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ABSTRACT

Reduced-order model for blood flow in the large arteries
Applications to cardiovascular pathologies

Understanding and predicting the hemodynamics of cardiovascular pathologies is
crucial to improve the management and diagnosis of such diseases. Mathematical
blood flow models are a suited alternative to classical approaches such as invasive
measurements, data analysis methods, and medical imaging techniques. To be used
as predictive tools for patient-specific studies, blood flow models need to be computed
in real medical time, typically the diagnosis time. Three-dimensional models that
simulate the interaction between the fluid and the mechanics of the arterial wall
provide really precise data, however, they require important computational resources.
Reduced-order models allow determining the pressure and flow fields with a low
computational cost and in regions of the arterial network inaccessible to visualization
techniques and invasive measurements. The goal of this thesis is therefore to derive a
hierarchy of reduced-order models, from simple to complex, that we apply to study
different pathologies.

After detailing the derivation of the models, the resolution methods, and testing
the hypotheses, we focus on applying them to several scenarios, suggested by our
physician collaborators. Each model is suited for a particular medical situation
depending on the scale of the problem. We first investigate vascular stenoses, defined
as a narrowing of the lumen of a vessel, that can lead to important modifications of
the hemodynamics. This pathology can appear in different locations of the network:
in the aorta for instance, as in Aortic Coarctation, a congenital disease found in
children. In this case, the measurement of pressure is essential to determine the
treatment strategy. We, therefore, use all the reduced-order models to compute the
pressure in the stenosis and compare it with invasive data to validate our approach.
Stenoses can also appear after the creation of an arteriovenous fistula, a connection
between an artery and a vein to speed-up the blood filtration for patients with
kidney failure. We use the simplest models to reproduce and predict the distribution
of blood in the system and when a venous stenosis develops. When stenoses become
too severe, a surgical intervention is necessary. We thus explore the impact of aortic-
cross-clamping during stenoses repair surgeries. Clamping consists of momentarily
stopping the circulation to prevent blood from flowing in the operation zone. This
procedure provokes modifications in the vascular properties that we investigate with
reduced-order models. Finally, we study one last pathology pulmonary hypertension
in order to evaluate different mechanical properties and classify the pathologies
according to these properties.

KEYwWORDS: Cardiovascular pathologies, blood flow, reduced-order models, arterial network.






RESUME

Modeles réduits d’écoulement sanguin dans les grandes arteres
Applications aux pathologies cardiovasculaires

Comprendre et prédire I’hémodynamique impliquée dans les pathologies cardio-
vasculaires est essentiel pour améliorer la gestion et le diagnostic de ces maladies.
Les modeles d’écoulement sanguins sont une alternative intéressante aux approches
classiques comme les examens invasifs et les techniques d’imagerie médicale. Pour
étre utilisés comme des outils prédictifs pour des simulations patient-spécifique, les
modeles doivent avoir un temps de calcul réduit, de 'ordre de celui du diagnostic
médical. Les modeles complexes tri-dimensionnels qui considérent les interactions
entre le fluide et la structure du tissue artériel fournissent des données tres précises.
Néanmoins, ils nécessitent un cotit, a la fois numérique et paramétrique, trop
important pour étre utilisés dans de grands réseaux vasculaires. Les modeles dits
réduits permettent, eux, de déterminer les champs de pression et vitesse avec un coiit
de calcul faible et a des emplacements du réseau artériel inaccessible aux techniques
de visualisation ou aux méthodes de mesure classiques. Cette these se concentre donc
sur ces modeles réduits et nous dérivons une hiérarchie de modeles, du plus simple
au plus complexe, que nous appliquons pour étudier différentes pathologies.

Apres avoir détaillé la dérivation des modeles, leurs méthodes de résolution et avoir
testé les hypotheses, nous nous intéressons a les appliquer dans plusieurs scénarios,
proposés par nos collaborateurs médecins. Chaque modele est adéquat pour une situ-
ation médicale particuliere, en fonction du degré de complexité et de 1’échelle du prob-
leme. Tout d’abord, nous étudions la sténose vasculaire, un rétrécissement du diametre
d’un vaisseau, qui entraine des modifications importantes de I’hémodynamique. Cette
pathologie peut apparaitre a différents endroits du réseau : dans l'aorte comme lors
de la Coarctation Aortique, une maladie congénitale trouvée chez l’enfant. Dans ce
cas, la mesure de la pression est essentielle pour déterminer la méthode de traitement.
Nous utilisons donc tous les modeles & notre disposition pour calculer la pression dans
la sténose et comparons avec des mesures invasives pour valider notre approche. Les
sténoses peuvent également apparaitre aprées la création d’une fistule artério-veineuse,
une connexion entre une artére et une veine du bras pour accélérer la filtration du
sang pour les patients avec une insuffisance rénale. Nous utilisons les modeles les
plus simples pour reproduire et prédire la distribution du sang dans ce systeme et
lorsqu’une sténose veineuse se développe. Lorsque les sténoses sont trop séveres, une
opération chirurgicale est nécessaire. Nous nous intéressons donc a 'impact du clam-
page aortique lors de chirurgies réparatrices de sténose. Le clampage consiste a couper
la circulation momentanément afin d’opérer dans une zone ot le sang ne s’écoule pas.
Cette procédure provoque des modifications des propriétés vasculaires, que nous étu-
dions avec des modeles réduits. Enfin, nous nous intéressons & une dernieére pathologie,
I’hypertension pulmonaire afin d’évaluer des propriétés mécaniques du réseau vascu-
laire pulmonaire et discriminer les differentes pathologies.

KEYwWORDS: Pathologies cardiovasculaires, écoulement sanguin, modeles réduits, réseau
artériel.
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INTRODUCTION

1.1 A bit of history

In the fourth century B. C., the Greek philosopher Aristotle identified the heart as the most
important, first organ of the body to form and center of vitality in the body. In the second
century A. D., Claudius Galenus (Claude Galien in french) reaffirmed some of the known
concepts about the heart but contradicted others in matter of detailed anatomy, such as
Aristotle’s claim that the heart was the origin of the nerves [1].

Galien’s theory states that there are three main systems in the body: the brain and nerves,
the heart and arteries, and the liver and veins. He was indeed the first to identify the physio-
logical difference between veins and arteries. According to Galien’s theory, the venous blood
formed in the liver, traveled through the veins and the entire body to deliver nourishment to
maintain tissues. Blood would come into contact with air in the lungs and go to the heart.
The blood did not return to the liver or the heart but would instead be consumed by the
body. Sometimes the liver produced too much blood which led to illness cured at the time
by bloodletting to restore the equilibrium by drawing off the excess fluid.

For almost fifteen centuries, the knowledge about physiology and anatomy only relied on
Galien’s theory. Opinions about these long-existing theories started to be challenged in the
thirteenth century by the Egyptian doctor Ibn al-Nafis who described the pulmonary circu-
lation [2]. Despite promising work, it did not echo internationally and thus did not influence
Medieval and Renaissance medicine.

At the beginning of the Renaissance, experimental investigations started to develop in
particular with Leonardo Da Vinci who first dissected cadavers and began to view the heart
based on mechanical principles (Figure 1.1). Around this time, Vesalius became the undis-
puted master of anatomy with his very influential books "De Humani Corporis Fabrica Libri
Septem" (On the fabric of the human body in seven books) [3]. He, however, did not refute
Galien’s assertions on blood circulation.

It is only in the mid-seventeenth century that William Harvey revolutionized the ideas
of the cardiovascular system with his book "FEzxercitatio Anatomica de Motu Cordis et San-
guinis in Animalibus" (An Anatomical Exercise on the Motion of the Heart and Blood in
Living Beings) [4], considered as the founding of modern physiology. From repeated dissec-
tions of human cadavers and animal species, he thoroughly demonstrated that the blood flows
through the heart and lungs, from which it is sent to the rest of the organism. He showed
that the blood goes to the tissues thanks to their porosity and that it comes back from the
extremities to the center of the body in the right atrium to form a closed-loop system. He
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also described the heart as a muscular hydraulic pump that ensures the continuity of flow
thanks to pulsatility.
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FiGURE 1.1 — Drawing of the heart and coronaries from Leonardo Da Vinci taken from
"Oeuvre anatomique" (Anatomic work), a book constituted of drawings of different part of
the human body. Image found here.

Although medicine had been around for centuries B.C., it is at the end of the nineteenth
century that the first surgical acts emerged. In 1896, the doctor Ludwig Rehn successfully
closed a heart stab wound by means of a direct suture, which marked the beginning of heart
surgery [5]. Three other surgeons became leaders of experimental cardiac surgery before World
War I and provided the base for its further clinical application. After that, arose multiple
successes in cardiac surgery with operations on the pericardium, pulmonary embolectomy,
removal of aneurysms, and many others.

The clinical achievements of the end of the nineteenth century were remarkable however
there was still no accurate mean of measuring arterial blood pressure other than by opera-
tion [6]. Indeed, the pressure had been known as a crucial indicator as changes in pressure had
been linked to the pathogenesis of many Cardiovascular diseases (CVDs). Karl von Vierordt
was the first to introduce the sphygmograph in 1854 (Figure 1.2 left), a measurement tool
to record the pulse pressure of blood. The French physician Etienne-Jules Marey consider-
ably improved the technique of graphic recording and the accuracy of establishing the blood
pressure in patients in 1863 (Figure 1.2 right). In 1896 the Riva-Rocci cuff was introduced.
Since then, extensive efforts have been made to improve the assessment of blood pressure
non-invasively which remains to this day a pressing issue in cardiovascular medicine.
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FIGURE 1.2 — Sphygmograph: measurement tool to record the pulse, the principle is to apply
a counter pressure to overcome the arterial pressure Left: Karl von Vierordt’ sphygmograph.
Right: Etienne-Jules Marey’s sphygmograph. Images from [6].

The main discoveries discussed here were carried by men however, historically women have
occupied important roles in medicine and care-taking. Merit-Ptah was the earliest woman in
the history of science in the Early Dynastic Period (~ 3,000 years B.C.). Agnodice was the
first female physician to practice legally in the 4th century B.C. in Greece. Metrodora was
also a Greek physician of this period, regarded as the first medical writer. Her book "On the
Diseases and Cures of Women" was the oldest medical book written by a woman and covered
all areas of medicine related to women, developing various therapies and surgical techniques
that were revolutionary in her time.

During the Middle Ages, convents were important places of education for women that
provided opportunities for women to contribute to scholarly research. For instance, Hilde-
gard of Bingen was a German abbess in the 11th century and wrote about various scientific
subjects such as medicine, botany, and natural history [7, 8] (Figure 1.3 left). She is consid-
ered the first German female physician. Among many unfounded belief-based practices, she
gave intuitive statements that will prove true later, particularly on human physiology and
blood circulation. Another important female figure of the Middle Age was Trota of Salerno
(Figure 1.3 right), a physician who collected many of her empirical practices in writing. Part
of her work was incorporated into the so-called Trotula compendium of writings on women’s
medicine and cosmetics.

FIGURE 1.3 — Representation of two important female figures of the Middle Ages in the
history of medicine. Left: Hildegard of Bingen (11-12th century), image found here. Right:
Trota of Salerno (12-13th century), image found here.
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In the following, we summarize some key elements about current knowledge of cardio-
vascular physiology (Section 1.2) before presenting a brief literature review of the numerical
models in the study of blood flows.

1.2 Cardiovascular physiology

The cardiovascular system is a closed-loop circuit composed of three main blocks (Figure
1.5) the heart, which pumps the blood, and distributes it into two networks of vessels, the
systemic and the pulmonary, that convey blood to the body and drain it from the body tis-
sues to the heart. In the following, we briefly describe the mechanical function of the cardiac
pump (Section 1.2.1), the pulmonary circulation, and the systemic circulation (Section 1.2.2).

1.2.1 The cardiac pump

The heart is a muscular organ composed of t