINA CRIBROSA

Hole

CHOROID

Choroid_Iris

CORNEA

Cornea_internalBC

Cornea_externalBC

Figure 5.4 — BCs labels of the OMVS geometry. The original geometry has been clipped along the z-plane in order
to view within the eye. For each subfigure, the domain of interest is highlighted in red.
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Part 111

Numerical methods
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In this part we introduce the numerical methods adopted in order to solve the models pre-
sented in the previous part. Since we have adopted a Finite Element Method (FEM) approach,
we present:

¢ the computational mesh, in particular the process needed to handle the complex ocular
geometry;

¢ the time discretization, in particular a novel operator splitting strategy used to couple the
3D system of PDEs with the nonlinear system of ODEs;

¢ the spatial discretization, in particular the Hybridizable Discontinuous Galerkin (HDG)

method with original non-standard boundary condition, namely Integral Boundary Con-
dition (IBC).
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In this chapter we present the process we accomplished to build the geometry and the com-
putational mesh used in the 3D simulations for Level 1 and Level 2 of the OMVS (Chs. 4 and
5). This work has been realized in collaboration with Christophe Trophime, a research engi-
neer of the LCNMI (Laboratoire National des Champs Magnétiques Intenses) in Grenoble during
CEMRACS (Centre d’Eté Mathématique de Recherche Avancée en Calcul Scientifique) 2016.

The generation of the geometry and the mesh is realized thank to the software Salome
[199], which is an integration platform for numerical simulations with pre- and post-processing
tools. We are interested in the CAD (Computer Aided Design) module, which is based on
OpenCascade[210] and its constructive solid geometry features, and it is also equipped with a
Python script interface.

In the following sections we describe the overall process (Fig. 6.1) to obtain a computational
mesh of the eye starting from a CAD image reporting, whenever possible, the python scripts
used.
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Importing CAD

Meshing

Manipulating geometry

Figure 6.1 — Process to generate a computational mesh from a CAD drawing using the Salome platform.

1 Geometry

The starting CAD image of the eye is illustrated by Fig. 6.2 (courtesy of CEMOSIS'). This
preliminary image is imported on Salome, where the following 3D ocular structures are identi-
fied: cornea, vitreous humor, iris and ciliary body, ligament, lens, sclera, choroid, retina, central
retinal vein and artery.

Figure 6.2 - CAD starting image. Courtesy of CEMOSIS'.

Code 6.1 — Import CAD

*CEnter for MOdeling and SImulation in Strasbourg. http: //www.cemosis.fr/


http://www.cemosis.fr/

W N U W
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Human_Eye = geompy.ImportSTEP ("Human_Eye.stp", True)

[Cornea, Iris___ _Ciliary_Body, Suspensory_Ligament, Lens_Body,Vitreous_humor, Sclera,Choroid,Retina,
Vein,Artery] = geompy.ExtractShapes (Human_Eye, geompy.ShapeType["SOLID"], True)

geompy .addToStudy ( Human_Eye, ’Human Eye’ )

geompy .addToStudyInFather ( Human_Eye, Cornea, ’Cornea’ )

geompy .addToStudyInFather ( Human_Eye, Vitreous_humor, ’Vitreous humor’

geompy .addToStudyInFather ( Human_Eye, Iris___ Ciliary_Body, ’Iris & Ciliary Body’ )

geompy .addToStudyInFather ( Human_Eye, Suspensory_Ligament, ’Suspensory Ligament’ )

geompy .addToStudyInFather ( Human_Eye, Lens_Body, ’'Lens Body’ )

geompy .addToStudyInFather ( Human_Eye, Sclera, ’'Sclera’ )

geompy .addToStudyInFather ( Human_Eye, Choroid, ’Choroid’ )

geompy .addToStudyInFather ( Human_Eye, Retina, ’'Retina’ )

geompy .addToStudyInFather ( Human_Eye, Vein, ’'Vein of the Retina’ )

geompy .addToStudyInFather ( Human_Eye, Artery, ’Central Artery of the Retian’ )

The code to import the STEP file and recover the architecture of the eye is detailed in Code
6.1.
The main part that we had to add to the starting CAD description was the lamina cribrosa,
which is actually the crucial tissue we are interested in. Following the ocular anatomy pre-
sented in Ch. 2, we create a lamina cribrosa geometry (Fig. 6.3a) within the imported ocular
framework (see Code 6.2). In the generation of this tissue, we made some geometrical param-
eters accessible and tunable of the lamina cribrosa by the user (see Tab. 6.1).

Code 6.2 — Build Lamina Cribrosa

[Face_18,Face_19,Face_20,Face_21,Face_22,Face_23,Face_24,Face_25,Face_26,Face_27,Face_28,
Face_29,Face_30] = geompy.ExtractShapes (Retina, geompy.ShapeType["FACE"], True)
[Face_1,Face_2,Face_3,Face_4,Face_5,Face_6,Face_7,Face_8,Face_9,Face_10,Face_11,Face_12,
Face_13,Face_14,Face_15,Face_16,Face_17] =
geompy .ExtractShapes (Sclera, geompy.ShapeType["FACE"], True)

[Wire_7] = geompy.ExtractShapes (Face_13, geompy.ShapeType["WIRE"], True)
[Wire_8] = geompy.ExtractShapes (Face_14, geompy.ShapeType["WIRE"], True)
[Wire_5] = geompy.ExtractShapes (Face_15, geompy.ShapeType["WIRE"], True)
[Wire_6] = geompy.ExtractShapes (Face_16, geompy.ShapeType["WIRE"], True)
[Wire_3] = geompy.ExtractShapes (Face_26, geompy.ShapeType["WIRE"], True)
[Wire_4] = geompy.ExtractShapes (Face_27, geompy.ShapeType["WIRE"], True)
[Edge_1,Edge_2,Edge_3,Edge_4] = geompy.ExtractShapes (Wire_3,
geompy .ShapeType ["EDGE"], True)
[Edge_5,Edge_6,Edge_7,Edge_8] = geompy.ExtractShapes (Wire_4,

geompy .ShapeType ["EDGE"], True)
Base_retina = geompy.MakeFuseList ([Edge_5, Edge_1], True, True)
Base_R = geompy.MakeCDG (Base_retina)
Top_Retina = geompy.MakeFuselList ([Edge_8, Edge_4], True, True)
Top_R = geompy.MakeCDG (Top_Retina)
N_Base_retina = geompy.MakeVector (Base_R, Top_R)

# Should get vector in the Base_retina plane

[PO, Pl] = geompy.ExtractShapes (Edge_5, geompy.ShapeType["VERTEX"], True)
TO_Base_retina = geompy.MakeVector (Base_R, PO)

Tl _Base_retina = geompy.CrossProduct (N_Base_retina, TO_Base_retina)

[Edge_9,Edge_10,Edge_11,Edge_12,Edge_13]

= geompy.ExtractShapes (Wire_5, geompy.ShapeType["EDGE"], True)
[Edge_14,Edge_15,Edge_16,Edge_17,Edge_18]

= geompy.ExtractShapes (Wire_6, geompy.ShapeType["EDGE"], True)

[Edge_19,Edge_20,Edge_21,Edge_22] = geompy.ExtractShapes (Wire_7, geompy.ShapeType["EDGE"], True)
[Edge_23,Edge_24,Edge_25,Edge_26] = geompy.ExtractShapes (Wire_8, geompy.ShapeType["EDGE"], True)
Inner_Bas_sclera = geompy.MakeFuselist ([Edge_19, Edge_23], True, True)

Inner_Bas_S = geompy.MakeCDG (Inner_Bas_sclera)

Vector_2 = geompy.MakeVector (Base_R, Inner_Bas_S)

Lamina_cribosa_Base = geompy.MakeFaceWires ([Inner_Bas_scleral, 1)

Translation_2 = geompy.MakeTranslationVectorDistance (Base_retina, Vector_2, distance_from_sclera)

Lamina_Base = geompy.MakeFaceWires ([Translation_2], 1)

[Wire_9] = geompy.ExtractShapes (Lamina_Base, geompy.ShapeType["WIRE"], True)
Laminia_Top = geompy.MakeTranslationVectorDistance (Lamina_Base, Vector_2, depth)
[Wire_10] = geompy.ExtractShapes (Laminia_Top, geompy.ShapeType["WIRE"], True)
G_Lamina_T = geompy.MakeCDG (Laminia_Top)

Vector_3 = geompy.MakeVector (Inner_Bas_S, G_Lamina_T)

Scaled_Lamina_w_hole_1 = None
try:
DZ_Hole = geompy.BasicProperties (N_Base_retina) [0]
DR_Hole = geompy.BasicProperties (TO_Base_retina) [0]
# should check if shift is less than DR _Hole-2xhole
if shift > DR_Hole - 2xhole:
print "pb with shift size"

Base_R_1 = geompy.MakeTranslationVectorDistance (Base_R, N_Base_retina, -0.5%xDZ_Hole)
Cylinder_1 = geompy.MakeCylinder (Base_R_1, N_Base_retina, hole, 1.5xDZ_Hole)
Translation_Cyl = geompy.MakeTranslationVectorDistance (Cylinder_1, TO_Base_retina, shift)
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G_Lamina_Base = geompy.MakeCDG (Lamina_Base)
Scaled_Lamina_Base = geompy.MakeScaleTransform(Lamina_Base, G_Lamina_Base, 1.2)
Scaled_Lamina_cribosa = geompy.MakePipe (Scaled_Lamina_Base, Vector_3)

Scaled_Lamina_w_hole = geompy.MakeCutList (Scaled_Lamina_cribosa, [Translation_Cyl], True)
Scaled_Lamina_w_hole_1 = geompy.MakeCutList (Scaled_Lamina_w_hole, [Retina], True)

except:
print "Failed to build Lamina"

Consequently, the other tissues (i.e.:retina, sclera, optic nerve ...) were modified and ad-
justed in order to fit the new structure. A cut of the new geometry of the eye built using Salome
is displayed in Fig. 6.3b. In Tab. 6.1 we recap the input parameters that are currently tunable
by the user to obtain a patient-specific geometry.

(a) Zoom on the lamina cribrosa. (b) Cut along the z-plane.

Figure 6.3 — Geometry of the eye realized with Salome.

PARAMETER DEFAULT VALUE DESCRIPTION

hsize_lamina 0.05 max size of the mesh grid h for the lamina cribrosa sub-domain
hsize_eye 1.0 max size of the mesh grid A for all the eye except the lamina cribrosa sub-domain
distance 0.25 mm lamina cribrosa distance from retina/sclera
width 0.2 mm lamina cribrosa width
hole 0.2 mm radius of the lamina cribrosa hole
shift 0.3 mm hole shift from lamina cribrosa center
eye_length 26.1 mm ocular axial length
corneal_thickness 1.0 corneal thickness proportion with respect

to the original CAD thickness

Table 6.1 — Geometrical parameters that can be modified by the user during the generation of the computational
mesh.

2 Mesh

The mesh module in Salome is used to generate 1D /2D /3D meshes. The following meshing
plug-ins are available:

free: NETGEN, Gmsh;

commercial: MeshGems CADSurf, MeshGems Tetra, MeshGems Tetra_ HPC, MeshGems
Hexa, MeshGems Hybrid.
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We set markers on every volume or surface of the structured mesh allowing simulations
that can be run only on single parts of the eye or on the whole geometry (see Code 6.3).

N U WN =

Code 6.3 — Set mesh markers

## Set Markers
Cornea_3 = Mesh_1.GroupOnGeom (Cornea_2,’Cornea’, SMESH.VOLUME)
Iris_3 = Mesh_1.GroupOnGeom(Iris_2,’Iris’, SMESH.VOLUME)
Ligament_3 = Mesh_1.GroupOnGeom (Ligament_2,’Ligament’, SMESH.VOLUME)
Lens_3 = Mesh_1.GroupOnGeom(Lens_2,’Lens’, SMESH.VOLUME)
Sclera_3 = Mesh_1.GroupOnGeom(Sclera_2,’Sclera’, SMESH.VOLUME)
Choroid_3 = Mesh_1.GroupOnGeom (Choroid_2,’Choroid’, SMESH.VOLUME)
Retina_3 Mesh_1.GroupOnGeom (Retina_2,'Retina’, SMESH.VOLUME)
Lamina_3 Mesh_1.GroupOnGeom (Lamina_2, ' Lamina’, SMESH.VOLUME)
Vein_3 = Mesh_1.GroupOnGeom(Vein_2,’Vein’, SMESH.VOLUME)
Artery_3 = Mesh_1.GroupOnGeom (Artery_2,'Artery’, SMESH.VOLUME)
Pia_3 = Mesh_1.GroupOnGeom(Pia_2,’Pia’, SMESH.VOLUME)
OpticNerve_3 = Mesh_1.GroupOnGeom (OpticNerve_2,’OpticNerve’, SMESH.VOLUME)
print "Create Groups from Geometry"

Out_3 = Mesh_1.GroupOnGeom (Out,’Out’, SMESH.FACE)
Out_3.SetColor( SALOMEDS.Color( 1, 0.666667, 0 ))
Hole_3 = Mesh_1.GroupOnGeom (Hole,’Hole’, SMESH.FACE)
Hole_3.SetColor( SALOMEDS.Color( 1, 0.666667, 0 ))
Hole_3.SetName ( ’"Hole’ )

print "Set Color for BC Groups on Lamina"

## Set names of Mesh objects
smesh.SetName (Out_3, ’'Out’)
smesh.SetName (Hole_3, ’Hole’)

for item in Others:
Name = item.GetName ()
BC_Group_Mesh = Mesh_1.GroupOnGeom (item, item.GetName (), SMESH.FACE)
BC_Group_Mesh.SetColor ( SALOMEDS.Color( 1, 0.666667, 0.333333 ))

print "Set specific BC Groups for Retina"
Done = ["Lamina"]
for interface in Interfaces:
for item in interface:
Name = item.GetName ()
print Name
if not Name in Done:
Done.append (Name)
print "add %s"$Name
BC_Group_Mesh = Mesh_1.GroupOnGeom (item,Name, SMESH.FACE)
BC_Group_Mesh.SetColor ( SALOMEDS.Color( 1, 0.666667, 0.333333 ))
print "Set Color for BC Groups on Retina"

Next, we used the NETGEN meshing plug-in [211] to specify the parameters of the mesh

and eventually build the mesh (see Code 6.4).

Code 6.4 — Create and build the computational mesh

try:
# Create mesh for every solid
for solid in Solids:
Name = solid.GetName ()

algo3d = Mesh_1.Tetrahedron (algo=smeshBuilder .NETGEN_1D2D3D, geom=solid)

if "Lamina" in Name:
lamina_params = algo3d.Parameters ()
lamina_params.SetMaxSize (hsize_lamina)
lamina_params.SetMinSize (hsize_lamina/5)

else:
eye_params = algo3d.Parameters ()
eye_params.SetMaxSize (hsize_eye)

smesh.SetName (algo3d, solid.GetName () )

print "Define NETGEN Hypothesys"

except:
print "Failed to define NETGEN hypothesys"

# Actually build Mesh

try:
isDone = Mesh_1.Compute ()
Mesh_1.ExportMED( "eye.med", 0, SMESH.MED_V2_2, 1, None ,1)
print ’Mesh built successfully’

except:
print "Failed to create Mesh"

Fig. 6.4a shows the generated computational mesh for the lamina cribrosa, while Fig. 6.4b

displays the cut along the z-plane of the overall computational mesh.
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(a) Particular of the lamina cribrosa. (b) Cut along the z-plane.

Figure 6.4 — Mesh of the eye realized with Salome using NETGEN algorithms.

3 Further comments

In order to compute the geometry and build the computational mesh using the default
values, the code takes a total time of 272.6s of which 186.1 for the geometry and 84.7 for the
mesh. Tab. 6.2. The algorithm used to build the mesh is very robust in terms of choices for
the mesh grid sizes, it automatically selects the largest h with the constraint of the maximum
specified by the user and without generating non-conforming elements.

HSIZE_LAMINA HSIZE_EYE NB OF ELEMENTS GEOMETRY TIME [s] MESH TIME [s] TOTAL TIME |[s]

0.05 1.0 336267 186.1306059 84.70704699 272.5534668
0.025 0.5 611801 186.7017241 143.439055 331.88304
0.1 2 288663 186.257086 75.53445411 263.531353
1 1 301017 188.449379 78.61220908 268.8120461
0.05 0.25 1184958 184.623606 297.347297 483.7180319

Table 6.2 — Computational times and data using different i sizes for the mesh realized with Salome.

In conclusion, we have developed from a CAD drawing a geometry of the whole eye, se-
lecting some appropriate parameters that can be tuned, in order to generate a complex compu-
tational mesh. This mesh presents:

* 12 sub-domains;

* 26 boundaries / interfaces;

¢ conforming elements at edges and at interfaces;

¢ specific discretization for the lamina cribrosa due to its different geometrical dimensions
with respect to the other components.

This generating process has addressed the goal of having a full realistic description of the ocular
architecture, which is used by the OMVS for patient-specific numerical simulations.
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One of the main issues in the context of mathematical models for biomedical applications
is the choice of the region of interest and consequently of the boundary conditions (BCs). To
avoid an artificial behavior due to bad selection of BCs (e.g. backward flow, spurious pressure
oscillations), especially for hemodynamics, we decided to couple the region of interest, which
is described with a three-dimensional model, with the characterization of the blood circulation
in the back of the eye with a lumped parameter approach (see Fig. 7.1). In this way, we also
incorporate the blood circulation in the retina without increasing the computational effort.

The challenge introduced by a 3D-0D coupling is mainly due to the instabilities of numerical
methods or again the computational cost.
In the literature many different approaches have been proposed and several research teams
have studied this topic, see for instance [186, 189, 72, 154] for a non-exhaustive view on the
vast panorama of works on coupling techniques. For our purpose, we decided to adopt an
operator splitting method inspired by [82, 30]. Note that this innovative coupling, however, is
a time-splitting technique, thus, it doesn’t take care of possible spatial multiscale issues. The
HDG formulation that we will describe in the following chapter (Ch. 8) supports the direct
solution of the integral boundary condition without any sub-iteration. This strategy allows
us to compute at the same time the pressure on that boundary, obtaining therefore a natural
spatial coupling between the 3D and 0D.
The operator splitting method presented in this chapter has been published in [91].
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Ophthalmic Qpyein

Cavernous
Artery

Sinus

Prye,m Reraa 2 ero.1 Pryeout

LAMINA,
CRIBROSA

cra2 R Ca S Re
! X Reros
lcRin
Central Central
Retinal h Retinal
Artery = Vein

Figure 7.1 — Multiscale 3D-0D coupling between the retinal vasculature and the lamina cribrosa.
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1 Introductory notation

With the aim of explaining the novel operator splitting method we propose, we extend our
discussion to a more general framework, sketched in Fig. 7.2.

I'; Ry

Pr

Qr Gy

Figure 7.2 — Geometrical architecture of the coupled system; €2 corresponds to the region where the system of PDEs
(7.1) is solved, whereas Y represents the lumped-compartment described by a system of ODEs.

Our purpose is to deal with a 3D-0D coupling scheme, however the same procedure can
be applied to a 2D-0D coupling, thus we consider a domain € R" with n = 2,3 and a
circuit T which unknowns are defined by the state variable vector y. The two compartments
are connected by a buffer, characterized by a linear resistor R and a linear capacitor C} as
illustrated by Fig. 7.2. In the domain {2 we solve the fluid part of the model introduced in Ch.
5 (Egs. 5.13):

1 Op ) .
Ma—Fv-l—f inQx (0,7) (7.1a)
JTKVp=0 inQ x (0,7) (7.1b)

where p is the fluid pressure, j is the discharge velocity, f represents the volumetric source
term, K is the permeability tensor, and M is the Biot modulus. The system of PDEs (7.1) is
endowed with the following boundary conditions

j-n=gnvonTy x (0,7) (7.2)
p=gponITp x (0,7) (7.3)
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and interface conditions with the circuit T

/ u-n=Qronly x (0,T) (7.4a)
T'r
plr; = PronTy x (0,7) (7.4b)
Pr—11
Qr(t) = —5—onl7 x (0,T) (7.4¢)
b

where 0Q) = I' = I'p U 'y U I'r with I'; being interface between 2 and the buffer, n is the
outward normal vector, gy and gp are the Neumann and Dirichlet boundary condition terms
respectively, @ is the flux flowing from the domain 2 into the circuit T, P; is the pressure at
the interface I'; and II; is the unknown pressure that is shared by the buffer and the circuit
state variable vector y (II; C y).

The circuit T is uniquely described by the following system of ODEs:

dy
— + Ay, t)y =r(y,t)

o AW Y (7.5)

with the initial conditions
y(t=0)= Yo
If d is the number of unknowns of the circuit, i.e. the number of ODEs, y is a d-dimensional

vector representing the state variables of the circuit T, Ais a d x d tensor including the topology
and physics of the connections among the circuit nodes, and

r(y,t) = s(y,t) + by, t) (7.6)

is composed by sources and sinks within the circuit, including generators of current and volt-
age - denoted s - and the contribution due to the coupling with the PDE region (2 - denoted
b.

State variable Units of state variable Units of differential equation

Coupling dimension ) € R? QeRr? QeR? QeRr?
pressure Kgm™!s2 Kgm™!s2
pressure difference Kgm™!s2 Kgm™!s2
volume 2 3 m?s! m3s!
flow rate m?s~! m3s! m?s—2 m3s72

Table 7.1 — Physical units of state variables for the lumped-parameter model and their corresponding differential
equation, in the case of coupling with 2D or 3D computational domain and PDE model.

Remark 4. In this work we focus on lumped-parameter models involving resistive and capacitive el-
ements, however the theory can be easily extended to include also inductors. This fact leads to choose
different electric state variables y such as potential, voltage, charge or currents, which, exploiting the
fluid analogy, correspond to pressure, volume or volumetric flow rate. Thus, system (7.5) presents dif-
ferent physical units for state variables and equations depending on whether the coupling is with a 2D
or 3D PDE domain (see Tab. 7.1).

Before going through a deeper analysis on this system, let introduce some other notations:
for n = 2 or 3, given the vector valued functions v, w: (0,77) — R", the vector field ¢: € x
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(0,7) — R™ and the tensor field C: 2 x (0,7) — R™*", we have:

ol =3 ot [ Il = | C:€ @)

where the spaces R? and R?*? are endowed with the usual Euclidean inner products and where
- for sake of clarity - the time dependence is omitted. We denote with the symbol (-,-) the
inner product and we recall that, given C' € R"*" symmetric and positive definite, the norm

lollg = /(v Co).

2 Energy of the system

In order to derive the energy of the system, we compute the variational formulation for the
PDEs described by (7.1):

1 Jp . 2
— £ jq= L2(Q);
QM(%CH/QVJQ /qu Vg € L7(Q);

using j = —K Vp, we obtain

1 Odp B 9
QMat“/QV'( /CVp)q—/qu Vg € L3(9).

Introducing the hypothesis of isotropy K = kI - with k > 0 for the definition of permeability
coefficient - and using Green’s formula we infer that

1 Op

q+k‘/Vp-Vq—k:/ qu-nda:/fq Vg € L*(Q
oM ot 0 o0 ) )

To compute the energy associated to the PDE system, we first choose for the test function ¢ =
pE H&FD (€2) to obtain the following equation:

1 5p 2
p+k/ Vp —k:/ Vpp'ndaz/fp.
oM ot Q‘ | I yUT; Q

Then, by substituting the BC (7.2) and (7.3), and by using the assumptions on I'; that (); and
Pr are constant in space (Eq. (4.8)), we have

a1l e 2 / /
7 22f WPz +EIVPIL2 ) = pr - gn pdo —Pr(t) Qr(t) (7.8a)
gpde Dpde ‘dee
or, equivalently,
d
%Spde + Dpde = fpde — Py (t) Q[(t) (7.8b)

In particular, we have that

* &,qe represents energy in the PDE domain;
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* D4 represents the dissipation due to permeability in the PDE domain;
* Fpde represents the forcing term in the PDE domain;

e Pr(t) Qr(t) represents the contribution due to the PDE-ODE connection.

Let us now derive a similar energy estimate for the circuit T. Since the equations might
not be homogeneous in terms of physical units, see Remark 4, we perform the inner product
between Eq. (7.5) and the vector valued function U y to have for each of the resulting scalar
equations the physical dimensions of a rate of change of energy, namely Kgm?s~2 in case of
3D domain, or that of a rate of change of energy per unit length, namely Kg ms™3 in case of 2D
domain. The tensor U is diagonal and its entries U i with j =1,...,d depend on the particular

choice for the corresponding state variable (see Tab. 7.2); specifically for j = 1,...,d:

e if y; is a pressure or a pressure difference, then U . . is a capacitance;
J =jj
e if y; is a volume, then U i is an inverse of a capacitance;

¢ if y; is a flow rate, then U i is an inductance.

Yj u i physical units
Q € R? QeR3
pressure capacitance kg7 'm?s? kg 'm?s?
pressure difference capacitance kg7 'm3s? kg 'm?s?
volume inverse of a capacitance kgm 3572 kgm 4572
flow rate inductance kgm ™3 kgm—*

Table 7.2 — Summary of appropriate choices for the diagonal entries U;; of the tensor U depending on the corre-
sponding state variable y;. Thus, the physical units for U;; are listed in case of coupling with a 2D or a 3D domain,
respectively.

The specific choice for capacitances or inductances appearing in Uj; is determined by the cor-
responding circuit element pertaining to y;. Thus, performing the scalar product between Eq.
(7.5) and U y we obtain:
dy
(— Uy +(Ay,Uy) = (r,Uy). (7.9)

dt [ —— N —

Y 1l 11

We consider the following equality that exploits the fact that U is diagonal

1d 1. dy 1
sa iy =500y + 50 5 Uy)
1,dy 1, dv 1, dy
LN T o
= (U + 50y
Substituting this result in I of (7.9), we have:
dy 1d 1, dU
(G Uy =550y 5 -y (7.10)
—_————
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Therefore we introduce the matrix B summing II of (7.9) and IV of (7.10):

au

¥ =By

where
U. (7.11)

d 1
79 |yll, + (W, By) = (b,Uy) + (s,Uy) (7.12a)
= —— ——
gode uOde ]:Ode
d
%gode + Uode = Fode + <ba gy> (7.12b)

where

Eode represents the energy characterizing the 0D circuit;

Upde Tepresents all the contributions from resistors and capacitors in the 0D circuit;

Fode represents the forcing on the 0D circuit system due to current or voltage generators;

* (b,Uy) represents the contribution due to the PDE-ODE connection.

If we combine (7.8) and (7.12), we obtain the following energy balance equation:

d
% (gpde + gode) + Dpde + Uode = ]:pde + Fode + @gg) - PI(t) Q](t) (7.13)

-~

g

Due to the resistive-capacitive coupling connection we have chosen to interface the domain
Q2 with the lumped-parameter compartment T (see Fig. 7.2), we have that (b,Uy) = II; Q;.
Considering Eq. (7.4c), we obtain

G=0Uy) - PrQs

=1L Qr— P Qs
=—Ry, Q]
= —Dgc
Finally, we deduce that
d
N (gpde + gode) + Dpde + uode+DRC = ]:pde + Jrode (714)

dt
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Considering that Dpg. + Drc > 0Vt > 0, if Fp4. and Fy4. are vanishing and the circuit

properties are such that U,qc > 0 Vt > 0, then we have — (Epge + Eode) < 0Vt > 0, which
leads to the inequality

dt

Epde(t) + Eode(t) < Epae(0) + Eoge(0) YVt € (0,T) (7.15)

Eq. 7.15 indicates that the physical energy of the system in the absence of external forces decays
in time . Our goal is to devise a numerical method that preserves this property at the discrete
level, thereby ultimately yielding unconditional stability with respect to the time discretiza-
tion. This property is extensively discussed in Sec. 5.

3 Dimensional analysis

In this section we complete a dimensional analysis in the case of the coupling of a 3D PDE
model with a 0D circuit. Using the information provided by Tab. 7.1 it is straightforward to
achieve a similar results for a 2D PDE model.

We compute the dimension units for the main energy entries of the 3D PDE model:
* energy
1 d 9 ms? m3 [/ N \?
Epde = | — — = —
o= L Uyl v i s ()

B m?s m?Kg? m?Kg
- Kg s'm? g3

e dissipation

Do = ] | [ | 1057 - <i§>

_ mfs 1 m?Kg? m?Kg
- Kg m6 st 83

As an example we perform also the dimensional analysis of the energy of the 0D circuit for
different types of state variables (see Tabs. 7.1 and 7.2 for the units):

* pressure or pressure difference

Eode = [;ﬂ U] ly;]* Zé €] HI;g;
_ kg’ w's® _ | m’Ke
m2s® Kg s3
¢ volume
fuie = [2] W3] P HEE
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B mﬁ6 Kg B m?Kg
s mis? 83
e flow rate
d 2 1 m6
o = | 5| 101 MU
B m® Kg - m?Kg
T8 mt T8

Analogously, this procedure can be performed on all the other energy entries both for the PDE
and the ODE part using any type of state variable, achieving - for the case 2 R3 - the units
m?Kg

s3

4 Operator splitting technique

The PDE-ODE coupled system presented in Ch. 4 presents several nonlinearities, for in-
stance the interaction between IOP/RLTp and the blood pressure within the CRV (Eq. (3.8)).
Moreover due to the multiscale character of the problem, the coupling between the lamina
cribrosa and the blood circulation in the back of the eye is very challenging. To overcome these
difficulties, numerous coupling scheme have been already developed in various contexts. For
instance in [33, 58, 187, 78, 255, 68] the authors propose robust and stable methods based on
implicit or fully coupled algorithms, which are, however, quite demanding in terms of compu-
tational time. Other approaches are based on semi-implicit schemes [67, 184], monolithic-like
schemes [165] or explicit coupling scheme with the use of a penalty term [26]. Thus, the idea of
splitting our problem is not new in the literature. The novelty of the technique we are present-
ing is how to implement the splitting for a Darcy-ODEs system with the goal of preserving the
energy identity at the continuous level.

Let now consider the 3D problem described by Eq. (7.1) coupled with the 0D model defined
by Eq. (7.5). We approximate it in time by using the Lie’s scheme [82, 83]. The Lie’s scheme can
be summarized as follows. Consider the following initial value problem:

9 L A(¢)=0 in(0,7T),

ot (7.16)
¢(0) = ¢07

where A is a nonlinear operator from a Hilbert space into itself. Suppose that operator A has a
non-trivial decomposition

A=A (7.17)

Then, the solution of the initial value problem 7.16 can be approximated via the following
scheme:
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Let At > 0 be a time-discretization step. Denote t" = n At and let ¢" be an approximation
of ¢(t"). Set ¢° = ¢g. Then, for n > 0 compute ¢! by solving

a¢z A N . n yn+1
o HA@) =0 in ("), (7.18)

¢(tn) _ ¢n+(i—1)/l’

and then set ¢" /! = ¢,(t"t1), for i = 1,...,1. This method is first-order accurate. More
precisely, if (7.16) is defined on a finite-dimensional space and if the operators A; are smooth
enough, then

[o(t") = ¢"[| = O(AD).

Our 3D-0D problem can be thought as the analogous to problem (7.16), where ¢ is the array
of unknowns p, j and y, while A is a multivalued nonlinear differential operator. There is not
a unique way to decompose A (Eq. (7.17)),and different choices may lead to the solution of
different sub-problems (Eq. (7.18)).

Our strategy is to solve separately the following problems:

1. the 3D Biot-Darcy problem (Eq. (7.1));
2. the nonlinear 0D circuit described by a system of ODEs (Eq. (7.5)).

Note that our goal is to separate the nonlinearities of the ODE system from the PDE system
and to split the 3D domain from the 0D circuit. In this way, we obtain two sub-systems in
which we can employ different spatial and temporal discretization and use adapted numerical
methods. Thus, in order to preserve the energy at the continuous level, we solve in a first
step the PDE system accompanied by the interface conditions and the contributions due to the
3D-0D connection, while in a second step we solve the remaining ODE system.

Details of the splitting are presented next.

5 Two-step splitting

Let t" = nAt with At the time step. We introduce the discrete notation for the pressure in
the 2D /3D domain €2 and the vector of unknowns in the circuit Y:

P =p(t") y" =yt").

Considering the energy estimate presented in Sec. 2 at the continuous level, we infer that to
achieve unconditional stability in time, we can adopt the following two-step approach:

given p", y" for n > 0, solve
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Step 1. Step 2.
1 8p . . n yn+l
Ma—i_v'l_f inQx (t", ") %:0 in Q x (£, 171
KVp+j=0 in Q x (£, ") dy
dy DiAy=s) i@
o =bwt (et “o
+ initial conditions
+ interface, boundary and initial conditions . .
p(t") =p""2 y(t") =y"'z

p(tn) — pTL y(tn) — QTL
and then set

and then set 1 1 1
P = p() (= p )

n+% _ n+% —P
p =p(t ) yn+1 _ y(thrl)
yn-‘r% — y(t”+%) = =
- - n+1 __ run+1 A n+%

In particular we emphasize the splitting we applied to the forcing term for the circuit system
in Eq. (7.6), i.e. we have decoupled the contributions due to the interface between 2 and T
(b(y,t)) and contributions that derive from the sources and sinks within the circuit (s(y, t)).

We compute now the energy identity for the proposed two-step algorithm. First, the varia-
tional formulation for the first equation in Step 1:

1 8]? / . 2 1
— g+ | V-jg=[ fq VqeIL* te (¢t
gt [ voia=[ Q) te@.r
using j = —kI Vp (hypothesis of isotropy) and the Green’s formula we obtain
1 9p

q+k/Vp-Vq—k/ qu-ndo—/fq Vg € L*(Q) te(t”,t”“).
oM ot Q o9 Q

To compute the energy associated to Step 1, we first choose for the test function ¢ = p €
H01,FD () for the first equation and we perform the scalar product between the third equation
of Step 1 and U y. Thus, we obtain:

1 0
pp+k/|Vp2—k/ Vpp-ndcr:/fp te ("t
oM ot Q T yUT; Q

d
(ZUy) = b Uy te (et

Then, we use Eqgs. (7.2), (7.3) and (4.8) on the first equation, and we sum it to the second
equation, we have for ¢ € (t",t"1)

dt \2M

d (11 1
( IplZ2q) + 3 HyHU> +E[IVDIZ2 ) = / frp —/ gn pdo+(b,Uy) — Pr(t) Qr(t)
- N——— Q FN

D -G
Sl ! .7:1 !

(7.19a)

or, equivalently,
d
%51 +D1+ G =F  te (", (7.19b)

where
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* &) represents energy in Step 1;
* D represents the dissipation in the PDE domain;
* G represents the contribution due to the PDE-ODE connection;

* Fj represents the forcing term in the PDE domain.

Considering that D; > 0 V¢ € (t*,t""!) and G = —(b,Uy) + Pi(t) Q/(t) = R, Q7 >

0 Vte (t",t"*1), if Fy is vanishing, then we have % & <0 Vte (t" t"!) which leads to
the inequality
ST <&@ Yn>0 (7.20)

Eq. 7.20 indicates that the physical energy of Step 1 in the absence of external force decays in
time.

Similarly, for Step 2 we obtain:
—p= te ("t
(—Uy) +(Ay,Uy) = (s,Uy)  te ("""

Then, we use the same steps as for the continuous case, and we sum the two equations, obtain-
ing:

d (1 1
- (2 Iplz2e0) + 5 HyHU) +{y, By) = (. Uy) (7.21a)
= —_—— —
Uz Fa
&
(7.21b)
or, equivalently,
d n gn+1
%52 +Uy = Fo t e (t , T ) (7.21¢)

where

* & represents the energy characterizing Step 2;
* U, represents all the contributions from resistors and capacitors in the 0D circuit;

¢ F; represents the forcing on the 0D circuit system due to current or voltage generators.

If 75 is vanishing and the circuit properties are such that Uy > 0Vt € (¢",¢"1), then we
d
have p E <0 Vte (t",t""!) which leads to the inequality

E(t"T) < &Y VYn>0 (7.22)

Eq. 7.22 indicates that the physical energy of Step 2 in the absence of external force decays in
time.
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Theorem 2 (Semi-discrete energy). Consider the proposed two-step algorithm, i.e. the semi-discretization
in time of the 3D problem described by Eq. (7.1) coupled with the OD model defined by Eq. (7.5), and
assume that:

(i) the circuit properties are such that the tensor A is constant and B is positive definite;

(ii) there are no forcing terms, namely F1(t") = Fa(t") = 0 ¥n > 0, where F; represents the forcing
term in Step 1 and F the forcing term in Step 2.

Under these assumptions, each step of the proposed algorithm preserves the energy at each interval
(t",t"*1)  Vn > 0 and is unconditionally stable.

Remark 5. As a results of this theorem, the proposed strategy is very modular, allowing notable flexi-
bility in the choice of solution methods for each sub-problem resulting from the splitting. The complexity
coincides with the one of loosely coupled schemes, due to the fact that no iterations between the two main
steps are necessary to achieve stability.

As a result of this theoretical investigation we obtain, in a simplified case where we employ
implicit Euler for the temporal discretization, the following theorem:

Theorem 3 (Stability). Consider the 3D problem described by Eq. (7.1) coupled with the 0D model
defined by Eq. (7.5) and assume that:

(i) the circuit properties are such that the tensor A is constant and B is positive definite;

(ii) there are no forcing terms, namely Fpae(t) = Foqe(t) = 0 Vt > 0, where Fpqe represents the
forcing on the system due to body forces and external pressures acting on the PDE domain and
Fode the forcing on the system due to generators of current and voltage within the lumped circuit,
respectively;

(iii) the PDE-ODE connection is of resistive-capacitive type, as displayed in Fig. 7.2;

(iv) implicit Euler has been employed for the discretization in time.
Under these assumptions, the algorithm given by Steps 1 and 2 is unconditionally stable.

Proof. Let At = t"T! — " and let us begin by considering Step 1. Under assumptions (i)-(ii),
using an implicit Euler scheme for the time discretization and following a similar procedure
to that detailed in Sec. 2, we obtain the following energy identity at the time discrete level for
Step 1:

1 n+d n+3 n+l 1 /1 41 41
Egl 2 +Dpde,21 + DRC,QI = oy (M /Qpn pte 4 <gn’ggn 2) (7.23)
1 1 1
where SIHQ = ;L;;j + 8:;721 and
nti 1 +11? n+ +1]?
pde,21 = M ‘pn 2 £2(Q) gode,21 = yn 2 jog
2
n+l +l 2 n+l n+l
Dpde?l =k HVP” 2 L2(9) Drpei =Ry | Q) *
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Using Young's inequality on the first term on the right hand side of (7.23), yields

1 n nti 1 n |2
i [ <o (197 +

To estimate the second term on the right hand side of (7.23), first we use Cauchy-Schwarz
inequality, then again Young’s inequality to obtain

1 n—|—%

2 1

1
n+35

p

(" Uy""2) < (y"Uy") (y""2,Uy""2)

(" Uy + @ uy™)) (7.25)

These operations are possible since the matrix U is symmetric and positive definite. Combining
(7.23), (7.24) and (7.25), we retrieve

ﬁef*é DR DR < ﬁe?
£ g < ot <D;f;j1 + D}?&%)
£ _gn <
Finally we conclude that
£ < gp (7.26)

Let now consider the energy identity for Step 2. We use implicit Euler scheme for the time
discretization and deduce that:

1 1 1 1 1
—ept Yyt = — ( / pirtE 4 <y”+2,Uy”+1>) (7.27)
At 2 ode,2 At \ M Q = =
at the time discrete level for Step 2, where 52"“ = 6;;;}2 + 5:;712 and
gntl Loy n2 gntl _ |75 4t 2 UL — || B3 oL 2
pde2 = f 72 HL2(Q) ode2 ~ || =" Y ode2 = ||Z2° Y

To estimate the right hand side of (7.27) we adopt the same procedure used for Step 1 in (7.24)
and (7.25), thereby retrieving the following inequality

L cni 1 1 1 12 L 12
- un+ < _— [ = n-+ HU n-+ H
oAa;7? ez = o \ 37 1P Pl ey TIIETY T 7.28)
_ Lo
T 2At?
Since Z/lgldtg > 0 from assumption (i), (7.28) leads to
n+1 ntg n+1

n+i
= &t <g
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The fact that initial conditions for Step 2 coincide with the final solution of Step 1 implies that

1 ntl
Sf iz &, * ?; thus, combining (7.26) and (7.29), we obtain the following inequality
1 nal
gtt<g gt <gr forn>1, (7.30)

which provides an upper bound for the norm of the solution regardless of the time step size,
thereby ensuring unconditional stability of the algorithm. O

Remark 6. In Step 1 of the suggested algorithm we treat implicitly the contributions from the 3D-0D
connection, represented by b(Pr, Qr,t). This choice allows us to evaluate all the quantities in G at the
same time, providing a defined expression for the dissipation term Drc in the energy estimate even at
the discrete level. Thus, we propose a two-step operator splitting scheme that ensures numerical stability
with respect to the time discretization without introducing uncontrolled artificial terms in the energy
[12, 72].

Remark 7. The proposed two-step operator splitting algorithm exhibits a first order convergence in time
[82]. Second order convergence could be achieved via strong symmetrization, in combination with time
discretization algorithms that are at least second order in time [82].
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In this chapter we present our contribution to the Hybridizable Discontinuous Galerkin
(HDG) method, which is also available in [13]. We adopt this discretization, since one of the
biggest issue in biological computation, in particular for small systems, is the high accuracy that
all the models require to be able to reproduce physiological behaviors. This type of mixed finite
element method is not new in the literature [48], but our contribution in the numerical analysis
world is the theorization and implementation of the Integral Boundary Condition (IBC) for

HDG.

The advantages of HDG are:

(i) the equation are enforced element-by-element leading to locally conservative property;

(ii) optimal convergence properties for both primal and dual variables.

These features induce a huge computational cost, which can be largely mitigated using
static condensation described in Sec. 3.

71
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Remark 8. The use of HDG formulation combined with IBC supports the direct solution of the pressure
on that boundary without any sub-iteration.

1 Introductory notation

Let consider the following elliptic model elliptic boundary value problem of second order
written in Eq. 4.1. In view of the finite element approximation, we partition 2 into the union of
d-simplices K, closed straight triangles if d = 2 and closed straight tetrahedra if d = 3, and we
denote by 7, - called triangulation - the collection of elements K such that 2 = Ugc7;, K. For
each K € 7j,, we denote by hx the diameter of K. We let h := maxge7;, hx and we consider
a family of conforming, regular triangulations of Q, {73}, (see [188, Chapter 3]). For each
element K € 7, we indicate by 0K the boundary of K and by 7isx the associated outward unit
normal vector n. The d-dimensional measure of the element K is indicated with | K| while the
(d — 1)-dimensional measure of each face - edge if d = 2 - of 0K is denoted by |F|. To simplify
the exposition we take the convention to use word face to refer to F' even when d = 2.

We let F;, denote the collection of all the faces of 75, whose union forms the skeleton of
the decomposition7y,. The set F}, naturally splits into the subset F} of faces belonging to T,
boundary of domain €2, and into the subset of faces belonging to the interior of 2, denoted by
F7. Finally, assuming that the decomposition 7}, is such that for all faces F in F with F C T
either ' C I'p, F' C I'y or F' C I'y, the sets of boundary faces can be split into the subsets F, I'o

F ,1; N and F, }f ', which correspond to the boundaries where we impose Dirichlet, Neumann and
Integral condition, respectively.

If we denote ¢ a vector-valued function, we can define the jump of the normal trace of ¢
across I’ as

[dlF == " nor, |F + ™% - nog, |- (8.1)
where K; and K are two adjacent elements.

Let us now introduce the finite element spaces

V=[] V), Wiy = [] W(K) (8.2a)
KeTy, KeTy,
M, =span(¢") o [ M(F) (8.2b)
FeFOUF, N

with ¢* € L?(F},) defined as
¢*||lp =1VF € Fr 1, o*lp =0VF € Fp \ Fi!,

and with
V(K) = Pk(K)7 W(K) = Pk(K)7 M(F) = Pk(F)ﬂ (83)

where Py (K) (resp. Px(F')) denote the space of polynomials of degrees less or equal that &
on K (resp. F), and where Py (K) = (Py(K))%. Definitions (8.2) and (8.3) imply that functions
belonging to V}, and W), are, in general, discontinuous across element edges in 2D and elements
faces in 3D of 7}, while functions in M}, are discontinuous across element vertices in 2D and
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element edges in 3D of F}, \ }",1; !, single-valued on each face F' € Fj, of the skeleton of 7, and
constant on I';.

The functions of M, play the role of “connectors” between adjacent elements that, other-
wise, would be irremediably uncoupled in the discretization process. For a mechanical in-
terpretation of the interelement connecting role of the space M}, see [35] and references cited
therein.

Defining the numerical normal flux on 0K

~0K . ~
J, Mox = I lok ok + Tox (Ph lox — Phlox), (84)

the discrete formulation reads: find j h € Vi,pn € Wy and p, € My, such that Vv, € Vp,
Ywp, € Wy, and vﬂh e M,

> (KT of )k + (0 V-0 )k + (B vl - ok o =0, (8.5a)
KeTh
. ~OK
S -GE Vel )k + G, o wlar| = Y (fwf, (8.5b)
KeTy KeTy
~OK _
> G, noromndox = (9N )Ty + Trarget U1l ™ (n, Dy,
KeTh
(8.5¢)
> Bhotn)rp = (90s pr)rp- (8.5d)
KeT,

The dependent variables j, and pj, are the approximations of j and p in the interior of
each element K € 7, whereas the dependent variable pj, is the approximation of the trace
of p on each face of F;. The numerical normal flux (8.4) is characteristic of a particular class
of HDG methods, the so-called Local Discontinuous Galerkin Hybridizable (LDG-H) methods
proposed and investigated in a series of seminal papers [43, 45, 47, 44].

The quantity 75k is a nonnegative stabilization parameter and may assume different values
on each face F' € 0K depending on the mesh element which F belongs to. We notice that if
Torx ~ O(h™'), the second term on the right hand side of (8.4) may be regarded as an artificial
diffusion, thus justifying the name stabilization parameter attributed to 7.

Equations (8.5a) and (8.5b) are the HDG discrete counterpart of equations (8.2a) and (8.2b),
respectively. These discrete equations hold in the interior of each K € 7, and can be solved
for each K to eliminate j hK and pX in favor of the variable p{%. This elimination procedure
is called static condensation and was introduced for the first time in [57] in the context of dual
mixed methods for equilibrium in stress analysis and, subsequently, in [8] in the context of the
analysis and implementation of the dual mixed-hybridized finite element method.

Combining this procedure with Eq. (8.4) for each K € T}, itis possible to express the normal
numerical flux as a function of the sole variable p%. At this point, we can use the remaining
Egs. (8.5¢) and (8.5d). It is convenient to rewrite these equations in a different form by ex-
ploiting the property of the test function u;, of being single-valued on each face of 7} and
discontinuous across face edges. This leads to three sets of distinct equations:

1. one group of equations enforces in a weak sense the interelement continuity of the normal
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component of j, across each internal face

([5,]. mn)r =0,  VFEF.,  pn€ My (8.6)

2. another group of equations enforces, again in a weak sense, the Dirichlet boundary con-
dition (equation (4.2))

(Dh, tn) F = (9D> i) F VF € Fp, pn € Mp; (8.7)

3. another group of equations enforces, again in a weak sense, the Neumann boundary
condition (equation (4.3))

o~

Qh "N, W) F = (GN s HR)Fs VF e FY, up € Mp; (8.8)

4. the last single scalar equation weakly enforcing the integral boundary condition (equa-
tion (4.4)) R
<l.h -n, Mh)rl = Itarget’FI’_1<,uh71>F17 Hh S Mh' (89)

In [8], it was proven that py,| Fp can also be interpreted as a Lagrange multiplier associated
with the continuity condition (8.6). Similarly, we could prove that pj|r, is the multiplier as-
sociated with the integral boundary condition (8.9), thereby implying the condition on the left
hand side of (4.4). The Dirichlet boundary condition is enforced on the dependent variable p},
via a L* projection of gp as described by Eq. (8.7).

More details about are provided in [13], whereas the implementation is presented in Ch. 9.

2 Error analysis

Let (j,p) be the solution of problem defined by Eqgs. (4.1a) and (4.1b) with boundary con-
dition described by Egs. (4.2), (4.3)) and 4.4. We observe that p € H*(Q), which allows us to
define p as the trace of p on the skeleton. In order to prove an error estimate we start with the
following consideration: let Py, : L?(Fp) — My, denote the L? projection onto Mj,. Thanks to
the definition of M}, it is not difficult to realize that the value of Py, (p)|r, is the average of p
on I';. Since such function is a constant, we have

PMh(]/)\) = ]/)\: P on F[. (810)

In view of this observation the result of Theorem 3.4 in [42] holds with proof unchanged. For
the sake of completeness let us verify this by retracing the steps of such a proof.

We start by noticing that the continuous solution (j, p, p) is sufficiently regular that it verifies,
Yy, € Vi, Ywy, € Wy, and Yup € My, -

Y KT o)k — 0,V - o )k + (B, vy - nax)or] =0, (8.11a)
KeTy,

> -G VR )k + (G noro wiox] = D (fywf)x, (8.11b)
KeTy, KeTy

> G nores p)or = (gns tn)ry + Trarget D1l (s ;- (8.11c)

KeTy
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Let us introduce an auxiliary space
My, = {q € L*(F) : q|r € Pr(F)VF € F,} D M,
and let P i, L2(F) — M, » denote the L? orthogonal projection. We remark that, since p is a

constant on I'; and identically vanishes on I'p, we have P P = P, p.

Let now define ITj = (IT1¥ j) k7, Hp = (IXp) ke, With IIXj € Py (K) and I¥p € Py (K), as
in [42], by

M%j, )k = (j,v)xk Vv € Py_1(K) (8.12a)
(M5 p,w) g = (p,w)x  Yw € Pr_1(K) (8.12b)

and, VF € F, with F C 0K,
(% - ngre + Tox 1 p, ) p = (j - now + Toxp, m)r Y € Pr(F). (8.13)

We have (Theorem 3.3 of [42])

HHKZ —Jlx S h];(+1’i’k+l,K + h];{+178K‘p’k+1,K7 (8.14a)
||HKP -plx < hl;c(+lTaK|p k+1,K T+ hl};’ngéIV Jlet1x (8.14b)
We let the errors be defined as
elzﬂi—ih ep =IIp — pyp,
e;-n=ej-n+7(ep—ep) e = Py p— D

These quantities satisfy the following equations: for v, € Vj,,wy, € Wy, and pp, € M), C M\h, it
holds

Z (’Cilegith)K - (efvv 'th)K + <€[77th 'EBK>8K} = Z (Kﬁl(HKl_i)’Qi()Kv

KeTy, KeT,

(8.15a)
D | e VR )k + (€25 g, iy >az<] =0, (8.15b)
KeTy = -
> (B o, pn)or = 0. (8.15¢)
KeT,

Let us prove these equations. By the definition of IT, II, and Py (8.11a) and (8.11b) imply, on
each K € Tj,

(lc_ll_‘[Ki: QhK)K - (HKp7 V- Q{L()K + <PZ/\/[\hp7 QhK : Q@K>8K = (IC_l(HKl - 1>’QhK)K’
—(I%§, V) g + (I - ngge + Tor (T5p — p), wiHox = (f, wh k.
Subtracting the discrete equations (8.5a) and (8.5b) from the above two equations, respectively,

and adding over K € 7Tj, we obtain (8.15a) and (8.15b). To prove (8.15c), observe that, by defi-
nition of €5, as well as I, II, and Pﬂh, it follows

(€25 narc, im)ak = (X nox + Tox (ef — ep), n)ox
J P
(%5 = 55) - nox + Tox (5 p — pjy — Py p+Dh), tn)ok
=((j — %) - nox + o (p — PE =+ Dh), n)ox
h
(

={J o —J, Dok Ph)okK-
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Adding over all K € T, we get

K . ~0K
Z <€;2 Mok Hh)oK = Z (J nmorx —J, ~Nor: K)ok
KeTn KeT,

Since j € H(div;) and since zh and j satisfy (8.5c) and (8.11c), respectively, the above right
hand side is zero.

Finally, taking v;, = e; in (8.15a), wy, = e, in (8.15b) and pj, = —e5in (8.15¢), and adding the
resulting three equations, we obtain

Z [(K_lef,ef);( + <7'3K(e{,( — ei;),ef — €ﬁ>8K] = Z (K_I(HKi—i),ef)K,
KeTy, KeTy,

which is identical to the analogous result in [42], and which, by a standard argument, yields

K . .
lejl6.0 + Z Toxlen — eplgox < Mj — jl5o-
KeTy,

The term on the right hand side is bound thanks to (8.14a).

It is not difficult to check that the duality argument used in [46] to bound ||e,|lo,o holds
unchanged also in the present framework. In fact, for w® solution to —Aw? = ¢in Q, ¢ = 0 on
012, the function @fj defined on each face F as the L?(F) projection of w?|r onto Py (F) verifies
@ € M. We then obtain that, if Q is such that ¢ € L?(Q2) implies w? € H2(12), we can bound

lepllog < R DT — jllog.

3 Static condensation

In this section, we will be describing how the system (8.4)-(8.5c) can be statically condensed
onto a global linear system where only the trace of the solution on the boundaries of the mesh
elements shows up. The resulting global system is smaller than that of other DG methods of
comparable accuracy [45], and this has resulted in renewed interest in HDG. After solving the
global system, the unknowns can be recovered locally, in parallel.

Let us write the space for the numerical trace pj, as
My, = Mh D M;:,
with

My, = {p € L*(F) | plr € Pu(F) VF e FQUFLN UFP,
plp =0 VF e F\ (FRUFN UFP)}
M ={peL*(Fp)lplr€R VFeF"', pr=0 VFeF\F'}

Let Ay p = Pulgz, and Ao = Dhlns; -
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Using integration by parts, the discrete formulation (8.4)-(8.5c) can then be rewritten as
follows

> {(’C_lifvﬂf)K — (01 V-0 )k + Auw ok - nox)ox + (Aan, vk 'QaK>aK] =0, (8.16a)
KeTh

> {(V IR wi ) K+ (Tarph s wi o — (Tor 1w, wi ok — (Tor Ao, w;{{>aK]

KeTy,
- Z (f?wfIf)K

KeTh

D [ mn)rp] = (905 0)rp, (8.160)
KeT

(8.16b)

> [Q’hK “Norcs 11,p)0K + (TOKPh, [11,h) 0K — <7'8K)\1,h7,ul,h>8K} = (9N, p1n)ry,  (8.16d)
KeTh

Z [Gn -, pap)or + (Torph, ten)or — (ToxNan, t2.n)or] = Target| U1~ (p2n, 1r,, (8.16e)
KeT,,

for all (vy,, wp, p1,h, p2,p) € Vi X Wy, x Mh x M.
Observe that the dimension of the space M is 1, i.e. M} = R. As a consequence, (8.16e) is a
single scalar equation enforcing the integral boundary condition in a weak sense.

We consider the matrices related to the local bilinear forms

Af§ < (K™ 1]hvahK)Ka < (pF, V- uf)k, (8.17a)
AT (ALn, v - nog) ok A14 & (Ao Ul oK )oK, (8.17b)
A£<2 AN <Tpflz(7w}€(>aK7 A23 “ (T, W >8K, (8.17¢)
AY o (T, wi)or, o (f,wE)g, (8.17d)
Ay < (TALps 111,0)0K » A44 < (TA2hs Hopn) ok - (8.17e)

Let ny,ny, and nys denote the dimensions of Py (K), Py(K), and Px(F), respectively, with
K € T, F € OK. Moreover, let NF be the number of faces in 9K N (F) U ]-'};N U .F,ED). Then, it
follows

All c RTL\/XTLV’ A12 c ]:RTL‘/XHVV7 A{g c RTL\/X(NF)HN[’
A22 € RnWXnW, A£<3 e RnWX(NF)nM’ Aé‘( e RNWX17

Aég c R(NF)HMX(NF)NM_

If@Kﬁ]-',?’ # (), we have
A14 c anxl, A24 € Rnwxl’ Aﬁ c Rlxl = R,

which means that NF is lower than the case without IBC, thus A%, A% and AL are smaller. On
the other hand, if 0K N F, ,1: I = (), the three previous matrices have the expected dimension,
whereas are A, AK and A are empty.

3.1 Monolithic solver

We now briefly mention the monolithic system to be solved from an algebraic point of view.
This global system is impractical an inefficient to solve as-is, the size of the system is indeed
much larger than the standard Continuous Galerkin and Discontinuous Galerkin counterparts.
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The global system reads
A A Az An J 0
Ag1 Axy Azz Ay pP Ay
— 8.18
A3z Az Azz 0O Ay 0 (8.18)
Ap A 0 Ay Ao 0
—— =
A U B

where the A;;, Ay are given by (8.17a)- (8.17e) J, P, A2 are the algebraic representation of
75, Phs A1,hs A2, Tespectively. The size of the system is

dim Vj,+dim Wj,+dim M}, = card{ K } x (nV—|—nW)—i—card{]:2Uf}I;N }xdim nﬁ—}—card{]:}l;ibc} xdimnpze .

1

3.2 Local solvers

Consider the following arrays

I L N R )
<A12) A22 _A23 _A24 Af

with AK € ROwtnw)x(w+nw) and FK e ROw+nw)  If 9K N J-",f’ £ (), we have BX ¢
RO +nw)x(WF)na+1) with NF < d + 1; otherwise, NF = d + 1, and

K AL (nv +nw) X (NF)nag)
B — AK 6 R 1% w M .
—Aj

Egs. (8.16a)—(8.16b) hold in the interior of each K € 7, and can be solved for each K to elimi-
nate lhK and th in favor of Ay j|ox and Az i |sx . Representing lf’thv M nlok, and Ag plox with
the vectors j% € R™  p& € R™W XK ¢ RF)2m and - a possibly empty - scalar AS%, the matrix
representation of the local solutions is

3% K1 i | AP K\—1 K
L] = —amyime [R] + asy 819)

3.3 Flux operators

If 0K N F }1: T =£ (), we define the matrices

(Af)" (A7) 0 AR’

where CK ¢ R(NF)nar+)x(nv+nw) and DE ¢ RN +DX(WF)na+1) with NF < d + 1. If 0K N
]-"{’ ={0,NF=d+1and

oK — [(A{g)T (A%)T] € RUOF)na)x(ny +nw) DX = AK € R(F)nar) < ((NF)nar)
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The flux prescribed by the HDG method

J, = lhK\aK + 1ox (pfy ok — A

oK — A2k ),

induces a bilinear form

pahy o —(3n - ok + Tor (Ph lox — Mnlok — Aanlor ), man + pan)ox

= (fo ‘N + TOKDH oK Bk + H2h) oK

— (Toax M nlor, ,n)or — (Tax A2hlok s 2,h) 0K

whose matrix representation, using Eq. (8.19), is

K|~ \OK | T T (A™) )\(29K+ (A%)7F" - \OK

P (8.20)
e ]
2

with

E?:CK(AK)ilEKa EchK(AK)leK_i_DK

3.4 Global solver and boundary conditions

Having expressed for each K € 7}, the numerical flux as a function of A\ ,|sx and A2 x|ax
(see Eq. (8.20)), we can use the remaining equations, namely (8.16d) and (8.16e), to actually
determine \; , and Ay . Since the test function p; ), € M, 1 is single-valued on each face of 7,
equation (8.16d) enforces in a weak sense the interelement continuity of the normal component
of zh across each internal face

([G,]F mi)r =0  VFeF),

and the Neumann boundary condition

o~

Qh "N, P ) F = (IN, 1,0) F VF € ]-"fl;N.

Similarly, Eq. (8.16e) is a single scalar equation weakly enforcing the integral boundary con-
dition. Egs. (8.16d) and (8.16e) require the matrices EX produced element by element to be
assembled into a global matrix H. This matrix collects the fluxes from all the elements, with
the result that opposing sign fluxes in internal faces are added. The vectors Efc( also have to be
assembled into a global vector F.
The global system then reads

Hp = F + Gy + G, (8:21)

where Gy is the vector containing the elements of (gn, 11, 4)r, in the degrees of freedom corre-
sponding to Neumann faces and zeros everywhere else, whereas G, is a vector that has only
zeros except for one single entry containing I;4yge|I’ ]‘_1<,U,2,h, 1)r, in the degree of freedom
corresponding to faces on F, ,5 L.
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Figure 8.1 — Comparison between the connectivity of the Continuous Galerkin (CG) and HDG methods in the case
d = 2 without integral boundary conditions. Cubic polynomials are used for both methods. Black circles identify
the nodal degrees of freedom of the CG method whereas black circles and black squares identify the degrees of
freedom of the HDG method on the boundary and in the interior of each element, respectively. Left panel (CG
method): all the elements sharing node I contribute to the connections between node I and the remaining nodes
in 7. The number of connections (I, J) is equal to 37. Right panel (HDG method): the two neighboring elements
are interconnected by the boundary degrees of freedom highlighted in the light blue rectangle. The number of
connections (I, J) is equal to 24.

4 Connectivity of the HDG method with IBC

In absence of integral boundary conditions, the HDG method has degrees of freedom inside
each element and on each face of 7. Therefore, unlike the case of the standard Continuous
Galerkin (CG) method, no degree of freedom is associated with the mesh vertices. This property
makes the HDG method extremely efficient as far as coding is concerned because of its binary
connectivity structure, i.e., two elements K; and K> belonging to 7; share their degrees of
freedom - including those in their interiors - only if they share a face. This is not the case with
the CG method for which nodal continuity at vertices connects the degrees of freedom of a
number of elements that is not possible to predict a priori and which depends strongly on the
regularity of the mesh. This issue is thoroughly discussed in [125] where a detailed comparison
between the computational performance of the CG and HDG methods is carried out in the case
d = 3. An example of the different connectivity structure associated with the CG and HDG
approaches is shown in Figure 8.1 in the case of the space W}, with polynomial degree k£ = 3.
Piecewise cubic continuous elements are used also for the CG method. We see that, for the
same polynomial degree, the HDG scheme has a far lower connectivity than that of the CG
method.

The presence of an integral boundary condition slightly alters the connectivity of the HDG
(and CG) method. All the faces F' € .7-",5 ! share a single common degree of freedom A ;. This
fact couples all the degrees of freedom on 0K for all the elements K € 7, having, at least, one
face F € 0K N .7-",{ . Thus, reminding that we denote by n), the dimension of Py(F), F € Fy,
the row (column) of global matrix H corresponding to A2 ;, will have as many 1 x n,s block rows
(nar x 1 block columns) as the number of faces F' ¢ F, }1; ! belonging to the elements coupled by
the integral boundary condition, that is, the number of faces in the following set

(FeF|FedK\F,’, withdK N F, 7 #0, VK € T}
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5 Linear elasticity

For simplicity during this chapter we have applied the HDG method to the Darcy equations,
however we have applied this discretization method also to the linear elasticity equations (Eq.
(5.1)).

Using the same notation introduced in Sec. 1 and following the same steps as done for Darcy
equations, we report the final HDG formulation for linear elasticity:

(Ag,,v)a, + (up, V - v)q, — (U0 n)oa, =0
02@}1 N
(V .g}ﬂw)gh - <p8t27w> - (Tgfww)aﬂh + <Tgh7w>aﬂh == (EextvM)Qh
Qp,

<gh : ﬂ7 H1>th\F - <TPMﬂh7H1>8Qh\F + <T@h7 H1>th\F = 0

(g, np)oo v = (TPMwy, 1))oa,\0 + (T, py)oor =0

<gh 'H7HQ>FN - <TPMQh7H2>FN + <7—Qh7H2>FN = <QN>H2>FN
{Qns py)Tp = (9ps Ha)Th

(g, 1m0, — (TP, ), + (T )T, = (Fiargets Hy)T;

for all (E’Q’Hl’ﬁwﬁeﬂﬁzl) €V, xW, x M7 x MhN X ME X M,Il where
V, = {u: 2 Rl € (BRI € S(K) VK € 0
W, = {w QSR w|g € [P(K)]? VK € QZ}
M, = {p: Fy >R plr € [P(F)! VF € )

M} ={peM,: ulr =0}

MP ={peM,:pur=0 VYFeF\Tp}
My ={peM,:pur=0 VFeF\Iy}
M ={ueM,:ulr=0 YFeF\I}

with S = {set of symmetric tensors in R?*?}.

Remark 9. Observe that the symmetry for elements v € V., is enforced in an essential manner in their
definition[183].

Here the parameter T is the stabilization parameter and P, denotes the L2-orthogonal projec-
tion from L2(&;,) onto My,:

ISE

.E:O’

h g, n-— T(Paruyy, — ay,) on 9€,.

An example of application of the HDG formulation with IBC condition for linear elasticity is
reported in Ch. 24.

Remark 10. The use of Py is needed in order to obtain the optimal accuracy; without it, the formulation
might result slightly less precise [183].
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In this part we illustrate the implementation of the numerical methods introduced in Part
III and the models described in Part II using the Finite Element Embedded Library in C++
(FEEL++) [180].

This computational framework allows the use of a very wide range of Galerkin and other
advanced numerical techniques such as domain decomposition or certified reduced basis. The
ingredients include a very expressive embedded language, seamless interpolation and mesh
adaption. Moreover, FEEL++ enables parallel computing and allows to solve large scale sys-
tems up to tens of thousands of cores. It has been used in various contexts including the devel-
opment and numerical verification of innovative mathematical methods or the implementation
of large multi-physics applications. The range of users span from mechanical engineers in in-
dustry, physicists in complex fluids, computer scientists in biomedical applications to applied
mathematicians thanks to the shared common mathematical embedded language hiding linear
algebra and computer science complexities. FEEL++ provides a mathematical kernel for solving
partial differential equation using arbitrary order Galerkin methods (FEM, SEM, CG, DG, CRB)
in 1D, 2D, 3D and manifolds using simplices and hypercubes meshes:

(i) a polynomial library allowing for a wide range polynomial expansions including H;y
and H,, elements;

(ii) a light interface to BOOST.UBLAS, EIGEN3 and PETSC/SLEPC as well as a scalable in-
house solution strategy;

(iii) a language for Galerkin methods starting with fundamental concepts such as function
spaces, forms, operators, functionals and integrals;

(iv) a framework that allows user codes to scale seamlessly from single core computation to
thousands of cores and enables hybrid computing.

FEEL++ takes advantage of the newest C++ standard (C++ 17) such as type inference and
the Boost C++ Libraries such as the BOOST.PARAMETER, BOOST.FUSION, BOOST.HANA or
BOOsT.MPL and many more. These language enhancements and libraries allow for very con-
cise, robust and expressive C++ codes.

Summarizing, in this part, we present:

¢ the C++ classes that allows to solve the model using the HDG formulation proposed in
Ch. §;

¢ the FEEL++ tools we have implemented in order to use the innovative operator splitting
illustrated in Ch. 7;

* the C++ classes characterizing the models of the OMVS (Chs. 3 - 5) that allow the user
deal with them.

In particular for this last chapter, besides the codes description available for developers, we
also show the user friendly interface adapted for a clinical usage, which has been realized in
collaboration with the ophthalmologists at the Eye Glick Institute in Indianapolis.
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In the following chapter, we discuss the computational framework implementing the nu-
merical method described in Ch. 8, in particular the three C++ classes MixedPoisson ,
MixedElasticity and MixedPoissonElasticity within the FEEL++ library.

These classes are available to be used as toolboxes of FEEL++; at the end of each section we
will give some directions how to use these toolboxes via the API (Application Programming
Interface) provided by FEEL++.

1 MixedPoisson

FEEL++ provides the mathematical language ingredients to implement HDG methods in
C++ thanks to its Galerkin Domain Specific Embedded Language (DSEL) for Darcy equations
(Egs. (4.1a) and (4.1b)).

Within the Fee 1Models namespace, we have implemented a C++ class called MixedPoisson ,
child of the superclass Mode 1Numerical. This new template class allows us to use the HDG
discretization on Darcy equations and it has been realized with the collaboration of Romain
Hild, a PhD student at the University of Strasbourg.

We start introducing some type definitions (Code 9.1) that are very useful in the following,
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in particular:

e Dimis the domain dimension;

® Order is the polynomial order;

® G_Order is the polynomial order of the geometric transformation;

¢ Pdhv_ptrtype represents a pointer to a vectorial discontinuous Galerkin space;
* Pdh_ptrtype represents a pointer to a scalar discontinuous Galerkin space;

® Pch_type represents a pointer to a scalar continuous Galerkin space.

Code 9.1 — Type definition for HDG Darcy

using mesh_type = Mesh<Simplex<Dim,G_Order» ;

using face_mesh_type = Mesh<Simplex<Dim-1,G_Order,Dim» ;

using Ch_ptr_t = Pch_ptrtype<face_mesh_type,0>;

using Vh_ptr_t = Pdhv_ptrtype<mesh_type,Order>;

using Wh_ptr_t = Pdh_ptrtype<mesh_type,Order>;

using Mh_ptr_t = Pdh_ptrtype<face_mesh_type,Order>;

using product2_space_type = ProductSpaces2<Ch_ptr_t,Vh_ptr_t,Wh_ptr_t,Mh_ptr_t>;

In Code 9.2 we define the function spaces and meshes.

Code 9.2 — Mesh definition for HDG Darcy

// load the mesh
M_mesh = loadMesh( new mesh_type);

Code 9.3 shows the creation of spaces Vj,, Wp, M, and M - We also want to be able to have
several number of integral boundary conditions, the number of which will only be known at
execution.

V% X VVﬁ X AZﬁ X (A4;)n

Code 9.3 - Function spaces definition for HDG Darcy

// define the complement of I'rpc on I’
auto complement_integral_bdy = complement (faces (M_mesh), [this] ( auto const& ewrap ) {
auto const& e = unwrap_ref( ewrap );
for( auto exAtMarker : this->M_IBCList)
{
if (e.hasMarker () && e.marker () .value()==this->M_mesh->markerName (exAtMarker.marker ()))
return true;
}

return false;

)i
auto ibc_mesh = createSubmesh (M_mesh, complement_integral_bdy, EXTRACTION_KEEP_MESH_RELATION, 0) ;

// define function spaces

Vh_ptr_t M_Vh = Pdhv<Order>( _mesh=mesh, _extended_dof_table=true );

Wh_ptr_t M_Wh Pdh<Order>( mesh, true );

Mh_ptr_t M_Mh = Pdh<Order>( face_mesh,true );

// only one degree of freedom

Ch_ptr_t M_Ch = Pch<0>(ibc_mesh, true );

// define ibc space

auto ibcSpaces = std::make_shared<ProductSpace<Ch_ptr_t,true> >( M_integralCondition, M_Ch);
// define the product of all spaces

M_ps = std::make_shared<product2_space_type> (product?2 (ibcSpaces,M_Vh,M_Wh,M_Mh)) ;

Next we define the linear and bilinear form on M_ps, which have each their algebraic represen-
tation (Code 9.4).
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Code 9.4 — Variational forms definition for HDG Darcy

89

solve::strategy s = M_useSC?solve::strategy::static_condensation:solve::strategy::monolithic;
M_A = makeSharedMatrixCondensed<double> (s, c¢srGraphBlocks (*M_ps), +*M_backend );

M F
auto bbf = blockform2 (xM_ps, M_A);
auto blf = blockforml (xM_ps, M_F);

makeSharedVectorCondensed<double> (s, blockVector (xM_ps), =*M_backend,

false);

Thus, we assemble the system, in particular we report the implementation of:

the core of the HDG matrix in Code 9.5;

the right hand side in Code 9.6;

the Dirichlet boundary conditions in Code 9.7;

the Neumann boundary conditions in Code 9.8;

the integral boundary conditions in Code 9.9.

Code 9.5 — Assemble core of the matrix for HDG Darcy

// stabilisation parameter
auto tau_constant = cst (M_tauCst);

// static condensation correction parameter

auto sc_param = M_useSC ? 0.5 : 1.0;

// T\T1pc

auto gammaMinusIntegral = complement (boundaryfaces (M_mesh), [this] (auto const& ewrap) {
auto consté& e = unwrap_ref ( ewrap );

for( auto exAtMarker : this->M_IBCList)
{

if ( e.hasMarker () && e.marker () .value() == this->M_mesh->markerName (exAtMarker.marker ()))

return true;

}

return false;
1)

bbf( O_c, 1_c ) = integrate(_range=elements (M_mesh),_expr=-(idt (p)*div (v

_c, 2_c ) += integrate(_range=internalfaces (M_mesh),
_expr=( idt (phat)xleftface (trans (id(v))*N())+
+ idt (phat) *rightface (trans (id(v))*N())) );

bbf( O_c, 2_c ) += integrate(_range=gammaMinusIntegral, _expr=idt (phat)*trans (id(v))*N());
/7 (V- §de

bbf( 1_c, O_c ) += integrate(_range=elements (M_mesh), _expr=- (id(w)xdivt(u)));

// (Tp,w)r

bbf( 1_c, 1_c ) += integrate(_range=internalfaces (M_mesh),

_expr=-tau_constant «*( leftfacet( idt(p))+rleftface(id(w)) +

+ rightfacet ( idt (p)) *rightface (id(w) )));
bbf( 1_c, 1_c ) += integrate(_range=boundaryfaces (M_mesh),

_expr=-(tau_constant * id(w)xidt(p)));

// =T, W)\ g
bbf( 1_c, 2_c ) += integrate(_range=internalfaces (M_mesh),

_expr=tau_constant * idt (phat) * ( leftface( id(w) )+ rightface( id(w)
bbf( 1_c, 2_c ) += integrate(_range=gammaMinusIntegral,_expr=tau_constantxidt (phat) =id(
/7 {3, m)o\r
bbf( 2_c, O_c ) += integrate(_range=internalfaces (M_mesh),

_expr=(id(l) » (leftfacet (trans (idt (u)) *N()) +rightfacet (trans (idt (u))*«N()))));

/7 ATp, myonr
bbf( 2_c, 1_c ) += integrate(_range=internalfaces (M_mesh),

_expr=tau_constant * id(l) * ( leftfacet( idt(p) )+ rightfacet ( idt (p)

// {=Th, honr
bbf( 2_c, 2_c ) += integrate(_range=internalfaces (M_mesh),
_expr=-sc_paramstau_constant x idt (phat) = id(l) );

// Here are called the methods to define the boundary conditions within the bilinear form

)));
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this->assembleBoundaryCond() ;

// Here we assemble the part with the porosity coefficient K
for( auto const& pairMat : modelProperties().materials() )
{

auto marker = pairMat.first;

auto material = pairMat.second;

if ( !'isNL )
{
auto cond = material.getScalar (M_conductivityKey);
/7 (K™Y, v)a
bbf (0_c,0_c) += integrate(_quad=_0Q<expr_order>(), _range=markedelements (M_mesh,marker),
_expr=(trans (idt (u))*id(v))/cond );
}
else

{
auto cond = material.getScalar (M_nlConductivityKey,
/7 (K(p)™ 1, v)a
bbf (0_c,0_c) += integrate (_quad=_0Q<expr_order> (), _range=markedelements (M_mesh,marker),
_expr=(trans (idt (u)) «id(v))/cond );
}

nan
’

p idv (M_pp));

}

/7 (Apw)a

if ( 'this->isStationary() ) {
bbf( 1_c, 1_c ) += integrate(_range=elements (M_mesh),
_expr = - (this->timeStepBDF () ->polyDerivCoefficient (0) xidt (p) *id(w)) );

Code 9.6 — Assemble right hand side for HDG Darcy

/7 (Pords W)e
if ( !'this->isStationary() )
{

auto bdf_poly = M _bdf_mixedpoisson->polyDeriv();
blf(1_c) += integrate(_range=elements (M_mesh), _expr=-inner( idv(bdf_poly),id(w)) );
}

auto itField = modelProperties () .boundaryConditions () .find( "potential");
if ( itField != modelProperties () .boundaryConditions () .end()
{

auto mapField = (xitField) .second;

auto itType = mapField.find( "SourceTerm" );

if ( itType != mapField.end() )

{

for ( auto const& exAtMarker : (xitType) .second )

{
std::string marker = exAtMarker.marker();
auto g = expr<expr_order> (exAtMarker.expression());

if ( !'this->isStationary() )
g.setParameterValues( { {"t", M_bdf_mixedpoisson->time ()} } );
blf(l_c) += integrate(_range=markedelements (M_mesh,marker), _expr=-inner (g,id(w)));
}
}
}
itField = modelProperties () .boundaryConditions().find( "flux");
if ( itField != modelProperties () .boundaryConditions () .end() )
{
auto mapField = (xitField) .second;
auto itType = mapField.find( "SourceTerm" );
if ( itType != mapField.end() )
{
for ( auto const& exAtMarker : (xitType) .second )

{
std::string marker = exAtMarker.marker();
auto g = expr<Dim, 1l,expr_order> (exAtMarker.expression());
if ( !'this->isStationary()
g.setParameterValues( { {"t", M_bdf_mixedpoisson->time ()} } );
pblf (0_c) += integrate(_range=markedelements (M_mesh,marker), _expr=inner(g,id(v)) );

Code 9.7 — Assemble Dirichlet boundary conditions for HDG Darcy

// (ﬁh’M>FDiTichlet . . .
bbf( 2_c, 2_c ) += integrate(_range=markedfaces (M_mesh,marker), _expr=idt (phat) = id(l) );

// <9D’#>FDqtri,chlet i
blf(2_c) += integrate (_range=markedfaces (M_mesh,marker), _expr=id(l) * g);

Code 9.8 — Assemble Neumann boundary conditions for HDG Darcy
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// stabilisation parameter
auto tau_constant = cst (M_tauCst);

/7 I T N emann

bbf( 2_c, 0_c ) += integrate(_range=markedfaces (M_mesh,marker),
_expr=1id(1l) * (trans (idt (u)) *«N()) );

// TPy T N umann
bbf( 2_c, 1_c ) += integrate(_range=markedfaces (M_mesh,marker),
_expr=tau_constantxid(l) xidt (p) );

// <_Tﬁ7u)FNeumann .
bbf( 2_c, 2_c ) += integrate(_range=markedfaces (M_mesh,marker),
_expr=-tau_constant*idt (phat) xid (1) );

// (N I N eumann
blf(2_c) += integrate( _range=markedfaces (M_mesh, marker), _expr=id(l) =* g);

Code 9.9 — Assemble integral boundary conditions for HDG Darcy

bbf ( O_éj 3_c, 0, i) += integrate( _range=markedfaces (M_mesh,marker),
_expr= idt (ul) % (trans (id(u))*N()) );

bbf( 1_c, 3_c, 1, 1 ) += integrate( _range=markedfaces (M_mesh,marker),
_expr=tau_constantxidt (ul) xid(w) );

bbf( 3_c, O_c, i, 0 ) += integrate( _range=markedfaces (M_mesh,marker),
_expr=(trans (idt (u))*«N()) * id(nu) );

bbf( 3_c, 1_c¢, i, 1 ) += integrate( _range=markedfaces (M_mesh,marker),
_expr=tau_constant *idt (p)*id(nu) );

bbf( 3_c, 3_c, i, 1 ) += integrate( _range=markedfaces (M_mesh,marker),
_expr=-tau_constant*id(nu) xidt (ul) );

double meas = integrate( _range=markedfaces (M_mesh,marker), _expr=cst(1.0)) .evaluate() (0,0);
// <Ita'rget7/—L>1"IBc
blf(3_c,1) += integrate(_range=markedfaces (M_mesh,marker), _expr=g+id(nu)/meas );

0_c,1_c, 2_c...refer to the index at compile time of the test or trial function spaces in M_ps.
Hence bbf (0_c, 0_c) refers to the terms associated with the flux.

We can choose at runtime if the problem is solved using static condensation or the monolithic
way. Although the later becomes rapidly inefficient in 3D with respect to the mesh size, it is
useful to provide this construction the debug and verify the static condensation process.

The last step consists in solving the problem using either the monolithic or static condensation
strategy and retrieve the components (flux and potential) of the solution field (Code 9.10). The
local solves, to reconstruct the flux and potential once the trace is obtained, are taking advan-
tage of the embarrassingly parallel context using multi-threading, including within the MPI
process when we run in parallel.

Code 9.10 — Solve the system for HDG Darcy

auto U = M_ps->element () ;

// static condensation is done during the solve
bbf.solve(_solution=U, _rhs=blf, _condense=M_useSC, _name=prefix());

// get views over each component
M_up = U(O_c); // element of Vj
M pp = U(l_c); // element of Wy
for( int i = 0; i1 < M_integralCondition; i++ )
M mup[i] = U(3_c,i); // elements of Al;

We list here the main methods that are available in the API provided by feel in order to use
this toolbox:

* mesh (), which allows to access to the computational mesh;
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potentialSpace (), fluxSpace (), traceSpace (), which allow to access to the pri-
mal, dual and trace spaces, respectively;

potentialField (), fluxField (), which allow to access to the primal and dual vari-
ables, respectively;

init (mesh, meshVisu), which initialize the overall framework (mesh, BCs, initial
conditions, spaces, exporter). The user can pass directly the computational and the vi-
sualization mesh, otherwise it is automatically loaded;

assembleAll (), which assembles both the constant part (assembleCstPart ()) and
non-constant part (assembleNonCstPart () )of the Darcy system. In particular, the con-
stant assembler method builds the core of the matrix including the part of BCs that are in
the matrix and don’t change at each time step. On the other hand, the non-constant as-
sembler method adds to the matrix the time-dependent and nonlinear contributions, the
part of BCs that are missing - Robin - and builds the right hand side of the Darcy system;

solve (), which solves the system matrix-right hand side built using assembleAll ();

exportResults ( time, mesh, Idh, Idhv ),whichexportstheresultsatthe time-
step time on the visualization mesh mesh using the interpolation operators for the pri-
mal and dual variables provided by Idh and Idhv, respectively.

2 MixedElasticity

In this section we present the MixedElasticity class. Similarly to the previous one,

thank to the powerful tools provided by FEEL++, we have implemented the HDG method for
linear elasticity equations (Sec. 5, Ch. 8) in C++. Also in this case we have implemented
the class MixedElasticity within the FeelModels namespace as child of the superclass
ModelNumerical.

We start introducing some type definitions (Code 9.11) that are very useful in the following,

in particular:

Dim is the domain dimension;
Order is the polynomial order;
G_Order is the geometrical order;

Pdhms_ptrtype represents a pointer to a symmetric matrix discontinuous Galerkin
space;

Pdhv_ptrtype represents a pointer to a vectorial discontinuous Galerkin space;
Pdh_ptrtype represents a pointer to a scalar discontinuous Galerkin space;

Pchv_type represents a pointer to a vectorial continuous Galerkin space.
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Code 9.11 — Type definition for HDG elasticity

using mesh_type = Mesh<Simplex<Dim,G_Order» ;
using face_mesh_type = Mesh<Simplex<Dim-1,G_Order,Dim» ;
using Ch_ptr_t = Pchv_ptrtype<face_mesh_type, 0>;

using Vh_ptr_t = Pdhms_ptrtype<mesh_type,Order>;
using Wh_ptr_t = Pdhv_ptrtype<mesh_type,Order>;
using Mh_ptr_t = Pdhv_ptrtype<face_mesh_type,Order>;

using product2_space_type = ProductSpaces2<Ch_ptr_t,Vh_ptr_t,Wh_ptr_t,Mh_ptr_t>;

Next, Codes 9.12 and 9.13 illustrates the process of loading a new mesh and creating new
function spaces, respectively.

Code 9.12 — Mesh definition for HDG elasticity

// load the mesh
M_mesh = loadMesh( new mesh_type);

Code 9.13 — Function spaces definition for HDG elasticity

// Mh only on the faces whitout integral condition
auto complement_integral_bdy = complement (faces (M_mesh), [this] ( auto const& e ) {
for ( auto exAtMarker : this->M_IBCList)
{
if ( e.marker().value() == this->M_mesh->markerName ( exAtMarker.marker () ) )
return true;
}
return false;

P

auto face_mesh=createSubmesh (M_mesh,complement_integral_lbdy, EXTRACTION_KEEP_MESH_RELATION,O);
std::vector<std::string> ibc_markers (M_integralCondition);

for( int 1 = 0; i1 < M_integralCondition; i++)
ibc_markers.push_back (M_IBCList[i] .marker());
auto ibc_mesh = createSubmesh( M_mesh, markedfaces (M_mesh, ibc_markers),

EXTRACTION_KEEP_MESH RELATION, 0 );

// define function spaces

M_Vh = Pdhms<Order>( M_mesh, true );
M_Wh Pdhv<Order>( M_mesh, true );
M_Mh Pdhv<Order>( face_mesh, true );
M_MOh = Pdh<0>( face_mesh );

M_Ch = Pchv<0>( ibc_mesh, true );

// define ibc space
auto ibcSpaces = std::make_shared<ProductSpace<Ch_ptr_t,true> >( M_integralCondition, M_Ch);

// define the product of all spaces
M_ps = std::make_shared<product2_space_type> (product2 (ibcSpaces,M_Vh,M_Wh,M_Mh)) ;

Then, in Code 9.14 we define the algebraic representations of the linear and bilinear form based
onM_ps.

Code 9.14 — Variational forms definition for HDG elasticity

solve::strategy s = M_useSC?solve::strategy::static_condensation:solve::strategy::monolithic;
M_A makeSharedMatrixCondensed<double> (s, csrGraphBlocks (*xM_ps), *M_backend );

M_F makeSharedVectorCondensed<double> (s, blockVector («M_ps), =*M_backend, false);

auto bbf = blockform2( x*M_ps, M_A);

auto blf = blockforml( *M_ps, M_F );

Finally, as before, we assemble the system:

in Code 9.15 the core of the HDG elasticity matrix;
¢ in Code 9.16 the right hand side;

¢ in Code 9.17 the Dirichlet boundary conditions ;

¢ in Code 9.18 the Neumann boundary conditions;

¢ in Code 9.19 the integral boundary conditions.
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Code 9.15 — Assemble core of the matrix for HDG elasticity

auto gammaMinusIntegral = complement (boundaryfaces (M_mesh), [this] ( auto const& e ) {
for ( auto exAtMarker : this->M_IBCList)
{

if ( e.marker () .value() == this->M_mesh->markerName ( exAtMarker.marker () ) )
return true;
}
return false;

’

auto sc_param = M_useSC ? 0.5 : 1.0;
for( auto consté& pairMat : modelProperties().materials() )
{

auto material = pairMat.second;

auto lambda = material.getScalar ("lambda");

auto mu = material.getScalar ("mu");

auto cl = cst(0.5) /mu;

auto c2 = —-lambda/(cst(2.) * mu % (cst(Dim)«*lambda + cst (2.)*mu));

// (Ag,v)a

bbf (0_c,0_c)+=integrate (_range=elements (M_mesh),_expr=(clxinner (idt (sigma),id(v))));

bbf (0_c,0_c)+=integrate (_range=elements (M_mesh),_expr=(c2xtrace (idt (sigma) ) rtrace (id(v))));

}

// (u, V-v)g
bbf( O_c, 1_c ) += integrate(_range=elements (M_mesh),_expr=(trans (idt (u))*div(v)));

// {=,v - n)o\r
0_c

bbf( O_c, 2_c) += integrate(_range=internalfaces (M_mesh), _expr=-(trans(idt (uhat)) *
leftface (id(v) «N())+trans (idt (uhat)) *rightface (1d(v)*N())));
/7 =0 M\ g
bbf( 0_c, 2_c) += integrate(_range=gammaMinusIntegral, _expr=-trans (idt (uhat))* (id(v)=*N()) );
// (Vg w)a
bbf( 1_c, O_c) += integrate(_range=elements (M_mesh), _expr=(trans (id(w))*divt (sigma)));
if ( !'this->isStationary() )

{
auto dt = this->timeStep();
for ( auto consté& pairMat : modelProperties () .materials() )

{
auto material = pairMat.second;

auto rho = material.getScalar ("rho");
2

u
7/ (—pﬁ,w)n
bbf( 1_c, 1l_c )+=integrate(_range=elements (M_mesh),_expr=-rhoxinner (idt (u),id(w))/ (dtxdt));
}
}

// (—Tu, w)o\r

bbf( 1_c, 1_c) += integrate(_range=internalfaces (M_mesh),
_expr=-tau_constant «*( leftfacet( trans(idt(u)))x*leftface(id(w)) +

+ rightfacet ( trans(idt (u)))*rightface (id(w) )));

// (—=Tu, w)r

bbf( 1_c, 1_c)+=integrate(_range=boundaryfaces (M_mesh),_expr=-(tau_constantxtrans (idt (u))*~id(w)));

// (T, w)o\r

bbf( 1_c, 2_c)+=integrate (_range=internalfaces (M_mesh),
_expr=tau_constant* (leftfacet (trans (idt (uhat)))+leftface (id(w))+
rightfacet (trans (idt (uhat)))*xrightface (id(w))))

’

/7 (Tl W)M\T; 5o
bbf( 1_c, 2_c)+=integrate (_range=gammaMinusIntegral,_expr=tau_constant*trans (idt (uhat))id(w));

// (g n,pdanr

bbf( 2_c, 0_c) += integrate(_range=internalfaces (M_mesh),
_expr=(trans (id(m))» (leftfacet (idt (sigma) *N())+rightfacet (idt (sigma)*N())) ) );

// (=T, g )o\r
bbf( 2_c, 1_c) += integrate(_range=internalfaces (M_mesh),
_expr=-tau_constant*trans (id(m)) « (leftfacet (idt (u))+rightfacet (idt(u))));

/7 AT denr
bbf( 2_c, 2_c)+=integrate(_range=internalfaces (M_mesh),
_expr=sc_paramstau_constant+trans (idt (uhat)) «id(m));

Code 9.16 — Assemble right hand side for HDG elasticity

// (Hold’ w)o
if ( 'this->isStationary() )

{

for ( auto consté& pairMat : modelProperties () .materials() )
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auto material = pairMat.second;

auto rho = material.getScalar ("rho");

auto u = this->timeStepNM () ->previousUnknown (0) ;
auto ul this->timeStepNM () ->previousUnknown (1) ;
auto dt this-> timeStep();

blf(1_c)+=integrate (_range=elements (M_mesh),
_expr=-rhosinner (2xidv (u) -idv (ul),id(w))/ (dtxdt));
}

}

auto itField = modelProperties () .boundaryConditions().find("stress");
if (itField != modelProperties () .boundaryConditions () .end() )
{
auto mapField = (xitField) .second;
auto itType = mapField.find("SourceTerm") ;
if ( itType != mapField.end() )
{
for ( auto const& exAtMarker : (xitType) .second )
{
auto g = expr<Dim, 1l,expr_order> (exAtMarker.expression());
if ( !this->isStationary() )
g.setParameterValues( { {"t", M_nm mixedelasticity->time()} } );

blf( 1_c ) += integrate(_range=elements (M_mesh),_expr=trans(g)+id(w));
}
}
}

95

Code 9.17 — Assemble Dirichlet boundary conditions for HDG elasticity

/7 H1>FDirichzct
bbf( 2_c, 2_c) += integrate(_range=markedfaces (M_mesh,marker),_expr=trans (idt (uhat)) x id(m)

// <gDvH1>FDiriehLet
2_c ) += integrate(_range=markedfaces (M_mesh,marker), _expr=trans(id(m))*g);

)i

Code 9.18 — Assemble Neumann boundary conditions for HDG elasticity

/7 A8 BT N ewmann

bbf (2_c,0_c) +=integrate (_range=markedfaces (M_mesh,marker),
_expr=(trans (id(m)) * (idt (sigma)*N())));

// <_7—2’ ﬁ1>FNeumann

bbf(2_c,1_c)+=integrate (_range=markedfaces (M_mesh,marker),
_expr=-tau_constantxtrans (id(m)) xidt (u)));

// <T@’ El >FNeumqnn
bbf (2_c,2_c)+=integrate (_range=markedfaces (M_mesh,marker),
_expr=tau_constantxtrans (idt (uhat))xid(m)));

/7 <QN » Ky >FNeu7nu.nn
blf (2_c)+=integrate (_range=markedfaces (M_mesh,marker),_expr=trans (id(m)) *qg);

Code 9.19 — Assemble integral boundary conditions for HDG elasticity

AR G T S IRN 1))
bbf(0_c,3_c,0,1i)+=integrate (_range=markedfaces (M_mesh,marker),
_expr=-trans (idt (ul)) * (id(v)*N()));

/) AT, WT g
bbf(l_c,3_c,1,i)+=integrate (_range=markedfaces (M_mesh,marker),

7expr=tau7constant*trans(idt(uI)T);

// @ )T e

bbf(3_c,0_c,1,0)+=integrate (_range=markedfaces (M_mesh, marker),
_expr=inner (idt (v) *N(),id(nu)));

/7 {taus, po )T e
bbf(3_c,1_c,1i,1)+=integrate (_range=markedfaces (M_mesh,marker),
_expr=tau_constant*inner (idt (u), id(nu)));

/7 <_THI7H2>FIBC
bbf(3_c,3_c,1i,1i)+=integrate (_range=markedfaces (M_mesh,marker),
_expr=-tau_constant*inner (idt (ul),id(nu)));

double meas = integrate (_range=markedfaces (M_mesh,marker),_expr=cst(1.0)) .evaluate() (0,0);
// <Fta7‘getaﬁ2>l"130
blf(3_c,1) += integrate(_range=markedfaces (M_mesh,marker), _expr=inner (g,id(nu)) /meas);

As for the MixedPoisson class, the user can always choose between the monolithic solver
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or exploit the computational power of the static condensation. The solve method is shown in
Code 9.20.

Code 9.20 — Solve the system for HDG elasticity

auto U = M_ps—>element () ;

// static condensation is done during the solve
bbf.solve(_solution=U, _rhs=blf, _rebuild=false, _condense=M_useSC, _name= this->prefix());

// get views over each component

M up = U(0_c); // element of V

M pp = U(l_c); // element of Wy

for( int 1 = 0; i1 < M_integralCondition; i++ )
M mup[i] = U(3_c,i); // elements of My

We list here the main methods that are available in the API provided by feel in order to use
this toolbox:

mesh () allows to access to the computational mesh;

displacementSpace (), stressSpace (), traceSpace () allow to access to the pri-
mal, dual and trace spaces, respectively;

fieldDisplacement (), fieldStress () allow to access to the primal and dual vari-
ables, respectively;

init (mesh, meshVisu) initializes the overall framework (mesh, BCs, initial condi-
tions, spaces, exporter). The user can pass directly the computational and the visualiza-
tion mesh, otherwise it is automatically loaded;

assembleCstPart () assembles the matrix of the linear elasticity system, including the
matrix contributions due to BCs;

assembleNonCstPart () assembles the right hand side of the linear elasticity system;

solve () solves the system matrix-right hand side built using assembleCstPart ()
and assembleNonCstPart ();

exportResults ( time, mesh, Idh, Idhv ) exports the results at the time-step
time on the visualization mesh mesh using the interpolation operators for the primal
and dual variables provided by Idh and Idhv, respectively.

exportTimers () exports in a text file the computational times needed by the program
to complete each step in assembling and solving the linear elasticity system.

3 MixedPoissonElasticity

In this section we present the MixedPoissonElasticity class. This class is an interface
between the MixedPoisson and the MixedElasticity classes and it allows to solve the
system defined by Eq. (5.13).

This class has mainly two attributes that corresponds to an element of MixedPoisson and
oneof MixedElasticity . Thus, we implemented two methods in order to modify the HDG
formulation in order to take into account the coupling terms between Darcy and linear elastic-

ity.
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Code 9.21 — Extra terms in the Darcy formulation

/) (=&Y u,w)0
)

dt
blf(l_c) += integrate( _range=elements( M_mesh ),
_expr= —( div(M_ElasticityModel-> potentialField()) +
- div(M_ElasticityModel->timeStepNM () ->previousUnknown ())) xid (w) /dt

Code 9.21 shows the elastic contribution to the right hand side of Eq. 4.1b, whereas Code 9.22

illustrates the Darcy contribution to the linear elastic system.

Code 9.22 — Extra terms in the linear elasticity formulation

auto pressure = M_PoissonModel->potentialField();

// {p1,v)q
blf( O_c ) += integrate( _range=elements( M_mesh ),
_expr= - inner( idv (pressure) *eye<Dim,Dim> (),

// Adding extra-term for special Neumann

// <_p I.E’H>FNeu7nann
std::string marker = "";

for ( auto consté& pairMat : M_ElasticityModel->modelProperties () .materials ()

{

auto material = pairMat.second;

marker = material.getString("special_neumann");
}
if (!marker.empty())

id(v)) )i

blf( 2_c ) += integrate( _range=markedfaces (M_mesh,marker),

_expr= - inner( idv (pressure) xeye<Dim,Dim> ()

* N(),

id(m))

)i
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4 Computational performances

In this section we briefly discuss the computational cost of the different model implemented
in FEEL++. The computational domain used in this section is displayed in Fig. 9.1.

These performance studies have been completed on one of the five nodes of ATLAS, the
computing resource cluster at Cemosis and IRMA laboratory.
The node used has 24 cores on 2 sockets (Intel Xeon E5-2680 v3 2.50GHz ) hyperthreaded with
256 GB of RAM . Everything is interconnected with both 10Gb Ethernet cards and 40Gb Infini-
band cards. The workload manager is slurm®.

The solvers used are retrieved from PETSc [1], a suite of data structures and routines for
scalable and parallel solution of scientific applications modeled by partial differential equa-
tions. To partition the domain for parallel computing we exploit METIS [119]. METIS is a set of
serial programs for partitioning graphs, partitioning finite element meshes, and producing fill
reducing orderings for sparse matrices. The algorithms implemented in METIS are based on
the multilevel recursive-bisection, multilevel k-way, and multi-constraint partitioning schemes
developed in the Department of Computer Science & Engineering at the University of Min-
nesota.

Figure 9.1 — Computational domain used for the performance studies.

Darcy

For the simple Darcy - only Neumann and Dirichlet boundary conditions - we have per-
formed three test cases using the toolbox MixedPoisson with increasing number of degrees
of freedom (dofs) as described by Tab. 9.1. Insuring the same computing error for the results,
we compare the time needed to solve the Darcy system in a monolithic way with two different
preconditioners - LU factorization [6] and the Generalized Additive Schwarz Method (GASM)
[5] s- and the computational time required by the static condensation using the Geometric Al-

“https:/ /slurm.schedmd.com/documentation.html
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gebraic MultiGrid (GAMG) preconditioner [5]. The analytical solution used for the pressure is

10 10 i
— tan(y,z) ! and for the velocity is v = [~ — 5 Yy S — z . 7
" T ity m ity

TEST CASE DOFS PRIMAL VARIABLE DOFS DUAL VARIABLE DOFS TRACE VARIABLE

Darcy 1 137436 45812 72981
Darcy 2 1054884 351628 543792
Darcy 3 2047728 682576 1049316

Table 9.1 — Data for the Darcy performance study.

TIME [S]

TEST CASE SOLVER PRECONDITIONER np=1 np=2 np=4

Darcy 1 Monolithic LU 16.33841 11.4856 7.622147
Darcy 2 Monolithic LU 1050.858 681.0828 404.7277
Darcy 3 Monolithic LU 5469.657 4241.529 2017.625
Darcy 1 Monolithic GASM 34.26085 21.4217 7.329376
Darcy 2 Monolithic GASM 2249.435 757.5647 127.7822
Darcy 3 Monolithic GASM 7670.616 4147.575 444.0716
Darcy 1 Static condensation GAMG 8.858283 5.636978 4.447856
Darcy 2 Static condensation GAMG 77.54065 46.61523 26.65524
Darcy 3 Static condensation GAMG 180.9639 108.0637 56.79263

Table 9.2 — Wall computational time of the Darcy performance study. np : number of processors used to run the test
case.

TIME [S]
TEST CASE SOLVER PRECONDITIONER np=1 np=2 np =4
Darcy 1 Monolithic LU 7.607082 555147  3.372929
Darcy 2 Monolithic LU 984.8325 637.2967  378.456
Darcy 3 Monolithic LU 5335.235 4145453 1961.585
Darcy 1 Monolithic GASM 19.97991 12.16076  3.21067
Darcy 2 Monolithic GASM 2149.023 697.6506  99.76536
Darcy 3 Monolithic GASM 7530.162 4024.747  386.3492
Darcy 1 Static condensation GAMG 2926887 1.19151  0.8900033
Darcy 2 Static condensation GAMG 34.13834 19.44127  9.769887
Darcy 3 Static condensation GAMG 80.2323  48.85748  20.95092

Table 9.3 — Solver computational time of the Darcy performance study. np : number of processors used to run the
test case.

Tab. 9.2 shows the wall time using 1, 2 or 4 processors by the monolithic solver and the static
condensation. The results obtained suggest that the static condensation technique increases the
speed up proportionally to the dimension of the problem, for instance up to 35 times faster in
the case of Darcy 3. Looking at the solver time (Tab. 9.3), this boost is even more important
(more than 90 times faster in the case of Darcy 3 with 4 processors). We haven’t reported the
time for the assembly of the matrix but they are equivalent in all the cases studied.
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Darcy with IBC

For the Darcy with IBC, we have performed three test cases using MixedPoisson with
increasing number of degrees of freedom (dofs) as described by Tab. 9.4. Insuring again that
the computing error is the same for all the test cases, we compare the time needed to solve
the Darcy system in a monolithic way with LU and GASM as preconditioners, and the com-
putational time required by the static condensation using the Geometric Algebraic MultiGrid

(GAMG) preconditioner. The analytical solution used for the pressure is — tan(y,x) ! and for
™

10 10
the velocity is v = [—— Qy 20 2x 27 I
T rt+yt mxtty

TEST CASE DOFS PRIMAL VARIABLE DOFS DUAL VARIABLE DOFS TRACE VARIABLE

Darcy + IBC 1 137436 45812 72249
Darcy + IBC 2 1054884 351628 540606
Darcy + IBC 3 2048016 682672 1045050

Table 9.4 — Data for the Darcy with IBC performance study.

TIME [S]

TEST CASE SOLVER PRECONDITIONER np=1 np=2 np=4

Darcy + IBC 1 Monolithic LU 17.545 11.969  7.70089
Darcy + IBC 2 Monolithic LU 1143.502 853.1877 379.6678
Darcy + IBC 3 Monolithic LU 10043.3  5949.22  2002.92
Darcy + IBC 1 Monolithic GASM 33.666  24.1658  8.11918
Darcy + IBC 2 Monolithic GASM 2348.37  760.623  121.776
Darcy + IBC 3 Monolithic GASM 7886.05  3300.11  440.802
Darcy + IBC 1  Static condensation GAMG 8.898762  6.22261  4.52851
Darcy + IBC 2 Static condensation GAMG 79.01226 47.30553 29.8194
Darcy + IBC 3  Static condensation GAMG 166.223  111.875  68.9631

Table 9.5 — Wall computational time of the Darcy with IBC performance study. np : number of processors used to
run the test case.

Tab. 9.5 shows the wall time using 1, 2 or 4 processors by the monolithic solver and the static
condensation. The results obtained suggest that the static condensation technique increases the
speed up proportionally to the dimension of the problem, for instance up to 40 times faster in
the case of Darcy + IBC 3 with respect to monolithic with LU. Looking at the solver time (Tab.
9.6), this boost is even more important (100 times faster in the case of Darcy + IBC 3 in serial).
We haven’t reported the time for the assembly of the matrix but they are equivalent in all the
cases studied.

In this case we found that if we increase the number of processors the standard partitioning
is slowing down any solver, due to the fact that the dofs of the IBC are shared by multiple
processors and the number of communications becomes the bottleneck of the computation. We
call special partitioning the case in which we are imposing to the partitioner that the IBC dofs are
all assigned to the same processor, seeking for a more balanced partition of the computational
work. We consider that each IBC face is a neighbor of all the other IBC faces, which put a huge
weight on the connectivity pattern of the IBC faces and METIS keeps them on the same domain
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TIME [S]

TEST CASE SOLVER PRECONDITIONER np=1 np=2 np=4
Darcy + IBC 1 Monolithic LU 8.62135  6.06181 3.501
Darcy + IBC 2 Monolithic LU 1078.169  809.579  352.9749
Darcy + IBC 3 Monolithic LU 9855.69  5830.8  1945.71
Darcy + IBC 1 Monolithic GASM 19.4689  14.8323  3.75853
Darcy + IBC 2 Monolithic GASM 2250.7  702.701  94.3866
Darcy + IBC 3 Monolithic GASM 7706.46  3176.52  384.504
Darcy + IBC1 Static condensation GAMG 3.089028 2.07635 1.21391
Darcy + IBC 2 Static condensation GAMG 36.02654 23.08251 12.85595
Darcy + IBC 3 Static condensation GAMG 82.531  54.0843  30.4405

Table 9.6 — Solver computational time of the Darcy with IBC performance study. np : number of processors used to
run the test case.

when partitioning. In this way we get back appropriate scalability in Darcy problems with IBC.

We performed 4 test cases using the static condensation with GAMG as preconditioner,

1

which are described by Tab. The analytical solution used for the pressure is 0 tan(y,z)~! and
™

10y 10 =z

for the velocity isv = [—— , — )
yisu=| T2 +y?r o a2+ oy

0]7.

TEST CASE DOFS PRIMAL VARIABLE DOFS DUAL VARIABLE DOFS TRACE VARIABLE

IBC partitioning 1 137436 45812 72249

IBC partitioning 2 1054164 351388 540606
IBC partitioning 3 2046192 682064 1044138
IBC partitioning 4 16140492 5380164 8153232

Table 9.7 — Data for the IBC partitioning study.

TIME [S]
TEST CASE PARTITIONING np=2 np=4 np=8 np=16

IBC partitioning 1 standard 6.29754 5.32076 5.5787 493148
IBC partitioning 2 standard 78.8595 31.8898 87.1904 137.479
IBC partitioning 3 standard 167.966 68.7134 327265 384.741
IBC partitioning 4 standard 2148.14 1007.48 17573.3 22119.8

IBC partitioning 1 special 10.4937 4.89363 4.46361 5.2293
IBC partitioning 2 special 719122 34.8672 26.5368 26.167
IBC partitioning 3 special 142,188 73.8138 52.9313 60.1039
IBC partitioning 4 special 2076.27 956.377 785.842 575.329

Table 9.8 — Wall computational time of the IBC partitioning study. np : number of processors used to run the test
case.

In Tabs. 9.8 and 9.9 we report the computational time for this study. As theoretically pre-
dicted when we increase the number of processors, especially for larger problems, the com-
putational time is even increasing instead of scaling in the case of standard partitioning. With
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TIME [S]
TEST CASE PARTITIONING np=2 mnp=4 np=8 np=16

IBC partitioning 1 standard 1.97274 1.74082 216775 1.94948
IBC partitioning 2 standard 389133 14.3937 72.1542 127.225
IBC partitioning 3 standard 975774 32.8774 298298  364.875
IBC partitioning 4 standard 1132.78 412.666 171473 21778.5

IBC partitioning 1 special 3.77704 1.30827 0.965129 1.40304
IBC partitioning 2 special 34.5642 15.0314 10.9773  10.7097
IBC partitioning 3 special 73.9961 32.6929 23.2586 26.0804
IBC partitioning 4 special 1145.71 424482 354.697 231.272

Table 9.9 — Solver computational time of the IBC partitioning study. np : number of processors used to run the test
case.

the simple proposed special partitioning we obtain good results, indeed the largest problem
with 16 processors and the special partitioning is solved 38 times faster than the standard par-
titioning problem and the solver itself is 94 times faster. We haven’t reported the time for the
assembly of the matrix but they are equivalent in all the cases studied.

Elasticity

For the elasticity problem, we have performed three test cases using MixedElasticity with
increasing number of degrees of freedom (dofs) as described by Tab. 9.10. Insuring again that
the computing error is the same for all the test cases, we compare the time needed to solve
the elastic system in a monolithic way with LU as preconditioner, and the computational time
required by the static condensation using the fieldsplit preconditioner. The analytical solution
used for the displacement is u = [ + y? + 22, 22 +y2? + 2%, 22 + 9% + 2?|T.

TEST CASE DOFS PRIMAL VARIABLE DOFS DUAL VARIABLE DOFS TRACE VARIABLE

Elasticity 1 374928 187464 299259
Elasticity 2 1216608 608304 952677
Elasticity 3 2327880 1163940 1808298

Table 9.10 — Data for the elasticity performance study.

Tab. 9.11 shows the wall time using 1, 2 or 4 processors by the monolithic solver and the
static condensation. The results obtained suggest that the static condensation technique in-
creases the speed up proportionally to the dimension of the problem also for elasticity, for
instance up to 25 times faster in the case of Elasticity 3 with 2 processors with respect to mono-
lithic. Looking at the solver time (Tab. 9.12), this boost is even more important (31 times faster
in the case of Elasticity 3 with 2 processors). We haven’t reported the time for the assembly of
the matrix but they are equivalent in all the cases studied.
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TIME [S]
TEST CASE SOLVER PRECONDITIONER np=1 np=2 np=4
Elasticity 1 Monolithic LU 87.43 74.09 36.09
Elasticity 2 Monolithic LU 79323 69430 238.14
Elasticity 3 Monolithic LU 3707.38 2956.88 663.74
Elasticity 1 ~ Static condensation tieldsplit 28.46 16.64  10.09
Elasticity 2 Static condensation tieldsplit 104.81  59.76  30.83
Elasticity 3  Static condensation fieldsplit 21447 11674 61.15

Table 9.11 — Wall computational time of the elasticity performance study. np : number of processors used to run the
test case.

TIME [S]
TEST CASE SOLVER PRECONDITIONER np=1 np=2 np=4
Elasticity 1 Monolithic LU 50.02 43.52 20.82
Elasticity 2 Monolithic LU 665.61 563.73 155.10
Elasticity 3 Monolithic LU 3458.89 2632.42 522.84
Elasticity 1 ~ Static condensation tieldsplit 18.71 10.46 5.89
Elasticity 2 Static condensation fieldsplit 73.68 4158  19.76
Elasticity 3 ~ Static condensation tieldsplit 150.32 82.66 41.06

Table 9.12 — Solver computational time of the elasticity performance study. np : number of processors used to run
the test case.

Poroelastic system

The solver framework for the poroelastic system is illustrated by Fig 9.2.

First, we initialize both the MixedPoisson and MixedElasticity classes, therefore, we
start solving the linear elasticity system passing the information to the Darcy equations and
sub-iterating this process till the error between two sub-iterations is below a certain tolerance
or we have attained the maximum number of sub-iterations. Then, we move to the next time-
step and we repeat the process till we reach the final time, when we export the results and
exit the program. For the solver and the exporter, we exploit the methods available for each
subclass (MixedPoisson and MixedElasticity ).
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Figure 9.2 — Solver framework for MixedPoissonElasticity class.
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In this chapter we present the implementation of the coupling algorithm explained in Ch.
7 in FEEL++.

First we give a brief introduction of the Functional Mock-up Interface (FMI) and its em-
ployment in FEEL++. Next we describe the C++ implemented version of the operator splitting
algorithm. Finally, we illustrate the results of a convergence study performed using the afore-
said framework developed in FEEL++.

1 Functional Mock-up Interface(FMI)

The FMI is a modeling environment that describes a product sub-system by differential,
algebraic and discrete equations with time, state and step-events. The power of these models
that are widely used in industry, is the easiness in the interconnection with other libraries.
This interface generates and export the modeling components as Functional Mock-up Units
(FMUs). These units can be imported and used in embedded control systems and, moreover,
can cooperate at runtime through a co-simulation environment. For further details on FMI and
FMU, we refer to [18].

For our purpose we have implemented the 0D model (Ch. 3) in OpenModelica [74], an
open-source Modelica-based modeling and simulation environment. We have adopted this

105
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open-source software due to its user-friendly interface and its simplicity to develop complex
electric circuits, in order to focus on the modeling framework and not on the numerical meth-
ods to solve lumped-parameter models that have been largely studied in literature.

From OpenModelica it is possible to export a FMU that fully describes the circuit model. In
particular, such export is organized in one zip-file containing several files:

e an XML-file that contains the definition of all variables in the model and other informa-
tion, such as solver parameters;

* asmall set of easy to use C-functions, which define all the needed model equations;

e other optional data such as documentation, maps and tables.

2 FEEL++ and Functional Mock-up Unit (FMU)

In order to use the FMU in FEEL++, we implement an interface class called FMU . This
work has been done in collaboration with J.-B. Wahl, a research engineer at the Université de
Strasbourg.

We have imported in FEEL++ the following methods via a wrapper that exploit the C functions
already defined within the FMILIB library:

* int load(std::string _path) loads the model in the FMU format from the input
directory path;

e void initialize (double t_init,double t_final,double tolerance) ini-
tializes the model with the input initial and final time, the input solver tolerance, and the
default parameter values specified in the XML-file within the FMU;

* template <typename VariableType>
void setValue (std::string var_name, VariableType value) allowsthe user
to set the value of a variable of the FMU model at runtime;

* template <typename VariableType>
VariableType getValue( std::string var_name) allows the user to retrieve the
value of a variable of the FMU model at runtime;

e double currentTime () returns the value of the time of the current simulation;

* void reset () resets the simulation time to the initial value and reset all the settings to
their default value;

e void simulate (double t_init,double t_final,double tolerance) runsthe
model from the initial time to final time;

® void doSteps( double t_stop ) runsthe model from the current simulation time
to a specified simulation time.



W N oUW N

3. THE OPERATOR SPLITTING IN FEEL++ 107

We report just the main functions that are useful for the simulation, however there are other
methods implemented needed by the interface FMILIB-FEEL++ for a more advanced usage. All
the source codes are available and open to be accessed on the GitHub repository at https:
//github.com/feelpp.

3 The operator splitting in FEEL++

In order to use in FEEL++ the operator splitting method presented in Ch. 7, we implemented
the class CoupledMixedPoisson child of MixedPoisson . In particular this new class has
the following attributes:

® Ch_element_vector_type M_Y isa vector that contains the buffer variables;

* Bdf_element_vector_t M_bdf_buffer is a the corresponding vector of the buffer
variables that handles the time dependency and BDF algorithm;

* int M_OdCondition is an integer that indicates the number of 0D circuit for the cou-
pling

® integral_boundary_list_type M_0dList collects the interface markers between
the 3D and the 0D circuits;

e fmu_ptr_vector_t M_circuit isa pointer vector that gathers the 0D circuits.

The initialization of the variables and the spaces exploits the methods already defined for
MixedPoisson ,the only complication is the allocation of the new spaces for the buffer vari-
able that has to be take into account (Code 10.1)

Code 10.1 — Allocation of new spaces for the operator splitting class

if (M_OdCondition)
{
auto zeroSpaces = std::make_shared<ProductSpace<Ch_ptr_t,true»
(this->integralCondition () +M_0dCondition, this->M_Ch);
this->M_ps = std::make_shared<product2_space_type>
(product2 (zeroSpaces,this->M_Vh,this->M_Wh, this->M_Mh));
solve::strategy s = boption(prefixvm(this->prefix(), "use-sc"))?
solve::strategy::static_condensation:solve::strategy::monolithic;

this->M_A_cst = makeSharedMatrixCondensed<value_type>

(s, csrGraphBlocks (x (this->getPS())), =*(this->get_backend()) );
this->M_A = makeSharedMatrixCondensed<value_type>

(s, csrGraphBlocks (x (this—->getPS())), =*(this->get_backend()) );
this->M_F = makeSharedVectorCondensed<value_type>

(s, blockVector (x (this->getPS())), =*(this->get_backend()), false);

M_bdf_buffer.resize( M_0dCondition );
}

// Initialization of the buffer variable
for (int 1 = 0; i < M_0OdCondition; i++)
M_Y.push_back (this->constantSpace () —>element ( "yy" ));

// Initialization for second step: the 0d equation
if (M_OdCondition)
{

M _circuit = std::make_shared<FMU> () ;
M_circuit->load();
M_circuit->initialize( this->timeInitial(), this->timeFinal() );

}

Code 10.2 shows the assembly of the new contribution in the HDG matrix due to the cou-
pling with the 0D circuit. In detail, this piece of C++ code extracted from the FEEL++ library,
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shows that for matrix line 3_c, ¢ we have imposed a similar homogeneous IBC condition on I'y
as described in Sec. 1, Ch. 9. Tab. 10.1 depicts a scheme of the 3D HDG matrix with 0D cou-
pling condition, in particular the Step 1 of the operator splitting. In this figure we have boxed
the novel contributions with respect to the HDG with IBC formulation.

(K™Y, v)a (-p,V-v)q (P, v )1, UN\ (pr,v-n)r,
. dp .
(V-j,9a (E’UJ + (7 p, w)r,,ur (7P, W), um\T, (Tpr,w)r,
d Q
(7 - 1 1y )Ty (TP, 1y )iy —(TP, fy ) rymeiry + (T B ),
) 1 1
(J - 1 o)y (7D, )1, (=T p1 *mpl o)1y m(nvﬁz>1‘z
1 1 cY
., Y+ = -
R T Ry T A

Table 10.1 — Scheme of Step 1 of the 3D HDG formulation with 0D circuit coupling. In particular the boundary
I'=Tp UI'y UT'; whereI'p, I'y, and I'; are the Dirichlet, Neumann boundary conditions, and integral interface
condition, respectively. I'i¢ corresponds to the internal faces and (v, w, Byo by Hs) are the test functions for the flux,
potential, trace, IBC and 0D space, respectively. Finally, II is the unknown variable on the resistor-capacitor buffer
(resistance R and capacitance C'). We have boxed the contributions due to the coupling with a 0D circuit.

Code 10.2 — Matrix contribution due to 0D coupling

// stabilisation parameter
auto tau_constant = cst (doption (prefixvm(this->prefix (), "tau_constant")));

auto marker = M_0dList[i].marker();
int j = i+1;

// 0D EQUATION
double meas=integrate (_range=markedfaces (this->mesh (), marker),_expr=cst (1.0)) .evaluate() (0,0);
double Cbuffer = 1; double Rbuffer = 1;
std::string Cbuffer_str; std::string Rbuffer_str;
for ( auto consté& pairMat : this->modelProperties().materials() )
{
auto material = pairMat.second;
Cbuffer_str = material.getString( "Cbuffer_ name" );

Cbuffer_str += ".C";

Cbuffer = M_circuit->getValue<double>( Cbuffer_str ); // Capacitance of the buffer
Rbuffer_str = material.getString( "Rbuffer_name" );

Rbuffer_str += ".R";

Rbuffer = M_circuit->getValue<double>( Rbuffer_str ); // Resistance of the buffer

}

// Part on the IBC line

// _ﬁQ?IvHQ >r

bbf ( 3_c, 3_c, i, i) += integrate( _range=markedfaces (this->mesh(),marker),
_expr = —idt (ul)*id(nu)/Rbuffer/meas ) ;

1
// RITg] Yo, >r;
bbf ( 3_c, 3_c, i, j) += integrate( _range=markedfaces (this->mesh(),marker),
_expr = idt (yy) *id(nu) /Rbuffer/meas ) ;

// Part on the 0d line

/7 —ﬁ@hﬁg)r[
bbf ( 3_c, 3_c, j, 1) += integrate( _range=markedfaces (this->mesh(),marker),
_expr = —idt (ul)*id(nu) /Rbuffer/meas ) ;

7/ R‘11‘1‘<Y7ﬁ3>1"1
bbf ( 3_c, 3_c, j, Jj) += integrate( _range=markedfaces (this->mesh(),marker),
_expr = idt (yy)*id(nu) /Rbuffer/meas ) ;

C Y
/7 <\r,\ A Mgy
bbf ( 3_c, 3_c, j, J) += integrate( _range=markedfaces (this->mesh(),marker),
_expr= Cbuffer*M_bdf_buffer[i]->polyDerivCoefficient (0)xidt (yy) *id(nu) /meas );

Remark 11. Unfortunately the static condensation has been only very recently available in FEEL++ in
order to solve the first step of the proposed 3D-0D coupling algorithm. The difference with respect to
the standard or IBC case is the presence of extra entries in the matrix that derive from the coupling with
the ODEs system. Nevertheless we have estimated the computational time needed to solve an unsteady
Darcy+ODEs problem using the monolithic algorithm. For a test case using monolithic solver and LU
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preconditioner with 10 time steps, 223512 degrees of freedom (dofs) for the primal variable, 112092 dofs
for the dual variable, and 176139 dofs for the trace, the FEEL++ code takes 759.3847 s and 68.27 s in
serial and in parallel with 10 processors, respectively.
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This chapter is divided into two sections: first we present the C++ codes that are imple-
mented in FEEL++ in order to deal with the OMVS, in particular the organization and how
to use the model we have developed; second, we show the user friendly interface we have
implemented such that also researchers that are not mathematicians, computer scientist, engi-
neers or not familiar with C++, can use the OMVS for scientific research and as a clinical tool in
opthalmologic centers.

1 FEEL++ interface

We discuss now the interface between the models described in Chs. 3, 4 and 5 and the user via
FEEL++. In this case we assume that the user can be also a developer and has some expertise in
coding or to deal with C++ software or run program on Linux based shells.

111
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This interface is based on a C++ class called Pat ient Assessment where the data from the
input files are collected and passed to the models implemented in FEEL++.

1.1 PatientAssessment

First, we present this C++ class that allows the user handle the data to feed the model. In
particular PatientAssessment has the attributes resumed in Tab. 11.1, whereas Tab. 11.2
shows the methods of this class.

NAME DESCRIPTION

std::string M_date date of the assessment
int M_level version of the OMVS
pt::ptree M_pt pointer to the properties of the model
ptr_model M_model pointer tothe FMU file that contains the 0D model
double M_SBP assessment systolic blood pressure
double M_DBP assessment diastolic blood pressure
double M_HR assessment heart rate
double M_IOP assessment intraocular pressure
double M_RLTp assessment translaminar tissue pressure
double M_CRVp assessment central retinal vein pressure
double M_CRAp assessment central artery vein pressure
std::string M_note assessment note

Table 11.1 — Attributes of the class Pat ient Assessment.

The PatientAssessment class, however, is not sufficient to handle all the different type of
entries that an end-user would like to have for this kind of application, thus, we implemented
the class Pat ient that manages the data directly from the input files to the models combined
with the class presented above.

The C++ class Patient is able to collect multiple assessments of the same subject and handle
therefore the patient clinical history.

The different assessments are stored in map, which is an associative container that stores
elements formed by a combination of a key value and a mapped value, following a specific
order. In our case the key is created from the date of the assessment and the value is the
collection of the patient clinical data and the output computed by the OMVS. The attributes of
this class, accompanied by the corresponding set and get methods, are:

® std::string M_name stores the name of the patient;
* int M_age stores the patient age;
* Gender M_gender stores the patient gender (undefined, male, female);

* bool M_upload tells if the patient has already been uploaded on the online private
repository;

* M_override specifies if the new assessments have to override the results already up-
loaded on the online private repository;
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NAME

DESCRIPTION

std::string now() const

void setDate(std::string consté& d)

std::string consté& date() const

void setLevel( int 1 )

int level () const;

bool hasLevelO () const
bool hasLevell () const
bool hasLevel2 () const

void setNote (std::string const& n)
std::string const& note() const
pt::ptree consté& pTree() const

void fromJson( std::string const& s )

void setSystolicBloodPressure (double SBP)
double systolicBloodPressure() const

void setDiastolicBloodPressure (double DBP)
double diastolicBloodPressure () const

void setMeanHeartRate (double HR)
double meanHeartRate () const
void setIntraOcularPressure (double IOP)
double intraOcularPressure() const

void setRetroLaminarTissuePressure (double RLTp)
double retroLaminarTissuePressure () const

void setCentralRetinaVeinPressure (double CRVp)
double centralRetinaVeinPressure () const

void setCentralRetinaArteryPressure (double CRAp)
double centralRetinaArteryPressure() const

void run ()

returns a string containing the current date and time

sets the date d or, if d is not specified, embed the current
date within the model for the analyzed patient

returns the date of the analyzed assessment

sets the level of assessment withl = —1,0, 1,2,
! = —1 means we run all possible models

returns the assessment level

returns True if Level 0 is available,
False otherwise

returns True if Level 1 is available,
False otherwise

returns True if Level 2 is available,
False otherwise

allows the user set a note for the assessment
returns the assessment note
returns the property of the model

reads the input data file string and
load the information into patient

sets the assessment systolic blood pressure

returns the assessment systolic blood pressure

sets the assessment diastolic blood pressure
returns the assessment diastolic blood pressure
sets the assessment average heart rate

returns the assessment average heart rate

sets the assessment intraocular pressure

returns the assessment intraocular pressure

sets the assessment retrolaminar tissue pressure
returns the assessment retrolaminar tissue pressure
sets the assessment central retinal vein pressure
returns the assessment central retinal vein pressure
sets the assessment central artery vein pressure
returns the assessment central artery vein pressure

run the assessment

Table 11.2 — Methods of the class Pat ientAssessment.

* std::string M_note stores notes of the patient;

* std::shared_ptr<PatientAssessment> M_assessment is the map that stores all
the different assessments of the same patient.

Fig. 11.1 illustrates the data processing from input to output. At the beginning the data are

specified by the user via text files, then are passed through classes Pat ient and PatientAssessment
that handle the interface with the FEEL++ Eye2Brain library. This library exploits the implemen-

tations of HDG (Ch. 9) and the operator splitting (Ch. 10) and manages the different levels of

the OMVS in order to finally provide the simulation results to the user.
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Figure 11.1 — FEEL++ data processing from input to output.

1.2 Configuration file

The configuration file is the input text file that is needed by any version of the OMVS in
order to interact directly with the Eye2Brain library. We report in Code 11.1 an example of Level

2 configuration file.

Code 11.1 — Configuration file for Level 2.

directory=e2b_database/
npdir=false

[exporter]
element-spaces=P0

[eye2brain.patient]

name=tony

gender=0

age=42

note="Healthy subject - baseline"

[eye2brain.patient.assessment]
level=2

# circuit data

date=now

note="Healthy subject - baseline"
SBP=116

DBP=69

HR=69

I0P=17.0

RLTp=9.5

# Poisson data

CRVp=19.0

# Elasticity data

CRAp=80

[eye2brain]

# Poisson data
CRVp_marker=Hole

# Elasticity data
CRAp_marker=Hole
TOP_marker=Lamina_Retina
RLTp_marker=0ut

[fmu]

filename=$cfgdir/../../eye2brain/models/fluid/retina/retina. fmu

solver.time-step=0.0002

#blood pressure drop on the lamina
exported-variables=1cR.v

# blood flow within the lamina
exported-variables=1cR.p.1i

# CRA blood flow
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exported-variables=Rla.p.1i
# CRV blood flow
exported-variables=R5a.n.1i

[gmsh]
filename=$cfgdir/eye.msh
submesh=Lamina

scale=0.1

[hdg.poisson]
filename=$cfgdir/lcDarcy. json

[hdg.elasticity]
gmsh.submesh=Lamina
filename=$cfgdir/lcElasticity.json

[bdf]

order=1

[ts]
time-initial=0.0
time-step=0.02
time-final=4
steady=false

[poroelastic]
itmax=2
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In particular, the code shows how to specify

e the data of the patient: lines 7 — 11;

¢ the data of the assessment: lines 13 — 26;

¢ the information on the mesh: lines 28 — 34 and 48 — 51;

¢ the information on the 0D circuit: lines 36 — 46;

* the file where to retrieve the data for Darcy: line 54;

¢ the file where to retrieve the data for linear elasticity: line 5§;

¢ the time simulation data: lines 60 — 66.

1.3 Darcy json file

We discuss now the file where we define all the data concerning the Darcy equations that
are needed when using the MixedPoisson or MixedPoissonElasticity class. The type
of this file is json , which is a file that stores simple data structures and objects in JavaScript

Object Notation (JSON) format that is a standard data interchange format.

An example of Darcy json file is shown in Code 11.2, which can be easily adapted to any

application.
Code 11.2 - json file for Darcy.
{
"Name": "HDG-Mixed-Poisson for lamina cribrosa",
"ShortName":"MP_LC",
"Models": { "equations":"hdg"},
"Materials":
"Lamina":
"name":"tissue",

"k":"0.015192",
"Lamina_Sclera-buffer":"C5.p.v",
"Cbuffer_name":"C5",
"Rbuffer_name":"1lcRin"
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}!
"BoundaryConditions":

"potential":
"InitialSolution":

"Lamina":
{ "expr":"0.255"
}
}y
"SourceTerm":
{
"Lamina":
{ "expr":"0.0"

}

’

"Dirichlet":

{
"Hole":
{

"expr":"0.25"

}

}I

"Neumann":

{
"Lamina_Retina":

{

"expr" . "O. Oll
I
"out":
{

"expr" . "O. O"

}
}
I
"flux":
{

"Integral_coupled_with_0d":
{

"Lamina_Sclera":

{

llexpr" : "O‘O"
}
}
}
}!
"PostProcess":
{
"Exports":
"fields":["potential", "flux"]

}
}
}

CHAPTER 11. OMVS IMPLEMENTATION

In this code we can find how to define

¢ the domain and its material properties: lines 9 — 10;

¢ the information on the coupling 3D-0D: lines 11 — 13;

e the initial solution p(t = 0): lines 20 — 25;

¢ the volumetric source term f in Eq. (4.1b): lines 27 — 32;

¢ the Dirichlet BCs as Eq. (4.2): lines 34 — 40;

¢ the Neumann BCs as Eq. (4.3): lines 41 — 52;

¢ the integral interface condition as Eq. (7.4): lines 53 — 63;

¢ the quantities to be exported: lines 64 — 70.
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1.4 Elasticity json file
Here we present the file where we define all the data concerning the linear elasticity equa-

tions that are needed when using the MixedElasticity orMixedPoissonElasticity class.

Code 11.3 - json file for linear elasticity.

"Name": "HDG-Mixed-Linear-Elasticity",
"ShortName":"ME",
"Models": { "equations":"hdg"},
"Materials":
{
"Lamina":
{
"name":"tissue",
"rho":"0.0011",
"lambda":"588",
"mu" : 111211’
"special_neumann":"Hole"
}
}

4
"BoundaryConditions":
"stress":

"SourceTerm":

{
"Lamina":

{

}
I

"Neumann_scalar":

”expr":"(0,0,0}"

"Lamina_Retina":
"expr":"-0.33"

}I
"Oout":
{
"expr" : "70. lll
I
"Hole":
{ "expr":"-1.067"
}
}
I
"displacement":

"Dirichlet":

"Lamina_Sclera":
{
"eXpr"Z"(0,0, 0}"
}
}
}
}

{

4
PostProcess":
"Exports":

"fields":["stress","displacement"]
}
}
}

Similarly as for the other json file, we can identify in the code where we determine
* the domain and its material properties: lines 7 — 14; in particular lines 13 specifies the
boundary for the poroelastic Neumann condition g, M= —Perall;
¢ the body force F',, of Eq. (5.1b): lines 20 — 26;

¢ the Neumann BCs as Eq. (5.2a): lines 27 — 41; in this particular case we define the variable
g such thath =gl-n
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¢ the Dirichlet BCs as Eq. (5.2b): lines 43 — 51;

* the quantities to be exported: lines 54 — 60.

All these input files can be easily modified with a text editor, however they require some
familiarity in the usage of a Linux-base shell. For further details on how to run these appli-
cations we refer to the online documentation of FEEL++ available at http://docs.feelpp.
org/docs/stable/.

1.5 Computational performances

As for the HDG toolboxes and the 3D-0D coupling implementation, we have completed a
preliminary investigation on the computational time needed to solve the different levels of the
OMVS.

e Level 0 (Ch. 3) takes 6.17396 s to complete a simulation in serial with a final time of 4 s
and a time step of 0.002 s.

e Level 1 (Ch. 4) takes 4588.5 s (1.2746 hours) to complete a simulation using 24 processors
with a final time of 4 s and a time step of 0.1 s. The dofs are 23484, 7828 and 12804 for the
pressure, the flux and the trace, respectively.

* Level 2a (Ch. 5) takes 25144 s (6.984 hours) to complete a simulation using 24 processors
with a final time of 4 s and a time step of 0.02 s. The dofs for the hemodynamics part are
578280, 192760 and 294948 for the pressure, the flux and the trace, respectively. The dofs
for the biomechanics part are 1156560, 578280 and 897552 for the displacement, the stress
and the trace, respectively.

¢ Level 2b (Ch. 5) takes 30842 s (8.567 hours) to complete a simulation using 24 processors
with a final time of 2.3 s and a time step of 0.02 s. The dofs for the hemodynamics part are
134520, 44840 and 73281 for the pressure, the flux and the trace, respectively. The dofs for
the biomechanics part are 2157168, 1078584 and 1707300 for the displacement, the stress
and the trace, respectively.

These computational times are relative to the whole execution time of an OMVS application.
For the hemodynamics part, thus the Darcy problem coupled with a system of ODEs, we em-
ployed the monolithic solver with LU as preconditioner [6]. For the biomechanics part, thus
the linear elasticity equations, we exploit the static condensation technique with LU as precon-
ditioner [6].

In the following we discuss the other interface, which is more user friendly and adapted to
a clinical use.

2 OMVS user friendly interface

In view of real applications and in order to provide a clinical tool for the ophthalmologists,
we developed a user friendly interface of the OMVS within the context of a European project
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called MSO4SC (Mathematical Modeling, Simulation and Optimization for Societal Challenges
with Scientific Computing). The MSO4SC proposal is to provide mathematical technologies
and its applications for solution of societal challenges as service through an HPC oriented cloud
e-infrastructure. In particular our model has been selected to be part of this project as the
Eye2Brain pilot. The idea was to develop an online platform capable of providing clinicians with
an integrated view of the patient’s status, which would significantly improve our current ability
to monitor health and prevent, detect, treat and manage disease in a personalized manner.

In this context we have theorized the concept of virtual laboratory, where ophthalmologists
may perform clinical tests to improve the understanding, the diagnosis and the care of ocu-
lar diseases (e.g. glaucoma, diabetic retinopathy, age-related macular degeneration) and other
pathologies that also manifest in the eye (e.g. diabetes, hypertension, NDD).

In this section we discuss the OMVS web interface, composed by three parts:

¢ the simulation interface;
¢ the View App;
¢ the Compare App.

2.1 OMYVS simulation interface

The first overview of the MSO4SC portal is shown in Fig. 11.2. For the simulation of the
Eye2Brain model, the user should select experiment and obtain a web-page similar to the one
illustrated by Fig. 11.3.

Thus, we create a new instance, which corresponds to our patient, selecting the Eye2Brain
model we would like to use:

(i) eye2brain-level-0, which corresponds to the model described in Ch. 3;
(ii) eye2brain-level-1, which corresponds to the model described in Ch. 4;

(iii) eye2brain-level-2, which corresponds to the models described in Ch. 5.

The choice between the different levels depends on the accuracy and speed needed by the
clinical application. For all selections, the input are already filled with some default values
in order to have always all the parameters specified. The input parameter interfaces are dis-
played in Figs. 11.4, 11.5, and 11.6 for eye2brain-level-0, eye2brain-level-1, and
eye2brain-level-2, respectively.

For seek of clarity we report the input that can be modified by the user in Tabs. 11.3, 11.4, and
11.5.

Finally, the models are solved using the advanced computational methods described in Part III
in external HPC facilities and the simulation results saved on private online repositories.
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Figure 11.2 — Overview of the MSO4SC portal.

Key name Defaultvalue Unit Brief description

DBP 69 mmHg Diastolic Blood Pressure
SBP 116 mmHg Systolic Blood Pressure
HR 69 bpm  Heart Rate
0P 17 mmHg IntraOcular Pressure
RLTp 9.5 mmHg RetroLaminar Tissue Pressure

Table 11.3 — Input parameters for eye2brain-level-0.

Key name Default value Unit Brief description
DBP 69 mmHg  Diastolic Blood Pressure
SBP 116 mmHg Systolic Blood Pressure
HR 69 bpm Heart Rate
(@)% 17 mmHg IntraOcular Pressure
RLTp 9.5 mmHg RetroLaminar Tissue Pressure
CRVp 19 mmHg  Central Retinal Vein Pressure

K 0.015192 em?® s Kg=!  Permeability coefficient

Table 11.4 — Input parameters for eye2brain-level-1.
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Home Marketplace DataCatalogue Experiments Visualization Q&A Feedback Logout

Application:
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Deployment ID:

Create new Instance

App's instances:

No instances found v Q
“ Force Destroy Instance! Destroy Instance!

Figure 11.3 — Experiments in the MSO4SC portal.

Key name Default value Unit Brief description
DBP 69 mmHg Diastolic Blood Pressure
SBP 116 mmHg Systolic Blood Pressure
HR 69 bpm Heart Rate
10P 17 mmHg IntraOcular Pressure
RLTp 9.5 mmHg RetroLaminar Tissue Pressure
CRVp 19 mmHg Central Retinal Vein Pressure
K 0.015192 em?® s Kg=!  Permeability coefficient
p 0.0011 Kgem™  Tissue density
A 5.88 GPa Lamé first parameter
i 0.12 GPa Lamé second parameter

Table 11.5 — Input parameters for eye2brain-level-2.
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Applicatian:

-

eye2hrain-level 0-minimal

Deployment ID:
aye-11-minirnal

e2b_patient_11_ID
e20-patient

e2b_patient_12_gerder
0

20 _patient_13_aga
a0

23b_patient_14_Note

FaLient nate

eZb_patient_Z_Date

now

e patlent_%_DBR
1]

elh_patient_4_SBP
16

e2b_patient_5_HR
590

e2b_patient_b_IOP
170

#25_patient T RLTp

95

2l patlent 99 Note

Patient asseszment note:

HFC: primary
16 &

Figure 11.4 — Input parameter interface for eye2brain-level-0
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Applheation:

eyeZbrain-evel-T-minimal +

Deployment D

eye-S-minimal

e2b_patient_11_ID

ela-patiert

eab_patient_12_gender
o

edb_patient_13_age
40

e3b_patient_14_Naote

Palient nawe

e3iy_patient_2_Dare

AW

ek _patient 3 DBP
6%

e3b_patiant_5_HR

880

e2b_patient_&_|0P
170

e2b patient 7 RLTp
a5

edb_patient 80 Civp
18

edb_patient 3 Note

Patient azzessment nate

HPC: primany
FI&

Figure 11.5 — Input parameter interface for eye2brain-level-1
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Application

eye2bralnslevel:2srmnimal

Deployment 10

220 patlent 11.10

w2b-patisnt

a2b_patient 12 gender
(1}

a2h_patlent_13_age

an

eZb_patlert_14_Mote

Farent note

e2h_patient_2_Date

o

+20_patlert_3_DBP
=]

#2b_patiert_4_SEP
18

eh_patient 5_HR

690

ezb_patiert_6_IOP

170

e2b_patient_7_RLTp
93

22h _patlent 80 CRYR
19

aZb_patiert 90_CRAD
40

aZh_pathent_89_MNaote

PalENT a085CMant Noke

HPC; primary
FTh ]

Figure 11.6 — Input parameter interface for eye2brain-level-2
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2.2 OMVS View App

To visualize the simulation results that are stored in a private repository, we have imple-
mented two online Apps, the first one is called OMVS View App.
The idea is to select the patient from the online database that is automatically update from the
simulation interface, and then visualize the computed results.

Eye2Brain Patient DB View
":‘ ¥

date level SBPF DBP HA OF ALTp CAVp CRAp note

5083116 2 1% 68 62 17 BS 8 B0 alify Satiect - basstine”

Asseesrment level 2 on 2016-Now-15 0831118

date lovel SBF DBP MR IOP RALTp CAVp CRAp note

2018-Mov-15 0BI116 - 2 118 88 68 1 85 18 ] “Haaltiy subject - bateline®

Figure 11.7 - OMVS View App interface.

Fig. 11.7 shows the current interface of the OMVS View App; in particular we have a first
part where the online platform allows the user to select the desired patient and recap the input
data used in the simulation. Below the input data table, we report the output data that are
currently available:

* average blood pressure profile in the lamina cribrosa;
* average blood flow profile in the lamina cribrosa;

* average blood flow profile in the central retinal vessels.

This last outcome is very similar to the output given by the Color Doppler Imaging [100].
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2.3 OMYVS Compare App

The OMVS Compare App works similarly to the View App, however in this case the user
can select two different patients or two different simulations of the same patients.
Ideally the comparison between two patients would serve as virtual clinical laboratory to un-
derstand the effects of different set of input on relevant output, whereas the comparison be-
tween two simulation results of the same patient would reproduce the situation of follow-up
of a patient during a treatment, where the ophthalmologist can examine the evolution of the
disease in the patient.

Eye2Brain Patient DB Compare

Tony vs John

dace level SBF DEPF HR 0P RLTp CRVp CRAp note

2018-Now-13 081027 D LT T T LA 81

18- NEV-19083041 O " @ % W/ 8 N %

Patient1 vs Patient?

dato lovel SBF DBEF MR 1DP RLTp CRVp CRAp now

Figure 11.8 - OMVS Compare App interface.

In Fig. 11.8 we display the interface of the OMVS Compare App. We resume the input data
of the two sets of the results that need to be compared in two tables, and below we report the
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computed results. In particular the outcome that are currently available on the online platform
are:

* average blood pressure profile in the lamina cribrosa;
* average blood flow profile in the lamina cribrosa;

* average blood flow profile in the central retinal vessels.

All the other output computed by our model are not yet available on the online user friendly
interface, however the result files are accessible directly in a private repository on Girder *.
Girder is a free and open source web-based data management platform developed by Kitware
* for data organization and dissemination, user management and authentication, and autho-
rization management.

More details and a tutorial on the usage of this OMVS interface are available at ht tp: //docs.
cemosis.fr/eye2brain/current/interface/.

“https://girder.readthedocs.io/en/stable/
https://www.kitware.com/


http://docs.cemosis.fr/eye2brain/current/interface/
http://docs.cemosis.fr/eye2brain/current/interface/
https://girder.readthedocs.io/en/stable/
https://www.kitware.com/
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In this part we display the simulation results provided by the OMVS. In particular we
present:

¢ the verification of the implementation (Part IV) of the numerical methods introduced in
Part I1I (Ch. 12);

* the validation of the models described in Part II using clinical or experimental data (Ch.
13);

¢ three clinically significant studies to investigate different aspects of the ocular physiology,
namely the effects on the overall system caused by a variation of the blood pressure (Ch.

14), of the intraocular pressure (Ch. 15) and of the translaminar tissue pressure difference
(Ch. 16);

¢ the application of our framework to a clinical virtual database (Ch. 17).
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In this chapter we provide the verification of the numerical methods presented in chapters 7
and 8. In the first section we illustrate the convergence study for the HDG method applied for
solving Darcy equations and the linear elasticity system, while in the second section we discuss
the convergence study for the proposed operator splitting for the coupled Darcy-ODE system.

1 HDG convergence study

In this section we report the convergence results of the HDG algorithm for the Darcy equa-
tions and for the linear elasticity problem (Ch. 8) using the implementation in FEEL++ illus-
trated in chapter 9.

We have performed the convergence tests in 2D and in 3D using the same computational
domain for Darcy and linear elasticity model (Figs. 12.1). Notice that the 3D domain is obtained
by extruding the 2D one.
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(b) 3D

Figure 12.1 — Computational domains used for the convergence test.

Let us denote by 2 the 2D/3D domain and I' = 9. For the sake of clarity we define the
boundaries of the 2D computational domain displayed in Fig. 12.1a:

Iy ={(z,y) eT':y =0}
Iy ={(z,y) €T :2 =0}
I‘3:F\(F1UI‘2)

and the 3D boundaries showed in Fig. 12.1b:

I ={(z,y,2) €T :y =0}
Iy ={(z,y,2) €' : z =0}

(12.1a)
(12.1b)
(12.1¢)

(12.2a)
(12.2b)

I's={(z,y,2) €T :2=0}U{(x,y,2) €T : 2= H} (12.2¢)

F4:F\(F1UF2UF3)

(12.2d)

where H is the dimension of the extrusion along z of the 3D domain with respect to the bi-

dimensional one.

1.1 Darcy convergence test

In Eq. (4.1), we assume that K is the identity matrix. The analytical solutions that we use for

the Darcy convergence test read:

1 (= 1
j(xa y) = 5= xQ;ryQ ) p(xa y) = —atanZ(y,a:) in Q7
27 W 27

in 2D (Fig. 12.2), and

atan2(y, x) cos(xyz) y= 1 + sin(zyz)

Jjz,y,2) = Tz

Ty

27 27 (22 + y?)

-y
in 2,

[an}



1. HDG CONVERGENCE STUDY 135

p | Magnitude
2.5a-01 - 1.5e-01
0.15
s 0‘22 s 0‘145
=02 — 014
—0.18 —0.136
06 —0.13
= 0.125
- 0.14 0.12
- 0.12 0115
- 0.1 on
- 0.08 - 0.105
006 g 0!
0.095
004 009
- 0.02 0.085
- 1.9e-03 8.1e-02

(@)p (b) j

Figure 12.2 — Analytical solutions in 2D.

@p (b)

Figure 12.3 — Analytical solutions in 3D.

1
p(z,y,2) = %atanZ(y, z)(1 + sin(zyz)) in Q

in 3D (Fig. 12.3).
We perform two different sets of simulations, a first set without any IBC condition (w/o

IBC), i.e. when only standard Dirichlet and Neumann boundary conditions are applied, then a
second one with IBC (w/ IBC).

w/o IBC

Considering the 2D domain sketched in Fig. 12.1a, we define the boundaries as follow for the
w/o IBC test:

I'p=T1UTly, I';v =Ts.
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For the 3D-domain (Fig. 12.1b), we have

Il 1lzs

107?
107°
1077
107°
107

10713

I'p=T1UTl5Y,

—e— Pressure, 2DP0 —e— Pressure, 2DP1
—e— Pressure, 2DP2 Pressure, 2DP3
—e— Pressure, 2DP4

1071.4 1071.2 1071

h

107148 107146

10—10

10712 [
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'y =T3UTl}y.

—e— Flux, 2DP0 —e— Flux, 2DP1
—e— Flux, 2DP2 Flux, 2DP3
—e— Flux, 2DP4

| — 50 |
| | | | [
10-18% 10-'6 10-'4 10-'2 10t
h

Figure 12.4 — Numerical convergence order for the 2D Darcy w/o IBC test. Left panel: pressure p convergence study.

Right panel: flux j convergence study.

Fig. 12.4 shows the computed convergence order for the 2D w/o IBC test. The simulated
orders are in agreement with the theoretical ones using polynomials ( finite element spaces P*)

up to fourth order.

We obtain similar outcomes for the 3D w/o IBC study displayed in Fig. 12.5.

—e— Pressure, 3DP2
—e— Pressure, 3DP4

—e— Pressure, 3DP0 —e— Pressure, 3DP1
Pressure, 3DP3

10—2 E T T T E
L3 % ’/,0%/' é
e e
500
K 28—
107 | 3.85—" .

g — 1

1078 | 4.7 E

B .//;3,,/' ]

1072 | ! ! | E

107!
h

1071.4 1071.2

1070.8

—e— Flux, 3DP0 —e— Flux, 3DP1
—e— Flux, 3DP2 Flux, 3DP3
—e— Flux, 3DP4

S T T ]
g 400"
i — i
§ | | | | é
10—14 10—12 10—1 10—08

h

Figure 12.5 — Numerical convergence order for the 3D Darcy w/o IBC test. Left panel: pressure p convergence study.

Right panel: flux j convergence study.
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w/ IBC

Considering the 2D domain sketched in Fig. 12.1a, we define the boundaries as follows for the
w/ IBC test case:

I'p =17y, 'y =Ty, 'y =Ts.
For the 3D-domain (Fig. 12.1b), we have
I'p=T4, I'r =19, I'ny=T3UTly.
—e— Pressure, 2DP0 —e— Pressure, 2DP1 —e— Flux, 2DP0 —e— Flux, 2DP1
—e— Pressure, 2DP2 Pressure, 2DP3 —e— Flux, 2DP2 Flux, 2DP3
—e— Pressure, 2DP4 —e— Flux, 2DP4

’/._/1—&/. 10-3
1074 | .
2
ool ./.)QV/. | s ././QJF/. |
1077
0| | 10-° i
10 10 /./.5}/. /’/.5}/
1012 | i 10-11 | i
10—1.8 10—146 10—14 10—1.2 10—1 1071.8 1071.6 107144 1071.2 1071
h h

-1z
—_
[es)
%
T
\i
|
(IR [p
w
e~ o
=}
|

Figure 12.6 — Numerical convergence order for the 2D Darcy w/ IBC test. Left panel: pressure p convergence study.
Right panel: flux j convergence study.

Figs. 12.6 and 12.7 show the computed convergence orders for Darcy problems with IBC in

2D and 3D, respectively. Also in this case we achieve the correct orders predicted by the theory
[42].
In Tab. 12.1 we resume the computed orders for the 2D and 3D study, w/ and w/o IBC, up to
fourth polynomial order. These computed orders are in agreement with the theoretical predic-
tions, with the exception of the 3D third polynomial order w/ IBC case. We remind, however,
that we haven’t used the Ly-projector P, therefore we may not obtain the optimal conver-
gence (see Remark 10 in Ch. 8).

1.2 Linear elasticity convergence test

For all the linear elasticity convergence tests we have used the two unitary Lamé parameters,
namely A = 1and p = 1.

2D

We simulate three different situations, called Dirichlet, Neumann, and IBC. As the names sug-
gest, we have used different type of boundary conditions, which are resumed in Tab. 12.2.
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—e— Pressure, 3DP0 —e— Pressure, 3DP1 —e— Flux, 3DP0 —e— Flux, 3DP1
—e— Pressure, 3DP2 Pressure, 3DP3 —e— Flux, 3DP2 Flux, 3DP3
—e— Pressure, 3DP4 —e— Flux, 3DP4
02 F T T 7 S T T 7
B '/4%‘—/‘ g 1072 .’/1—0%/'. E
1073 5 r ]
A ] 107% E
e A ; e |
F i 107% | E
S0 18 ;
- 10-° i '/28}'7/. 1o w0t '/QQLP/. E
ol ]
st | 0 s
§ ] -7L ]
107 A7 499"
F § -8 L i
10792 b1 | | \ = 1077 | \ \ E
1071.4 10712 1071 1070.8 10—14 10—142 10—1 10—08

h

h

Figure 12.7 — Numerical convergence order for the 3D Darcy w/ IBC test. Left panel: pressure p convergence study.

Right panel: flux j convergence study.

2D
PO P1 P2 P3 P4
p J D J D J P J p J
w/oIBC 099 1 199 199 3.01 301 4.04 4.03 508 5.03
w/ IBC 1 1 199 201 301 301 4.04 404 512 5.11
3D
PO P1 P2 P3 P4
P J P J P J P J P J
w/poIBC 096 1 193 187 286 282 385 4.04 473 5.08
w/ IBC 1 103 189 19 287 292 372 377 49 499

Table 12.1 — Numerical orders for the Darcy convergence study.

For what concerns the analytical solutions, we have used the following expressions:

e Dirichlet

I
ﬂeacact(x> y) = |:2’/T2 Sln(ﬂ’m) COS(Try) )

F

=ext,exact
e Neumann
I
Uegaet(T,Y) = [27r2 sin(mx) cos(my) ,
Ee:vt,eacact
e |IBC

55 cos(ma) sin(wy)]

(z,y) = [-3sin(mx) cos(my), —3cos(mz)sin(my)]

1

55 cos(ra) sin(ﬂy)]

(z,y) = [-3sin(mz) cos(my), —3 cos(mz)sin(my)]

u (x,y) = [sin(mz) sin(my), cos(mz)sin(my)]

Zexact
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Name test r Dirichlet r Neumann I‘I BC

Dirichlet rul,UuTs 0 0
Neumann LUy I's 0
IBC Ty I's Iy

Table 12.2 — Boundary conditions for 2D convergence tests

Eortenact(T,y) = [—27r2 sin(mz) (2sin(ry) + cos(my)) , 272 cos(mz) (cos(my) — 2 sin(ry))]

/ gezact(x’ y) n= [2’ O]
I'rge

Displacament orisiid

1,0848-02 9,149 .31 0,40 ¢, 252e-01
m

3.6000-05 0.013 0,625 5.030 5.06de-02 JLLLU LI LLLLL

Figure 12.8 — Visualization of the 2D analytical solution on the computational mesh.

Fig. 12.8 illustrates the spatial distribution of the exact solution for the 2D convergence
tests. The simulated convergence orders for the three different tests are computed and shown
by Figs. 12.9,12.10 and 12.11 up to the fourth polynomial order.

Variable Po P1 P2 P3 P4
DIRICHLET

U 09 194 296 4 501
a 086 1.8 277 393 4091
NEUMANN
U 098 195 29 4 501
g 091 181 278 395 4.93
IBC
U 099 195 296 398 5.05
e 093 177 274 394 498

Table 12.3 — Numerical convergence order for 2D convergence study.

The 2D results and most of the computed convergence orders (Tab. 12.3) provided by
FEEL++ agree with the theoretical predictions presented in Ch. 8. We remind that we haven’t
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—e— Displacement, 2DP0G1 —e— Displacement, 2DP1G1
—e— Displacement, 2DP2G1 —s— Displacement, 2DP3G1
—e— Displacement, 2DP4G1
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—e— Stress, 2DP0G1 —e— Stress, 2DP1G1
—e— Stress, 2DP2G1 —e— Stress, 2DP3G1
—e— Stress, 2DP4G1

10-4 |

10—6 -

10—8 -

10—1[] -

] | ] |
w6 1074 10742 107t 10798

h

Figure 12.9 — Numerical convergence order for the 2D Dirichlet test. Left panel: displacement u convergence study.

Right panel: stress o convergence study.

—s— Displacement, 2DP2G1
—e— Displacement, 2DP4(1

—e— Displacement, 2DP0G1 —e— Displacement, 2DP1G1
-8— Displacement, 2DP3G1

10—2 |

1074

[Ny

10—(7 [

10—10 -

|
-1 Jg=kd  p=lE  gpt

h

10—{!‘3

-1z,

10—¢

10—{5

10-8

10710

Figure 12.10 — Numerical convergence order for the 2D Neumann
study. Right panel: stress o convergence study.

—e— Stress, 2DP0(G1 —e— Stress, 2DP1G1
—e— Stress, 2DP2(G1 —a— Stress, 2DP3G1
—e— Stress, 2DP4G1

1
1012

h

1 | ] 1]
10=18 jp=14 -t 10798

test. Left panel: displacement u convergence

used the La-projector Py, therefore we may not obtain the optimal convergence order for all

cases (see Remark 10 in Ch. 8).

3D

Also for 3D we simulate three different situations, Dirichlet, Neumann, and IBC. The specific
details of the boundary conditions for these three tests are resumed in Tab. 12.4.
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—a— Displacement, 2DP0G]1 —e— Displacement, 2DP1G1 —a— Stress, 2DP0G1 —e— Stress, 2DP1G1
—a— Displacement, 2DP2G1 —e— Displacement, 2DP3G1 —a— Stress, 2DP2(G1 —e— Stress, 2DP3G1
—a— Displacement, 2DP4G1 —e— Stress, 2DP4G1
108 T T T T = 10t T T T T T i
= _
W 101! -
—a L _
Lo . 103 )
] =
= 1075 4 = -
10—5 i
107 = 5
10—1 =
-9 L _
10 | | | | 1072 &1 | | | | =
g8 gertd pgelE gg=t g2e-08 1p=1¢  gp~t4 g2 1gEl 1ecte

h h

Figure 12.11 — Numerical convergence order for the 2D IBC test. Left panel: displacement u convergence study.
Right panel: stress g convergence study.

Name test I Dirichiet I'Newmann  L'1BC
Dirichlet Iul,uT3uTly 0 0
Neumann ruly, IsuUTly 0
IBC I Isuly I'h

Table 12.4 — Boundary conditions for 3D convergence tests.

For the 3D convergence study we have used the same analytical solution (Fig. 12.12 ) for
the three test cases:

Upraet (T Y, 2) = [cos(mx) cos(my) cos(mz) , sin(mx) cos(my) sin(mz), cos(mx) sin(mwy) cos(mz)]
272 sin(7x) sin(ry) sin(7z) — 272 cos(wx) sin(ry) sin(wz) — 572 cos(mx) cos(my) cos(mz)

F (z,y,2) = | 2n% cos(nz )
)

) sin(
) sin(

sin(mz) sin(7z) — 572 cos(mx) cos(mz) sin(my) — 272 cos(wz) sin(mwx) sin(my

£ oot exact wz) sin(my) — 5m cos(my) sin(nz) sin(7wz) — 272 cos(wzx) cos(my) sin(mz

272 cos(my

The numerical convergence orders for the three different tests in the 3D domain are com-
puted and illustrated by Figs. 12.13, 12.14 and 12.15 up to the fourth polynomial order.

The 3D results and most of the numerical convergence orders (Tab. 12.5) provided by
FEEL++ agree with the theoretical predictions presented in Ch. 8. We remind that we haven’t
used the La-projector Py, therefore we may not obtain the optimal convergence order for all
cases (see Remark 10 in Ch. 8).
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Stress

1.0d6e401
Es.us'{
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L. a68esnn

Figure 12.12 — Visualization of the 3D analytical solution on the computational mesh.

—#— Displacement, 3DPOG1 e Displacement, 3DP1GL
—a  Displacement, SDP20G1 e Displacement, SDR3C1
—a— Displacement, 3DP4G1
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%
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I- e
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-+ E
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10+ 1008 1-%-@
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1!

100
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—m— Slress, ADPDGL e Stress, 3DPLGE
—a— Stress, ADP2G1 e Stress, 3DPEGT
—a— Stress, ADP4G1

.’_’_4__‘0-17-4‘——'

101 10 @8 10 0.6
.

Figure 12.13 - Numerical convergence order for the 3D Dirichlet test. Left panel: displacement u convergence study.

Right panel: stress g convergence study.

Variable PO P1 P2 P3 P4

DIRICHLET

U 089 18 3.05 442 6.55

a 077 171 3 44 6.61
NEUMANN

U 1.01 202 3.06 442 5.65

a 083 191 3 439 574

IBC
U 1.04 203 3.08 44 546
a 087 192 3.03 442 5.62

Table 12.5 — Numerical convergence order for 3D convergence study.
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Figure 12.14 — Numerical convergence order for the 3D Neumann test. Left panel: displacement u convergence
study. Right panel: stress o convergence study.
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Figure 12.15 — Numerical convergence order for the 3D IBC test. Left panel: displacement u convergence study.
Right panel: stress o convergence study.
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Geometric test

Finally we present a preliminary investigation of the impact of the geometric approximation,
which we have performed on the 2D computational domain (Fig. 12.1a). In particular, for this
geometric test, we have computed the force ' on I'y and compared the results obtained using
first geometric order and second geometric order with respect to the analytical computation of
this force.

The analytical expression used for this study are:

Qeazact(xﬂy) = [51'5, yS]
F (z,y) = [602®, 60y°]

= _ext,exact

Fouet(,y) = [288, 288]

=ezxact

—a— First component, 2051 —— Second component, 21451
—a— First component, 252 —2— Second component, 2062

02 E

w2E

|F:'mmpurnd — Fyna yrém!l

104 E

Polynomial order
Figure 12.16 — 2D geometric convergence study.

Fig. 12.16 suggests that starting from the second polynomial order there is a significant
difference in terms of accuracy if we adopt a first or a second geometric order for the computa-
tional domain. Moreover, we notice that the simulated results provided by our implementation
in FEEL++ show that the accuracy for first order has a plateau without a remarkable gain for
polynomial order greater than 2, which is not a desirable behavior.

2 Operator splitting convergence study

In this section we present three convergence test cases to verify the operator splitting method
presented in Ch. 7. The error criteria we have adopted for all these cases are the following:
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e for circuit variables

2\ 1/2
2
n=(per—1) N, ‘ U1/2 Yy (tn)

—€xr —€Ix

erry = At

(12.3a)

where y is the vector of circuit unknowns, U is the diagonal tensor described in Tab. 7.2,
per represents the time interval of one period when the numerical solution has reached
the periodic steady state, and the subscript ez denotes the exact solution;

e for 3D variables

per N || n (tn)||2 1/2
P — Pex
errp = | At Z —s L*(9) (12.3b)
n=(per—1) N, ”peﬂﬁ (t )||L2 ()
N. n ; (tn)‘ 2 1/2
per N i"=J..
errj = | At Z . L*(9) (12.30)
n=(per—1) N- ]ea:(tn> L2(Q)

where per represents the time interval of one period when the numerical solution has
reached the periodic steady state, and the subscript ex denotes the exact solution.

Moreover, we have verified for each test case that the system has reached the periodic state
with a tolerance ¢ = 1076, namely

[prer! — prer_uH;(m Hi[per}_ ijer—uH;(m Hgl/2y[per1_gl/Qg[per—u‘f

max R s <e€

[pleer—1] Hi?(n) Hl’[per—l]’ Hgm ylrer=1] H2

2

L3 (Q)
(12.4)

In particular we verified that the time t, which is the minimum time that allows the unknowns

to satisfy Eq. (12.4), is lower than the final computational time 7":

t<T.

Remark 12. We have used the HDG method with second polynomial order for the spatial discretization
since it is better suited for the proposed coupling. In this algorithm, however, other standard finite
element methods can be employed for the discretization.

For all test cases the 3D domain (2 is depicted in Fig. 12.17. The number of degrees of
freedom are 277230, 92410 and 116616 for the pressure p, the flux j and the trace p, respectively.

Remark 13. We have used a different time step for the 3D and the 0D part. We will specify in each test
case the At|ystg.,, = At adopted in the first step, whereas for the second step we have always imposed
At|2ndstep - 00002
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Figure 12.17 — Computational mesh used for the convergence study of the 3D-0D coupling.

2.1 Linear test case

The first test case we present is a convergence test where the domain 2 and the circuit T are
described by Fig. 12.18, in particular we have that

I'p= {({L‘l,{EQ,JJg) € RS 1 T1,T2 € (0,
z1=0,29 € (0,L), 23 € [0, H]}
1 =L,z € (0,L),z3 € (0,H)}
X € (O,L),mg =0,23 € (O,H)}
T1 € (0,L),I172 =L,x3 € (OaH)}

Iy = {(21,22,23) € R?:
U {(wl,wg,xg) eR3:
U {(ml,mg,mg) eR3:
U {(z1,22,23) € R3:

I ={(z1,22,23) €R® 121,25 € (0,L),23 = H}

I'p

Py

Q= {(z1,72,23) € R* 1 21,29 € (0,L),z5 € (0,H)}
L)

, L3 :0}

y= [H17 H2]T
Cy, O
0

I . R1 HQ

ic, Y 10, Y

—_— G —_— G

Figure 12.18 — 3D-0D structure of the linear test case.

11 A A A tout A A A
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Analytical solution and data

We describe now the data that have been used to perform the convergence test. We compare
the four numerical simulations obtained using a time step

tstep = [0.02; 0.01; 0.005; 0.002]

with an analytical solution to the problem.
Considering the framework depicted in Fig. 12.18, to compute an analytical solution for this
complex multiscale system, we start by choosing

H—x
p(t,z) =B+ <C’b0rye kL23> cos(vt) + asin(vt) inQ x [0,7] (12.5a)
0
. _ 0 .
Jj(t,z) = Chary s inQ x [0,7] (12.5b)

7 e kL2 cos(vt)
where x = |11, x9, x3]7, Cy is the value of the buffer capacitor in the circuit, / and L? are
respectively the length in the x5 direction and the cross-sectional area of the 3D domain, k is
the permeability coefficient with K = kI defined in Eq. (7.1), 5, o and +y are constants. Using
the first equation of (7.1), we compute analytically the force term

H—x3

Cb H-—zx3 2 .
f(t,z) = aycos(vt) (1 — At ) - Cpary” e kL% sin(vt).

Thus, we compute the values (); and P; on the boundary I'y using (12.5b) and (12.5a), respec-
tively:

Q1(t) = Cpary cos(t)
Pr(t) = B+ asin(yt) + Cpary cos(yt)

From @; and P we use the constitutive law of the resistor R}, to compute II;:

pPr—1I;
B = (12.6a)
— T, = P — RyQy (12.6b)
= II;(t) = B + asin(yt) + (1 — Rp)Cpary cos(vt) (12.6¢)

We retrieve the value of the electric current passing through the capacitor C:

dll
ic, = Oyt = Charycos(yt) — (1 — By)Ciay’ sin(yt).

Imposing the Kirchhoff’s law for the electric currents at node II; we have

Qr =ic, +ir,
= iR, = Qr —ic,
= ig, = (1 — Ry)Cary?sin(qt).

Then we exploit the constitutive law for R; to obtain

Hg = Hl — RliRl (1276\)
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= IIy(t) = B+ asin(yt) [1 — R (1 — Rb)Cgny] + (1 — Ryp)Chary cos(7yt) (12.7b)
with Ry constant. Again we apply the same strategy used at node II; to node II5:

C4 constitutive law:
= ic, = Craycos(vt) [1 — Ri(1 — Ry) C? 72] +
+ (1 — Ry)C, Cpay? sin(vt)
Kirchhoff’s current law:
lout + 1R, = 1Cy
= lout = 10y — IRy
= Gyt = Crary cos(7t) [1 — Ri(1— Rb)Cffyz] +
+ (1 — Ry)Cray? sin(t)(Cy + Cy)

Finally, imposing the constitutive law for the resistor R,,; we obtain

oyt — 1o
Rout
= lout = 2 + Rout tout
= I, = B + asin(yt) [1 — Ri(1 — Ry)C~? — Rout(1 — Ry)Cyy?(Cy + Cb)] +

+ ary cos(yt) [(1 — Rp)Ch + RourC1(1 — R1(1 — Ry) C’g 72)} .

= lout

We verify now that the total energy of coupled system is decaying (Eq. (7.15)) therefore
granting stability of the splitting. Subsequently the discussion on the energy in Ch. 7, the only
condition we have to check is that /,q. > 0 Vt > 0.

1d
Let us remind that Uyq. = (y, By) from Eq. (7.12)and B = U A — 5%2 from Eq. (7.11). Let
now compute the matrix A and U for the circuit depicted in Fig. 12.18 using as vector of circuit

unknowns y = Iy, IL)" :

1 1
| GR Cy Ry |Gy O
4=1 1 1/71 L2 U=1y ¢
Cl Rl Cl Rl Rout
Thus, we have
1 1dG .
_ | R 2 dt R
B=\" 17 1 1 e
which leads to ) ) )
Upde = i (Hl Hz) + R 5 dt 5 di (12.8)
N——
1 II II1

If C, and C; are constant in time, terms /] and I1I are vanishing leaving only I, which is
always positive. Thus, we have proved that i/,3. > 0 Vt > 0.
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We eventually obtain the analytical solutions to compute the convergence order for this linear
test case:

p=pB+ <C’ba7 61_2[1;3) cos(vt) + asin(vt) inQ x [0,7]
0
. 0 .
Jj= Chay = inQ x[0,7T]
72 € cos(7t)
Cb H—-z3 H—=z3 .
f = arycos(vt) (1 ~ 34 ¢ kL2 ) Cyay? e k27 sin(qt) inQ x[0,7T]
Q1 = Cpary cos(7t) fort € [0,T]
= B+ asin(yt) + Cpary cos(7t) fort € [0,7]
II, = B+ asin(yt) [1 — Ry(1 — Rb)CgVQ] + (1 — Ryp)Chpary cos(~yt)
out = B+ asin(vt) [1 — Ry(1 — Ry)CEY? — Rout(1 — Ry)Cyy*(Cy + Cy)] +
+ aycos(vt) [(1 = Ry)Ch + RowtC1(1 — Ri(1 — Ry) C7~?)] fort € [0,T]

In the numerical simulations presented below, we adopt the following choices for the parame-
ter values:

5=10 a=0.5 y=2T7
k=1cm®sKg! H=2cm L=1cm
Ry = 0.5 mmHgs cm ™ Ry =2 mmHgs cm ™ R = ) mmHg s cm ™3
T
Cy =1 cm® mmHg ™ * C; =1 cm® mmHg ™! T=20s
Results
The simulation results are illustrated in this section.
E . I‘:‘:?I g |:1..1 — - E‘:?I
.E. 1o Dons E nans
i g ] 12 -'1“"
:! az B4 BB a8 a az a4 BB 9.8 1 IZ.%{. A B.5 -;
’ time (5 - ’ ) tima -
15
F v F 14 v
[ 0o E 0o
£ 0005 E 132 0005
:\4 0002 :‘4 - 0002
JN 82 B4 BE 88 a . 92 24 26 a8 10 B A B47 Bas . BA4E B43 a5 B.52
(a) Original view (b) Zoom

Figure 12.19 — Comparison between analytical and numerical solutions for y.

Fig. 12.19 shows the temporal evolution of the simulation results compared to the analyt-
ical solution proposed in the previous section. To highlight the convergence results we have
selected just the last periods and, moreover, for each variable we provide a zoom to point out
the differences of the results obtained with various time steps. II, (bottom panel) presents a
better approximation from a qualitative viewpoint than II; (top panel). This is expected due to
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the fact that II; is the key-point in the operator splitting method and it is not directly influenced
by any boundary condition or external source term.

Variable Computed order

I 1.155298
I, 1.143255
P 1.027377
j 0.995390

Table 12.6 — Computed convergence order for the linear test case

Tab. 12.6 and Fig. 12.20 report the convergence order, which have been computed following
the criteria in Eq. (12.3) and confirm the theoretical expectations (Remark 7 in Ch. 7).

10°% 1% order
errclrll‘

eror |'|;

Time step

Error

-~ 1% order
arror 3d p
eror 3d u

102
Time step

Figure 12.20 — Convergence order for the main variables for the linear test case. Top panel: circuit variables. Bottom
panel: 3D variables.

2.2 Nonlinear resistor test case

In this second convergence test case for the operator splitting method we consider the same
domain 2 and the same circuit T of the previous test with the difference that the resistor R; is
nonlinear, in particular

a0

Rl =R+ Epp—

(12.9)

where R; and «ag are constant resistances, «;, i = 1,2 are positive constants and II; is the
unknown pressure at the associated node. The proposed nonlinearity is meaningful from a
biomedical viewpoint (e.g. autoregulation [89]).

We impose also the same boundary conditions, and the unknowns in the lumped-parameter
Cy 0 ]

model are again y = [IIy, IL,)" with U = [0 c
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Analytical solution and data

We compare the four numerical simulations obtained using a time step
tstep = [0.02; 0.01; 0.005; 0.002]

with an analytical solution to the problem.
Following the same steps as in the previous section, we can start by choosing the same p(t, x),
j(t,z) and II; (¢) (Egs. (12.5) and (12.6¢)). With respect to the previous test case, the difference

appears when computing II; indeed:

dll
H2=H1+Cb31d7tl—RlQ1

_ Al
= I, =11, + <R1 + il > <Cb dtl - Q[)

aj +e—221h

Finally imposing the Kirchhoff’s law for currents on node II, we obtain II,,;:

Howt — My, dlly 15 — 11
Rout ! dt Ry
R dIl
= Hout - H2 - ]_;;Lt (Hl - HQ) + Cl Rout T:
Rout dIls
= Hout - H2 - Rl + Ouag (Hl - HQ) + Cl Rout W

arte-2 T

In the context of energy estimate we can follow the same procedure as in the previous section
obtaining the same expression (Eq. (12.8)). Since C}, and C are constant in time, in order to
have U, 4. > 0 Vt > 0, we have to ensure that the resistance R; > 0, i.e. ag > 0 and a7 > 0.

For this test case we consider the following parameters values, which define the analytical
solution:

8=10 a=0.5 y=2m
k=1cm?sKg™! H=2cm L=1cm

_ 1

Rowt = 0.5 mmHg s cm ™3 Ry = 2 mmHgscm ™3 Ry = 2 mmHg s cm ™3
0
1
ap = — mmHgsem ™ a; =10 ag =5
472

Cyp =1 cm® mmHg ™! C; =1 cm® mmHg ™! T=10s

Results

Fig. 12.21 shows the temporal evolution of the simulation results compared with the analyt-
ical solution proposed in the previous section. To highlight the convergence results we have
selected just the last periods and, moreover, for each variable we provide a zoom to point out
the differences of the results obtained with various time steps. As expected, II; (bottom panel)
presents a better approximation from a qualitative viewpoint than II; due to the fact that II; is
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Figure 12.21 — Comparison between analytical and numerical solutions for y in the nonlinear resistor test case.
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Figure 12.22 — Time profile of the nonlinear resistance Figure 12.23 — Convergence order for the main variables

value R; described by Eq. (12.9).

for the nonlinear resistor test case. Top panel: circuit
variables. Bottom panel: 3D variables.

Variable Computed order
I, 1.135537
I, 1.132493
D 1.028557
J 0.995058

Table 12.7 — Computed convergence order for the nonlinear resistor test case.

involved directly in both steps of the operator splitting method, whereas Il is an unknown just
in the second step. Fig. 12.22 illustrates the computed time profile of the nonlinear resistance
value Ry, which is described by Eq. (12.9)

Tab. 12.7 and Fig. 12.23 report the convergence order, which have been computed following
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the criteria in Eq. (12.3) and confirm the theoretical expectations (Remark 7 in Ch. 7).

2.3 Nonlinear resistor and capacitor test case

We extend the convergence tests to a case with the same domain and circuit of the previous
study with the exception of the nonlinear capacitor

N 14+ nws

o) (12.10)

where C is a constant capacitance, n is a positive constant, and wy = C' Il is the electric charge
(analogous to fluid volume) within the capacitor C;. We impose the same boundary conditions

and the unknowns in the circuit Y are y = [II;, wg]T withU = [C(;b (1) ] .
- - ey

Analytical solution and data

We completed four numerical simulations using a time step
tstep = [0.005; 0.003; 0.002; 0.001].

Following a similar process exploited in previous test cases, we choose the same p(t, z), j(t, z)

and II; (¢) (Eqs. (12.5) and (12.6¢)). The difference comes up when computing Il - and conse-
quently the circuit unknown ws - indeed

dll
H2=H1+CbR1cTtl—RlQ1

= Ilx(t) =111 + (R1 + ao) (Cb ah _ QI)

o + eIl dt
and
we = C 1l
Cy
= Wy = II
w2 14+ nws 2
—1++/1+4nCi 10
:>w2(t): + +4nCqlls
2n
1 4AnC 11
with deop nc dily

E_% \/1+47701H2 dt ‘

Finally imposing the Kirchhoff’s law for currents on node II, we obtain IT,;:

Moyt — My dwe 1) — 11

Rout - dt Rl
Ryt dws
Hou =1l — ———(II; — 11 Rou —_—
= Iout 27 R, () (I 2) + Rout il

We verify also in this test case that the total energy of coupled system is decaying (Eq. (7.15))
therefore granting stability of the splitting. Let us remind that Uy = (y, By) from Eq. (7.12)
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1d
and B = UA — 5&2 from Eq. (7.11). In this case the vector of circuit unknowns is y =

[y, CL)Q]T, thus we have:

1 1
=5 Cy, O
A= befl ) 011ch1 U= b
Ry Ci \ Ry Rout> !
Thus, we have
1 1dG, __1
B— Ry 2 dt CiR
B=17 10 a1 1do |
Cl Rl 012 R1 Rout 2 dt
which leads to )
1 w9 w? H% dCy w?dC,
Upge = — | I} — = - 12.11
¢ R1< ! 01) TR 2 @t 2 di (121D
S——
Y II IIT

As the nonlinear resistor test case we impose that Ry > 0, i.e. o9 > 0 and a; > 0, in order
to ensure that contribution I is positive. Contribution /I is vanishing since Cj, is constant.

d d d
Considering Eq. (12.10), we can compute C(;;l =— a +777;w2)2 % Thus, if n > 0 and % >0,

contribution I11 is positive.
Under these assumptions, we have proved that U,5. > 0 V¢ > 0.

For this test case we consider the following parameters value set, which define the analytical
solution:

8 =10 a=0.5 y=2m
k=1cm?sKg™! H=2cm L=1cm
_ 1
Ryt = 0.5 mmHgscnf3 Ry=2 mmHgscnf3 R, = ) mmHgscnf3
T
ay = —= mmHgscmrf3 a; =10 ag =9
472
T=10s Cy =1 cm® mmHg ™!
Cy=1cm? 1rang_1 n=>5
Results

The nonlinear resistor is the same as the previous test case (Fig. 12.22), whereas the nonlin-
ear capacitance time profile is shown in Fig. 12.25.

Fig. 12.24 shows the temporal evolution of the simulation results compared with the analytical
solution proposed above. To emphasize the convergence results we have selected just the last
periods and, moreover, for each variable we provide a zoom to point out the differences of
the results obtained with various time steps. As expected, w» (bottom panel) presents a better
approximation from a qualitative viewpoint than IT; due to the fact that I1; is involved directly
in both steps of the operator splitting method, whereas wy is an unknown just in the second
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Figure 12.24 — Comparison between analytical and numerical solutions for y in the nonlinear resistor and capacitor

test case.

. . dw ]
step. Note that in this test case d—t? 2 0, however the method still converges. The theorem
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Figure 12.25 — Time profile of the nonlinear capacitance value C: described by Eq. 12.10.

Variable

Computed order

0.925018
0.928083
1.002411
0.998717

Table 12.8 — Computed convergence order for the nonlinear resistor and capacitor test case.
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Figure 12.26 — Convergence order for the main variables for the nonlinear resistor and capacitor test case. Top panel:

circuit variables. Bottom panel: 3D variables.

Tab. 12.8 and Fig. 12.26 report the convergence order, which have been computed following
the criteria in Eq. (12.3) and confirm the theoretical expectations (Remark 7 in Ch. 7).
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In this chapter we discuss the validation of the OMVS. We compare our simulation results
with clinical or experimental data whenever available, and also review similar outcomes in the
literature.

?
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Figure 13.1 — Overview of the OMVS validation.
Fig. 13.1 recaps all the output given by Level 2b of the OMVS (Ch. 5) and lists the main
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sources where we retrieved the data for the validation.

We highlight the fact that for the hemodynamics within the lamina cribrosa to the best of
our knowledge there are no experimental or clinical data, thus we cannot directly compare the
simulation results; however, since the system is all coupled we consider that if all the other
parts reproduce a physiological behavior, also the lamina cribrosa perfusion computed by the
OMVS should attain realistic values.

We provide in the next sections more details on the data comparison.

1 Hemodynamics of the ocular posterior segment

The validation of the central retinal vessels hemodynamics, i.e. the circuit presented in Ch.
3, is based on the work published by Guidoboni et al. in 2014 on IOVS [89]. The paper shows
that, despite the numerous simplifying assumption in the simple 0D scheme, the proposed
mathematical model is able to capture the mechanical action of IOP on clinically measurable
hemodynamic quantities [99, 69, 246], in particular the total retinal blood flow and the CRA
blood velocity. The results obtained in that study were used to assess the independent effects
of varying arterial blood pressure and blood flow autoregulation on the relationship between
IOP and blood flow. Notably, the model predicts that the steep decay in retinal blood flow that
happens due to high IOP would shift toward higher values as the blood pressure of the subject
increases. This outcome agrees with the clinical study of He et al. [102], who found that a
higher IOP was needed to attenuate ocular blood flow in Long-Evans rats with higher systemic
blood pressure.

These theoretical predictions on the relationship between intraocular pressure, blood pres-
sure, ocular perfusion and glaucoma have been confirmed by the Singapore Epidemiology of
Eye Diseases study, an independent population-based study including nearly 10000 individu-
als [232].

In another validation test, we utilize the values of IOP and systemic systolic and diastolic
blood pressure (SP/DP) reported in [50] as input data for our model and we compare the pre-
dictions of the simulation with the clinical results provided in the paper. For this comparative
study we have employed Level 2a of the OMVS (Ch. 5). We have simulated three test case,
which data are resumed in Tab. 13.1:

(i) systemic hypertensive patients (HBP) with high IOP;
(ii) system hypertensive patients (HBP) with normal IOP;

(iif) normal systemic blood pressure patients (NBP) with high IOP.

TEST CASE  SP[mmHg] DP[mmHg] HR[beats/min] IOP[mmHg]

HBP - High IOP 170 100 60 28
HBP - Normal IOP 170 100 60 15
NBP - High IOP 139.2 82.4 60 28

Table 13.1 — Input data for the comparative study with [50].
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Figure 13.2 — CRA/CRV blood flow computed by the OMVS using the data retrieved from [50]

Fig. 13.2 shows the blood flow computed by the OMVS within the CRA and CRV. Systemic
hypertensive virtual patients share a similar blood flow waveform within the CRA (red and
blue solid lines), whereas our model suggests a lower CRA blood flow for subject NBP - High
IOP (black solid line). For what concerns the CRYV, the simulation results for virtual patients
with elevated IOP (blue and black dashed lines) show a drop in the blood flow with respect to
HBP - Normal IOP (red dashed line). This reduction lasts longer in the case of NBP - High IOP
(black dashed line).
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Figure 13.3 — Lamina cribrosa hemodynamics computed by the OMVS using the data retrieved from [50].

Fig. 13.3 suggests that virtual patient HBP - Normal IOP (red line) experiences a similar
hemodynamic behavior as HBP - High IOP (blue line), whereas the virtual patient NBP - High
IOP (black line) exhibits a drop in the lamina cribrosa perfusion (up to 28%) .
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The clinical results reported by Costa et al. [50] suggest that only individuals with high
IOP and normal blood pressure may be at higher risk for glaucomatous damage. The OMVS
conjectures that elevated IOP has a significant impact on the lamina cribrosa hemodynamics
when combined with normal systemic blood pressure, whereas it is remarkably less noticeable
in case of high systemic blood pressure. If we consider a deficit in the lamina cribrosa perfusion
as a risk factor for glaucoma, which is an increasingly supported idea in ophthalmology [122,
40], the simulation results obtained employing our mathematical model are consistent with the
clinical analysis presented above.

In a different study, Samsudin et al. [209] analyzed the hemodynamics in normal tension
glaucoma (NTG) patients, concluding that there is no difference in the blood flow within the
ophthalmic arteries between patients with NTG and healthy subjects, suggesting that vascular
insufficiency or dysregulation by themselves may not account for the pathogenesis of NTG.
These outcomes seem to be in contrast with the work of Costa et al., however we remind that
glaucoma is a multifactorial disease and, despite the great effort in ophthalmology, there are
still many mechanisms that need to be unveiled especially on the vascular system and its in-
teraction with the biomechanics of the surrounding tissues. Thus, some biomechanical param-
eters - that are not measured or defined in the aforementioned papers - may be responsible for
significant contributions that may lead to the development of glaucoma. In this context, our
mathematical model may provide a different perspective and disentangle the effect of single
risk factors in a virtual environment.

TEST CASE SP[mmHg] DP[mmHg] HR[beats/min] IOP[mmHg]

NTG patient 149.9 85.9 60 11.2
Healthy 152.1 90.6 60 111

Table 13.2 — Input data for the comparative study with [209].

Tab. 13.2 summarizes the input data directly retrieved from [209]. Also for this comparative
study we have employed Level 2a of the OMVS (Ch. 5).

Fig. 13.4a shows the blood flow computed by the OMVS in the ophthalmic artery (OA) and
suggests that there are no significant differences between the two simulations (1.5%). This
small discrepancy is found also for the CRA/CRV blood flow (Fig. 13.4b and for the lamina
cribrosa perfusion (Fig. 13.4c), in particular it is 1.4%, 1.21% and 1.26% for CRA, CRV and
lamina cribrosa, respectively. The simulation results provided by our model are in agreement
with the analysis completed by Samsudin et al., indeed the hemodynamics in the NTG patient
is very similar to the Healthy one.

2 Biomechanics of the lamina cribrosa

We analyze now the biomechanics of the lamina cribrosa. The validation of the this part of
the model is based on the works by Causin et al. [34] and Guidoboni et al. [88].
In [88] the authors compare the simulation results with experimental measurements [156, 69]
suggesting that the biomechanics in the lamina has a significant impact also on the hemody-
namics in the central retinal vessels. In Ch. 15 we detail a virtual experiment that investigates
the effect of IOP on the biomechanics and hemodynamics within the lamina cribrosa. The re-
sults obtained employing the OMVS are consistent with the findings reported in [88]. Causin
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Figure 13.4 — Simulation results obtained using the data retrieved from [209].

et al., on contrary, compared their simulations - two different numerical case studies - with the
experiments conducted by Yan and collaborators [251], who mounted three enucleated human
eyes on a specially designed experimental apparatus, which allowed to sequentially increase
the IOP. We replicated this virtual experiment using Level 2a of the OMVS, completing 5 test
with increasing IOP (5, 15, 25, 35 and 50 mmHg). Following the data reported in [34] and [251],
for all virtual tests we imposed a systemic SP/DP blood pressure of 126.3/84.2 mmHg, heart
rate of 60 beats per minute, and a RLTp = 7 mmHg. For the elastic properties we have used
the baseline values described in Sec. 3, Ch. 5.

In Fig. 13.6a we show the output 3D geometry of the lamina cribrosa using 5 different input
values for the IOP, in particular we have selected the one with IOP = 5mmHg as the reference
value (in gray). For completeness, we illustrate also an example of output for the LC displace-
ment for the simulation with JOP = 15 mmHg (Figs. 13.5a and 13.5b).
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Figure 13.5 — Lamina cribrosa displacement field using baseline values.

LC displacement values (Fig. 13.5a) are comparable with the experimental studies reported
in [250]. Fig. 13.5b shows that the LC biomechanics is not highly influenced by the presence
of the CRA/CRV opening as pointed out in [221]. Therefore, we computed the LC volume
below reference, namely AV, and we compared our 5 simulations with the measurements us-
ing three enucleated human eyes [251] and the results provided by [34] in the two numerical
test cases. Fig. 13.6b highlights the fact that the OMVS achieves physiological biomechanical
results within the lamina cribrosa when comparing the response to different levels of IOP.

3 Biomechanics of cornea, sclera, choroid and retina.

In this section we discuss the biomechanical simulation provided by the OMVS and their
comparison with real data.
As a premise, we mention the fact that few works have been done in this sense, indeed the
possibility to measure the stresses and the displacements experienced by retina, choroid, sclera
and cornea in vivo is very challenging; on the other hand, many studies tried to replicate the
behavior of such tissues with phantoms or ex vivo experiments. For this reason, we have com-
pared the simulations results of the sclera and the cornea, which are the external and more
accessible tissues, whereas for the biomechanics of the retina and choroid we plan to conclude
this exhaustive analysis when more data will be available in the future.

First, we refer to the work by Myers et al. [160], where the authors are performing an
inflation test on a posterior bovine sclera. This in vitro analysis exhibits a nonlinear response
to controlled pressurization. We completed 4 virtual experiments with increasing IOP (10.5,
14.78, 23.3 and 30 mmHg) employing Level 2b of the OMVS (Ch. 5). For all test cases we have
used the biomechanical parameters presented in Tab. 5.3 and the following input data

SP = 126.3mmHg DP = 84.2mmHg HR = 60beats/min RLTp = 7mmHg.

Myers et al. affirm that the sclera can be modeled as a quasilinear elastic material in the physio-
logical pressure range of 2 — 6kPa, behavior which is well replicated by our virtual experiments
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Figure 13.6 — Comparison of experimental and simulation results within the lamina cribrosa.

resumed in Fig. 13.7.

Second, we refer to the correlation between axial length and intraocular pressure discussed
in the work by Detorakis and Pallikaris [59]. In this case we have performed 6 virtual experi-
ments with increasing IOP (1.5, 3.83, 10.5, 14.78, 23.3 and 30 mmHg) employing Level 2b of the



164 CHAPTER 13. VALIDATION

0017
0018
0.015

0014

o
=
a
@

Scleral displacement fom]
Q
g .
W

0.011
0.01

0,009
10 12 14 16 18 20 22 24 26 28 30

10OP [mmHg]
Figure 13.7 — Scleral biomechanical response at increasing IOP simulated via the OMVS.
OMVS (Ch. 5). For all test cases we have used the biomechanical parameters presented in Tab.
5.3 and the following input data

SP = 126.3mmHg DP = 84.2mmHg HR = 60 beats/min RLTp = 7mmHg.
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Figure 13.8 — Axial length response at increasing IOP simulated via the OMVS.

The authors call for a linear dependency between the measurements of intraocular pressure
and axial length. The results provided by the OMVS (Fig. 13.8) are in agreement with such a
correlation between these two quantities.

Finally, we compare the results computed by the OMVS with the findings of Boyce et al.
[20] on the corneal displacement. In their study, the authors have conducted experiments on
a bovine cornea to capture the displacement under constrained inflation conditions. We con-
ducted 4 virtual experiments with increasing IOP (10.5, 14.78, 23.3 and 30 mmHg) employing
Level 2b of the OMVS (Ch. 5). For all test cases we have used the biomechanical parameters
presented in Tab. 5.3 and the following input data

SP =126.3mmHg DP =84.2mmHg HR = 60 beats/min RLTp = TmmHg.
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Figure 13.9 — Corneal biomechanical response at increasing IOP simulated via the OMVS.

Boyce et al. found that, if the IOP applied on the cornea is in physiological ranges, the displace-
ment has a linear behavior (Figs. 7,9 and 10 of [20]). Our model predicts a similar behavior for
the human cornea as illustrated by Fig. 13.9. This simulations trend is somehow unforeseen
due to the presence of several nonlinearities in the biomechanical interaction between the ocu-
lar tissues and in the hemodynamics of the ocular posterior segment.
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In this chapter we employ the OMVS as a virtual laboratory to study the lamina cribrosa
perfusion parameters, which are difficult to estimate with non-invasive measurements and
are affected by many factors that vary among individuals and cannot be easily isolated. The
content of this chapter has been published in [206]. In particular, we compare 3 virtual patients
that have different blood pressure.

1 Data

For this virtual experiment we have employed the Level 2a of the OMVS described in Ch. 5.
In particular, we simulate

(i) the blood circulation in the retinal vasculature and the central retinal vessels via a circuit-
based model;
(ii) the blood perfusion within the lamina cribrosa via a porous-media model;
(iii) the biomechanical behavior of the lamina cribrosa via an isotropic linear elasticity system.

We select three virtual patients, which input parameters are resumed in Tab. 14.1. Let LBP
be the patient with low blood pressure, NBP the one who serves as baseline, and HBP the

167
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subject who suffers from hypertension.

Parameter LBP NBP HBP Unit

SP 100 120 140 mmHg
Dr 70 80 90 mmHg
IorP 15 15 15 mmHg
RLTp 7 7 7  mmHg

Table 14.1 — Synthetic data of the patients who have been used in the BP virtual study.

2 Results

We present the results we have obtained by employing the OMVS in this virtual test case:

* CRA and CRYV blood velocities (Fig. 14.1a and 14.1b, respectively) are comparable to
those obtained via direct imaging modalities [246].

CRA blood velocity CRV blood velocity
8 1
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Figure 14.1 — Blood velocities time profile comparison between the 3 different virtual subjects within the central
retinal vessels. The green line points out the instants ¢ = 1.01 s.

* LC blood pressure distribution (Fig. 14.2) attains realistic values [89], in particular the
computed arterial pressure on the lateral boundary; moreover, the simulation results sug-
gest also that this blood pressure is highly influenced by the values of SP/DP imposed at
the inlet of the circuit model.

* LC blood perfusion increases with SP/DP (Fig. 14.3), particularly near the nasal area.

* LC displacement values (Fig. 14.4) are comparable to those reported in experimental
studies [250] and the simulation results suggest that the displacement field is not highly
influenced by the presence of the CRA /CRV opening as reported in other studies [221].
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Figure 14.2 — Comparison of the lamina cribrosa blood pressure between the 3 different virtual subjects at time
t =1.01s.

LBP discharge velocity [cm/s] HBP discharge velocity [cm/s]
0.185 0.185

-0.1396

0.0888
0.0491
‘0.004

0.1398

-0.0543
0.0481
0.004

ocity [cm/s]

Figure 14.3 — Comparison of the lamina cribrosa blood perfusion between the 3 different virtual subjects at time
t =1.01s.
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Figure 14.4 — Comparison of the lamina cribrosa displacements between the 3 different virtual subjects at time
=101s

3 Conclusions

We have shown how the OMVS may serve as an instrument to illustrate and estimate lam-
ina cribrosa perfusion parameters and predict their spatial variability and temporal evolution.
Moreover, this mathematical model may provide new means to address the increasing demand
of information on parts of the eye that are not easily accessible with standard investigation in-
struments.
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In this chapter we present a virtual experiment that has been realized using synthetic data
based on clinical measurements. Its contents has been also published in [205]. This virtual
experiment compares two subjects who share the same input parameters with the exception of
the IOP in order to understand the effect of this difference on the ocular hemodynamics and
biomechanics.

The underlying intention is to show the predictive power of mathematical modeling in
order to have quantitative information in parts of the eye that are not accessible with standard
investigation tools and try to unveil the physiological mechanisms behind major diseases, such
as glaucoma.

1 Data

We select two virtual patients, namely Patient 1 and Patient 2, which input parameters are
resumed in Tab. 15.1. We highlight the values of IOP that are 16 mmHg for Patient 1 and 25
mmHg for Patient 2.

For this virtual experiment we have employed the Level 2b of the OMVS described in Ch. 5.
In particular, we simulate
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Parameter Patient1 Patient2 Unit Reference

() 16 25 mmHg [49]
RLTp 7 7 mmHg [198]
SP 120 120 mmHg [249]
DP 80 80 mmHg [249]
HR 60 60 bpm [23]

Table 15.1 — Synthetic data of the patients that have been used in the IOP virtual study.

(i) the blood circulation in the retinal vasculature and the central retinal vessels via a circuit-
based model;

(ii) the blood perfusion within the lamina cribrosa via a porous-media model;

(iii) the biomechanical behavior of cornea, sclera, choroid, retina and lamina cribrosa via an
isotropic linear elasticity system.

We inserted these values in our model using the platform described in Ch. 11 as illustrated
by Fig. 15.1.

T Iy r—————— m m [rae— jrp— —
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Figure 15.1 — Input data interface for the two virtual patients

2 Results

We present the results we have obtained by employing the OMVS in this virtual test case.
For what concerns the central retinal vessels, the blood velocity profiles are highly influenced

by the IOP, especially the CRV collapses if the IOP is higher than the blood pressure within the
vein (Figs. 15.2a and 15.2b) as described by Eq. (3.8).

In the lamina cribrosa we point out a difference up to 2% in the blood pressure distribution
and up to 5.5% in the tissue perfusion between the two patients (Figs. 15.3a and 15.3).

For a biomechanics viewpoint, our model predicts a difference up to 33% in the lamina



2. RESULTS 173

CAL CRA blood velocity CRL CRV blood welocity

vlozity [Emfs]
walocity [oms]

0 o5 1 s @ 25 3 35 i Yo s 3 5z 25 2 35 i
tirre [g] time [=]
(a) CRA (b) CRV

Figure 15.2 — Blood velocity profiles simulated via the OMVS.

P Piin _LC blood velacity
0.252 la 2
~
= -34
ﬂ 4
= w
a £
0.250 § 55
-
k-]
B
-85
-7
o 0.5 1 1.5 2 25 3 3.5 4
tirne 2]
(a) Blood pressure spatial distribution and blood
flow orientation Figure 15.3 — Blood velocity profile

Figure 15.4 — Hemodynamics results within the lamina cribrosa simulated via the OMVS

cribrosa displacement distribution between the two patients with an applied strain that is dou-
bled in Patient 2 (Figs. 15.5a and 15.5b);
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Figure 15.5 — Lamina cribrosa displacement simulated via the OMVS.
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Finally, we analyze the biomechanics of the other simulated tissues. We don’t point out any
remarkable difference between the two patients for the displacement in the sclera, choroid and
retina (Fig. 15.6), whereas Fig. 15.7 shows a higher displacement along the cornea border for
Patient 2.

P1 displacement [cm] P2 displacement [em]
0.1 0.5 S b

Figure 15.6 — Displacement distribution in the choroid and the retina simulated via OMVS.

Pl displacement [cm] P2 displacement [cm]
9-9ol b-pas 0.001 0.025

Figure 15.7 — Displacement distribution in the cornea simulated via OMVS.

3 Conclusions

In conclusion for the analyzed virtual study, the OMVS suggests that:

¢ high IOP causes CRV to collapse with a consequent influence on the overall system;

e differences in IOP may lead also to significant differences in the lamina cribrosa blood
perfusion (5.5%);

¢ differences in IOP lead, as expected, to significant differences in the displacement (up to
33% in the lamina).
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In this chapter we present a virtual experiment that has been realized using synthetic data
based on clinical measurements. The content of this virtual experiment has been published
in [207]. We compare 5 different virtual patients in order to understand the effect of varying
the translaminar tissue pressure difference on the hemodynamics and biomechanics within the
lamina cribrosa.

We remind from Ch. 2 that the trans-laminar tissue pressure difference is the difference
between the intraocular pressure and the retrolaminar tissue pressure (Fig. 16.1):

TLPd=10P — RLTp

1 Data

For this virtual experiment we have employed the Level 2b of the OMVS described in Ch. 5.
In particular, we simulate

(i) the blood circulation in the retinal vasculature and the central retinal vessels via a circuit-
based model;

(ii) the blood perfusion within the lamina cribrosa via a porous-media model;
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Figure 16.1 — Relationship between IOP, RLTp and TLPd in the optic nerve head region. Courtesy of A.M. Cantagallo
[179].

(iii) the biomechanical behavior of sclera, choroid, retina, cornea and lamina cribrosa via an
isotropic linear elasticity system.

We select 5 virtual patients, which input parameters are resumed in Tab. 16.1. We empha-
size that
e all the patients have a systemic systolic/diastolic blood pressure of 120/80mmHg;

¢ baseline, P2 and P4 share similar TLPd, but this is a results of different IOP-RLTp situa-
tions;

¢ P1 and P3 have very different TLPd.

Parameter Baseline P1 P2 P3 P4 Unit
SP 120 120 120 120 120 mmHg

DP 80 80 80 80 80 mmHg

IOP 15 11 17 17 17 mmHg
RLTp 7 10 10 3 3 mmHg
TLPd 8 1 7 14 8 mmHg

Table 16.1 — Synthetic data of the patients who have been used in the TLPd virtual study.

2 Results

We present the results we have obtained by employing the OMVS in this virtual test case.
Starting from the blood perfusion in the central retinal vessels, we cannot notice any remarkable
difference for the CRA and CRV blood velocities in the prelaminar region (Fig. 16.2a); however
Fig. 16.2b shows some fluctuations in the postlaminar CRV blood velocity profile for P2 and
P3. These two patients share the same elevated IOP (17 mmHg), which may be responsible for
these small variations.
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Figure 16.3 — Comparison of the hemodynamics in the lamina cribrosa between the 5 different virtual subjects.

Thanks to the OMVS we are able to predict the 3D spatial distribution of blood pressure
and velocity within the lamina cribrosa (Fig. 16.3). As illustrated by the bottom right panel of
Fig. 16.3, the model suggests that baseline, P2 and P4 have a perfusion difference within the
lamina cribrosa up to 10%, even if they share similar TLPd. Moreover, Fig. 16.4 predicts a 1.4%
discrepancy in the lamina cribrosa blood pressure gradient for baseline, P2 and P4.

The OMVS predicts also that the differences in the hemodynamics for these virtual patients
don’t have a biomechanical analogue. Indeed in Fig. 16.5 the lamina cribrosa displacements
are similar for baseline, P2 and P4, whereas P1 and P3 exhibit an elevated discrepancy. This last
fact is easily explained since P1 and P3 have very different TLPd, 1 and 14 mmHg, respectively.

Finally, for what concerns the other tissues, we cannot point out from the simulation results
displayed in Fig. 16.6 that there are relevant differences in the 3D spatial distribution of the
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Figure 16.4 — Comparison of the lamina cribrosa blood pressure 1D cut along the diameter between the 5 different
virtual subjects.
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Figure 16.5 — Comparison of the biomechanics in the lamina cribrosa between the 5 different virtual subjects.

displacement among the 5 virtual patients. An explanation for this behavior is that the values
chosen as input are not distributed enough to appreciate variations in the biomechanics of these
tissues.

3 Conclusions

This virtual clinical test performed using the OMVS has shown that:
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Figure 16.6 — Comparison of the biomechanics in the sclera, choroid, retina (bottom panels) and cornea (top panels)
between the 5 different virtual subjects.
¢ elevated IOP influences the blood circulation in the postlaminar CRV;

e similar TLPd values may lead to similar biomechanics but different hemodynamics in the
lamina cribrosa;

¢ different TLPd values may lead to similar hemodynamics but different biomechanics in

the lamina cribrosa.

In conclusion, this model may also allow for novel findings in IOP regulation and RLTp effects
in central retinal vein occlusion.
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We present a patient database of synthetic data with an analysis of their simulation results.

1 Origin of data

The data that are used to generate the database are derived from experimental values re-
ported in literature. We report the values and the sources we have adopted for our purpose in

Quantity Symbol Mean value Std deviation Unit Source

Systolic blood pressure SBP 116 23.2 mmHg  [249]
Diastolic blood pressure DBP 69 13.8 mmHg  [249]
Heart rate HR 69 15 bpm [23]

Intraocular pressure 10or 17 6 mmHg [49]
Retrolaminar tissue pressure ~ RLTp 9.5 22 mmHg  [198]

Table 17.1 — Reference values for the virtual patients

Tab. 17.1.
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2 Data of 10 virtual patients

Name Gender Age SBP DBP HR IOP RLTp Note

Tony M 65 116.0 690 69 17 9.5 Baseline

John M 47 1160 69.0 69 26 9.5 HighIOP

Tina F 81 1160 690 69 26 12.8  High IOP, RLTp

Margaret F 55 150.8 89.7 69 26 12.8  High IOP, RLTp, BP
Sophie F 59 116.0 690 69 17 12.8  High RLTp

Luke M 61 116.0 69.0 69 17 6.2  Low RLTp

Max M 57 116.0 690 69 11 9.5 LowlIOP

Clara F 69 1160 69.0 69 11 6.2 LowIOP, RLTp

Jim M 72 150.8 89.7 69 11 9.5  Low IOP, high BP

Jenny F 8 116.0 69.0 100 17 9.5 High HR

Table 17.2 — Virtual patients data

The actual data for 10 virtual patients are reported in Table 17.2. The choices for the input
have been made in order to span different cases that may be significant from an ophthalmolog-
ical viewpoint.

We have selected a baseline subject (Tony), three glaucoma risk patients that have high IOP
(John, Tina, Margaret), one subject with Idiopathic Intracranial Hypertension risk (Sophie),
one subject with high translaminar tissue pressure difference due to intracranial hypotension
(Luke), three patients with ocular hypotony risk (Max, Clara, Jim), and one patient with tachy-
cardia (Jenny).

The goal of this patient selection is to vary few parameters at time in order to understand the
influences of each parameter variation and disentangle the different effects.

The variation of each parameter has been based on experimental results briefly resumed in Tab.
17.1, in particular to simulate high conditions we have selected the mean value added to the
standard deviation and for low values we chose mean minus the standard deviation. Only for
IOP and HR we have made an exception, where the high values were pointed out directly from
the literature [49, 23].

Undoubtedly this is just a preliminary analysis and it does not want to be exhaustive of any
pathological situation, moreover we do not consider the fact that the parameters are not inde-
pendent from each other. Despite these assumptions, we highlight the fact that the OMVS is
still able to predict some clinically relevant conditions and to deal easily with clinical databases
in view of more elaborated medical research.

3 Simulation results

In this section we illustrate the main results and outcomes that are obtained employing
the OMVS on the virtual patient database described in the previous section and we sketch the
discussion about the clinical impact and relevance of these simulations.

* Tony is an healthy subject that we have considered as the baseline. The profiles of the
CRA and CRV blood flow agree with the profiles measured with medical instruments
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such as the Eco-Doppler. Moreover the values obtained by the numerical simulations
are in the physiological ranges [246]. The blood pressure and flow within the lamina
cribrosa are in agreement with other work in literature [89]. All the other patients will be
compared to his simulation results.

¢ John is a virtual patient that suffers from high IOP, therefore he is a glaucoma risk subject.
The simulation results suggest a higher pressure and blood perfusion within the lamina
cribrosa (up to 20%) and a lower blood flow (Fig. 17.1) both in the CRA (up to 66%) and
in the CRV (up to 71%).

Blood flow in the central retinal vessels

CRA baseline
CRA high IOP
a0 fii= ot CRV baseline
CRV high IOP

Blood flow [cmAdis)

time (s}

Figure 17.1 — Blood flow comparison between Tony and John using the Compare App.

* Tina is a virtual patient with both high IOP and RLTp that it is directly dependent from
the intracranial pressure. This subject presents a slightly increase in the pressure and
blood perfusion of the lamina cribrosa (up 9%), whereas she shows similar results than
the previous patient (John, only high IOP) in the CRA and CRV (Fig. 17.2 lower blood
flow 64% and 72%, respectively).

* Margaret is a virtual patient that suffers from high IOP, RLTp and blood pressure. The
simulation results suggest higher blood pressure (up to 28.1%) and higher blood perfu-
sion (28.2%) within the lamina cribrosa. The behavior of CRA and CRV is quite different
(Fig. 17.3): CRA blood flow presents higher values up to 27%, whereas CRV blood flow
profile is quite different from the baseline; indeed the twofold influence of high IOP and
hypertension act on different segment of the CRV and the values attained are higher than
baseline up to 58% at systolic peak or lower than baseline up to 43% at diastolic peak.

* Sophie is a virtual patient with a Idiopathic Intracranial Hypertension (IIH) risk. The
simulation results do not significantly differ from the baseline values (Tony), in fact the
lamina cribrosa hemodynamics is higher by 0.2%, the CRA flow is lower by 0.3%, and the
CRV flow differs from the CRV baseline value by less than 0.1%.

* Luke is a virtual patient that suffers from intracranial hypotension. Also for this subject
the simulation results are not particularly different from the baseline values. Lamina
cribrosa blood pressure and blood perfusion differ from the healthy subject (Tony) by
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Blood flow in the central retinal vessels
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Figure 17.2 — Blood flow comparison between Tony and Tina using the Compare App.

0.2% and 0.4%, respectively. CRA and CRV blood flows are slightly higher (0.3%) than
baseline results.

e Max is a virtual patient that has low IOP. The simulation results suggest a difference up
to 2.2% for the blood pressure and up to 2.4% for the blood perfusion within the lamina
cribrosa. CRA and CRV blood flows are higher than the baseline up to 4.5% and 13.9%,
respectively.

* Clara is a virtual patient with ocular hypotony risk that suffers from low IOP and low
RLTp. Lamina cribrosa hemodynamics is lower than baseline values up to 2%. CRA and
CRYV show a higher blood flow up to 4.7% and 14.2%, respectively.

e Jim is a virtual patient that suffers from ocular hypotony but also is an hypertensive
patient. The simulation results suggest an increase in lamina cribrosa perfusion by 29.6%
and an increase of CRA /CRYV blood flow up to 39.2% and 35.4%, respectively.

* Jenny is a virtual patient with tachycardia. The blood pressure and flow profiles within
lamina cribrosa, CRA and CRV reach similar peaks with respect to the baseline values,
however the frequency of peaks and the shape of profiles is slightly different as expected.

In subjects with high IOP (John, Tina, Margaret), it is easy to point out a drop down of
the blood flow especially in the CRV. This fact may be very likely due to the collapse of the
veins, which is exactly what ophthalmologists observe from a physiological viewpoint. The
CRV blood flow profile in Margaret is of particular interest: the blood pressure at diastolic is
not enough to balance the high value of IOP of this subject. At a certain moment of each cardiac
cycle the value of blood pressure is lower than the crucial value of external IOP and the blood
flow drops down as depicted in Fig. 17.3; the vein collapses since the value of the internal
pressure is lower than the external one.

As expected an increment of the blood pressure raises a proportional increase in the per-
fusion within the lamina cribrosa, CRA and CRV. For what concerns the IOP and the RLTp,
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Figure 17.3 — Blood flow comparison between Tony and Margaret using the Compare App.

the simulation results suggest a direct proportionality in the lamina cribrosa whereas an in-
verse one is predicted in the central retinal vessels. This fact may be correlated to the need of
blood to find new way of flowing in case of high IOP or RLTp, indeed an increment of these
pressures leads to a greater external force on the vessels, which makes venules and veins col-
lapse. However an increment of blood flow in the lamina cribrosa won’t necessarily mean a
better perfusion, rather an excessive blood flow rise may lead to a blow up in the optic disc
microvasculature.

4 Conclusions

We have showed how the OMVS is able to simulate very different situations that are all sig-
nificant from a clinical viewpoint. These results are easily accessible via the online visualization
tool with the two different platforms we have implemented.

In conclusion, in this chapter we have presented an example of clinical research on simple
virtual database, however a similar approach can be employed on a large dataset with real
measurements.
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In the simulation result part (V) we have investigated different hemodynamics and biome-
chanics features varying some input in a deterministic way driven mainly by the questions of
ophthalmologists. Since the deterministic results are promising, we understand the need of
studying more deeply the variability of the model parameters and the propagation of errors
from the input to the output, keeping in mind the discussion raised in Ch. 2 especially on the
measurements. Thus, in this part, we present a sensitivity analysis study, in particular:

* a brief description of the methods we have employed to perform this study;
* apreliminary investigation to understand the propagation of uncertainties for the OMVS;

¢ the results of Sobol index study performed on Level 0 of the OMVS.
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Nowadays the interest on mathematical models applied to biomedical problems has greatly
increased; in particular the need of a better understanding and knowledge of quantities in the
medical context has raised tremendously the complexity of mathematics that is employed for
the description of such physical systems. Thanks to its special connection to the brain and its
accessibility to measurements, the eye provides a unique window on the brain, thereby offering
non-invasive access to a large set of potential biomarkers that might help in the early diagnosis
and clinical care of Neuro-Degenerative Diseases. We have developed an efficient computa-
tional framework to simulate and predict the mechanisms within the eye. In particular, our
work focuses on the interaction between the hemodynamics of the main ocular vessels and the
biomechanics of the principal ocular tissues.

One of the main challenges in medicine is to understand the influence that each internal
or external factor has on the overall system; thanks to our mathematical model we are able to
disentangle various effects, therefore providing a first insight of the impact of different compo-
nents [205].

The great advantage of virtual mathematical and computational frameworks, also known
as in silico models, is that experiments can be completed with large number of parameter sets
with lower costs than gathering data from a patient cohort using in vivo models. Thus, the
ophthalmologist may perform virtual exploratory wide researches in order to better design
real experiments and population-based studies.

191
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With these premises, we present a some results in the context of sensitivity analysis, which
is study the propagation of uncertainties from in the input to the output of a mathematical
model.

We have performed two analysis in order to investigate different aspects of the OMVS, in
particular a preliminary investigation towards uncertainty quantification (Ch. 19) and a Sobol
index study (Ch. 20).

In this chapter we give some ideas that are behind the Sobol index sensitivity (Sec. 1) and
the polynomial chaos expansion technique (Sec. 2). For the complete theory and a detailed
explanation we refer to [223] and [79, 17], respectively.

In the last section, we discuss an important aspect on the distribution of input parameter, in
particular the IOP, trying to disentangle the scientific debate [139] about the more appropriate
choice for the IOP probability density function.

1 Sobol index sensitivity analysis

If we consider the framework depicted by Fig. 18.1, we notice that the uncertainties in the
input are propagated through the model to the output, however we have no information on
this propagation and our level of confidence on the output. We write this relationship in a
mathematical way:

y=f(z) (18.1)

where z is the vector of input, f is the model - in our case the OMVS - and y is the vector of
output we are interested in.

Cneut D——— [OM VS | —— Courrur
{J

UNCERTAINTIES

Figure 18.1 — Uncertainties propagation framework.

It is crucial for the Sobol index study that input and output are discrete finite information,
for example the time profile of the blood flow in the CRA cannot be used, however its maxi-
mum, minimum or mean for each cardiac cycle is a suitable parameter for input or output.

The Sobol index study is very useful to understand the propagation of uncertainties men-
tioned above, however there are also some throwbacks that required particular attention: the
high computational cost of the overall computation, the correlation between different input that
it is not handled by the majority of algorithms and the possible interactions between different
input within the model that lead to non-trivial high order effect on output.

If we consider d different input, we have that z = {z1,22,23,...,24}. For simplicity we
keep just one output y = y, but it is always possible to have a study with multiple output just
performing independent sensitivity analysis.

Allinput z; fori = 1, ..., d are independent and distributed following a probability density
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function chosen by the user. Therefore we decompose f(z):

d d
y=fo+ Z filxs) + Z fij(xi xi) + -+ fro. alx1, x2,...,2q) (18.2)
=1

i<j

where fj is a constant, f; is a function of x;, f; ; is a function of x; and z; and so on. This func-
tional decomposition has to be orthogonal, thus leads to the following definitions for condition
expected values:

fo=Ely]
fi(zi) = Elylzi] — fo
fij(@i,zj) = Elylzi, ;] — fo— fi— f;
From these equations we highlight that if we consider the variation of just x; we retrieve f;,
namely the main effect of input z; on the output y, whereas if we vary z; and z; at the same
time we obtain f; ; which is the effect of their individual variations added to their interactions,

namely the second-order interaction. We can iterate this procedure to define all the higher order
terms.

Let us assume f(z) square-integrable, (18.2) leads to the decomposition of the variance:

d d
2= Vit Vij++Vig (18.3)
i=1

i<j
where

Vi = o3, [Eplylil]
Vij =03, [Epijlylzz)] = Vi=V;

Ti,j

z\i means all set of variables in x except ;.

Thanks to (18.3) we define the Sobol index also called sensitivity index. The main effect index
or first-order sensitivity index is
LV

T 52
Ty

(18.4)

and has the property that

d d
Z Si + Z Sij+- o+ 512..a=1
=1

i<j

Vi2,..4d

o2

V,
where S;; = —12] and S, 4 =
g,
y

to (18.4).

are he high-order sensitivity indices defined similarly

One of the main purposes, however, is to quantify the importance of each variable on the
output variance and not just the effect of varying one input alone, averaged over variations in
other input parameters. The problem is that this computation requires the evaluation of 2¢ — 1
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indices, which is too expensive.
The total-effect index or the total-order index St,is the solution since it measures the contribution
of the output variance of x; including all the variances caused by its interactions, of any order,
with any other input variables:

Ep [0z, [ylz\i o2\ B, lylz\i
p, = Za| Ggm My 2l U;/ 2l (18.5)

In contrast to first-order, Zle St, > 1 by reason of the interaction effects that are counted
multiple times. The sum will be exactly equal to 1 only if the model is purely additive.

2 Polynomial Chaos Expansion

The idea of polynomial chaos (PC) expansion is to rewrite Eq. (18.1) using a polynomial
basis, in particular:

Y=Y Brtn(z) (18.6)
k=1

where v, (z) for k € N are multivariate polynomials that are orthonormal with respect to the
joint probability density function h, (), which is:

(Wj(2), Yu(2)) = E[1j(2)Pr(2)] = 6k

where 0, = 1if j = k and 0 otherwise, and f3;, for k € N are deterministic coefficients that fully
characterize the output y.

The problem that has to be faced now is how to build the PC basis.

In a first approach we consider that z is a vector of d independent random variables. Basi-
cally we can rescale z; using a specific mapping 7;:

For simplicity we assume that U; = z; and the choices for these U; are standard distributions,
e.g. normal, uniform, ...
If the variables are independent we can rewrite the joint probability density function as

d

hy () = [ has (22)

B i=1
where h, (x;) is the marginal probability function of ;.

Considering a family of orthonormal polynomials wj(.i) for j € N, which depends on the

distribution of z; (see Tab. 18.1 for same examples), we have that:

(r (@) m) (@) = B |m (@) ()| = 6
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Distribution | Polynomial family
Uniform | Legendre
Normal | Hermite
Gamma | Laguerre
Beta | Jacobi
Binomial | Krawtchouk
Poisson | Charlier
Lognormal | Stieltjes-Wigert

Table 18.1 — Examples of orthogonal polynomials associated with the random variables with a specific probability
density function.

Therefore we obtain the set of orthonormal multivariate polynomial {1, (z), o € N} tensoriz-
ing the d resulting families of univariate polynomials:

Va(z) =) (@) x - x 1) (za) (18.7)
where a = {a1,...,a4}.

In case of dependent random variables we can generate an orthonormal basis with

Ya(z) = K(z) [ [ 78 (2:) (18.8)

=1
where K (z) is a function of the copula of z.

Once our full model f; has been expanded using a PC basis (Eq. (18.6)), we can build the
metamodel that is the finite representation of the full model using a finite subset of basis:

P
= ful@) = Bru(z) (18.9)
k=1

(d+ Np)!

where P is defined as follow P + 1 = dINg!

and N is the polynomial order where we

truncate the expansion.

The great advantage of using PC expansion is that we obtain easily the Sobol indices. In
fact both PC and Sobol expansions are sums of orthogonal functions, in other words, from a
given PC expansion, the Sobol indices at any order may be obtained by a combination of the
squares of the coefficients (.

Following the works of [228, 52] we have to define two sets f indices needed for first-order and
total-order Sobol indices:

Joo . o= a:ap>0Vk=1,...,dFk € (i1,ia,..., i
21,02, 050s g!ak:OVk:1,...,dk¢(il,iz,...,is
Tirsigosis ={@:ap >0V =1,...,d k € (i1,i2,...,is)} (18.11)

; (18.10)

In other words Eq. (18.10) tells that J; picks the single variables i, J; ; picks the pair of
variables (7, j) and so on, whereas Eq. (18.11) represents a set of valid indices that selects all the
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terms in the PC expansion where the variable z; is present.
Thus, the first-order index

& Z 20 BJ2
S; = 72; B2 (18.12)
k=1 Pk
and the total-order index -
ot — Ziea s (18.13)

Y &Y.
can be analytically computed from the coefficients of the PC expansion at a negligible compu-
tational cost.

This technique leads to a remarkable gain with respect to other methods based on Monte
Carlo simulation [112].

3 Discussion on the IOP input parameter

In literature there is a notable discussion about normal and lognormal probability density
functions and which of the two can better represent biological phenomena [139].

In view of our application we consider as example the IOP distribution with the data re-
covered from [49] (mean finorma = 17mmHg, standard deviation ¢y,0rme = 6mmHg). Starting
from these values that refers to a Gaussian distribution, we have computed the mean and the
variance also for a lognormal behavior using the following formulas [117, Ch. 14: Lognormal
Distributions]:

2
Hnormal 2 9normal
/«Llognormal = lOg 5 Ulognormal = 10g 1 + 2
1+ W Hoormal
Honormal

In this context we performed a comparative analysis using three different IOP distribution
based on the same clinical data, which values has been defined above. In particular, we com-
pare a normal, a truncated normal and a lognormal distribution.

Fig. 18.2 highlights that the normal probability density (blue) is going beyond some physi-
ological constraints for healthy patients such as /OP > 5mmHg. The truncated normal proba-
bility density function (green) does not show this issue, however this IOP distribution presents
an abnormal cut in the left tail, which makes it ineffective for a sensitivity analysis (such as the
one discussed in Ch. 20). In our simulation with the data provided by Colton et al.[49], the
lognormal distribution seems to be the more natural one. This possibility has been accepted
also in other works [241, 229].

Since the use of one distribution with respect to the other may depend largely by the input
data employed, - for instance for some couple of values of mean/standard deviation the normal
distribution may not generate unphysiological situation - we used both distributions, normal
and lognormal, to sample the IOP in the following chapters. Specifically, in Ch. 19 we use the
normal probability density function to perform a propagation of uncertainties study. In this
case the interest of this investigation is to understand the correlation between input and output
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Figure 18.2 — Comparison among normal (blue), lognormal (orange) and truncated normal (green) IOP distributions
using the same input data [49].

on a real clinical database, therefore we considered the non-physiological low IOP values as
possible errors that can rise in collecting the data. On the other hand, Ch. 20 is focused on a
sensitivity analysis using Sobol indices, thus we would like to avoid any miscalculation due
to unphysiological values that may lead to unrealistic discontinuities in the results. For this
reason we utilized the lognormal distribution based on the population based study operated
by Suh et al. [229].
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The first sensitivity analysis is a preliminary investigation in order to understand the prop-
agation of uncertainties for Level 0 of the OMVS (Ch. 3).

First, we present the Python code we have implemented to perform this analysis, then we
specify the data used and the results achieved. The idea of this analysis is to simulate the
mathematical model many times varying some parameters and look at the distribution of the
output.

1 Data

We have completed three different sets of N' = 60000 evaluations of the model varying the
IOP. We recall that the IOP has a crucial role in the description of the vein collapsibility, which is
modeled in the OMVS by Starling resistors (see Eq. (3.8)); namely, when the external pressure
is higher than the internal blood pressure, veins collapse, therefore dropping down the blood
flow.

We have sampled the IOP with a normal distribution that has mean equal to 17 mmHg and
standard deviation of 6 mmHg [49].
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In this study, we have selected three significant cases where the three sets of evaluations differ
from each other by the blood pressure value imposed [89]:

* baseline with a systolic/diastolic blood pressure (SP/DP) of 120/80 mmHg;
* low with SP= 100 mmHg and DP= 70 mmHg ;

* high that is initialized with SP/DP = 140/90 mmHg.

2 Implementation

In order to carry out this study, we have implemented the analysis thanks to the statistical
library OpenTURNS [10] created in Python.

First we have exported our model developed in OpenModelica to FMU format (Sec. 2, Ch.
10). This allows us to use the PyFmi Python library [7] in order to interact with the FMU version
of the OMVS and simulate it.

Code 19.1 — Model definition

class model_compute (OpenTURNSPythonFunction) :

def _ _init_ (self,names, modelFMU) :
self.names = names;

self.modelFMU = modelFMU;
OpenTURNSPythonFunction.__init__ (self, n_inputs, n_outputs)

def _exec(self,X):

modelFMU.reset ()

global iterator

n_var=n_inputs

if names[0] == ’'IOP’:

IOP = X[0];

DP = 80

SP = 120

RLTp = 7

#

modelFMU.set ('Pin.SP’, SP);
modelFMU.set ('Pin.DP’,DP);
modelFMU. set (/ IOP_source.V’,IO0OP);
modelFMU. set (' RLTp_source.V’ ,RLTp) ;

#

opts = modelFMU.simulate_options ()

opts[’/filter’] = ["time’,’1cR.v’,’1lcR.p.i’,’Rla.p.1i’,’R5a.n.i’,’Pin.HR’]
opts[’result_file_name’] = ’'baseline_res.txt’

#

res = modelFMU.simulate (final_time=8.,options=opts)
# recover results

time = res[’time’]
p_lamina = —-res[’1lcR.v’]
j_lamina = -res[’1cR.p.i’]
j_CRA = -res[’Rla.p.i’]
j_CRV = —-res[’R5a.n.i’]

T _c = 60/res[’Pin.HR’'];

sel_it = np.where(time > 6%T_c)
maxCRV max (j_CRV[sel_it]);

maxCRA = max (j_CRA[sel_it]);

maxLC = max(j_lamina([sel_it]);

print (" \n#######FHdHHFHHEHEAFESEERSE)
print (" Simulation %d completed.’ % iterator)
print (" ####4#dH#FHHFEHFHHEFEHFESEEE D)
iterator = iterator + 1;

return [maxCRV, maxCRA, maxLC];

The Python code reported in 19.1 describes the class that computes a single simulation, in
particular we:

i. reset the model = line 7;
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ii. initialize the input parameters of the model, in this case the only parameter that is varying
for each simulation is the IOP that is taken from its distribution that has been defined
outside and passed as X = lines 10 — 14;

iii. set these parameters in the FMU model thanks to the PyFmi method set = lines 16 —19;

iv. define the simulation options, in particular we export just the quantities of interest =
line 22;

v. simulate the model = line 25;

vi. recover all the significant results = line 27 — 32;

vii. compute the output, in particular we are interested in the maximum blood flow in the
CRA, CRV and lamina cribrosa starting from the sixth cardiac cycle when the system has
already reached periodic state = lines 33 — 37.

Code 19.2 — Initialization

iterator = 1;

names = [’'IOP’'];

output_names = ['CRV’, 'CRA’, '"LC'];
n_inputs = len (names);

n_outputs = len(output_names);

size = 20000

doSecondOrder = False;

## load model

curr_dir = O.path.dirname (O.path.abspath(__file_ ));
fmu_name = O.path.join(curr_dir,’retina.fmu’)
modelFMU = load_fmu (fmu_name)

#### Set distributions
IOP_mean = 17; IOP_dev = 6;
dist_TIOP = Normal (IOP_mean, IOP_dev);

comptemp = Description (1)
inpCollection = DistributionCollection (n_inputs);

disttemp = Distribution (dist_IOP)
comptemp[0] = "IOP";
disttemp.setDescription (comptemp)
disttemp.setName ("random variable IOP")
inpCollection[0] = disttemp

In Code 19.2 we show how we create some useful parameters (lines 1 —7), load the FMU model
(lines 10 — 12) and set the IOP as a normal distribution (lines 15 — 25).

Code 19.3 — Simulation

CorrMat = CorrelationMatrix(inpCollection.getSize())

aCopula = IndependentCopula (inpCollection.getSize())
aCopula.setName ("Copula of the random input vector")

myDist = ComposedDistribution (inpCollection, Copula (aCopula))
inp = RandomVector (Distribution (myDist))

model = Function (model_compute (names, modelFMU) )
RandomGenerator.SetSeed (0)

inputDesign = SobolIndicesExperiment (myDist, size, doSecondOrder) .generate ()
outputDesign = model (inputDesign)

np.save ("Figures/baseline—-outputData.dat", outputDesign)

Code 19.3 exploits some OpenTurns method to solve the FMU model using the distribution
initialized before as input for each simulation, in particular in line 11 we use the Sobol index
analysis method to set the number of experiments and the samples that are therefore solved in
line 12 and then the results saved (line 14).
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3 Results

We mainly focus on the following output computed by the python code described by the
previous section:
i) CRA: the simulated maximum blood flow within the CRA;
ii) CRV: the simulated maximum blood flow within the CRV;

iii) LC: the simulated maximum blood flow within the lamina cribrosa.
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Figure 19.1 — Comparison of CRA blood flows for preliminary uncertainty quantification analysis.
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Figure 19.2 — Comparison of CRV blood flows for preliminary uncertainty quantification analysis..

As expected and illustrated by Figs. 19.1, 19.2 and 19.3, the initial blood pressure is influ-
encing the distribution of the outputs varying the IOP. Thus, we highlight that:

e the predicted CRA blood flow median value attains 0.0014529 cm? /s, which is very close
to experimental mean value reported by Dorner et al. [60] (0.00131463636 cm? /s);
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Figure 19.3 — Comparison of LC blood flows for preliminary uncertainty quantification analysis..

* there are other factors that significantly influence the lamina cribrosa hemodynamics;
indeed its computed blood flow variability is considerably lower than the other two cases
as shown by Figs. 19.3;

* the CRV blood flow probability density function (Fig. 19.2a) exhibits two different be-
haviors: a peak of frequencies with quasi-Gaussian distribution for high values and a
frequency plateau for low values separated by an almost empty frequency area of mid-
dle values. Moreover it suggests a different repartition of frequencies between the three
cases, in particular, for low blood pressures, the high values peak is narrower and the
plateau is wider and with a major number of results than the high blood pressure case.
This fact is confirmed by the boxplots in Fig. 19.2b, indeed the tail of CRV blood flow
low values is within the first and third quantile range for the low blood pressure case,
whereas this tail is composed just by outliers for high blood pressures.

This last finding may lead an interesting physiological interpretation; as reminded in Sec.
1, the IOP has a non-linear effect on the retinal vasculature, in particular on the venous part.
Following this reason, the CRV high values peak may represent the natural state when the IOP
is lower than the venous blood pressure, whereas the low values plateau denotes the collapse
state. This statement is consistent with the previous analysis where we found a wide plateau
for low blood pressure and a important frequency in the peak for high blood pressures.

4 Conclusions

The proposed preliminary study presents a twofold interest: mathematical and clinical.
From a bioengineering viewpoint, we have set up the framework for an uncertainties quantifi-
cation analysis, which allows us to evaluate the effects of the propagation of uncertainty from
input to output. From a medical viewpoint, we have proposed a computational tool that may
serve as a complementary instrument to the clinical and experimental research.

In the suggested virtual experiment, we have combined (i) a deterministic model, which is



204 CHAPTER 19. PRELIMINARY UNCERTAINTY PROPAGATION ANALYSIS

based on biophysical laws, and (ii) a stochastic input that depends on experiments, in order to
understand the variability of the ocular posterior tissue hemodynamics.
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In the second sensitivity analysis we use as mathematical model the Level 0 of the OMVS
(Ch. 3) as in the previous chapter, however in this case we perform a sensitivity analysis using
Sobol indices (see Sec. 1, Ch. 18). In particular we present the implementation of this study
using the polynomial chaos expansion method (see Sec. 2, Ch. 18) via Python and the results
obtained.

1 Data

In this study we have as input random variables the IOP, the RLTp, the SP and DP in order
to compute the Sobol indices.

In the model, IOP and RLTp act in the description of the collapsibility of veins due to ex-
ternal mechanical pressures, which is modeled by Starling resistors (see Eq. (3.8)), whereas SP
and DP are essential for the reconstruction of the input blood flow (see Eq. (3.9)).

For the data used in this analysis we have taken from [229] the mean value of IOP equal
to 14.7mmHg and a standard deviation value of 2.8mmHg. The lognormal probability density
function used as input for the IOP in the study is shown in Fig. 20.1a.

205
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For the RLTp, SP and DP we have used normal distributions and we refer to the Figs.
20.1b,20.1c and 20.1d, respectively, for their probability density functions, and to Tab. 20.1
for the values adopted in the simulations.

Input variable Mean [mmHg] Std deviation [mmHg| Reference

RLTp 95 2.2 [198]
SP 124.1 11.1 [213]
DP 775 7.1 [213]

Table 20.1 — Input data distribution for the Sobol index study
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Figure 20.1 — Probability density functions of the input variables for the Sobol index study.

2 Implementation

Ad for the previous chapter we have implemented this study in Python with the help, in
particular, of the two libraries PyFmi [7] and OpenTurns [10].

Code 20.1 — Model definition

1 class model_compute (OpenTURNSPythonFunction) :
2 def __init__ (self,names):
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self.names = names;

self.modelFMU = modelFMU;

OpenTURNSPythonFunction.__init__ (self, n_inputs, n_outputs)
def _exec(self,X):

global iterator

modelFMU.reset () ;

n_var=n_inputs

if names[0] == "IOP’:
IOP = X[0];

if names[1l] == ’'RLTp’
RLTp = X[1];

if names[2] == ’'SP’:
SP = X[2];

if names[3] == ’'DP’
DP = X[3];

#

modelFMU. set
modelFMU. set
modelFMU. set
modelFMU. set
#

"Pin.SP’,SP);
"Pin.DP’,DP);
"IOP_source.V’ ,IO0OP);
"RLTp_source.V’,RLTp) ;

opts = modelFMU.simulate_options ()
opts[’/filter’] = ["time’,’1lcR.v’,’1lcR.p.i’,’Rla.p.1i’,’R5a.n.i’,’Pin.HR’]
#

res = modelFMU.simulate (final_time=8., options=opts)
# recover results

time = res|[’time’]
p_lamina = —-res[’1lcR.v’]
j_lamina = -res[’1lcR.p.i’]
j_CRA = -res[’'Rla.p.i’]
j_CRV = res[’R5a.n.1i’]

T _c = 60/res[’Pin.HR’'];
sel_it = np.where(time > 7+T_c)

maxCRV = max (Jj_CRV([sel_it]);

maxCRA max (Jj_CRA[sel_it]);

maxLC = max(j_lamina[sel_it]);

print (" \n#####4H4H4HHHHHFHFHAFHHRHRHSE)

print ( Simulation %d/%d completed.’ % (iterator,total_n_sim) )
print (7 ####4#HH#HHFFEHFERFHREFESFES D)

iterator = iterator + 1;

return [minCRV, maxCRA, maxLC];

The Python code reported in 20.1 describes the class that computes a single simulation, in
particular we:

ii.
1ii.

iv.

Vi.
Vii.

reset the model = line §;

initialize the input parameters of the model, in particular IOP, RLTp, SP and DP =
lines 10 — 17;

set these parameters in the FMU model thanks to the PyFmi method set = lines 19 —22;
define the simulation options, in particular we export just the quantities of interest =
line 25;

simulate the model = line 27;

recover all the significant results = line 29 — 34;

compute the output, in particular we are interested in the maximum blood flow in the
CRA, CRV and lamina cribrosa starting from the seventh cardiac cycle when the system
has already reached periodic state = lines 35 — 39.

Code 20.2 - Initialization

iterator = 1;

names = [’IOP’,’RLTp’,’SP’,’'DP’];
output_names = [’minCRV’, ’'maxCRA’, ’'maxLC’];
n_inputs = len (names);

n_outputs = len (output_names) ;

size = 200000

size_testPC = 500

sampleCreatePC = 1500

total_n_sim = size_testPC + sampleCreatePC;

# load model

curr_dir = O.path.dirname (O.path.abspath(__file_ ));
fmu_name = O.path.join(curr_dir,’../retina.fmu’)
modelFMU = load_fmu (fmu_name)

#### Set distributions
#
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IOP_mean = 14.7; IOP_dev = 2.8;

IOP_var = IOP_devxIOP_dev;

IOP_mu = np.log(IOP_mean/np.sqrt (1+IO0P_var/ (IOP_mean*IOP_mean)))
IOP_sigma = np.sqrt (np.log(1+IO0P_var/ (IOP_mean*IOP_mean)))

#

RLTp_mean = 9.5; RLTp_dev = 2.2
#

SP_mean = 124.1; SP_dev = 11.1;
SP_var = SP_dev*S3SP_dev;

#

DP_mean = 77.5; DP_dev = 7.1;
DP_var = DP_dev*DP_dev;

###

dist_IOP = LogNormal (IOP_mu, IOP_sigma );

#

dist_RLTp = Normal (RLTp_mean, RLTp_dev);;

#

dist_SP = Normal (SP_mean, SP_dev);

dist_DP = Normal (DP_mean, DP_dev);
Code 20.2 displays:

i. the creation of some useful parameters = lines 1 — 5;

ii. the choice of the sizes for (line 6) the Sobol index analysis using the PC expansion, (line
7) test to check the validity of the PC and (line 8) the number of full model simulation
needed to build the PC;

iii. the FMU model loading = lines 12 — 14;

iv. the set of the IOP distribution = lines 18 — 21 and 31;

v. the set of the RLTp distribution = lines 23 and 33;

vi. the set of the SP distribution = lines 25 — 26 and 35;
vii. the set of the DP distribution = lines 28 — 29 and 36;

Code 20.3 — Polynomial Chaos definition

CorrMat = CorrelationMatrix (inpCollection.getSize())
aCopula = IndependentCopula (inpCollection.getSize())
aCopula.setName ("Copula of the random input vector")

RS = CorrelationMatrix (n_inputs)

RS[2, 3] = 0.75

R = NormalCopula.GetCorrelationFromSpearmanCorrelation (RS)
copula = NormalCopula (R)

myDist = ComposedDistribution (inpCollection, Copula (copula))
inp = RandomVector (Distribution (myDist))

model = Function (model_compute (names))
RandomGenerator.SetSeed (0)

#### polynomial chaos

pcmodel = Function (model)
pcmodel.setInputDescription (inputVariablesC)
pcmodel.setOutputDescription (outputVariablesC)

dim = inp.getDimension();
outP = CompositeRandomVector (pcmodel, inp)
polyColl = PolynomialFamilyCollection (dim)

# for lognormal distribution

lognormalFamily = StandardDistributionPolynomialFactory (AdaptiveStieltjesAlgorithm(dist_IOP))
polyColl[0] = OrthogonalUniVariatePolynomialFamily (lognormalFamily)

# for normal distribution

hermiteFamily = HermiteFactory ()

for 1 in range(l,dim):

polyColl[i] = OrthogonalUniVariatePolynomialFamily (hermiteFamily)

multivariateBasis = OrthogonalProductPolynomialFactory (polyColl,EnumerateFunction (dim))

maximumConsideredTerms = 500
mostSignificant = 50
significanceFactor = 1l.e-8

truncatureBasisStrategy = CleaningStrategy (OrthogonalBasis (multivariateBasis),
maximumConsideredTerms, mostSignificant, significanceFactor, True)
evaluationCoeffStrategy = LeastSquaresStrategy (LHSExperiment (sampleCreatePC))

polynomialChaosAlgorithm = FunctionalChaosAlgorithm(pcmodel, Distribution (myDist),

AdaptiveStrategy (truncatureBasisStrategy),ProjectionStrategy (evaluationCoeffStrategy))
polynomialChaosAlgorithm.run ()
polynomialChaosResult = polynomialChaosAlgorithm.getResult ()
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coefficients = polynomialChaosResult.getCoefficients ()
metaModel = polynomialChaosResult.getMetaModel ()

We have implemented in Code 20.3 the construction of the PC metamodel; in particular the
program:

i. assemble the copula K (Eq. 18.8) following the information described in Sec. 1 = lines 1—
8;
ii. define the full model = lines 10 — 13;
iii. define the PC expansion and the PC basis with the appropriate polynomial families fol-
lowing Tab. 18.1 = lines 16 — 32;
iv. apply the truncation strategy and compute the PC expansion = lines 34 — 42;
v. compute the PC coefficients = line 44;
vi. define the metamodel based on PC expansion = line 45.

Code 20.4 — Test of the metamodel based on PC expansion

Xsample = myDist.getSample (size_testPC)

modelSample = model (Xsample)
metaModelSample = metaModel (Xsample)

np.save ("Figures/sample_test.dat", Xsample)
np.save ("Figures/sample_testModel.dat", modelSample)
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np.save ("Figures/sample_testMetaModel.dat", metaModelSample)

for output in range (n_outputs) :

sampleMixed = Sample (size_testPC,2)

for i in range(size_testPC):
sampleMixed[i,0] = modelSample[i] [output]
sampleMixed[i,1] = metaModelSample[i] [output]

legend = str(size_testPC) + " realizations"
comparisonCloud = Cloud (sampleMixed, "blue", "fsquare", legend)
graphCloud = Graph(’'Polynomial chaos expansion ’+str (outputVariablesC[output]),
"model ’+str (outputVariablesC[output]),
"metamodel ’+str (outputVariablesCloutput]), True, ’'topleft’)
graphCloud.add (comparisonCloud)
graphCloud.draw (' Figures/PCE_ModelsComparison_’+str (outputVariablesC[output]))

Before computing any Sobol index using the PC model we have to check that the metamodel

is actually a good approximation of the full model. In Code 20.4 we

i. create the input sample set to run the test = line 1;
ii. generate the output for the full model = line 3;
iii. generate the output for the full model = line 4;
iv. save the input samples and the output results = lines 6 — §;
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v. produce figures that compares the output of the two models = lines 10 — 20.

Code 20.5 — Compute the Sobol indices using the metamodel based on PC expansion

Sltilde_vec = FunctionalChaosRandomVector (polynomialChaosResult) # deprecated
Sltilde = FunctionalChaosSobolIndices (polynomialChaosResult)

s=[]

for output in range (n_outputs) :

s.append ([]

s[output] .append(Sltilde_vec.getMean () [output])

print (" mean=",Sltilde_vec.getMean () [output])

s[output] .append(np.sqgrt (S1ltilde_vec.getCovariance () [output, output]))
print (" variance=",np.sqgrt (Sltilde_vec.getCovariance () [output,outputl]))

for i in range(dim):

s[output] .append(Sltilde.getSobolIndex (i, output))

s[output] .append(Sltilde.getSobolTotallIndex (i, output))

print (" ", inpCollection[i].getDescription()[0]," vs ", outputVariablesC[output],
"sobol index", Sltilde.getSobolIndex (i,output), "sobol total index",
Sltilde.getSobolTotalIndex (i, output))

sample_input = myDist.getSample (size)
sample_YPC = metaModel (sample_input)

np.save ("Figures/sa.dat", s)
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np.save ("Figures/sample_ypc.dat", sample_YPC)
np.save ("Figures/sample_input.dat", sample_input)

def column (matrix, 1i):
return [row[i1] for row in matrix]

for output in range (n_outputs):

# Plot the sensitivity indices

w = 0.4

plt.figure (1+output=2)

#print ("s=",s[output])

bl = plt.bar((np.arange (dim)+1)-w,s[output] [2:2+dim+1:2],
width=w, color="4#000999’, label='Sobol Indices’)

b2 = plt.bar((np.arange (dim)+1),s[output] [3:2+xdim+2:2],
width=w,color='#66FFFF’, label='Total Sobol Indices’)

plt.legend(loc="upper right’)

plt.xticks (list (np.arange (dim)+1), (r’IOP’,r" RLTp" ,x" SP’ ,r'" DP’"),size=8)

plt.yticks(list( np.linspace(0.,1.,5) ))

plt.xlabel (output_names[output], fontsize=14)

plt.savefig ("Figures/sa_"+output_names[output]+".pdf")

#

asampleYPC = np.array (column (sample_YPC,output)).flatten ()

plt.figure (1+2+output+l)

plt.hist (asampleYPC,density=True,bins=int (np.floor (np.sqgrt (size))))

plt.xlabel (output_names[output], fontsize=14)

plt.ylabel ("Relative frequency", fontsize=14)

plt.savefig ("Figures/pdf_"+output_names[output]+".pdf")

Finally Code 20.5 shows the computation of the Sobol indices using the algorithm explained
in Sec. 2 and export the results via histograms for the Sobol indices and probability density
functions of the output variables.

3 Results

In all the experiments, we show the results for the following output:

i) CRA: the simulated maximum blood flow within the CRA;
ii) CRV: the simulated maximum blood flow within the CRV;

iii) LC: the simulated maximum blood flow within the lamina cribrosa.
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Figure 20.2 — Probability density functions of the output variables for the Sobol index study.

For what concerns the blood flow within the CRA, we have a Gaussian profile for its prob-
ability density function (Fig. 20.2a), with a median of 0.001279 cm?/s, which agrees with the
experimental value reported by Dorner et al. [60] (0.00131463636 cm?/s). Fig. 20.3a shows the
results of the test between the full model and the polynomial chaos expansion. With 500 real-
izations perfectly aligned on the diagonal, we have ensured that the reduced model captures
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the behavior of the CRA blood flow as for the original full model. Thus, the Sobol indices
analysis presented in Fig. 20.4a is accurate and points out a high dependency of the CRA on
the systemic systolic blood pressure, a small reliance on the IOP and a negligible influence by
RLTp and DP. These results are reasonable if we remind that the arteries are stiff tubes, there-
fore external pressures should not impact the blood flow within these vessels (IOP and RLTp),
whereas also intuitively the systolic pressure at inflow is the dominant parameter for the vari-
ability of the CRA maximum blood flow.
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Figure 20.3 — Comparison results between the PC expansion model and the full model for each output variable.

The probability density function of CRV maximum blood flow (Fig. 20.2b) looks like a log-
normal distribution, which is acceptable from a physiological viewpoint [49]. The comparison
between the full model and the PC expansion illustrated by Fig. 20.3b is not as good as the pre-
vious one, however it presents a satisfying pattern diagonal-like. In contrast with the CRA, the
CRV is a venous vessel, which can be influenced both by the blood profile at inflow and exter-
nal pressures; indeed the Sobol index analysis in Fig. 20.4b reveals that the two higher indices
are the systemic systolic pressure and the IOP. Both indices shows also significant differences
between the first-order Sobol index (blue bar) and the total-order index (turquoise bar), which
means that there are higher-order interactions between these parameters. This fact is not sur-
prising if we remind our modeling choice to represent the venous part with Starling resistors
(Eq. (3.8)).
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Figure 20.4 — Computed Sobol indices of the output variables.

For the blood flow within the lamina cribrosa, the results are similar to the CRA ones: the
LC probability density function is a Gaussian distribution (Fig. 20.2c), very good agreement
between the PC expansion and the full model (Fig. 20.3c), and the Sobol index analysis shows
a high dependency on SP. This last outcome may be not so intuitive as for the other two out-
put, indeed we know that the pressure gradient across the LC (/OP — RLTp) may influence
the hemodynamics [205]. In our opinion, this particular behavior is due to lack of pure biome-
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chanics in the simple initial model we have used for this analysis (model described in Ch. 3),
whereas, for instance, already with a model like the described in Ch. 5 we should notice the
impact of the IOP and the RLTp.

4 Conclusions

The proposed sensitivity analysis using Sobol indices has shown the potentiality of our
model to capture the realistic physiological behavior of the ocular vasculature. Rigorously, we
have applied the theory of uncertainties quantification in order to build a reduced model using
the PC expansion and to compute the Sobol indices of some significant output.

This mathematical and computational tool is now set up to perform stochastic analysis on
more complex models following the directions dictated by ophthalmology research.



Part VII

Future perspectives

213






215

In this part we present three projects that are not directly related to the title of my PhD,
however, in perspectives, they may be useful to extend the current work:

1. a review of the mathematical models that describes the cerebrospinal fluid (CSF), pre-
sented in Ch. 21

2. astudy of the ballistocardiogram (BCG) and the mathematical model we have developed
in order to describe the human cardiovascular system, illustrated in Ch. 22;

3. the characterization of a transistor in inversion condition, detailed in Ch. 23;

4. atraction test study to understand the effect of IBC for linear elastic equations, proposed
in Ch. 24.

The CSF review is interesting for the OMVS since at the moment the RLTp is an input
value that has to be chosen to feed the model; however a mathematical model that describes
the dynamics of the CSF would provide directly to our model the pressure value behind the
lamina cribrosa.

For the BCG project we developed a lumped-parameter model that describes the human
body circulation with a particular attention on the functioning of the heart. This circuit can
be interfaced with our Level 0 of the OMVS and, thus, integrated in the overall mathematical
model to obtain, although approximated, a closed-loop blood circulation in which we may
simulate the effects of some systemic diseases, such as diabetes, heart failure or hypertension,
on the eye.

In the transistor application we have employed the HDG method described in Ch. 8 for an
industrial application, in particular in the context of semiconductor devices.

For the last study, we use the HDG method for linear elasticity to compare the simulation
results of a virtual uniaxial test when imposing Neumann or integral BCs.
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CHAPTER 2 1

Mathematical modeling of the cerebrospinal fluid flow

Contents
1  Reduced models for CSFdynamics . ... ..................... 218
2 Distributed models for CSFdynamics . ...................... 222

The aim of this chapter is to provide a brief overview of mathematical models that describe
the CSF and its possible interactions with other biofluids or neighboring tissues.

The CSF is a clear, colorless liquid that fills and surrounds the brain and the spinal cord

and provides a mechanical barrier against shock. Even if it is not clear the exact method of
formation, the CSF is formed mainly from arterial blood by the choroid plexuses of the lateral
and fourth ventricles by a combined process of diffusion, pinocytosis and active transfer with
a production rate of 0.2 — 0.7 ml per minute or 600 — 700 ml per day. The total volume of CSF
in the adult ranges from 140 to 270 ml and its circulation is aided by the motion of the cilia
of ependymal cells and by the pulsations of the choroid plexus. Thus, CSF is absorbed across
the arachnoid villi into the venous circulation and a significant amount probably also drains
into lymphatic vessels around the cranial cavity and spinal canal with an absorption rate that
correlates with CSF pressure.
It supports the brain and provides lubrication between surrounding bones and the brain and
spinal cord, in particular when an individual suffers a head injury, the fluid acts as a cushion,
dulling the force by distributing its impact. CSF also plays an important role in the homeostasis
and metabolism of the central nervous system, maintaining a constant pressure within the cra-
nium. For further details on the CSF physiology please refer to [90, Ch. Anatomy and Physiology
of the Cerebrospinal Fluid.]

The analysis of this brain fluid is crucial to diagnose a certain number of diseases. The
currently method more adopted is the lumbar puncture, which consists in obtaining a fluid
sample by inserting a needle into the lumbar region of the lower back below the termination
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of the spinal cord. This method is quite invasive and it may be affected by the position of
the patient (supine), however novel non-invasive methods are coming into place in order to
measure the intracranial pressure (ICP) [218, 192, 191, 155].

For a detailed discussion of this topic see [90, Ch. Mathematical modeling of the cerebrospinal fluid
flow and its interactions.].

We focused in the description of mathematical models based on the fundamental laws of
physics, e.g. mass and momentum conservation. These models can be multiscale both in space
and in time and multiphysics (i.e fluid-structure coupling).

Our interest is on models of intracranial dynamics, since this is the most meaningful part in
view of modeling ocular fluid dynamics, without neglecting coupled cranial-spinal models.
We have only briefly reviewed the “stand-alone” spinal interactions.

In addition to that, we reviewed macroscopic mathematical models available to study CSF flow,
therefore chemistry and both micro- and mesoscale models will not be considered. Whenever
possible, we highlight the contributions to clinical applications for all the models reviewed, in
particular in the field of neurological pathologies (Hydrocephalus, Chiari Malformation etc.).

CSF dynamics and its complex coupling with the other cerebral fluids and surrounding
tissues was recently reviewed in:

¢ V. Kurtcuoglu [129].

¢ Linninger et al [141].

Our aim is to specify a complementary view to these works by providing a review of se-
lected works from the abundant literature on CSF modeling based on the possible connections
between these brain models with existing models in ocular fluid dynamics. The chapter is
organized as follows:

* Sec. 11is devoted to the description of the reduced modeling approach and to the review
of different contributions in this direction;

* Sec. 2 focuses on distributed models and on reviewing several contributions in the litera-
ture following this approach.

1 Reduced models for CSF dynamics

This section reviews several reduced models for CSF flow, possibly coupled with cerebral
hemodynamics and brain tissue dynamics. We also present two very recent contributions
studying the complex interplay between cerebral and ocular biofluids.

Reduced models have the advantage of being a useful tool to provide insights on the inter-
action between different constituents and /or compartments of the system under investigation.
In addition, they are able to capture the main physical phenomena governing the system at a
lower computational cost than the full solution of a three-dimensional problem describing the
CSF flow by means of a partial differential equation (PDE) model.
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Various modeling reduction techniques have been proposed in the literature, see for in-
stance [70, Ch. 10] and references cited therein. One-dimensional models (1D) take advantage of
the basically cylindrical morphology of some biological conduits. The resulting mathematical
description is based on 1D hyperbolic PDEs, which can capture wave-propagation phenomena
in the biofluids, with a reasonable computational cost. This is not the approach we will follow
in the sequel, since we rather focused on an even more simplified description of the flow.

Reduced zero-dimensional models (0D), also called lumped parameter models, provide a circuit-
based representation of the fluid dynamics in each compartment, based on the analogy be-
tween electric and hydraulic networks. By writing Kirchhoff laws for the nodes (conservation
of current/flow rate) and for closed loops (conservation of the voltage/pressure), the resulting
mathematical model is a system of differential algebraic equations (DAE), potentially nonlin-
ear. These models are used in different ways depending on the specific modeling needs.

In a first approach, many studies implemented them as boundary conditions for three-
dimensional simulations in regions of particular interest. Alternatively, stand-alone 0D re-
duced models have been used to understand the main dynamics of the system thanks to their
simplified mathematical structure and to compute average values of the unknowns. They are
also particularly well suited for sensitivity analysis studies with respect to changes in the input
data that can be used to discriminate the contribution of different factors on flow quantities. In
addition, these robust mathematical models have the advantage that their complexity can be
dynamically increased and implemented as the understanding of the underlying phenomena
evolves.

The main modeling ingredients involved in the mathematical description of 0D reduced
models for fluid flows are:

* Hagen-Poiseuille’s law, according to which the pressure-driven flux @);; between the generic
compartments i and j is governed by the hydraulic analogue of Ohm’s law
P — P;

Qij = (21.1)

where R;; denotes the hydraulic resistance between compartment 7 and compartment j;

e Starling-Landis’s law, describing filtration-driven flows in general terms as follows: the flux
Qi; due to filtration from compartment i to compartment j is modeled by

Qij = Kij[(P; — Pj) — oy5(mi — 75)], (21.2)

where 7; is the osmotic pressure in 7, F; is the mean hydraulic pressure in the compart-
ment i, K;; is the filtration coefficient from i to j and o;; is the corresponding reflection
coefficient.

* Darcy’s law, characterizing diffusive flows in porous media according to the following ex-

pression:
kA

uL
where k is the permeability of the medium, A is the the cross-sectional area to flow, p is

the viscosity of the fluid, and L the characteristic length over which the pressure drop
P; — P; takes place.

Qij = — (P — ), (21.3)
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For a more in-depth discussion on the above equations, their interpretation and the param-
eters involved in their description, see [70, Ch. 10] and [90, Ch. 2].

The mathematical translation of the clinical concepts of CSF production, circulation, absorp-
tion and storage started in the second part of the 20th century, and early works such as [55],
[93] and especially [150], [236] are still used in contemporary clinical neuroscience. These con-
tributions put the basis of the theoretical study of three basic clinical maneuvers — bolus CSF
withdrawal, addition and constant rate infusion — and allowed to characterize CSF circulation
disorders using parameters from the models, such as resistance to CSF outflow, elasticity and
pressure-volume index (PVI). For example, the Servo-Controlled Constant Pressure Infusion
Test [63] based on [150] is used for the assessment of hydrocephalus and progressive demen-
tia. PVl is a parameter utilized to describe CSF compensation in hydrocephalic subjects [124]
or traumatic brain injury [215]. Subsequently, the mathematical models describing CSF were
enriched to incorporate autoregulation, interactions with blood flow, tissues or other biofluids
and many of these ideas are still actively investigated in current research.

In Tabs. 21.1 and 21.2 we give an overview of some significant contributions in the literature.

REFERENCE PURPOSE CLINICAL RELEVANCE

CEREBRAL CSF HYDRODYNAMICS

Marmarou1978 [151] ICP dynamics in terms of nonlinear Assessment of the factors leading to
intracranial compliance [150], dural elevation of ICP and identification of
sinus pressure, CSF formation, and clinical descriptors useful as therapeu-
resistance to CSF absorption. tic and prognostic guides.

CEREBROSPINAL HEMO-HYDRODYNAMICS
Ambarki2007 [4] CSF and blood flows interactions Study of CSF and blood flow oscilla-

with volume changes during the tion during cardiac cycle at different
cardiac cycle. sites and their kinetic energy impact at
their interface boundary.

Gehlen2017 [77] CSF volume and compliance for Prediction of craniospinal compliance
different hydrostatic pressure gra- distribution shift and CSF pulsation
dients between the CSF and venous changes related to postural changes.
system.

Table 21.1 — Reduced models: overview.
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REFERENCE PURPOSE CLINICAL RELEVANCE
CEREBRAL HEMO-HYDRODYNAMICS
Ursino1997[236]  ICP dynamics interacting with Study of ICP in pathological condi-
cerebral blood volume changes and tions (brain injury, subarachnoid hem-
autoregulation. orrhage, hydrocephalus, brain tumor)
on the basis of data from routine clini-
cal measurements, e.g. PVI tests.
CEREBRAL HEMO-HYDRODYNAMICS AND BRAIN DYNAMICS
Lakin2003 [131] ICP, volume and flow dynam- Study of the effects of CSF infusion,

ics in a whole body physiol-
ogy (blood, CSE interstitial fluid,
lymph, cerebrovascular autoregu-
lation and regulation by the sympa-
thetic nervous system).

change in body position and patholog-
ical conditions (cardiac arrest, hemor-
rhagic shock).

Linninger2009 [142] ICP  dynamics

between  cere-
bral vasculature, biphasic brain
parenchyma,  ventricular  sys-

tem (extended from [140]), and
compliant spine.

Prediction of intracranial pressure gra-
dients, blood and CSF flow and dis-
placements in normal and pathologi-
cal conditions (hydrocephalus).

Buishas2014 [24] CSF dynamics as a function of both Assessement of the effects of the os-
hydrostatic and osmotic pressure molarity of ECS, blood, and CSF elu-
gradients between cerebral vascu- cidating the mechanism of water ex-
lature, ECS, perivascular space and change occurring in the brain (osmotic
CSE. Both the classical and the mi- imbalances, hydrocephalus, edema).
crovessel hypothesis of CSF pro-
duction and reabsorption are in-
cluded.

CEREBRAL AND EYE HEMO-HYDRODYNAMICS

Nelson2017[161]  Blood and aqueous humor dynam- Prediction of the impact on IOP due to
ics, lamina cribrosa biomechanics increased ocular blood pressures and
and IOP-dependent ocular compli- ICP, associated with short term effects
ance affecting volume/pressure in induced by gravitational variations.
the eye.

Salerni2018 [208] =~ Hemodynamics in the eye (retina, Assessment of the role of various fac-

choroid, ciliary body, lamina
cribrosa) and brain interacting
with the dynamics of aqueous
humor and CSF, lamina cribrosa
biomechanics influenced by tissue
pressure in the optic nerve head
due to CSF within the SAS.

tors and the mechanism of their in-
teractions implicated in the loss of vi-
sual function in various condition, e.g.
ocular pathologies, long head-down
tilt experiment, microgravity environ-
ment.

Table 21.2 — Reduced models: overview.
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2 Distributed models for CSF dynamics

In this section we discuss the main challenges in the mathematical and computational mod-
eling of CSF flow towards realistic geometries and to review several contributions within this
framework. We focus on the so-called distributed (or macro-scale) models that are suitable when
aiming for a three-dimensional representation of the flow. The description of the underly-
ing mechanisms stems from the basic principles of fluid dynamics and it is translated into
systems of PDEs, supplied with suitable initial and boundary conditions of particular impor-
tance. Specifically, CSF is often considered as an incompressible Newtonian fluid, therefore
the Navier-Stokes equations are employed (see for instance [70, Ch. 2, Ch. 3]). In addition, the
fluid dynamics description can be enriched to take into account the combined effects of flow
and different structures from a multiphysics perspective including poroelasticity [70, Ch. 7] and
fluid-structure interaction [70, Ch. 3, Ch. 9].

The issue of boundary conditions when modeling biological fluids is of major importance
and matter of intense research, from the mathematical and computational viewpoint. When
performing large scale three-dimensional simulations, the domain has to be reduced to a re-
gion of interest because of the prohibitive computational costs. Therefore, its boundary is com-
posed of two parts: a physical boundary - corresponding to the geometrical description of the
compartments - and an artificial boundary - at the level where the domain is truncated. On the
one hand, two possibilities can be considered for the physical boundaries: either assume them
rigid, in which case the no-slip Dirichlet condition is considered, or incorporate their ability to
deform, and thus include a much more complex fluid-structure behavior in the model. On the
other hand, at the artificial boundaries, the formulation should be able to take into account the
rest of the closed circuit representing the CSF circulation, which is still a very challenging issue,
as discussed for instance in the recent review [190]. Moreover, in order to achieve physiolog-
ical simulations, data used to impose the boundary conditions should be taken from clinical
measurements.

In this perspective, the geometrical representation of the CSF space is very complex and CSF
flow quantification requires special care. Recent progress in segmentation of vascular volumes
from magnetic resonance imaging (MRI) data, design of a vascular models and construction
of computational meshes of the vascular structures, as well as PC-MRI techniques for blood
flow measurements are translated into use for CSF flows. However, the CSF compartments
have their own features, that are contributing to the difficulty of deriving accurate information,
among which: (i) complex geometric shapes, in contrast to the (locally) near-cylindrical form
of blood vessels; (ii) smaller magnitudes in the velocity field compared to blood flow; (iii) diffi-
culties in finding planes perpendicular to the flow direction; (iv) presence of reversal flow, etc.

The understanding of CSF behavior at fine scales is of major importance, since abnormal flow
dynamics or pressures imbalances in different compartments may lead to several pathologies.
A recent compilation of studies on abnormal CSF dynamics in central nervous system (CNS)
diseases can be found in [141], with a focus on some of the most common ones: Hydrocephalus,
Chiari Malformation Type 1, Syringomyelia, Pseudotumor Cerebri, Idiopathic Intracranial Hy-
pertension and Benign Intracranial Hypertension. The pathophysiology and the etiology of
these syndromes are still poorly understood and trigger a lot of open research questions. In ad-
dition, the clinical manifestations, diagnosis and management strategies are currently a matter
of active discussion. In perspective, a better understanding of both normal and pathological
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CSF flow thanks to mathematical and computational models encompassing the whole 3D dy-
namics is very appealing, since it may be able to provide not only a qualitative assessment
of the dynamics, but also a more quantitative knowledge about CSF velocities, flow rates and
pressures.

The long-term goal is to devise a complete in silico model of CNS dynamics, accounting
for the full coupling between CSF, blood and brain tissues and incorporating various physi-
cal properties and settings (e.g. variations of body position, patient-specific parameters and
geometries, efc.). Furthermore, to the best of our knowledge, a full 3D mathematical and com-
putational modeling of the complex connections between biofluids in the coupled eye-brain
system is still not available and only a few recent reduced models tackled this challenging
issue. Such a very complex formulation would require large-scale availability of data, sophis-
ticated mathematical and numerical methods and high computational costs. Several recent
contributions that we will review in the sequel made significant steps in this direction and
provided new insights to the understanding and better management of CSF flow conditions:
Chiari Malformation (Bunck et al. [25], Steverud et al. [226], Jain et al. [115]), hydrocephalus
and cerebral oedema (Vardakis et al. [238]), drug delivery in Leptomeningeal dissemination,
epilepsy, Parkinson (Howden et al. [106]) to give just a few examples.

In Tabs. 21.3, 21.4 and 21.5 we give an overview of some significant contributions in the litera-
ture.

REFERENCE PURPOSE CLINICAL RELEVANCE
Jacobson1996 [114] Computation of CSF flow in ide- Estimation of the pressure drop required
alized cylindrical domains. to achieve normal physiological CSF flow

rate within the aqueduct of Sylvius.

Kurtcuoglu2007 [130]Investigation of subject-specific Quantitative prediction of the subject-

CSF flow characteristics by com- specific flow field in the third ventricle
bining MRI scans and CFD sim- and the aqueduct of Sylvius.
ulations.

Gupta2010 [94] Prediction of subject-specific Quantitative and qualitative description
CSF flow in the cranial SAS of cranial CSF transient flow, potentially
using in vivo data. useful to compare healthy with patholog-

ical CSF dynamics.

Table 21.3 — Spatially distributed models: overview.
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REFERENCE PURPOSE CLINICAL RELEVANCE
Howden2011[106] Prediction of the CSF flow in the Investigation of the role of the cardiac cy-

CNS, the SAS, and in the ventric-
ular system, with highlights in
the aqueduct of Sylvius, the exit
of Magendie, and entrance to the
Spinal SAS.

cle, of the pulsatility and of the porous
arachnoid trabeculae within the SAS on
the fluid motion of the CSF by a global
3D model of the CNS.

Sweetman2011 [230]

Prediction of 3D CSF velocity
and pressure fields in the CNS,
comparison with in vivo mea-
surements from a healthy hu-
man subject.

Quantification of normal intracranial dy-
namics, potentially significant to analyze
diseased intracranial dynamics.

Hadzri2011 [95]

Investigation of 3D CSF flow dy-
namics in a stenosed aqueduct.

Inclusion of a stenosis inducing signif-
icantly increased pressure drop; possi-
ble clinical application to monitor hydro-
cephalus.

Bunck2012 [25]

Statistical analysis on 3D data
for a population base study:
20 Chiari malformation patients
and 10 healthy volunteers.

Comparison between healthy subjects
and Chiari I patients, showing qualitative
and quantitative alterations of CSF flow,
in particular for patients with associated
syringomyelia.

Hsu2012 [107]

Construction of a drug deliv-
ery model through the SAS and
spinal cord tissue.

Identification of patient-specific key vari-
ables (frequency and magnitude of CSF
pulsations) on drug distribution at the
spine level.

Rutkowska2012 [201] Visualization of CSF flow simu-

lation in patient-specific models
of the SAS.

Comparison of CSF dynamics between
healthy subjects and Chiari I patients
both with CFD simulations and PC-MRI
results.

Tangen2015[231]  Quantification of the contribu- Investigation of complex CSF dynamics
tion of micro-anatomical aspects in a subject-specific model of the entire
on CSF flow patterns and flow CNS, including micro-anatomical aspects
resistance within the entire CNS. and their impact on drug distribution.

Vardakis2016 [238] Development of a novel spatio- Investigation of interstitial oedema for-

temporal model of fluid regu-
lation and cerebral tissue dis-
placement in the framework
of Multiple-Network Poroelastic
Theory.

mation and its alleviation, for a better
understanding of diseases like hydro-
cephalus or cerebral oedema.

Table 21.4 — Spatially distributed models: overview.
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REFERENCE

PURPOSE

CLINICAL RELEVANCE

Stoverud2016 [226]

Construction of a subject-
specific model to compare CSF
flow variations in the cervical
SAS and in the SAS of the
posterior cranial fossa.

Comparison of CSF flow differences be-
tween Chiari I patients and healthy indi-
viduals.

Jain2016 [115]

Quantification of CSF hydrody-
namics down to very fine scales
to investigate the possible oc-
curence of transitional and tur-
bulent CSF flows.

Comparison between CSF flow in healthy
and Chiari Malformation I patients, with
a special focus on the cranio-vertebral
junction.

Garnotel2017 [76]

Construction of a simplified
model to understand the dy-
namics of the CSF, its impact on
ICP and CBE.

Description of CSF distribution in cere-
bral ventricles, cerebral SAS and spinal
SAS, acounting for the confined environ-
ment of the skull and the synchronization
with the cardiac cycle.

Table 21.5 — Spatially distributed models: overview.
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Interpretation of cardiovascular function via the ballistocardiogram
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In this chapter we discuss a project in the context of ballistocardiography, which content has
been published in [92]. Ballistocardiography captures the signal generated by the repetitive
motion of the human body due to sudden ejection of blood into the great vessels with each
heart beat [224]. The signal is called the ballistocardiogram (BCG). Extensive research work by
Starr and Noordergraaf showed that the effect of main heart malfunctions, such as congestive
heart failure and valvular disease, would alter the BCG signal [224, 177, 225], thereby yielding
a great potential for passive, non-contact monitoring of the cardiovascular status.

The original measurement device used by Starr and others was a lightweight bed sus-
pended by long cables. The blood flow of a subject lying on the suspended bed resulted in the
bed swinging; the capture of the swing was the BCG signal. This measurement device was im-
practical for standardized BCG measurements, especially compared to the electrocardiogram
(ECG), which could be taken on virtually any platform using electric leads placed on the body
in a standard configuration. The standardization of the ECG measurement has allowed clini-
cal interpretation of the ECG waveform, such that it can be used to diagnose abnormalities in
cardiac function.

Recently, there has been a resurgence of BCG research, as new sensing devices (e.g. in the
form of bed sensors) allow easier, noninvasive capture of the BCG signal. In addition, the BCG
offers advantages over the standardized ECG measurement, in that direct body contact is not
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required and the signal reflects the status of the larger cardiovascular system. These advantages
provide intriguing possibilities of continuous passive monitoring of the cardiovascular system
without requiring the patient to do anything.

There have been a variety of bed, chair, and other sensors proposed to capture the BCG; sev-
eral are now available commercially [111, 216, 110, 80, 196, 2,172, 36, 120, 200, 108, 252, 256, 103].
Much of this work has focused on monitoring heart rate along with respiration rate from the
accompanying respiration signal, and other parameters for tracking sleep quality. Recent work
has also investigated the BCG waveform morphology for the purpose of tracking changes in
cardiovascular health [227, 177, 116]. This offers a special relevance and significant poten-
tial in monitoring older adults as they age. Identifying very early signs of cardiovascular
health changes provides an opportunity for very early treatments before health problems esca-
late; very early treatment offers better health outcomes and the potential to avoid hospitaliza-
tions [193, 194].

One challenge in using the BCG waveform to track cardiovascular health changes is the
lack of a standardized measurement device and protocol and, thus, the lack of uniform clinical
interpretation of the BCG signal across the various sensing devices. Our project is a first step
in addressing this challenge by building a theoretical BCG signal based on a novel closed-loop
mathematical model of the cardiovascular system and comparing the simulated output with
the BCG signal measured by accelerometry on a suspended bed. Parameters of the model are
calibrated on known physiological conditions for the average human body.

In the following section we will present our contribution in the mathematical model, whereas
the description of the sensing bed used for the experiment can be found in [92]; indeed the val-
idation of the proposed mathematical has been realized thank to a replica of Starr’s suspended
bed built within the Center for Eldercare and Rehabilitation Technology at the University of
Missouri (see Fig. 22.1).

Figure 22.1 — Replica of the original Starr’s suspended bed built within the Center for Eldercare and Rehabilitation
Technology at the University of Missouri.
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1 Background and related work

Staar and Noordergraaf provided the theoretical foundations to interpret BCG signals by
expressing the displacement of the center of mass of the human body as a function of the
blood volumes occupying different vascular compartments at a given time during the cardiac
cycle [224]. Specifically, the coordinate Y of the center of mass of the body along the head-to-toe
direction at any given time ¢ can be written as

N
= % Z:: Vi(t)y: + ¢ (22.1)

where py, is the blood density, M is the body mass, N is the total number of vascular compart-
ments considered in the model and c is a constant term representing the body frame. Each
vascular compartment i, with ¢ = 1,..., IV, is assumed to be located at the fixed coordinate y;
and to be filled with the blood volume V;(t) at time ¢. Since the term ¢ in Eq. (22.1) is con-
stant for a given person, the BCG signal associated with the center of mass displacement in the
head-to-toe direction is defined as

BCGisp(t) : Z Vi(t (22.2)

The BCG signals associated with velocity and acceleration of the center of mass can be obtained
via time-differentiation as

N
dV;(t
BCG,a() = 223 M), (223)
=1
N 2
_ AV
BCGeclt) := Mz:: o (22.4)

respectively. In our body, the waveforms V;(t) result from the complex interplay between the
blood volume ejected from the heart, the resistance to flow that blood experiences across the
cardiovascular system and the pressure distribution within it. Staar and Noordergraaf charac-
terized the volume waveforms V;(t) by means of experimental measurements at each location
yi [224].

We have calculated the waveforms V;(¢) by means of a mathematical model based on the
physical principles governing vascular physiology, thereby paving the way to the use of quan-
titative methods to interpret BCG signals and identify cardiovascular abnormalities in a given
patient.

The first computer-aided approach for quantitative interpretation of BCG signals was pro-
posed by Noordergraaf et al in [168], where the electric analogy to fluid flow was leveraged to
describe the motion of blood through the arterial system during the cardiac cycle and calculate
the resulting BCG signal. Since then, only a few studies have been directed to the theoretical
interpretation of BCG signals.

In [245], Wiard et al utilized a three-dimensional finite element model for blood flow in the tho-
racic aorta to show that the traction at the vessel wall appears of similar magnitude to recorded
BCG forces.

In [123], Kim et al proposed a simplified model based on the equilibrium forces within the
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aorta to show that blood pressure gradients in the ascending and descending aorta are major
contributors to the BCG signal.

Despite their different approaches to blood flow modeling, the aforementioned studies
share the common feature of focusing only on the arterial side of the cardiovascular system,
thereby leading to open-loop models of the circulation. In reality, though, our blood circulates
within a closed-loop system and, as a consequence, hemodynamic changes observed at the level
of the major arteries might be a result of changes occurring elsewhere within the closed-loop
system. For example, left ventricular heart failure leads to an increase in fluid pressure that is
transferred back to the lungs, ultimately damaging the right side of the heart and causing right
heart failure [19].

The novelty in this work is, for the first time, a quantitative interpretation of the BCG signal
by means of a closed-loop mathematical model for the cardiovascular system. Several modeling
approaches have been proposed in cardiovascular research, see e.g. [121, 222, 253]. In particular,
some work have highlighted the non-negligible effect of the feedback wave within a closed-
loop circuit, see e.g. [137, 171, 16, 105]. We have leveraged the knowledge available in the
modeling literature to develop a novel closed-loop model for the cardiovascular system that
includes sufficient elements to reproduce theoretically the BCG signal.

2 Mathematical Formulation of Closed-Loop Model

The closed-loop model depicted in Fig. 22.2 can be represented mathematically by a system
of ODE:s of the form
dy(t)
MY (1)~
where Y is the m—dimensional column vector of unknowns, M and A are m x m tensors
and b is the m—dimensional column vector of given forcing terms. We anticipate that M,
A and b nonlinearly depend on the vector of state variables Y. The specific expressions for
Y, M, A and b follow from the constitutive equations characterizing the circuit elements and
the Kirchoff laws of currents and voltages. The model leverages the electric analogy to fluid
flow, where resistors, capacitors and inductors represent hydraulic resistance, compliance and
inertial effects, respectively. The model comprises 4 main interconnected compartments:

=AY ()Y () +b(Y () tel0,T] (22.5)

(i) the heart, where the valves are represented by ideal switches and the ventricular pumps
are modeled by means of voltage sources;

(ii) the systemic circulation, where the arterial segments from the ascending aorta to the iliac
arteries are modeled in great detail because of their relevance to the BCG signal;

(iii) the pulmonary circulation, which starts with the pulmonary artery at the right ventricle
and converges into the left atrium;

(iv) the cerebral circulation, which branches from the aortic arch and converges into the sys-
temic venous system.

The types of electrical elements included in the closed-loop model are summarized in Fig. 22.3.
The constitutive laws characterizing each element are detailed below. For the sake of clarity we
reintroduce the elements that have been already presented in Ch. 3.
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Figure 22.2 — Schematic representation of the closed-loop mathematical model describing the flow of blood through
the circulatory system. The circuit nodes have been marked by thick black dots and numeric labels from 1 to 14
enclosed in circles of different colors (yellow, orange, blue, green) to distinguish between the 4 circulatory compart-
ments included in the model (heart, systemic circulation, pulmonary circulation, cerebral circulation, respectively).
Numerical labels in fuller color tones identify the circuit nodes utilized for the computation of the BCG signal.
Arterial pressure and volume waveforms simulated via the closed-loop model are also included.

* Linear resistor (see Fig. 22.3(a)): the hydraulic analog to Ohm’s law states that the pressure
difference Py — P; across the resistor is proportional to the volumetric flow rate @), with
the hydraulic resistance R as proportionality constant, namely

Py— P =RQ. (22.6a)
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Figure 22.3 — Electrical elements included in the closed-loop model: (a) linear resistor; (b) linear resistor with ideal
switch; (c) linear capacitor; (d) variable capacitor for arterial viscoelasticity; (e) variable capacitor for ventricular
elastance; (f) voltage source; (g) linear inductor.

* Linear resistor with ideal switch (see Fig. 22.3(b)): in this element, often utilized to model
heart valves [9, 71], the switch is completely open as soon as the pressure difference Py —
P, is positive and completely closed otherwise, namely

Py — P
Q:@%HORI, (22.6b)
where op,_p, is a binary-valued function of the pressure pair Fy, P; defined as:
1 if Pp— P, >0
Opy—P = . (226C)
0 otherwise

* Linear capacitor (see Fig. 22.3(c)): in a capacitor, the time rate of change of the fluid volume
V stored in the capacitor equals the volumetric flow rate ), namely

av

—=Q. 22.6d

==Q (22.6d)
In the case of linear capacitor, the volume V' and the pressure difference Py — P; are related
by a proportionality law, namely

V=0C(P - P) (22.6e)
where C'is a positive constant.

e Variable capacitor for arterial viscoelasticity (see Fig. 22.3(d)): the law for the capacitor stated
by Eq. (22.6d) is coupled with the following differential relationship between the pressure
difference Py — P, and the fluid volume V

v dav

where C' and v are positive constants. Relationship (22.6f) corresponds to adopting a
linear viscoelastic thin shell model for the arterial walls, as in [29, 28].
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e Variable capacitor for ventricular elastance (see Fig. 22.3(e)): the law for the capacitor stated
by Eq. (22.6d) is coupled with the following relationship between the pressure difference
Py — Py and the fluid volume V

P() - Pl = E(t) \%4 (226g)

where E(t) is a given function of time modeling the complex biomechanical properties of
the ventricular wall. Following [9], we assume

Er(t) = ELD + ELSa(t) and Er(t) = ERD + ERS a(t)
where ELD, ELS, ERD and ERS are given constants and

1 _ _ _
a(t) = {2 (tanh(27(T,,, — T,)) — tanh (2w (T, — Tp))) for T, < T
0 otherwise.

Here, T, is defined as T}, = mod (¢,7;), where T, and T are the systolic and cardiac
periods, respectively, and T}, and T} are given constants.

* Voltage source (see Fig. 22.3(f)): the hydraulic analog of a voltage source is an element that
imposes the nodal pressure as
Pi(t)=U(t) (22.6h)

where U (t) is a given function. Following [9], we assume
Ur(t) =ULOua(t) and Ug(t) = UROa(t)

where ULO and URO are positive constants and the function a(t) is the same as described
above.

e Linear inductor (see Fig. 22.3(f)): the time rate of change of the volumetric flow rate @) is
related to the pressure difference ) — P; by the following proportionality law
dQ

L—=Py— P 22.6i
i 0 1 ( i)

where L is a positive constant.

The parameter values for each of the circuit elements are reported in Table 22.1. The param-
eter values pertaining to the heart, the systemic micro-circulation and the pulmonary circula-
tion have been adapted from [9]. The parameter values pertaining to the main arteries have
been computed using the following constitutive equations

_ 8mlin _ 315 (a+ 1) 5

_ml _ 0
f="% L="¢ =Fern 77¢C

where a = r/h is the ratio between vessel radius r and wall thickness h, [ is the vessel length,
S = mr? is the vessel cross-sectional area, pj is the blood density, 7 is the blood viscosity, £ and
0 are the Young modulus and the viscoelastic parameter characterizing the vessel wall.

Here, we assume p, = 1.05 gcm™3, 7 = 0.035 gecm ! s71, E = 4-10° dyne cm~2 and
§ = 1.56 - 1073 s. The values of the remaining geometrical parameters utilized to determine R,
L, C, C, and v for each of the main arterial segments have been adapted from [168] and [29]
and are reported in Table 22.2.
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HEART
T.=08s Ts=04s T,=0.08s
T, =0.45s ULO =50 mmHg ELD = 0.04 mmHg cm—3

ELS = 1.375 mmHg cm 3 57!
ERD = 0.01 mmHg cm—3

Rr, = 0.008 mmHg s cm ™

ERS = 0.23 mmHg cm 3 s~

URO =24 mmHg
Rp = 0.0175 mmHg s cm 3

SYSTEMIC CIRCULATION

R; = 0.003751 mmHg s cm ™3
R3, = 0.00011683 mmHg s cm 3
Ry, = 0.00061427 mmHg s cm ™3

Rgq = 0.002652974 mmHg s cm 3
Rg = 0.0675 mmHg s cm™3
Cy = 0.13853688 cm® mmHg !
v3 = 0.08117842 mmHg s cm ™3
Cs = 0.17355893 cm?® mmHg !
76 = 0.04790476 mmHg s cm ™3
Cy = 20.0 cm?® mmHg_1
L5 = 0.00551999 mmHg s? cm 3
Lg = 0.000225 mmHg s* cm 3

R3, = 0.00003111 mmHg s cm
R3, = 0.00011683 mmHg s cm ™
R5, = 0.00101868 mmHg s cm
Rep, = 0.002652974 mmHg s cm

Ry = 2.0 mmHg s cm™ 3

2 = 0.00713074 mmHg s cm ™3
Cy = 0.21968142 cm® mmHg !
75 = 0.00569184 mmHg s cm 3
C7 = 0.8 cm® mmHg™!
L3 = 0.00113873 mmHg s? cm 3
Lg = 0.00538022mmHg s? cm 3
Lg = 0.0036 mmHg s? cm 3

-3

-3

-3
-3

Rgp, = 0.00003111 mmHg s cm 3
Ry, = 0.00061427 mmHg s cm 3
Rsp, = 0.00101868 mmHg s cm 3
R7 = 0.35 mmHg s cm ™3
Rip = 0.003751 mmHg s cm 3
Cs = 0.12078980 cm® mmHg !
v4 = 0.00449683 mmHg s cm 3
Cs = 0.02062154 cm3 mmHg~*
Cs = 1.46 cm® mmHg ™!
Ly = 0.00424581 mmHg s* cm ™3
L7 = 0.000225 mmHg s? cm 3

PULMONARY CIRCULATION

Ry1 = 0.003751 mmHg s cm ™3
Ri3p, = 0.003751 mmHg s cm ™3
Cy3 = 46.7 cm® mmHg !

Ry = 0.03376 mmHg s cm ™3
Cy1 = 0.09 cm3 rang*1
L3 = 0.00075 mmHg s? cm 3

Ri3q = 0.1013 mmHg s cm ™3

Cia = 2.67 cm?® mmHg*1
L3 = 0.00308 mmHg s? cm 3

CEREBRAL CIRCULATION

Ri4q = 0.03006924 mmHg s cm ™3
Regpe = 0.327 mmHg s cm ™3
C4 = 0.03790125 cm® mmHg !
Li4 = 0.03430149 mmHg s* cm 3

Ry4p = 0.03006924 mmHg s cm ™3

Risq = 0.327 mmHg s cm ™3

Y14 = 0.04110141 mmHg s cm 3
Leqp = 0.00424581 mmHg s? cm ™

Reap1 = 0.327 mmHg s cm 3
Risp = 0.327 mmHg s cm 3
Cy5 = 0.688 cm® mmHg~*
L5 = 0.00424581 mmHg s* cm 3

Table 22.1 — Parameter values for the closed-loop model

ARTERIAL SEGMENT [ [cm] »[cm] A [cm]
Ascending Aorta 4 144  0.158
Aortic Arch 5.9 1.25 0.139
Thoracic Aorta  15.6 0.96 0.117
Abdominal Aorta  15.9 0.85 0.105
Iliac artery 5.8 052  0.076

Carotid artery ~ 20.8 0.39 0.064

Table 22.2 — Geometrical parameters for the main arterial segments

Let us define the vector Y (¢) of the circuit unknowns in Eq. (22.5) as the column vector

(22.7)

where the two row vectors V and O are defined as
[VL(2), Va(t), Va(1), Va(t), Vs (1), Ve(t), Va(t), Vs(t),
Vo(t), Vr(t), Vi1(t), Vaa(t), Vas(t), Vaa(t), Vis(t) ]
Q(t) :[Qii(t)vQél(t)’QE)(t)’ Qﬁ(t)7Q7(t)?Q8(t)a

Qo(t), Qr2(t), Qu3(t), Qua(t), Qu5(t) .

V(1)
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The symbols V7, and Vg denote the fluid volume stored in the variable capacitors for ventricu-
lar elastance characterized by Er, and Eg, respectively; the symbols V;, i = 2,...,6 and i = 14
denote the fluid volume stored in the variable capacitors for arterial viscoelasticity character-
ized by C; and ;; the symbols V;, i = 7,...,9 and ¢ = 15 denote the fluid volume stored in the
linear capacitors characterized by C;; the symbols Q;, ¢ = 3,...,9and 7 = 12,...,15, denote
the volumetric flow rate through the inductor characterized by L;.

To derive the nonlinear system of ODEs (22.5) representing the mathematical model of
blood circulation in the human body, the following three steps are taken:

1. Kirchoff’s current laws (KCLs) are written for each of the 15 nodes marked on the circuit

in Fig. 22.2;

2. Kirchoft’s voltage laws (KVLs) are written for each of the 11 circuit branches containing

an inductor;

3. the constitutive equations (22.6) are substituted in the KCLs and KVLs.

The system is solved using the initial conditions reported in Table 22.3 and simulations are
run until a periodic solution is established.

VARIABLE VALUE ‘ VARIABLE VALUE

1% 71.2700 cm3 Qs 1.68 cm?3 5!
Vo 73.5486 cm? Q4 1.9961 cm? s—!
V3 71.9746 cm3 Qs 1.1861 cm? s!
Vi 71.9983 cm3 Qs 9.03697 cm? s~!
Vs 71.9327 cm3 Q7 17.8121 cm?® s~ 1
Vs 72.2213 cm3 Qs 19.1462 cm? s!
Ve 80.9077 cm? Q9 67.359 cm?® s~!
Vs 70.537 cm3 Q12 0.7861 cm3 s~!
Vo 3.3268 cm? Q13 23.83 cm3 5!
Vi 3.1638 cm? Q14 0.5909 cm? s~!
Vi 9.6619 cm? Q15 1.9961 cm? s—1
Via 9.5419 cm?

V13 6.0704 Cl’l’l3

Via 70.9869 cm3

Vis 3.3268 cm?

Table 22.3 — Initial conditions for the time-dependent model simulations

Overall, the differential system (22.5) includes m = 26 differential equations. The expres-
sions of the nonzero entries of the matrices M and A as well as of the forcing vector b are
reported below. Let ﬁL = R+ R+ Rag, ﬁR = Rp+ Ryy, cmap = Riap + Reapt + Reap2 + Risa
and Ecap := Lcqp + L15. The nonzero entries of M are:

My =1,

)

V2

L

P
Moo =1+ zio—Pl—Pg

M;;=1

i=3,...

,15

M12 = —=0p—-P,
R
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M=y, Mij1 = —vj+1, Mii = —Ljya,
i=16,...,19, j = i — 14,

Maos =76, Mao2 =—Lr7

Mij=—Ly, i=21,...,24, k=i—13
Moasz =13, Mosia=—714, Mosos=—Liy
Mog 14 = 714, Mog26 = _Ecap~

The nonzero entries of A are:

Aig=—-FEL <UP13_P1 + UPl_P2>

’ R13b Ry,
o~ —-P, OPi3—Py
Aipg=—=—, Aii3= R ln
R Cs Ry3pC13
op—P, op—P,
Ay1 =E—=—, Aso=——=—, Agi56=-1
Ry, R.Co

A3,16 = ]-; A37]_7 - _17 A3725 = —]_
Ai’j:]_’ Ai’j'i_l:_]' 1245787‘7224‘137

1 _ 1
Agg = (UPQ Po )

Gy Ry Risp
En 1
Ag10 = ——0py—py, Agis= ;A 1
9,10 = RO Ry~Pio 95 = R 9,22
opy—P opy—P OPro—P
A — 9 10 , A — *ER ( 9 10 + 13 11 >
109 ="p 5 10,10 Rio B
OPo—P OPry—P
A = ="+, A= Er—=—,
rC11 Rp
OpPo—P
A = —ﬁ, Ar123 = —1, Aiz23 =1,
rC11
Avgos = —1, Ay =B 700" gy = TPa-h
' ’ ' Risp ' Ri3,Ch3’
Aizoa =1, Aus =1, Ais26 = —1
1 1
A5 =~ Aisas = — = Apsag =1
159 = gy A Rigg O 11526
1 1
Aig=—g> Aign = Gy Aii = (Rjp + Rj+1a),
J J
i=16,...,19, j —i— 14,
1 1
A6 = o A7 = o Azo,20 = (R7 + Reyp)
1 1
Aij = _6]-’ Aij+1 = 7Cj+1’ Aii = Rjq1,
i=21,22, j—i—14,
1
Az 11 = o Az 12 = O’ Aaz23 = Ri2
1 1
Aag 12 = O Azs13 = o Az4.24 = Ri34
1 1
Ags 3 = oy Ags 14 = v Ags 25 = Ri4q
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1 1

Age1a = ———, A5 = 5—, A2 = Reap-

Cia Cis

The nonzero entries of the forcing term b are:

by = _UL (UP13P1 + UP1P2>

Ry3p Ry,
UL Ur
by = =—op—p,, by =——0p—py,
RL RlO
opy—p OPyy—P
bl(] — _UR ( 9 10 + 13 11>
RIO RR
Ur UL
bi1 = =—0p,-pry, b13=—5—0ps p-
Rp Ry3p

3 Results

A qualitative description of left ventricular function is provided by the plot in Fig. 22.4,
which reports the volume-pressure relationship in the left ventricle during one cardiac cycle
simulated via the closed-loop model. Simulation results show that the closed-loop model cor-
rectly captures the four basic phases of ventricular function: ventricular filling (phase a), iso-
volumetric contraction (phase b), ejection (phase c), and isovolumetric relaxation (phase d).
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Figure 22.4 — Volume-pressure relationship in the left ventricle during one cardiac cycle simulated via the closed-
loop model. Results show that the closed-loop model correctly captures the four basic phases of ventricular func-
tion: ventricular filling (phase a), isovolumetric contraction (phase b), ejection (phase c), and isovolumetric relax-

ation (phase d) [126].

140

160
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Another qualitative representation of ventricular function is provided by the Wiggers dia-
gram, where the volume waveform pertaining to the left ventricle is portrayed together with
the pressure waveforms pertaining to the left ventricle and the ascending aorta. The Wiggers
diagram simulated via the closed-loop model, reported in Fig. 22.5, shows the typical features
of isovolumetric contraction and relaxation exhibited by physiological waveforms [126].

0 1 1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
time [s] —left ventricle

— ascending aorta

—_

4]

o=
T

volume [ml]
—
o
(==
T
1

9]
=
T

1

0 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 12 14 1.6

time [s]

Figure 22.5 — Wiggers” diagram simulated via the closed-loop model. Results show the typical features of isovolu-
metric contraction and relaxation exhibited by physiological waveforms [126].

Quantitative parameters describing cardiovascular physiology include:

¢ end-diastolic volume E DV, which is the maximum value of the ventricular volume dur-
ing the cardiac cycle;

¢ end-systolic volume E'SV, which is the minimum value of the ventricular volume during
the cardiac cycle;
e stroke volume SV = EDV — ESV;

SV
EDV

* ejection fraction EF = 100 x

e the length of the heart beat measured in seconds T, = %, where HR is the heart rate;

HR x SV

¢ cardiac output CO = 1000

Tab. 22.4 reports the values of these parameters for the left and right ventricle as reported in
the clinical literature and simulated via the closed-loop model. Specifically, the clinical studies
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in [143] and [144] utilized cardiovascular magnetic resonance to assess left and right ventricular
functions on 120 healthy individuals. All the simulated values fall within the ranges reported
in the clinical literature, thereby validating the capability of the closed-loop model to capture
the main features of the heart functions.

PARAMETER UNIT NORMAL CLINICAL RANGE CLOSED-LOOP MODEL

Left Right Left Right
Ventricle Ventricle Ventricle Ventricle

End-Diastolic  [ml] 142 (102,183) [143] 144 (98,190) [144] 157.5 154.1

Volume (EDV) 100 - 160 [138]

End-Systolic [ml] 47 (27,68) [143] 50 (22,78) [144] 68.6 65.0

Volume (ESV) 50-100 [138]

Stroke [ml/beat] 95 (67,123) [143] 94 (64, 124) [144] 88.9 89.1

Volume (SV) 60 - 100 [138] 60-100 [138]

Cardiac [1/min] 4-8 [138] 4-8 [138] 6.7 6.7

Output (CO)

Ejection [%] 67 (58, 76) [143] 66 (54, 78) [144] 56.5 57.8

Fraction (EF) 40 - 60 [138]

Table 22.4 — Cardiovascular Physiology: Left and Right Ventricles

The pressure and volume waveforms pertaining to the main segments of the systemic arter-
ies simulated via the closed-loop model are reported in Fig. 22.2. Results show that the model
captures the typical features of peak magnification and time delay exhibited by physiological
waveforms [153]. In Fig. 22.6, the simulated pressure waveforms are compared with experi-
mental measurements at different sites along the arterial tree. In particular, we compare the
results of our simulations with those presented by

(a) Davies etal [53, 54], where sensor-tipped intra-arterial wires are used to measure pressure
in nearly 20 subjects (age, 35-73 years) at 10-cm intervals along the aorta, starting at the
aortic root;

(b) Parker [174], where aortic pressures at 10, 20, 30, 40, 50 and 60 cm downstream from the
aortic valve are reported;

(c) Epstein et al [64], where arterial waveforms are generated via a one-dimensional arterial
network.

For the ease of comparison, all the waveforms have been normalized to a unitary amplitude
and have been rescaled in time to last 0.8 s. Fig. 22.6 shows a very good agreement between
theoretical and experimental waveforms.

Overall, the results presented in this section provide evidence of the capability of proposed
closed-loop model to capture prominent features of cardiovascular physiology and support the
utilization of the model output to construct a theoretical BCG.
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Figure 22.6 — Pressure waveforms simulated via the proposed closed-loop model (red) are compared with (i) ex-
perimental measurements at different sites along the arterial tree reported by Parker [174] (black) and Davies et
al [53, 54] (blue); and (ii) theoretical simulations generated via a one-dimensional arterial network by Epstein et
al [64] (magenta).

4 Theoretical and experimental ballistocardiograms

The volume waveforms simulated using the closed-loop model (see Fig. 22.2) have been
utilized in Eq. (22.2) to calculate theoretically the waveform BCGg;,,(t) associated with the
displacement of the center of mass. The BCG waveforms for velocity and acceleration, namely
BCGyei(t) and BCGgc.(t), are obtained from BCG;4, () via discrete time-differentiation.

Following [168, 166, 224], the BCG waveforms are reported by means of the auxiliary func-
tions fp, fy and f4 defined as

N
fo(t) :=M -BCGuisp(t) = po »_ Vi(t)ys g cm]
i=1
N
fv(t) :=M - BCGye(t) = pp Z d‘zt(t) Yi [g cm s_l]
i=1
N o,
fa(t) ;=M -BCGqec(t) = po Z d ;/;(t)yl [dyne] .
i=1

These auxiliary functions are independent of the value of mass M and, as a consequence, they
allow for a fair comparison between BCG waveforms reported in different studies.

Fig. 22.7 reports the waveform f(t) simulated via the closed-loop model over one cardiac
cycle. The waveform exhibits the typical I, ], K, L, M and N peaks and valleys that characterize
BCG signals measured experimentally [224, 123, 111], thereby confirming the capability of the
closed-loop model to capture the fundamental cardiovascular mechanisms that give rise to the
BCG signal.
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Figure 22.7 — Waveform fa(t) associated with the acceleration of the body motion simulated via the closed-loop
model over one cardiac cycle. The waveform exhibits the typical I, ], K, L, M and N peaks that characterize BCG

signals measured experimentally.
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Figure 22.8 - BCG waveforms for displacement, velocity and acceleration, denoted by fp, fv and fa, respectively.
The figure reports the waveforms simulated via the closed-loop model, the theoretical waveforms calculated by
Noordergraaf and Heynekamp [166] and the experimental waveforms obtained by Inan et al [111], Kim et al [123]

and our group.

A quantitative comparison between the simulated BCG waveforms pertaining to displace-
ment, velocity and acceleration of the center of mass is reported in Fig. 22.8 by means of the

auxiliary functions fp, fy and fa.

The waveforms simulated via the closed-loop model are compared with

1. the theoretical results presented by Noordergraaf and Heynekamp [166], where we calcu-
lated velocity and acceleration waveforms via time-differentiation of the reported signal

for the displacement;
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2. the experimental results obtained by Inan et al utilizing a modified weighing scale [111,
110];

3. the experimental results obtained by Kim et al utilizing direct pressure measurements [123];

4. the experimental results obtained by our group utilizing an accelerometer on a suspended
bed (see [92]), where we utilized the mass M = 87 Kg of the study subject to calculate f4.

A time-shift has been applied in order to align the waveforms for ease of comparison.

The results in Fig. 22.8 confirm that the BCG waveforms simulated via the closed-loop
model are of the same order of magnitude as those reported in previous theoretical and ex-
perimental studies for all three aspects of the body motion, namely displacement, velocity and
acceleration. The figure also shows that theoretical and experimental BCG waveforms obtained
by different authors exhibit similar trends, typically marked by the peaks reported in Fig. 22.7,
but differ in the precise timing of these peaks and in their magnitude. Such differences might
be due to physiological variability of cardiovascular parameters among individuals, for exam-
ple associated with age, gender and ethnicity [143, 144, 32], and to different techniques utilized
to acquire the BCG signal, such as the modified weighing scale and the accelerometer on the
suspended bed.

5 Conclusions

The closed-loop model presented in this chapter reproduces the predominant features of
the physiology of the human cardiovascular system that give rise to the BCG signal. To the
best of our knowledge, this is the first theoretical interpretation of the BCG signal based on
a biophysical, mathematical closed-loop model of the cardiovascular system. A validation is
provided with comparison against actual measurements, matching not just qualitatively but
also quantitatively.

A limitation of the proposed closed-loop model is that it includes only a few of the main arteries
that may have a significant contribution to the BCG signal [224, 166].

The idea of this project is to have a preliminary analysis using the proposed BCG model
to aid in the tracking of a person’s cardiovascular health noninvasively by examining the mor-
phology of the BCG signal. Using a model of the BCG sensing system, the output signal can be
translated to the standard base signal for study against the simulated model output. That is, the
closed-loop model will be used to simulate pathological conditions affecting the cardiovascular
system, such as hypertension or congestive heart failure, and the results will be compared to
the measured BCG signals. Thus, with continued effort, there is a significant potential in better
monitoring of cardiovascular health, particularly important for our aging population.
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In this chapter we study the distribution of the electric potential V' in a nanoscale floating-
gate nMOS (Metal-Oxide-Semiconductor) transistor working in inversion conditions. The pre-
fix “n” indicates that the electric current is due to negatively charged electrons. This is an
example of application in electronics of the HDG method with IBC presented in Ch. 8. This
work has been completed in collaboration with Riccardo Sacco, professor at the Politecnico di
Milano.

1 Electronic model

Under the assumption of electro-neutrality, the distribution of V' is obtained as the solution
of a linear elliptic problem that can be written in mixed form similarly to Eq. (4.1), see [212,
Section 6.1], [149, Sections 4.6-4.7] and [159, Section 9.1]) as:

D+¢eVV =0 in 0, (23.1a)
V-D=0 in Q. (23.1b)

Comparing (23.1) with (4.1), we see that j corresponds to the electric displacement D, p cor-
responds to the electric potential V' and K is equal to the identity matrix times the dielectric
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permittivity €. According to the theory of Maxwell equations [113], the electric displacement
D is related to the electric field £ = —VV through the constitutive equation

D=¢cFE in €. (23.1¢)

Thus, using a finite element procedure, once the displacement D is computed, the electric field
can be easily determined on each K & 7T, by inverting the algebraic equation (23.1c) instead
of being post-processed through numerical differentiation of the electric potential V" as in stan-
dard displacement-based finite element formulations.

Figure 23.1 — Schematic representation of the two-dimensional cross-section of a nMOS transistor.

The computational domain 2 is the three-dimensional bounded set obtained by prolongat-
ing the scheme of Figure 23.1 by a width L, along the axis z perpendicular to the plane of
the figure. The domain €2 is the union of four sub-domains, namely Q,, (silicon dioxide, here
simply oxide), Qg (source), Qp (drain) and Qp (bulk). The union of the last three sub-domains
represents the silicon semiconductor region, namely Qg = Qg U Qp U Q2 p. We remark that the
dielectric permittivity € appearing in equations (23.1a) and (23.1c) can be written as € = ¢oe,,
where ¢ is the dielectric permittivity of vacuum and ¢, is the relative dielectric permittivity
of silicon and oxide, equal to sl in Qg; and 9% in Qoy, respectively. The sub-domains, 2, and
Q. are separated by an interface surface I';;,;; = 02 N 9€Q,;. The electric charge transport
occurs only in the semiconductor region whereas the oxide is assumed to be a perfect insulator.
Figure 23.1 also reports the notation for the various domain boundaries and their geometrical
dimensions.

Equations (23.1) are equipped with the following boundary conditions:

174 =V onlj, j=S5,D,B, (23.2a)
D-n=0 on Tty rlat (23.2b)

ox?

/ D -ndY =qgNgéLynL. onlgq, (23.2¢)
Te



2. DATA 245

and interface conditions:

[[V]]Fint =0 on [int, (23.3a)
[Dlr,, = ¢N5d on Ty (23.3b)

The quantity q is the electron charge, N p is the concentration of ionized dopants in the bulk
region and ¢ is the width of the accumulation region in the y direction of the channel. This
quantity can be estimated using a simplified one-dimensional theory from solid state physics
(see [159, Section 9.1]) as

si N .
i \/ 4z023 Vin (N /i) (23.4)
qNB

where n; is the silicon intrinsic concentration and V};, is the thermal voltage (see [212, Ch. 2]).

The Dirichlet boundary conditions (23.2a) express the physical fact that the electrical con-
tacts are equipotential surfaces. The homogeneous Neumann boundary condition (23.2b) ex-
presses the physical assumption that the nMOS device does not exchange electrical energy with
the surrounding environment. The nonhomogeneous integral condition (23.2c) expresses the
physical fact that the oxide layer acts like a capacitor because the right-hand side of (23.2c)
is the total positive charge that is attracted on the contact from the external connecting wire to
counterbalance the negative charge that is accumulated under the surface separating the silicon
substrate from the oxide layer when Vpg = V7.

The interface conditions (23.3a)- (23.3b) express the compatibility relations for the normal
component of the displacement vector and the traces of the electric potential across an inter-
face separating two different dielectric media [113]. We notice that (23.3a) expresses the phys-
ical fact that the electric potential is a continuous function when passing across the interface
whereas (23.3b) expresses the physical fact that the jump in the normal component of the dis-
placement vector is balanced by the total negative charge attracted from the substrate by the
floating gate to form the n-type channel. This agrees with the integral condition (23.2c) because
the two charge sheets distributed uniformly on I';;,; and on I' are equal in magnitude and op-
posite in sign consistently with the fact that the oxide layer functions as a (nonlinear) capacitor
whose capacitance depends on the biasing conditions of the device.

2 Data

Table 23.1 reports the numerical values of the physical parameters, whereas Table 23.2 pro-
vides a list of the input data used for device simulation. The quantities Ng and N are the
concentrations of the ionized dopant impurities in the source and drain regions, respectively.
With the data reported in Tables 23.1 and 23.2, the value of the width of the accumulation re-
gion 0 is of about 16.3nm. This value is sufficiently smaller than the characteristic size of the

device | /L2 + L2 + L2 = 660nm to make the assumption of semiconductor electro-neutrality a

very reasonable one.

When the nMOS transistor is in the “off" state, the source and drain regions are electrically
disconnected and no current flows in the device. To switch the transistor in the “on" state we
need to allow electron flow from source to drain. This is obtained by applying suitable external



246 CHAPTER 23. NMOS TRANSISTOR

Parameter Symbol Value Units
Electron charge q 1.602 - 10719 C
Permittivity of vacuum €0 8.854-10712 Fm!
Relative permittivity of silicon gsl 11.7 [—]
Relative permittivity of silicon dioxide e 3.9 [—]
Thermal voltage (at 7" = 300K) Vin 0.02589 \%
Intrinsic concentration (at 7' = 300K) n; 1.45-10' m 3

Table 23.1 — Values of physical parameters. Data from [159].

Parameter Symbol Value Units
Horizontal length L, 480 - 1079 m
Vertical length L, 320-107%  m
Width L. 320-1077  m
Oxide thickness tow 10-1077 m
Source and drain lengths ITs|, Tp| 160-107° m
Channel length L.y, 40-107° m
Junction depth ty 106-107%  m
Source potential Vs 0 \%
Bulk potential Vg 0 \Y%
Drain potential Vb 0 A%
Source doping concentration Ns 10%6 m~3
Bulk doping concentration Np 5-102  m™3
Drain doping concentration Np 10%6 m~—3

Table 23.2 — Values of input parameters for device simulation.

voltages at the electrical contacts I's (source contact), I'p (drain contact), I'p (bulk contact)
and T (floating gate contact). We denote by V,;, j = S, D, B, the given external voltages
applied to each contact, and by Vbi,j/ j =85, D, B, the "built-in" potential of each contact. Each
built-in potential V; ; is a function of the concentration of the fixed ionized dopant impurities
that are introduced in the corresponding semiconductor region (2; to increase the electrical
conductivity of the material. We refer to [85] for the technological process and to [212, Ch. 2]
for the mathematical description. Finally, we denote by V; = V,; + V5, j = S, D, B, the
boundary values of the electric potential V' at the source, drain and bulk contacts, respectively,
whereas Vi is the value of the electric potential at the floating gate.

In the present study, we consider the case where source, drain and bulk contacts are grounded,
corresponding to set Va,j = 0,5 = 5,D,B, and we aim at determining the value of V¢ at
which the floating gate must be set in such a way that the electron concentration in the channel
underneath I';,; equals the dopant concentration in the bulk region. In such electrical config-
uration the nMOS works in inversion condition and the value of the floating gate potential, V7,
takes the name of threshold voltage (see [159]). The threshold voltage is a technologically fun-
damental parameter because if Vr¢ < Vr no “channel” exists between source and drain and
therefore no current flows - corresponding to no self-heating of the device; instead, if Vr¢ = V7,
a “channel" forms to connect source and drain regions and by furtherly applying a voltage dif-
ference between I'p and I'g, electrons are injected from the source to the drain region giving rise
to electric current (corresponding to self-heating of the device). Thus, an accurate prediction of
Vr allows to accurately control the thermal dissipated power of an electronic component [195].
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3 Results

In this section we present the simulation results conducted using the HDG formulation
presented in Ch. 8 using the same computational framework FEEL++ (Ch. 9).

The main goal of the simulations is to determine the value of V' on I', denoted by V¢ via
the integral boundary condition (23.2c). The value of Vy¢ at the floating gate is also known
as threshold voltage of the device and is a fundamental design parameter in integrated circuit
nanoelectronics (see [159]).

Electric field [V/m]
l4.?29e+0? S
“3.6e+7

£2.4e+7
1.2e+7
2.461e+05

Potential [V]
8.030e-01

- 0.50087

0.21673

l-l).i)'.’sﬂ.
-3,6%62-01

(a) Electrostatic potential. (b) Electric field.

Electric field [V/m]

Potential [V] 3.867e+07

8.030e-01
E0 .51 :=2 .Be+7
:0.21? | 2et]
%_0_93 %lei-?
-3.696e-01 "4,243et05
(c) Potential with electric field direction. (d) Electric field with direction.

Figure 23.2 - 3D view of significant simulated quantities.

Figure 23.2a shows the 3D color plot of the computed electric potential V' whereas Fig-
ure 23.2b illustrates a 3D vector plot of the computed electric field E represented on a vertical
cut of the device geometry in correspondence with the central section at + = L,/2. We no-
tice that the electric potential is an increasing function of the vertical coordinate y, negative
at the bulk contact and positive at the source and drain contacts. The value of V' at the float-
ing gate, which is the threshold voltage of the device, computed using the integral boundary

condition (23.2¢), is positive and given by V;omputed = 0.8337965 V. The sign of Viﬁomputed
is in physical agreement with the fact that the transistor is of n type, so that electron charges
(negative) are attracted from the bulk region up towards the gate contact. To quantitatively
assess the accuracy of the estimate of the threshold voltage we adopt the analytical theory for
an ideal MOS system developed in [159, Chapter 8] and use formula (8.3.18) of [159] to obtain
Videal — (0.8591, which agrees with the value predicted by the numerical simulation within 3%.
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Figure 23.2c illustrates the 3D distribution of the computed electric potential superposed
with the vector plot of the electric field. It is remarkable to notice that this latter quantity is
always directed from the gate of the device towards the bulk contact of the device in such a
way to attract electron charge from the bulk region towards the interface I';,,; to form the con-
ductive channel. We can also notice the separation lines between the source and bulk regions
and the drain and bulk regions, which correspond to a change of the sign of the ionized dopant
charge density - positive in Qg and {2p, negative in Q. Figure 23.2d shows a vector plot of the
computed electric field with a color map of its strength throughout the device. Results clearly
indicate that the electric field is mainly directed parallel to the y axis except in the region com-
prising the oxide layer, the interface and the two source and drain contacts, where the electric
tield arrows strongly deviate from the y direction and point from the floating gate towards the
two contacts, in accordance with the fact that the electric potential is much higher on I' than
onl'gand I'p.

A T Hoctic field (V/m)
Potential V)| 3 8e+7/1— | -
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: 2847
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1.6e+71
0. e+
) 1.4e+7 4
0.14 1.2e+7]
0.2, . / le+74
/ 8e+6
034 _~ be+6]
' de+6 : : g . ! I
-0.4 ; 0 5e8 le7 1.5e-7 2e-7 2.50-7 3e-7 3.5e-

0 5e8 le7 lbe7 267 2507 3e7 3.5e
(b) Electric field. The y axis is the strength of the

(a) Electric potential. The y axis is the potential. electric field.

Figure 23.3 — 1D cut of significant electric variables at x = L, /2.

Figure 23.3a shows a 1D cut of the computed electric potential at z = L, /2 along the y axis.
We notice that the spatial distribution of V' is approximately linear in both semiconductor and
oxide regions, with a change in the slope across the interface coordinate y = L, = 320nm. This
is physically consistent with the fact that

(a) the relative dielectric constant €, has a jump passing from silicon to oxide;

(b) there is no space charge density inside each region of the device (the right-hand side of
the Poisson equation (23.1b)).
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To further support these considerations about the electric potential V', we show in Figure 23.3b
the 1D cut of the computed electric field strength at x = L, /2 along the y axis. We notice that the
field is discontinuous across the interface, in agreement with (a), and that it is approximately
constant in both semiconductor and oxide regions, in agreement with (b).

4 Conclusions

We have just presented an application in semiconductor design of the innovative method
HDG with IBC we have theorized and described in Ch. 8. This advanced numerical method
allowed us a considerable gain in computational cost and robustness to compute without the
need of sub-iterations or trial-and-error technique the value of V¢, crucial for the design of a
nMOS transistor.

This application can be extended in order to design a full electronic circuit with a 3D zoom
on the transistor exploiting also the 3D-0D coupling illustrated in Ch. 7. An example of such
circuit, which may be relevant for future applications in industry, is depicted in Fig. 23.4.

Ry C

Ry

source drain
gate

nMOS
bulk

Figure 23.4 — 3D-0D electronic circuit in view of an industrial application.
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In this chapter we exploit the HDG formulation with IBC for linear elasticity equations (Eq.
(5.1)) to perform a virtual traction test. The idea of a traction test for a material is to pull or
push a bar or small cylinder of this material with a specific force to retrieve the displacement
and therefore compute the material properties. In particular we focus on the uniaxial test (Fig.
24.1)

1 Data

The traction test is simulated in two different domains: prism (Fig. 24.2a) and cylinder (Fig.
24.2b). These computational domains are defined by the following geometric description
Qprism = {g ER3:z1 € (0,a), x3 € (0,a), 23 € (O,L)}
Lo prism = {g eR3: x €[0,a],, 22 €[0,a], 3 = O}
Tiat prism = {g eR3: 2y € {0,a}, 22 € {0,a}, z3 € (0, L)}
L' prism = {g eR3: 2 € [0,a],, z2 € [0,a], x3 = L}

Qcylinde'r = {2 € R3: $% + 33% < R2, T3 € (O, L)}

251
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—

Figure 24.1 — Uniaxial test

Toey = {z € R*: 2} + 23 < R?, 23 =0}
Tiateyt = {2 € R®: 2?2 + 22 = R? | 23 € (0,L)}
{zeR* a2 +23 <R? x3=1L}

1—‘L,cyl

with
a=2cm L=5cm R=1cm
T z1
L L
a \‘. /\ 3
Flat l' \/
Ty ) T3, AL I3
T2 P FL xQ\/f Flat
(a) Qp'ris’m, (b) Qcylinder

Figure 24.2 — Computational domains for the traction test.

For what concerns the model parameters data and boundary conditions we have

A=0.115 w=0.077

u=0onTy o-n=0onTI,

For the boundary condition on I';, we compare two different simulation, one with Neumann
boundary condition (NBC), the other with IBC, in particular:

e NBC: only,

Q
I3
I

Q o o
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0
. IBC:fFLg-Q: 0 only
gL
with ¢ = 0.8.
2 Results

In this section we compare the results obtained with the HDG linear elasticity class devel-
oped in FEEL++. We compare the simulations using Neumann and integral boundary condition
in the case of a prism, first, and a cylinder, then.

2.1 Prism test case

Let us begin by assessing the capability of the proposal algorithm in imposing the desired
boundary condition: a-n and fF o -n. From the results presented in Tab. 24.1 we can infer that
the algorithm allows to impose the desired condition with good accuracy in both NBC and IBC
test cases.

NBC IBC
6.82-1077 —1.188909 - 10~
Fypc = |7.917494-107%| Fipc = |—4.200072-107°
3.20 3.199062

Table 24.1 — Table of results for the prism test case.

Initial condition
Deformed IBC

Deformed NBC

Initial condition
Deformed IBC

Deformed NBC

(a) 3D overview (b) Z-axis view

Figure 24.3 — Initial and final condition for the prism test case.

Let now investigate the differences between the solution of the NBC and IBC test cases from
the physical viewpoint. Looking at Fig. 24.3a, we observed that the two deformed configura-
tion have been stretched qualitatively by the same amount along the main direction. On the
other side we can see that there are little differences on the surface of interest I';,, indeed if we
compare the initial condition of the surface and the two final deformed configuration as shown
in Fig. 24.3b, we notice a wider surface for IBC than for NBC.
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Figure 24.4 — Stress for the prism test case on I';.
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Figure 24.5 — Displacement for the prism test case on I';.

Observing the behavior of the stress, Fig. 24.4 shows a constant stress for NBC, which is
expected because it is actually what we are imposing as boundary condition, while we have a
non-constant stress for IBC especially on the borders. This fact may be related to the fact that the
stress accumulated within the body cannot be expelled deforming the shape of the boundary
surface since the IBC tries to preserve the dimension of the boundary; indeed, reminding Eq.
(5.8), the displacement for IBC has to be constant, while for NBC we do not have this constraint.

Fig. 24.5 reports a total view and a cross section on I';, of the behavior of the displacement.
For the main component we do not see any appreciable difference even if we notice that NBC
has developed a slightly higher value of the displacement, but the most interesting observation
can be made on the figure bottom right. As expected by the theory the other two components
of the displacement in the IBC case are still constant in space, while NBC test provides a non-
constant displacement on the surface of interest.
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2.2 Cylinder test case

Let now consider a different geometry: the cylinder.
Similar considerations as before can be done about the accuracy fo the algorithm. However
in this case we highlight the z-component of the force, indeed from a analytical viewpoint it
should be F, = g [I'.| = 2,513. Beside this observation, we notice in Tab. 24.2 that in the NBC
test case, when we are increasing the geometric order also the accuracy of the computed force
is increasing as expected.

NBC - G1 NBC - G2

—1.126063 - 10~ —7.597985 - 10~°
Fypo = |—6.229426-107°| Fype = | 1.271121-1074
2.496881 2.507272

IBC - EXACT IBC - G1 IBC - G2
—2.91-107° 1.752510 - 104 5.786183 - 106
Fipc = [9.304520-107°| Frpc = |2.144581-107*| Fipc = [4.960038 - 107
2.512181 2.496223 2.516996

Table 24.2 — Table of results for the cylinder test case.

For what concerns the IBC test case, we have to be careful in the analysis, indeed we are
imposing directly the condition on the force and if we impose the analytical value, which is
the exact one, the stress is self-adjusting in order to reach the exact value of the force on that
boundary, because we are imposing that condition in a strong way. In order to compare the
two test cases, we have made two further simulations imposing this time the numerical value
for IBC, which means that we have imposed F, = ¢|I'| but with |I';| computed on the mesh.
The interesting remark is that we are not imposing the exact value strongly and in this way the
stress is not self-adjusted and as expected the result for G = 1 is not good as before, but still the
computed force obtained with G' = 2 in this case is more accurate than in the NBC simulation.

Initial condition
Deformed IBC
Deformed NBC

Initial condition
Deformed IBC

Deformed NBC

(a) 3D view (b) Z-axis view

Figure 24.6 — Initial and final condition for the cylinder test case.

For what concerns the qualitative displacement along the main direction and the final shape
of I';, that is the surface of interest, same remarks as with the previous geometry are valid (see
Figs. 24.6a and 24.6b). As proof of our observations made above, Fig 24.7 shows again a
constant behavior of the stress in NBC test case, while IBC test presents the border effect as
previously explained. The displacement, illustrated in Fig. 24.8, has the same behavior as in
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Figure 24.7 — Stress in the cylinder test case on I's.
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Figure 24.8 — Displacement in the cylinder test case on I';.

the prism test case, even if with this geometry we cannot say that the displacement is bigger

for NBC than for IBC.

3 Conclusions

In the conclusion we have shown that imposing the integral boundary condition preserves
the dimension of the surface where the force is applied, while the Neumann boundary con-
dition let the body with less constraint. As predicted by the theory, IBC provides constant
displacement and non-constant stress on that surface, meanwhile with NBC we obtain con-
stant stress and non-constant displacement.

We envision, for instance, the use of the IBC for elasticity to couple a 3D structure - 0D rigid
body. Thus, this multiscale model is connected naturally, in particular the stress of the elastic
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solid influences the rigid body motion described by a system of ODEs and vice-versa.
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Conclusions and outlook
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CHAPTER 25

Conclusions and outlook

In this thesis we have presented an innovative mathematical and computational framework
in the biomedical context of ophthalmology.

Starting from the current challenges in ocular diseases, in particular glaucoma, we have
modeled the hemodynamics and the biomechanics of the principal tissues of the eye. The
great innovation we have brought from a modeling viewpoint is the coupling of various multi-
physics and multiscale models under a unified framework that we called Ocular Mathematical
Virtual Simulator (OMVS). The key of success of this ambitious project is the modularity of
the overall system, which provides the possibility to replace and incorporate new or more ad-
vanced models maintaining the same computational framework . These significant results have
been obtained thanks to novel numerical methods we have developed, which are a good fit
in such mathematical context. Specifically, the development of a Hybridizable Discontinuous
Galerkin discretization approach with non-standard boundary condition and a 3D-0D operator
splitting algorithm granted the user to achieve high accuracy in a flexible environment without
exceeding in the computational cost or losing stability.

In addition, throughout the thesis we have completed the VVUQ (Verification Validation
and Uncertainty Quantification) process :

* Verification. We verified in Ch. 12 that the innovative HDG methods with integral
boundary condition applied to the Darcy equations and the linear elasticity system reached
the predicted order of convergence. In a similar manner, we tested the novel operator
splitting method for the 3D-0D coupled problem.

* Validation. The whole Chapter 13 is focused on the comparison between the simulation
results provided by our model and data that come from experiments - whenever available
- and other mathematical models in literature.

261
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¢ Uncertainty Quantification. In the last part of the thesis (Part VI) we illustrate a prelimi-
nary investigation towards uncertainty quantification and a sensitivity analysis based on
Sobol indices for a reduced version OMVS.

Sources of Scientific Evidence

Computer Virtual
i Patient

Laboratory
Human

Computer
Animal Laboratory

Credit: MDIC Modeling and Simulation Project

Figure 25.1 — FDA Medical Device Regulatory Evaluation. Courtesy of https://www. fda.gov.

In the context of computational models this process is crucial for the scientific research,
especially in biology and medicine due to the fact it can decrease the number of physical tests
necessary for product development or diseases understanding, thus reducing tremendously
the economic cost. The U.S. Food & Drug Administration (FDA) points out that the current
paradigm of medical device evaluation involves the review of scientific evidence from four
models: animal data, laboratory data (or bench tests), human data (clinical trials) and data
from computational modeling (in a little part). However, as shown in Fig. 25.1 that is retrieved
directly from the FDA website, the future directions include more computational modeling.
This fact does not necessarily imply the need of more data, rather it expresses the interest of
relying less on animal and human data with a greater influence of data from virtual patients.
This idea is shared also by the European Medicines Agency (EMA) in the official document
explaining the plan for advancing EMA’s engagement with regulatory science over the next
years (Regulatory Science to 2025 *).

Pursuing this concept, we provide a computational framework that serves as an ophthal-
mological virtual laboratory endowed with a user-friendly online interface (Ch. 11), suitable
for clinical purposes. As next step, we envision to add to this flexible design other works that
our research group is carrying out in parallel, for instance the direct integration with medical
instruments such as the OCTA (Optical Coherence Tomography) [38]. Some of these data are
already used, e.g. the retinal depth and the dimensions of the lamina cribrosa, however an ex-
pertise in OCTA imaging is currently required to the OMVS user to retrieve these data and use
them as input of the model.

Moreover, we foresee some extensions in order to include
i) the biomechanics of the vitreous humor [235];
ii) the microcirculation in the retina and in the choroid [3];

iii) the oxygenation of ocular tissues [239, 37];

“https://www.ema.europa.eu/en/documents/regulatory-procedural-guideline/
ema-regulatory-science-2025-strategic-reflection_en.pdf
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iv) the metabolism and electrochemistry in the optic nerve head region [203, 87, 152];
v) the coupling with the cerebrospinal fluid vasculature (Ch. 21);
vi) the lymphatic system [146] coupled with the model presented in Ch. 22;

vii) the implementation of the reduce basis method to HDG in order to speed up the compu-
tation [181];

viii) the second order convergence in time for the operator splitting method [82];
ix) the development of the operator splitting strategy for poroelastic problems;

x) a more detailed analysis using Sobol indices on the OMVS.

Finally we conclude renewing the goal of the project Eye2Brain where this thesis is embed-
ded. The study of the eye is a first step towards the understanding of the complex cerebral
mechanisms, in particular for neurodegenerative diseases. With this goal we mention the un-
dergoing thesis of P. Ricka at the University of Strasbourg, which focuses on the mathematical
modelisation and numerical simulation of cerebral blood flows and their interactions with the
ocular system.



264 CHAPTER 25. CONCLUSIONS AND OUTLOOK



Bibliography

(1]

(2]

3]

(4]

[7]

[10]

S. Abhyankar, J. Brown, E. M. Constantinescu, D. Ghosh, B. F. Smith, and H. Zhang.
Petsc/ts: A modern scalable ode/dae solver library. arXiv preprint arXiv:1806.01437, 2018.

J. Alametsd, J. Viik, J. Alakare, A. Véarri, and A. Palomaéki. Ballistocardiography in sitting
and horizontal positions. Physiological Measurement, 29(9):1071, 2008.

M. C. M. Aletti. Mathematical modelling and simulations of the hemodynamics in the eye. PhD
thesis, Université Pierre et Marie Curie (UPMC Paris 6), 2017.

K. Ambarki, O. Baledent, G. Kongolo, R. Bouzerar, S. Fall, and M.-E. Meyer. A new
lumped-parameter model of cerebrospinal hydrodynamics during the cardiac cycle in
healthy volunteers. IEEE transactions on biomedical engineering, 54(3):483-491, 2007.

P. R. Amestoy, I. S. Duff, and J.-Y. L’excellent. Multifrontal parallel distributed symmetric
and unsymmetric solvers. Computer methods in applied mechanics and engineering, 184(2-
4):501-520, 2000.

P.R. Amestoy, . S. Duff, and J.-Y. L'Excellent. Parallélisation de la factorisation lu de ma-
trices creuses non-symétriques pour des architecturesa mémoire distribuée. Calculateurs
Paralleles Réseaux et systemes répartis, 10(5):509-520, 1998.

C. Andersson, J. Akesson, and C. Fiihrer. PyFMI: A Python package for simulation of coupled
dynamic models with the functional mock-up interface. Centre for Mathematical Sciences,
Lund University, 2016.

D. Arnold and E. Brezzi. Mixed and nonconforming finite element methods: implemen-
tation, postprocessing and error estimates. Math. Modeling and Numer. Anal., 19(1):7-32,
1985.

G. Avanzolini, P. Barbini, A. Cappello, and G. Cevenini. Cadcs simulation of the closed-
loop cardiovascular system. International Journal of Biomedical Computing, 22(1):39-49,
1988.

M. Baudin, A. Dutfoy, B. Iooss, and A.-L. Popelin. Openturns: An industrial software

for uncertainty quantification in simulation. Handbook of uncertainty quantification, pages
2001-2038, 2017.

265



266 BIBLIOGRAPHY

[11] A.]. Bellezza, R. T. Hart, and C. FE. Burgoyne. The optic nerve head as a biomechani-
cal structure: initial finite element modeling. Investigative ophthalmology & visual science,
41(10):2991-3000, 2000.

[12] C. Bertoglio, A. Caiazzo, and M. A. Ferndndez. Fractional-step schemes for the coupling
of distributed and lumped models in hemodynamics. SIAM Journal on Scientific Comput-
ing, 35(3):B551-B575, 2013.

[13] S. Bertoluzza, G. Guidoboni, R. Hild, D. Prada, C. Prud’'Homme, R. Sacco, L. Sala, and
M. Szopos. Hdg methods with integral boundary conditions: theory and applications.

[14] A. Bhan, A. C. Browning, S. Shah, R. Hamilton, D. Dave, and H. S. Dua. Effect of
corneal thickness on intraocular pressure measurements with the pneumotonometer,
goldmann applanation tonometer, and tono-pen. Investigative ophthalmology & visual sci-
ence, 43(5):1389-1392, 2002.

[15] M. Biot and D. Willis. The elastic coeff cients of the theory of consolidation. J. appl. Mech,
24:594-601, 1957.

[16] P. Blanco and R. Feij6o. A dimensionally-heterogeneous closed-loop model for the car-
diovascular system and its applications. Medical Engineering & Physics, 35(5):652-667,
2013.

[17] G. Blatman. Adaptive sparse polynomial chaos expansions for uncertainty propagation and sen-
sitivity analysis. PhD thesis, Clermont-Ferrand 2, 2009.

[18] T. Blochwitz, M. Otter, J. Akesson, M. Arnold, C. Clauss, H. Elmqvist, M. Friedrich,
A. Junghanns, J. Mauss, D. Neumerkel, et al. Functional mockup interface 2.0: The
standard for tool independent exchange of simulation models. In Proceedings of the 9th
International MODELICA Conference; September 3-5; 2012; Munich; Germany, number 076,
pages 173-184. Linkoping University Electronic Press, 2012.

[19] H. J. Bogaard, K. Abe, A. V. Noordegraaf, and N. F. Voelkel. The right ventricle under
pressure: cellular and molecular mechanisms of right-heart failure in pulmonary hyper-
tension. Chest, 135(3):794-804, 2009.

[20] B.L.Boyce, J. M. Grazier, R. E. Jones, and T. D. Nguyen. Full-field deformation of bovine
cornea under constrained inflation conditions. Biomaterials, 29(28):3896-3904, 2008.

[21] J. D. Brandt. Corneal thickness in glaucoma screening, diagnosis, and management. Cur-
rent opinion in ophthalmology, 15(2):85-89, 2004.

[22] B. Brazile, B. Yang, A. G. amd Po Lam, A. Voorhees, and I. A. Sigal. One beam-one vessel
is not true: lamina cribrosa vessel and collagen beam networks have distinct topologies.
In Annual Meeting of Association for Research in Vision and Ophthalmology (ARVO), 2019.

[23] S. Bryan, M. S.-P. Larose, N. Campbell, J. Clarke, and M. S. Tremblay. Resting blood
pressure and heart rate measurement in the canadian health measures survey, cycle 1.
Health Reports, 21(1):71, 2010.

[24] J. Buishas, I. G. Gould, and A. A. Linninger. A computational model of cerebrospinal
fluid production and reabsorption driven by starling forces. Croatian medical journal,
55(5):481-497, 2014.



BIBLIOGRAPHY 267

[25] A. C. Bunck, J. R. Kroeger, A. Juettner, A. Brentrup, B. Fiedler, G. R. Crelier, B. A. Mar-
tin, W. Heindel, D. Maintz, W. Schwindt, et al. Magnetic resonance 4d flow analysis of
cerebrospinal fluid dynamics in chiari i malformation with and without syringomyelia.
European radiology, 22(9):1860-1870, 2012.

[26] E. Burman and M. A. Ferndndez. Stabilization of explicit coupling in fluid—structure
interaction involving fluid incompressibility. Computer Methods in Applied Mechanics and
Engineering, 198(5-8):766-784, 2009.

[27] C. Cancelli and T. Pedley. A separated-flow model for collapsible-tube oscillations. Jour-
nal of Fluid Mechanics, 157:375-404, 1985.

[28] S. Cani¢, C.]. Hartley, D. Rosenstrauch, J. Tambac¢a, G. Guidoboni, and A. Mikeli¢. Blood
flow in compliant arteries: an effective viscoelastic reduced model, numerics, and exper-
imental validation. Annals of Biomedical Engineering, 34(4):575-592, 2006.

[29] S. Cani¢, J. Tambada, G. Guidoboni, A. Mikeli¢, C. J. Hartley, and D. Rosenstrauch. Mod-
eling viscoelastic behavior of arterial walls and their interaction with pulsatile blood flow.
SIAM Journal on Applied Mathematics, 67(1):164-193, 2006.

[30] L. Carichino, G. Guidoboni, and M. Szopos. Energy-based operator splitting approach for
the time discretization of coupled systems of partial and ordinary differential equations
for fluid flows: The stokes case. Journal of Computational Physics, 364:235-256, 2018.

[31] S. Cassani. Blood circulation and aqueous humor flow in the eye: multi-scale modeling and
clinical applications. PhD thesis, 2016.

[32] G.N.Cattermole, P.M. Leung, G. Y. Ho, P. W. Lau, C. P. Chan, S. S. Chan, B. E. Smith, C. A.
Graham, and T. H. Rainer. The normal ranges of cardiovascular parameters measured
using the ultrasonic cardiac output monitor. Physiological Reports, 5(6), 2017.

[33] P. Causin, J.-F. Gerbeau, and F. Nobile. Added-mass effect in the design of partitioned
algorithms for fluid-structure problems. Computer methods in applied mechanics and engi-
neering, 194(42-44):4506-4527, 2005.

[34] P. Causin, G. Guidoboni, A. Harris, D. Prada, R. Sacco, and S. Terragni. A poroelastic
model for the perfusion of the lamina cribrosa in the optic nerve head. Mathematical
biosciences, 257:33-41, 2014.

[35] P. Causin and R. Sacco. A discontinuous Petrov—-Galerkin method with Lagrangian mul-
tipliers for second order elliptic problems. SIAM Journal on Numerical Analysis, 43(1):280—
302, 2005.

[36] W. Chen, X. Zhu, T. Nemoto, K.-i. Kitamura, K. Sugitani, and D. Wei. Unconstrained
monitoring of long-term heart and breath rates during sleep. Physiological Measurement,
29(2):N1, 2008.

[37] G. Chiaravalli. A virtual laboratory for retinal physiology: a theoretical study of retinal
oxygenation in healthy and disease. 2018.

[38] G. Chiaravalli, G. Guidoboni, R. Sacco, T. A. Ciulla, and A. Harris. A theoretical study of
vascular configurations of retinal capillary plexi based on octa data. In Annual Meeting of
Association for Research in Vision and Ophthalmology (ARVO), 2019.



268 BIBLIOGRAPHY

[39] T. Chuangsuwanich, K. E. Birgersson, A. Thiery, S. G. Thakku, H. L. Leo, and M. J. Girard.
Factors influencing lamina cribrosa microcapillary hemodynamics and oxygen concen-
trations. Investigative ophthalmology & visual science, 57(14):6167-6179, 2016.

[40] M. Ciancaglini, P. Carpineto, C. Costagliola, and L. Matropasqua. Perfusion of the optic
nerve head and visual field damage in glaucomatous patients. Graefe’s archive for clinical
and experimental ophthalmology, 239(8):549-555, 2001.

[41] T. A. Ciulla, A. Harris, P. Latkany, H. C. Piper, O. Arend, H. Garzozi, and B. Martin.
Ocular perfusion abnormalities in diabetes. Acta Ophthalmologica Scandinavica, 80(5):468—
477,2002.

[42] B. Cockburn. The hybridizable discontinuous galerkin methods. In Proceedings of the In-
ternational Congress of Mathematicians 2010 (ICM 2010) (In 4 Volumes) Vol. I: Plenary Lectures
and Ceremonies Vols. II-1V: Invited Lectures, pages 2749-2775. World Scientific, 2010.

[43] B. Cockburn, B. Dong, and J. Guzmén. A superconvergent LDG-hybridizable galerkin
method for second-order elliptic problems. Math. Comp., 77(264):1887-1916, 2008.

[44] B. Cockburn, B. Dong, J. Guzmaén, M. Restelli, and R. Sacco. A hybridizable Discontin-
uous Galerkin method for steady-state convection-diffusion-reaction problems. SIAM
Journal on Scientific Computing, 31(5):3827-3846, 2009.

[45] B. Cockburn, J. Gopalakrishnan, and R. Lazarov. Unified hybridization of discontinuous
Galerkin, mixed, and continuous Galerkin methods for second order elliptic problems.
SIAM Journal on Numerical Analysis, 47(2):1319-1365, 2009.

[46] B. Cockburn, J. Gopalakrishnan, and F. Sayas. A projection based error analysis of hdg
methods. Math. of Comp., 79(271):1351-1367, 2010.

[47] B. Cockburn, ]J. Guzman, and H. Wang. Superconvergent discontinuous Galerkin meth-
ods for second-order elliptic problems. Math. Comp., 78(265):1-24, 2009.

[48] B. Cockburn and C.-W. Shu. The local discontinuous galerkin method for time-
dependent convection-diffusion systems. SIAM Journal on Numerical Analysis, 35(6):2440—
2463, 1998.

[49] T. Colton and F. Ederer. The distribution of intraocular pressures in the general popula-
tion. Survey of ophthalmology, 25(3):123-129, 1980.

[50] V. P. Costa, E. S. Arcieri, and A. Harris. Blood pressure and glaucoma. British Journal of
Ophthalmology, 93(10):1276-1282, 2009.

[51] O. Coussy. Poromechanics. John Wiley & Sons, 2004.

[52] T.Crestaux, O. Le Maitre, and J.-M. Martinez. Polynomial chaos expansion for sensitivity
analysis. Reliability Engineering & System Safety, 94(7):1161-1172, 2009.

[53] J. E. Davies, ]J. Alastruey, D. P. Francis, N. Hadjiloizou, Z. I. Whinnett, C. H. Manisty,
J. Aguado-Sierra, K. Willson, R. A. Foale, I. S. Malik, et al. Attenuation of wave reflec-

tion by wave entrapment creates a 'horizon effect’ in the human aorta. Hypertension,
60(3):778-785, 2012.



BIBLIOGRAPHY 269

[54] J. E. Davies, N. Hadjiloizou, D. Leibovich, A. Malaweera, J. Alastruey-Arimon, Z. L.
Whinnett, C. H. Manisty, D. P. Francis, ]. Aguado-Sierra, R. A. Foale, et al. Importance

of the aortic reservoir in determining the shape of the arterial pressure waveform—the
forgotten lessons of frank. Artery Research, 1(2):40-45, 2007.

[65] H. Davson, G. Hollingsworth, and M. Segal. The mechanism of drainage of the cere-
brospinal fluid. Brain, 93(4):665-678, 1970.

[56] R. De Boer. Theory of porous media: highlights in historical development and current state.
Springer Science & Business Media, 2012.

[57] B. M. E. de Veubeke. Displacement and equilibrium models in the finite element method.
In O. Zienkiewicz and G. Holister, editors, Stress Analysis, pages 145-197. John Wiley &
Sons, New York, 1965.

[58] S. Deparis, M. A. Fernandez, and L. Formaggia. Acceleration of a fixed point algorithm
for fluid-structure interaction using transpiration conditions. ESAIM: Mathematical Mod-
elling and Numerical Analysis, 37(4):601-616, 2003.

[59] E. T. Detorakis and I. G. Pallikaris. Ocular rigidity: biomechanical role, in vivo measure-
ments and clinical significance. Clinical & experimental ophthalmology, 41(1):73-81, 2013.

[60] G. T. Dorner, E. Polska, G. Garhofer, C. Zawinka, B. Frank, and L. Schmetterer. Calcu-
lation of the diameter of the central retinal artery from noninvasive measurements in
humans. Current eye research, 25(6):341-345, 2002.

[61] J. C. Downs, M. D. Roberts, C. F. Burgoyne, and R. T. Hart. Multiscale finite element
modeling of the lamina cribrosa microarchitecture in the eye. In 2009 Annual International
Conference of the IEEE Engineering in Medicine and Biology Society, pages 4277-4280. IEEE,
20009.

[62] N.Ehlers, T. Bramsen, and S. Sperling. Applanation tonometry and central corneal thick-
ness. Acta ophthalmologica, 53(1):34—43, 1975.

[63] A. Eklund, B. Lundkvist, L.-O. Koskinen, and J. Malm. Infusion technique can be used
to distinguish between dysfunction of a hydrocephalus shunt system and a progressive
dementia. Medical and Biological Engineering and Computing, 42(5):644-649, 2004.

[64] S. Epstein, M. Willemet, P. J. Chowienczyk, and J. Alastruey. Reducing the number of pa-
rameters in 1d arterial blood flow modeling: less is more for patient-specific simulations.
American Journal of Physiology-Heart and Circulatory Physiology, 309(1):H222-H234, 2015.

[65] C. R. Ethier, M. Johnson, and J. Ruberti. Ocular biomechanics and biotransport. Annu.
Rev. Biomed. Eng., 6:249-273, 2004.

[66] D. W. Evans, A. Harris, M. Garrett, H. S. Chung, and L. Kagemann. Glaucoma patients
demonstrate faulty autoregulation of ocular blood flow during posture change. British
Journal of Ophthalmology, 83(7):809-813, 1999.

[67] M. A. Fernandez, ].-F. Gerbeau, and C. Grandmont. A projection semi-implicit scheme
for the coupling of an elastic structure with an incompressible fluid. International Journal
for Numerical Methods in Engineering, 69(4):794-821, 2007.



270 BIBLIOGRAPHY

[68] C. A. Figueroa, I. E. Vignon-Clementel, K. E. Jansen, T. ]. Hughes, and C. A. Taylor. A
coupled momentum method for modeling blood flow in three-dimensional deformable
arteries. Computer methods in applied mechanics and engineering, 195(41-43):5685-5706, 2006.

[69] O. Findl, K. Strenn, M. Wolzt, R. Menapace, C. Vass, H.-G. Eichler, and L. Schmetterer.
Effects of changes in intraocular pressure on human ocular haemodynamics. Current eye
research, 16(10):1024-1029, 1997.

[70] L. Formaggia, A. Quarteroni, and A. Veneziani. Cardiovascular mathematics, volume 1
of msé&a. modeling, simulation and applications, 2009.

[71] L. Formaggia, A. Quarteroni, and A. Veneziani. Cardiovascular Mathematics: Modeling and
simulation of the circulatory system, volume 1. Springer Science & Business Media, 2010.

[72] J. Fouchet-Incaux, C. Grandmont, and S. Martin. Numerical stability of coupling schemes
in the 3d/0d modelling ofairflows and blood flows. 2014.

[73] T.R. Friberg and J. W. Lace. A comparison of the elastic properties of human choroid and
sclera. Experimental eye research, 47(3):429-436, 1988.

[74] P. Fritzson, P. Aronsson, H. Lundvall, K. Nystrém, A. Pop, L. Saldamli, and D. Broman.
The OpenModelica modeling, simulation, and development environment. In 46th Confer-
ence on Simulation and Modelling of the Scandinavian Simulation Society (SIMS2005), Trond-
heim, Norway, October 13-14, 2005, 2005.

[75] F. Galassi, A. Sodi, F. Ucci, A. Harris, and H. S. Chung. Ocular haemodynamics in glau-
coma associated with high myopia. International ophthalmology, 22(5):299-305, 1998.

[76] S.Garnotel, S. Salmon, and O. Balédent. Numerical modeling of the intracranial pressure
using windkessel models. MathS In Action, 8:9-25, 01 2017.

[77] M. Gehlen, V. Kurtcuoglu, and M. S. Daners. Is posture-related craniospinal compliance
shift caused by jugular vein collapse? a theoretical analysis. Fluids and Barriers of the CNS,
14(1):5, 2017.

[78] ]J.-F. Gerbeau and M. Vidrascu. A quasi-newton algorithm based on a reduced model for
fluid-structure interaction problems in blood flows. ESAIM: Mathematical Modelling and
Numerical Analysis, 37(4):631-647, 2003.

[79] R. G. Ghanem and P. D. Spanos. Stochastic finite elements: a spectral approach. Courier
Corporation, 2003.

[80] L. Giovangrandi, O. T. Inan, R. M. Wiard, M. Etemadi, and G. T. Kovacs. Ballistocardiog-
raphy - a method worth revisiting. In Engineering in Medicine and Biology Society, EMBC,
2011 Annual International Conference of the IEEE, pages 4279-4282. IEEE, 2011.

[81] M. ]. Girard, ]J.-K. E. Suh, M. Bottlang, C. F. Burgoyne, and J. C. Downs. Biomechanical
changes in the sclera of monkey eyes exposed to chronic iop elevations. Investigative
ophthalmology & visual science, 52(8):5656-5669, 2011.

[82] R. Glowinski. Finite element methods for incompressible viscous flow. Handbook of nu-
merical analysis, 9:3-1176, 2003.



BIBLIOGRAPHY 271

[83] R. Glowinski, E. Dean, G. Guidoboni, L. Juarez, and T.-W. Pan. Applications of operator-
splitting methods to the direct numerical simulation of particulate and free-surface flows
and to the numerical solution of the two-dimensional elliptic monge-ampere equation.
Japan journal of industrial and applied mathematics, 25(1):1, 2008.

[84] J. B. Grotberg and O. E. Jensen. Biofluid mechanics in flexible tubes. Annu. Rev. Fluid
Mech., 36:121-147, 2004.

[85] A. Grove. Physics and Technology of Semiconductor Devices. Wiley, 1967.

[86] R. Grytz, G. Meschke, and ]. B. Jonas. The collagen fibril architecture in the lamina
cribrosa and peripapillary sclera predicted by a computational remodeling approach.
Biomechanics and modeling in mechanobiology, 10(3):371-382, 2011.

[87] G. Guidoboni, G. Bonifazi, R. Sacco, A. Layton, S. D. Olson, M. C. B. Hallare, B. A. Siesky,
C. Bruttini, A. C. Verticchio Vercellin, and A. Harris. Electrochemical characterization of
ciliary epithelium physiology: a theoretical approach. In Annual Meeting of Association for
Research in Vision and Ophthalmology (ARVO), 2019.

[88] G. Guidoboni, A. Harris, L. Carichino, Y. Arieli, and B. A. Siesky. Effect of intraocu-
lar pressure on the hemodynamics of the central retinal artery: a mathematical model.
Mathematical Biosciences & Engineering, 11(3):523-546, 2014.

[89] G. Guidoboni, A. Harris, S. Cassani, J. Arciero, B. Siesky, A. Amireskandari, L. Tobe,
P. Egan, I. Januleviciene, and J. Park. Intraocular pressure, blood pressure, and retinal
blood flow autoregulation: a mathematical model to clarify their relationship and clinical
relevance. Investigative ophthalmology & visual science, 55(7):4105-4118, 2014.

[90] G. Guidoboni, A. Harris, and R. Sacco. Mathematical Modeling of Ocular Fluid Dynamics:
From Theory to Clinical Applications. Modeling and Simulation in Science, Engineering,
and Technology. Springer-Birkhauser (New York), July, 2019.

[91] G. Guidoboni, C. Prud’homme, L. Sala, and M. Szopos. Unconditionally stable operator
splitting method for a multiscale application in ophthalmology. In 44e Congreés National
d’Analyse Numérique, 2018.

[92] G. Guidoboni, L. Sala, M. Enayati, R. Sacco, M. Szopos, ]J. M. Keller, M. Popescu, L. De-
spins, V. Huxley, and M. Skubic. Cardiovascular function and ballistocardiogram: a re-
lationship interpreted via mathematical modeling. IEEE Transactions on Biomedical Engi-
neering, 2019.

[93] J. Guinane. An equivalent circuit analysis of cerebrospinal fluid hydrodynamics. Ameri-
can Journal of Physiology-Legacy Content, 223(2):425-430, 1972.

[94] S. Gupta, M. Soellinger, D. M. Grzybowski, P. Boesiger, ]. Biddiscombe, D. Poulikakos,
and V. Kurtcuoglu. Cerebrospinal fluid dynamics in the human cranial subarachnoid
space: an overlooked mediator of cerebral disease. i. computational model. Journal of the
Royal Society Interface, 7(49):1195-1204, 2010.

[95] E. A. Hadzri, K. Osman, M. R. A. Kadir, and A. A. Aziz. Computational investigation on

csf flow analysis in the third ventricle and aqueduct of sylvius. IIUM Engineering Journal,
12(3), 2011.



272 BIBLIOGRAPHY

[96] S. Hales. Statistical essays: concerning haemastaticks; or, an account of some hydraulick
and hydrostatical experiments made on the blood and blood-vessels of animals. London:
W. Innys and R. Manby, 1733, 1733.

[97] A. Harris, R. B. Dinn, L. Kagemann, and E. Rechtman. A review of methods for human
retinal oximetry. Ophthalmic Surgery, Lasers and Imaging Retina, 34(2):152-164, 2003.

[98] A.Harris, M. Harris, J. Biller, H. Garzozi, D. Zarfty, T. A. Ciulla, and B. Martin. Aging af-
fects the retrobulbar circulation differently in women and men. Archives of Ophthalmology,
118(8):1076-1080, 2000.

[99] A. Harris, K. Joos, M. Kay, D. Evans, R. Shetty, W. E. Sponsel, and B. Martin. Acute iop
elevation with scleral suction: effects on retrobulbar haemodynamics. British journal of
ophthalmology, 80(12):1055-1059, 1996.

[100] A. Harris, R. Sergott, G. Spaeth, ]J. Katz, J. Shoemaker, and B. Martin. Color doppler
analysis of ocular vessel blood velocity in normal-tension glaucoma. American journal of
ophthalmology, 118(5):642—649, 1994.

[101] D. Harris. The inheritance of glaucoma*: A pedigree of familial glaucoma. American
journal of ophthalmology, 60(1):91-95, 1965.

[102] Z.He, C. T. Nguyen, J. A. Armitage, A.J. Vingrys, and B. V. Bui. Blood pressure modifies
retinal susceptibility to intraocular pressure elevation. PLoS One, 7(2):e31104, 2012.

[103] M. Helfand, V. Christensen, and J. Anderson. Technology assessment: Early Sense for
monitoring vital signs in hospitalized patients. 2016.

[104] L. W. Herndon, J. S. Weizer, and S. S. Stinnett. Central corneal thickness as a risk factor
for advanced glaucoma damage. Archives of ophthalmology, 122(1):17-21, 2004.

[105] M. Hirschvogel, M. Bassilious, L. Jagschies, S. M. Wildhirt, and M. W. Gee. A mono-
lithic 3d-0d coupled closed-loop model of the heart and the vascular system: Experiment-
based parameter estimation for patient-specific cardiac mechanics. International Journal
for Numerical Methods in Biomedical Engineering, 33(8):€2842, 2017.

[106] L. Howden, D. Giddings, and H. Power. Three-dimensional cerebrospinal fluid flow
within the human central nervous system. Discrete and continuous dynamical systems, 2011.

[107] Y. Hsu, H. M. Hettiarachchi, D. C. Zhu, and A. A. Linninger. The frequency and magni-
tude of cerebrospinal fluid pulsations influence intrathecal drug distribution: key factors
for interpatient variability. Anesthesia & Analgesia, 115(2):386-394, 2012.

[108] M. E. Huffaker, M. Carchia, B. U. Harris, W. C. Kethman, T. E. Murphy, C. C. Sakarovitch,
F. Qin, and D. N. Cornfield. Passive nocturnal physiologic monitoring enables early
detection of exacerbations in asthmatic children: A proof of concept study. American
Journal of Respiratory and Critical Care Medicine, (ja), 2018.

[109] F. H. Huhnke, J. D. Russo, P. Wysmolek, J. Diemer, N. Dhanovici, J. P. Spatz, and F. Ser-
wane. The tissue within a retina organoid shows a yield stress, the amount of mechani-
cal stress necessary to induce irreversible deformations, which regulates the retina’s me-

chanical integrity. In Annual Meeting of Association for Research in Vision and Ophthalmology
(ARVO), 2019.



BIBLIOGRAPHY 273

[110] O. Inan, M. Etemadi, R. Wiard, L. Giovangrandi, and G. Kovacs. Robust ballistocardio-
gram acquisition for home monitoring. Physiological Measurement, 30(2):169, 2009.

[111] O. T. Inan, P-F. Migeotte, K.-S. Park, M. Etemadi, K. Tavakolian, R. Casanella, ]J. M.
Zanetti, ]. Tank, I. Funtova, G. K. Prisk, et al. Ballistocardiography and seismocardio-

graphy: a review of recent advances. IEEE Journal of Biomedical and Health Informatics,
19(4):1414-1427, 2015.

[112] T. Ishigami and T. Homma. An importance quantification technique in uncertainty anal-
ysis for computer models. In [1990] Proceedings. First International Symposium on Uncer-
tainty Modeling and Analysis, pages 398—403. IEEE, 1990.

[113] J. D. Jackson. Classical Electrodynamics Third Edition. Wiley, third edition, 1998.

[114] E. E. Jacobson, D. E. Fletcher, M. K. Morgan, and I. H. Johnston. Fluid dynamics of the
cerebral aqueduct. Pediatric neurosurgery, 24(5):229-236, 1996.

[115] K. Jain, G. Ringstad, P.-K. Eide, and K.-A. Mardal. Direct numerical simulation of tran-
sitional hydrodynamics of the cerebrospinal fluid in chiari i malformation-the role of

cranio-vertebral junction. International journal for numerical methods in biomedical engineer-
ing, 2016.

[116] A.Q.Javaid, H. Ashouri, S. Tridandapani, and O. T. Inan. Elucidating the hemodynamic
origin of ballistocardiographic forces: Toward improved monitoring of cardiovascular
health at home. IEEE Journal of Translational Engineering in Health and Medicine, 4:1-8,
2016.

[117] N. Johnson, S. Kotz, and N. Balakrishnan. Continuous volumel, 1994.

[118] I. Jones, M. Warner, and J. Stevens. Mathematical modelling of the elastic properties of
retina: a determination of young’s modulus. Eye, 6(6):556, 1992.

[119] G. Karypis and V. Kumar. A fast and high quality multilevel scheme for partitioning
irregular graphs. SIAM Journal on scientific Computing, 20(1):359-392, 1998.

[120] Y. Katz, R. Karasik, and Z. Shinar. Contact-free piezo electric sensor used for real-time
analysis of inter beat interval series. In Computing in Cardiology Conference (CinC), 2016,
pages 769-772. IEEE, 2016.

[121] R. C. Kerckhoffs, M. L. Neal, Q. Gu, J. B. Bassingthwaighte, J. H. Omens, and A. D.
McCulloch. Coupling of a 3d finite element model of cardiac ventricular mechanics to

lumped systems models of the systemic and pulmonic circulation. Annals of Biomedical
Engineering, 35(1):1-18, 2007.

[122] J. Kerr, P. Nelson, and C. O’Brien. A comparison of ocular blood flow in untreated pri-
mary open-angle glaucoma and ocular hypertension. American journal of ophthalmology,
126(1):42-51, 1998.

[123] C.-S. Kim, S. L. Ober, M. S. McMurtry, B. A. Finegan, O. T. Inan, R. Mukkamala, and .-
O. Hahn. Ballistocardiogram: Mechanism and potential for unobtrusive cardiovascular
health monitoring. Scientific Reports, 6:31297, 2016.

[124] D.-J. Kim, Z. Czosnyka, N. Keong, D. K. Radolovich, P. Smielewski, M. P. Sutcliffe,
J. D. Pickard, and M. Czosnyka. Index of cerebrospinal compensatory reserve in hy-
drocephalus. Neurosurgery, 64(3):494-502, 2009.



274 BIBLIOGRAPHY

[125] R. M. Kirby, S. J. Sherwin, and B. Cockburn. To CG or to HDG: A comparative study.
Journal of Scientific Computing, 51(1):183-212, 2012.

[126] R. Klabunde. Cardiovascular physiology concepts. Lippincott Williams & Wilkins, 2011.

[127] O. Kosoko-Lasaki, G. Gong, G. Haynatzki, and M. R. Wilson. Race, ethnicity and
prevalence of primary open-angle glaucoma. Journal of the National Medical Association,
98(10):1626, 2006.

[128] A. Kotecha, E. White, J. Shewry, and D. Garway-Heath. The relative effects of corneal
thickness and age on goldmann applanation tonometry and dynamic contour tonometry.
British Journal of Ophthalmology, 89(12):1572-1575, 2005.

[129] V. Kurtcuoglu. Biomechanics of the Brain, chapter 8: Computational fluid dynamics for the
assessment of cerebrospinal fluid flow and its coupling with cerebral blood flow. Springer
New York, 2011.

[130] V. Kurtcuoglu, M. Soellinger, P. Summers, K. Boomsma, D. Poulikakos, P. Boesiger, and
Y. Ventikos. Computational investigation of subject-specific cerebrospinal fluid flow in
the third ventricle and aqueduct of sylvius. Journal of biomechanics, 40(6):1235-1245, 2007.

[131] W. D. Lakin, S. A. Stevens, B. I. Tranmer, and P. L. Penar. A whole-body mathematical
model for intracranial pressure dynamics. Journal of Mathematical Biology, 46(4):347-383,
2003.

[132] R. K. Lambert, T. A. Wilson, R. E. Hyatt, and J. R. Rodarte. A computational model for
expiratory flow. Journal of Applied Physiology, 52(1):44-56, 1982.

[133] G. Lamé. Lecons sur la théorie mathématique de I’elasticité des corps solides par G. Lamé.
Gauthier-Villars, 1866.

[134] G. Lazaridis, J. Mohamed-Noriega, and D. F. Garway-Heath. Bilateral disc haemorrhages
in the united kingdom glaucoma treatment study (ukgts): a probabilistic approach to ex-

plore a possible systemic pathophysiological mechanism. In Annual Meeting of Association
for Research in Vision and Ophthalmology (ARVO), 2019.

[135] P. Y. Lee, Z. He, V. H. Y. Wong, J. G. Crowston, and B. V. Bui. The effect of ageing on
the recovery of retinal function and structure following intraocular pressure elevation in
mice. In Annual Meeting of Association for Research in Vision and Ophthalmology (ARVO),
2019.

[136] M. C. Leske, F. Ederer, and M. Podgor. Estimating incidence from age-specific prevalence
in glaucoma. American journal of epidemiology, 113(5):606-613, 1981.

[137] F. Liang and H. Liu. A closed-loop lumped parameter computational model for human
cardiovascular system. JSME International Journal Series C Mechanical Systems, Machine
Elements and Manufacturing, 48(4):484-493, 2005.

[138] E. Lifesciences. Normal hemodynamic parameters and laboratory values. Retrieved on
April, 9,2014.

[139] E.Limpert, W. A. Stahel, and M. Abbt. Log-normal distributions across the sciences: keys
and clues: on the charms of statistics, and how mechanical models resembling gambling
machines offer a link to a handy way to characterize log-normal distributions, which can



BIBLIOGRAPHY 275

provide deeper insight into variability and probability—normal or log-normal: that is
the question. BioScience, 51(5):341-352, 2001.

[140] A. Linniger, C. Tsakiris, D. Zhu, M. Xenos, P. Roycewicz, Z. Danziger, and R. Penn. Pul-
satile cerebrospinal fluid flow in the normal and abnormal intrecranial system. IEEE
Transaction on Biomedical Engineering, 2005.

[141] A. A. Linninger, K. Tangen, C.-Y. Hsu, and D. Frim. Cerebrospinal fluid mechanics and
its coupling to cerebrovascular dynamics. Annual Review of Fluid Mechanics, 48:219-257,
2016.

[142] A. A. Linninger, M. Xenos, B. Sweetman, S. Ponkshe, X. Guo, and R. Penn. A mathe-
matical model of blood, cerebrospinal fluid and brain dynamics. Journal of mathematical
biology, 59(6):729-759, 2009.

[143] A. Maceira, S. Prasad, M. Khan, and D. Pennell. Normalized left ventricular systolic
and diastolic function by steady state free precession cardiovascular magnetic resonance.
Journal of Cardiovascular Magnetic Resonance, 8(3):417-426, 2006.

[144] A. M. Maceira, S. K. Prasad, M. Khan, and D. J. Pennell. Reference right ventricular
systolic and diastolic function normalized to age, gender and body surface area from

steady-state free precession cardiovascular magnetic resonance. European Heart Journal,
27(23):2879-2888, 2006.

[145] Z. Mao, A. Miki, S. Mei, Y. Dong, K. Maruyama, R. Kawasaki, S. Usui, K. Matsushita,
K. Nishida, and K. Chan. Automated 3d lamina cribrosa segmentation in optical coher-
ence tomography volumetric scans. In Annual Meeting of Association for Research in Vision
and Ophthalmology (ARVO), 2019.

[146] N. Marazzi. An engineering approach to the multiscale modeling of the lymphatic sys-
tem. 2018.

[147] B. Marek, A. Harris, P. Kanakamedala, E. Lee, A. Amireskandari, L. Carichino,
G. Guidoboni, L. A. Tobe, and B. Siesky. Cerebrospinal fluid pressure and glaucoma:
regulation of trans-lamina cribrosa pressure. British Journal of Ophthalmology, 98(6):721-
725,2014.

[148] B. Markert. Porous media viscoelasticity with application to polymeric foams. 2005.

[149] P. Markowich, C. Ringhofer, and C. Schmeiser. Semiconductor Equations. Springer-Verlag,
1990.

[150] A. Marmarou, K. Shulman, and J. Lamorgese. Compartmental analysis of compli-
ance and outflow resistance of the cerebrospinal fluid system. Journal of neurosurgery,
43(5):523-534, 1975.

[151] A.Marmarou, K. Shulman, and R. M. Rosende. A nonlinear analysis of the cerebrospinal
fluid system and intracranial pressure dynamics. Journal of neurosurgery, 48(3):332-344,
1978.

[152] S. Mathew, A. Harris, A. C. Verticchio Vercellin, B. Wirostko, B. Martin, and
G. Guidoboni. Relationship between episcleral venous pressure, intraocular pressure

and trabecular meshwork resistance: a mathematical model. In Annual Meeting of Associ-
ation for Research in Vision and Ophthalmology (ARVO), 2019.



276

[153]
[154]

[155]

[156]

[157]

[158]

[159]
[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

BIBLIOGRAPHY

D. McDonald. Blood flow in arteries. 1974. Edward Arnold, London, pages 92-95.

M. E. Moghadam, I. E. Vignon-Clementel, R. Figliola, A. L. Marsden, M. of Congenital
Hearts Alliance (MOCHA) Investigators, et al. A modular numerical method for implicit
0d/3d coupling in cardiovascular finite element simulations. Journal of Computational
Physics, 244:63-79, 2013.

W. Morgan, J. Khoo, A. Kermode, C. Lind, M. Hazelton, K. Parsons, and D. Yu. Utiliza-
tion of retinal vein photoplethysmography to measure intracranial pressure. In Annual
Meeting of Association for Research in Vision and Ophthalmology (ARVO), 2019.

W. H. Morgan, B. C. Chauhan, D.-Y. Yu, S. J. Cringle, V. A. Alder, and P. H. House. Optic
disc movement with variations in intraocular and cerebrospinal fluid pressure. Investiga-
tive ophthalmology & visual science, 43(10):3236-3242, 2002.

W. H. Morgan, D.-Y. Yu, V. A. Alder, S. J. Cringle, R. L. Cooper, P. H. House, and I. J.
Constable. The correlation between cerebrospinal fluid pressure and retrolaminar tissue
pressure. Investigative ophthalmology & visual science, 39(8):1419-1428, 1998.

W. H. Morgan, D.-Y. Yu, R. L. Cooper, V. A. Alder, S. J. Cringle, and I. ]. Constable. Retinal
artery and vein pressures in the dog and their relationship to aortic, intraocular, and
cerebrospinal fluid pressures. Microvascular research, 53(3):211-221, 1997.

R. Muller, T. Kamins, and M. Chan. Device Electronics for Integrated Circuits. Wiley, 2003.

K. M. Myers, B. Coudrillier, B. L. Boyce, and T. D. Nguyen. The inflation response of the
posterior bovine sclera. Acta biomaterialia, 6(11):4327-4335, 2010.

E.S. Nelson, L. Mulugeta, A. Feola, J. Raykin, J. G. Myers, B. C. Samuels, and C. R. Ethier.
The impact of ocular hemodynamics and intracranial pressure on intraocular pressure
during acute gravitational changes. Journal of Applied Physiology, 123(2):352-363, 2017.

T. Newson and A. El-Sheikh. Mathematical modeling of the biomechanics of the lam-
ina cribrosa under elevated intraocular pressures. Journal of biomechanical engineering,
128(4):496-504, 2006.

S. Ngo, A. Harris, B. A. Siesky, A. Schroeder, G. Eckert, and S. Holland. Blood pressure,
ocular perfusion pressure, and body mass index in glaucoma patients. European journal
of ophthalmology, 23(5):664-669, 2013.

T. D. Nguyen, D. Midgett, B. Liu, and H. A. Quigley. Analysis for the effects of glaucoma
and optic nerve damage on the pressure-induced strains in the human lamina cribrosa.
In Annual Meeting of Association for Research in Vision and Ophthalmology (ARVO), 2019.

F. Nobile and C. Vergara. An effective fluid-structure interaction formulation for vas-
cular dynamics by generalized robin conditions. SIAM Journal on Scientific Computing,
30(2):731-763, 2008.

A. Noordergraaf and C. E. Heynekamp. Genesis of displacement of the human lon-
gitudinal ballistocardiogram from the changing blood distribution. American Journal of
Cardiology, 2(6):748-756, 1958.

A. Noordergraaf, P. D. Verdouw, and H. B. Boom. The use of an analog computer in a
circulation model. Progress in Cardiovascular Diseases, 5(5):419-439, 1963.



BIBLIOGRAPHY 277

[168] A. Noordergraaf, P. D. Verdouw, and H. B. Boom. The use of an analog computer in a
circulation model. Progress in Cardiovascular Diseases, 5(5):419-439, 1963.

[169] R.E.Norman, J. G. Flanagan, I. A. Sigal, S. M. Rausch, I. Tertinegg, and C. R. Ethier. Finite
element modeling of the human sclera: influence on optic nerve head biomechanics and
connections with glaucoma. Experimental eye research, 93(1):4-12, 2011.

[170] C.]. O’Brien, R. Murphy, M. Irnaten, and A. Hopkins. The role of lamina cribrosa tissue
stiffness as a fundamental biomechanical driver of pathological glaucomatous cupping.
In Annual Meeting of Association for Research in Vision and Ophthalmology (ARVO), 2019.

[171] ]J. B. Olansen, J. Clark, D. Khoury, F. Ghorbel, and A. Bidani. A closed-loop model of
the canine cardiovascular system that includes ventricular interaction. Computers and
Biomedical Research, 33(4):260-295, 2000.

[172] ]J. Paalasmaa, H. Toivonen, M. Partinen, et al. Adaptive heartbeat modeling for beat-to-
beat heart rate measurement in ballistocardiograms. IEEE Journal of Biomedical and Health
Informatics, 19(6):1945-1952, 2015.

[173] ]J. Pardaens, K. Van de Woestijne, and J. Clement. Simulation of regional lung emptying
during slow and forced expirations. Journal of applied physiology, 39(2):191-198, 1975.

[174] K. H. Parker. An introduction to wave intensity analysis. Medical & Biological Engineering
& Computing, 47(2):175, 2009.

[175] L. R. Pasquale, S. J. Loomis, R. N. Weinreb, J. H. Kang, B. L. Yaspan, ]J. C. Bailey,
D. Gaasterland, T. Gaasterland, R. K. Lee, W. K. Scott, et al. Estrogen pathway polymor-
phisms in relation to primary open angle glaucoma: an analysis accounting for gender
from the united states. Molecular vision, 19:1471, 2013.

[176] T.]. Pedley, B. S. Brook, and R. S. Seymour. Blood pressure and flow rate in the giraffe
jugular vein. Philosophical Transactions of the Royal Society of London. Series B: Biological
Sciences, 351(1342):855-866, 1996.

[177] E.Pinheiro, O. Postolache, and P. Girdo. Theory and developments in an unobtrusive car-
diovascular system representation: ballistocardiography. The Open Biomedical Engineering
Journal, 4:201, 2010.

[178] P.M. Pinsky, D. van der Heide, and D. Chernyak. Computational modeling of mechanical
anisotropy in the cornea and sclera. Journal of Cataract & Refractive Surgery, 31(1):136-145,
2005.

[179] D. Prada. A hybridizable discontinuous Galerkin method for nonlinear porous media viscoelas-
ticity with applications in ophthalmology. PhD thesis, 2016.

[180] C. Prud’Homme, V. Chabannes, V. Doyeux, M. Ismail, A. Samake, and G. Pena. Feel++:
A computational framework for galerkin methods and advanced numerical methods. In
ESAIM: Proceedings, volume 38, pages 429-455. EDP Sciences, 2012.

[181] C. Prud’'Homme, C. Daversin, C. Trophime, and S. Veys. Reduced basis methods and
high performance computing. applications to non-linear multi-physics problems. 2014.

[182] O. S. Punjabi, C. Kniestedt, R. L. Stamper, and S. C. Lin. Dynamic contour tonometry:
) p Y y
principle and use. Clinical & experimental ophthalmology, 34(9):837-840, 2006.



278 BIBLIOGRAPHY

[183] W. Qiu, J. Shen, and K. Shi. An hdg method for linear elasticity with strong symmetric
stresses. Mathematics of Computation, 87(309):69-93, 2018.

[184] A. Quaini and A. Quarteroni. A semi-implicit approach for fluid-structure interaction
based on an algebraic fractional step method. Mathematical models and methods in applied
sciences, 17(06):957-983, 2007.

[185] A. Quarteroni and L. Formaggia. Mathematical modelling and numerical simulation of
the cardiovascular system. Handbook of numerical analysis, 12:3-127, 2004.

[186] A. Quarteroni, S. Ragni, and A. Veneziani. Coupling between lumped and distributed
models for blood flow problems. Computing and Visualization in Science, 4(2):111-124,
2001.

. Quarteroni, M. luveri, an . Veneziani. Computational vascular flui namics:
[187] A. Q i, M. T i d A. Vi iani. Comp i 1 lar fluid dy i
problems, models and methods. Computing and Visualization in Science, 2(4):163-197, 2000.

[188] A. Quarteroni and A. Valli. Numerical Approximation of Partial Differential Equations. Lec-
ture Notes in Mathematics. Springer-Verlag, 1994.

[189] A.Quarteroni and A. Veneziani. Analysis of a geometrical multiscale model based on the
coupling of ode and pde for blood flow simulations. Multiscale Modeling & Simulation,
1(2):173-195, 2003.

[190] A. Quarteroni, A. Veneziani, and C. Vergara. Geometric multiscale modeling of the car-
diovascular system, between theory and practice. Computer Methods in Applied Mechanics
and Engineering, 302:193 — 252, 2016.

[191] A. Ragauskas, L. Bartusis, I. Piper, R. Zakelis, V. Matijosaitis, K. Petrikonis, and D. Ras-
tenyte. Improved diagnostic value of a tcd-based non-invasive icp measurement method
compared with the sonographic onsd method for detecting elevated intracranial pres-
sure. Neurological research, 36(7):607-614, 2014.

[192] A. Ragauskas, V. Matijosaitis, R. Zakelis, K. Petrikonis, D. Rastenyte, 1. Piper, and
G. Daubaris. Clinical assessment of noninvasive intracranial pressure absolute value
measurement method. Neurology, 78(21):1684-1691, 2012.

[193] M. Rantz, K. Lane, L. J. Phillips, L. A. Despins, C. Galambos, G. L. Alexander, R. J. Koop-
man, L. Hicks, M. Skubic, and S. J. Miller. Enhanced registered nurse care coordination
with sensor technology: Impact on length of stay and cost in aging in place housing.
Nursing Outlook, 63(6):650-655, 2015.

[194] M. ]J. Rantz, M. Skubic, M. Popescu, C. Galambos, R. J. Koopman, G. L. Alexander, L. J.
Phillips, K. Musterman, J. Back, and S. J. Miller. A new paradigm of technology-enabled
"vital signs’ for early detection of health change for older adults. Gerontology, 61(3):281-
290, 2015.

[195] S. V. Rao, K. Moutzouris, and M. Ebrahimzadeh. Nonlinear frequency conversion in
semiconductor optical waveguides using birefringent, modal and quasi-phase-matching
techniques. Journal of Optics A: Pure and Applied Optics, 6(6):569, 2004.

[196] R. Rate. Emfit sensor technology. Journal of Medical Systems, 31:69-77, 2007 .



BIBLIOGRAPHY 279

[197] F. Recrosi, R. Repetto, A. Tatone, and G. Guidoboni. Thermodynamic derivation of a
non-linear poroelastic model describing hemodynamicsmechanics interplay in the lam-
ina cribrosa. Journal for Modeling in Ophthalmology, 2(2):80-85, 2018.

[198] R. Ren, ]J. B. Jonas, G. Tian, Y. Zhen, K. Ma, S. Li, H. Wang, B. Li, X. Zhang, and
N. Wang. Cerebrospinal fluid pressure in glaucoma: a prospective study. Ophthalmol-
ogy, 117(2):259-266, 2010.

[199] A. Ribes and C. Caremoli. Salome platform component model for numerical simula-
tion. In 31st Annual International Computer Software and Applications Conference (COMP-
SAC 2007), volume 2, pages 553-564. IEEE, 2007.

[200] L. Rosales, B.Y. Su, M. Skubic, and K. Ho. Heart rate monitoring using hydraulic bed sen-
sor ballistocardiogram. Journal of Ambient Intelligence and Smart Environments, 9(2):193—
207,2017.

[201] G.Rutkowska, V. Haughton, S. Linge, and K.-A. Mardal. Patient-specific 3d simulation of
cyclic csf flow at the craniocervical region. American Journal of Neuroradiology, 33(9):1756—
1762, 2012.

[202] R. Sacco, G. Guidoboni, and A. G. Mauri. A comprehensive physically-based approach to
modeling in bioengineering and life sciences.

[203] R. Sacco, G. Guidoboni, A. G. Mauri, B. A. Siesky, and A. Harris. A theoretical investiga-
tion of the role of arachidonic acid in astrocyte vasoactive agent production. In Annual
Meeting of Association for Research in Vision and Ophthalmology (ARVO), 2019.

[204] L.Sala, C. Prud’homme, G. Guidoboni, and M. Szopos. Ocular mathematical virtual sim-
ulator: A hemodynamical and biomechanical study towards clinical applications. Journal
of Coupled Systems and Multiscale Dynamics, 6(3):241-247, 2018.

[205] L. Sala, C. Prud’homme, G. Guidoboni, M. Szopos, B. A. Siesky, and A. Harris. Analysis
of iop and csf alterations on ocular biomechanics and lamina cribrosa hemodynamics.
Investigative Ophthalmology & Visual Science, 59(9):4475-4475, 2018.

[206] L. Sala, C. Prud'Homme, D. Prada, F. Salerni, C. Trophime, V. Chabannes, M. Szopos,
R. Repetto, S. Bertoluzza, R. Sacco, et al. Patient-specific virtual simulator of tissue per-

fusion in the lamina cribrosa. In Annual Meeting of Association for Research in Vision and
Ophthalmology (ARVO), 2017.

[207] L. Sala, R. Sacco, and G. Guidoboni. Multiscale nature of ocular physiology. Journal for
Modeling in Ophthalmology, 2(1):12-18, 2018.

[208] F.Salerni, R. Repetto, A. Harris, P. Pinsky, C. Prud’homme, M. Szopos, and G. Guidoboni.
Mathematical modeling of ocular and cerebral hemo-fluid dynamics: application to viip.
Journal for Modeling in Ophthalmology, 2(2):64—68, 2018.

[209] A.Samsudin, N. Isaacs, M.-L. S. Tai, N. Ramli, Z. Mimiwati, and M. M. Choo. Ocular per-
fusion pressure and ophthalmic artery flow in patients with normal tension glaucoma.
BMC ophthalmology, 16(1):39, 2016.

[210] O. C. SAS. Open cascade technology, 3d modeling & numerical simulation, 2008.

[211] ]J. Schoberl. Netgen an advancing front 2d/3d-mesh generator based on abstract rules.
Computing and visualization in science, 1(1):41-52, 1997.



280 BIBLIOGRAPHY

[212] S. Selberherr. Analysis and Simulation of Semiconductor Devices. Springer-Verlag, 1984.

[213] H. D. Sesso, M. J. Stampfer, B. Rosner, C. H. Hennekens, ]J. M. Gaziano, J. E. Manson,
and R. J. Glynn. Systolic and diastolic blood pressure, pulse pressure, and mean arterial

pressure as predictors of cardiovascular disease risk in men. Hypertension, 36(5):801-807,
2000.

[214] A. H. Shapiro. Steady flow in collapsible tubes. Journal of Biomechanical Engineering,
99(3):126-147, 1977.

[215] K. Shapiro and A. Marmarou. Clinical applications of the pressure-volume index in treat-
ment of pediatric head injuries. Journal of neurosurgery, 56(6):819-825, 1982.

[216] ]. Shin, B. Choi, Y. Lim, D. Jeong, and K. Park. Automatic ballistocardiogram (BCG) beat
detection using a template matching approach. In Engineering in Medicine and Biology
Society, 2008. EMBS 2008. 30th Annual International Conference of the IEEE, pages 1144—
1146. IEEE, 2008.

[217] R. E. Showalter. Diffusion in poro-elastic media. Journal of mathematical analysis and appli-
cations, 251(1):310-340, 2000.

[218] L. Siaudvytyte, I. Januleviciene, A. Ragauskas, L. Bartusis, B. Siesky, and A. Harris. Up-
date in intracranial pressure evaluation methods and translaminar pressure gradient role
in glaucoma. Acta ophthalmologica, 93(1):9-15, 2015.

[219] B. Siesky, A. Harris, L. Racette, R. Abassi, K. Chandrasekhar, L. A. Tobe, ]J. Behzadi,
G. Eckert, A. Amireskandari, and M. Muchnik. Differences in ocular blood flow in glau-
coma between patients of african and european descent. Journal of glaucoma, 24(2):117,
2015.

[220] I. A.Sigal and C. R. Ethier. Biomechanics of the optic nerve head. Experimental eye research,
88(4):799-807, 2009.

[221] 1. A. Sigal, ]J. G. Flanagan, L. Tertinegg, and C. R. Ethier. Finite element modeling of optic
nerve head biomechanics. Investigative ophthalmology & visual science, 45(12):4378-4387,
2004.

[222] B. W. Smith, J. G. Chase, R. I. Nokes, G. M. Shaw, and G. Wake. Minimal haemodynamic
system model including ventricular interaction and valve dynamics. Medical Engineering
& Physics, 26(2):131-139, 2004.

[223] I. M. Sobol. Global sensitivity indices for nonlinear mathematical models and their monte
carlo estimates. Mathematics and computers in simulation, 55(1-3):271-280, 2001.

[224] I. Starr and A. Noordergraaf. Ballistocardiography in cardiovascular research: Physical aspects
of the circulation in health and disease. Lippincott, 1967.

[225] I. Starr and F. C. Wood. Twenty-year studies with the ballistocardiograph: the relation
between the amplitude of the first record of healthy adults and eventual mortality and
morbidity from heart disease. Circulation, 23(5):714-732, 1961.

[226] K.-H. Steverud, H. P. Langtangen, G. A. Ringstad, P. K. Eide, and K.-A. Mardal. Com-
putational investigation of cerebrospinal fluid dynamics in the posterior cranial fossa

and cervical subarachnoid space in patients with chiari i malformation. PloS one,
11(10):e0162938, 2016.



BIBLIOGRAPHY 281

[227] B.Y.Su, M. Enayati, K. Ho, M. Skubic, L. Despins, ]. M. Keller, M. Popescu, G. Guidoboni,
and M. Rantz. Monitoring the relative blood pressure using a hydraulic bed sensor sys-
tem. IEEE Transactions on Biomedical Engineering, 2018.

[228] B. Sudret. Global sensitivity analysis using polynomial chaos expansions. Reliability
engineering & system safety, 93(7):964-979, 2008.

[229] W. Suh, C. Kee, N. S. Group, and K. G. Society. The distribution of intraocular pressure
in urban and in rural populations: the namil study in south korea. American journal of
ophthalmology, 154(1):99-106, 2012.

[230] B. Sweetman and A. Linniger. Cerebrospinal fluid flow dynamics in the central nervous
system. Annals of biomedical engineering, 39(1):484—496, 2011.

[231] K. M. Tangen, Y. Hsu, D. C. Zhu, and A. A. Linninger. Cns wide simulation of flow
resistance and drug transport due to spinal microanatomy. Journal of biomechanics,
48(10):2144-2154, 2015.

[232] Y.-C. Tham, S.-H. Lim, P. Gupta, T. Aung, T. Y. Wong, and C.-Y. Cheng. Inter-relationship
between ocular perfusion pressure, blood pressure, intraocular pressure profiles and pri-
mary open-angle glaucoma: the singapore epidemiology of eye diseases study. British
Journal of Ophthalmology, 102(10):1402-1406, 2018.

[233] F. Topouzis, A. L. Coleman, A. Harris, C. Jonescu-Cuypers, F. Yu, L. Mavroudis, E. Anas-
tasopoulos, T. Pappas, A. Koskosas, and M. R. Wilson. Association of blood pressure
status with the optic disk structure in non-glaucoma subjects: the thessaloniki eye study.
American journal of ophthalmology, 142(1):60-67, 2006.

[234] M. W. Tuck and R. P. Crick. The age distribution of primary open angle glaucoma. Oph-
thalmic epidemiology, 5(4):173-183, 1998.

[235] K. Tuma, J. Stein, V. PRUSA, and E. Friedmann. Motion of the vitreous humour in a de-
forming eye—fluid-structure interaction between a nonlinear elastic solid and a nonlinear
viscoleastic fluid. arXiv preprint arXiv:1802.04002, 2018.

[236] M. Ursino and C. A. Lodi. A simple mathematical model of the interaction between in-
tracranial pressure and cerebral hemodynamics. Journal of Applied Physiology, 82(4):1256—
1269, 1997.

[237] T. S. Vajaranant, S. Nayak, J. T. Wilensky, and C. E. Joslin. Gender and glaucoma: what
we know and what we need to know. Current opinion in ophthalmology, 21(2):91, 2010.

[238] ]J. Vardakis, D. Chou, B. Tully, C. Hung, T. Lee, P. Tsui, and Y. Ventikos. Investigating
cerebral oedema using poroelasticity. Medical engineering and physics, 2016.

[239] A. C. Verticchio Vercellin, A. Harris, T. A. Ciulla, G. Chiaravalli, R. Sacco, B. A. Siesky,
I. Januleviciene, and G. Guidoboni. Quantifying retinal and choroidal contributions to
macular oxygenation: a theoretical approach. In Annual Meeting of Association for Research
in Vision and Ophthalmology (ARVO), 2019.

[240] B. Wang, H. Tran, M. A. Smith, T. Kostanyan, S. E. Schmitt, R. A. Bilonick, N.-J. Jan,
L. Kagemann, E. C. Tyler-Kabara, H. Ishikawa, et al. In-vivo effects of intraocular and

intracranial pressures on the lamina cribrosa microstructure. PloS one, 12(11):e0188302,
2017.



282 BIBLIOGRAPHY

[241] D. Wang, W. Huang, Y. Li, Y. Zheng, P. J. Foster, N. Congdon, and M. He. Intraocular
pressure, central corneal thickness, and glaucoma in chinese adults: the liwan eye study.
American journal of ophthalmology, 152(3):454—462, 2011.

[242] N. Wang. Intraocular and intracranial pressure gradient in glaucoma.

[243] R.N. Weinreb and A. Harris. Ocular blood flow in glaucoma, volume 6. Kugler Publications,
2009.

[244] S. Whitaker. The method of volume averaging, volume 13. Springer Science & Business
Media, 2013.

[245] R. M. Wiard, H. J. Kim, C. A. Figueroa, G. T. Kovacs, C. A. Taylor, and L. Giovangrandi.
Estimation of central aortic forces in the ballistocardiogram under rest and exercise con-
ditions. In Engineering in Medicine and Biology Society, 2009. EMBC 2009. Annual Interna-
tional Conference of the IEEE, pages 2831-2834. IEEE, 2009.

[246] T. H. Williamson and A. Harris. Color doppler ultrasound imaging of theeye and orbit.
Survey of ophthalmology, 40(4):255-267, 1996.

[247] G. Wollensak and E. Spoerl. Biomechanical characteristics of retina. Retina, 24(6):967-970,
2004.

[248] S.-Y. Woo, A. Kobayashi, W. Schlegel, and C. Lawrence. Nonlinear material properties of
intact cornea and sclera. Experimental eye research, 14(1):29-39, 1972.

[249] ]J. D. Wright, J. P. Hughes, Y. Ostchega, S. S. Yoon, T. Nwankwo, et al. Mean systolic and
diastolic blood pressure in adults aged 18 and over in the united states, 2001-2008. Natl
Health Stat Report, 35(1-22):24, 2011.

[250] D. Yan, E. Coloma, A. Metheetrairut, G. Trope, J. Heathcote, and C. Ethier. Deformation
of the lamina cribrosa by elevated intraocular pressure. British Journal of Ophthalmology,
78(8):643-648, 1994.

[251] D. Yan, J. Flanagan, J. Flanagan, T. Farra, G. Trope, and C. Ethier. Study of regional de-
formation of the optic nerve head using scanning laser tomography. Current eye research,
17(9):903-916, 1998.

[252] S. J. Young, W. M. Gillon, R. V. Rifredi, and W. T. Krein. Method and apparatus for
monitoring vital signs remotely, Mar. 27 2008. US Patent App. 11/849,051.

[253] M. Za¢ek and E. Krause. Numerical simulation of the blood flow in the human cardio-
vascular system. Journal of Biomechanics, 29(1):13-20, 1996.

[254] P. Zang, J. Wang, T. Hormel, L. Liu, D. Huang, and Y. Jia. Automated segmentation
of peripapillary retinal boundaries in oct combining convolutional neural network and
graph search. In Annual Meeting of Association for Research in Vision and Ophthalmology
(ARVO), 2019.

[255] S. Zhao, X. Xu, and M. Collins. The numerical analysis of fluid-solid interactions for
blood flow in arterial structures part 2: development of coupled fluid-solid algorithms.
Proceedings of the Institution of Mechanical Engineers, Part H: Journal of Engineering in
Medicine, 212(4):241-252, 1998.



BIBLIOGRAPHY 283

[256] E. Zimlichman, M. Szyper-Kravitz, Z. Shinar, T. Klap, S. Levkovich, A. Unterman,
R. Rozenblum, J. M. Rothschild, H. Amital, and Y. Shoenfeld. Early recognition of acutely
deteriorating patients in non-intensive care units: Assessment of an innovative monitor-
ing technology. Journal of Hospital Medicine, 7(8):628-633, 2012.



284 BIBLIOGRAPHY



284 BIBLIOGRAPHY



Presentations and publications during the period of doctoral studies

Oral presentations

The Ocular Mathematical Virtual Simulator: towards uncertainty quantification.

L.SALA, C. PRUD’HOMME, G. GUIDOBONI, M. SZOPOS.

6th International Conference on Computational and Mathematical Biomedical Engineering. Sendai, Japan.
11/06/2019.

An operator splitting method for the time discretization of a multi-scale model in ophthalmol-
ogy.

L. SALA, C. PRUD’HOMME, G. GUIDOBONI, M. SZOPOS.

9e Biennale Frangaise des Mathématiques Appliquées et Industrielles. Guidel Plages (Morbihan), France.
14/05/2019.

A web-based interface for ocular hemodynamics and biomechanics analysis via the Ocular
Mathematical Virtual Simulator.

L. SALA, C. PRUD’HOMME, G. GUIDOBONI, M. SzoPOs, A.C. VERTICCHIO VERCELLIN, B.A.
SIESKY, A. HARRIS.

Annual Meeting of the Association for Research in Vision and Ophthalmology. Vancouver, Canada.
01/05/2019.

Mathematical modeling and simulation of ocular blood flow and their interactions.

L. SALA.

Workshop Modeling the eye as a window on the body. American Institute of Mathematics, San José
(CA), USA. 17/10/2018.

Ocular Mathematical Virtual Simulator: A Hemodynamical and Biomechanical Study towards
Clinical Applications.

L. SALA, C. PRUD’'HOMME, G. GUIDOBONI, M. SZOPOS.

13th World Congress on Computational Mechanics: Multidisciplinary Alliance in Biosciences: Modeling,
Computing, Technology and Clinical Applications. New York (NY), USA. 24/07/2018.

Unconditionally stable operator splitting method for a multiscale application in ophthalmol-
ogy.

L. SALA, C. PRUD’'HOMME, G. GUIDOBONI, M. SZOPOS.

44e Congres National d’Analyse Numérique. Centre Azureva, Cap d’Agde, France. 30/05/2018.

Analysis of IOP and CSF alterations on ocular biomechanics and lamina cribrosa hemodynam-
ics.

L.SALA, C. PRUD’'HOMME, G. GUIDOBONI, M. SZOPOS, B.A. SIESKY, A. HARRIS.

Annual Meeting of the Association for Research in Vision and Ophthalmology. Honolulu (HI), USA.
01/05/2018.

285



286 BIBLIOGRAPHY

¢ Towards a full model for ocular biomechanics, fluid dynamics and hemodynamics.
L.SALA, C. PRUD'HOMME, G. GUIDOBONI, M. SZOPOS.
ESB-ITA VII Annual Meeting. Roma, Italy. 28/09/2017.

e Multiphysics modeling of the Eye using Feel++.
L.SALA
Workshop 5th Feel++ User Days. IRMA, Strasbourg, France. 14/09/2017.

e HDG Method and Toolbox in Feel++.
R. HILD, L. SALA.
Workshop 5th Feel++ User Days. IRMA, Strasbourg, France. 13/09/2017.

* Demo tissue perfusion in the eye.
L. SALA.
Workshop Mathematical Modelling, Simulation and Optimization for Societal Challenges with Scientific
Computing (MSO4SC). Budapest, Hungary. 23/05/2017.

¢ Hi-POD reduction techniques for parametrized fluid dynamics problems.
L. SALA.
Séminaire Equations aux dfivées partielles”. IRMA, Strasbourg, France. 11/10/2016.

Poster presentations

e Mathematical modeling and simulation of ocular blood flows and their interactions.
L. SALA.
Poster Day: University of Strasbourg - Doctoral School in Mathematics, Engineering and Computer Sci-
ence. Pole API, Illkirch-Graffenstaden, France. 02/10/2017.

¢ Patient-specific virtual simulator of tissue perfusion in the lamina cribrosa.
L. SALA, C. PRUD’HOMME, D. PRADA, F. SALERNI, C. TROPHIME, V. CHABANNES, M. SZOPOS,
R. REPETTO, S. BERTOLUZZA, R. SACCO, A. HARRRIS, G. GUIDOBONI.
Annual Meeting of the Association for Research in Vision and Ophthalmology. Baltimore(MD), USA.
07/05/2017.

e Hi-POD reduction techniques for parametrized fluid dynamics problems.
L.SALA, D.BAROLI, C.M. COVA, S. PEROTTO, A. VENEZIANI.
Numerical methods for PDEs: recent developments in numerical methods for model reduction. IHP, Paris,
France. 08/11/2016.

Patents

¢ Cardiovascular function and ballistocardiogram. US provisional patent application No.62/735,716.
Filed on 09/24/2018.
Inventor: G. Guidoboni.
Authors: G. Guidoboni, L. Sala.
Assignee: The Curators of the University of Missouri.

Peer-reviewed articles in International Journals

* Energy-based operator splitting approach for the time discretization of coupled systems of
partial and ordinary differential equations for fluid flows: the Darcy case.
L. SALA, G. GUIDOBONI, M. 520P0Os, C. PRUD’"HOMME.
In preparation.

¢ The Ocular Mathematical Virtual Simulator: preliminary sensitivity analysis.
L.SALA, C. PRUD’'HOMME, G. GUIDOBONI, M. 5ZOPOs.
In preparation.



BIBLIOGRAPHY 287

The Ocular Mathematical Virtual Simulator: validation strategy.

L. SALA, C. PRUD’'HOMME, G. GUIDOBONI, M. SzOoP0S, A.C. VERTICCHIO VERCELLIN, B.A.
SIESKY, A. HARRIS.

In preparation.

¢ HDG methods with integral boundary conditions: theory and applications.
S. BERTOLUZZA, G. GUIDOBONI, R. HILD, D. PRADA, C. PRUD’'HOMME, R. SACCO, L. SALA,
AND M. 5Z0Pros.
In preparation.

* Mathematical modeling of the cerebrospinal fluid flow and its interactions.
L.SALA, F. SALERNI, M. SZOPOS.
Chapter in the book Mathematical Modeling of Ocular Fluid Dynamics: From Theory to Clinical
Applications.
Editors: G. Guidoboni, A. Harris, R. Sacco.
Springer-Birkhauser (New York). Book series: Modeling and Simulation in Science, Engineering,
and Technology Expected release date: July 1,2019.

¢ A Theoretical Study of Aqueous Humor Secretion Based on a Continuum Model Coupling
Electrochemical and Fluid-Dynamical Transmembrane Mechanisms.
L.SALA, A.G. MAURI, R. SACCO, D. MESSENIO, G. GUIDOBONI, A. HARRIS.
Communications in Applied Mathematics and Computational Science. 2019.

¢ Cardiovascular function and ballistocardiogram: a relationship interpreted via mathematical
modeling.
G. GUIDOBONI, L. SALA, M. ENAYATI, R. SACCO, M. Szoros, J.M. KELLER, M. POPESCU, L.
DESPINS, V. HUXLEY, M. SKUBIC.
IEEE Transactions on Biomedical Engineering. 2019

¢ Towards a full model for ocular biomechanics, fluid dynamics, and hemodynamics.
L.SALA, C. PRUD’HOMME, G. GUIDOBONI, M. SZOPOS.
Journal for Modeling in Ophthalmology, 2(2), pp.7-13. 2018.

* Ocular mathematical virtual simulator: A hemodynamical and biomechanical study towards
clinical applications.
L. SALA, C. PRUD’'HOMME, G. GUIDOBONI, M. SZOPOS.
Journal of Coupled Systems and Multiscale Dynamics, 6(3), pp.241-247. 2018

* Multiscale nature of ocular physiology.
L. SALA, R. SACCO, G. GUIDOBONI.
Journal for Modeling in Ophthalmology, 2(1), pp.12-18. 2018.

Peer-reviewed proceedings in National and International Conferences

* The Ocular Mathematical Virtual Simulator: towards uncertainty quantification.
L. SALA, C. PRUD’'HOMME, G. GUIDOBONI, M. SZOPOS.
Proceedings of the 6th International Conference on Computational and Mathematical Biomedical
Engineering, 2(1), pp. 429-432. June, 2019.

e A web-based interface for ocular hemodynamics and biomechanics analysis via the Ocular
Mathematical Virtual Simulator.
L. SALA, C. PRUD’'HOMME, G. GUIDOBONI, M. Szor0s, A.C. VERTICCHIO VERCELLIN, B.A.
SIESKY, A. HARRIS.
Accepted.

* Analysis of IOP and CSF alterations on ocular biomechanics and lamina cribrosa hemodynam-
ics.
L. SALA, C. PRUD’'HOMME, G. GUIDOBONI, M. SZOPOSs, B.A. SIESKY, A. HARRIS.
Investigative Ophthalmology & Visual Science, 59(9), pp.4475-4475. 2018.



288

BIBLIOGRAPHY

A theoretical study of the role of conformational properties of transepithelial ion pumps on
aqueous humor production.

R. SAacco, L. SALA, A.G. MAURI, D. MESSENIO, G. GUIDOBONI, B.A. SIESKY, A. HARRIS
Investigative Ophthalmology & Visual Science, 59 (9), 1656-1656. 2018

A theoretical study of the role of conformational properties of transepithelial ion pumps on
aqueous humor production.

R. SAccO, A.G. MAURI, L. SALA, S. CASSANI, B.A. SIESKY, G. GUIDOBONI, A. HARRIS.
Investigative Ophthalmology & Visual Science, 59(9), pp.1656-1656. 2018

Unconditionally stable operator splitting method for a multiscale application in ophthalmol-
ogy.

G. GUIDOBONI, C. PRUD'HOMME, L. SALA, M. SZOPOS.

Proceedings of the 44e Congrés National d’Analyse Numérique. May, 2018.

Patient-specific virtual simulator of tissue perfusion in the lamina cribrosa.

L.SALA, C. PRUD’HOMME, D. PRADA, F. SALERNI, C. TROPHIME, V. CHABANNES, M. SZOPOS,
R. REPETTO, S. BERTOLUZZA, R. SACCO, A. HARRIS.

Proceedings of the Annual Meeting of Association for Research in Vision and Ophthalmology.
May, 2017.



Table des matieres

Notations

Résumé

1 Introduction et motivation

1

Introduction . . .. ... ... ........
Anatomie et physiologie oculaires . . . . .
Quantités d’intérét et leurs mesures . . . .

Glaucome . . ... ... .. ... . ...,

2 Le Simulateur Virtuel de Mathématiques Oculaires (OMVS)

1

2

3

4

Biomécanique de la sclérotique, de la choroide, de la rétine et de la cornée . . . .

3 Méthodes numériques

1

2

Méthode de décomposition de 1’opérateur pour systémes couplés 3D-0D . . . . .

Technique de décomposition de I'opérateur

ii



iv TABLE DES MATIERES

3  Meéthode de Galerkin Discontinue Hybride (HDG) . . . . .. .. .... ... ... 44
4 Résultats 57
1 Originedesdonnées . . . . .. ... ... ... ... ... .. ... .. .. ... 57
2 Données de 10 patients virtuels . . . . . ... ... ... ... .. L L. 57
3  Résultatsdessimulations . . . ... ... .. .. 58
4  Observations supplémentaires . . . .. ... ... ... ... ... .. ... 61
5 Conclusions et perspectives 63

Bibliographie 65



Notations

CCT ‘ Epaisseur Centrale de la Cornée
CDI | Imagerie Doppler Couleur
CRA ‘ Artére Rétinienne Centrale
CRV ‘ Veine Rétinienne Centrale
CSF ‘ Liquide CérébroSpinal
DP/DBP ‘ Pression Diastolique systémique
EDO ‘ Equations Différentielles Ordinaires
EDP ‘ Equations Différentielles Partielles
FEM ‘ Méthode des Fléments Finis
FSI ‘ Interaction Fluide-Structure
HDG ‘ Galerkin Discontinue Hybride
HPC ‘ calcul haute performance
HR | Fréquence Cardiaque
IBC ‘ Conditions Limites Intégrales
Icp ‘ Pression IntraCranienne
IOP | Pression IntraOculaire
MAP ‘ Pression Artérielle Moyenne
MND | Maladies NeuroDégénératives
NTG ‘ Glaucome de Tension Normale
OCTA ‘ Angiographie par Tomographie a Cohérence Optique
OHT ‘ HyperTension Oculaire
OMVS ‘ Simulateur Virtuel de Mathématiques Oculaires
RGC ‘ Cellule Ganglionnaire Rétinienne
RLTp ‘ Pression Tissulaire Rétrolaminaire
SP/SBP ‘ Pression Systolique systémique

TLPd ‘ différence de Pression Tissulaire Translaminaire

v



Vi

TABLE DES MATIERES



Résumé

Les neuropathies optiques comme le glaucome sont souvent des maladies tardives, évolu-
tives et incurables. Malgré les progres récents de la recherche clinique, de nombreuses ques-
tions relatives a 1’étiologie de ces troubles et a leur physiopathologie restent ouvertes. De plus,
les données sur les tissus postérieurs oculaires sont difficiles & estimer de fagon non invasive
et leur interprétation clinique demeure difficile en raison de l'interaction entre de multiples
facteurs qui ne peuvent pas étre facilement isolés. L'utilisation récente de modeles mathéma-
tiques pour des problemes biomédicaux a permis de révéler des mécanismes complexes de la
physiologie humaine.

Dans ce contexte tres enthousiasmant, notre contribution est consacrée a la conception d'un
modele mathématique et computationnel couplant I'hémodynamique et la biomécanique de
'ceil humain. Dans le cadre de cette theése, nous avons mis au point un modele spécifique au
patient appelé simulateur virtuel de mathématiques oculaires (OMVS), capable de déméler les
facteurs multi-échelles et multi-physiques dans un environnement accessible en utilisant des
modéles mathématiques et des méthodes numériques avancés et innovants. De plus, le cadre
proposé peut servir comme méthode complémentaire pour 'analyse et la visualisation des
données pour la recherche clinique et expérimentale, et comme outil de formation pour la re-
cherche pédagogique.

Dans le premier chapitre de la theése, nous décrivons I’anatomie de I'ceil et la physiopatholo-
gie du glaucome. Ensuite, nous définissons les choix de modélisation et 1’architecture mathé-
matique de 'OMVS (chapitre 2). Dans le chapitre 3, nous présentons les nouvelles méthodes
numériques que nous avons développées, a savoir la technique de décomposition d’opérateur
pour résoudre les systemes EDP-EDO couplés. et la méthode de Galerkin Discontinue Hybride
avec conditions limites intégrales. Le quatrieme chapitre de la these illustre les résultats de la
simulation de 'OMVS, en particulier la stratégie de vérification et de validation, ainsi que une
étude sur une base de données virtuelle de patients utilisant 'OMVS comme outil de recherche
clinique. Enfin, dans le dernier chapitre de la thése, nous tirons nos conclusions et formulons
des perspectives d’avenir.
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cHAPITRE 1

Introduction et motivation

L'intérét pour les modeles mathématiques appliqués aux problemes biomédicaux a consi-
dérablement augmenté dans les derniéres années. Cette situation découle des progres consi-
dérables qui ont été réalisés en médecine au cours des dernieres années. Dans ce contexte, les
cliniciens sont constamment a la recherche de nouvelles techniques pour obtenir des informa-
tions spécifiques aux patients de maniere non invasive, en particulier en utilisant des modeles
mathématiques. Cette croissance incessante a augmenté de fagon exponentielle la complexité
des mathématiques utilisées pour la description de tels systéemes physiques.

Cette these est structurée comme suit :
Chapitre 1 : nous décrivons I'anatomie de 1'ceil et la physiopathologie du glaucome;
Chapitre 2 : nous définissons les choix de modélisation et 1’architecture mathématique de’'OMVS;

Chapitre 3 : nous présentons les nouvelles méthodes numériques que nous avons dévelop-
pées, a savoir la technique de décomposition d’opérateur pour résoudre les systémes
couplés EDP-EDO et la méthode de Galerkin Discontinue Hybride (HDG) avec condi-
tions limites intégrales (IBC);

Chapitre 4 : nous illustrons la vérification par une étude de convergence pour la méthode HDG
et la technique de décomposition d’opérateur 3D-0D, la stratégie de validation de ’'OMVS
et une étude sur une base de données virtuelle de patients utilisant 'OMVS comme outil
de recherche clinique;

Chapitre 5 : nous tirons nos conclusions et formulons des perspectives d’avenir.
1% persp

3



4 CHAPITRE 1. INTRODUCTION ET MOTIVATION

1 Introduction

Grace a son accessibilité aux mesures et a sa connexion particuliére, I'ceil offre une fenétre
unique sur le cerveau, offrant ainsi un accés non invasif a un large éventail de biomarqueurs
potentiels qui pourraient aider au diagnostic précoce et aux soins cliniques des maladies neu-
rodégénératives (MND). Cependant, la caractérisation des biomarqueurs oculaires en tant que
substituts de l'état vasculaire cérébral ou systémique est loin d’étre négligeable. Dans cette
theése, nous nous concentrons sur le glaucome, qui est un MND oculaire qui implique la téte du
nerf optique, en fournissant un premier pas vers I'étude du systéme ceil-cerveau.

Les mesures cliniques sont influencées par de nombreux facteurs qui varient d'une per-
sonne a l'autre et ne peuvent étre isolées in vivo, ce qui pose de sérieux défis pour l'interpré-
tation de ces mesures. Cette occasion ambitieux, mais extrémement attrayante, d"utiliser 1'ceil
comme une fenétre sur le cerveau constitue la principale raison d’étre de notre contribution
au projet Eye2Brain. Plus spécifiquement, elle découle de 1'idée fondamentale qu’une mesure
oculaire per se ne permet pas de tirer de conclusion sur ce qui pourrait étre 1’état fluidodyna-
mique et/ou métabolique du cerveau d"un patient donné, a moins que certains autres facteurs
spécifiques a ce patient ne soient correctement pris en compte. Dans ce cadre, la modélisa-
tion mathématique peut fournir des outils quantitatifs pour aider a tenir compte des facteurs
propres au patient lors de l'interprétation des biomarqueurs oculaires potentiels.

L'utilisation de modéles mathématiques et informatiques pour étudier les biofluides n’est
pas une nouveauté. Le systeme cardiovasculaire a été 'un des premiers systemes humains a
étre étudié avec ce type d’approche [59, 88]; plus tard, d’autres organes ont également été étu-
diés, comme les poumons [69, 91] et le cerveau [31, 78]. Pourtant, 1'intérét sur I'ceil est tres
récent, et offre de nombreuses opportunités de développement.

Ainsi, motivée par le besoin de méthodes mathématiques et informatiques pour étudier le
systéeme ceil-cerveau - que nous appelons Eye2Brain - et aider a l'interprétation des mesures
oculaires comme biomarqueurs de I'état du cerveau, cette thése de doctorat porte sur le déve-
loppement d'une plateforme multi-composante combinant des descriptions détaillées de 1'ceil
en vue d’une connexion avec le réseau du cerveau. Le projet Eye2Brain vise plus particuliere-
ment a étudier les interactions entre les biofluides de I'ceil et du cerveau (humeur aqueuse et
vitreuse, sang, liquide cérébrospinal), la biomécanique des tissus oculaires (rétine, sclérotique,
cornée), 'activité électrique et le métabolisme des neurones.

Un tel niveau de complexité nécessite une approche de modélisation multi-échelles et multi-
physique. Les modeles en réseau permettent de capturer la dynamique principale de systémes
complexes avec des cofits de calcul relativement faibles, tandis que les modeles 3D détaillés
permettent d’interfacer avec des données cliniques de nature 3D, par exemple des images ob-
tenues par résonance magnétique ou tomographie par cohérence optique. Cette these est une
premiére tentative pour réaliser ce projet ambitieux et se concentre sur I’'hémodynamique du
segment postérieur oculaire et la biomécanique des principaux tissus de 'ceil. Pour ce faire,
nous avons théorisé et mis en ceuvre des méthodes numériques innovantes, qui gerent le cou-
plage multi-échelles et multi-physiques (couplage EDPs/EDOs) dans un cadre de calcul haute
performance (HPC).

Le développement de cette plateforme informatique articulée, capable de traiter et d’inté-
grer simultanément des images médicales et des mesures obtenues avec différents instruments
sur un méme patient, revét une importance considérable du point de vue clinique. Malgré les
progres significatifs de I'imagerie médicale, il est encore extrémement difficile pour les méde-
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cins traitants d’avoir une image claire et complete de 1’état clinique du patient.
Ceci est di principalement a deux raisons :

¢ chaque instrument cible différentes parties et fonctions des tissus du patient; cependant,
I'importance relative des diverses mesures peut dépendre de 1’état du patient;

¢ de nombreux instruments sont dotés de logiciels spécifiques qui tentent de classer les
données mesurées comme normales, suspectes ou anormales; cependant, ces logiciels
sont basés sur des cohortes différentes pour la santé et la maladie, ce qui rend difficile la
combinaison des résultats.

Ainsi, le développement d'une plateforme articulée capable de fournir aux médecins une
vision intégrée de I'état du patient améliorera considérablement leur capacité actuelle de sur-
veiller la santé et de prévenir, détecter, traiter et gérer la maladie d’une maniére personnalisée.

Dans le cadre de cette thése, nous proposons de développer le modele mathématique de
ce systeme physiologique complexe, en particulier un logiciel d’application en ophtalmologie.
L’objectif est de mettre en ceuvre, de tester et de livrer un logiciel qui peut étre utilisé dans
les cliniques pour améliorer le diagnostic et les soins des maladies oculaires (ex. glaucome,
rétinopathie diabétique, dégénérescence maculaire liée au vieillissement) et autres pathologies
qui se manifestent également dans les yeux (ex. diabete, hypertension, MND) [71].

Grace a la collaboration avec le professeur Alon Harris a Indianapolis, nous avons eu 1'oc-
casion de comparer et de tester nos idées et nos prévisions avec des centaines d’études pros-
pectives portant sur la structure oculaire, la perfusion oculaire et la circulation sanguine dans
les domaines de la santé et des maladies. En particulier nous sommes intéressé aux effets en
raison du diabete, glaucome et dégénérescence maculaire liée au vieillissement menées depuis
plusieurs décennies au Eugene and Marilyn Glick Eye Institute (Indianapolis, Etats-Unis).

Nous présentons maintenant le contexte médical de la these au moyen de trois sections ot1 nous
décrivons :

i) la physiologie des tissus oculaires sur lesquels nous nous sommes concentrés;
ii) les quantités significatives d’intérét et leurs mesures;

iii) le glaucome et les défis correspondants en médecine.

2 Anatomie et physiologie oculaires

Fig. 1.1 illustre un schéma de 1’anatomie oculaire.

L’ceil est un organe complexe composé de tissus multicouches (Fig. 1.1). On a la sclérotique,
le choroide, la rétine et I’humour vitreux. A I'avant de l'ceil se trouve la cornée, qui est le tissu
principal qui interagit avec ’extérieur, ainsi que les chambres antérieure et postérieure remplies

e . Les humeurs aqueuses et vitreuses sont séparées par une structure oculaire
de I'’humour aqueuse. Les h t vit t truct 1
principalement constituée de iris, cristallin et ligaments.

La sclérotique contient principalement du collagene et quelques fibres élastiques et couvre
plus de 80% de la surface du globe oculaire, de la cornée au nerf optique. Son épaisseur varie



6 CHAPITRE 1. INTRODUCTION ET MOTIVATION
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(humeur aqueuse)
Chambre postérieure
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FIGURE 1.1 — Anatomie de I'ceil. Courtesy de https://fr.wikipedia.org.

d’environ 0.3mm to 1.0mm et son métabolisme est relativement inactif avec un apport sanguin
limité. Sa fonction principale est de maintenir la forme de 1'ceil.

Le choroide fournit des substances nutritives a la rétine externe et maintient la température et
le volume de I'ceil. La circulation choroidienne, qui représente 85% du flux sanguin total dans
I'ceil, est un systeme a débit élevé avec une teneur en oxygene relativement faible. Sa fonction
principale est de conduire les arteres et les nerfs vers d’autres structures de 1'ceil.

La rétine estla couche interne sensible a la lumiere et est composé de plusieurs sous-couches,
qui ont différentes fonctions. La région qui nous intéresse le plus est celle ot se trouvent les cel-
lules ganglionnaires de la rétine, en effet ces neurones sont responsables de la transmission de
I'information visuelle de la rétine au cerveau via le nerf optique.

L'apport de sang oculaire provient principalement du l'artére ophtalmique (OA), qui est situé
prés du nerf optique. A partir de I'arthrose, 'artére rétinienne centrale (CRA) se ramifie et
pénetre dans le nerf optique a environ 10mm derriére le globe oculaire.

Parallelement a la veine rétinienne centrale (CRV) qui draine le sang de 1'ceil, le CRA fonc-
tionne dans la lumiere centrale du nerf optique jusqu’a la téte du nerf optique ou lamina cri-
brosa. L’ARC se divise en quatre arteres principales qui nourrissent respectivement les quatre
quadrants de la rétine. De la microvasculature rétinienne, le sang est drainé, soulignent quatre
veines rétiniennes majeures qui convergent vers le CRV.

Le lamina cribrosa est une extension de la sclérotique, qui permet aux cellules ganglionnaires
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Région ‘ Région 1 région
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OPTIQUE
N

Artéres
ciliaires
postérieures

Artére et
veine
rétiniennes
centrales

Rétine Choroide Sclérotique

(b) Microstructure

(a) Anatomie et apport vasculaire

FIGURE 1.2 — Lamina cribrosa. Le panneau (a) montre I’anatomie et 'apport vasculaire. Courtesy de A.M. Cantagallo
[95]. Le panneau (b) illustre la microstructure. Courtesy de https://coggle.it.

rétiniennes et aux vaisseaux rétiniens centraux d’accéder au milieu protégé du globe oculaire.
Sa position anatomique et son apport vasculaire élevé sont illustrés par la Fig. ?2. Sa réponse
biomécanique est principalement pilotée par des faisceaux de collagene qui forment un réseau
qui donne de la force a ce tissu tout en laissant passer les fibres nerveuses (Fig. ??). La la-
mina cribrosa joue donc un role crucial dans la connexion entre 1'ceil et le cerveau - d"un point
de vue neurologique - et entre 1'ceil et le systéme cardiovasculaire - d'un point de vue hémo-
dynamique. Sa microstructure fait encore débat dans la recherche clinique [35, 114, 52, 120],
cependant trés récemment, dans certains travaux proposés par Brazile et al. [9], les auteurs ont
découvert, grace aux images tres détaillées que, en moyenne,

i) seulement 22% des faisceaux de collagene contiennent un vaisseau a l'intérieur;
ii) 21% des vaisseaux de la lamina cribrosa étaient situés a 1'extérieur d’un faisceau collagé-
nique.

En outre, les auteurs affirment également que la distribution des vaisseaux sanguins n’a pas de
différence significative entre les différentes sous-régions de la lamina.

3 Quantités d’intérét et leurs mesures

Dans cette section, nous introduisons les principales quantités d’intérét dans 1'ceil en vue
de la description du modéle mathématique dans le chapitre 2. De plus, nous présentons les
techniques de mesure pour récupérer les données relatives a ces grandeurs, ce qui donne un
apercu de leur précision et de leur variabilité. L'apercu de ces grandeurs et de leurs mesures
est illustré par la Fig. 1.3.

Une des quantités les plus importantes pour notre future enquéte est le différence de pression
tissulaire translaminaire (TLPd), qui est la différence de pression entre le pression intraoculaire
(IOP) et le pression tissulaire rétrolaminaire (RLTp) :

TLPd=I10P — RLTp.
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FIGURE 1.3 — Schéma récapitulatif des principales quantités d’intérét et des instruments permettant de les mesurer.
Courtesy de Eugene and Marilyn Glick Eye Institute (Indianapolis, Etats-Unis).

L'IOP est la pression des fluides a l'intérieur de 'ceil et elle est déterminée par 1’équilibre
entre la production et le égouttement de ’humeur aqueuse. Cette pression est mesurée avec le
tonometre par aplanation de Goldmann, qui mesure la force nécessaire pour aplatir une zone
de la cornée, calculant ainsi la pression en exploitant la loi Imbert-Fick [36]. Cette précision
de mesure est cependant affectée par 1'épaisseur centrale de la cornée (CCT) et la rigidité cor-
néenne, en particulier, une CCT plus épaisse peut donner des mesures de IOP artificiellement
élevées, alors qu'une CCT plus mince peut donner des lectures artificiellement basses [6]. Le
tonometre de contour dynamique résout en partie ce probleme [68], en effet il est basé sur le
principe que lorsque la pointe de I’appareil correspond exactement au contour de la cornée, la
pression mesurée par un transducteur placé sur sa pointe est un indicateur précis de la véri-
table IOP [97].

Le RLTp est la pression des tissus derriere la lamina cribrosa. Cette pression est largement
déterminée par la pression a l'intérieur de I'espace sous-arachnoidien, c’est-a-dire la pression
intracranienne (ICP)[82]. L'ICP est habituellement mesurée au moyen d’une ponction lombaire,
une technique invasive dans laquelle une aiguille est insérée dans le canal rachidien pour re-
cueillir le liquide cérébrospinal (CSF). Quelques travaux récents en médecine [83, 105, 81] et
avec des modeles mathématiques [46], cependant, montrent quelques méthodes innovantes
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pour estimer ICP de fagon non invasive.

En ce qui concerne '’hémodynamique, les mesures pertinentes pour la description et la
validation de notre modele sont principalement les pression systémique de systole et de dias-
tole(SP/DP), la pression artérielle moyenne (MAP) et le flux sanguin rétinien. Le sphygmoma-
nometre est un instrument clinique qui consiste généralement en un brassard gonflable en ca-
outchouc appliqué au bras et relié a une colonne de mercure a co6té d'une échelle graduée,
permettant de déterminer la tension artérielle systolique et diastolique en augmentant et en
relachant progressivement la pression dans le brassard. Pour les mesures du débit sanguin ré-
tinien, nous nous référons a l'imagerie Doppler couleur (CDI) ou échographie Doppler [124],
qui utilise I'effet Doppler pour générer une imagerie du mouvement des tissus et des liquides
organiques - généralement du sang - et de leur vitesse relative par rapport a la sonde en calcu-
lant le décalage de fréquence d’un volume d’échantillon donné. Pour le débit sanguin rétinien,
une autre quantité que I'ophtalmologiste peut mesurer est I’'oxygénation du sang au moyen de
I’'oxymétrie rétinienne [60].

Nous discutons donc des propriétés géométriques et matérielles des tissus oculaires. Grace a
I'angiographie par tomographie a cohérence optique (OCTA), nous avons acces aux dimen-
sions, a 1’épaisseur et a la structure des vaisseaux de la lamelle et de la rétine [74, 128]. Avec
le pachymetre, on peut mesurer le CCT. Pour les propriétés des matériaux, nous attirons l’at-
tention sur 'utilisation de 1’élastographie par ultrasons et nous nous référons a la littérature
abondante en biomécanique oculaire, en particulier a certaines mesures ex-vivo et essais de
traction avec analyses mathématiques avancées [64, 90, 86].

Enfin, nous remarquons que tous les outils cliniques que nous avons mentionnés ci-dessus
ne sont pas disponibles dans tous les centres de recherche ou hopitaux, en particulier le tono-
metre de contour dynamique, 1'Imagerie Eco Doppler, I'oxymétrie rétinienne et 1’élastographie
par ultrasons. L'utilisation de 'OCTA devient tout a fait ordinaire pour les ophtalmologistes
travaillant sur des patients glaucomateux, qui remplace modérément 'OCT (tomographie par
cohérence optique).

Nous insistons sur le fait que 1’apercu présenté n’a pas pour but d’étre exhaustif dans le
contexte clinique général, mais plutdét de donner quelques idées des instruments et de leur
précision qui doivent étre pris en compte lors de "utilisation des données correspondantes pour
la modélisation mathématique et les mesures qui ne sont pas encore directement accessibles de
nos jours.

4 Glaucome

Le glaucome est une neuropathie optique caractérisée par la mort progressive des cellules
ganglionnaires rétiniennes (RGCs) et une perte de vision irréversible. Le seul facteur de risque
traitable du glaucome est une IOP élevée, mais, par exemple, les patients atteints de glaucome
de tension normale (NTG) présentent une progression de la maladie méme si la IOP est infé-
rieure au seuil approuvé pour utiliser les traitements. Une autre situation clinique intéressante
est 'hypertension oculaire (OHT). Dans ce cas, les patients souffrent d'une IOP constamment
élevée dans un ceil ou dans les deux yeux en I'absence de signes cliniques de lésion du nerf
optique, d’anomalie du champ visuel ou de toute autre pathologie qui pourrait expliquer une
IOP élevée.



10 CHAPITRE 1. INTRODUCTION ET MOTIVATION

On peut donc en conclure que la IOP ne peut étre le seul facteur du glaucome.

Des travaux récents ont souligné que d’autres facteurs de confusion doivent étre pris en
compte dans 1'étude du glaucome, par exemple :

e TLPd, c’est-a-dire l'interaction combinée de IOP et RLTp [121, 76];
* forme oculaire, par exemple la longueur axiale [45, 63];

¢ CCT, qui peut modifier largement les mesures de IOP [8].

En plus de ces facteurs qui sont locaux a l'ceil, diverses études suggerent que des facteurs
systémiques peuvent également avoir un impact significatif sur les mécanismes oculaires, tels
que:

® niveau de tension artérielle [122, 115];

* régulation vasculaire [38];

e diabetes [21];

* age[61,116,73,72];

e sexe [118,92];

* appartenance ethnique [67, 112];

¢ indice de masse corporelle [85];

* génétique [62].

Le défi actuel en ophtalmologie est de distinguer les causes des effets pour chaque patient
spécifique. Dans ce contexte, 'OMVS peut étre utilisé pour identifier les mécanismes impli-

qués dans la physiopathologie du glaucome et inspecter individuellement l'influence de ces
multiples facteurs sur le systeme global.



CHAPITRE 2

Le Simulateur Virtuel de Mathématiques Oculaires (OMVS)

Comme indiqué dans le premier chapitre de cette these (Ch. 1), la lamina cribrosa joue un
role crucial dans I'équilibre des pressions entre 1'ceil et le cerveau. L'IOP ayant certainement
un role majeur dans le glaucome, nous nous intéressons a la modélisation des phénomenes
multiphysiques complexes qui se produisent au niveau de ce tissu oculaire.

Plus précisément, dans ce chapitre, nous illustrons 1’évolution du cadre de 1’environnement
de modélisation et de simulation que nous avons développé, appelé Simulateur Virtuel de
Mathématiques Oculaires (OMVS), depuis sa caractérisation initiale jusqu’a son état actuel.

Le développement de 'OMVS peut étre organisé en différentes étapes de complexité crois-
sante. Dans ce qui suit, nous présentons ces 3 cadres de modélisation mathématique :

e Etape 0 décrit 'hémodynamique du systeme vasculaire postérieur oculaire a 1’arriere de
I’ceil au moyen d’un modele réduit basé sur un systeme EDO non linéaire;

e Ftape 1 modélise I'hémodynamique du systéme vasculaire oculaire postérieur par une
approche multi-échelle couplant un systeme d’EDO non-linéaire avec les équations de
Darcy 3D dans la lamina cribrosa;

e Ftape 2 rend compte de I'hémodynamique du systéme vasculaire postérieur oculaire par
un systeme d’EDO non-linéaire, dans la lamina cribrosa par des équations de Darcy 3D, et
de la biomécanique de la téte du nerf optique (2a), sclérotique, choroide, rétine et cornée
(2b) par différents systemes de EDP décrivant leur comportement élastique linéaire.

Une bréve description de Etape 0, Etape 1, et Etape 2 sont fournis dans les sections 1, 2, et 3,
respectivement. Le contenu de ce chapitre a été publié dans [108].

11
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1 Etape0

Etape 0 consiste en une simple représentation de la circulation sanguine a l'arriére de I'ceil,
en particulier dans les vaisseaux rétiniens centraux, la rétine et la lamina cribrosa. La circulation
sanguine est modélisée a 1'aide d’un modele a parameétres globuleux, qui exploite I’analogie
électrique a I’écoulement du fluide, [41]. Dans cette analogie, le flux d’un fluide a travers un
réseau hydraulique correspond au flux d'un courant électrique a travers un circuit électrique.
Ainsi, le volume, le débit, la vitesse du fluide, la pression correspondent respectivement a la
charge électrique, au courant, a la densité de courant, au potentiel (voir Tab. 2.1).

ELECTRIQUE HYDRAULIQUE

cable conducteur tuyau simple
résistance tuyau étranglé
capacitance conformité des conduites

q charge volume V

1 courant débit Q

J densité de courant vitesse v

) potentiel pression D
, . . o mrt Ap
j=—-oVo¢ Loi d’Ohm Loi de Poiseuille Q= % 1

TABLE 2.1 — Analogie électrique a I"écoulement du fluide.
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FIGURE 2.1 — Circuit 0D représentant le systéme vasculaire oculaire postérieur. Le systéme vasculaire est divisé en
six compartiments principaux : la CRA (cra), les artérioles (r.a), les capillaires (r,c), les veinules (1,v), la CRV (crv)
et la lamina cribrosa (Ic). Chaque compartiment comprend des résistances (R) et des capacités (C). Les segments
intraoculaires (Rcra,3, Rera 4, Rera,a, Rrv1, Rew2y Rerv,1, Rerv,2) sont exposés a I'IOP et les segments rétrobulbaires
sont exposés au RLTp (Rera,1, Rera,2, Rerv,3, Rerv,4)-

Le modele EDO illustré dans la Fig. ?? est une extension du circuit décrit dans [55], c’est-
a-dire nous avons ajouté la description hémodynamique de la lamina cribrosa. Dans le circuit
d’origine, la pression externe sur les résistances R4 3 et R, 2 est la contrainte effective exercée
par la lamelle sur ces vaisseaux, qui a été calculée en soulignant le modéle simplifié FSI (interac-
tion fluide-structure) étudié par [54] sur l'interaction CRA/CRV avec la lamina cribrosa. Dans
notre modéle a parametres globaux (Fig. ??), nous négligeons cette contribution en raison du
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fait que nous allons introduire une description biomécanique 3D plus détaillée de la lamina
cribrosa dans Etape 2 (Ch.??).
Suivant I’analogie électronique-hydraulique, le circuit 0D comprend les éléments suivants :

@ ®
Pye—AANN——=P PO'—’\M\/—'Pl
Q- Q-

(d) v@

HI— —

FIGURE 2.2 — Eléments électriques inclus dans le circuit 0D : (a) résistance linéaire; (b) résistance non linéaire; (c)
condensateur linéaire; (d) source de tension.

* résistance linéaire (Fig. 2.2a) : I’analogue hydraulique a la loi d’Ohm indique que le débit
volumétrique @) est proportionnel a la différence de pression Fy— P, a travers la résistance,

soit
Py— P

@=—%

(2.1)
ol R est la résistance hydraulique;

* résistance non linéaire (Fig. 2.2b) : cet élément suit la méme loi constitutive que la résistance
linéaire (Eq. 2.1) avec la différence que la résistance n’est pas une constante, mais dépend
d’une pression p., qui est externe a 1’élément :

Py— Py

0= 2.2
R(pe) 22
Dans notre modele, nous adoptons les choix suivants pour les résistances non linéaires :
CRA Ripe) = — ﬁ_p€+174 (2.3)
ko | Kpkg '
1 [D—pe - R
. o 0 p VL
CRYV, veinules R(pe) = K, pL [1 P pe] a ) (2.4)
- P < Pe
14gef }<b
N A're f 87w
oltkg = K = [100, 12], 11 est 1a viscosité dynamique du fluide, p est la densité

K.pL’
du fluide, A,y est la surface de référence de la section transversale, L est la longueur du

. R . T . Tref\?
vaisseau, p est la pression moyenne a l'intérieur du vaisseau, k;, = 12 (Tf) et K, est
un parametre matériel qui, pour un tube élastique linéaire, peut étre exprimé comme suit

E

K, = no\°
12(1 — 1/2) ( )
Tref
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avec F, v, h et r,.y qui sont respectivement le module de Young du tube, le rapport de
Poisson, I’épaisseur de paroi et le rayon de référence [51, 93, 110].
Pour plus de détails, voir [14];

* condensateur linéaire (Fig. 2.2¢) : le débit de variation dans le temps du volume de fluide V'
stocké dans un condensateur est égal au débit volumétrique (). Dans le cas d"un conden-
sateur linéaire, le volume V' est égal a la différence de pression Py — P; multipliée par une
constante positive C appelée capacité, soit V' = C(F, — P;). Ainsi, la loi constitutive d'un
condensateur linéaire est la suivante

B d(Py — Pp)
@=C dt

(2.5)
* source de tension (Fig. 2.2d) : 'analogue hydraulique d"une source de tension est un élé-
ment qui impose la pression nodale comme P, (t) = U(t), o U(¢) est une fonction donnée.

Dans les tableaux 2.2 et 2.3 nous reportons les valeurs des parametres que nous avons uti-
lisés dans la simulation de ce premier modele, sauf indication contraire dans les résultats (Ch.
4). Les données proviennent de [14].

Le modele EDO a été implémenté dans OpenModelica [44], Fig. 2.3 montre I'implémenta-
tion du modele Etape 0 dans ce logiciel open-source.

Le framework Etape 0 exploite certains éléments électroniques déja implémentés dans
OpenModelica, en particulier la résistance linéaire, le condensateur linéaire et la source de pres-
sion (tension). Cependant, afin de pouvoir reproduire les mécanismes physiologiques liés a la
collapsibilité des vaisseaux, nous avons implémenté ces nouvelles classes OpenModelica :

* résistance non linéaire qui suit Eq. (2.4) :

CRV resistor
1 extends Modelica.Electrical.Analog.Interfaces.OnePort;
2 parameter Real kO (quantity = "kO0", unit = "ml/(mmHg.s)") "Aref”2/(krxroxL), kr=8xpixmu/ro";
3 parameter Real k1 (quantity = "k1", unit = "1") "12 Aref”2/(pi*h"2)";
4 parameter Real kp(quantity = "kp", unit = "mmHg") "E/ (12%(1-ni”*2)x (h/rref)”3";
5 Modelica.Blocks.Interfaces.Reallnput REF "Pressure that controlled the resistance";
6
7 final Modelica.SIunits.Resistance Ractual;
8 final Modelica.SIunits.Voltage DP;
9
10 equation
11 DP = n.v;
12 Ractual = noEvent( if noEvent (DP < REF)
13 then 1 / k0 = (1 - (DP - REF) / kp) ~ (4 / 3)
14 else 1 / kO » (1L + (DP - REF) / (kp * k1)) ~ (-4) );
15
16 v = Ractual * 1ij;

* résistance non linéaire qui suit Eq. (2.3) :

CRA resistor
extends Modelica.Electrical.Analog.Interfaces.OnePort;
parameter Real kO (quantity = "kO0", unit = "ml/(mmHg.s)") "Aref”2/(krxroxL), kr=8xpixmu/ro";
parameter Real kl(quantity = "k1", unit = "1") "12 Aref”2/(pixh"2)";

parameter Real kp(quantity = "kp", unit "mmHg") "E/ (12x (1-ni”2)* (h/rref)"~3";
Modelica.Blocks.Interfaces.Reallnput REF "Pressure that controlled the resistance";

final Modelica.SIunits.Resistance Ractual;
equation

Ractual =1 / k0 » (1 + ((p.v + n.v) / 2 - REF) / (kp * k1)) ~ (=4);
v = Ractual * i;

= O 0 WNo Ul WRN -

==




1. ETAPE 0
Nom Type Parametres Valeurs Unités
Py, source de pression sanguine Sp 120 mmHg
DP 80 mmHg
HR 60 mmHg
P source de pression A\ 0 mmHg
RLT, source de pression A% mmHg
Iopr source de pression \% 15 mmHg
R résistance linéaire R 22500 mmHg s cm ™3
Ria résistance non linéaire (2.3) ko 2.124-107%  cm?® mmHg !s™!
kr, 55.714 [-]
K, 24.665 mmHg
Pe RLTp mmHg
R résistance non linéaire (2.3) ko 2.107-107%* cm® mmHg !s™!
kr 55.487 [-]
K, 24.816 mmHg
De RLTp mmHg
Ry, résistance non linéaire (2.3) ko 0.0047 cm?® mmHg ! s}
kr, 56.1468 [-]
K, 24.3797 mmHg
De I10P mmHg
Ryg4 résistance non linéaire (2.3) ko 0.0010 cm® mmHg ! s7!
kr 56.1785 [-]
K, 24.3591 mmHg
De 10P mmHg
R, résistance linéaire R 6000 mmHg s cm ™3
Ry, résistance linéaire R 6000 mmHg s cm 3
Rs, résistance linéaire R 5680 mmHg s cm ™3
Rg3 résistance linéaire R 5680 mmHg s cm 3
Ruq résistance non linéaire (2.4) ko 2.199-107% cm?® mmHg !s™!
kr 992.4853 [-]
K, 0.0722 mmHg
De I10P mmHg
Ry résistance non linéaire (2.4) ko 2.199-107% cm?® mmHg !s™!
kr, 992.4853 [-]
K, 0.0722 mmHg
De I0P mmHg

TABLE 2.2 — Données pour Etape 0.

15

* source de pression sanguine; dans ce cas, nous avons utilisé la méme approche que
celle utilisée dans [55]; nous reconstruisons le profil temporel de la pression artérielle de

I’ARC a partir d’'une mesure CDI typique de la vitesse artérielle dans la CRA (Figure 2.4)

et nous I'imposons comme source de pression dépendant du temps. De plus, nous avons
paramétrisé le signal reconstruit en utilisant la fréquence cardiaque (HR), les pressions
systolique et diastolique systémiques (SP et DP, respectivement) en entrée; ainsi, nous
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Nom Type Parametres Valeurs Unités
Rs, résistance non linéaire (2.4) ko 0.0031 cm?® mmHg ! s}
kr 1457.5 [-]
K, 0.3687 mmHg
De 10P mmHg
Rsp résistance non linéaire (2.4) ko 0.0156 cm® mmHg ! s7?
kr 1458.2 [-]
K, 0.3684 mmHg
De 10P mmHg
Rs. résistance non linéaire (2.4) ko 0.0007 cm? mmHg ! s7!
kr 1419.4 [-]
K, 0.3836 mmHg
Pe RLTp mmHg
Rsq résistance non linéaire (2.4) ko 0.0007 cm® mmHg ! s71
kr 1424.1 [-]
K, 0.3817 mmHg
De RLTp mmHg
Rout résistance linéaire R 14111.39 mmHg s cm 3
lcR;iy, résistance linéaire R 78181.9 mmHg s cm 3
Ryufperin résistance linéaire R 2000 mmHg s cm ™3
lcR résistance linéaire R 21988.25 mmHg s cm 3
o) condensateur linéaire C 0.000000722 cm® mmHg !
Cy condensateur linéaire C 0.000000753  c¢m?® mmHg ™!
Cs condensateur linéaire C 0.0000167 cm® mmHg ™!
Cy condensateur linéaire C 0.0000107 cm® mmHg ™!
Cs condensateur linéaire C 0.000000753  c¢m® mmHg™*

TABLE 2.3 — Données pour Etape 0.

avons divisé le profil temporel de la tension artérielle de la CRA en 6 parties pour chaque
cycle cardiaque :

o .2 60 . 60
0.65SP — 0.475DP sin Tl s 0082 pour £ < 0.082——
40.0828% " " 0.328 50 HR HR
2 60 60 . 60
0.655P + 0.9sin [ —— o f — —— - 0.082—— pour 0.082—— < { < 0.112——
003587 0.0380 " "HR HR HR
om . 2 60 60 . 60
0.65SP + 0.118SPsin ( T 0.112) pour 0.112—— < f < 0.398——
Pnlt) = 057289 057280 HR HR AR o
0.13SP 0.13SP 60 60 . 60
- 1+ 0.655P — - 0.398 —— pour 0.398 —— < { < 0.432——
0.034 80 0.03480 ""HR HR HR
2 60 60 . 60
0.525P — 0.8sin [ —— oo f — — - 0.332 pour 0.432 — < { < 0.482——
0.058% " 0.0582 HR HR HR
o . 2 60 . 60
0.525P + (0.52SP — 0.5DP) sin T i+ —— - 0.554=— | pourf>0.482——
207280 " 207280 HR HR
ottt = mod (¢, %)
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FIGURE 2.3 — Etape 0 circuit implémenté dans OpenModelica.
2 Etapel

Dans Etape 1 de 'OMVS nous cherchons une description plus détaillée de 'hémodyna-
mique de la lamina cribrosa. Puisque ce tissu a une structure similaire a une éponge - voir Ch.
1 pour les détails anatomiques de la lamina cribrosa - nous avons utilisé les équations de Darcy
qui décrivent le comportement du milieu poreux.

La modélisation de la lamina cribrosa n’est pas une nouveauté dans le panorama scienti-
fique, en effet ce tissu a suscité beaucoup d’intérét d"un point de vue biomécanique [35, 113, 52,
84, 3, 48]. En revanche, peu d’études ont été réalisées sur ’hémodynamique de la lamina [20].

Le modele innovateur proposé offre une fenétre unique sur la biomécanique et '’hémody-
namique. L'interaction entre ces deux aspects est étudiée dans la section 3, alors que nous nous
concentrons ici sur 'importance d’avoir un apergu de la circulation sanguine. L'originalité de
ce modele est que nous ne considérons pas seulement la principale région d’intérét - la lamina
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+ 35

SV Angle -10°
Dep 2.7 cm

Size 1.0 mm

Freq 6.0 MHz
WF Low

FIGURE 2.4 — Profil de vitesse du sang de 1'imagerie Doppler couleur (CDI) au sein de la CRA. Courtesy de Eugene
and Marilyn Glick Eye Institute (Indianapolis, Etats-Unis).

cribrosa - mais nous prenons également en compte ’armature sanguine a partir de laquelle ce
tissu est nourri. De cette fagon, nous examinons la rétroaction locale a systémique qui agit sur
I’ensemble du systeme. Par exemple, si la lamina est comprimée dans une certaine région, le
flux sanguin peut se redistribuer non seulement dans la lamina elle-méme, mais aussi dans les
autres vaisseaux liés a cette structure.

Afin d’accomplir cette tache difficile, nous couplons les équations de Darcy avec le systeme
EDO décrit dans la section 1 en utilisant une condition aux limites intégrale (IBC). Dans la
section suivante, nous présentons les équations de Darcy dans un cadre qui est significatif du
point de vue de I'application cible impliquant des IBCs. Nous précisons ensuite le modele dans
le contexte médical qui nous intéresse. Les nouvelles méthodes numériques que nous avons
développées pour discrétiser la formulation considérée sont présentées dans le chapitre 3.

2.1 Equations de Darcy avec conditions aux limites intégrales (IBCs)

La nouveauté de notre travail est le développement de conditions limites non standard pour
le modele de Darcy écrit sous forme mixte en raison d"un couplage naturel EDPs/EDOs.

Avant d’entrer les détails de notre application qui sont discutés dans le paragraphe 2.2,
nous discutons ci-dessous de cette formulation sous forme mixte pour Darcy d"une perspective
générale et a un niveau continu.

Ainsi, dénotons par 2 un ensemble délimité ouvert de RY, d = 2,3 représentant le domaine
computationnel. La frontiere I' de 2 est divisée en trois sous-ensembles disjoints : I'p, I'y, et
I'7. Le but est de résoudre le probléme mixte suivant : trouver j,

uj,
,p de sorte que

I~
_|_

['g

<
S
I

dans 2 (2.7a)
dans 2 (2.7b)

<
.
Il
- o
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soumis a des conditions limites non standard suivantes

D =gp sur I'p (2.8)
J n=gn sur I'y
/ Jjn= Itarget sur I'y (210)
r;
p(z,t) = p(t) sur I'y. (2.11)

otl Iyqrget €St UNe constante donnée.

p sur I'; est une constante (Eq. (2.11)), cependant sa valeur n’est connue que lorsque le
systeme est résolu [5]. De plus, nous avons que f € L*(Q) et K € (L°°(Q))"*" est une matrice
symétrique n X n, uniformément positive définie sur 2 et représente le tenseur de perméabilité.
Nous utilisons une notation standard pour les intégrales : pour les fonctions p, ¢ € L?*(D), nous
écrivons (p,q)p = [, pgsi D CR% et (p,q)p = [, pgsi D C R*L.

Introduction d’une fonction fixe ¢ € H'/?(T") vérifiant

elrp, =0, @, =1,
nous considérons la formulation variationnelle suivante du probleme : find j € H(div;(),
p € L*(Q), p €€ span{p) ® Hyj’(T), on
HY(Tn)={p e H/*M): o =00onTpUT},

tel que pour tous les v € H(div;Q2), w € L*(2), u € span(p) @ Hég2(l“N) nous avons

(K™',v) = 0,V -v)a  +{hv-n)r =0, (2.12a)
(V-j,w)a = (f,w)q, (2.12b)

(7 - 1, )T NUT; = (9N, )Ty + Trarget U7 (1, D1y, (2.120¢)
(D, 1)1 p = (9D, )T p- (2.12d)

Cette formulation conduit au théoréme suivant :

Théoreme 1. Pour f € L*(2), gp € HY?(I'p), gv € L*(Ty), probleme (2.12) admet une solution
unique (j,p, p) satisfaisant

-V (QVp) =f dans €, (2.13a)
P=gp surI'p, (2.13b)
—KVp-n=gn sur 'y, (2.13¢)
with p constant on I'y. (2.14)

De plus, la condition limite intégral

—QVP "h = Itarget (215)
I'r

est satisfaite.

Les détails et la preuve de ce théoreme peuvent étre trouvés dans [5].
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2.2 Modele de milieu poreux pour la lamina cribrosa

Comme prévu dans l'introduction de cette section, pour décrire le modele de lamina cri-
brosa, nous couplons le systtme de EDP décrit ci-dessus (Eq. 2.7) avec le systeme de EDO
proposé pour Etape 0 de maniére naturelle grace a la formulation mixte avec des IBCs. Plus
précisément, nous avons remplacé le modele réduit dans la zone grise de la Fig. ?? par un
modele 3D de la lamina cribrosa. Le récapitulatif du Etape 1 est esquissé dans la Fig. 2.5.

Perag|  Rral|Rraz Rre1 Rrez Ryt | Rrwa | Perva
Cz CS
Arte QOezl,Ml .
rtere ', mus
Ophtalmique @—— —— @ Caverneux
Poeit,in Reras \§ é 0P :§\ Reron Pocit,out
Peray3 SAMINA, Py
Rcra.B §A § Rcrm?
Pera2 Perv,s
Rcra.'Z ? Cl Q RLT, 4 Rcrv‘S
Peran I I I Perva
Rera é Reroa
lcRin
Artere Veine
Rétinienne Rétinienne
Centrale — Centrale
Cs
& Rin Rout &»
M NN
P[n Pf)‘lb(

FIGURE 2.5 — Vue schématique du Etape 1.

Les données utilisées pour le modéle 0D sont les mémes que celles rapportées dans la sec-
tion 1, en particulier nous nous référons aux tableaux ?? et ??. En ce qui concerne le modéle 3D,
la figure 2.6 décrit les conditions limites/interface, qui sont une reformulation des BC propo-
sées par [16]; i.e. nous avons :

® D= pery sur Uiy ;

* j-n = 0sur Iyppom U 'iep, correspondant a la situation physiologique ot il n’y a pas de
flux vers l'extérieur a partir de la surface supérieure ou inférieure de la lame;

. / J-n=Qretp|r.,, = Prsurleborne latérale externe, ott Q et Py font référence aux
Fezt

variables du circuit, donc elles ne sont pas prédéterminées.

Le BC sur T, est crucial pour le couplage temporel et spatial entre Etape 0 et le nouveau
modele de média poreux introduit dans Etape 1 . Ce cadre fournit un zoom dans une région
d’intérét pour la lamina cribrosa, tout en tenant compte de la rétroaction systémique par le cir-
cuit OD. En particulier, la valeur Pr sur I'; est obtenue apres avoir résolu la condition intégrale,
qui est le noyau pour obtenir le couplage spatial naturel entre le flux 3D (j) et sa représentation
0D dans le circuit (Q7). -

Ces conditions reproduisent la physiologie de la lamina. Ce tissu est nourri par les bornes
latérales, et finalement le sang est recueilli par la CRV a I'ouverture centrale (Fig. 2.7a). Nous
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LAMINA CRIBROSA

rtop ] -n= 0
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f

FIGURE 2.6 — Conditions limites et d’interface pour le modele 3D Darcy de la lamina cribrosa.

utilisons une valeur de base de p.., = 19 mmHg [55]. Nous adoptons I'’hypothese isotrope (Fig.
2.7b) pour le tenseur de perméabilité K qui prend en compte les capillaires dans le tissu de la
lamina. Ainsi, K = x I avec x = 0.015192 cm?®sKg~'. Comme déja indiqué dans le chapitre
introductif 1, cette hypothése fournit une approximation satisfaisante des conditions physiolo-

giques [9].

fibres nerveuses

vaisseaux rétiniens centraux

capillaires sanguins

(a) Perfusion (b) Microstructure

FIGURE 2.7 — Modele de milieu poreux de la lamina cribrosa.

3 FEtape?

Le Etape 2 du OMVS ajoute a 'hémodynamique de Etape 1 une description biomécanique
de la lamina cribrosa, puis la partie biomécanique du modele est étendue dans une seconde
étape a la sclérotique, la choroide, la rétine et la cornée. La version la plus simple de ce modéle
est appelée Etape 2a, qui inclut la biomécanique de la lamina cribrosa, alors que le cadre qui
incorpore aussi la description des autres tissus oculaires est appelé Etape 2b.

Cette section est structurée comme suit :

* une premiere sous-section présente les équations utilisées pour la description bioméca-
nique, a savoir le systéeme d’élasticité linéaire;
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* une deuxieme sous-section présente le cadre général d’'un modele poroélastique;

* une troisiéme sous-section illustre le modele poroélastique spécifique de la lamina cri-
brosa que nous avons utilisé pour 'OMVS;

* une derniere sous-section ajoute la description de la sclérotique, de la choroide, de la
rétine et de la cornée au systéme poroélastique proposé ci-dessus.

3.1 Elasticité linéaire

Suivant une procédure similaire a celle utilisée pour le systeme de Darcy, nous présentons
le développement de conditions limites intégrales pour le modéle élastique linéaire écrit sous la
forme mixte. En utilisant la méme notation que dans la section 2, nous considérons le domaine
de calcul QR? avec d = 2,3, la frontiere I' = 92 = I'p Uy U I';. Le but est de résoudre le
probléme mixte suivant : trouver a,u de sorte que

Ag —g(u) =0 dans Q x [0, 7] € R? x R, (2.16a)
9%u
Poz = V-ag+F.. dans Q x [0, T7, (2.16b)
accompagnée des conditions limites suivantes
g n=gy sur 'y, (2.17a)
u=yg, sur I'p, (2.17b)
/ g -ndlr = Fipger sur I'y, (2.17¢)
r;
u(z,t) = u(t) sur I'y (2.174d)

ol u est le déplacement, I, , est le terme de force volumétrique, F;,, .., est un vecteur constant
donné dans R¢, g(u) = % (V@ + (V@)T) est le tenseur de déformation , I est le tenseur d’iden-
tité, o est le tenseur de stress - tenseur symétrique en R?*? - et 'opérateur de conformité A
est sapposé étre un opérateur limité, symétrique et défini positif sur 'ensemble des matrices
symétriques en R4 :

Av = cjv + cotrace(v) ] (2.18)

Dans Eq. (2.18), v est un tenseur de second ordre symétrique dans R*?.
Dans I'hypothése de matériaux homogenes, isotropes, linéaires, nous avons que
1 —A
4T o 72BN+ 2)
ou p, A sont les parametres Lamé [70]. De plus, nous supposons que le terme de force volu-
métrique F,,; se situe en L? (2 x (0,T)), g, € HY*(I'p) = [Hl/Q(FD)]d, gy € L*(Ty) =

[L2(T)] et Fyypge € LA(T) = [LA(T))]°

(2.19)

Avec ces prémisses, nous pouvons écrire la formulation variationnelle du probleme : nous
cherchons ¢ € S(R2) = {S e R¥*d: 8 = 8T} u € L2(NQ), & € span(p) & H&f(FN)d, ol

(W) = fg € [2M)] " g =0onTp T},
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d
de telle sorte que pour tous v € S(R2), w € L3(2), 1 € span(p) & [HUQ(FN)} nous avons

(Ag,v), — (e(w),v),, =0, (2.20a)

d%u
- (V " g, M)Q + p@’w Q = (Eemtvw)g ) (220b)
(g n, mwryur, = (90> Iy + Frarger T117" (. Dry, (220¢)
(@, wrp = (g WTp- (2.20d)

Apres avoir défini la formulation variationnelle, nous aimerions donner quelques indica-
tions pour éclairer la motivation de la contrainte (2.17d). Tout d’abord, nous multiplions (2.16b)

U e ez . .
par -~ et nous l'intégrons sur le domaine entier €2 :

2
Oudu /v adQ—l—/ % 1)

P ), oz o Seat py
Dénotant par F := / Fo 815 dQ on peut écrire :
pd [|ouf®_ [ (<2 v (2
2dt Jolat| ~ J, V- T dQ ; a:V 5 aQ + F (2.21a)
pd ||ou| / ou / ou
—— = = —0 ndof? - : — | dQ .
57 | 2z ) o 9t o ndd ; a:V 5 + F (2.21b)

Ensuite, nous réécrivons

ou ou ou
Q = SNVE Q 2 : — .
/Qa V<8t>d Q)\(V u)l V<8t>d —i—/Q pe(w) V<8t>dQ (2.22a)
= )\/ (V-u): 0 —(Vu)dQ2 —1—2;1,/ e(u): 2(V@)dQ (2.22b)
Q ot Q- ot
= )\/ (V-u) = 0 (V- u)dQ —1—2/;/ e(u): Qg(g)dﬁ (2.22¢)
Q ot Q- ot=
Ad 2 d 2
= 5519wl )2 2220)
(2.22¢)
et finalement obtenir par substitution de (2.22e) en (2.21b)
pd ‘ du|? L Ad d du
—— || = Vau e = —o nd(0f2 +F
2dt || 0t |20 T3 220 at I HL? Q) o0 Ot=" (o)

Notre intérét se concentre maintenant sur
ou
—-and(0Q).
a0 Ot

On peut distinguer trois situations différentes :
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1. Neumann BC sur I'y : on=gy (z,t) = nous intégrons / 875 dF N
2. Dirichlet surI'p : u = QD(JC t) = nous obtenons / —a ndl'p
ou ,
3. IBCsurI'y: nous avons g ndl'y = F}4p e, Mais —o ndl'; n’est pas encore
F[ FI B
définie.

Notez que seulement si

Ou|  Ou
8@ ou
nous pouvons écrire / —a n d(0f)) = o | en d(0Q) = 9 — Fiarger sur I'r. Ainsi, Eq. (2.23)

conduit a la contrainte supplementa1re sur la condition limite intégrale spécifiée dans Eq.
(2.174d).

Remarque 1. Dans I'OMVS, nous n’utilisons que des BC de Dirichlet et de Neumann pour le systéme
d’élasticité linéaire.

3.2 DPoroélasticité

Nous décrirons la lamina cribrosa comme un milieu poroélastique, ot 'hémodynamique et
la biomécanique sont combinées pour modéliser le comportement physiologique de ce tissu,
dans le but de comprendre les interactions entre ces deux mécanismes biologiques. Pour at-
teindre cet objectif, nous sommes partis du systeme poroélastique introduit par Biot [7] et étu-
dié ensuite par [32, 30, 123, 77] :

62

p——V ( —apl):Eel dans Q x [0, 7]

a0t = (2.24)
8t+v Jj=Fp dans Q x [0, 7T

o1 Q C R?, ;d = 2,3 est le domaine de calcul, u est le déplacement solide, o . est le tenseur de
contrainte élastique, F',; est le terme de force volumétrique, p est la pression du fluide, « est le
coefficient Biot, j est la vitesse de décharge, Fy; est le terme source volumétrique et ¢ le contenu
fluide. La définition de ¢, g, etj, selit:

1
(=p+av.u (2.25)
o, =p (Vu+Viu)+A(V-u) L (2.26)
j=-KVp (2.27)

ot M est le module Biot, i et A sont les paramétres Lamé de la matrice élastique, et K est le
tenseur de perméabilité. En exploitant ces définitions, nous pouvons réécrire le systeme (2.24)
comme :

p@ ~ A+ uV(V-u)—pAu+aVp=F, dansQ x [0,T]

165]) ou
M&”‘V e - V- KVp = Fy dans Q x [0, T
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A partir de cette formulation, nous introduisons I’hypothése que I'échange de la teneur en
fluide n’est dGi qu’a p, c’est-a-dire a& (V-u) = 0. Ainsi, nous obtenons le systéme simplifié
suivant d’EDP :

d%u

Py —V-a=F, dansQx[0,T]

lc?tap = (2.28)
Ma—i—V-zzFﬂ dans Q x [0, T

ol g = g, — apl estle tenseur de stress du mélange ou stress total. Le systeme (2.28) est
accompagné de conditions limites et initiales appropriées.

Remarque 2. La bonne position du systeme poroélastique (2.24) est prouvée par Showalter dans [111].

3.3 Modele poroélastique pour la lamina cribrosa

Pour notre application, nous sommes intéressés par 1"utilisation du systéme poroélastique
présenté dans la section précédente pour la modélisation de la lamina cribrosa. L'idée est d"uti-
liser le cadre hémodynamique de Etape 1 combiné avec la description biomécanique par le
modele proposé dans (2.28).

Dans le contexte de la lamina cribrosa, 1"utilisation d’'un modele non linéaire pour décrire
la biomécanique de la lamina [?], ou l'utilisation d’'un modele poro-viscoélastique pour carac-
tériser 'interaction entre le flux sanguin et le tissu élastique dans la téte optique [?] sont plus
avancés dans certaines parties du présent modéle. La nouveauté que nous apportons, malgré
I'hypothese introduite et 1'utilisation d’un modéle linéaire élastique simple, est la conception
de ce cadre dans lequel le modele 3D de la lamina cribrosa n’a pas de conditions limites artifi-
cielles mais par un IBC il est couplé avec un systeme d’EDO représentant la circulation du sang.
De plus, 'utilisation des Eq. (2.28) doit étre considérée comme une premiére étape pour créer
le "grande image” du systeme oculaire dans lequel chaque composante mathématique peut étre
remplacée par des modeles plus sophistiqués et adaptés dés que la recherche évolue.

Nous esquissons le nouveau schéma pour Etape 2a dans la Fig. 2.8.

HEMODYNAMIQUE BIOMECANIQUE

FIGURE 2.8 — Ftape 2a schéma.

Les données utilisées pour la partie hémodynamique du modele sont les mémes que dans la
section 2.

Remarque 3. Ci-apres, nous ne considérons pas les forces volumétriques externes ou les termes de
source volumétrique de fluide, c’est-a-dire F',; = 0 et Fiy; = 0.
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ARTERE RETINIENNE VEINE RETINIENNE
CENTRAL (CRA) CENTRAL (CRV)

IOP

LAMINA CRIBROSA

Tension sclérotique Tension sclérotique

FIGURE 2.9 — Conditions aux limites biomécaniques de la lamina cribrosa.

Pour ce qui concerne la biomécanique, les BC sont représentées dans la Fig. 2.9, c’est-a-dire que
nous avons :

® 0, = —PeranSUT la limite interne de la lamina; dans ce cas - par manque d’information
biologique - nous avons supposé que toutes les limites internes ressentent la pression au
sein de la CRA qui se comprime (signe négatif), alors que d'un point de vue strictement
physiologique il existe un sous-ensemble qui est influencé par la CRV; nous surestimons

donc cette pression puisque perq > pero Vt € [0,77];

* 0-n = —I0Pnsur la limite supérieure; le signe négatif indique que 'lOP comprime les
tissus;
® g-n = —RLTpn sur la limite inférieure; dans ce cas également, le signe négatif doit

i\diquer 'effet de compression du CSF derriere 1'ceil sur le tissu;

* u = 0 sur la limite latérale; en premier lieu, nous n’avons pas considéré '’effet de la sclé-
rotique sur la téte du nerf optique; cette hypothese sera retirée dans la section suivante
lorsque nous ajouterons la description biomécanique de la sclérotique.

Les valeurs de référence pour les BC pour le Etape 2a sont les suivantes p.,, = 80 mmHg, IOP =
15mmHg et RLTp = 7TmmHg. Les valeurs des coefficients de Lamé pour décrire les propriétés
élastiques de la lamina cribrosa sont résumées dans le tableau 2.4 et ont été extraites de [17]
et [126] en cas de petits stress (0.0 — 8.0 kPa), qui comprennent la gamme physiologique des
pressions impliquées dans le cadre réaliste.

LAME PARAMETRE VALEUR UNITE

7 0.12 MPa
A 5.88 MPa

TABLE 2.4 — Propriétés élastiques de la lamelle cribrosa pour Etape 2a.
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4 Biomécanique de la sclérotique, de la choroide, de la rétine et de la
cornée

Dans cette section, nous développons le modele précédent en introduisant la biomécanique
de la sclérotique (Fig. 2.10a), de la choroide (Fig. 2.10b), de la rétine (Fig. 2.10c) et de la cornée
(Fig. 2.10d). C’est la version la plus avancée de 'OMVS et elle s’appelle Etape 2b.

(a) Sclérotique (b) Choroide

(c) Rétine (d) Cornée

FIGURE 2.10 — Tissus oculaires introduits dans la description biomécanique du Etape 2b.

Le modeéle hémodynamique est le méme que le modele Etape 2a (Fig. 2.5), ce qui signifie
que l'on tient compte du systéme vasculaire a I'arriere de 1'ceil grace au modele 0D décrit dans
la section 1 et la perfusion sanguine de la lamina cribrosa par un modéle 3D poroélastique
présenté dans la section 2. Pour ce qui concerne la biomécanique, nous imposons la continuité
des contraintes et des déplacements aux interfaces entre les différents tissus :

[g]r.— = @rf

int int

1, = [,

ouTly, , et} sontlinterface gauche et droite des faces internes communes du domaine ocu-
laire. Tableau 2.5 liste tous les BC pour les équations d’élasticité linéaire résolues dans le do-
maine biomécanique et les valeurs des données utilisées; les différents panneaux de la Fig. 2.11
illustrent les étiquettes des noms des différentes limites du domaine complexe 3D de Etape 2b.

Dans tableau 2.6, nous reprenons les coefficients de Lamé de chaque tissu oculaire simulé pour
le modele Etape 2b, valeurs qui ont été extraites de [43, 37].
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Nom de la limite Type BC Paramétre Valeur Unité
SCLEROTIQUE

Iris_Sclera g-n=-I0Pn IOP 15 mmHg

Sclera_internal BC g-n=—-I0Pn IOP 15 mmHg

Pia_Sclera u=20 [—] [—] [—]

OpticNerve_Sclera u=0 [—] [—] -]

Sclera_externalBC u=20 [—] [—] -]

CHOROIDE

BC_Choroid g-n=-I0Pn IOP 15 mmHg

Choroid_Iris u=20 [—] [—] [—]
RETINE

BC_spherical_Retina ¢-n=—I0OPn IOP 15 mmHg

OpticNerve_Retina u=0 [—] [—] -]
CORNEE

Cornea_internal BC g-n=—-I0Pn IorP 15 mmHg

Cornea_externalBC u=20 [—] [—] -]

LAMINA CRIBROSA

Out g-n=—-RLTpn RLTp 7 mmHg
Hole g, 0= "Pcrall Pcra 80 mmHg
TABLE 2.5 — Données des BC pour Etape 2b de 'OMVS.
LAMINA CRIBROSA SCLEROTIQUE CHOROIDE RETINE CORNEE
m A 7 A I A 7 A o A
Valeur [MPa] 0.12 5.88 0.676 16.216 0.203 4.86 0.067 1.62 0.845 20.27
Référence [17] [126] [43] [89] [126] [43] [65] [125] [94] [126]

TABLE 2.6 — Paramétres de Lamé pour Etape 2b de 'OMVS.
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SCLEROTIQUE

Sclera_externalBC

Sclera_internalBC

Iris_Sclera
Pia_Sclera

OpticNerve_Sclera

RETINE

BC_spherical_Retina

OpticNerve_Retina

LAMINA CRIBROSA

CHOROIDE

Choroid_Iris

CORNEE

Cornea_internalBC

Cornea_externalBC

FIGURE 2.11 - Etiquettes des BC de la géométrie OMVS. La géométrie d’origine a été découpée le long du plan z
afin de pouvoir la visualiser dans I'ceil. Pour chaque sous-figure, le domaine d’intérét est surligné en rouge.
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CHAPITRE 3

Méthodes numériques

Dans ce chapitre, nous présentons les méthodes numériques adoptées pour résoudre les
modeles présentés dans le chapitre précédent. Puisque nous avons adopté la méthode des élé-
ments finis (FEM), nous présentons :

* la discrétisation temporelle, en particulier une nouvelle stratégie de décomposition d’opé-
rateur utilisée pour coupler le systéme 3D des EDP avec le systéme non linéaire des EDO;

* la discrétisation spatiale, en particulier la méthode de Galerkin Discontinue Hybride
(HDG) avec un innovant condition limite non standard, c’est-a-dire la condition limite
intégrale (IBC).

1 Méthode de décomposition de I'opérateur pour systemes couplés
3D-0D

L'un des principaux probleme dans le contexte des modeles mathématiques pour les appli-
cations biomédicales est le choix de la région d’intérét et, par conséquent, des conditions aux
limites (BC). Pour éviter un comportement artificiel di a une mauvaise sélection des BC (par
exemple reflux, oscillations de pression parasites), en particulier pour ’hémodynamique, nous
avons décidé de coupler la région d’intérét, qui est décrite avec un modele tridimensionnel,
avec la caractérisation de la circulation sanguine a 1’arriere de 1'ceil avec une approche paramé-
trique (voir Fig. 3.1). De cette fagon, nous incorporons également la circulation sanguine dans
la rétine sans augmenter 1’effort de calcul.

Le défi introduit par un couplage 3D-0D est principalement dii a I'instabilité des méthodes
numériques ou encore au cotit de calcul.
Dans la littérature, de nombreuses approches différentes ont été proposées et plusieurs équipes

31
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FIGURE 3.1 — Couplage 3D-0D multi-échelle entre le systeme vasculaire rétinien et la lamina cribrosa.

de recherche ont étudié ce sujet, voir par exemple [101, 104, 42, 80] pour une vue non exhaus-
tive du vaste panorama des travaux sur les techniques de couplage. Pour ce faire, nous avons
décidé d’adopter une méthode de décomposition des opérateurs inspirée de [49, 13]. Notez ce-
pendant que ce couplage innovant est une technique de fractionnement du temps qui ne prend
pas en compte les éventuels problémes spatiaux multi-échelles. La formulation HDG que nous
allons décrire dans la section suivant (Sec. 3) soutient la solution directe de la condition limite
intégrale sans aucune sous-itération. Cette stratégie permet de calculer en méme temps la pres-
sion sur cette frontiere, obtenant ainsi un couplage spatial naturel entre la 3D et le 0D.

La méthode de division des opérateurs présentée dans ce chapitre a été publiée dans [57].

1.1 Notation introductive

Dans le but d’expliquer la nouvelle méthode de décomposition des opérateurs que nous
proposons, nous étendons notre discussion a un cadre plus général, esquissé dans la Fig. 3.2.

I'; Ry,

Pr

QI _ Cb

FIGURE 3.2 — Architecture géométrique du systéme couplé; Q2 correspond a la région ot le systeme d’EDP (3.1) est
résolu, tandis que Y représente le compartiment en morceaux décrit par un systeme d’ODE.

Notre but est de traiter un schéma de couplage 3D-0D, cependant la méme procédure peut
étre appliquée a un couplage 2D-0D, donc nous considérons un domaine €2 € R"” avecn = 2,3
et un circuit T dont les inconnues sont définies par la variable d’état vecteur y. Les deux com-
partiments sont reliés par un buffer, caractérisé par une résistance linéaire R;, et un condensateur
linéaire Cj comme illustré par la figure 3.2. Dans le domaine 2 nous résolvons la partie fluide
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du modele introduit dans le chapitre 2 (Eq. 2.28) :

L dp ._
M&*v'l—f dans Q x (0,7 (3.1a)
J+EKVp=0 dans © x (0,7) (3.1b)

ou p est la pression du fluide, j est la vitesse de refoulement, f représente le terme source
volumétrique, K est le tenseur de perméabilité et M est le module de Biot. Le systeme des EDP
(3.1) est doté des conditions limites suivantes

Jj-n=gnsur'y x(0,T) (3.2)
p=gpsurl'p x (0,7) (3.3)

et les conditions d’interface avec le circuit T

/ u-n=Qrsurl'; x (0,7) (3.4a)
N,
ph‘*l = P[ sur F[ X (O,T) (34b)
P —1I4
Qr(t) = — R sur 'y x(0,7) (3.40)
b

oudN =T =TpUI'y UT'; avec I'; étant I'interface entre () et le buffer, n est le vecteur normal
sortant, gy et gp sont respectivement les termes de Neumann et Dirichlet, Q1 est le flux passant
du domaine 2 dans le circuit Y, Pr est la pression a l'interface I'y et II; est la pression inconnue
qui est partagée par le buffer et la variable d’état du circuit y (II; C y).

Le circuit Y est décrit de fagcon unique par le systeme suivant d’EDO :

dy
pri Ay, t)y = r(y,t) (3.5)

avec les conditions initiales
y(t=0)= Yo

Si d est le nombre d’inconnues du circuit, c’est-a-dire le nombre d’EDQO, y est un vecteur di-
mensionnel d représentant les variables d’état du circuit Y, A est un tenseur d x d incluant la
topologie et la physique des connexions entre les nceuds du circuit, et

r(y,t) = s(y,t) + b(y, 1) (3.6)

est composé de sources et d’éviers a l'intérieur du circuit, y compris les générateurs de courant
et de tension - dénommés s - et la contribution a cause de couplage avec la région EDP () -
dénommée b.

Remarque 4. Dans ce travail, nous nous concentrons sur les modeles a parameétres globaux impliquant
des éléments résistifs et capacitifs, mais la théorie peut étre facilement étendue pour inclure également
les inductances. Ce fait conduit a choisir différentes variables d’état électrique y telles que le potentiel, la
tension, la charge ou les courants, qui, en exploitant I'analogie du fluide, correspondent i la pression, au
volume ou au débit volumétrique. Ainsi, le systeme (3.5) présente différentes unités physiques pour les
variables d’état et les équations selon que le couplage est avec un domaine EDP 2D ou 3D (voir tableau
3.1).
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Variable Unité de variable Unité de I’équation différentielle

Dimensions de couplage Q € R*> QeR? € R? QeRr?
pression Kgm™!s2 Kgm™!s2
différence de pression Kgm™!s2 Kgm™!s2
volume  m? m? m?2s~! m3s!

débit m2s ! m3s! m?s? m3 g2

TABLE 3.1 — Unités physiques des variables pour le modeéle a parametres globaux et leur équation différentielle
correspondante, dans le cas d'un couplage avec un domaine de calcul 2D ou 3D et un modeéle EDP.

Avant de procéder a une analyse plus approfondie de ce systéme, introduisons d’autres
notations : pour n = 2 ou 3, étant donné les fonctions a valeur vectorielle v, w: (0,7) — R", le
champ vecteur ¢: 2 x (0,7') — R" et le champ tenseur C': Q x (0,7") — R"*", nous avons :

Il =3¢ [ R €t = [CiC 6D

ott les espaces R? et R9*¢ sont dotés des produits intérieurs euclidiens habituels et ot, par souci
de clarté, la dépendance temporelle est omise. Nous désignons par le symbole (-, -) le produit
intérieur et nous rappelons que, étant donné C' € R"*" symétrique et positif défini, la norme

lellg = /e C).

1.2 Energie du systeme

Afin de dériver I’énergie du systéme, nous calculons la formulation variationnelle des EDP
décrites par (3.1) :

utilisant j = —K : Vp, on obtient

1 Op B 9
et [VokVna= [ fq veer¥@),

En introduisant ’hypothese de I'isotropie K =kl -aveck > 0 pour la définition du coefficient
de perméabilité - et en utilisant la formule de Green nous inférons que

1 Op

- op v : = L*(Q
Mathrk/Vp Vq k/mqu ndo /qu Vg € L*(2)

Pour calculer l'énergie associée au systeme EDP, on choisit d’abord pour la fonction test ¢ =
p€H} r,, () pour obtenir I'équation suivante :

1 8}? 2
p+k‘/ Vpl® —k Vpp'nda:/fp.
oM ot Q‘ | I yUT; Q

Ensuite, en substituant le BC (3.2) et (3.3), et en utilisant les hypothéses sur I'r que Q1 et Py sont
constants dans l'espace (Eq. (2.14)), nous avons

d 11
1pl2q) + 1Vl / fp / gx p do —Pr(t) Qi (t) (3.82)
Q I'n

dt 2 M )
Spde Dpde ]_-;,de
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ou, de fagon équivalente,

d

%gpde + Dpde = erde - PI (t) Q[ (t> (38b)

En particulier, nous avons ce qui suit

Epde représente 'énergie dans le domaine du EDP;

* D4 représente la dissipation due a la perméabilité dans le domaine PDE;

* Fpde représente le terme de forcage dans le domaine PDE;

e Pr(t) Qr(t) représente la contribution due a la connexion EDP-EDO.

Dérivons maintenant une estimation d’énergie similaire pour le circuit T. Comme les équa-
tions peuvent ne pas étre homogenes en termes d'unités physiques, voir Remarque 4, nous
effectuons le produit interne entre Eq. (3.5) et la fonction de valeur vectorielle U y pour avoir
pour chacune des équations scalaires résultantes les dimensions physiques d’un taux de chan-
gement d’énergie, a savoir Kgm?s™3 pour le domaine 3D ou Kgms® dans le domaine 2D,
pour un changement d’énergie par longueur. Le tenseur U est diagonal et ses entrées U;; avec
j =1,...,d dépendent du choix particulier de la variable d’état correspondante (voir tableau
3.2); spécifiquement pour j = 1,...,d:

* siy; est une pression ou une différence de pression, alors Uj; est une capacité;

* siy; est un volume, alors Uj; est I'inverse d"une capacité;

* siy; est un débit, alors Uj; est une inductance.

Yj Uj; physical units
Q e R? QeR?
pression capacité kg 'm3s? kg lm?s?
différence de pression capacité kg7 'm3s? kg lm?s?
volume inverse d’une capacité kgm3s72 kgm *s7?
débit inductance kg m™3 kgm™*

TABLE 3.2 — Résumé des choix appropriés pour les entrées diagonales U;; du tenseur U selon la variable d’état
correspondante y;. Ainsi, les unités physiques pour Uj; sont listées en cas de couplage avec un domaine 2D ou 3D,
respectivement.

Le choix spécifique pour les capacités ou les inductances apparaissant en U;; est déterminé par
I'élément de circuit correspondant concernant y;. Ainsi, en exécutant le produit scalaire entre
Eq. (3.5) et U y on obtient :

dy
<£,Qy> +(Ay,Uy) = (r,Uy). (3.9)
II I
I



36 CHAPITRE 3. METHODES NUMERIQUES

Nous considérons I'égalité suivante qui exploite le fait que U est en diagonale

1d 1,dy 1, d
s wly) =5 Uy >+§< 2 (Uy)
1 dy 1 dU 1 dy
dy 1
<dt Uy) + §<
En substituant ce résultat dans I de (3.9), nous avons
dy 1d 1, dU
(G ly) =570l —5 v (3.10)
v

A Lo, & UA L, 3
(Ay,Uy) — §<y, E@ = (y,UAy) — §<y, E@ = (y,By)
ou L4
B=UA—-—U. 11

De plus nous réécrivons III de (3.9) comme suit

(r,Uy) = (bUy)+ (s,Uy).

Enfin, nous obtenons

5 llly @ By) = 0.Uy) + (s, Uy) (3.12a)
= ~——
Eode Uode Fode
d
&gode + Uode = Fode + <ba g@ (312]9)

ou

Eode Teprésente I'énergie caractérisant le circuit 0D;

Uopde Teprésente toutes les contributions des résistances et des condensateurs du circuit
0D;

Fode TEprésente le forcage du systéeme de circuit 0D dii & des générateurs de courant ou
de tension;

* (b,Uy) représente la contribution due a la connexion EDP-EDO.

Si nous combinons (3.8) et (3.12), nous obtenons I"équation suivante du bilan énergétique :

d
=, (gpde + gode) + Dpde + Z/{ode - dee + ]:ode + <b7 QQ) - PI(t> Ql(t) (313)
dt
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En raison de la connexion de couplage résistif-capacitif, nous avons choisi d’interfacer le
domaine 2 avec le compartiment de parametres T (voir Fig. 3.2), nous avons ce (b,U y) = II; :
Q1. Considérant Eq. (3.4c), on obtient

g:<bvgg>_PfQI

=1 Qr— Pr Qs
=R, Q?
= —Dgc
Enfin, nous en déduisons que
d
N (gpde + gode) + Dpde + uode+DRC = ]:pde + Jrode (314)

dt

Considérant que Dyge + Drc > 0Vt > 0, si Fpqe et Foqe disparaissent et les propriétés du

. d
circuit sont telles que Uyqe > 0 V¢ > 0, alors nous avons —

7 (Epde + Eode) <0Vt >0, ce qui

conduit a I'inégalité
gpde(t) + gode(t) < gpde(O) + gode(()) vt € (07 T) (315)

Eq. 3.15 indique que l'énergie physique du systéeme en 'absence de forces externes diminue
avec le temps. Notre but est de concevoir une méthode numérique qui préserve cette propriété
au niveau discret, ce qui donne finalement stabilité inconditionnelle par rapport a la discréti-
sation temporelle. Cette propriété est largement discutée dans le paragraphe 2.1.

1.3 Analyse dimensionnelle

Dans ce paragraphe, nous effectuons une analyse dimensionnelle dans le cas du couplage
d"un modele EDP 3D avec un circuit 0D. En utilisant les informations fournies par le tableau
3.1il est facile d’obtenir des résultats similaires pour un modele EDP 2D.

Nous calculons les unités de dimensions pour les principales entrées d’énergie du modele EDP
3D:

* ¢nergie
d 9 ms? m3 [/ N \?
we=|ar)| | i) “Re s\
B mi m2Kg? - m?Kg
Kg s*m? |83

e dissipation

D= ] | [ | 1007 -’ (éi)

- m%s 1 m?Kg? m?Kg
- Kg m6 st s3
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A titre d’exemple, nous effectuons également ’analyse dimensionnelle de I'énergie du circuit
0D pour différents types de variables d’état (voir Tab. 3.1 et 3.2 pour les unités) :

* pression ou différence de pression

_ d 2 _ 1 Kg2
e = | 5| 101 ) ~ Lo S
_ Kg? m?s? _ m?Kg
- m2s% Kg ] s3
e volume
Eode = | —| U] [y — all
o= | 5] il SEE
B rni6 Kg B m?Kg
s mis? 83
o débit
d 2 1 m6
— | & 1 Ty S )
Sode |:dt:| [U]] [yj] S [ ] g2
m® Kg m?Kg
TS mt RGE

De méme, cette procédure peut étre exécutée sur toutes les autres entrées d’énergie pour la
partie EDP et la partie EDO en utilisant n’importe quel type de variable, obtenant - pour le cas
’K
g

Q € R3 - les unités —
s

2 Technique de décomposition de 'opérateur

Le systeme couplé EDP-EDO présenté dans le chapitre 2 présente plusieurs non-linéarités,
par exemple l'interaction entre IOP/RLTp et la pression sanguine dans le CRV (Eq. (2.4)). De
plus, en raison du caractere multi-échelle du probleme, le couplage entre la lamina cribrosa
et la circulation sanguine a l’arriére de 1'ceil est tres difficile. Pour surmonter ces difficultés, de
nombreux schémas de couplage ont déja été développés dans différents contextes. Par exemple,
dans [15, 34, 102, 47, 129, 40] les auteurs proposent des méthodes robustes et stables basées
sur des algorithmes implicites ou entierement couplés, qui sont cependant assez exigeants en
termes de temps de calcul. D’autres approches sont basées sur des schémas semi-implicites [39,
99], monolithiques [87] ou explicites avec utilisation d"un terme de pénalité [11]. Ainsi, l'idée
de diviser notre probléme n’est pas nouvelle dans la littérature. La nouveauté de la technique
que nous présentons est la mise en ceuvre de la séparation pour un systeme Darcy-EDO dans
le but de préserver 'identité énergétique au niveau continu.

Considérons maintenant le probleme 3D décrit par Eq. (3.1) couplé au modéle 0D défini par
Eq. (3.5). Nous 'approchons dans le temps en utilisant le schéma de Lie [49, 50]. Le schéma du
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Lie peut se résumer comme suit. Considérons le probleme de valeur initiale suivant :

¢ + A(¢) =0 dans (0,7),

ot
¢(0) = ¢03

ou A est un opérateur non linéaire d'un espace de Hilbert en lui-méme. Supposons que 'opé-
rateur A ait une décomposition non triviale

(3.16)

A=A (3.17)

Ensuite, la solution du probleme de la valeur initiale 3.16 peut étre approximative par le schéma
suivant :

Soit At > 0 une étape de discrétisation du temps. Dénotez t" = n At et laissez ¢" étre une
approximation de ¢(t"). Set ¢° = ¢. Ensuite, pour n > 0 calculez ¢"*! en résolvant

8¢Z N n yn+l
5 + Ai(¢i) =0 dans (t",t""), (3.18)

¢(tn) _ ¢n+(i—1)/I’

puis définir pntill = ¢i(t"t1), pour i = 1,...,I. Cette méthode est précise au premier ordre.
Plus précisément, si (3.16) est défini sur un espace fini et si les opérateurs A; sont assez lisses,
alors
[6(t") = ¢"[| = O(AL).

Notre probleme 3D-0D peut étre considéré comme analogue au probleme (3.16), ol ¢ est le
tableau des inconnues p, j et y, tandis que A est un opérateur différentiel non linéaire multi-
valeur. Il n’y a pas de fagon unique de décomposer A (Eq. (3.17)), et différents choix peuvent
conduire a la solution de différents sous-probléemes (Eq. (3.18)).

Notre stratégie est de résoudre séparément les problemes suivants :

1. le probleme 3D Biot-Darcy (Eq. (3.1));
2. le circuit 0D non linéaire décrit par un systeme d’EDO (Eq. (3.5)).

Notez que notre but est de séparer les non-linéarités du systéme ODE du systeme PDE et de
séparer le domaine 3D du circuit 0D. On obtient ainsi deux sous-systemes dans lesquels on
peut employer différentes discrétisations spatiales et temporelles et utiliser des méthodes nu-
mériques adaptées. Ainsi, afin de préserver 1'énergie au niveau continu, nous résolvons dans
une premiere étape le systéme EDP accompagné des conditions d’interface et des contributions
dues a la connexion 3D-0D, tandis que dans une deuxiéme étape nous résolvons le systéeme
ODE restant.

Les détails du décomposition sont présentés ci-dessous.

2.1 Two-step splitting

Soit t" = nAt avec At le pas de temps. Nous introduisons la notation discrete pour la
pression dans le domaine 2D /3D (2 et le vecteur des inconnues dans le circuit Y :

p" =p(t") y"=y").
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Considérant 1’estimation de I’énergie présentée a le paragraphe 1.2 au niveau continu, nous
en déduisons que pour atteindre une stabilité inconditionnelle dans le temps, nous pouvons
adopter I'approche en deux étapes suivante :

considérée p™, y"™ pour n > 0, résoudre

Etape 1. ’
Etape 2.
M Ot = 9P _ 0 dans O x (tn,tn+1)
KVp+j=0 dans € x (t”,t”“) ] ot
’ . = n gn+l

. . .. . + conditions initiales
+ interface, conditions aux limites et condi-

tions initiales p(t") = Pt y(tm) =yt
p(t") =p" y(@") =y" puis définir
uis définir
P nt+l _ p(tn+1) (: p(tn-&-%))
1 1
pn+2 — p(tn+2) gnJrl _ y(thrl)
1 1
Y =yt J =) (= et
JrTE =)

En particulier, nous soulignons le décomposition que nous avons appliqué au terme de forgage
pour le systéme de circuit dans Eq. (3.6), c’est-a-dire nous avons découplé les contributions
dues a l'interface entre 2 et T (b(y, t)) et celles qui proviennent des sources et puits du circuit

(s(y, 1))

Nous calculons maintenant 1'identité énergétique de 1’algorithme en deux étapes proposé.
Premiérement, la formulation variationnelle de la premiére équation de I'Etape 1 :

1 Jp . 2 1
— = V-jgq= Vge LX(Q)  te ("""
QM&&(H/Q ja /qu q € L*() € (", t")
utilisant j = —kI : Vp (hypothese d’isotropie) et la formule de Green que nous obtenons
1 ap 2 n yn+l
— —q+k [ Vp-Vg—k Vpqg-ndo= | fq Vg € L*(Q2) te (" t").
o M ot Q 20 Q

Pour calculer I'énergie associée a I’Etape 1, nous choisissons d’abord pour la fonction de test
q¢ = p € Hyp, (Q) pour la premiere équation et nous exécutons le produit scalaire entre la

troisieme équation de I’Etape 1 et Uy. Ainsi, nous obtenons :

10
pp+k‘/\Vp2—k/ Vpp-nda—/fp te (" "t
oM ot 0 ' yUT; Q

d
LUy =wUy) e,

<dt
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Ensuite, nous utilisons les Eq. (??), (??) et (2.14) sur la premiere équation, et nous la somme a la
seconde équation, nous avons pour t € (t*,¢t"*1)

d (11 2 1 2 / /
- 4= +k|V = — do+(b,Uy) — Pr(t) Qr(t
dt (2 i ||pHL2(Q) 9 H?JHU> I pHL2(Q) pr - gnN p aoc <,_g> 7(t) Qr(t)

~ D —gl
gl ! .7'—1

(3.19a)

ou, de fagon équivalente,

d
%51 +D1+G =F  te (", (3.19b)

ou

¢ & représente I'énergie a I’Etape 1;
* D, représente la dissipation dans le domaine EDP;
* (i représente la contribution due a la connexion EDP-EDO;

* Fi représente le terme de forcage dans le domaine EDP.

Considérant que D; > 0 Vt € (t",t" ) et G = —(b,Uy) + Pr(t) Q1(t) = R Q7 >0 Vi e

d
(t",t"+1), if F| s’évanouit, alors nous avons 7 E1 <0 Vte (1" ") ce qui conduit a I'inéga-
lité
ST <&@ VYn>0 (3.20)

Eq. 3.20 indique que l'énergie physique de I’Etape 1, en ’absence de force extérieure, diminue
avec le temps.

De méme, pour I’Etape 2, nous obtenons :

8p n gn+1

—p= te ("t

y
(oUn)+AyUy) =(sUy)  te (@)

Ensuite, nous utilisons les mémes étapes que pour le cas continu, et nous additionnons les deux
équations, en obtenant :

d (1 1
o (2 Iplz200) + 5 HyHU) +{y,By) = (s, Uy) (3.21a)
= —_— ~—
Us Fa
&
(3.21b)
ou, de fagon équivalente,
d n gn+l1
—E + Uy = Fo te (t , T ) (3.21¢)

dt

ou
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* & représente I'énergie caractérisant 1’'Etape 2;
* U, représente toutes les contributions des résistances et des condensateurs du circuit 0D;

* Fj représente le forcage du systeme de circuit 0D da a des générateurs de courant ou de
tension.

SI F, s’évanouit et les propriétés du circuit sont telles que Uy > 0 Vt € (¢, ¢"*1), alors

nous avons —, Ey <0 Vte (t" t"1) ce qui conduit a I'inégalité

E (") < &Y VYn>0 (3.22)

Eq. 3.22 indique que I'énergie physique de 1’Etape 2, en ’absence de force extérieure, diminue
avec le temps.

Théoréme 2 (Energie semi-discréte). Considérons 'algorithme en deux étapes proposé, c’est-a-dire
la semi-discrétisation dans le temps du probleme 3D décrit par Eq. (3.1) couplé avec le modele 0D défini
par Eq. (3.5), et supposons cela :

(i) les propriétés du circuit sont telles que le tenseur A est constant et B est positif défini;
(ii) il n'y a pas de termes de forcage, a savoir F1(t") = Fo(t") = 0;Vn > 0, oit F; représente le
terme de forcage dans I'Etape 1 et F le terme de forgage d’Etape 2.

Selon ces hypotheses, chaque étape de I'algorithme proposé préserve I'énergie a chaque intervalle (1", t"*1)  Vn >
0 et est stable sans condition.

Remarque 5. En conséquence de ce théoreme, la stratégie proposée est tres modulaire, permettant une
flexibilité notable dans le choix des méthodes de solution pour chaque sous-probléme résultant de la
division. La complexité coincide avec celle des schémas lachement couplés, du fait qu’aucune itération
entre les deux étapes principales n’est nécessaire pour atteindre la stabilité.

A la suite de cette investigation théorique nous obtenons, dans un cas simplifié ot1 nous
employons Euler implicite pour la discrétisation temporelle, le théoreme suivant :

Théoreme 3 (Stabilité). Considérons le probleme 3D décrit par Eq. (3.1) couplé au modele 0D défini
par Eq. (3.5) et supposons-le :

(i) les propriétés du circuit sont telles que le tenseur A est constant et B est positif défini;

(ii) il n’y a pas de termes de forcage, a savoir Fpqe(t) = Fode(t) = 05Vt > 0, oit Fpqe représente
le forcage du systeme dil au les forces du corps et les pressions externes agissant sur le domaine
EDP et Foq. le forgage sur le systeme dil aux générateurs de courant et de tension dans le circuit
en bosses, respectivement;

(iii) la connexion EDP-EDO est de type résistif-capacitif, comme indiqué sur la Fig. 3.2;

(iv) Euler implicite a été utilisé pour la discrétisation dans le temps.

Selon ces hypotheéses, I'algorithme donné par les Etapes 1 et 2 est inconditionnellement stable.
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Démonstration. Soit At = t"+! — " et commencons par considérer 'Etape 1. Dans les hypo-
theses (i)-(ii), en utilisant un schéma d’Euler implicite pour la discrétisation temporelle et en
suivant une procédure similaire a celle détaillée a le paragraphe 1.2, nous obtenons 1'identité
énergétique suivante au niveau discret du temps de I'Etape 1 :

s oA - 4 (5 [t e ) 623
ot &2 = gl gl et
5;;%1 - % ‘pn+% ;(Q) g:dt%l = QTH% z
LR o it = (4}

En utilisant 1'inégalité de Young sur le premier terme du c6té droit de (3.23), on obtient

1 2

1 n, nt+i (2
i Lot < g (1 +

Pour estimer le deuxiéme terme a droite de (3.23), nous utilisons d’abord 1'inégalité de Cauchy-
Schwarz, puis l'inégalité de Young pour obtenir

1 n—|—%

1 1
pn+2 ) = 5 ]?de,l —|— 5 pde,l (324)

L2(Q)

1 n n n+i n+i
" Uy " 2) < (y",Uy™) (y"*2,Uy""2)

(" Uy + 3 uy™)) (3.25)

IN

Ces opérations sont possibles puisque la matrice U est symétrique et définitive positive. En
combinant (3.23), (3.24) et (3.25), nous récupérons

b

n+% 1 n
< E
2At !

RO,l — 2At
n—l—% n-‘,—%

n+ 2
E &< -2At <Dpde’1 + DRCi)

n+i n+1
51 24D 2

pde,1 +D

1
n+s3

Enfin, nous concluons que

g <ep (3.26)

Considérons maintenant 1'identité énergétique de 1'Etape 2. Nous utilisons le schéma d’Euler
implicite pour la discrétisation temporelle et en déduisons cela :

L

1 1
Atgg-‘rl +un+1 _ (/Qanré pn+1 + <yn+é’Uyn+1>> (327)

ode,2 — E M

au niveau discret au moment de 1'Etape 2, ot1 £ = 5;;;12 +EMFL et

1 2 1 2 1 2
+1 _ +1 +1 _ 5 ., nt1 +1 5 ,n+1
g;z?de,2 - M Hpn HL2(Q) g:de,Q - Hg2 gn H u(?de,Q - HEQ gn H
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Pour estimer le coté droit de (3.27) nous adoptons la méme procédure que celle utilisée pour
I’Etape 1 dans (3.24) et (3.25), récupérant ainsi les inégalités suivantes

L oon+ 1 1 1 12 1 12
- un+ < 7’ n+ HU n-+
onr2 THede2 =g \ a7 P L2(Q>+ =g 3.28
L oo (3.28)
- 2
2At 2

Puisque Z/{g‘d*e,l2 > 0 de I'hypothese (i), (3.28) mene a

1
eyt — g < 2t UL <0
| odes (3.29)
— et < gt

Le fait que les conditions initiales de 1'Etape 2 coincident avec la solution finale de 1'Etape 1

1 1
implique que &' g £ "2, en combinant ainsi (3.26) et (3.29), nous obtenons les inégalités
suivantes ) )

gt <ol <en forn > 1, (3.30)
qui fournit une limite supérieure pour la norme de la solution quelle que soit la taille du pas
de temps, assurant ainsi stabilité inconditionnelle de 1’algorithme. O

Remarque 6. Dans I’Etape 1 de I'algorithme suggéré, nous traitons implicitement les contributions de
la connexion 3D-0D, représentée par b(Pr, Qr,t). Ce choix nous permet d’évaluer toutes les quantités
en G en méme temps, en fournissant une expression définie pour le terme de dissipation Dpc dans
'estimation énergétique méme au niveau discret. Ainsi, nous proposons un schéma de décomposition en
deux étapes qui assure la stabilité numérique par rapport a la discrétisation temporelle sans introduire
de termes artificiels non controlés dans I'énergie [4, 42].

Remarque 7. L'algorithme proposé de décomposition en deux étapes de I'opérateur présente une conver-
gence de premier ordre dans le temps [49]. La convergence du second ordre pourrait étre obtenue par une
forte symétrie, en combinaison avec des algorithmes de discrétisation temporelle qui sont au moins du
second ordre dans le temps [49].

3 Méthode de Galerkin Discontinue Hybride (HDG)

Dans cette section, nous présentons notre contribution a la méthode Hybridizable Discon-
tinuous Galerkin (HDG), qui est également disponible dans [5]. Nous adoptons cette discré-
tisation, car l'un des plus gros problémes en calcul biologique, en particulier pour les petits
systémes, est la grande précision que tous les modeles exigent pour pouvoir reproduire des
comportements physiologiques. Ce type de méthode d’éléments finis mixtes n’est pas nou-
veau dans la littérature [28], mais notre contribution dans le monde de I’analyse numérique est
la théorisation et la mise en ceuvre de la condition limite intégrale (IBC) pour HDG.

Les avantages du HDG sont :

(i) I'équation est appliquée élément par élément, ce qui conduit a une propriété localement
conservatrice;
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(ii) des propriétés de convergence optimales pour les variables primaires et doubles.

Ces caractéristiques induisent un cotit de calcul énorme, qui peut étre largement atténué
par la condensation statique décrite dans le paragraphe 3.3.

Remarque 8. L'utilisation d’une formulation de HDG combinée a I'IBC permet la solution directe de
la pression sur cette enveloppe sans aucune sous-itération.

3.1 Notation introductive

Considérons le modele elliptique suivant, probleme de valeur limite elliptique de second
ordre écrit en Eq. 2.7. Compte tenu de I'approximation par éléments finis, nous partageons (2
dans "'union de d-simplices K, de triangles droits fermés si d = 2 et de tétraedres droits fermés
si d = 3, et nous désignons par 7}, - appelé triangulation - la collection des éléments K de sorte
que Q2 = UgeT;, K. Pour chaque K € Tj,, nous désignons par hg le diametre de K. Nous laissons
h := maxge7;, hi et nous considérons une famille de triangulations conformes et régulieres de
Q, {Th}1~0 (voir [103, Ch. 3]). Pour chaque élément K € T}, nous indiquons par 0K la limite de
K et par 7ipi le vecteur normal d'unité extérieure associé n.

La mesure d-dimensionnelle de 1'élément K est indiquée par | K| tandis que la mesure (d —
1)-dimensionnelle de chaque face - bord si d = 2 - de 0K est notée par |F|. Pour simplifier
I'exposition, nous prenons la convention pour utiliser le mot face pour faire référence a F' méme
lorsque d = 2.

Nous laissons Fj, désigner la collection de tous les visages de 75, dont l'union forme le
squelette de la décompositionT;. L'ensemble F), se divise naturellement en sous-ensemble F}
de faces appartenant a I, limite du domaine (2, et en sous-ensemble de faces appartenant a
l'intérieur de ), désigné par F7. Enfin, en supposant que la décomposition 7, est telle que
pour tous les visages F' en Fj avec F' C I'soit ' C I'p, FF C I'y ou F' C I'y, les ensembles de
faces limites peuvent étre divisés en sous-ensembles F, }1; b F }1; N et F ,f !, qui correspondent aux
limites ot nous imposons Dirichlet, Neumann et condition intégrale, respectivement.

Si nous désignons ¢ une fonction a valeur vectorielle, nous pouvons définir le saute de la
trace normale de ¢ sur F' comme suit

K K
la]r == q™" - nox,|F + 477 - no, | P (3.31)
ou K et Ky sont deux éléments adjacents.

Présentons maintenant les espaces d’éléments finis

V=[] V), W, = ] W(K) (3.32a)
KeTy, KeTy
M, =span(¢") & [ M(F) (3.32b)
FeFOUF, N

avec ¢* € L*(F},) défini comme

o*lp=1VF e F !, o*lp =0VF € Fp \ Fi!,
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et avec
V(K)=Pr(K),  W(K)="Pi(K),  M(F)="PyF), (3.33)

out Py (K) (resp. Py(F')) désignent I'espace des polyndmes de degrés inférieurs ou égaux a celui
qui k sur K (resp. F), et ou Py(K) = (Py(K))% Définitions (3.32) et (3.33) implique que les
fonctions appartenant a V}, et W}, sont, en général, discontinues entre les bords des éléments en
2D et les faces des éléments en 3D de 7}, tandis que les fonctions dans M), sont discontinues a
travers les sommets des éléments en 2D et les bords des éléments en 3D de F3, \ Fi !, a valeur
unique sur chaque face F' € Fj, de la structure de 7, et constante sur I';.

Les fonctions de M}, jouent le role de “connecteurs” entre éléments adjacents qui, autre-
ment, seraient irrémédiablement découplés dans le processus de discrétisation. Pour une inter-
prétation mécanique du role de liaison interélément de 1'espace M}, voir [17] et les références
citées.

Définissant le flux normal numérique sur 0K

~0K . ~
J, mox = Jr ok ok + Tox (Ph lox — Dhlox), (3.34)

la formulation discrete se lit comme suit : trouver j € Viipn € W et Pn € M), de sorte que
Vgh € W, Ywy, € W), et vﬂh e M,

Z (K:_lihKthK)K + (tha V- QhK)K + <ﬁh7ﬂhK : ﬂaK>aK = 07 (3353)
KeTy
. ~OK
> [—(.th NVwi )k + (G, nakswh m} = > (fwd)x, (3.35b)
KeTy, KeTy,

~OK _
Z <lh ‘NoK ,Uh>8K = <gNa ,Uh>FN + Itarget|rl| 1<,Uh7 1>F17
KeTy,
(3.35¢)

> (B in)rp = (9. )Ty (3.35d)
KeTy,

Les variables dépendantes j, et pj sont les approximations de j et p a I'intérieur de chaque
élément K € 7Tj, alors que la variable dépendante p;, est 'approximation de la trace p sur
chaque face de Fj,. Le flux numérique normal (3.34) est caractéristique d"une classe particuliere
de méthodes HDG, les méthodes dites d’hybridation locale discontinue de Galerkin (LDG-H)
proposées et étudiées dans une série d’articles précurseurs [23, 25, 27, 24].

La quantité 755 est un parametre de stabilisation non négatif et peut prendre des valeurs
différentes sur chaque face /' € 0K selon I'élément de maillage auquel appartient F'. On re-
marque que si 7o ~ O(h™1), le deuxieéme terme a droite de (3.34) peut étre considéré comme
une diffusion artificielle, justifiant ainsi le nom stabilization parameter attribué a 7y

Les équations (3.35a) et (3.35b) sont la contrepartie discrete HDG des équations (3.32a) et
(3.32b), respectivement. Ces équations discretes tiennent a l'intérieur de chaque K € 7}, et
peuvent étre résolues pour chaque K pour éliminer j hK et p& en faveur de la variable pX. Cette
procédure d’élimination est appelée condensation statique et a été introduite pour la premiere
fois dans [33] dans le contexte des méthodes mixtes doubles pour I'équilibre dans I’analyse des
contraintes et, ultérieurement, dans in [2] dans le contexte de I'analyse et 1’application de la
méthode mixte double-hybridé éléments finis.
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En combinant cette procédure avec Eq. (3.34) pour chaque K € 7, il est possible d’exprimer
le flux numérique normal en fonction de la seule variable 57%. A ce stade, nous pouvons uti-
liser les Eqs restants. (3.35c¢) et (3.35d). Il est pratique de réécrire ces équations sous une forme
différente en exploitant la propriété de la fonction test j;, d’étre a valeur unique sur chaque
face de F}, et discontinue sur les bords des faces. Cela conduit a trois ensembles d’équations
distinctes :

1. un groupe d’équations applique dans un sens faible la continuité entre les éléments de la
composante normale de j, sur chaque face interne

<[[/]:h]]7/$h>F =0, VE € ]:i(zv JUAS Mp; (336)

2. un autre groupe d’équations applique, encore une fois dans un sens faible, la condition
limite de Dirichlet (équation (2.8))

(P pin) F = {gps pin)ry  YF € FP,  pn € My; (3.37)

3. un autre groupe d’équations applique, encore une fois dans un sens faible, la condition
limite de Neumann (équation (2.9))

G, noin)e = (gn,pnhp,  YFEFN, € My; (3.38)

4. la derniere équation scalaire unique appliquant faiblement la condition limite intégrale
(équation (2.10))

(G, 1o in)r; = Trarget D11 ™ (n ey, pin € My, (3.39)

Dans [2], il a été prouvé que pj, #o peut aussi étre interprété comme un Lagrange multiplier
associé a la condition de continuité (3.36). De méme, nous pourrions prouver que py|r, est le
multiplicateur associé a la condition limite intégrale (3.39), impliquant ainsi la condition du
coté gauche de (2.10). La condition limite de Dirichlet est appliquée a la variable dépendante
Pr, par une projection L? de gp décrite par Eq. (3.37).

Plus de détails a ce sujet sont fournis dans [5].

3.2 Analyse d’erreur

Soit (j, p) la solution du probleme défini par Egs. (2.7a) et (2.7b) avec condition limite décrite
par Egs. (2.8), (2.9) et (2.10). Nous observons que p € H'(Q2) nous permet de définir p comme
la trace de p sur le squelette. Afin de prouver une estimation d’erreur nous commengons par la
considération suivante : soit Py, : L?(F;,) — M}, la projection L? sur M. Grace a la définition
de My, il n’est pas difficile de réaliser que la valeur de Py, (p)|r, est la moyenne de p on I'y.
Puisque cette fonction est une constante, nous avons

Py, D) =Dp=p surly. (3.40)

Au vu de cette observation, le résultat de Théoreme 3.4 dans [22] tient avec la preuve inchangée.
Par souci d’exhaustivité, vérifions ceci en retragant les étapes d"une telle preuve.
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Nous commengons par remarquer que la solution continue (j, p, p) est suffisamment réguliere
pour qu’elle vérifie, Vv, € V},, Ywy, € Wi, et Yy, € My,

Y KT o)k — 0,V - o )k + (B vy - nax)or] =0, (3.41a)
KeTy,

> -0V )k + (G noro widox] = D (f,wf)x, (3.41b)
KeTy, KeTy

> G nors pw)ok = (gns tn)ry + Trarget Trl ™ (s ;- (3.41c)
KeT,

Introduisons un espace auxiliaire
My, = {q € L*(F4) : qlr € Pi(F) VF € Fy} 2 M,

et soit P L*(F) — My, la projection orthogonale L?. Nous remarquons que, puisque p est
une constante sur I'; et disparait identiquement sur I'p, nous avons P P = P, p.

Définissons maintenant ITj = (II¥j)ke7,, IIp = (I¥p)ker;, avec ITXj € Py(K) et I¥p €
Pi(K), comme in [22], par

M"j, )k = (j,v)xk Vv € Py_1(K) (3.42a)
et, VF € F;, avec F' C 0K,
(MI%j - ngg + 1o p, pyp = (j - noe + ToxD, )P Vit € PilF). (3.43)

Nous avons (Théoréme 3.3 de [22])

TN — il < PE e n i + R o plis 1,k (3.44a)

K k+1 k+1_—1 .
% p — pllx S R ok |plest,x + R 50|V - dlkt1,x (3.44b)
Nous laissons les erreurs étre définies comme suit

e~zl’[1—ih ep:Hp_ph

<

IS |

e~ -

;on=ej-n+T(ep - ep) e5 = P p—Dn

Ces quantités satisfont aux équations suivantes : pour v, € Vi, wy, € Wy, et pup, € My, C J\//jh, il
tient

Z [(K_lefthK)K - (6117(>v th)K + <€1/7\7th 'ﬂ8K>5K:| = Z (K_l(HKl_l)ath)Ka

KeTh KeT,

(3.45a)
> [—(ef‘ VWi )k 4+ (25 - ngge, wy >8K] =0, (3.45b)
KeTy, -
Z <€;2K ‘MoK bn)ox = 0. (3.45¢)

KeTy,
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Prouvons ces équations. Selon la définition de II,II, et PAh, (3.41a) et (3.41b) impliquent, sur
chaque K € Ty,
(KT G, 03 ) = (WP, Vg )+ (Prg, po gy~ npe o = (KTHITE G = ), upd )
_(HK.Z.7 vwi{{)K + <HK1 Nk + T@K(HKP - p): wf?)aK = (fﬂ wfIf)K
En soustrayant les équations discretes (3.35a) et (3.35b) des deux équations ci-dessus, respecti-

vement, et en ajoutant sur K € 7}, on obtient (3.45a) et (3.45b). Pour prouver (3.45c), observez
que, par définition de es, ainsi que IT, II, et PAh, il suit

(€% noxe, in)or = (€] - nox + Tox (ep — €p), pn)ok

T

(TT% 5 — §5) - nax + Tor (IT¥p — pf — Pi; p+ Dh)s tn) ok
(5= 3%) - nox + Tor (0 — Pl — D+ Dh), n)ok

. ~OK
J ok — ]y DKy Bh)OK -

En ajoutant tous K € 73, on obtient

~OK

Z<&?K'ﬂaKvﬂh>aK: Z(lﬂaK_lh '%K7Hh>aK-
KeTn KeTy

Puisque j € H(div;Q) et que zh et j satisf (3.35c) et (3.41c), respectivement, le coté droit ci-
dessus est nul.

Enfin, en prenant v;, = ¢, in (3.45a), wy, = e;, in (3.45b) et uj, = —ep in (3.45¢) et en ajoutant
les trois équations obtenues, on obtient

>0 e i+ ok (el — ep)ell — eplarc| = 30 (KT = j).ef ),
KeTy, KeTy,

qui est identique au résultat analogue dans [22], et qui, par un argument standard, donne

lejlo.0 + Z Toxle) — eldon < Mj— jlq-

KeTh

Le terme a droite est lié grace a ((3.44a)).

Il n’est pas difficile de vérifier que ’argument de dualité utilisé dans [26] pour lier |le,||o.0
reste inchangé également dans le présent cadre. En fait, pour la solution w? & —Aw? = ¢ dans
2, ¢ = 0sur 0, la fonction ?uf: définie sur chaque face F' comme la projection L?(F') de w?|r sur
Py (F) vérifie @ € My. On obtient alors que, si  est tel que ¢ € L2(Q) implique w? € H2(1),
on peut relier

lepllo.e S R ILG — jllog.

3.3 Condensation statique

Dans cette section, nous allons décrire comment le systeme (3.34)-(3.35¢) peut étre condensé
statiquement sur un systeme linéaire global ot seule la trace de la solution sur les limites des
éléments du maillage apparait. Le systeme global qui en résulte est plus petit que celui d’autres
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méthodes de Galerkin Discontinue avec une précision comparable [25], ce qui a suscité un
intérét renouvelé pour le HDG. Apres avoir résolu le systéme global, les inconnues peuvent
étre récupérées localement, en paralléle.

Ecrivons 'espace pour la trace numérique pj, comme suit
M, = M, & M;,
avec
My, = {p € L*(Fp) | ulp € Pu(F) VF € FRUF N UF",
plp =0 VF e F\ (FRUFNUF,P)}
Mj ={pec L*(Fu)|ulreR YFeF ', ur=0 VYFecF,\F'}
Soit Avn = Dhlgz, et Aon = Palas; -

En utilisant 'intégration par parties, la formulation discrete (3.34)-(3.35c) peut alors étre
réécrite comme suit

) [(’Cfliﬁ(&{f)K — (PR VU)K A+ A U nog)or + (o, oy 'ﬂaK>aK] =0, (3.46a)
KeT,

> [(V I wi )k + (Torph Wi )ar — (Tor Aw, Wi Dok — (Tor Ao, w;{f>aK]

KeTy,
= Z (f?wf[f)Kv

KeTh

Z [(ALhs pap)rp] = (9D, pi1,0)Dp (3.46¢)
KeTh

(3.46b)

> [QhK ‘MoK s M,h)OK T (TakPhs H1p)or — (Tok AL hs Ml,h>8K} = (9ns H1p)Ty,  (346d)
KeT,

Z (G -, pap)ox + (Torph, ten)or — (ToxNah, pon)or] = Larget| U1l (p2n, 1y, (3.46e)
KeTy,

pour tous (vy,, W, (1,1, H2,n) € Vi X Wi X Mh X M.
Remarquez que la dimension de I'espace M’ est 1, c’est-a-dire M’ = R. Par conséquent, (3.46e)
est une équation scalaire unique qui applique la condition limite intégrale dans un sens faible.

Nous considérons les matrices liées aux formes bilinéaires locales

Aff & (K lthath)Ka A & 015,V - i)k, (3.47a)
A13 & Aw vl - ok or ATy & Qan, vl - nog)ox, (3.47b)

AL & (TP Wi ok A23 S (TALR W) ok, (3.47¢)
A & (T A2, Wy, KoK < (f, wi g, (3.47d)
ARy & (TALp, t1p) ok A44 < (T A2y H2,h) 0K - (3.47e)

Soit ny, ny, et nys représentent les dimensions de Py (K), Pi(K), et Pr(F), respectivement,
avec K € Tp,, F € 0K. De plus, laissez NF étre le nombre de faces dans 0K N (F) U J—",E MU J—",l; b).
Ensuite,

All e RV ><nV7 A12 e RW ><nW’ A{g c ]RTLVX(NF)TLM7
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Aé(z € RnWXnW, Aég, e RnWX(NF)nM’ A{:'( e RNWX17
A?[,:(} c R(NF)’N}\J X (NF)TL]\/[ )
Si 0K N F, ,f I £ (), nous avons
AﬁGRnVXl, AﬁERnWX:l, AﬁERleER,
ce qui signifie que NF est plus petit dans le case sans IBC, donc Aﬁ, Agg et Aég) sont plus petits.

Par contre, si 0K N F, ,1; I = (), les trois matrices précédentes ont la dimension attendue, alors que
ALK, AK et AK sont vides.

Solveur monolithique

Nous mentionnons maintenant brievement le systéme monolithique a résoudre d"un point
de vue algébrique. Ce systeme global n’est pas pratique et inefficace a résoudre en l'état, la
taille du systeme est en effet beaucoup plus grande que les systemes de Galerkin continus et
discontinus standard de Galerkin.

Le systeme global lit
Al A Az Au J 0
Agr Azp Azz Aoy P Ay
- 3.48
Az1 Azx Azz 0 Ay 0 (348)
Ap A 0 Ay As 0
—— =
A u B

ou les A;;, Ay sont données par (3.47a)- (3.47e) .J, P, A1 2 sont la représentation algébrique de
J3,» Phs A1hs A2, Tespectivement. La taille du systeme est

dim Vj,4+dim Wj,+dim M}, = card{ K } x (nVJrnW)qLcard{}',?U]:gN}xdim nﬁqtcard{]:,l;ibc}xdim Ny -

1

Solveurs locaux

Considérons les tableaux suivants
il A (A el
(A1) Agy |7 —Agyy —Ayl’ o Af ,

avec AKX ¢ ROwtnw)x(nvinw) o pE ¢ Rw+nw) Gi gK N ]:}1;’ # (), nous avons BX ¢
R +nw)x(WE)nar+1) qyec NF < d + 1; autrement, NF = d + 1, et

K ALY (nv +nw) x (NF)nar)
BN = |l | e Rimtnw M),
4123

Equations (3.46a)—(3.46b) sont résolus a l'intérieur de chaque K € 7} et peuvent étre résolus
pour chaque K pour éliminer lhK et th en faveur de A1 ,|sx et Az n|ox . Représentant j hK , pff , th s AL

OK s
et Ao p|arc, avec les vecteurs 5 € R™, pf € R™w XK ¢ RMFIna et une - éventuellement vide
- scalaire \§, la représentation matricielle des solutions locales est la suivante

i~ -1 [ AT K\—-1pK

pK] =—(A%)"'B I:/\gK:| +(A%) T ET. (3.49)



52 CHAPITRE 3. METHODES NUMERIQUES
Opérateurs de flux

Si 0K N ]-",5 I = (), nous définissons les matrices
(Afa)" (Agy)" |7 0 Ay
ot O € R(FIm+1)x(nv-+1) of DK € RFI+DX (5 +1) avec NF < d+ 1. I 9K NFT =),
NF=d+ let
ckK = [(A{g)T (Aég)T] e R((I\H’)mw)x(anrnW)7 DE — Aég e R(WE)nar) < (NF)nar)
Le flux prescrit par la méthode HDG

~0K .
., = dnlox + Tor (D lo — Avnlox — A2nlok),

induit une forme bilinéaire

pamy 2 —3r - ok + Tok (Ph lox — Mnlor — Aanlor), i n + pan)ox

= (I - nox + ToxPh oK, i1n + Hi2.n)oK

— (Tar ALnlor, t1n)ox — (Tar A2nlok s Bo.n) oK,

dont la représentation matricielle, en utilisant Eq. (3.49), est

ok i DK AR CK (AK)-1BK APK CK(AKV-1FK _ pK AOK
K| AE| T (A7) )\(29K+ (A®)FT — \OK

2
AR ]

(3.50)
EK EK
—&f |:)\3K

avec

EK:CK(AK)_lEK, EK:CK(AK)_lBK+DK

Solveur global et conditions aux limites

Apres avoir exprimé pour chaque K € 7 le flux numérique en fonction de A\ p|sx et
X2, i|ax (voir Eq. (3.50)), nous pouvons utiliser les équations restantes, a savoir (3.46d) et (3.46e),
pour déterminer réellement A; ; et Ay ;. Puisque la fonction de test p; ) € Mh est a valeur
unique sur chaque face de Fj,, 'équation (3.46d) applique dans un sens faible la continuité
entre éléments de la composante normale zh sur chaque face intérieure

<th]]F7/~61,h>F =0 VFeF,

et la condition aux limites de Neumann

o~

<*ih N, U1 p)F = (IN, P1R) F VF e FEN.

De méme, Eq. (3.46e) est une équation scalaire unique qui renforce faiblement la condition
limite intégrale. Eq. (3.46d) et (3.46e) nécessitent que les matrices EX produites élément par
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FIGURE 3.3 — Comparaison entre la connectivité de la méthode de Galerkin Continu (CG) et la méthode HDG dans le
cas d = 2 sans conditions aux limites intégrales. Des polyndmes cubiques sont utilisés pour les deux méthodes. Les
cercles noirs identifient les degrés nodaux de liberté de la méthode CG tandis que les cercles noirs et les carrés noirs
identifient les degrés de liberté de la méthode HDG a la limite et a I'intérieur de chaque élément, respectivement.
Panneau de gauche (méthode CG) : tous les éléments partageant le noeud I contribuent aux connexions entre le
nceud I et les autres nceuds dans 7. Le nombre de connexions (I, J) est égal a 37. Panneau de droite (méthode
HDG) : les deux éléments voisins sont reliés entre eux par les degrés limites de liberté mis en évidence dans le
rectangle bleu clair. Le nombre de connexions (I, J) est égal a 24.

élément soient assemblées dans une matrice globale H. Cette matrice recueille les flux de tous
les éléments, ce qui permet d’ajouter des flux de signes opposés sur les faces internes. Les
vecteurs E][f doivent aussi étre assemblés dans un vecteur global F'.

Le systeme global se lit alors comme suit

Hp =F+ Gy + Gr,, (3.51)

ot G est le vecteur contenant les éléments de (gn, y11.4)r, dans les degrés de liberté corres-
pondant aux faces et zéros Neumann partout ailleurs, tandis que G, est un vecteur qui n'a
que des zéros sauf pour une seule entrée contenant 4y get|I’ 7|7t (t2,h, 1)1, en degré de liberté
correspondant aux faces de F, }f L.

3.4 Connectivity of the HDG method with IBC

En I’absence de conditions limites intégrales, la méthode HDG a des degrés de liberté dans
chaque élément et sur chaque face de F},. Par conséquent, contrairement au cas de la méthode
standard de Galerkin Continu (CG), le degré de liberté est associé aux sommets des mailles.
Cette propriété rend la méthode HDG extrémement efficace en ce qui concerne le codage en
raison de sa structure de connectivité binaire, c’est-a-dire que deux éléments K et K, appar-
tenant a 7, partagent leur degré de liberté - y compris ceux de leurs intérieurs - seulement s’ils
partagent une face. Ce n’est pas le cas de la méthode CG pour laquelle la continuité nodale
aux sommets relie les degrés de liberté d"un certain nombre d’éléments qu’il n’est pas possible
de prévoir a priori et qui dépend fortement de la régularité du maillage. Cette question est
discutée en détail dans [66] oli une comparaison détaillée entre les performances de calcul des
méthodes CG et HDG est effectuée dans le cas d = 3. Un exemple des différentes structures
de connectivité associées aux approches CG et HDG est montré dans la Figure 3.3 dans le cas
de 'espace W}, avec degré polynomial k = 3. Des éléments cubiques cubiques continus sont
également utilisés pour la méthode CG. Nous voyons que, pour le méme degré polynomial, le
schéma HDG a une connectivité bien inférieure a celle de la méthode CG.
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La présence d'une condition limite intégrale modifie 1égerement la connectivité de la mé-
thode HDG (et CG). Tous les visages F' € .7-",5 ! partagent un méme degré de liberté \; ;. Ce fait
couple tous les degrés de liberté sur K pour tous les éléments K € 7T, ayant, au moins, une
face F € OK N F, ,{ . Ainsi, rappelons que nous dénotons par njs la dimension Py (F), F € F},
la ligne (colonne) de la matrice globale H correspondant a Ay ;, aura autant de rangées de blocs
1 x npr (nar x 1 colonnes de blocs) que le nombre de faces F' ¢ F, g ! appartenant aux éléments
couplés par la condition limite intégrale, c’est-a-dire le nombre de faces dans le groupe suivant

(FeF|FedK\ F,', avecdK N F," #0, VK € Tp}.

3.5 Elasticité linéaire

Pour simplifier cette section, nous avons appliqué la méthode HDG aux équations de Darcy,
mais nous avons également appliqué cette méthode de discrétisation aux équations d’élasticité
linéaire (Eq. (2.16)).

En utilisant la méme notation introduite au paragraphe 3.1 et en suivant les mémes étapes
que pour les équations de Darcy, nous présentons la formulation HDG finale pour 1’élasticité
linéaire :

(*Agh’ E)Qh + (up, V - Q)Qh — (i, v n)oo, =0
82Hh N
(V 'gth)Qh N (P ot? 7w> - (TEhaM)th + (T, w)oa, = (Leptr ),
Qp

(g, n,poanr  — (TPuus p)oo,\r + (Tl oo, r =0

(g, npoar  — (TPumuy, p)oa,r + (Tlp, b oo, e =0

(g, 1 py)Ty — (TP amuy, )y + (T, py)Ty = (g y)rn
<@h)ﬁ3>FD = <QD7H3>FD

<gh n, H4>FI - <7—PM@h7 H4>FI + <T@h7 H4>F[ = <Etarget7 H4>FI

pour tous (v, w, 1, f,, fig, 11,) € V, X W, x M§ x MY x MP x M! otx
v, = {g L0 Ry € [P(K))™? € S(K) VK € Qh}
W, = {w QSR w|k € [B(K)]Y VK € Q;{}
M, = {H Fn o R plp € [Py(F))? VF e }'h}
Mj = {p €M, : yr =0}
MP ={pueM,:pur=0 VFeF,\Ip}
MY ={ueM,:ulr=0 VYFeF\Iy}
M, ={ueM,:ur=0 YFeF\I}
avec S = {ensemble de tenseurs symétriques en R%*¢}.

Remarque 9. Remarquez que la symétrie des éléments v € V, est appliquée de maniere essentielle dans
leur définition [98].
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Ici le parametre 7 est le parametre de stabilisation et P, désigne la projection orthogonale L?
de L2(&,) sur My, :

ISE

h-@:gh-Q—T(PMgh—gh) sur 0€y,.

Remarque 10. L’utilisation de P s est nécessaire pour obtenir la précision optimale; sans elle, la for-
mulation pourrait résulter 1égerement moins précise [98].
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CHAPITRE 4

Résultats

Dans ce chapitre, nous présentons quelques résultats de simulation fournis par 'OMVS.

Nous présentons en particulier I'application de notre cadre a une base de données virtuelle
clinique.

1 Origine des données

Les données utilisées pour générer la base de données sont dérivées des valeurs expéri-
mentales rapportées dans la littérature. Dans les tableau 4.1 nous présentons les valeurs et les

Quantité Symbole Valeur moyenne Déviation standard Unité Origine

Tension artérielle systolique SBP 116 23.2 mmHg  [127]
Tension artérielle diastolique DBP 69 13.8 mmHg [127]
Fréquence cardiaque HR 69 15 bpm [10]

Pression intraoculaire 10P 17 6 mmHg [29]

Pression rétrolaminaire des tissus ~ RLTp 9.5 2.2 mmHg  [106]

TABLE 4.1 — Valeurs de référence pour les patients virtuels.

origines de données synthétique que nous avons adoptées.

2 Données de 10 patients virtuels

Les données réelles pour 10 patients virtuels sont présentées dans le tableau 4.2. Les choix

de l'apport ont été faits afin de couvrir différents cas qui peuvent étre significatifs d'un point
de vue ophtalmologique.

57
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Nom Sexe Age SBP DBP HR IOP RLTp Note

Tony M 65 116.0 69.0 69 17 9.5  Base de référence
Johon M 47 116.0 69.0 69 26 9.5 IOP élevée
Tina F 81 1160 690 69 26 12.8  IOP, RLTp élevée
Margaret F 55 1508 89.7 69 26 12.8  1OP, RLTp, BP élevée
Sophie F 59 116.0 690 69 17 12.8  RLTp élevée
Luke M 61 116.0 69.0 69 17 6.2  RLTp faible
Max M 57 116.0 690 69 11 9.5 IOP faible
Clara F 69 116.0 69.0 69 11 6.2  IOP, RLTp faible
Jm M 72 150.8 89.7 69 11 9.5  IOP faible, BP élevée
Jenny F 8 116.0 69.0 100 17 9.5 HRélevée

TABLE 4.2 — Données virtuelles sur les patients.

Nous avons sélectionné un sujet de référence (Tony), trois patients a risque de glaucome
présentant une IOP élevée (John, Tina, Margaret), un sujet présentant un risque d’hypertension
intracranienne idiopathique (Sophie), un sujet présentant une différence de pression tissulaire
translaminaire élevée due a une hypotension intracranienne (Luke), trois patients a risque d"hy-
potonie oculaire (Max, Clara, Jim) et un patient présentant une tachycardie (Jenny).

Le but de cette sélection de patients est de faire varier quelques parametres a la fois afin de
comprendre les influences de chaque variation de parametres et de démeéler les différents ef-
fets.

La variation de chaque parametre a été basée sur les résultats expérimentaux briévement résu-
més dans le tableau 4.1, en particulier pour simuler des conditions élevées, nous avons sélec-
tionné la valeur moyenne ajoutée a 1’écart type et pour les valeurs faibles, nous avons choisi la
moyenne moins 1’écart type. Seulement pour I'IOP et le HR, nous avons fait une exception, ot
les valeurs élevées ont été soulignées directement dans la littérature [29, 10].

Il ne s’agit sans doute que d’une analyse préliminaire et elle ne veut pas étre exhaustive
d’une situation pathologique, de plus nous ne considérons pas le fait que les parametres ne
sont pas indépendants les uns des autres. Malgré ces hypotheses, nous soulignons le fait que
I’'OMVS est toujours en mesure de prédire certaines affections cliniquement pertinentes et de
traiter facilement les bases de données cliniques en vue de recherches médicales plus élaborées.

3 Résultats des simulations

Dans cette section, nous illustrons les principaux résultats obtenus a I’aide de 'OMVS dans
la base de données virtuelle de patients décrite dans la section précédente et nous esquissons
la discussion sur I'impact clinique et la pertinence de ces simulations.

* Tony est un sujet sain que nous avons considéré comme la base de référence. Les pro-
fils des flux sanguins de la CRA et de la CRV correspondent aux profils mesurés avec
des instruments médicaux comme 1'Eco-Doppler. De plus, les valeurs obtenues par les
simulations numériques sont dans les plages physiologiques [124]. La tension artérielle
et le débit sanguin dans la lamina cribrosa sont en accord avec d’autres travaux de la
littérature [55]. Tous les autres patients seront comparés aux résultats de sa simulation.
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* John est un patient virtuel qui souffre d"une IOP élevée, donc il est un sujet a risque de
glaucome. Les résultats de la simulation suggerent une pression et une perfusion san-
guine plus élevées dans la lamina cribrosa (jusqu’a 20%) et un débit sanguin plus faible
(Fig. 4.1) tant dans la CRA (jusqu’a 66%) que dans la CRV (jusqu’a 71%).

Blood flow in the central retinal vessels

CRA baseline
CRA high IOP
CRV baseline
CRV high IOP

0,001

mA3s)

Blood flaw (o
a

time (s}

FIGURE 4.1 — Comparaison du débit sanguin entre Tony et John.

* Tina est un patient virtuel avec une IOP et une RLTp élevées qui dépendent directement
de la pression intracranienne. Ce sujet présente une légere augmentation de la pression et
de la perfusion sanguine de la lamina cribrosa (+9%), alors qu’elle présente des résultats
similaires a ceux du patient précédent (John, seule IOP élevée) en CRA et CRV (Fig. 4.2
débit sanguin inférieur respectivement 64% et 72%).

Blood flow in the central retinal vessels

CHA baselina
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E
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FIGURE 4.2 — Comparaison du débit sanguin entre Tony et Tina.
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* Margaret est un patient virtuel qui souffre d'une IOP, d"'une RLTp et d’une tension arté-

rielle élevées. Les résultats de la simulation suggérent une tension artérielle plus élevée
(jusqu’a 28,1%) et une meilleure perfusion sanguine (28,2%) dans la lamina cribrosa. Le
comportement de la CRA et de la CRV est tres différent (Fig. ??) : le débit sanguin de la
CRA présente des valeurs plus élevées allant jusqu’a 27%, alors que le profil de débit san-
guin de la CRV est tres différent de la valeur initiale; en effet, la double influence d"une
IOP élevée et de I'hypertension agit sur différents segments de la CRV et les valeurs at-
teintes sont supérieures a la valeur initiale de 58% au pic systolique et inférieures de 43%
au pic diastolique.

Blood flow in the central retinal vessels

CHA baseline
2.0015 CRA high IOP, ICP, BP
CRYV bassline

CRVY high 10®, ICP, BF ——

Blood flow (cm#3/s)

FIGURE 4.3 — Comparaison du débit sanguin entre Tony et Margaret.

Sophie est un patient virtuel présentant un risque d’hypertension intracranienne idiopa-
thique (IIH). Les résultats de la simulation ne different pas significativement des valeurs
de référence (Tony), en fait I'hémodynamique de la lamina cribrosa est plus élevée de
0,2%, le flux CRA est plus faible de 0,3% et le flux CRV differe de la valeur de référence
CRV de moins de 0,1%.

Luke est un patient virtuel qui souffre d’hypotension intracranienne. De méme, les ré-
sultats de la simulation ne sont pas particulierement différents des valeurs de base. La
tension artérielle et la perfusion sanguine de la lamina cribrosa different du sujet sain
(Tony) de 0,2% et 0,4%, respectivement. Les débits sanguins de la CRA et de la CRV sont
légerement plus élevés (0,3%) que les résultats de référence.

Max est un patient virtuel dont I'OP est faible. Les résultats de la simulation suggérent
une différence allant jusqu’a 2,2% pour la tension artérielle et jusqu’a 2,4% pour la perfu-
sion sanguine dans la lamina cribrosa. Les débits sanguins de la CRA et de la CRV sont
plus élevés que ceux de la ligne de base jusqu’a 4,5% et 13,9%, respectivement.

Clara est un patient virtuel présentant un risque d’hypotonie oculaire qui souffre d’une
faible IOP et d"un faible RLTp. L’hémodynamique de la lamina cribrosa est inférieure aux
valeurs de base jusqu’a 2%. CRA et CRV montrent un débit sanguin plus élevé jusqu’a
4,7% et 14,2%, respectivement.
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¢ Jim est un patient virtuel qui souffre d’hypotonie oculaire mais aussi d’hypertension. Les
résultats de la simulation suggerent une augmentation de la perfusion de lamina cribrosa
de 29,6% et une augmentation du débit sanguin CRA/CRYV jusqu’a 39,2% et 35,4%, res-
pectivement.

* Jenny est un patient virtuel avec tachycardie. Les profils de pression artérielle et de débit
au sein de lamina cribrosa, CRA et CRV atteignent des pics similaires par rapport aux
valeurs de base, cependant la fréquence des pics et la forme des profils est 1égerement
différente comme prévu.

Chez les sujets ayant une IOP élevée (John, Tina, Margaret), il est facile de mettre en évi-
dence une baisse du débit sanguin, surtout dans le CRV. Ce fait peut étre tres probable en raison
de 'effondrement des veines, ce qui est exactement ce que les ophtalmologistes observent d'un
point de vue physiologique. Le profil du débit sanguin de la CRV a Margaret est particuliere-
ment intéressant : la tension artérielle au niveau diastolique n’est pas suffisante pour équilibrer
la valeur élevée de la IOP de ce sujet. A un certain moment de chaque cycle cardiaque, la valeur
de la pression artérielle est inférieure a la valeur cruciale de 1'IOP externe et le débit sanguin
diminue comme indiqué sur la figure ??; la veine s’affaisse puisque la valeur de la pression
interne est inférieure a celle de la pression externe.

Comme prévu, une augmentation de la tension artérielle entraine une augmentation pro-
portionnelle de la perfusion dans la lamina cribrosa, CRA et CRV. En ce qui concerne 1'IOP et
la RLTp, les résultats de la simulation suggerent une proportionnalité directe dans la lamina
cribrosa alors qu'une proportion inverse est prévue dans les vaisseaux rétiniens centraux. Ce
fait peut étre corrélé au besoin de sang pour trouver une nouvelle facon de s’écouler en cas de
IOP ou de RLTp élevée, en effet une augmentation de ces pressions conduit a une plus grande
force externe sur les vaisseaux, ce qui provoque un effondrement des veinules et des veines.
Cependant, une augmentation du débit sanguin dans la lamina cribrosa ne signifie pas néces-
sairement une meilleure perfusion, mais plutét une augmentation excessive du débit sanguin
peut conduire a une explosion de la microvasculature du disque optique.

4 Observations supplémentaires

Nous avons montré comment 'OMVS est capable de simuler des situations trés différentes
qui sont toutes significatives d’un point de vue clinique. Ces résultats sont facilement acces-
sibles via I'outil de visualisation en ligne avec les deux différentes plateformes que nous avons
mises en place.

En conclusion, dans ce chapitre, nous avons présenté un exemple de recherche clinique sur
une base de données virtuelle simple, mais une approche similaire peut étre utilisée sur un
grand ensemble de données avec des mesures réelles.
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CHAPITRE D

Conclusions et perspectives

Dans cette thése, nous avons présenté un cadre mathématique et informatique innovant
dans le contexte biomédical de 1'ophtalmologie.

Partant des défis actuels des maladies oculaires, en particulier le glaucome, nous avons
modélisé I'hémodynamique et la biomécanique des principaux tissus de 1'ceil. La grande inno-
vation que nous avons apportée du point de vue de la modélisation est le couplage de divers
modeéles multiphysiques et multi-échelles dans un cadre unifié que nous avons appelé Simula-
teur Virtuel de Mathématiques Oculaires (OMVS). La clé du succes de cet ambitieux projet est
la modularité de I'ensemble du systeme, qui offre la possibilité de remplacer et d'intégrer des
modeles nouveaux ou plus avancés tout en maintenant le méme cadre de calcul. Ces résultats
significatifs ont été obtenus grace aux nouvelles méthodes numériques que nous avons déve-
loppées et qui s’inscrivent parfaitement dans ce contexte mathématique. Plus précisément, le
développement d"une approche de discrétisation de Galerkin Discontinue Hybride avec des
conditions aux limites non standard et un algorithme de décomposition d’opérateur 3D-0D
permettent a lutilisateur d’atteindre une grande précision dans un environnement flexible sans
dépasser le cotit de calcul ni perdre en stabilité.

Ce modele de calcul peut servir comme laboratoire virtuel, ce qui est crucial pour la re-
cherche scientifique, en particulier en biologie et en médecine, car il peut réduire le nombre de
tests physiques nécessaires au développement de produits ou a la compréhension des mala-
dies, réduisant ainsi considérablement le cotit économique. La U.S. Food & Drug Administra-
tion (FDA) souligne que le paradigme actuel de I'évaluation des dispositifs médicaux implique
I'examen de données scientifiques provenant de quatre modeles : données animales, données
de laboratoire (ou essais en laboratoire), données humaines (essais cliniques) et données prove-
nant de la modélisation informatique (en partie). Cependant, comme le montre la figure 5.1 qui
est extraite directement du site Web de la FDA, les orientations futures comprennent davantage
de modélisation computationnelle. Ce fait n'implique pas nécessairement le besoin d'un plus
grand nombre de données, mais plutot 1'intérét de moins compter sur les données animales
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Sources of Scientific Evidence

Computer Virtual
i Patient

Laboratory Human
Human

Animal

Computer
Animal Laboratory

Credit: MDIC Modeling and Simulation Project

FIGURE 5.1 — Evaluation réglementaire des dispositifs médicaux de la FDA. Courtesy de https: //www. fda.gov.

et humaines avec une plus grande influence des données des patients virtuels. Cette idée est
également partagée par I’Agence européenne des médicaments (EMA) dans le document offi-
ciel expliquant le plan visant a faire progresser I'engagement de 'EMA en matiére de science
réglementaire au cours des prochaines années (Regulatory Science to 2025 *).

Comme prochaine étape, nous envisageons d’ajouter a cette conception flexible d’autres
travaux que notre groupe de recherche mene en parallele, par exemple I'intégration directe avec
des instruments médicaux comme "'OCTA (Optical Coherence Tomography) [19]. Certaines de
ces données sont déja utilisées, par exemple la profondeur rétinienne et les dimensions de la
lamina cribrosa, mais "utilisateur de 'OMVS a actuellement besoin d"une expertise en imagerie
OCTA pour récupérer ces données et les utiliser comme entrées du modele.

De plus, nous prévoyons quelques extensions afin d’inclure

i) la biomécanique de ’humour vitreux [117];
ii) la microcirculation dans la rétine et dans la choroide [1];
iii) 'oxygénation des tissus oculaires [119, 18];
iv) le métabolisme et 1’électrochimie dans la région de la téte du nerf optique [107, 53, 79];

v) the coupling with the cerebrospinal fluid vasculature [56, Ch. Anatomy and Physiology of
the Cerebrospinal Fluid.];

vi) le systéme lymphatique [75] couplé avec le modéle présenté en [58];

vii) la mise en ceuvre de la méthode de réduction de la base de calcul en HDG afin d’accélérer
le calcul [96];

viii) la convergence du second ordre dans le temps pour la méthode de fractionnement par
'opérateur [49];

ix) 1’élaboration d'une stratégie de fendage par l'opérateur pour les problemes poroélas-
tiques;

“https://www.ema.europa.eu/en/documents/regulatory-procedural-guideline/
ema-regulatory-science-2025-strategic-reflection_en.pdf_en.pdf


https://www.fda.gov
https://www.ema.europa.eu/en/documents/regulatory-procedural-guideline/ema-regulatory-science-2025-strategic-reflection_en.pdf_en.pdf
https://www.ema.europa.eu/en/documents/regulatory-procedural-guideline/ema-regulatory-science-2025-strategic-reflection_en.pdf_en.pdf
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x) une analyse plus détaillée a I'aide des indices de Sobol de 'OMVS [109].

Enfin, nous concluons en renouvelant 1'objectif du projet Eye2Brain ot cette thése est in-
tégrée. L'étude de 1I'ceil est un premier pas vers la compréhension des mécanismes cérébraux
complexes, en particulier pour les maladies neurodégénératives. Dans ce but, nous mention-
nons la thése en cours de P. Ricka a I’'Université de Strasbourg, qui porte sur la modélisation
mathématique et la simulation numérique des flux sanguins cérébraux et leurs interactions
avec le systeme oculaire.
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Optic neuropathies such as glaucoma are often late-onset, progressive and incurable
diseases. Despite the recent progress in clinical research, there are still numerous open
questions regarding the etiology of these disorders and their pathophysiology. Further-
more, data on ocular posterior tissues are difficult to estimate noninvasively and their
clinical interpretation remains challenging due to the interaction among multiple factors
that are not easily isolated. The recent use of mathematical models applied to biomedical
problems has helped unveiling complex mechanisms of the human physiology.

In this very compelling context, our contribution is devoted to designing a mathematical
and computational model coupling tissue perfusion and biomechanics within the human
eye. In this thesis we have developed a patient-specific Ocular Mathematical Virtual
Simulator (OMVS), which is able to disentangle multiscale and multiphysics factors in a
accessible environment by employing advanced and innovative mathematical models and
numerical methods. Moreover, the proposed framework may serve as a complementary
method for data analysis and visualization for clinical and experimental research, and a
training application for educational purposes.

In the first part of the thesis, we describe the anatomy of the eye and the pathophysiology
of glaucoma. Next, we define the modeling choices and the mathematical architecture of
the OMVS (Part Il). In part Il we present the complex ocular geometry and mesh along
with the new numerical methods we have developed, namely the Hybridizable Discon-
tinuous Galerkin method with Integral Boundary Conditions, and the operator splitting
technique for solving coupled PDE-ODE systems. The fourth part of the thesis gathers
all the C++ libraries that have been implemented to create and solve the OMVS. Part
V illustrates the OMVS simulation results, specifically the verification and the validation
strategy, and some clinically meaningful virtual experiments. Then, we propose a pre-
liminary uncertainty quantification study, in particular an analysis on the propagation of
uncertainties and a sensitivity analysis using Sobol indices (Part VI). Finally, in the last
part of the thesis, we draw the conclusions and characterize different projects that can be
integrated in the OMVS in the future.
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