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Blood and bile flow modeling in healthy and damaged liver micro-architecture

Counting among the six vital organs in the body, liver carries numerous functions. Among them, it regulates metabolites blood concentration, removes drug and toxins from the blood, and produces bile. Mathematical modeling of liver function is a subject of growing interest, especially in drug development. Nevertheless, most models do not take into account liver's spatial arrangement at micro-scale, resulting in approximations. This thesis addresses two liver functions focusing on a single liver lobule, the smallest repetitive anatomical and functional tissue unit of liver: removal and metabolism of drugs and toxins from the blood (blood detoxification), and bile production. As liver function is fulfilled by a pattern of identical liver lobules, modeling a single liver lobule is representative for the whole organ's function.

First, this work proposes an image-analysis based versatile multi-scale mathematical model of blood detoxification by the liver. A resistive hemodynamics model of micro-circulation accounting for the effect of red blood cells is proposed, based on a statistically representative liver lobule generated from parameters obtained from the analysis of histological tissue samples. It is then coupled with a model of metabolism in the cells (ODE) that takes into account cell-to-cell variability. To simulate convection-reaction equations (PDE) in liver capillaries modeling the transport and exchange of a compound, an extension of a finite volume scheme is developed. Indicators based on the geometry are proposed to evaluate the representativeness of a generated liver lobule.

Quantitative comparisons with experiments are performed to validate the proposed multiscale model.

It has also been extended to evaluate the potential impact of architectural changes on the detoxification capacity of the liver, as they occur in partial hepatectomy i.e., partial organ ablation, or in diseases such as steatosis and fibrosis. Such simulations demonstrate the model's versatility as well as the potential of this approach for various biomedical applications.

The second key flow system in liver is the biliary system. The mechanisms controlling the transport of bile salts from hepatocytes to the liver outlet are not well understood. This work presents a mathematical modeling framework to simulate bile acids' metabolism and to determine which processes are responsible for their movement within liver micro-architecture. To this end, an ODE-based model of bile acids exchanges with liver cells is coupled to a convection-diffusion-reaction equation that models bile acids movement in liver microarchitecture. Two geometries representing liver micro-architecture are considered: a single tube and a simple network. Exchange reactions parameters are calibrated on experimental curves using a population approach fitting procedure. A set of admissible diffusion constants and of convection speeds, fed by a flow model accounting for water production due to osmotic pressure, is proposed.

The presented multi-scale model of blood detoxification can directly be applied to further as well as patient specific disease situations or other substances' metabolism. First studies indicate, that, coupled to a hemodynamics macro-scale model, it might permit to quantify liver micro-architecture's influence on systemic circulation. In bioengineering experiments aiming at development of in vitro liver replacements, it can also be used to test artificial liver micro-architecture designs' efficiency and therefore to downscale the number of experiments to the most promising ones. Finally, this work is a step towards the development of a first quantitative multi-scale model of liver micro-architecture representing the transport of a compound by the blood, its uptake and metabolism by liver cells, its excretion into bile and its movement towards liver outlet.

Modélisation de la fonction de la micro-architecture d'un foie sain et endommagé

Le foie fait partie des six organes vitaux du corps humain et remplit de nombreuses fonctions. Il contrôle notamment la concentration sanguine des métabolites, élimine les médicaments et les toxines du sang, et produit la bile. La modélisation mathématique de la fonction hépatique génère un intérêt croissant, particulièrement dans le développement de nouveaux médicaments. Cependant, la plupart de ces modèles ne tiennent pas compte de la disposition spatiale du foie, notamment au niveau microscopique ce qui engendre des approximations importantes. Le foie étant composé d'une répétition d'unités fonctionnelles identiques, appelées lobules hépatiques, modéliser la fonction d'un lobule équivaut à modéliser la fonction de tout l'organe. Deux fonctions hépatiques sont adressées dans cette thèse qui se concentre sur un lobule hépatique: la détoxification du sang avec l'élimination et le métabolisme de médicaments et toxines du sang et la production de la bile. Ce travail propose dans un premier temps un modèle mathématique multi-échelle de la détoxification du sang par le foie basé sur l'analyse d'images de tissu hépatique. Nous proposons un modèle résistif de l'hémodynamique au niveau microscopique. Ce modèle inclue l'effet des globules rouges sur le flux du sang dans un lobule généré pour reproduire des statistiques extraites d'images de tissue hépatique. L'extension d'un schéma numérique volume fini classique au second degré en espace pour simuler la convection-réaction (PDE) d'un composé dans le réseau de capillaires du foie est également détaillée . Cette équation est ensuite couplée à un modèle modélisant le métabolisme du composé par les cellules (ODE) et prenant en compte la variabilité intercellulaire. Pour évaluer la représentativité d'un lobule généré à partir de l'analyse d'image, des indicateurs basés sur l'anatomie de la micro-architecture du foie sont proposés. Les résultats des simulations sont quantitativement comparés à des résultats experimentaux pour valider le modèle proposé afin de montrer la polyvalence de ce modèle avec plusieurs applications ( extrapolation de la toxicité mesurée in vitro à sa valeur in vivo, évaluation de la robustesse de la fonction du foie aux changements de sa micro-anatomie). En second lieu, ce travail présente un cadre de modélisation mathématique pour simuler le métabolisme des acides biliaires et identifier les processus responsables de leur mouvement dans la micro-architecture de foie. Pour cela, un modèle basé sur des ODEs représentant les échanges des acides biliaires avec des cellules du foie est couplé à une équation de convection-diffusion-réaction (PDE) simulant le mouvement d'acides biliaires de modèles dans la micro-architecture de foie. Deux géométries représentant la micro-architecture de foie sont considérées : un tube et un réseau simple. Les paramètres régissant les échanges entre les cellules vers le sang ou la bile sont calibrés sur les courbes expérimentales. Nous proposons un ensemble de constantes de diffusion et de vitesses de convection admissibles, ainsi qu'un modèle de production d'eau par les cellules dans la bile 

Context

This introductive chapter starts with a short description of the liver function to remind the global context of our study.

Liver anatomy and function

Liver is one of the biggest organs in the human body, representing around 2% of the total body weight. It is located below the diaphragm (figure 1.1 A), and is composed of eight segments in humans, four lobes in mice and three main lobes in pigs [KIN + 99, FLC + 95]. Counting among the six vital organs, it carries out key functions such as bile production and blood detoxification. The latter consists in removing drugs, metabolites and toxins from the blood circulation. Liver is also involved in the regulation of concentration levels of many compounds such as ammonia, lipids, glucose, and proteins. When those levels are not adequately regulated they can induce pathologies. For example, a poor detoxification of ammonia induces hyperammonemia that can lead to encephalopathy, and in extreme cases to death. Bile produced by hepatocytes (main liver parenchyma cells), transport bile salts such as cholesterol to the gallbladder. A poor elimination of bile salts in liver micro-architecture, due to a gallstone for example, can damage hepatocytes, and eventually lead to fibrosis [START_REF] Fickert | Biliary bile acids in hepatobiliary injury ; what is the link[END_REF].

Liver parenchyma organization Each liver lobe or segment consists of a pattern of functional units called liver lobules. If cut perpendicular to the main vessels that transport blood to and away from a lobule, a liver lobule has a statistically approximately hexagonal shape (figure 1.1 D). Liver consists of many different cell types. Three of them play important roles in healthy or diseased liver. Carrying out the liver function are the liver cells, called hepatocytes. They are arranged in rows, aligned along blood micro-vessels (capillaries) on one side and form bile canaliculi, in which they secrete bile on the other side (figure 1.1 E). Spatial organization is an important feature of the liver. The arrangement of hepatocytes and blood vessels ensure a high interface for the exchange of metabolites between blood and hepatocytes. Bile canaliculi are organized to ensure transport of bile salts away from the liver with minimal chance of exchange with the blood. They form a dense and intricate network in the liver lobule (figure 1.1 D). Bile flows opposite to blood: from the lobule center towards the portal triads at the liver outlet (figure 1.1 C,D). Liver capillaries, named sinusoids, are constituted of endothelial cells and transport red blood cells (erythrocytes) and plasma. To maximize exchanges between blood and hepatocytes, those blood capillaries are fenestrated and highly permeable. Moreover, liver is a zonated organ, in which a number of properties and functions of a hepatocyte depends on its location within the liver lobule. This feature plays a major role in many liver functions.

Hepatic blood and bile flow Blood enters the liver through the hepatic artery and the portal vein. For example, the sum of both inflows corresponds to 15% of the total cardiac output in mouse and 25% in human (figure 1.1). The hepatic artery, branched to the aorta, carries out the oxygen needed by the hepatic cells. The portal vein collects the venous blood coming from the digestive organs and the spleen, bringing all nutrients, metabolites or other compounds that are treated by the liver before being transported to the rest of the body (figure 1.1 B). The portal vein flow represents around 70 -80% of the total blood supply and the hepatic artery the remaining 20 -30% [START_REF] Eipel | Regulation of hepatic blood flow: the hepatic arterial buffer response revisited[END_REF]. In liver, the portal vein and hepatic artery form venous and arterial trees connected to the portal triads(that contains a portal venule, an arteriole and a bile ductule), located at the liver lobule corners (figure 1.1 D). Both flows merge when leaving portal triads into the sinusoids and go through the lobule draining into the central vein, the lobule outlet (figure 1.1 D). In micro-architecture, as both inflows have the exact same pressure when mixing in the capillaries, the blood inlet is commonly named portal vein (PV). The central vein (CV) forms the smallest leaf of the hepatic venous tree through which blood leaves the liver and enters the vena cava.

Bile canaliculi join to form Hering channels that are then connected to bile ductules at the portal triads. Those structures are not formed by hepatocytes but by specific cells: cholangiocytes. At the liver outlet, gallbladder stores bile before being either excreted in the stomach to serve as a digestive acid or in the colon via the common bile duct. Cholangiocytes and hepatocytes can take up or expel water by osmosis, i.e. to equilibrate the concentration of ions in bile.

Context

Focus on two liver functions: blood detoxification and bile production Metabolites, drugs or other compounds enter liver through the blood circulation. At the sinusoidal level, they either reach the space of Disse where they are taken up by hepatocytes (figure 1.1 E) or flow through the liver lobule into the hepatic vein and out of the organ. Extremely thin, the space of Disse is composed of, among others, collagen fibers and proteins and is related to the lymphatic flow system [START_REF] Ohtani | Lymph circulation in the liver[END_REF]. Once taken up by hepatocytes, substances are transformed before being stored in the cells' cytoplasm, possibly released into blood, or excreted in bile canaliculi.

The above described anatomical structures and functions of the liver are at the heart of the mathematical model proposed in this thesis. Additional details can be found in dedicated books, such as [START_REF] Eugene R Schiff | Schiff 's Diseases of the Liver[END_REF].

1.1.2 Mathematical models of liver micro-architecture

1.1.2.

Motivations

In this study, we focus on two essential liver functions: blood detoxification and bile production. The drugs and toxins removed from the blood by hepatocytes, as well as an impairment of bile salts' transport in bile canaliculi can cause damages to the organ if the concentrations reach too high values locally or in the entire organ. If some of the resulting injuries can be reversible in benign cases, others can permanently damage the liver (generally when liver suffers repetitive aggressions). Such damages impair the liver function and can lead to diseases that can be acute or chronic like hepatitis (inflammation of the liver), steatosis (accumulation of lipid droplets in the hepatocytes), or to acute necrosis of the liver tissue. In the latter situation, liver function can be severely impaired, depending on the degree of necrosis, and may cause acute liver failure, and in some cases death. More than half of the reported acute liver failure are induced by drug intoxication [Lee03, MSG + 09], with paracetamol intoxication being the most common one in UK and the US [YBC + 16]. Continuous dis-balances or repetitive drug intoxications can lead to chronic diseases such as fibrosis and cirrhosis (accumulation of collagen fibers disrupting the liver organization at the micro-scale). In some cases of cirrhosis, primary liver cancer develops. A second source of liver cancer is due to the presence of metastasis of a primary tumor located elsewhere in the body (hepatic metastasis). Few treatments exist for those diseases. Through the extraordinary liver capacity to regenerate [START_REF] George K Michalopoulos | Liver regeneration[END_REF], reversible damages such as benign steatosis or moderate drug intoxication, can be cured by removing the source of injury and letting the liver regenerate. In a few cases, medical curative treatments exist, as it is the case for chronic hepatitis C. For chronic diseases like fibrosis, cirrhosis and most liver cancers, transplantation is an important treatment option. When a liver cancer is confined to a small region the damaged part can be surgically removed. After the surgery, named partial hepatectomy, the remaining liver grows back to its original weight. This surgery induces substantial anatomical alterations and in some cases, post-operative complications that can lead to the patient death. The alterations occurring at the micro-scale are not well-known and so are their influence on the liver function. A few strategies such as portal vein Figure 1.1: Description of the liver anatomy. Located below the diaphragm and above the intestine (A), the liver is irrigated with arterial blood directly coming from the aorta and with venous blood leaving the digestive organs (B). The arterial blood enters the liver through the hepatic artery when the venous blood enters the liver through the portal vein (C). Blood leaves the liver in the hepatic vein connected to the inferior vena cava. Liver is made of functional units, lobules, of approximately hexagonal shape with blood flowing from the portal triads towards the central vein in the center. Hepatocytes are aligned along capillaries, sinusoids (D,E), where they take up and release molecules. Among them bile acids are excreted into bile canaliculi, leaving the lobule in the bile duct at the portal triads and the liver through the common bile duct and the gallbladder. Images respectively from [sta, cir, liv, ele] 1.1. Context embolization to pre-operatively increase the blood flow going to what will be the remaining liver are already applied, others like controlling liver flow after partial hepatectomy through a vascular ring [BBA + 17b] are under clinical trials. Those treatments are however heavy and have important side effects, the pre-operational ones but especially partial hepatectomy and transplantation. The processes responsible leading to the side effects are often hard to predict for individual patients as they are not well understood. Mathematical modeling is widely used in drug development where liver is included to take its blood detoxification function into account. Indeed, it permits to have a better understanding of diseases effects on liver function. Moreover, mathematical models can help assessing the effect of a treatment on liver function. Additionally, they can help in biotechnological design of ex-vivo liver replacements, for example by identifying the most promising experimental settings and designs. They can also permit to highlight metabolic reactions that could be controlled by treatments, hence leading to the development of new drugs as in [GCH + 15]. So far, very few mathematical models consider liver micro-architecture, rather including liver as a well-stirred, homogeneous compartment in the model. Yet, as seen in the above liver description, liver metabolic and detoxification functions are carried out by hepatocytes, within liver lobules. Therefore, liver function can be simulated through the mathematical modeling of a the whole organ or for a single unit, upscaling the simulated output to the whole organ.

Existing mathematical models of liver function in the micro-architecture

Several possibilities exist to model an organ micro-architecture. Yet, most existing models represent liver as a single compartment, for example in pharmacokinetic (PK) models (i.e. describing the fate of a substance in the body [KSB + 12, IIK + 98]). It is thereby assumed completely homogeneous and well-mixed. Moreover, its spatial arrangement within the organ and more especially within a functional unit is assumed in these models to not influence its detoxifying capacity. This hypothesis can be discussed, even for simple reactions. To illustrate the impact of space on the modeled output, four simple geometries representing liver micro-architecture are compared for two simple metabolic reactions. Figure 1.2 A, B, C and D displays the studied geometries:(A) a well-mixed compartment, (B) a single tube, (C and D) two bifurcations either symmetric (C) or asymmetric (D). 1D convection-reaction of a compound is simulated in blood. Two reaction terms that model blood detoxification through the uptake of a compound by the cells are considered. They can be viewed as "unit" detoxification reactions, meaning that classical uptake reactions include a combination of those behaviors. Identical compound concentrations are set at the blood vessel inlet, and outlet blood concentrations are compared. When the reaction term does not depend on the compound concentration in blood, all models predict the same outlet concentrations (figure 1.2 F). However, when the taken up amount of compound is proportional to its concentration in blood, simulated outlet concentrations may significantly differ between geometries. A single tube removes more compound from the blood than a compartment. This is expected as a tube is a compartment split into many detoxifying units in series, i.e. fed by the same blood vessel. Instead of removing the compound at the end of the tube, a little is removed at each step, hence increasing the total amount removed. A symmetric bifurcation can be simplified into a single tube, and as expected, gives the same concentration at the outlet (figure 1.2 G).

An asymmetric tree, leads to slightly higher concentrations at the outlet due to the difference of flow speed in each branch. Such differences underline that, even without accounting for liver zonation described in the previous section, liver spatial arrangement should be included in mathematical models.

Previous studies on liver micro-architecture mathematical modeling in which spatial representation is taken into account have been carried out. Roberts and Rowland [START_REF] Michael | A dispersion model of hepatic elimination: 1. formulation of the model and bolus considerations[END_REF][START_REF] Michael | A dispersion model of hepatic elimination: 2. steady-state considerations-influence of hepatic blood flow, binding within blood, and hepatocellular enzyme activity[END_REF][START_REF] Michael | A dispersion model of hepatic elimination: 3. application to metabolite formation and elimination kinetics[END_REF] focused on the liver detoxifying function and adapted the compartment model previously discussed. They modified its transfer function to include a dispersion term calibrated on experimental data. If this approach provides a simple method to incorporate dispersion into the mathematical model of liver function, a specific experiment has to be performed for each situation studied (i.e. healthy liver, damaged by chronic disease, by intoxication, by partial hepatectomy, ...). To bypass this issue, more recent works do not model liver by a compartment but account for the observed anatomy of the organ. As liver function is closely linked to its perfusion quality, hemodynamics in liver lobules has been investigated. First, Rani et al. [START_REF] Hp Rani | Numerical investigation of non-newtonian microcirculatory blood flow in hepatic lobule[END_REF] proposed a model of blood flow in a liver lobule simplified to a portal vein and hepatic artery connected to a central vein through two representative sinusoids in parallel. In this model, blood is considered non-Newtonian due to the red blood cells and hemodynamics simulations are carried out without coupling to metabolic reactions. Porous media approaches that permit to model blood flow without explicitly modeling a sinsuoidal network have also been investigated. Bonfiglio et al. [START_REF] Bonfiglio | Mathematical modeling of the circulation in the liver lobule[END_REF], Siggers et al. [START_REF] Siggers | Mathematical model of blood and interstitial flow and lymph production in the liver[END_REF], and Leungchavaphongse [START_REF] Leungchavaphongse | Mathematical modelling of the liver microcirculation[END_REF] proposed 2D mathematical models of liver micro-circulation, extending it to include the lymphatic system in the space of Disse [START_REF] Siggers | Mathematical model of blood and interstitial flow and lymph production in the liver[END_REF]. Debbaut et al. [DVS + 14] studied a 3D liver lobule in which the liver permeability matrix is computed from 3D flow simulations in 25µm radius cubes of a segmented sinusoid network of rat liver with imposed pressure boundary conditions. In those simulations of 3D Stokes flow, blood is assumed Newtonian and the Faraheus Linqvist effect is neglected. Ricken et al. [RDD10, RWH + 14] derived the permeability matrix from a mathematical model, including remodeling of the liver, to perform blood flow simulations in 3D. Yet, none of those studies include transport and compound metabolism. Mathematical models coupling blood flow, transport and metabolism have been proposed. Schwen et al. [SSK + 15] proposed a multi-scale approach to account for both liver meso and micro scales. A row of hepatocytes aligned along a representative sinusoid accounts for the liver lobule. It is coupled to a single vascular tree standing for both the hepatic arterial and portal venous flow. Blood flow is computed and the transport and metabolism of several metabolites is simulated. Similarly, Ochoa et al. [OBP + 12] approximated liver micro-architecture to a single sinusoid to study paracetamol intoxication. No simulation of blood flow or transport is performed as blood velocity is set to literature values and an analytic function accounting for compound convection, diffusion and uptake along the sinusoid is derived. It is then coupled to a whole body pharmacokinetic model translating an ingested dose into a time concentration profile at the liver inlet. Sluka et al. [SFS + 16], also for paracetamol intoxication, proposed a slightly alternative model of liver micro-architecture as they computed blood flow in a representative sinusoids in which red blood cells are explicitly 1.1. Context Figure 1.2: A compartment model (A) is compared with a single tube along which are aligned detoxifying/reaction units (B), with a symmetric (C) and an asymmetric (D) models. Blood flow is simulated in each geometry imposing boundary conditions of flow at the inlet corresponding to a liver lobule and pressure at its outlet corresponding to average pressure in the vena cana. Highest pressures are observed at the inlet (red) and the lowest pressures are the outlet (blue). More details on both the blood flow and boundary conditions can be found in chapters 2, 3. The convection-reaction of an imposed constant concentration at the liver outlet is simulated and the concentrations at the geometry outlet are compared (F and G) for two different reaction terms. The inlet concentration is the same for all geometries and two reactions are studied: a constant removal of concentration from the blood (F) and a linear removal (G). If no differences are observed in the case of a constant removal of blood between the geometries, spatial representation may be important when considering a linear reaction parameter. 
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modeled. Moreover, contrary to the study of Schwen, red blood cells are explicitly modeled in this work. Their model neglects the effect of a capillary network on the concentration profile. Indeed, this representative sinusoid can be compared with the single tube model presented in figure 1.2, thereby overestimating the detoxification power of the organ. Mathematical models of liver function with two-dimensional models of the micro-architecture were also developed. Hunt et al [HRY + 06] developed an in silico liver model where lobules are split into three zones. In each zone, at least a sinusoidal segment is modeled, connected to the other zones via intersections. Along sinusoids, hepatocytes are aligned and an agent-based model is used to determine their behavior. Yet, the number of segments and intersection is considered as a parameter calibrated to reproduce measured outlet concentrations. To avoid this issue, Wambaugh and Shah [START_REF] Wambaugh | Simulating microdosimetry in a virtual hepatic lobule[END_REF] proposed to generate a two-dimensional liver lobule based on the analysis of 2D liver scans. Only a few features of those images are considered, and an elliptic liver lobule is created. Blood flow, transport and metabolism are then simulated. Yet, many simplifications of the lobule topology are still present, as none of those model the liver lobule as a 3D structure. Rezania et al. in [START_REF] Rezania | A physiologicallybased flow network model for hepatic drug elimination iii: 2d/3d dla lobule models[END_REF] proposed a 2D -3D liver lobule structure generated on a regular lattice. Each lattice component encompasses one or several structures: hepatocytes, sinusoids. A permeability matrix is derived from the obtained blood vessels and a porous media approach, similar to the previously mentioned ones, is used to simulate blood flow. However, blood viscosity does not account for the effect of red blood cells which is known to be important in micro-circulation [START_REF] Axel | Blood flow in microvascular networks[END_REF]. Ricken et al. [RWH + 14] coupled a 3D porous media blood flow model to metabolism of glucose by the liver. In porous media models integrating topological changes due to diseases or injuries is a great challenge when sinusoids are not explicitly modeled. Finally, recent progress on imaging techniques allow to quantitatively assess 3D structures of the liver micro-architecture [HHF + 14, MNSMK + 15]. Hoehme et al. [HBB + 10] proposed an image analysis based generated liver lobule vascular network along with the hepatocytes' position statistically representative of mouse liver tissue micro-architecture. Liver sinusoids are viewed as a graph with intersections (nodes) connected vessel branches (segments). Yet, no blood flow was included in this study. All the presented models of the liver micro-architecture focus on blood circulation even including interstitial flow models in [START_REF] Siggers | Mathematical model of blood and interstitial flow and lymph production in the liver[END_REF] and none of them include a bile production and transport model. Bile production counts among the most critical liver functions. It is composed of bile acids, such as cholesterol, excreted by hepatocytes into the canaliculi. Those compounds, toxic for the rest of the body, are moving out of the liver lobules into the biliary tree leaving the liver towards the gallbladder. A part of bile then enters the stomach, acting as a digestive acid, and the rest goes into the colon. Bile acids are highly osmotic compounds, attracting water. This explains why bile is made of 95% of water in a healthy body [OLC + 04]. When some bile acid concentrations are too high, they can precipitate and form stones either within the liver or in the gallbladder (gallstones) that can block bile excretion, impairing the liver function and leading to hepatitis. The reactions accompanying bile salts uptake from the blood and excretion by hepatocytes are largely known [MMSE97, KLC + 99].

However, yet the processes controlling bile salts transport within the liver micro-architecture are not. Their osmotic power is expected to play a role and induce a water inflow from 1.2. Objectives hepatocytes' cytoplasm into canaliculi [START_REF] James | Bile formation and secretion[END_REF]. Contractions of the canaliculi were also experimentally reported in vitro and in vivo [SOM + 85, WTSP91]. Meyer et al. [MOB + 17] proposed the first mathematical model aimed at explaining bile salts movement within the liver lobule through the study of a fluorescent bile salt (CF). Based on the quantification of in vivo compound concentrations in liver micro-architecture structures (hepatocytes, sinusoids, bile canaliculi) the mathematical model's parameters are calibrated. In this study, they assume bile salts are convected towards the bile duct at the portal triads by a flow of water combined with the contraction of the canaliculi. This flow is created by a water inflow from hepatocytes' cytoplasm, which they claim occurs due to the osmostic pressure difference between hepatocytes and bile canaliculi. With the assumed convection, they are able to fit the CF concentration curves if they calibrate a number of transport zone-specific parameters. Moreover, for the hepatocytes' contractions to have an effect on bile acids' movement, they need to be coordinated. If such coordination was reported in vitro [SOM + 85], it has never been shown in vivo to our knowledge. Finally, this study neglects the effect of diffusion on bile salts movement within canaliculi, whereas the measured bile flow speeds are very low compared to other flow systems (blood for example): less than 2µm.s -1 vs. around 69µm.s -1 for blood [START_REF] Pj Macphee | Intermittence of blood flow in liver sinusoids, studied by high-resolution in vivo microscopy[END_REF].

Objectives

As shown in previous sections, several mathematical models were proposed to address aspects of liver blood detoxification and bile production functions. When the micro-architecture is represented in a generated liver lobule [HBB + 10], no mathematical model of blood flow detoxification is included. Moreover, if other approaches account for liver lobule geometry through porous media models, they do not permit to easily account for the effect of red blood cells on blood flow or of an injury on liver micro-architecture changes. Finally, the mathematical model focusing on bile salts movement, proposed by Meyer et al. [MOB + 17], neglects the effect of diffusion.

Due to the pattern-like structure of liver, we choose to model liver function in a single hepatic lobule and upscale the simulated outcome to estimate the behavior of the whole organ. The objective of this thesis is then twofold. Firstly, it proposes a versatile mathematical model of the liver function to simulate the metabolism by hepatocytes of compounds entering a liver lobule in the blood circulation. It describes several applications of this model to study ammonia detoxification in healthy liver, after acute drug-induced damage, in chronic disease cases and after partial hepatectomy as well as to study paracetamol (acetaminophen) intoxication. Secondly, it studies bile salts movement through liver micro-architecture by modeling the movement within a liver lobule, of a bolus of fluorescent bile salts injected in a living mouse. The definition of both models is based on experiments.

Those two objectives are split into specific aims detailed in the following.

Objectives related to metabolism of compounds transport in blood

Blood detoxification, carried out by hepatocytes, consists in removing drugs or toxins from the blood. This function is, therefore, closely linked with liver perfusion, highlighting the need of an accurate blood flow model.

The first objective of this work related to detoxification is, hence, to propose and numerically implement a mathematical model of blood flow and convection-reaction in liver micro-architecture, taking into account the architecture of the intricate sinusoidal network.

Then, we propose to demonstrate the versatility of this model by studying two metabolic reactions: paracetamol intoxication and ammonia detoxification in four diseases situations: drug damaged liver (by paracetamol), steatosis, fibrosis and partial hepatectomy. This indicates an important contribution to underline the advantages mathematical modeling can make in drug or bio-engineered organs development through, first the extrapolation of in vitro (i.e. in cells' cultures) toxicity levels to in vivo(i.e. in living beings) ones, and, second the study of the effect of an anatomical alteration on the modeled liver function through ammonia detoxification after an injury.

For modeling of flow and transport, knowledge of boundary conditions is crucial. As 3D image reconstructions so far contain less than an entire lobule, a representative lobule architecture has to be generated by statistical sampling from architectural parameters defined to quantify lobular architecture. The reliability of the model simulations performed in a representative network needs to be studied. It is then important to know how sensitive the flow and transport properties within the liver depend on the precise representation ("representativeness") of architectural parameters. A final objective of this part is to study the representativeness of such lobules and propose indicators to quantitatively evaluate it. Starting with the generated liver lobule of Hoehme et al. [HBB + 10], indicators of representativeness are proposed and improvements of the geometry are displayed, and their effect on the modeled function is discussed.

Objective related to bile salts' movement modeling Studying bile flow within a liver lobule is a challenge. Canaliculi are extremely small structures of diameter around 1µm [HHF + 14], that have been quantitatively studied only very recently by Ghaemi et al. [START_REF] Ghaemi | Numerical Simulations of Bile Flow in Realistic Image-Derived Bile Canalicular Geometries[END_REF] with electron microscopy. Similarly to the described mathematical model of Meyer et al.

[MOB + 17], that has been developed at the same time as this work, experiments were performed on living mice by biologists at IfADo, Dortmund, Germany with whom we collaborated. A bolus of fluorescent bile salts is injected in a mouse tail vein and its journey through the liver micro-architecture is recorded by 2-photon microscopy.

In this part of this thesis, the aim is to propose a mathematical model of the experimental setting that can quantitatively explain the measured fluorescent bile salts concentrations over time in the aforementioned experiments. We choose to test two hypotheses for processes responsible for bile salts movement: convection due to osmosis and diffusion. The contractility of canaliculi is neglected here as no evidence of coordinated movement in vivo has been shown to our knowledge.

Contributions

Contributions

After presenting contributions related to metabolism of compounds transported by blood, those related to bile flow modeling are detailed. First, drugs/metabolites or other substances enter the liver with the blood circulation. A mathematical model of liver function, therefore, needs to incorporate a model of blood flow in liver micro-circulation. Moreover, as liver function is modeled in a whole liver lobule, this model needs to be complex enough to account for the relevant physiological and biological processes of the studied phenomena, and simple enough to remain within amenable computational times. This work proposes a stationary hemodynamics model in a representative liver lobule network, accounting for the effect of red blood cells on the simulated hemodynamics. Then, the convection-reaction of the studied substance can be simulated and coupled to a system of ODEs standing for the metabolic pathway in cells. To permit an accurate numerical solution if this model, this work proposes a numerical scheme handling both the complex geometry and numerical diffusion. After the model and the numerical methods to simulate it have been established, the model is then applied and validated on experiments. The simulations indicate the importance of lobular architecture. For this reason, we subsequently re-evaluate the representative lobule architectures used in the previous sections. Additional indicators are proposed to evaluate the representativeness of a generated capillary network, and to study the impact of architectural parameter variations on lobular flow.

Finally, we study the liver function related to bile. To determine processes responsible for bile salts movement in liver micro-architecture, a mathematical model mimicking the observations in the studied experimental setting by IfADo is proposed.

These contributions are detailed in the following.

Hemodynamics model and convection-reaction equation simulation Hemodynamics modeling in micro-circulation is a whole field of research that has been investigated, as shown by these reviews [PS11, PJ05], among others. There are two major challenges when modeling micro-circulation. The first is to have access to a realistic vasculature. The second is related to the nature of blood: a mixture of plasma and red blood cells. Many models from the explicit model of red blood cells in capillaries [START_REF] Dmitry | Blood flow and cell-free layer in microvessels[END_REF] to empirically derived effective viscosity laws [PSG + 94] have been developed. When considering a whole liver lobule, modeling explicitly every red blood cell present in the capillaries is computationally out of reach. This is why this work focuses on including empirically derived viscosity laws in a continuum model of blood flow. Given realistic liver lobule geometry from [HBB + 10] in which capillaries are explicitly modeled, which micro-circulation hemodynamics model should be included in liver? This work proposes to review several hypotheses to account for the effect of red blood cells on blood flow viscosity and discuss which has to be included to reproduce blood flow velocity measurements. With this flow solution, a 1D convection-reaction partial differential equation (PDE) modeling the transport and metabolism of a compound within the architecture can be simulated. If convection-reaction equations have been widely studied [START_REF] Randall | Finite volume methods for hyperbolic problems[END_REF], to our knowledge, no numerical schemes handling networks and reducing numerical diffusion have been proposed in 1D. In this study, we extend 1D numerical schemes developed in tubes to reduce numerical diffusion, to networks. 

Structure of the document

This manuscript is split into two main parts, each corresponding to a studied liver function: the metabolism of a compound transported in blood flow and bile production and movement through liver micro-architecture. This first part is composed of three chapters, each addressing the before-mentioned contributions, namely: (i) hemodynamics model and convection-reaction simulation, (ii) application and validation of the model on experiments, (iii) extension of proposed representativeness indicators to capillary networks.

The hemodynamics model and numerical scheme for the convection-reaction equation, to model the transport and metabolism of a compound by a liver lobule, are presented first (chapter 2). After a literature review focusing on micro-circulation modeling, a steady-state blood flow model in the vascular graph is proposed. Two main additional hypotheses to better represent the effect of red blood cells on hemodynamics are studied and their impact on the simulated blood flow is discussed. Based on this study, a hemodynamics model is proposed to mimic liver micro-circulation in a generated liver lobule. Then, a finite upwind scheme including flux limiters to reduce numerical diffusion is presented and its extension to handle bifurcations is specified.

This model is then validated on two cases: paracetamol intoxication and ammonia detoxification after paracetamol intoxication (chapter 3). In both cases, there exist a set of parameters that permits to reproduce experiments. The impact on the modeled liver function, through ammonia detoxification, is studied for three additional liver damage cases: steatosis, fibrosis and partial hepatectomy. Presented as proofs of concepts, based on data as much as this was possible, each one of those application demonstrates the versatility of the developed model and underlines the potential of mathematical modeling to answer more general questions. Indeed, the study of paracetamol intoxication gives us the opportunity to study how mathematical modeling can permit in vivo toxicity extrapolation from in vitro toxicity experiments. No validation study of the model is made for steatosis, fibrosis and partial hepatectomy as no experiments on detoxification in these cases were available to the time of thesis. However, experiments are currently designed to test the model predictions. These cases were chosen as they represent highly relevant clinical applications and as they underline the ease of anatomical alterations integration and the need to account for space when modeling liver function, especially in blood detoxification.

The previous chapter underlines the importance of spatial representation, and shows that the considered geometry of [HBB + 10] does represent liver micro-architecture as the model could be validated with experiments. Yet, it triggers the following question: to what extend does it represent liver micro-architecture? and can it be improved? Chapter 4 addresses those two questions. Indicators to quantitatively evaluate generated geometries are presented, highlighting ways of improving the representative lobule proposed in [HBB + 10]. Additional liver lobules are thus generated, and the impact of those improvements on the simulated blood flow and ammonia detoxification is discussed.

The second part is made of a chapter focusing on bile salts' movement modeling, related to the two last contributions, namely: (i) proposing a modeling framework to reproduce an experimental setting aimed at determining the processes responsible for bile acids' movement, (ii) directions and challenges linked to confronting mathematical models with experiments.

As shown earlier, bile modeling is a field where very little has been done. In this second part, the mathematical modeling approach to determining processes responsible for bile salts movement is presented. After presenting the experimental design, the proposed mathematical model is detailed. As bile salts' uptake and secretion processes are reasonably well-known, a quantitative mathematical model of such processes is built. Then, the effect of the studied processes: convection and diffusion, is studied on two different geometries accounting for the bile canalicular network. Both the experimental data analysis and numerical methods are detailed. The resulting curves are compared with experiments. If results are highly dependent on observed concentration curves, the approach is only determined by the experimental design. This aspect is of special importance as the modeling output is a concentration when a fluorescent intensity is measured. The conversion of intensities into concentration is not straightforward and depends on many external factors such as the laser settings or the data encoding ones. For a given conversion curve, a model explaining the data is presented.

Finally, in chapter 6, we provide conclusions and perspectives.

Introduction

Mathematical modeling of biological systems such as organ perfusion and function for medical applications is a field with growing interest. Detoxifying organs such as liver and kidney are vital organs, whose functions have been widely studied in biology and medicine and are taken into account in drug development. In these blood detoxifying organs, function and perfusion are closely linked. A few mathematical models focusing on liver micro-architecture were proposed. Two main types of model exist. Either the lobule is considered a porous media [DVS + 14, SLHR14, RDD10, BLRS10] which does not permit to easily include the effect of red blood cells and vessel network changes on blood flow, or its sinusoidal network is explicitly modeled [SSK + 15, WS10]. It can be generated from the analysis of tissue pieces images [HBB + 10]. The introduction 1 provides a more thorough description of these works, highlighting their strengths and limitations. If the network proposed by Hoehme et al.

[HBB + 10] is closer to reality than the other representations, no blood flow and transport of a compound was simulated in this work. As described in the introduction, the aim of our study is to propose a mathematical model including blood flow, the transport and exchange of a compound with the surrounding cells, its metabolism within these same cells and validate it on experiments for several applications. The model shall be complex enough to reproduce measurements of this function all the while simple enough to lead to reachable computational times. This chapter describes the proposed hemodynamics model and convection-reaction equation resolution method in a given detailed capillary network. Experimental studies were carried out to characterize micro-vasculature [LZ74, ZL77, FZ75], blood viscosity at this scale [START_REF] Ar Pries | Generalization of the fahraeus principle for microvessel networks[END_REF], or the movement of red blood cells within capillaries [Kro21, KJ82, MSG95], among others. A wide variety of models has been proposed to reproduce hemodynamics in capillaries. Some focused on the interaction of red blood cells with the endothelium (forming the capillary borders) with, for example, particle models [START_REF] Sun | Particulate nature of blood determines macroscopic rheology: a 2-d lattice boltzmann analysis[END_REF]. Yet, applying this type of modeling approaches to a whole capillary network is computationally out of reach. Others focused on specific aspects of micro-circulation. Pries and Secomb [PLG86, PSG + 94], as well as Sharan and Popel [START_REF] Sharan | A two-phase model for flow of blood in narrow tubes with increased effective viscosity near the wall[END_REF] developed empirical laws to reproduce blood viscosity in capillaries, including the Fahraeus effect. Other models were proposed to mimic the split of red blood cells at bifurcations, called bifurcation law or Zweifach-Fung effect, linked to plasma skimming, [KJ82, DDC83, CW90, FCC85, PLCG89, GL15] that has been observed to be uneven [START_REF] Krogh | Studies on the physiology of capillaries: Ii. the reactions to local stimuli of the blood-vessels in the skin and web of the frog[END_REF]. More extensive reviews on those aspects can be found in [START_REF] Aleksander | Microcirculation and hemorheology[END_REF][START_REF] Axel | Blood flow in microvascular networks[END_REF]. In all these studies, digestive organs capillaries are considered far enough from the heart and thus, the temporal dependency of blood flow found in the main arteries due to heart beating can be neglected here (especially for liver that receives mostly venous blood). Some proposed a dynamic approach, as in [GCW + 10, [START_REF] Russell T Carr | Oscillations in a simple microvascular network[END_REF][START_REF] Pozrikidis | Numerical simulation of blood flow through microvascular capillary networks[END_REF] to study specifically the effect of the red blood cells on blood flow in a single or double bifurcation. Others coupled blood flow to vessel remodeling or angiogenesis, hence also studied the temporal evolution of blood flow, as in [WMC + 12, CMA06, PBM17, DJRC + 10]. In other studies, blood flow including red blood cells is considered stationary, still accounting for the effect of red blood cells on the flow [START_REF] Ian | Hematocrit distribution and tissue oxygenation in large microcirculatory networks[END_REF], [START_REF] Gould | The capillary bed offers the largest hemodynamic resistance to the cortical blood supply[END_REF]. Yet, none of these works focused on digestive organs micro-circulation in general, and on liver lobule hemodynamics in particular. When modeling an organ function, especially for digestive organs, the process of interest is not blood flow per say, but the metabolism of a compound of interest carried by the blood. Therefore, depending on the time scales on which the process of interest happens, some aspects of the circulation need to be taken into account when others can be neglected. Some studies reviewed the importance of some of these processes, including elastic models of the vessels but focused on the venules and arterioles, i.e. just before reaching capillaries, as in [START_REF] Arciero | Mathematical methods for modeling the microcirculation[END_REF][START_REF] Causin | Blood flow repartition in distensible microvascular networks: Implication of interstitial and outflow pressure conditions[END_REF].

In this chapter, we present a mathematical model to study blood flow in liver micro-
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architecture, discussing the importance of adding hypotheses to account for the red blood cells' effects on blood flow. The flow solution obtained is then used to define the velocity at which the compound is transported. A convection-reaction equation (PDE) is therefore studied to simulate the transport of a compound in blood and exchanges with the surrounding cells. Numerical methods to solve such equation in 1D in a single tube, in 2D and in 3D have been proposed and are fairly well known [START_REF] Randall | Finite volume methods for hyperbolic problems[END_REF]. Convection-reaction in a capillary network can be considered a 1D problem in a network, as further explained in section 2.2.3, and very few studies investigated numerical methods to solve this equation in networks. Among them a few have been proposed in traffic flow in simple isolated bifurcations or multi-furcations [START_REF] Canic | Runge-kutta discontinuous galerkin method for traffic flow model on networks[END_REF], or water resources [START_REF] Thomas | An overview of research on eulerianlagrangian localized adjoint methods (ellam)[END_REF] and further applied to drug transport in trees without exchanges in [SKN + 14] or in a single tube connected to surrounding cells [SSK + 15]. As the computational cost can become an issue due to the high density of capillaries, the choice of numerical scheme is critical. Moreover, different types of signals have to be handled: if a compound is ingested, its concentration input function in the liver will be smooth as the process lasts over several hours. However, when studying the metabolism of an injected bolus of drug or fluorescent compound, this signal can be extremely sharp and needs to be accurately simulated. In this chapter, a numerical scheme handling networks with successive multi-furcations is proposed to simulate convection-reaction, with a higher order in space than first order schemes such as explicit upwind.

The organization of this chapter is the following. Section 2.2 describes the methods applied to study hemodynamics and solve the convection-reaction equation in capillary networks. The flow and pressure results are presented in section 2.3.1 and the hypotheses we believe important to properly model hemodynamics in capillaries at steady state are detailed. Then, in section 2.3.2, we present results focused on the convection-reaction equation, showing the accuracy of the chosen numerical scheme. This chapter ends with a discussion on both the proposed hemodynamics model and on the detailed numerical scheme, and some conclusions and future work perspectives.

Methods

Studied geometries

Capillaries form a dense network of blood vessels connected to arterioles (and portal venules in liver) at the inlets and venules at the outlets. To study hemodynamics and simulate transport in any organ micro-architecture, we first focus on the typical constitutive geometrical units of a network: a single tube, a splitting bifurcation and a joining bifurcation. Figure 2.1 A, B, C shows these simple geometries. Then, as an intermediate between simple geometries and a whole capillary network, a simple binary tree of two generations based on Zamir's asymmetric tree description [START_REF] Zamir | On fractal properties of arterial trees[END_REF] is considered (figure 2.1 D). This study focuses mainly on liver micro-architecture, including a minor extension to kidney. It shows that the proposed methodology is general and can be applied for any given geometry, hence other organs or even artificial designs.

As detailed in the introduction 1, liver is a pattern of hexagonal functional units, the liver lobules, with blood flowing from the hexagon's vertices, at portal triads, towards its center, the central vein. Figure 2.1 E illustrates the considered liver lobule capillary network. Liver perfusion differs from that of other organs as both arterial and venous blood flow into the capillary network through hepatic arterioles (20 -30% of the total inflow) and portal venules (the remaining 70 -80%), located within the portal triads. If hepatic arterioles and portal venules are distinct, the capillary network is common to both inflows. We therefore consider a single blood inflow in liver capillaries, that incorporates both the venous and arterial blood that is named, as usually done in liver micro-architecture, portal vein (PV).

In the following, a capillary network is described by a graph G = {N,E}, with N the set of nodes (intersections or graph nodes) and E the set of branches (or edges), defined by:

           N = {i nodes } E = (i,j) ∈ N 2 |if a vessel connects nodes i and j δ i,j = 1 if (i,j) ∈ E 0 otherwise (2.1)
and we introduce the set of neighbors of a node i:

Γ(i) = {j ∈ N |(i,j) ∈ E} (2.2)
Among the nodes, some constitute the inlet, Bc + , or to the outlet Bc -and form boundary nodes Bc:

Bc = {i ∈ N |i ∈ (Inlet, Outlet)} Bc + = {i ∈ Bc|i ∈ Inlet} Bc -= {i ∈ Bc|i ∈ Outlet} (2.3)
Nodes connected to several branches are named multi-furcations and are part of:

Int = {i ∈ N |card(Γ(i)) ≥ 3} (2.4)
We have adopted the following notations for the network geometrical features, and parameter values can be found in section 2.2.4:

• the radius is defined for each node as r i but used only to compute the radius of edges as the average of the two nodes' radii

• the radius of each edge as r i,j =

r i +r j 2 ∀(i,j) ∈ E
• the length of an edge as L i,j ∀(i,j) ∈ E

• the cross section area of each edge as A i,j = πr 2 i,j ∀(i,j) ∈ E

• the volume of each edge as V i,j = A i,j L i,j ∀(i,j) ∈ E
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Figure 2.1: Description of the studied geometries. A,B,C correspond to the simplest geometries that can be found in a capillary network with respectively one tube, one splitting bifurcation, one joining bifurcation and a double bifurcation. D corresponds to a simple binary tree generated applying Zamir's law [START_REF] Zamir | On fractal properties of arterial trees[END_REF]. E shows a liver lobule capillary network graph. In all figures, red stands for the blood inlet (liver lobules have here 6 inlets) and dark blue for the outlet.

• the volume of a node i is the sum of each half edge's volume connected to it. For multi-furcations, the intersection is considered to be a sphere of radius equal to the maximum of all edges connected to the node. The volume of the intersection of the cylinders and the sphere is removed from the total multi-furcation volume. Figure 2.2 illustrates how this volume is computed.

V i =      j∈Γ(i) 1 2 A i,j L i,j if card(Γ(i)) = 2 j∈Γ(i) 1 2 A i,j L i,j -V (intersection) + 4 π max(r i,j ) 3 if card(Γ(i)) > 2 (2.5) V (intersection) = j∈Γ(i)      4 3 πr 3 s 1 2 if r i,j = r s πr 2 i,j h + π 3 (r s -h) 2 (2r s + h) if r i,j < r s (2.6) with h = r 2 s -r 2 i,j and r s = max k∈Γ(i) {r i,k }

Hemodynamics model

This section details the proposed hemodynamics model, underlining the studied hypotheses related to the effect of red blood cells on blood flow.

Model of blood flow in capillaries

In such micro-vasculature, the pulsatility of the flow can be neglected and the Reynold's number is very low, around 10 -3 . In this study, as we consider processes that can last a few hours we assume blood flow to be stationary. Blood is assumed to flow in rigid cylindrical vessels and to be a Newtonian viscous fluid. Blood flow is considered axisymmetric as the capillaries are cylinders, fully developed and stationary as the influence of heart beats on flow can be neglected in capillaries. Under the previous assumptions Stokes equations can be reduced to Poiseuille flow along each edge, and mass conservation is ensured at each node, giving the resulting system of linear equations:

     j Q i,j δ i,j = 0 ∀i ∈ N (P i -P j )δ i,j = R i,j Q i,j δ i,j ∀(i,j) ∈ E (2.7)
with Q i,j = -Q j,i the flow for each edge (i,j), P i the pressure at node i ∈ N and R i,j the resistance computed as :

R i,j = 8η i,j L i,j πr 4 i,j (2.8) 
with η i,j the blood apparent viscosity, L i,j the length and r i,j the radius for branch (i,j) ∈ E. Boundary conditions of either flow or pressure are set at the inlets of the network and a pressure is imposed at its outlets. When card(N ) = 1, the pressure is imposed at the sole node. When a total flow is set to enter the studied geometry, if several inlets are considered the total flow is equally split between the all inlet nodes as:

Q bc,i = Q inlet card(Bc + ) ∀i ∈ Bc + (2.9)
At the lobule network's border, symmetric boundary conditions can be assumed and therefore a zero flow condition is set at each open end (nodes in Bc border = {i ∈ N |card(Γ(i)) = 1 and i / ∈ (Bc + × Bc -)}). System (2.10) can be reduced to a linear system of card(N ) equations with card(N ) unknowns.

                     j P i -P j R i,j = Q bc,i ∀i ∈ N -{i ∈ Bc -× Bc + } P i = P bc,i ∀i ∈ Bc - ∀i ∈ Bc +      P i = P bc,i if pressure BC j P i -P j R i,j = Q bc,i if flow BC (2.10)
with Q bc,i the flow entering into the capillaries when Q bc,i > 0 and the pressures at the outlet are set.

Boundary conditions are set such that the resulting average flow velocity is within physiological ranges, with a pressure difference also within physiological ranges, that are detailed in section 2.2.4.

The hemodynamics' solution directs the graph G with respect to blood flow. In the directed graph, the neighbors of each node i ∈ N are split into three categories:

• the downstream neighbors of node i:

Γ + (i) = {j ∈ Γ(i)|P j < P i } (2.11)
• the upstream neighbors of node i:

Γ -(i) = {j ∈ Γ(i)|P i < P j } (2.12)
• the second upstream neighbors of node i:

Γ --(i) = {k ∈ N |k ∈ Γ -(j) and j ∈ Γ -(i)} (2.13)

Blood viscosity in capillaries

Blood is a mixture of plasma with cells, and mainly red blood cells that have a diameter close to the capillaries' diameter. Therefore, in capillaries, red blood cells are expected to have an effect on blood flow.

Effect of red blood cells on blood's viscosity Pries and Secomb [PSG + 94] proposed an empirical law commonly applied to compute the apparent blood viscosity. It links the vessel diameter and discharge hematocrit, corresponding to the concentration of red blood cells entering or leaving the vessel, to the blood apparent viscosity. It also includes the Farhaeus effect which describes the formation of a cell-free layer near the vessel wall.

It reads:

               η i,j = η plasma 1 + (η 45 -1) (1 -H D (i,j) C ) -1 (1 -0.45) C -1 2r i,j 2r i,j -1.1 2 2r i,j 2r i,j -1.1 2 C = (0.8 + e -0.150r i,j ) -1 + 1 1 + 10 -11 (2r i,j ) 12 + 1 1 + 10 -11 (2r i,j ) 12
η 45 = 6e -0.17r i,j + 3.2 -2.44e -0.06(2r i,j ) 0.645 (2.14) with H D (i,j) the discharge hematocrit in the vessel, η plasma the viscosity of plasma and η 45 the relative apparent viscosity for a fixed discharge hematocrit of H D .

In this study, blood viscosity is computed in each edge for a given discharge hematocrit, with this equation.

Effect of an intersection on discharge hematocrit At bifurcations, the partition of red blood cells in downstream branches can be uneven. This phenomenon has been observed first by Krogh in 1921 [START_REF] Krogh | Studies on the physiology of capillaries: Ii. the reactions to local stimuli of the blood-vessels in the skin and web of the frog[END_REF]. Since then, several models have been proposed to predict the split of red blood cells in the downstream branches. In [START_REF] Klitzman | Capillary network geometry and red cell distribution in hamster cremaster muscle[END_REF], Klitzman and Jonhson proposed a simple logit function, f (p) = ln( p 1 -p ), based on the ratio of the flow in a downstream branch to the upstream branch and depending on a parameter p. Then, Dellimore et al. [START_REF] Jeffrey W Dellimore | Ratio of cells and plasma in blood flowing past branches in small plastic channels[END_REF] adapted this function and calibrated p to experimental in vitro measurements. Fenton et al. in [START_REF] Bruce M Fenton | Nonuniform red cell distribution in 20 to 100 µm bifurcations[END_REF], further explained in Carr and Lacoin [START_REF] Russell | Plasma skimming in serial microvascular bifurcations[END_REF], introduced geometrical parameters into this function by considering the radius of the upstream branch of a bifurcation. Then, Pries and Secomb in [START_REF] Ar Pries | Red cell distribution at microvascular bifurcations[END_REF] proposed a function taking into account the branches radii as well as the downstream branches radius asymmetry. This function is the most widely applied to predict discharge hematocrit at bifurcations. Yet, none of these studies handle multi-furcations. In 2015, Gould and Linninger [START_REF] Ian | Hematocrit distribution and tissue oxygenation in large microcirculatory networks[END_REF] have proposed a linear plasma skimming law, handling multi-furcations, to model plasma skimming and simulate hemodynamics at steady-state. In this study, they compared Pries and Secomb's and the linear law to experimental data, in a single bifurcation and in different micro-circulatory networks. The available experimental data on which they compared these laws spanned diameters between 7.3µm to 60µm, which is slightly above the average diameter observed in liver lobule, see section 2.2.4.

Here, we propose to study these laws in a liver lobule network, i.e. for lower diameters and lower blood velocities. Additionally, we focus on the influence of these laws on the simulated flow and pressure in the architecture vs. the case without considering this uneven split. Four plasma skimming laws are compared in a bifurcation with a single upstream branch connected to two downstream branches: Dellimore's, Fenton's, Gould and Linninger's and Pries and Secomb's law. All of them predict a ratio of red blood cells flow in a downstream branch based on the ratio of blood flow between the same branch and the upstream branch.

We therefore define the ratio of blood flow for a downstream branch d1 as:

F Q B d1 = Q d1 Q m (2.15)
With Q m , the flow crossing the bifurcation m.

All those models hence link the fractional blood flow to the fractional flow of red blood cells in a downstream branch (i,j), defined as:

F Q E i,j = Q i,j H D (i,j) Q m H D (m) (2.16)
with

H D (m) = j∈Γ -(m) |Q m,j |H D (m,j) Q m (2.17)
that corresponds to the weighted average of the discharge hematocrit in the upstream branches of the intersection. In the following, r m = r j,m j ∈ Γ -(m) and A m = πr 2 m with j the single possible node as we consider a bifurcation with one upstream branch. A generalization is presented in remark 1.

Dellimore's law Klitzman and Jonhson proposed a simple function [START_REF] Klitzman | Capillary network geometry and red cell distribution in hamster cremaster muscle[END_REF] based on the ratio of the flow in a downstream branch to the upstream branch. This function, developed for bifurcations only, depends on one parameter p fitted to experimental data. The fractional blood flow of one branch d1 is determined by: Fenton's law Fenton et al. in [START_REF] Bruce M Fenton | Nonuniform red cell distribution in 20 to 100 µm bifurcations[END_REF] defined a plasma skimming model, later on applied by Carr and Lacoin [START_REF] Russell | Plasma skimming in serial microvascular bifurcations[END_REF], for bifurcations as:

F Q E d1 = (F Q B d1 ) p (F Q B d1 ) p + (1 -F Q B d1 ) p ∀d1 = (m,j) ∈ E|j ∈ Γ + (m) (2 
F Q E d1 = min max 1 -a 2 + aF Q B d1 ,0 ,1 ∀d1 = (m,j) ∈ E|j ∈ Γ + (m) (2.19) with a = 1 1.4 - d c 2r m
and d c the average diameter of an erythrocyte (here taken as d c = 8µm).
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Gould and Linninger's law Gould-Linninger [START_REF] Ian | Hematocrit distribution and tissue oxygenation in large microcirculatory networks[END_REF] proposed a linear model:

F Q E j = Q m,j θ m,j (m,i)∈E|i∈Γ + (m) Q m,i θ m,i θ m,j = A m,j A m 1 M (2.20)
that can easily be extended to multi-furcations. This model has been compared to experimental dataand two values for the parameter M were obtained: M = 1.13 for a single bifurcation and M = 5.25 has been found to fit experimental data in an entire network.

Pries and Secomb's law In [START_REF] Ar Pries | Red cell distribution at microvascular bifurcations[END_REF] Pries and Secomb proposed a logit based function to illustrate plasma skimming at a bifurcation. This function can reproduce extreme cases for which all the red blood cells flow into only one of the two daughter branches:

F Q E d1 =            0 if F Q B d1 < X 0 [1 + exp(A -B log( F Q B d1 -X 0 1 -F Q B d1 -X 0 )] -1 if X 0 ≤ F Q B d1 ≤ 1 -X 0 1 if F Q B d1 > 1 -X 0 (2.21) with X 0 = 0.4 2r m A = -6.96 2r m log( r d2 r d1 ) B = 1 + 6.98 1 -H D (m) 2r m (2.22)
when r d1 ≤ r d2 . To ensure mass conservation, F Q E d2 is set as follow:

F Q E d2 = 1 -F Q E d1 (2.23)
Note that mass conservation is also ensured for the other laws.

Remark 2.1 When several branches are joining in a bifurcation (several upstream branches feeding downstream branches), Q m becomes:

Q m = j∈Γ + (m) |Q j,m | (2.24)
Moreover, the radius of the upstream branch, r m then becomes:

r m = r j,m j ∈ Γ + (m) (2.25)

Numerical methods

This section describes the proposed numerical resolution of the presented model of blood flow, pressure and possibly discharge hematocrit. Discharge hematocrit is initialized and flow or pressure boundary conditions are set. The resulting system of equation (2.10) is a sparse linear system of size (card(N ) × card(N )). Under physiological conditions, the matrix conditioning number for the norm L ∞ is close to 10 6 . A Jacobi preconditionner is therefore applied and the system is solved by a bi-conjugated gradient stabilized algorithm (BiCGSTAB, from H.A van der Vorst [START_REF] Henk | Bi-cgstab: A fast and smoothly converging variant of bi-cg for the solution of nonsymmetric linear systems[END_REF]). Once the pressure fields are computed, the flow in each branch is updated with equation (2.7). When considered, the effect of red blood cells on apparent viscosity enters directly in the computation of the branches resistance in equation (2.7). If the uneven split of red blood cells at bifurcation is modeled, system (2.10) becomes:

                                       j P i -P j R i,j = Q bc,i ∀i ∈ N -{i ∈ Bc -× Bc + } η i,j = η plasma 1 + (η 45 -1) (1 -H D (i,j) C ) -1 (1 -0.45) C -1 2r i,j 2r i,j -1.1 2 2r i,j 2r i,j -1.1 2 ∀(i,j) ∈ E H D = F (Q,P, r) P i = P bc,i ∀i ∈ Bc - ∀i ∈ Bc +      P i = P bc,i if pressure BC j P i -P j R i,j = Q bc,i if flow BC (2.26)
with F (Q,P ) the applied plasma skimming law and r the radii in the network. This system is solved by a fixed-point algorithm with a converging criteria set as:

Crit = max (i,j)∈E Q it+1 i,j -Q it i,j (2.27) 
with it the number of iterations. The stopping condition is set to either Crit < ε or it > N maxIt . In a bifurcation, ε = 10 -6 µm 3 .s -1 and N maxIt = 1000. Because the network consists of many segments and therefore shows a high number of branches in which the flow is low, ε = 10 -2 µm 3 .s -1 and N maxIt = 1200. In both cases, the average flow values are around 10 3 µm 3 .s -1 , hence significantly higher than ε. In case of Pries and Secomb's law predicting the split of red blood cells at bifurcations, the non-linearity of the function requires an internal loop updating the discharge hematocrit depending on the flow. The converging criteria of this loop is computed the same way than Crit but for discharge hematocrit and the stopping condition is set at 10 -5 independently of the geometry. Algorithm 1 summarizes the computation of the flow pattern and pressure field in the network.

The parameters and boundary conditions are detailed in section 2.2.4.
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Algorithm 1 Hemodynamics computation algorithm 1: procedure Hemodynamics computation([Q,P] = HemoComputation(Q BC , P BC , H D ))

2:

set Q BC , P BC and initialize H D 3:

Crit = ∞ 4: it = 0 5: [Q,P ] = ComputeFlow(Q BC , P BC , H D ) 6:
while Crit ≥ 10 -2 &it ≤ 1200 do 7:

[Q * ,P * ] = [Q,P ]
8:

H * D = ComputeHD(Q * ,P * ) 9: [Q,P ] = ComputeFlow(Q BC , P BC , H * D )
10:

Crit = max |Q * -Q| 11: it = it + 1 12: return [Q,P ]

Simulation of PDE convection-reaction equation in capillaries

Hemodynamics modeling of detoxifying organs micro-architecture is mainly applied to simulate, predict or explain the effect of drugs or diseases on the organ function. The blood flow model detailed above therefore provides a blood flow velocity field that is then the basis for the simulation of a drug, metabolite or any other substance that are transported in the vascular network and its metabolism by the surrounding cells. In the following, we will detail the considered convection reaction model followed by a presentation of the proposed numerical scheme.

2.2.3.1

Modeling convection-reaction in detoxifying organ micro-architecture

In this work, capillaries are viewed as rigid cylinders with constant radius over time and by edge. Moreover, diffusion is neglected in both the longitudinal and axial directions. Indeed, for substances of interest, bile salts such as taurocholate, close to a fluorescent similar bile salt studied in chapter 5, the characteristic time to cross a segment of a cell length is around ten times higher than that of convection considering an average blood velocity of 60µm.s -1 , a diffusion constant of D = 150µm 2 .s-1 [START_REF] Sy Oh | Diffusion coefficients of single bile salt and bile salt-mixed lipid micelles in aqueous solution measured by quasielastic laser light scattering[END_REF]. The considered convection-reaction equation therefore is:

   ∂Ac ∂t + ∇ • (vAc) = -Af ∀t c(Bc + ,t) = g(t) ∀t
(2.28) with A the cross section area, c the substance concentration, v = Q πr 2 the flow speed obtained from the hemodynamics model detailed in section 2.2.2.1 and f the reaction term corresponding to the exchange between blood and the surrounding cells. Coherently with the blood flow, the gradient in the cross sectional area can be neglected giving:

   ∂c ∂t + ∇ • (vc) = -f ∀t c(Bc + ,t) = g(t) ∀t (2.29)
and in case of a single tube:

   ∂c(x,t) ∂t + ∂(vc(x,t)) ∂x = -f (x,t) ∀t, ∀x ∈ Ω c(Bc + , t) = g(t) ∀t (2.30)
Moreover, because the studied compounds' sizes are small compared to the capillary diameter, we assume that these compounds have no influence on the simulated blood flow. This is not always the case, especially for bigger compounds as capsules [WSS + 16] or red blood cells. Several types of exchanges exist between cells and blood, among them passive diffusion or active uptake of substances that can be saturated. This study focuses on the active uptake of the transported substance from the blood by hepatocytes, also known as a Michaelis-Menten reaction [START_REF] Michaelis | Die kinetik der invertinwirkung[END_REF], that can be written:

f (x, t) = v r,max c(x,t) K r,m + c(x,t) (2.31) 
with two "extreme" regimes:

• a linear regime with respect to c(x,t) when the concentration c(x,t) is much lower than K r,m , leading to:

f (x, t) ∼ v r,max K r,m c(x,t) (2.32)
• a saturated regime, i.e. independent of c(x,t), when the concentration c(x,t) is much higher than K r,m , leading to:

f (x, t) ∼ v r,max (2.33) 
This mechanism is especially studied when focusing on bile salts uptake and excretion by the cells, as it will be detailed in chapter 5. Other mechanisms, such as passive diffusion f (x,t) = k(c H (x,t) -c(x,t)) with c H the concentration in the hepatocyte and k the exchange parameter, can also be coupled to convection and are applied in the next chapters.

Numerical methods

Most liver functions are linked to blood detoxification of substances that have been ingested and digested. Therefore, most input concentration profiles span over several hours, hence the model needs to simulate convection-reaction equations over the same time. However, for some drugs or fluorescent markers, the focus is on the first pass effect which requires an accurate simulation of the convection equation over a short period of time. Thus, the numerical scheme has to be versatile enough to adapt to both situations, which could well be of interest for a same compound. Moreover, to reproduce the studied liver function, this convection-reaction PDE is then coupled to a system of ODEs accounting for the compound metabolism by hepatocytes and implemented in each one inside the geometry. Finally, to calibrate parameters by minimizing the error of the simulated concentrations with experimental data, such simulations will be run a significant number of times. Therefore, the choice of numerical scheme for the convection-reaction equation cannot introduce too high computational times.

General discretization To solve equation (2.28), many numerical schemes exist [START_REF] Randall | Finite volume methods for hyperbolic problems[END_REF][START_REF] Shu | Essentially non-oscillatory and weighted essentially nonoscillatory schemes for hyperbolic conservation laws[END_REF][START_REF] Canic | Runge-kutta discontinuous galerkin method for traffic flow model on networks[END_REF]. As it is classically done to simulate convection-reaction in 1D, a finite volume scheme is chosen. Let U be the amount of substance, equation (2.28) therefore reads:

ˆΩi ∂c ∂t dΩ = - ˆΩi ∇ • (vc)dΩ - ˆΩi v r,max c K r,m + c dΩ (2.34)
with Ω i the numerical cell corresponding to node i. Applying the Green-Ostrogradski formula, it gives:

∂c i V i ∂t ∼ j∈Γ -(i) ˆΓ- i vcdσ - j∈Γ + (i) ˆΓ+ i vcdσ - v r,max ci K r,m + ci V i dU i dt ∼ F i-1 2 -F i+ 1 2 - V r,max,i U i /V i K m + U i /V i
In a single tube:

         F i-1 2 = ˆΓ- i vcdσ F i+ 1 2 = ˆΓ+ i vcdσ At intersections:            F i-1 2 = j∈Γ -(i) ˆΓ- i vcdσ F i+ 1 2 = j∈Γ + (i) ˆΓ+ i vcdσ (2.35)
with V r,max,i = V i v r,max and with V i the volume of the numerical cell i (that corresponds to the node i), v the blood velocity, c the average concentration over the numerical cell i.

To simulate convection-reaction over long periods of time, as it is done to obtain concentrations profiles over a long period of time at the liver outlet, implicit schemes are usually chosen as they are unconditionally stable, hence permit to set the time step as big as we want. Yet, those schemes are known to induce a lot of numerical diffusion [START_REF] Randall | Finite volume methods for hyperbolic problems[END_REF]. Therefore, the simulated concentration profiles in the micro-architecture would not be accurate enough when studying the first pass effect of a compound. Moreover, the computational time needed to solve implicit scheme can be significantly high for small time steps. For that reason, an explicit scheme is chosen:

U n+1 i -U n i = ∆t F n i-1 2 -F n i+ 1 2 - V r,max,i U n i /V i K m + U n i /V i ∀n ∈ T (2.36)
with T = {n} studied time points.

Scheme first order in space: Several possibilities have been developed to define the fluxes

F n i-1 2 , F n i+ 1 2 [LeV02]
. First, an explicit upwind scheme first order in space and time is considered, reading, for a single tube:

F n i-1 2 = ∆t ˆσ- i-1,i cn i-1 v i-1,i dσ = ∆t U n i-1 V i-1 Q F n i+ 1 2 = ∆t ˆσ+ i,i+1 cn i v i,i+1 dσ = ∆t U n i V i Q ∀n ∈ T ∀i ∈ N (2.37)
as Q is constant in a tube, and for a multi-furcation or intersection:

F n i-1 2 = ∆t   j∈Γ -(i) ˆσ- j,i cn j v j,i dσ   = ∆t   j∈Γ -(i) U n j V j Q j,i   F n i+ 1 2 = ∆t   j∈Γ + (i) ˆσ+ i,j cn i v i,j dσ   = ∆t   U n i V i j∈Γ + (i) Q i,j   ∀n ∈ T ∀i ∈ N (2.38) 
with σ + i,j (resp. σ - i,j ) the boundary between i and j ∈ Γ + (resp. j ∈ Γ -). To ensure stability, the time step ∆t is set such that the CFL condition is always respected, leading to, for a tube:

∆t = min i∈N V i Q + V r,max,i /K r,m (2.39) 
and for an intersection:

∆t = min i∈N V i Q i + V r,max,i /K r,m (2.40) 
This scheme is first order in space and has one main drawback: unless both time and space steps are set in an optimal way (such that CF L = 1 without considering reaction), it induces numerical diffusion, that distorts the shape of the transported bolus [START_REF] Randall | Finite volume methods for hyperbolic problems[END_REF].

Improving the scheme order in space If in the micro-vasculature the injected bolus is smoothed by the systemic and pulmonary circulation, the arterial profile of some drugs or markers remain sharp (figure2.3 B). To avoid numerical diffusion and oscillations introduced by linear second order schemes [START_REF] Randall | Finite volume methods for hyperbolic problems[END_REF], flux limiters are introduced leading to a non-linear higher order scheme.

Flux limiters or slope limiters consist in a non-linear discretization of the convection equation, respecting the total variation diminished (TVD) principle. This is a solution to reduce the numerical diffusion while avoiding oscillations. In case of a single tube, as detailed in [START_REF] Randall | Finite volume methods for hyperbolic problems[END_REF], the numerical fluxes are:

F n i-1 2 = ∆t Q i-1,i U n i-1 V i-1 + 1 2 Q i-1,i (1 -∆t Q i-1,i V i-1 )φ U n i-1 /V i-1 -U n i-2 /V i-2 U n i /V i -U n i-1 /V i-1 U n i V i - U n i-1 V i-1 F n i+ 1 2 = ∆t U n i Q i,i+1 V i + 1 2 Q i,i+1 (1 -∆t Q i,i+1 V i )φ U n i /V i -U n i-1 /V i-1 U n i+1 /V i+1 -U n i /V i U n i+1 V i+1 - U n i V i ∀n ∈ T ∀i ∈ N (2.41)
with, for each node i:

• the nodes i + 1 correspond to the set of nodes Γ + (i)

• the nodes i -1 correspond to the set of nodes Γ -(i)

• the nodes i -2 correspond to the set of nodes Γ --(i) φ(•) is the slope or flux limiter function. Many of those functions exist but we choose to focus on the ones that are the most commonly applied:

• the minmod limiter, from Roe in [START_REF] Pl Roe | Characteristic-based schemes for the euler equations[END_REF] with φ(r) = max(0, min(1,r)) (2.42)

• the superbee limiter, from Roe in [START_REF] Pl Roe | Characteristic-based schemes for the euler equations[END_REF] with φ(r) = max(0, min(2r,1), min(r,2)) (2.43)

• the MC limiter, from Van Leer in [START_REF] Van Leer | Towards the ultimate conservative difference scheme iii. upstream-centered finite-difference schemes for ideal compressible flow[END_REF] with φ(r) = max(0, min(2r,0.5(1 + r),2)) (2.44)

• the Van Leer limiter, from Van Leer in [START_REF] Van Leer | Towards the ultimate conservative difference scheme. ii. monotonicity and conservation combined in a second-order scheme[END_REF] with

φ(r) = r + |r| 1 + |r| (2.45)
This scheme, developed for a tube, is here extended to a network of intersections connected by segments Figure 2.3 A depicts the different possible stencils existing for successive bifurcations. The fluxes described above are computed for each possible stencil as if a single tube. F i-1/2 and F i+1/2 are then the weighted sum of those fluxes. The weight applied for for node i. The different stencils are displayed in dark blue, in case of two successive bifurcations with blood flowing from i -2 towards i. The line weight corresponds to the fraction of the blood flow crossing the bifurcation coming from the considered branch: the thicker the line, the higher the flow fraction, hence the higher the weight of the stencil. each flux is the ratio of branches flow over the sum of all flows, giving the numerical scheme described in system (2.46).

F n i-1 2 = ∆t   j∈Γ -(i) Q j,i U j V j + j∈Γ -(i) p∈Γ -(j) Q p,j Q j,i 1 2 Q j,i (1 -∆t Q j,i V j )φ( U n j /V j -U n p /V p U n i /V i -U n j /V j )( U n i V i - U n j V j )   F n i+ 1 2 = ∆t   U n i j∈Γ + (i) Q i,j V i + j∈Γ -(i) k∈Γ + (i) Q j,i Q i,k 1 2 Q i,k (1 -∆t Q i,k V i )φ( U n i /V i -U n j /V j U n k /V k -U n i /V i )( U n k V k - U n i V i )   ∀n ∈ T ∀i ∈ N (2.4
By construction, those fluxes respect mass conservation. In section 2.3, convergence and accuracy results will be presented for this numerical scheme.

Boundary conditions Boundary conditions of equation (2.28) are handled as described by Leveque in [START_REF] Randall | Finite volume methods for hyperbolic problems[END_REF]:

• Ghost cells are introduced for inlet nodes i ∈ Bc + with:

U n i-1 /V i-1 = g(n∆t + V i 2 j∈Γ + (i) Q i,j
) • at the outlet, for stability reasons [START_REF] Randall | Finite volume methods for hyperbolic problems[END_REF], a first order scheme is considered for the leaving numerical flux:

U n i-2 /V i-2 = g(n∆t + 3V i 2 j∈Γ + (i) Q i,j ) ∀n ∈ T ∀i ∈ Bc + (2.
F n i+ 1 2 = j∈Γ -(i) Q j,i V i U n i ∀n ∈ T ∀i ∈ Bc - (2.48)
Analytical solutions The convergence and evaluation of accuracy of this numerical scheme are done by comparison with an analytical solution, whenever it can be computed. In one tube, the analytic solution for the concentration at a node i c i (t) is given by the characteristics' method, i.e. for convection without reaction:

c(x,t) = g t - x v (2.49) if t - x v
> 0 with v the blood velocity. Here, we consider an analytical solution discretized in space that becomes:

c i (t) = g   t - j=0 i -1 L j v   ∀i ∈ N (2.50) if t -i-1 j=0 L j v > 0.
In this work, at a converging intersection,(i.e. several upstream branches connecting into a single downstream branch) the average concentration weighted by the blood flow in each upstream branch is taken as the resulting value in the downstream branch:

c i (t) = j∈Γ -(i) c j (t - L j,i v j,i ) Q j,i j∈Γ -(i) Q j,i ∀i ∈ N (2.51)
At diverging intersections (i.e. one upstream branch connected to several downstream branches) and the resulting concentration in downstream branches of a multi-furcations has to be defined.

In this work, we choose to ensure concentration continuity:

∀j ∈ Γ + (i) c j (t) = c i (t - L i,j v i,j ) ∀i ∈ N (2.52)
When a convection-reaction equation is considered, analytic solutions can be defined, here for a tube, for the linear regime of equation (2.32):

c(x,t) = g t - x v e - v r,max K r,m x v (2.53)
and for a saturated regime, equation (2.33):

c(x,t) = g t - x v - v r,max K r,m x (2.54)
However, no analytical solution exist for convection coupled to a non-linear Michaelis-Menten reaction term (detailed in section 2.2.3.1).

The aforementioned analytic solutions are used to evaluate the precision of the numerical scheme in simple geometries, and the L 2 error is calculated.

Model parameterization

Parameters considered in this work are defined, starting with geometrical features, followed by flow and pressure boundary conditions, to finish with inputs considered for the convectionreaction equation. Capillaries geometrical features have been studied in several tissues. In 1970s, an anatomical quantitative description of such network appeared in different organs, such as those done by Zweifach on cat mesentery capillary network with Fronek [START_REF] Fronek | Pre-and postcapillary resistances in cat mesentery[END_REF], and with Lipowsky focusing on the network structure [START_REF] Hh Lipowsky | Network analysis of microcirculation of cat mesentery[END_REF]. Similarly, several radii measurements in liver and kidney capillary networks were performed and are presented in table 2.1. We simulate blood flow in a single tube, and in splitting and joining bifurcations. The single tube radius and main branch radius in bifurcations (i.e. upstream branch for splitting bifurcations and downstream branch in joining ones) are set to average measured values. The downstream branches (resp. upstream branches) in splitting bifurcations (resp. joining bifurcations) radii correspond to the average plus or minus the observed standard deviation to encompass as many anatomical bifurcations as possible (table 2.4). Then, to better understand the behaviors obtained in a network, a capillary tree of three generations representing the liver capillary bed, is created based on Zamir and Murray's laws. Murray, [START_REF] Thomas F Sherman | On connecting large vessels to small. the meaning of murray's law[END_REF] proposed a law defining the change of radii at symmetric bifurcations, depending on a parameter k standing for how close to the micro-circulation the bifurcation is. Here k = 3 is taken to represent capillaries, as proposed in [START_REF] Thomas F Sherman | On connecting large vessels to small. the meaning of murray's law[END_REF]. Zamir in [START_REF] Zamir | On fractal properties of arterial trees[END_REF] extended this law to generate asymmetric trees, introducing a parameter α = r 1 r 2 determining the radius difference between the downstream branches 1 and 2. It gives:

   r k m = r k 1 + r k 2 α = r 1 r 2 (2.55)
Several trees are generated for various α values, such that both downstream or upstream branches radii r 1 and r 2 are within physiological ranges, with branches' lengths set to the average value. A tree is generated for each α.

The liver lobule network considered here is generated based on the analysis of mouse liver confocal scans [HBB + 10]. It counts here six inlets located at the border and a single outlet at its center. Blood flow is modeled in the studied geometries with the following boundary conditions set:

Results

• for the unit geometries (figure 2.1 A, B, C and D) the total flow going through the geometry, corresponding to a velocity of 138.8µm.s -1 , is set at its inlet and a pressure P = 1mmHg = 133P a is set at its outlet,

• for the lobule network a the pressure is set at the inlets and outlets with P = 415P a at the inlet and P = 133P a at the outlet, that is within physiological ranges (table 2.3) and leads to average velocities around 60µm.s -1 that is within physiological ranges (table 2.2).

Finally, the default discharge hematocrit value is set to H D = 0.442, that is within measured values in capillaries, from [START_REF] Axel | Blood flow in microvascular networks[END_REF]. The specific values are listed in table 2.4.

Results

Hemodynamics results

Before considering more complex geometries, a single vessel in which blood flow is modeled is being studied. Then, simple bifurcations with geometrical variations are analyzed to better understand the effect of modeling hypotheses on blood flow. Finally, blood flow and pressure patterns in a liver lobule network are presented. where P inlet (resp. P outlet ) is the pressure at the inlet (resp. at the outlet), L the vessel length, r its radius, η blood the blood viscosity and Q the blood flow in the capillary. We consider a representative tube for the liver micro-architecture, thus r = 3.61µm and L = 250µm. Two possible values of η blood can be taken: either η blood is computed taking into account the effect of red blood cells on the flow, described by equation (2.14), or red blood cells are neglected and η blood = η plasma . Table 2.5 shows the obtained pressure difference (P inlet -P outlet ) and average blood flow velocity Q πr 2 , for the two considered blood viscosities. First, the same pressure difference between the inlet and the outlet of the tube is applied. The chosen pressure difference represents the average measured pressure difference. The average blood flow velocity obtained with the effect of red blood cells is comparable to literature velocity measurements, summarized in table 2.2 (140.28µm vs. 138.8µm). However, when neglecting red blood cells, the average blood flow velocity is significantly too high compared with physiological ranges (tables 2.2 and 2.5). To obtain average blood flow velocities similar to measurements while considering only plasma, the required pressure difference is significantly lower than the average measured pressure drops. Red blood cells are found to be increasing the apparent fluid viscosity compared to that of plasma, hence reduce the obtained blood flow speed. In a single tube, their effect has to be included in the model to reproduce the average blood 

Distribution of red blood cells at bifurcations

The second unit geometries present in capillaries are bifurcations. As detailed in section 2.2.2.2, the dividing up of red blood cells at bifurcations can be uneven. This section presents numerical simulations for some of the existing models predicting the repartition of red blood cells at bifurcations.

Fractional discharge hematocrit flow First, the laws presented in section 2.2.2.2 are compared. The bifurcation geometry is chosen as in the experience reported in [START_REF] Ar Pries | Red cell distribution at microvascular bifurcations[END_REF]. For the different laws, the fractional flow of red blood cells in downstream branches d i (F Q E d i , equations (2.14), (2.20)) is computed for several ratio of blood flow values (F Q B d i , equation (2.15)). Figure 2.4 shows the resulting curves. Independently of the chosen law, the higher the flow in a downstream branch, the higher its discharge hematocrit. Yet, the extent of the predicted repartition of discharge hematocrit differs between laws. Contrary to the other laws, Fenton's model predicts no erythrocytes flowing through a branch when its fractional flow is below 30%, figure 2.4. Dellimore's model, on the opposite, predicts barely any plasma skimming effect. None of those models fit the experimental measurements (figure 2.4). The linear law with M = 5.25 in equation (2.20), corresponds to the value calibrated based on experimental measurements of hematocrit distribution in a network [START_REF] Ian | Hematocrit distribution and tissue oxygenation in large microcirculatory networks[END_REF]. The predicted split of discharge hematocrit in a single bifurcation is close to the case without plasma skimming (figure 2.4). The linear law with M = 1.13 in equation (2.20) and Pries and Secomb's law give the closest prediction to experimental data. Therefore, in the following, we have chosen to focus on these two laws, namely Pries and Secomb's law and the linear law.

Effect of these plasma skimming laws on the simulated blood flow Several bifurcations with geometrical features corresponding to liver or kidney micro-architecture are studied. These different cases are set to define whether taking into account the plasma skimming laws has an impact on the simulated blood flow. Table 2.6 lists the geometrical features of each test case. Downstream branches' radii, lengths are varied within measured ranges for each organ studied, case one to seven (resp. eight to eleven) corresponding to liver (resp. kidney). At the inlet, the total blood flow is imposed, corresponding to the average blood velocity measured in the organ. The pressure at the outlet is set to 0P a. Gould and Linninger proposed two different coefficients M corresponding to one single bifurcation, M = 1.13, or a complex network M = 5.25. The value for a single bifurcation was calibrated on the bifurcation data whereas M = 5.25 was obtained by comparison to a whole vascular network, [START_REF] Ian | Hematocrit distribution and tissue oxygenation in large microcirculatory networks[END_REF]. Here, a single bifurcation is isolated as a "network unit" to better understand the phenomena occuring in a whole network, both coefficients being investigated. The numerical algorithm 1 converges after a few iterations for an ε = 10 -6 µm 3 .s -1 , independently of the plasma skimming law. Figure 2.5 presents the relative change of modeled blood flow compared to the case without plasma skimming. First, it appears that Pries and Secomb's law and the linear law with M = 1.13 have a stronger effect on the simulated flow than the linear law with M = 5.25. This can be related to figure 2.4 where the predicted change of fractional flow for M = 1.13 and for Pries and Secomb's law was more forceful than for M = 5.25. Then, when only the downstream branches' length differ (cases 2 to 5, 9 and 11), an even split of discharge hematocrit is predicted with the linear law, independently of the flow distribution asymmetry (figure 2.5). Pries and Secomb's law on the contrary predicts different discharge hematocrit in the two downstream branches. When the downstream branches radii are different (cases 1, 6 to 8, 10), both laws predict an uneven split of discharge hematocrit, therefore leading to a change of blood flow.

As expected, all laws have the same behavior, increasing the flow in the branch with the smallest diameter as the discharge hematocrit in this branch is therefore reduced. If the linear plasma skimming law with M = 5.25 leads to very little changes, both Pries and Secomb's and the linear law with M = 1.13 lead to significant changes. In case of radii asymmetry, Pries and Secomb's law can predict a erythrocytes' free branch which therefore strongly increases the blood flow predicted in this branch, as it is the case for 1, 6&7. As an intermediate step between unit geometries and a whole capillary network, simple asymmetric trees are considered. Three-generation trees are produced based on Zamir law [Zam99], as described in section 2.2.1. The stopping criteria ε in the numerical algorithm 1 is here set to ε = 10 -2 µm 3 .s -1 to ensure the convergence for the main flow pathways.

Asymmetric tree

The study of a single bifurcation showed that the asymmetry of radius between downstream branches leads to strong changes in the discharge hematocrit split and hence in the simulated blood flow. To determine if this observation can be extended to more complex networks, the radius asymmetry coefficient between downstream branches α, appearing in equation (2.55) is varied. Figure 2.6 presents an example of such tree, in which the branch lengths are kept constant and equal to 16.57µm the average value measured in liver 2.4 and the radii are varied based on the above-mentioned law for α = 0.4.

Moreover, the coefficient M = 1.13 is discarded in the following as the focus is made on capillary networks and not on "unit geometries". For M = 5.25, the linear plasma skimming law leads to barely no changes (figure 2.7). Depending on the asymmetry coefficient, the split of discharge hematocrit with Pries and Secomb's law can strongly vary, leading to changes on the hemodynamics patterns (figure 2.7 for α = 0.4). First, including plasma skimming in the model leads to have the smallest branch (the uppermost branch in the tree) with the smallest discharge hematocrit for both laws (H D = 0.07 for Pries and Secomb's law and H D = 0.34 for the linear plasma skimming law). This reduction of discharge hematocrit leads to an increase in the simulated blood flow by 1100% with Pries and Secomb's law and 27% for the linear law. Yet, when focusing on the pressure values in the tree, the difference does not rise above 0.067%. This hints a compensation of the effects on the flow with those on the viscosity. In case of Pries and Secomb's law, the radius asymmetry predicts a branch free of hematocrit (figure 2.7), increasing its flow compared with the case without plasma skimming. To better quantify these changes for several asymmetry coefficients α, the tree's equivalent resistance, computed from: R eq = P inlet -P outlet Q inlet (2.57)

were P inlet (resp. P outlet ) the pressure at the inlet (resp. at the outlet) and Q inlet the blood flow at the inlet, simulated with algorithm 1, is studied. In figure 2.8 left, the equivalent resistances are plotted as a function of the asymmetry coefficient α, with α = 1 giving a symmetric bifurcation. α is varied within physiological ranges for the branch radii (r > 1µm). For the linear law, the algorithm always converges to a solution and for α ∈ [0.4, 2.5], the algorithm converges to a solution also for Pries and Secomb's law. However, figure 2.8 shows that the fixed-point algorithm does not converge for some asymmetry coefficients values but oscillates between two states, for example for α = 0.33. Figure 2.9 presents the hemodynamics patterns obtained with Pries and Secomb's law in a tree generated with α = 0.33. In this case, one of these two states shows an erythrocyte free branch. The flow going through the upper middle branch is significantly higher in state 2 than in state 1 (by 43%), which is coherent with the absence of red blood cells in that same branch in state 2. However, the pressure difference between the two states is barely seen (0.09% in relative L ∞ norm). The lack of difference in the pressure drop hints a compensation between the change in flow and in the viscosity, i.e. if Q and µ do change, plasma skimming conserves µQ. The absence of oscillating behavior in the linear law is expected as this law leads to smaller plasma skimming effect and cannot lead to erythrocyte free branches unless the flow in that branch is zero. . The pressure at the outlet is set to 1mmHg = 133P a.

The flow in log scale, pressure, discharge hematocrit and wall shear stress patterns are presented for the obtained state. The plasma skimming law with Pries and Secomb leads to have a branch free of red blood cells in steady state when the linear law does not lead to strong changes. Pries PS Unique sol. zone

Lobule network Finally, representative liver lobule capillary networks are studied. The flow computation for each plasma skimming law is performed, taking the linear coefficient M = 5.25.

(i) Assuming a constant radius in the capillary bed First, a network with a constant radius in the capillary bed is considered. This case aims at focusing on the effect of plasma skimming when the asymmetry is mainly due to branch length changes. Yet, the inlets and outlets have wider radii, which introduces a radius asymmetry at their neighborhood. Figure 2.10 describes the obtained hemodynamics patterns when no plasma skimming is considered vs. when Pries and Secomb's law, equation (2.21), or the linear law, equation (2.20), are applied. Independently of the applied plasma skimming law, the highest pressures are observed close to the inlets at the portal veins, when the lowest values are close to the central vein in the center of the lobule. The branches with the highest blood flow are those connecting the portal veins to the central veins with the lowest resistance, here corresponding to the shortest path. In between lie areas with low blood flow values, hence lower blood flow speeds. Such patterns qualitatively correspond to those simulated by Debbaut et al. [DDWC + 12] or Ricken et al.

[RWH + 15] using a porous media approach. The linear plasma skimming law predicts changes below 0.1%, due to the radius asymmetry occurring only close to inlets and outlets (figure 2.11). Algorithm 1 converges to a solution, which is expected as only a small discharge hematocrit asymmetry exists. In contrast to the linear law solution, including Pries and Secomb's plasma skimming in the model changes the discharge hematocrit by 10% as the median change, figure 2.11. When looking at the spatial distribution, the changes in hematocrit are homogeneously distributed in the network. Similarly to the case of the asymmetric tree, differences observed in the pressure distribution Figure 2.9: Hemodynamics patterns in a simple asymmetric tree generated with Zamir's law [START_REF] Zamir | On fractal properties of arterial trees[END_REF] for α = 0.33, the inlet branch radius of r = 10µm and three generations representing the micro-architecture. A total inflow at the inlet is imposed such that the speed in the mother branch corresponds to average measurements of 138.8µm.s -1 . The pressure at the outlet is set to 1mmHg = 133P a. The flow in log scale, pressure, discharge hematocrit and wall shear stress patterns are presented for Pries and Secomb's law. In this case the fixed point algorithm oscillates between two states that are presented here. The plasma skimming law with Pries leads to have a branch free of red blood cells in one of the two states. Figure 2.10: Hemodynamics patterns obtained on a 2D axial cut liver lobule with constant radius for pressure (first row), flow (second row)in log scale and discharge hematocrit (third row), without plasma skimming (left column), with the linear plasma skimming (middle column) and with Pries plasma skimming (right column). The absolute difference to the case without plasma skimming for each law is plotted in the two last columns for each criteria (pressure, flow and discharge hematocrit).

Legend

Table 2.7: Total inflow in the liver lobule as a function of the iterations of the algorithm 1 in a healthy liver lobule (left), and in a lobule with a wider central area zone (right), including Pries and Secomb's plasma skimming law (blue) vs. those including a linear plasma skimming law (green).
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Considering a healthy liver lobule Then, a healthy liver lobule is considered, for which the branch radii are drawn from a Gaussian distribution of mean 3.61µm and standard deviation 1.19µm (table 2.1). When the linear law is included in the model, the numerical algorithm 1 converges. However, Pries and Secomb's plasma skimming law introduces stronger fluctuations in the predicted discharge hematocrit, which seem to prevent the numerical algorithm from converging. A closer look at the total blood inflow in the liver lobule Q inlet evolution over the iterations shows that it oscillates between two main groups of behaviors. Q inlet is computed as:

Q inlet = i∈Bc + j∈Γ -(i) Q i,j (2.58) 
where Q i,j is the flow in branch (i,j) ∈ E.

The first group of solutions has an average total inflow of Qinlet = 1.052 10 6 µm 3 .s -1 (standard deviation of 2.00 10 2 µm 3 .s -1 ) when the other groups has Qinlet = 1.057 10 6 µm 3 .s -1 (standard deviation of 1.90 10 2 µm 3 .s -1 ). Figure 2.12 shows the differences between these two groups. It highlights that the main disparities occur in regions with the highest blood flow differences in space, i.e. the "border of the main pathways" or areas with low flow values. Pressure pattern differences are below 1%, which is in agreement with the observations made in an asymmetric tree.

To compare the linear solution with that computed with Pries and Secomb's law, the average of the two main groups of obtained states is computed from the last one hundred iterations (fifty for each group) and arbitrarily taken as the displayed flow solution. In a healthy liver lobule, including plasma skimming through either laws leads to significant changes in the modeled hemodynamics (figure 2.11). Yet, Pries and Secomb's law leads to stronger changes in median than the linear law with changes in flow and discharge hematocrit of around 15% for only 3.7% for the linear law. Figure 2.13 shows the hemodynamics patterns obtained in a healthy liver lobule without
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Figure 2.11: Median flow and discharge hematocrit relative difference when plasma skimming is included to the case without plasma skimming for three geometries: lobule with constant radii, randomized radii around 3.61µm as presented in table 2.1 and radii wider close to the central vein outlet (network center). Independently of the geometry, Pries law predicts hemodynamics patterns different from the case without plasma skimming whereas the linear law leads to patterns close to the case without plasma skimming. plasma skimming (left column), with a linear plasma skimming model (M = 5.25) (middle), and with Pries law, taking the average solution computed as described above. Both laws predict changes in the flow and hematocrit patterns homogeneously spread within the liver lobule capillary bed. Similarly to the previous studied cases, barely no difference is observed in the pressure patterns. Moreover, both laws seem to homogenize the flow as the number of branches with very low blood flow seem, by eye, to be reduced. This is coherent when looking at the standard deviation of the flow distribution, that is slightly reduced when plasma skimming is taken into account (figure 2.14).
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Figure 2.13: Hemodynamics patterns obtained in a 2D axial cut liver lobule with radii drawn from a Gaussian distribution for pressure (first row), flow (second row), discharge hematocrit (third row) without plasma skimming (left column), with the linear plasma skimming (middle column) and with Pries and Secomb's plasma skimming (right column). The absolute difference to the case without plasma skimming for each law is plotted in the two last columns for each criteria (pressure, flow and discharge hematocrit). Extension to a capillary dilated case Finally, a case with dilated capillaries at the center of the liver lobule is considered to mimic a liver damaged condition, as what can be observed after partial hepatectomy, detailed in chapter 3. The sinusoids corresponding to the capillaries closest to the outlet see their radius dilated by 20% compared to the healthy case. Dilating the radii of sinusoids in the peri-central area induces a wider zone with low pressure as it decreases the resistances of the edges in this area is now lower compared with the healthy case (figure 2.15 top left). The median difference in simulated blood flow over the whole architecture between the healthy and disease case is above 300% of the healthy flow, therefore much higher than the differences induced by plasma skimming that are below 20% independently of the considered law (figure 2.11). Similarly to the healthy case, the numerical simulation including Pries and Secomb's law does not converge but oscillates between two groups of states (table 2.7 right). As what has been done in the healthy lobule case, we defined arbitrarily the flow solution as the average of the last one hundred iterations. As it is observed for a healthy lobule, the main differences between these two groups occur in zones away from or at the border of the main pathways between inlets and the outlet. Figure 2.15 shows the flow, pressure and discharge hematocrit patterns for the three cases. The radii asymmetry for intersections located at the dilated zone's border leads to a stronger plasma skimming effect. Yet, if the plasma skimming effect with Pries law leads to strong differences in simulated hematocrit distribution, as well as in the blood flow distribution in the central area, the linear law leads to weaker differences. As above, including Pries plasma
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skimming law brings more changes in the flow distribution than including the linear law. Pries plasma skimming law leads to an even stronger disparity to the solution without plasma skimming in this dilated case than for the healthy lobule (figure 2.11). On the contrary, the median difference with the linear law is lower than in the healthy case.

Figure 2.15: Hemodynamics patterns obtained in a 2D axial cut of a liver lobule with a dilated peri-central zone for pressure (first row), flow (second row), discharge hematocrit (third row) without plasma skimming (left column), with the linear plasma skimming (middle column) and with Pries and Secomb's plasma skimming (right column). The absolute difference to the case without plasma skimming for each law is plotted in the two last columns for each criteria (pressure, flow and discharge hematocrit).
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Finally, the flow, pressure and hematocrit distributions in a lobule for each geometry and each plasma skimming model, are reported (figure 2.16). Independently of the case, Pries and Secomb's law alters the discharge hematocrit distribution, giving values ranging from H D = 0 to H D ∼ 0.9. Moreover, when focusing on the flow distributions, introducing plasma skimming into the blood flow model homogenizes the obtained distribution: the flow distribution standard deviation is reduced for the cases including the plasma skimming laws, with the stronger impact obtained when Pries plasma skimming is considered (figure 2.14). This reduction though is quite small, below 5%. Yet, when looking at the number of branches with very low flow (below 50µm 3 .s -1 corresponding to a velocity below 2µm.s -1 ), plasma skimming reduces this number. Indeed, for Pries law, this number decreases by 18% for a lobule with constant radii and around 39% for the two other lobules. For the linear law, the decrease is significantly smaller: below 5% independently of the geometry. This is explained by the reduction of discharge hematocrit in branches with low flow. It leads to a drop in the average discharge hematocrit in the network: from 0.45 to 0.41 in a healthy liver with constant radius or 0.38 in a liver with a dilated peri-central zone for Pries law). This agrees with what was observed in capillaries [START_REF] Axel | Blood flow in microvascular networks[END_REF].

Figure 2.16: Pressure (first line), flow (second line) and discharge hematocrit (third line) distributions for a liver lobule with constant radius (first column), for a healthy liver lobule (second column) and for a liver lobule with dilated capillaries (third column). The probability distribution of each hemodynamics component without including plasma skimming (red distributions), with a linear plasma skimming (green) and a Pries plasma skimming (blue) are plotted.

Results

63

Convection reaction results

The hemodynamics steady state solution in the network, detailed in section 2.3.1, is the basis for the convection-reaction simulation model described in section 2.2.3. This section first presents accuracy results for the numerical scheme developed to handle bifurcations for the convection equation. Then, the application of the scheme to a specific convection-reaction equation is studied, spanning a range of observed behaviors in blood.

Accuracy of numerical scheme in unit geometries

The accuracy for each numerical schemes described in section 2.2.3 is computed through the relative L 2 error to an analytic solution calculated as:

ε rel.,i,L 2 = n∈T |c i (t = T (n)) - U n i V i | 2 n∈T c i (t = T (n)) 2 i ∈ Bc - (2.59)
with c i (t) calculated from equations (2.49),(2.51), (2.52) and U n i simulated with the numerical scheme, for pure convection of Gaussian input concentration (figure 2.17 A). Three unit geometries are considered: a single tube, a joining symmetric bifurcation and a splitting symmetric one.

Case of a single tube A single tube of length mimicking the liver micro-architecture with features corresponding to those displayed in table 2.4.To study the numerical scheme accuracy, the convection speed and space steps are changed such that the CFL condition varies for an imposed time step of 1s. As expected, the upwind numerical scheme (equation (2.38)) gives the highest error (figure 2.17 B). None of the flux limiters, equations (2.42), (2.43), (2.44), (2.45), permit to have a second order scheme in space. This is due to the choice of flux at the geometry outlet, chosen to be first order for stability reasons, equation (2.48). With flux limiters, even though the second order is not reached they permit to reach an order of ∼ 1.3 -1.4 for MC, Van Leer and superbee and the lowest order obtained for superbee (around 1.06). The case CF L = 1 is not plotted as the error goes to zero in this case.

Independently of the space step, three flux limiters induce the smallest errors: Van Leer (VL), superbee and MC (figure 2.17 B) as already observed in [START_REF] Randall | Finite volume methods for hyperbolic problems[END_REF].

Considering splitting and joining bifurcations Two symmetric bifurcations are then considered to determine the relative error induced by the numerical schemes in bifurcations. For both bifurcations, the time step is set to 7.2 10 -3 s, and the space step is varied to vary that the CFL condition. The speed in the main branch is set to 138.8µm.s -1 , similarly to the single tube case. The space step is then varied between 16µm down to 1.25µm. Similarly to the single tube case, a Gaussian input concentration is imposed at the inlet and the simulated output is compared with the analytic solution obtained with equations (2.51), (2.52). In a Figure 2.17: A. Shape of the bolus at the tube inlet. Comparison (relative L 2 error) to the analytic solution for several numerical schemes (upwind in black, minmod in yellow, MC in cyan, superbee in red and Van Leer in dark blue) in a single tube (B), a joining bifurcation (C) and a splitting bifurcation (D). In bifurcations, relative L 2 errors before the intersection and at the end of the geometry are also computed (pentagons and small dots marker types).

A B C D
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joining bifurcation, identical Gaussian inputs are imposed, and the L 2 error is computed for each branch end in a splitting bifurcation.

First, a joining bifurcation is studied (figure 2.17 C). Round markers display the L 2 relative error at the geometry outlet for each studied numerical scheme. Similarly to the single tube case, the upwind numerical scheme leads to greater errors than when flux limiters are included. None of the flux limiter schemes is reaching second order in space. If it was mainly due to the boundary condition at the single tube outlet, it is also expected that the proposed numerical scheme at multi-furcations leads to the loss of the second order accuracy. To better understand the effect of the chosen stencils at the intersection, the L 2 relative error at the end of each branch before the intersection is computed. As the resulting error at the outlet is the aggregation of all errors within the geometry, it is higher than these observed at the end of each branch (pentagons and small dots marker types in figure 2.17 C). Moreover, the spatial order in each branch is higher than for the geometry outlet, hinting that both the outlet boundary condition and the chosen numerical scheme for the intersection have an impact of the numerical scheme spatial order. The contribution of the bifurcation to the error decreases with the space step and counts from 50% for the roughest space step (CFL furthest to one, at the right of the curves) down to 10% for the thinnest space step (CFL closest to one at the left of the curves). Moreover, the slope that was around 1 for the upwind scheme goes to 1.3 when MC and Van Leer are included. Figure 2.17 D displays the relative L 2 error obtained in a splitting bifurcation in each outlet branch (in pentagons and small dots marker types). Similar observations concerning the loss of second order scheme and the higher errors obtained with the upwind scheme can be made. However, the errors obtained here decrease steeper than in a splitting bifurcation (figure 2.17 C and D). In this case, similarly as the case of a single tube, when none of the schemes is reached,flux limiters permit to reach a slope of around 1.3.

Independently of the studied bifurcation type (i.e. joining or splitting), flux limiters allow to reduce the relative L 2 error. Among them, Superbee, MC and VL limiters, equation (2.43), (2.44), (2.45) give the best results.

Pure convection of a concentration bolus in an organ micro-architecture

The numerical scheme presented in section 2.2.3, whose accuracy was discussed in the previous section is applied to other inputs. The simulated time concentration is then compared with the analytic concentration defined with equations (2.49), (2.51), (2.52).

Accuracy in unit geometries Two unit geometries are focused on: a single tube as it is usually studied and a joining bifurcation as the errors led by the numerical scheme were slightly higher than for splitting bifurcations. Four input boli's shapes are studied:

• a Gaussian input spanning over a few hundreds of seconds mimicking the smoothest "digestive" inputs, i.e. coming from the digestive organs (figure 2.18 A); • an experimental concentration bolus shape in the liver micro-architecture, measured by intra-vital imaged mouse liver (more details on the injected compound and resulting concentration curves can be found in chapter 5 (figure 2.18 D).

Figure 2.19 displays the simulated concentration profiles at geometries' outlets for a ∆t set with equation (2.40): 0.1s in the tube (resp. 0.05s in the bifurcation) and ∆x to 20µm for a total geometry length of 260µm corresponding to a lobule radius (resp. ∆x = 2.07µm for a total geometry length of 16.57µm corresponding to a branch length in liver micro-architecture). In both the single tube and the bifurcation, all numerical schemes give acceptable results for the chosen ∆t and ∆x. Yet for the rectangular shape, it can be visually observed that Van Leer, superbee and MC schemes lead to concentration profiles closest to analytic solutions (figure 2.19). However, both Van Leer and Superbee schemes lead to a slight "rectangularisation" of the solution and therefore better conserve the shape of sharp inputs, as it has already been shown in a single tube [START_REF] Randall | Finite volume methods for hyperbolic problems[END_REF]. MC gives acceptable results for all cases, even though it is less accurate in case of a sharp input (figure 2.19). Therefore, the choice of the flux limiter depends on the shape of the input, MC being most versatile of all the studied cases.

In liver lobule networks In real geometries, three inputs functions are focused on: (i) a Gaussian input (same as in figure 2.18 A), (ii) a rectangular input (same as in figure 2.18 B) and an arterial input function (same as in figure 2.18 C) closest to the main input shapes studied in a whole liver lobule network afterwards. In the liver lobule network, in which capillary radii are constant, the spatial discretization directly comes from the vascular graph. If numerical diffusion is too high, additional nodes can be introduced within branches. To better understand the effect of the change in radius on the profile, between a constant radius and a dilated peri-central area, the "analytic" solution computed with equations (2.51), (2.52) is compared between the three geometries. Between these two geometries, the dilated central area leads to a more dispersed solution(which is more visible with the rectangular and arterial input function inputs). This is explained by the sampling of the radii from a distribution that increases its width. Such phenomenon is similar to that due to numerical diffusion, underlining the need to have an accurate scheme when the focus is on how dispersive an organ is.

Different regimes observed in convection reaction with an active saturated reaction

After proposing a numerical scheme to simulate a convection equation in a network that reduces the numerical diffusion, this scheme is extended to a convection-reaction equation. In a straight-forward way, the reaction term is added to the scheme to model exchanges between blood and the surrounding cells. This addition modifies the CF L, as detailed in section 2.2.3. In this section, the Michaelis-Menten reaction term, equation (2.31), is simulated in a single tube with parameters displayed in table 2.4, to underline the importance of having a precise numerical scheme in a single blood vessel along which cells are aligned. Its asymptotic behaviors (depicted in equations (2.33) and (2.32)) are first studied to better understand the effect of this reaction term on the bolus shape. A Gaussian concentration input is set at the tube inlet, and the computed concentration profile at the tube outlet is compared with the analytic solution when it can be computed. Convection speed is set to the average measured value (i.e. 138.8µm.s -1 ) and the time step is set such that it respects the CFL. Figure 2.19: Comparison of the output concentrations between numerical schemes in single tube and a joining bifurcation. At both geometries' inlet the total blood flow corresponding to a blood velocity of 138.8µm.s -1 is imposed. The pressure at the geometries outlet is set to 0Pa. In case of a single tube, its length corresponds to the lobule diameter when the bifurcation consists of only four nodes connected by branches of length 16.57µm as observed in a liver lobule network. Four input shapes are considered: a gaussian, a rectangle, an AIF and a fluorescent marker bolus showing that the MC scheme is the most versatile one. Concentration (µM)

Q >> f Linear: K m >> c
Linear reaction The reaction term is proportional to the concentration in blood. If the reaction speed is extremely low compared to the convection speed, the bolus is convected through the tube and is not taken up by the surrounding cells (figure 2.20 A shows the extreme case in which reaction is set to zero). When higher, the linear reaction term induces an exponential loss of the injected concentration amplitude: the compound is mainly taken up by the cells, and will be removed entirely after a single pass through the capillaries. Yet, it does not seem to impact on the bolus duration (i.e. time during which the input function shape is above zero) (figure 2.20 B). If the upwind scheme seems close to the analytic solution when the reaction speed is high enough, it is not the case when reaction goes down to zero, showing the need of a higher order numerical scheme.

Saturated reaction

In case of a saturated reaction, described by equation (2.33), a constant amount of compound is removed from the blood. Figure 2.21 shows the concentration curve profiles over space for several time steps for pure convection (A) and when reaction cannot be neglected (B). With a saturated exchange, the concentration curve amplitude decreases linearly with time (figure 2.21 B) as expected by the analytical solution. Here, the choice of numerical scheme is even more important than for the linear exchange case as the upwind scheme can strongly overestimate the amplitude loss and the bolus duration throughout the tube (figure 2.21 B).

Michaelis-Menten kinetics Finally, an active-saturated exchange (following the Michaelis-Menten kinetics, equation (2.31)) is considered. Figure 2.22 depicts the concentration curves observed at several time points. Both above mentioned phenomena are observed here. First, the bolus length (i.e. space between the start of the curve and its end) is conserved as it is the case for a linear reaction term. Then, similarly to the saturated case, its amplitude decreases linearly with time. As expected from the two previous cases, the choice of numerical scheme is also here important: to account for the effect of the reaction term on the bolus 

Q >> f Saturated: K m << c
shape accurately, a higher order scheme is needed.

Discussion and conclusions

This chapter presents a mathematical model of blood flow in the micro-architecture, with a focus on liver micro-architecture. It highlights the challenges that arise by blood nature, a mixture of plasma and erythrocytes, showing that maybe no steady state exists in micro-circulation and that time-dependent oscillating solutions should be looked for.

Hemodynamics modeling

Further observations on the modeled hemodynamics for the studied geometries can be made, underlining that the proposed model can reproduce experimentally observed behaviors.

The mathematical model can reproduce the fast sinusoids

In a single tube, we showed that the red blood cells effect on the apparent blood viscosity, section 2.3.1, needs to be included to reproduce the average measured blood velocities (table 2.2). Yet, it was reported that some capillaries are crossed by few red blood cells, and that their blood velocity (v = 406µm.s -1 ) can be higher than what is observed in average [START_REF] Pj Macphee | Intermittence of blood flow in liver sinusoids, studied by high-resolution in vivo microscopy[END_REF]. This high measured velocity can be reproduced with our model when considering blood as pure plasma (table 2.8). In this case, the imposed pressure boundary conditions are within physiological ranges (table 2.3).

Moreover, oscillating behaviors of the capillary blood flow has been reported by Krogh [START_REF] Krogh | Studies on the physiology of capillaries: Ii. the reactions to local stimuli of the blood-vessels in the skin and web of the frog[END_REF], and later MacPhee in the liver [START_REF] Pj Macphee | Intermittence of blood flow in liver sinusoids, studied by high-resolution in vivo microscopy[END_REF]. Some capillaries receive successively barely any erythrocytes followed by a higher discharge hematocrit. These oscillations hint that blood Table 2.8: Pressure difference in a blood vessel of length L = 250µm and radius r = 3.61µm with an inflow boundary condition corresponding to a 406µm.s -1 velocity.
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Resistance (Pa.s/µm 3 ) Q (µm 3 .s -1 ) Speed (µm.s flow in capillaries is not steady-state in this situation. In simple trees, the witnessed algorithm convergence loss occurs for specific α asymmetric coefficients. Moreover, both the iterative linear solver and the internal loop solving the non-linear Pries and Secomb's plasma skimming law errors are converging to errors smaller than the ε = 10 -2 chosen for the criteria. It suggests that specific radii asymmetry in bifurcations could lead to a stationary flow solution whereas, for others, the algorithm oscillates between two states.

Effect of initialization and geometry on the algorithm convergence in simple geometries

To better understand the effect of initial conditions on the obtained solution, for a given radius of the mother branch, the daughter branches radii are varied within physiological ranges. Blood flow including Pries and Secomb's plasma skimming law, equation (2.21), is solved by the numerical algorithm 1. Table 2.9 depicts the parameter zones where the algorithm converges (in dark blue) and those where it oscillates between two states(in cyan). Depending on the radius of the mother branch, the zone size where the algorithm does not converge changes. The smaller the mother branch radius, the larger the daughter branches radii range in which no single flow solution is found. When the mother branch radius is above 2.4µm, the oscillating zone separates in two definite regions. The apparition of those oscillations has different sources. First, when the two daughter branches radii are small, the fractional blood flow F Q B in one of these branches can go below the threshold X o = 0.4 2r m leading to a predicted discharge hematocrit equal to 0. In this case, the apparent blood viscosity is then equal to that of plasma, which reduces the branch resistance and increases blood flow. At the following iteration, Pries and Secomb's law for plasma skimming then predicts a positive discharge hematocrit in that branch, increasing strongly the blood apparent viscosity, reducing the simulated blood flow and predicting, at the following iteration, no red blood cells. Moreover, the lower the mother branch radius, the higher the threshold X o , hence the larger the region where these oscillations between iterations occur (figure 2.9). Then, when daughter branches radii are close, near the x = y line, another region with oscillations appears. The region size depends on the radius of the mother branch as well as on its discharge hematocrit. In this case, F Q B < 0.5 in the smaller branch leads to have a decrease of the simulated discharge hematocrit in this branch, as observed in figure 2.4. This leads, in the next flow computation, to a higher flow in that branch and a lower flow in the other one. As both branches have radii close enough, oscillations in the computed flows between iterations appear. When all radii increase, convergence is always obtained as the effect of plasma skimming lowers.

Yet, the mother branch radius is not the only trigger for the appearance of zones where the algorithm does not converge. Table 2.10 depicts the evolution of the zones definition for a bifurcation in which r m = 3.61µm and a varied initial H D . The higher the discharge hematocrit, the more important the size of zones where oscillations appear. Similarly to the case of radii variations, two zones exist in which the same behaviors as described above are Table 2.9: Description of the number of obtained solutions depending on the imposed radius of the mother branch r m , and the daughter branches r 1 and r 2 . In dark blue, the regions corresponding to the algorithm convergence to a flow solution and in green the regions where the convergence is lost. Depending on the radius of the mother branch, diverging regions sizes vary and can even disappear for high enough r 1 and r 2 . observed. Yet, instead of being a main zone splitting into two defined areas with oscillations, here they are always split for H D within physiological ranges. In the lobule sinusoidal network, we expect that oscillations are however more induced by the change in radius than by this phenomenon. Such behaviors have been observed in micro-circulation [START_REF] Pj Macphee | Intermittence of blood flow in liver sinusoids, studied by high-resolution in vivo microscopy[END_REF], and could even be reproduced in in vitro artificial capillary networks through which blood was pumped [START_REF] Sergey S Shevkoplyas | Prototype of an in vitro model of the microcirculation[END_REF]. The dynamic system has been studied and it has been shown to have several equilibria, [CGW05, CL00, DP14, KSG15]. These equilibria stability has been studied, showing different types of behaviors even for simple geometries, [START_REF] Nathaniel | Oscillations and multiple equilibria in microvascular blood flow[END_REF]. When Pries and Secomb's plasma skimming law is included, the oscillating states obtained could be related to these observations. In the future, a more specific study to simulate both the transport of erythrocytes along with blood flow and to determine an average solution over time should be performed.

Non physiological discharge hematocrit predictions by Pries plasma

skimming laws in networks.

Capillary networks are not only made of bifurcations, and intersections with more than three connected branches occur. The linear law can straight-forwardly be extended to these cases, as shown in [START_REF] Ian | Hematocrit distribution and tissue oxygenation in large microcirculatory networks[END_REF] but it is not the case with Pries and Secomb's law. We chose to neglect plasma skimming and assume an even split of discharge hematocrit for these intersections as they represent only 2% of the total number of intersections in the liver lobular network. Yet, when considering organs with many multi-furcations, an extension of Pries and Secomb's law would be needed as they could not be neglected anymore. Table 2.10: Description of the number of solutions depending on the imposed discharge hematocrit in the mother branch HD m for a set radius r m = 3.61µm, and on the daughter branches r 1 and r 2 . In dark blue, the regions corresponding to the algorithm convergence to a flow solution and in green the regions where the convergence is lost. Depending on the discharge hematocrit of the mother branch, diverging regions sizes vary and can even disappear for r 1 and r 2 high enough. Gould and Linninger highlighted that when modeling a steady state flow, having capillaries without red blood cells flowing through is not physiological [START_REF] Ian | Hematocrit distribution and tissue oxygenation in large microcirculatory networks[END_REF]. Indeed, the cells fed by these branches would not receive oxygen. They reported that Pries and Secomb's law predicts that ∼ 10% of the total branches as such. In liver, the percentage of branches with H D < 0.05 does not exceed 2%, which we find acceptable.

Effect on the wall shear stress

A common indicator looked at when simulating blood flow is the wall shear stress. In case of Poiseuille flow, it is computed as:

τ i,j = 4µQ i,j πr 3 i,j ∀(i,j) ∈ E (2.60)
In an organ, a high wall shear stress induces injuries of the endothelium, hence the organs tend to reduce the wall shear stress [BAL99, VGR + 08]. This reduction can also be a criteria to validate a model as in [LMK + 15, WSS + 16]. It is also usually studied to better understand the influence of a disease on the endothelium, for example in case of artherosclerosis [START_REF] Abdul | Blood flow and arterial endothelial dysfunction: mechanisms and implications[END_REF], or focusing on the response of the endothelium to a shear stress alteration [START_REF] Fisher | Endothelial cellular response to altered shear stress[END_REF]. Figure 2.23 details the patterns obtained for the three considered geometries and for the two studied plasma skimming laws. This pattern is homogeneous through the liver lobule, with similar values in the healthy and dilated peri-central area, when the radii are drawn from a Gaussian distribution. The highest values a located along the main flow pathways, which is expected looking at equation (2.60). Yet, for the lobule with a wider CV, the peri-central zone presents lower values of the wall shear stress. This hints that this type of injuries in the liver will not affect the endothelial cells but more the flow and metabolism. Independently of the studied plasma skimming law, the differences to the case without plasma skimming are very low, similarly to the case of the pressure. 

Convection-reaction simulation

As shown with the four boli input study of section 2.3.2.2, the choice of flux limiter depends on the bolus input shape, the most versatile being MC, Van Leer and superbee. With the numerical scheme proposed to simulate convection-reaction in networks (section 2.2.3), a higher order in space is reached than for the upwind scheme. Yet, the second order cannot be obtained, due to the choice of outlet boundary condition discretization and to the choice of stencils at intersections. Here, it also can be observed that the min-mod flux limiter does not give accurate simulated outputs while MC, Van Leer and superbee give the same results. In this work, only finite volume schemes have been studied. However, other schemes have been developed to reduce numerical diffusion, such as WENO and discontinuous Galerkin schemes. WENO schemes require to access concentrations in nodes i -2 and i + 1 for WENO3 schemes and i -3 and i + 2 for WENO5 scheme, that are more accurate [START_REF] Shu | Essentially non-oscillatory and weighted essentially nonoscillatory schemes for hyperbolic conservation laws[END_REF] and most widely used. If a WENO5 scheme is considered, defining a proper stencil at intersections, or the number of possible stencils if the same weighted-sum approach used in this work is applied, more possibilities arise in case of intersections following one another. To reduce the number of stencils, additional numerical cells could be defined in between intersections to prohibit such situations. Yet, such additions would increase the computational time as more numerical cells would have to be included. Discontinuous Galerkin schemes are also usually applied to simulate convection in networks, for example in traffic flow modeling [START_REF] Canic | Runge-kutta discontinuous galerkin method for traffic flow model on networks[END_REF]. If their accuracy is significantly better than upwind schemes for smooth solutions, to simulate transport of steep boli, slope limiters have to be included to prevent oscillations, rising the same questions to treat properly intersections, with a higher computational time as more operations have to be performed by time step. Higher order schemes are needed when considering the first-pass effect, of a transported compound, i.e. the effect after a single pass of the compound in the blood circulation, reacting or not with the surrounding cells. However, when simulating the transport and metabolism of compounds entering liver through the digestive organs, the process of interest is not the first pass effect but the evolution of the concentration in blood over several hours. Such processes therefore induce important computational times. Using an implicit scheme with strategies to remove numerical diffusion that would be even more important in this case, could be investigated to benefit from the lack of constraints on the time step.

Dispersion of a bolus in liver micro-architecture

The study of the dispersion of a bolus in an organ vasculature is a subject by itself. It has several applications, among them determining the presence of a tumor or quantifying its size, density of vasculature. To investigate how liver micro-vasculature disperses an injected bolus, we introduce θ such as:

θ i,j = l i,j πr 2 i,j Q i,j ∀(i,j) ∈ E (2.61)
It represents the characteristic time needed for a bolus to cross a branch in the network. In a healthy lobule with constant radius the average value of this indicator reads θ = 4.38 10 -2 s, with radius drawn from a Gaussian θ = 4.23 10 -2 s, and in case of a dilated central area θ = 2.32 10 -2 s. These values mean that only boli with a time span below 10 -2 s would be "conserved" by branch, i.e. the bolus would not spread over several branches. In this case, the effect of differences of blood flow velocities in the network would have a strong impact on the shape of the bolus at the organ outlet. Therefore, in healthy and diseased liver, no bolus is conserved by branch, therefore liver does not induce a lot of dispersion.

Conclusion and Perspectives

This study proposes a mathematical model of liver function through blood detoxification. It encompasses a hemodynamics model coupled with a convection-reaction equation in detoxifying organs in general and in a liver lobule in particular. Several geometries, from a simple tube to a whole capillary network are considered to better understand the importance of including the effect of red blood cells on blood flow. A blood flow model was described discussing features that need to be included to reproduce the average blood flow speeds observed biologically and a numerical scheme to solve accurately convection-reaction equations in network-like structures. If the first Pries law has to be taken into account in this model, the inclusion of plasma skimming rises questions. Based on observations of the oscillations, it challenges the hypothesis of a steady state capillary blood flow nature. Moreover, the algorithm convergence loss when Pries and Secomb's plasma skimming law is included also highlights numerical difficulties to find a steady state solution. The oscillating behavior of the numerical algorithm between similar states can be related to two main effects: oscillations of hematocrit levels between zero and a positive value and oscillations in radii ranges close by where none of the states present a branch free of hepatocytes. These regions of initial conditions in the radii of branches as well as the discharge hematocrit within the mother branch need to be related to the solutions of the dynamic system. A better model would include the transport of hematocrit in blood coupled with Poiseuille flow for the blood plasma. Yet, this dynamic model of blood flow would have a significant computational cost and would not be suited when applied to detoxification prediction of compounds over several hours. This issue could be solved by performing a specific study of the dynamics to find an oscillating solution that would then be averaged over time. Another extension of this study could be to see if such solution could be linked with the states obtained in this study. However, as the difference in the flow pattern induced by dilatation of the sinusoids which is observed in disease situations is significantly higher than the difference between the solution with Pries and Secomb's law with the solution without plasma skimming, we will not consider plasma skimming to compute blood flow in the rest of this manuscript. A numerical scheme for the transport equation handling multi-furcations and reducing numerical diffusion is proposed. This proposed scheme, if not second order, is better than a first order scheme in space. The MC, VL and Superbee limiters permit to handle best the input function shapes. Moreover, this part underlines the need to have an accurate scheme when considering reaction to have a reliable simulation of the metabolism and especially of the first pass effect. This numerical scheme could be adapted to simulate the transport of erythrocytes in order to dynamically study hemodynamics in micro-architecture. A further extension would be to couple both the dynamical hemodynamics resolution and the convection-reaction of a compound to study the first pass effect of the injection of a bolus in an organ micro-architecture. Because for some metabolites, the steady state is of interest, a blood flow solution averaged over time could be applied as a steady state flow pattern before simulating convection-reaction.

Chapter 3

Application to damaged liver condition 

Introduction

The previous chapter detailed a blood flow model and its numerical methods as well as compound transport simulations. This chapter shows different applications of such liver micro-architecture model.

First, the model in chapter 2 is applied to model paracetamol (APAP, acetaminophen) intoxication. APAP intoxication ranks among the most common causes of acute liver failure in the United Kingdom and in the United States [YBC + 16]. The use of in vitro (i.e. in cultures of cells monolayers) experiments to predict in vivo (i.e. in living animals, here in mice) toxicities or drug effects is a topic of growing interest. Indeed, for economic and ethic reasons, among others, pharmaceutic companies tend to replace in vivo experiments by in vitro ones. This raises the question: how in vitro experimental toxicity levels can be accurately translated into in vivo ones? We present a proof of concept, on APAP intoxication, demonstrating the potential of using mathematical models to simulate or predict in vivo measurements based on in vitro experimental results. Quantification of hepatocyte death in vitro and in vivo, are carried out for several APAP concentrations and compared to the model output. Section 3.2 presents the study milestones focusing on the developed multi-scale spatial model.

Second, the same modeling framework is applied to estimate liver function, through ammonia detoxification. Ammonia is produced by intestinal bacteria and ,mainly removed from the blood by liver [LMR + 79]. When liver is injured, by a disease or an intoxication, this function can be significantly impaired. It causes an increase of ammonia concentration in blood, hyperammonemia, which can provoke encephalopathy and in extreme cases lead to death. Three liver damage conditions are investigated to understand how anatomical changes can generate hyperammonemia: after CCl4 intoxication (similar to APAP intoxication), steatosis (accumulation of fat in liver tissue) and fibrosis (appearance of scars in liver micro-architecture due to collagen fibers accumulation). This work builds on top of two recent publications about ammonia metabolism [SHH + 14, GCH + 15]. It also permits to demonstrate that the choice of spatial representation is critical when modeling detoxification, a briefly broached topic in this thesis introduction 1. Section 3.3 presents the studied liver microarchitecture geometries to reproduce the above listed diseases along with the corresponding ammonia concentration at the liver outlet.

Third, our model is applied to study how partial hepatectomy affects liver microarchitecture and function. When liver is permanently damaged by cirrhosis, or major liver cancer, an important available treatment option is liver transplantation. However, in particular cases such as a cancer localized in a defined region, partial hepatectomy, a surgical removal of the damaged organ part, can be indicated. Thanks to its regenerative capacity, liver grows back to its initial weight in a short time period, from a few weeks in pigs to a few months in humans [NYO + 87]. This work proposes, through mathematical modeling, to better understand liver function (hemodynamics and ammonia detoxification) during the surgery and in the following days, a period called early regeneration. From the observation of microscope tissue samples scans at several time points after the surgery, scenarios of plausible anatomical changes are set up, and the corresponding blood flow and ammonia concentration at the liver outlet are simulated. This study, hence, stands as a proof of concept showing the potential of mathematical modeling in testing designs mimicking anatomical alterations. Section 3.4 details this work on partial hepatectomy first in mouse and as an introduction to future work, in pig.

Definitions Before presenting the different applications listed above, let us define:

• in vitro: refers to a test in a tube, Petri dish, or cells in culture either sandwich or monolayer.

• in vivo: refers to a test performed in a living animal.

• ex vivo: refers to a test performed in an organ cut out of a living animal.

• in silico: refers to a test performed in a computer.

APAP intoxification

In vivo extrapolation from in vitro experimental data is a subject of rising interest, especially for toxicity assessment during drug development. Animal experimentation for drug toxicity is progressively supplanted by in vitro approaches. However, the prediction of in vivo toxicity from in vitro experiments is challenging. In vitro, assays based on hepatocytes' cell culture permit to determine the resulting toxicity, here measured as the fraction of dead cells, for several given drug concentrations. This in vitro concentration-toxicity relationship must then be translated into an in vivo dose-toxicity relationship, corresponding to the drug quantity a human can ingest without too many consequences. We investigate how this translation can be performed by a mathematical model that takes into account the differences between the in vitro and in vivo situations: (i) the different concentration-time profiles to which hepatocytes are exposed (constant in vitro compared with a log-normal shape in vivo due to the drugs pharmacokinetics, i.e. its "fate" in the body), (ii) the different metabolic enzyme levels expressed by hepatocytes in vitro and in vivo, and (iii) the arrangement of hepatocytes (as a monolayer in vitro compared with a liver lobule shape in vivo). Measurements of paracetamol toxicity in vitro and in vivo for several concentration levels on mice were performed at IfADo. The in vitro setting consisted of a pool of a thousand hepatocytes exposed to the same paracetamol concentration. In vivo, healthy mice received an injection of paracetamol and were sacrificed after 24 hours. Histological slices of their liver were observed to quantify the necrotic area as a percentage of the total liver tissue. The comparison of the experimental fraction of dead cells in vitro and in vivo shows a strong discrepancy (figure 3.1 B). This calls for a model-driven approach to translate the in vitro curve into the in vivo one.

Methods: mathematical model of paracetamol detoxification in vivo

Paracetamol metabolism

Paracetamol enters the liver with blood and is metabolized by hepatocytes. Its metabolic pathway has been widely studied and is thus relatively well known, a thorough literature review on APAP metabolism can be found in Geraldine Celliere's thesis [START_REF] Celliere | Multi-scale modeling of hepatic drug toxicity and its consequences on ammonia detoxification[END_REF]. A pharmacodynamic model (i.e. representing the drug's metabolism) accounting for the main reactions (figure 3.1 A), has been developed. It includes:

• two reactions detoxifying APAP into non-toxic compounds: APAP-G (paracetamolglucuronide) and APAP-S (paracetamol-sulfate),

• a toxic reaction mediated by two zonated enzymes CYP2E1 and CYP1A2 (figure 3.2 The second observation (Table 14.3) is that measurements from different datasets or with different methods (microsomes versus hepatocytes) lead to very different values. Depending on the values considered, the CYP2E1 activity is between 1 fold and 37 fold higher in vivo than in vitro. For CYP1A2 it is between 1 fold and 6.4 fold. Note that while it is possible to compare the measurements with one another, they cannot be used as parameter values directly because the activities have not been measured with paracetamol, but with CYP-specific substrates.

Due to this uncertainty, we have tried several CYP fold differences and compared the obtained predictions with the in vivo data. It turns out that if CYP2E1 activity is increased compared to the in vitro simulations, it is not possible to obtain a large spread of the fraction of dead cells, as has been observed experimentally (between 0% and 53.3% of dead cells for doses between 89mg/kg and 500mg/kg). The reason is the same as before: the Km of CYP2E1 is low, such that all tested doses lead to a saturation of CYP2E1 and a similar toxicity. While keeping the CYP2E1 activity as in vitro, choosing a 4.3 fold change for CYP1A2 permits to reproduce the in vivo toxicity well, except the lowest dose (Fig. 14.7).

In order to check if another parameter set would be able to reproduce the in vitro data equally well, but additionally also reproduce the in vivo data including the lowest dose, we fit the model simultaneously to the vitro data and to the in vivo data, allowing different CYP levels. As can be seen in Fig. 14.8, the model is able to capture both datasets. Thus, if we would have enough in vitro experimental data to correctly estimate the parameters of the model, as well as the CYPs decay, we expect that in vivo predictions would be more accurate. In particular, in vitro information about the profile of cell death over time is likely to help constraining the parameters of the model, since this aspect differs markedly between the simultaneous fit and the in vitro-only fit. The model captures all metabolic steps from paracetamol entry into hepatocytes up to the collapse of ATP. A threshold of minimal ATP concentration is set at 100µmol/L for a hepatocyte to live. This metabolic pathway is modeled by a system of ten Ordinary Differential Equations (ODEs), detailed in [START_REF] Celliere | Multi-scale modeling of hepatic drug toxicity and its consequences on ammonia detoxification[END_REF]. Model parameters are calibrated using literature and measurements of in vitro percentages of dead cells at 24 hours. After calibration, the model captures well the in vitro situation (figure 3.1 B).

From in vitro towards in vivo

To gradually go from in vitro towards in vivo, the calibrated pharmacodynamic model is modified to represent the in vivo setting. Three differences are included:

• the in vitro constant input of APAP is turned into a function of time that reflects the concentration experienced by the liver cells over time,

• the kinetic parameters of the two zonated enzymes CYPs are adapted to their measured in vivo levels,

• a representative liver lobule, from [HBB + 10], is used to account for the complex spatial arrangement.

Changing the input profile Figure 3.1 C displays the temporal input profile corresponding to the in vivo concentration at the liver inlet. APAP concentration was measured in the heart chamber of three mice sacrificed per time points 5, 15, 30, 45 minutes, 1 hour, 2, 4 and 8 hours after receiving an APAP injection of 450mg/kg in the peritoneal cavity. A pharmacokinetic model including a first order absorption and linear elimination of APAP in plasma at the liver inlet is calibrated on these measurements. All other concentration curves are then generated based on this model (figure 3.2 C). More details on this model can be found in [START_REF] Celliere | Multi-scale modeling of hepatic drug toxicity and its consequences on ammonia detoxification[END_REF].

Adding the correct in vivo CYPs levels A difference of CYPs activities between in vitro and in vivo situations was measured [START_REF] Celliere | Multi-scale modeling of hepatic drug toxicity and its consequences on ammonia detoxification[END_REF]. This disparity of enzyme activities reflects in the kinetic parameters of the transformation reaction of APAP into NAPQI, that follows Michaelis Menten kinetics:

v CY P = V max,CY P [AP AP ] H [AP AP ] H + K CY P (3.1)
with CY P = CY P 2E1; CY P 1A2, [AP AP ] H APAP concentration in hepatocytes' cytoplasm, V max,CY P and K CY P the reaction kinetic parameters. More specifically, K CY P represents the affinity between APAP and liver cells. Such characteristic is inherent to the cell type hence does not change between in vitro and in vivo. The critical exchange parameter whose value strongly differs in vitro and in vivo is, therefore, V max,CY P . This difference is taken into account by changing V max,CY P 2E1 and V max,CY P 1A2 in the model to measured in vivo activity values.

Multi-scale model of paracetamol intoxication

A multi-scale model ensues from the combination of the spatial arrangement with APAP metabolism. APAP transport is simulated in a representative lobule in which blood flow has been computed as detailed in chapter 2. It includes the effect of red blood cells on blood's apparent viscosity using equation (2.14) in the previous chapter but no plasma skimming is modeled, as discussed in chapter 2. A pressure boundary condition is set at the liver outlet of P = 0mmHg and a total inflow is imposed at the liver inlet. This inflow is calculated assuming all lobules are in parallel leading to an equal split of the total blood inflow in between the lobules. This gives:

Q in = Q tot,liver Lobules = 1.21 10 6 µm 3 .s -1 (3.2)
with Q tot,liver = 2.0mL/min [XWZ + 14] the total blood flow in a mouse liver, and

Lobules = V liver V lobule with V liver = 1.3mL [XWZ + 14
] and V lobule = 5.25 10 7 µm 3 [HBB + 10].

An explicit upwind numerical scheme for the transport equation, equation (2.38), is chosen as the input function is smooth. The simulation is run to obtain all concentrations after 24 hours and the number of cells reaching ATP levels below the defined threshold is recorded over time.

At the cellular level, the pharmacodynamic model presented before is simulated in each hepatocyte, with parameters drawn from Gaussian or log-normal distributions to account for cell-to-cell variability.

Results

Only concentrations after 24 hours are of interest as measurements were performed only at that time point. Hence, in the curves of figure 3.1 D and E and of figure 3.2 D only the simulated fraction of dead cells at t=24 hours is compared to the experiments. Figure 3.1 D presents the computed dead cell fraction when the in vivo temporal APAP input profile is introduced in the model. It directly exhibits that adjusting the concentration input profile to the in vivo situation is not enough to explain in vivo toxicity. However, adapting the value of the maximum reaction velocity parameter (V max,CY P s ) to the measured in vivo CYPs activity level leads to simulated percentages of dead cells close to in vivo measurements for APAP concentrations above 281mg/kg, figure 3.1 E. Finally, coupling APAP metabolic model in hepatocytes to its transport in a representative lobule vasculature gives a slightly lower simulated dead cells fraction, figure 3.2 D. Thus, it reduces the discrepancy for concentrations below 281mg/kg, making the model output closer to the in vivo experiment.

Discussion and conclusion

The multi-scale approach may not be needed here, as the concentration of APAP in the liver lobule quickly homogenizes in blood. All hepatocytes see nearly the same APAP concentration, hence the liver lobule can be safely approximated to a well-stirred compartment.

Figure 3.2: Description of the multi-scale modeling approach studied to simulate APAP intoxication in a representative liver lobule. APAP metabolism (A), modeled as an ODE system, is implemented in each cell in the representative lobule with parameters drawn from Gaussian or log-normal distributions. APAP is transported in the liver micro-vasculature (B) by a steady-state blood flow with boundary conditions of imposed flow at the inlet and imposed pressure at the outlet. The APAP concentration in the vasculature along with the ATP concentration in hepatocytes is plotted for different time points (C). When ATP concentration decreases below a threshold, the hepatocyte dies and is not visible. Simulated fractions of dead cells after 24hours are slightly lower than those of figure 3.1 E but still comparable to experimental measurements (D). Adapted from the thesis of Geraldine Celliere [START_REF] Celliere | Multi-scale modeling of hepatic drug toxicity and its consequences on ammonia detoxification[END_REF]. In summary, the precise exposure profile and the decay of metabolic activity are crucial elements to take into account when predicting in vivo toxicity with a model calibrated on in vitro data. Conversely, the exact liver micro-architecture does not significantly changes the predictions if the clearance is not too high, as it is the case for paracetamol. Unfortunately, the uncertainty in the precise change of CYP activities, as well as the lack of sufficient in vitro data, prevents to constrain the model parameters enough to achieve a robust prediction of in vivo toxicity. 

Contributions

This project is part of Geraldine Celliere's thesis [START_REF] Celliere | Multi-scale modeling of hepatic drug toxicity and its consequences on ammonia detoxification[END_REF]. It was carried in collaboration with Ahmed Ghallab and Jan Hengstler biologists and toxicologists at IfADo, Dortmund, Germany. The metabolic model, along with the different hypotheses to go from in vitro towards in vivo were proposed by Geraldine Celliere. The coupling of transport equations with the ODE system was performed jointly with Geraldine Celliere and the blood flow and transport models applied in this study are those developed and presented in chapter 2. More details on the metabolic model as well as on the hypotheses to go from in vitro towards in vivo can be found in Geraldine Celliere's thesis [START_REF] Celliere | Multi-scale modeling of hepatic drug toxicity and its consequences on ammonia detoxification[END_REF].

3.3 Ammonia detoxification in damaged liver. Several applications.

Blood detoxification counts among the main liver functions. Portal blood directly comes from the intestine where bacteria produce different compounds, including ammonia. When liver is damaged, by drug intoxication, surgery or a disease, this function can be notably weakened. When ammonia concentration in blood is too high, it can provoke encephalopathy and in extreme cases, the patient death. This section proposes to study ammonia detoxification for three cases of liver damage: (i) after CCl4 intoxication, (ii) in a steatotic liver and (iii) in a fibrotic liver. (i) CCl4 intoxication has a similar effect on mouse liver micro-architecture as APAP. When intoxication is not too severe (i.e. leading to reversible injuries), liver heals by regenerating back to its initial situation in a few weeks. Yet, during regeneration, its blood detoxifying capacity can be severely lessened causing hyperammonemia. Section 3.3.0.1 presents a mathematical 3.3. Ammonia detoxification in damaged liver. Several applications. 87 model simulating ammonia detoxification after CCl4 intoxication. (ii) Steatosis occurs when fat droplets are stored within hepatic cells cytoplasm, increasing the size of hepatic cells hence congesting sinusoids [VvVGvG07, SEI + 86]. As long as steatosis is at the micro-steatosis level it is reversible. If the process continues, it induces non-reversible injuries and can lead to fibrosis development. Fibrosis consists in the formation of scars in liver micro-architecture made of the accumulation of collagen fibers that can at severe stages disorganize in micro-architecture [TZZ + 17]. It is can be caused by advanced steatosis, severe alcohol consumption, chronic hepatic diseases such as hepatitis or chronic CCl4 intoxication. Several forms of fibrosis exist with different scar locations. Those diseases are altering of the liver micro-architecture, rising the question: How such differences impact the liver function? Mathematical modeling can permit to simulate disease situations. More interestingly, by breaking the whole changes down to unit alterations, they allow to better understand the effect of each one of them on the liver function. Finally, the presented multi-scale mathematical model permits to split the alterations only due to the architecture changes from those due to alterations in the metabolism. Both disease situations are studied in section 3.3.0.2.

Ammonia detoxification after CCl4 intoxication

Similarly to what is observed 24hours after APAP intoxication, a necrotic area in the peri-central zone of the liver lobule appears a few hours after CCl4 intoxication, the highest after one day. During regeneration, middle and peri-portal zone hepatocytes divide to close the wound. This regeneration process lasts several days (in mouse, around sixteen). To model ammonia detoxification during regeneration, a well-stirred compartment model is first presented, on which parameters are calibrated. A multi-scale approach similar to that applied in the APAP study is then proposed.

Experimental data of ammonia concentration at the liver inlet and outlet of CCl4 intoxicated mice at several time points after intoxication is available.

Metabolic model of ammonia detoxification Ammonia metabolism is presented in more details in chapter 4 and in [START_REF] Celliere | Multi-scale modeling of hepatic drug toxicity and its consequences on ammonia detoxification[END_REF] but the main processes are recalled here. Similarly to CCl4 intoxication, ammonia detoxification is a zonated process. Figures 3.3 A and B show the metabolic reactions occurring in each liver zone. In the peri-portal and midzone areas, ammonia is removed through the urea cycle. This process has a low affinity and a high capacity, which means that if ammonia is quickly metabolized by hepatocytes, they can take up only a little ammonia. In the peri-central area, ammonia is detoxified through glutamine synthetase. Contrary to the urea cycle, this process shows a high affinity but a low capacity (reaction term higher than convection). Therefore it removes efficiently ammonia from the blood but the detoxification pathway within hepatocytes is slow. This metabolic model was proposed by Ghallab, Celliere et al. in [GCH + 15]. The model results in a system of ODEs calibrated on a well-stirred homogeneous compartment model representing liver micro-architecture [GCH + 15]. It consists of a blood compartment feeding three zones. More details on the metabolism model construction and calibration can be found in [START_REF] Celliere | Multi-scale modeling of hepatic drug toxicity and its consequences on ammonia detoxification[END_REF]. This metabolic model is then coupled to blood flow and transport of ammonia in a liver lobule. Depending on hepatocytes' localization in the lobule, the corresponding system of ODEs is implemented.

Accounting for the anatomical alterations Geometrical alterations of the control representative lobule from [HBB + 10] have to be included to account for the observed changes in micro-architecture after intoxication and during regeneration, even in the well-stirred compartment model. The ODE system remains the same but the enzyme levels are also adapted according to measured levels. If the vascular network is assumed unaltered by CCl4 intoxication, it is not the case for the hepatic cells. Therefore, a fraction of cells in the peri-central and middle zone has to be removed to account for the measured necrotic area at each studied time point (1h, 6h, 12h, 1,2,3,4,6,12 days) [GCH + 15]. Liver regeneration and ammonia detoxification time scales are quite different with the first occurring over several days when the second only lasts a few hours. Hence, ammonia detoxification is simulated on the static geometries representing each time point during regeneration.

Multi-scale model of ammonia detoxification

In the multi-scale model, blood flow is modeled as described in chapter 2 by a Poiseuille flow at each vessel segment ensuring mass conservation at each node, accounting for the effect of red blood cells on viscosity with equation (2.14) in the previous chapter.The lobule equivalent resistance is computed as follows:

R eq = PP V -P CV Q tot (3.3)
with PP V the portal venous median pressure, P CV the central venous pressure and Q tot the total blood flow crossing the liver lobule.

A pressure boundary condition is at the liver outlet, central vein, of P CV = 0mmHg and the total blood inflow going through the lobule, computed with equation (3.2), is imposed at the liver inlet. As micro-vasculature is not impacted by CCl4 intoxication, blood flow profiles are identical for each studied day, and corresponds to the control blood flow and pressure profiles. The transport of a constant ammonia profile in the sinusoidal network is simulated with the finite volume explicit upwind numerical scheme (2.38) described in chapter 2. The metabolic reactions are implemented in each hepatocyte and the simulation is run until steady state is reached.

Results Figures 3.3 D and E display the simulated ammonia concentrations in the liver lobule sinusoidal network (D) and at the liver outlet (E) with the compartment model (Comp.) and the multi-scale model (MM Lob.) compared with measurements. The compartment model is calibrated on measurements [GCH + 15]. It, therefore, reproduces the measured concentrations. However, when using the same set of parameters for ammonia detoxification and an identical zone definition in the multi-scale model, the simulated concentrations at the liver outlet for ammonia (figure 3.3 D) and for glutamine (figure 3.3 E) are different. Even though not statistically significant in this case, the differences observed between the wellstirred compartment and multi-scale models are related to the choice of spatial representation, presented in the introduction 1, and could become important for other types of diseases.
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When calibration of parameters cannot be done for the multi-scale for computational time issues, it is possible to find, manually, a set of parameters within physiological ranges such that the multi-scale model reproduces the experimental ammonia concentrations at the liver outlet and that of the compartment model (figure 3.3 D and E the bars corresponding to MM Lob. recal.). The complexity of the ammonia metabolism makes it however complex to understand exactly which parameters are influencing most the difference between the spatial and compartment models. Yet, the kinetic parameters for most reactions are increased in the adapted parameter range for the spatial model, which permits to decrease the level of ammonia at the liver outlet.

Conclusion

The multi-scale ammonia metabolism model is able to reproduce experimental levels of ammonia at the liver for a set of parameters within physiological ranges. It also highlights the necessity of choosing a precise spatial representation as it can have an influence on the simulated output even though not statistically significant here. The generated lobule represents finely the liver micro-architecture and is easy to adapt to anatomical changes observed in case of damaged liver that could not be captured by a compartment model. The following section proposes to study two such disease cases.

Ammonia detoxification by a steatotic or fibrotic liver

If experimental data is available for CCl4 intoxication, no experiments have been reported yet on steatotic or fibrotic mice to quantify ammonia concentration at the liver inlets and outlet to the time of this thesis. In silico alterations of a control geometry, here the representative liver lobule of [HBB + 10], are performed to reflect changes observed in microscope scans from IfADo. Such transformations are difficult to account for with well-stirred compartment models, which gives us the opportunity to show the advantage of using the proposed multi-scale model.

Steatosis Due to the presence of fat droplets in hepatocytes' cytoplasm in a steatotic liver, sinusoid diameter has been reported to be reduced (figure 3.4). To mimic this situation, four different lobules are generated for four different percentage of sinusoidal radius reduction, 40%, 35%, 20% and 5% (figure 3.5 A). Two possible blood flow boundary conditions are considered: (i) the total blood flow at the liver inlet is identical to that in a control case, (ii) the pressure difference between liver inlet and outlet is identical to the control situation. In the control situation, a total blood inflow going through the lobule of Q in = 1.2177 10 6 µm 3 .s -1 corresponds to a pressure difference of ∆P = 98.6P a. We could not find reliable pressure or blood flow measurements in steatotic liver. However, the hypothesis of a total blood flow reduction in the micro-circulation has been put forward several times [VvVGvG07, SEI + 86], hinting that accurate boundary conditions are in between the two considered cases. The corresponding equivalent resistance of the liver lobule is computed for each geometry (figure 3.5 B). Resistance dramatically increases with the reduction of radii. As blood flow is modeled by a Poiseuille flow, each branch resistance incorporates the power of four of one over the radius, equation (2.7). Therefore, for a constant pressure difference between the lobule inlets and outlets, the smaller the radii in capillaries, the lower the total blood flow going through the lobule (figure 3.5 C). Similarly, the smaller the radii in the capillary bed, the higher the pressure difference needed to convey the same total blood flow through the geometry (figure 3.5 D), and therefore the highest the average blood flow speed in the liver: 134.8µm.s -1 for 40% reduction and 54.8µm.s -1 for 5% reduction. To better understand those changes, let us consider a single sinusoid representing a liver lobule. If such capillary was filled with plasma, the difference of resistance would then be: Ammonia metabolism in a steatotic liver, as well as its concentration at the liver inlet are assumed identical to the case of a healthy liver, day zero in the previous section, and the same parameter values (without the final re-calibration to better fit the experimental data as it was done in the previous section) are taken. If a decrease of radius does not seem to affect the ammonia concentration at the liver outlet (figure 3.5 E) below 1%, the glutamine level significantly increases with the radius when the pressure difference between the lobule inlet and outlet is imposed (figure 3.5 F). The smaller the sinusoids radii, the lower the total blood flow going through the liver lobule when the pressure difference is imposed, therefore, the lower the blood flow velocity. Glutamine is, hence, not transported as fast as in a control liver or as for a total blood flow imposed, which explains the high concentrations at the liver outlet (figure 3.5 F). Yet, if the resistance difference was proportional to the fraction of the viscosity over the radius at power four, it is not the case for glutamine (figure 3.6). This is explained by the non-linearities in the glutamine production metabolic reactions. Ammonia detoxification however seems robust an increase or reduction of blood flow velocities (figure 3.5 E).

R steatotic R control = 8µL
Fibrosis In this study, we focused on fibrosis induced by chronic CCl4 intoxication, leading to the appearance of collagen fibers forming "bridges" between central veins. When the extra-cellular matrix accumulates, it creates barrier-like structures whose impact on blood flow and exchanges is not well understood. Hence, we make several assumption among them that such structures block exchanges between sinusoids and the surrounding hepatocytes (figure 3.7).

To account for the exchange loss in the central vein -central vein planes (CV-CV planes) vicinity, the permeability of the vascular segments in this area is set to zero in a control geometry, taken from [HBB + 10]. CV-CV planes vicinity is arbitrarily defined as zones centered on CV-CV planes with a width corresponding to 5% of the lobule radius. In this work, two lobules are generated to mimic fibrosis. One with permeability set to zero only in the CV-CV planes in 3 directions and another one in which the permeability is set to zero also in the zone closest to the central vein, corresponding to 5% of lobule radius (figure 3.8 A). Identical pressure boundary conditions and ammonia inlet concentrations to the control situation are imposed at the liver inlets and outlet. The sinusoidal network is not altered by this change and the liver hemodynamics in the micro-architecture is therefore identical to the healthy case.

When the permeability is reduced only in the CV-CV planes, the difference between the healthy and fibrotic liver ammonia detoxification function is around 50%. This is explained as the peri-central zone is impacted by this reduction that impacts around 40% of the peri-central area. As expected, when a "ring" around the central vein also sees its permeability set to zero, the detoxification power is reduced (figure 3.8 B). The percentage 3.3. Ammonia detoxification in damaged liver. Several applications. 93 leading to a change of total blood flow going through the lobule or the total inflow going through the liver lobule is kept constant (C). The sinusoids' radius reduction induces an increase of the lobule resistance (B) hence with the same ∆P imposed between inlet and outlet, less blood flows through the lobule when the radius is decreased and accordingly the delta pressure needed to have the same total blood flow going through the lobule increases. None of these changes affect the levels of ammonia at the liver outlet (E). However, a strong increase of blood speed in the liver leads to a high levels of glutamine at the liver outlet (F). 3.3. Ammonia detoxification in damaged liver. Several applications. 95

of the peri-central area impacted increases by around 15% between the two cases when the concentration level at the liver outlet increases only by 10%. This also shows that most of the function impairment by fibrosis in introduced by the decrease of permeability in the peri-central area. The glutamine levels are higher in the control case than in the fibrotic cases. This is also expected as the ammonia detoxification reaction in the peri-central area produces glutamine, reaction that is impacted in the fibrotic case. Accordingly to the observation made with the ammonia levels, the glutamine concentration is reduced respectively by 8% when the central zone is fibrotic and by 1.7% when the scars are only visible in the CV-CV plane. As expected, the percentage difference in glutamine concentration between the two fibrotic case amounts to 6% which is close to the ammonia concentration difference.

Those simulations would need to be confronted to experimental data and other types of fibrosis could be similarly studied, more especially the case in which collagen fibers develop in the peri-portal zone only. Yet, these simulations already stress the versatility of the proposed mathematical model and the importance of including a spatial representation of liver microarchitecture. Indeed, to separate the effect of the anatomical changes from the metabolic ones in a fibrotic liver based on a well-stirred compartment model is not straightforward. Some compartment models include a coefficient account for dispersion, hence on the spatial arrangement, calibrated on the study of an injected bolus in a liver experimental data, is introduced in the compartment model to [START_REF] Michael | A dispersion model of hepatic elimination: 1. formulation of the model and bolus considerations[END_REF][START_REF] Michael | A dispersion model of hepatic elimination: 2. steady-state considerations-influence of hepatic blood flow, binding within blood, and hepatocellular enzyme activity[END_REF][START_REF] Michael | A dispersion model of hepatic elimination: 3. application to metabolite formation and elimination kinetics[END_REF]. Yet, such approaches require a specific experiment per type of studied disease to calibrate this coefficient which is not the case with the proposed mathematical model.

Discussion and conclusion

In this study, ammonia detoxification is simulated in three clinically relevant disease conditions. The proposed multi-scale model is explaining measurements of ammonia and glutamine concentrations at the liver outlet after CCl4 intoxication, and can be extended to study other disease situations. An example with steatotic and fibrotic liver is proposed underlining the straight-forward manner to represent anatomical alterations and to permit to determine the differences in liver function introduced by the anatomical changes along. Yet, the impact of the anatomical changes introduced to mimic those diseases on ammonia levels has to be put into perspective. Indeed, at the time of this thesis, no experimental data is available regarding the ammonia concentration at the liver inlet and outlet for steatotic or fibrotic mice livers. However, experiments are on-going at IfADo, to confront the simulations to experiments. This study is a first step, proposing to apply the proposed ammonia detoxification multi-scale model to chronic disease cases affecting an increasing fraction of the world population. A more thorough literature review and experiments should be carried out to better represent the effect of these changes on liver function. Nonetheless, this study on steatosis and fibrosis demonstrates the feasibility to use the proposed model as a tool to test anatomical changes effect on processes of interest (here blood flow and ammonia detoxification). More examples of such possibilities are presented in the 

Contributions

The development of the ammonia metabolism model applied to liver regeneration after CCl4 intoxication is part of Geraldine Celliere's thesis [START_REF] Celliere | Multi-scale modeling of hepatic drug toxicity and its consequences on ammonia detoxification[END_REF]. More details on this model and the application to CCl4 detoxification can be found in a dedicated publication [GCH + 15] and in her thesis [START_REF] Celliere | Multi-scale modeling of hepatic drug toxicity and its consequences on ammonia detoxification[END_REF]. The blood flow and transport models developed in this thesis are applied to transport ammonia. The coupling of the metabolism in hepatocytes with the blood flow and transport is a collaborative work with Geraldine Celliere. Similarly to the APAP study, this work was accomplished in collaboration with Ahmed Ghallab and Jan Hengstler biologists and toxicologists at IfADo, Dortmund, Germany. The generation of different hypotheses of anatomic alterations mimicking steatosis and fibrosis was done in collaboration with Yi Yin, Jieling Zhao, at INRIA Centre de recherche de Paris and Ahmed Ghallab and Jan Hengstler from IfADo, Dortmund.

Modeling partial hepatectomy (pHx)

Among liver diseases, small liver cancers can be treated by removing surgically the damaged part of the liver, usually in combination with a chemotherapy strategy [ZvMGR + 17]. After this surgery, partial hepatectomy (pHx), liver regenerates back to its initial weight in a few weeks for pigs, in a few months for human [START_REF] George K Michalopoulos | Liver regeneration[END_REF][START_REF] Fausto | Liver regeneration[END_REF]. Some major resections can lead to acute liver failure that may be linked to the capacity of the liver to absorb hemodynamics changes. Indeed, the total blood flow going through the liver before and after surgery, mostly coming from digestive organs, not impacted by the surgery, is barely changing compared with the significant decrease of liver mass. Such increase of flow per liver mass is expected to provoke an increase of the intra-hepatic pressure difference, affecting liver micro-architecture, thereby its function. Micro-architectural modifications induced by the surgery have been investigated, quantifying the mitotic activity of hepatic cells [UHS + 13], or focusing on angiogenesis [DNB + 10, UHS + 13]. Additionally, the processes triggering regeneration and those stopping it have been studied [Mic07, FCR06, DeL13, NMA + 99]. To our knowledge, very few mathematical models of liver function or hemodynamics after partial hepatectomy exist. At the macro-scale, Audebert et al. [ABB + 17a, ABB + 17b] proposed a macro-scale study of pig liver hemodynamics during the surgery, based on hemodynamics measurements and Debbaut et al. [DDWC + 12] studied pHx in rat. Yet, none of those studies include liver regeneration. At the micro-scale, Ricken et al. [START_REF] Ricken | A biphasic model for sinusoidal liver perfusion remodeling after outflow obstruction[END_REF] proposed to include liver lobule remodeling in blood flow models and coupled it with metabolism [RWH + 14]. However, this remodeling did not mimic the effect of liver regeneration or partial hepatectomy. This work stands as a preliminary study focusing on liver function evaluation after partial hepatectomy. Two cases are studied. First the impact of the surgery on mice micro-architecture, blood flow and ammonia detoxification capacity is investigated. Then, as a preliminary work and perspectives, the impact of pHx on hemodynamics is focused on in a multi-scale blood flow model that couples a systemic circulation model with blood flow simulated in liver 98 micro-architecture, during early regeneration. It permits to raise the question of the impact of micro-architectural alterations on macro-scale hemodynamics.

Modeling liver function after partial hepatectomy and during early

regeneration. Case study on mouse liver.

All animal experiments are approved by the German animal ethics committee. 70% partial hepatectomy is performed on mice, and three animals are sacrificed per time point after the surgery (12h, 24h, 48h, 72h and 7days). For each time point, liver samples are fixed, stained and imaged with a confocal microscope according to the protocol described in [HHF + 14]. The mathematical model proposed in chapter 2 is applied to understand how ammonia detoxification and blood flow are impacted by this surgery.

Evaluation of architectural changes in mice liver after partial hepatectomy

Many biological studies focusing on micro-architectural changes usually quantify from 2D images of in vivo [AEMV06, VSVR03, DHM + 07] or ex vivo stained liver tissues [WRZ + 01, UHS + 13]. These studies show that angiogenesis starts around three days after surgery [DNB + 10, DHM + 07], assessing the resulting alterations in the vascular network. Wack et al.

[WRZ + 01] focused on the fenestrae size evolution, showing an increase of sinusoids porosity right after partial hepatectomy, followed by its decrease until 72 hours post surgery to finally grow back to the control levels. Dahmen et al. [DHM + 07] show an increase of the liver sinusoids diameter along with the distance between two sinusoids. Abshagen et al. [START_REF] Abshagen | Comprehensive analysis of the regenerating mouse liver: an in vivo fluorescence microscopic and immunohistological study[END_REF] showed an increase of the hepatocytes volume at day 3 and a decrease of the sinusoidal density at the same day in mouse. All these studies were carried on 2D images. Yet, in such images, the sinusoidal diameter measurement depends on the angle with which the plane cuts the sinusoid. If cut perpendicularly, then the diameter measure is reliable, otherwise distortions can occur. This is also true for the sinusoidal density as the values would differ depending on the cutting plane angle. In this work, an analysis 3D of confocal scans of liver tissue samples is performed. A specific image analysis tool, TiQuant [FNJ + 15], is used to segment and analyze the available tissue samples detailed table 3.1. Even though three mice are sacrificed per time point, some animals and some samples cannot be analyzed due to a too bad staining quality.

Figure 3.9 depicts the evolution of different indicators over time. Independently of the indicator, the high inter-animal variability (figures B, D, F, H, J) does not permit to draw reliable conclusions on possible changes. Based on literature, no anatomical change in the liver lobule is assumed after 12 hours and revascularization is expected to start after 3 days [START_REF] George | Liver regeneration[END_REF][START_REF] George K Michalopoulos | Liver regeneration[END_REF].

At the earliest time point, and based on the lack of conclusions that could be drawn from this analysis, no growth of the organ is assumed between before the surgery and twelve hours after and no alterations is supposed to occur in liver micro-architecture. The vessels' radii is hence assumed constant over time as no indication of variation after partial hepatectomy could be found (figure 3.9). It therefore raises the following question: is the increase of flow per liver mass impact liver detoxification capacity?

Figure 3.9: Analysis of liver micro-vasculature at different time points after partial hepatectomy. The left column considers all available animals to compute the median and quartiles when the right column splits the results per animal (each color representing a different individual). Dead ends correspond to nodes with a single neighbor when intersections are nodes with more than two neighbors. The average length of branch is taken for branches that are not dead ends. In all this, the effective volume stands for the total volume of the data set without the volume of the veins.
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Mathematical model of liver function after partial hepatectomy

The same modeling approach presented in the previous section 3.3 is applied here.

Hemodynamics and ammonia concentration levels inputs Most of the blood flowing through the liver comes from the portal vein fed by the digestive organs, that are not affected by the surgery. Thus, the total blood flow going through the liver can be assumed constant before and after the surgery, when the total blood flow per liver mass sharply increases.

Similarly to the previous section, a total blood flow boundary condition is set at the liver lobule inlets, based on equation (3.2) for the control situation. After surgery, this equation becomes:

Q af ter in = V lobule V af ter liver Q tot,liver = V lobule V bef ore liver 30% Q tot,liver = 100 30 Q bef ore in (3.6)
At the central vein, the blood pressure is assumed constant over time and set to P CV = 1 mmHg = 133Pa.

The ammonia concentration input at the liver inlet is assumed similar to that of control mice in the ammonia detoxification study after CCl4 intoxication. Twelve hours after the surgery, the ammonia concentration at the liver inlet has not changed between the healthy situation and the disease one. Indeed, this concentration is measured at the liver inlet in the CCl4 experiments, hence before in the main portal vein. After the surgery, even though fewer liver units are present, the concentration at their inlet therefore does not change, as it is conserved at diverging intersections.

Liver function modeling and evaluation For a given geometry and the corresponding total blood inflow boundary condition (figure 3.10 A and B), the equivalent resistance of the geometry as well as the ammonia levels at the liver outlet are computed (figure 3.10 C and D). Just after partial hepatectomy, the liver lobule resistance does not change as no anatomical alteration is considered (figure 3.10 B). Therefore, the pressure drop in liver micro-architecture is multiplied by around three, which leads to an increase of the wall shear-stress, especially in the peri-portal region (figure 3.10 D). Figure 3.10 E depicts the ammonia levels at the liver outlet After 12 hours, the ammonia level at the liver outlet does not differ significantly from the healthy lobule case. The only changing parameter in this case is the significant increase of blood flow going through a liver lobule that triples. The passive diffusion reaction parameter for ammonia uptake by cells in the peri-central area is around 2.4 10 5 .s -1 . This value is significantly higher than the median blood flow in the liver lobule: 6.4 10 3 µm 3 .s -1 . Therefore, the increase of blood flow induced by a seventy percent partial hepatectomy does not impact significantly ammonia detoxification.

Discussion and conclusion

These preliminary simulations results highlight that the ammonia detoxification model is robust to a significant flow per liver mass change. However, this may not be the case for different compounds. Moreover, these results need to be confronted with experiments, and the ammonia andE). level at the liver inlet also needs to be reliably measured after the surgery as it could be altered. Additionally, the increase of pressure drop may be introducing a change of radius not captured by the fixing, staining and imaging processes used in this study. Using intra-vital microscopes to try and analyze radii evolution during the surgery would permit to reliably quantify those changes. Moreover, the analysis of 3D scans calls for the additional animal experiments for each time point to draw conclusions, as the inter-animal variability is extremely high.

Even though some limitations remain, this preliminary study describes a complete pipeline from the segmentation of images in TiQuant [FNJ + 15] to simulated liver function via ammonia detoxification for a literature-based scenario.

Preliminary work and perspectives: mathematical model of pig

liver function after partial hepatectomy. Quantifying how microarchitectural changes impact systemic hemodynamics.

This perspective work, following [BBA + 17b], proposes to evaluate the effect of partial hepatectomy on pig micro-architecture, a closer animal model to human than mouse, and to determine the effect of these changes on macro-scale hemodynamics. All animal surgeries were conducted at INRA, Tours, France and were approved by the French Government and European Union authorities. This study included thirty pig surgeries among which twenty-two consisted of 75% partial hepatectomy and the remaining eight of 90%. Liver weight, hemodynamics measurements and tissue samples were taken at each studied time point: before and after surgery (around an hour after closing main arteries and veins going to the part to be removed), 1 day, 3 days and 7 days. More details on the surgical and hemodynamics measurements protocols can be found in [BBA + 17a] as well as in Chloe Audebert's thesis [START_REF] Audebert | Mathematical liver modeling: hemodynamics and function in hepatectomy[END_REF]. All samples are fixed according to the protocol described in [HHF + 14]. A systemic circulation model is proposed by Audebert et al. [ABB + 17a] to explain these measurements, in which liver micro-architecture enters as a parameter (figure 3.11). It raises the question of how much of the observed changes at the macro-scale are due to micro-architectural changes. Currently, all modifications due to the surgery are neglected in the macro-scale model. Simulating blood flow in liver lobules that would include anatomical modifications caused by the surgery and the regeneration permits to better understand how partial hepatectomy affects hemodynamics. Coupling simulation of blood flow at the micro-scale with simulations of the systemic circulation in pig enables the evaluation of the extent of the corresponding changes effect on macro-scale hemodynamics. This section presents the proposed coupling method of the macro and micro scale models along with plausible scenarios accounting for anatomical changes during early regeneration in pig. To this end, a representative liver lobule accounting for healthy and post-operative pig micro-architecture has to be generated and blood flow needs to be simulated at micro and macro scales. In this study, no ammonia detoxification is included. Indeed, the studied model is calibrated with mouse data. If no extreme differences in mechanisms is expected from mice to pigs, the reaction kinetics parameter values could differ. To generate such liver functional units, statistics quantifying the concrete liver tissue are needed. From the tissue samples taken at each time point, two types of images are available: (i) 2D paraffin embedded slices imaged with a bright-field microscope as a tile-scan of the whole tissue sample covering several liver lobules and (ii) 3D confocal scans focusing on a single liver unit. Among the studied pigs, all experimental data including control 2D histological and 3D confocal scans, needed to generated representative lobules, are available for a single individual. This study is hence focusing on this animal.

Generation of a control pig liver lobule Contrarily to mice, a vascular septum, formed of collagen fibers, is present at the border of pig liver lobules, making them clearly visible (figure 3.12 A). The 2D tile-scans are analyzed to extract the average area of a pig liver lobule section. To this end, each unit's border is segmented by hand and the corresponding area is computed, using Fiji [SACF + 12]. Then, 3D confocal scans are analyzed, focusing on the capillary network. Due to the tissue difference, the staining procedure developed in mice and detailed in [HHF + 14] cannot be applied in pigs. An alternative staining procedure was hence developed by Brigitte Begher-Tibbe and Seddik Hammad at IfADo, Dortmund. It was based on (i) a specific staining of nuclei and of the cells around the central vein, (ii) a non-specific staining of the endothelial cells and (iii) the imaging of cells' cytoplasm autofluorescence (figure 3.13 A). Each one of these features presents a specific color and can be analyzed separately. A pipeline was developed in collaboration with Lorena Romero-Medrano during her master's thesis and the detailed procedure can be found in [RMon]. In the autofluorescence channel, the extremely bright structures are erythrocytes when the black ones are cell's nuclei, veins and sinusoids. Therefore with the other channels reliably segmented, the sinusoids can be extracted. Using TiQuant [FNJ + 15], statistics are drawn from the network and compared with mice capillary networks.

From the 2D images analysis, it is found that on average, the lobule section area is four times that of a mouse. Then, based on the analysis of the 3D images, the main indicators quantifying a blood vessel network such as, among others, number of branches, angles at intersections, number of intersections does not show a statistically significant difference to that of mice [RMon]. Hence, as a first approximation a liver lobule generated based on mice statistics, with an area four times higher than that of a control mouse is used (figure 3.13 B). Finally, the sinusoidal radius is set to 4.7µm, based on measurements using TiQuant adapted to better represent the in vivo situation. This procedure is extensively detailed in [RMon]. Figure 3.13 B shows a side view of the resulting generated liver lobule. The vascular septum made of collagen fibers is assumed to include sinusoids as in [DVS + 14] as a grid added at the lobule border. Figure 3.12: H&E stained histological pig stacks showing differences in the micro-architecture after partial hepatectomy. A -no dilatation can be observed in healthy tissue and in Bdilatation of the sinusoids after pHx can be seen in the middle of the lobule. Due to the presence of a vascular septum in pig liver, the border of the lobules is visible (light pink).

Adaptation of the geometry to account for anatomical changes

To better understand the effect of micro-architectural changes on macro-scale hemodynamics during early regeneration, the situation one day after the surgery is focused on. Similarly to what is observed in mice, the lobules volumes increase during regeneration and no additional functional unit is formed. A geometry accounting for changes that could have occurred during the first 24 hours after the surgery is generated, assuming no new connections were created [START_REF] Abshagen | Comprehensive analysis of the regenerating mouse liver: an in vivo fluorescence microscopic and immunohistological study[END_REF][START_REF] George K Michalopoulos | Liver regeneration[END_REF]. All branches' lengths in the control architecture are therefore increased by around 10% to account for the measured volume increase of around 30% [START_REF] Audebert | Mathematical liver modeling: hemodynamics and function in hepatectomy[END_REF]. Then, if no clear change could be observed in mouse data (section 3.4), the observation of 2D bright-field pig histological scans highlights possible sinusoidal dilatation in the peri-central area after partial hepatectomy (figure 3.12). Even if these stacks are 2D slices and could be misleading as the sinusoidal diameter depends on the vessel cutting angle, considering that the sinusoids do dilate after partial hepatectomy seems to be a realistic hypothesis. This sinusoidal diameter increase was reported in rats by Dahmen et al. [DHM + 07]. Furthermore, the sinusoidal dilatation displayed in figure 3.12 B seems localized close to the hepatic vein in the center of the liver lobule. Moreover, qualitative scoring of 2D histological scans was performed at CHRU Tours with the procedure detailed in [BBA + 17b]. At day one, steatosis could be observed in most individuals (figure 3.12). Known to reduce the sinusoidal diameter, therefore opposite of the first scenario, this hypothesis is also considered. Based on these observations, three scenarios of likely alterations of the pig liver lobule micro-architecture are proposed (figure 3.13 E, F and G):

1. no change in the micro-architecture radius (figure 3.13 E),

dilatation of the lobule central area (30% of the volume closest to the central vein) by

Figure 3.13: From confocal scans, presented in A with the green area corresponding to the autofluorescence, the blue dots to nuclei, the red lines to the endothelium, a representative pig liver lobule is generated (B and D). It includes a vascular septum at its border, modeled as a grid. Then, from a qualitative scoring procedure [BBA + 17b], some steatosis was observed at day one for most individuals (C) leading to the scenario G. Scenarios E and F are also generated, based on observations detailed in figure 3.12. 

Coupling micro and macro scale hemodynamics models

Audebert et al. [ABB + 17a] proposed a macro-scale closed-loop 0D model of the systemic circulation based on the analogy of hemodynamics with electricity. In this model, liver is divided into three main lobes to mimic pig anatomy. Portal venous and hepatic arterial trees are modeled by resistances R HA,i , R P V,i , and the liver tissue is accounted for by a resistant component that includes both the micro-architecture and the hepatic venous tree as follows: R micro+HV = R micro + R HV . R micro then accounts for the micro-architecture of the whole liver lobule and can be related to the resistance of a single lobule through the following relationship:

R micro = 1 Lobules/lobe R eq (3.7)
assuming all lobules are in parallel and with Lobules/lobe the number of liver lobules per liver lobe and R eq defined as in equation (3.3). This resistance of each generated geometry is computed with the blood flow model proposed in chapter 2 with a total blood flow imposed at the inlet computed as in equation (3.2), with parameters accounting for pig liver. The pressure at the liver lobule outlet is set to the measured value in the vena cava, neglecting the pressure drop in the hepatic venous tree as a first approximation.

Preliminary results

The model is first calibrated on healthy experimental data to define the resistances of the arterial and portal venous trees, R HA,i , R P V,i , in each lobe i. We verify that the simulated pressure drop in the liver lobule is below the measured difference between the liver portal venous inlet and outlet. Figure 3.14 shows that the simulated output and experimental results agree before partial hepatectomy. Then, the resistances corresponding to each scenario at day one are computed. As expected the highest value corresponds to the constricted case, the lowest to the dilated one. If no change of radius is observed, the increase of resistance corresponds the lobule diameter's growth (i.e. the applied coefficient of homotethy.) When adding a radius alteration everywhere in the liver lobule, the resistance change is proportional to µ(r) r 4 as showed in the steatotic case. The corresponding R v for the remaining lobe is computed, following the same proportional law as R v is perpendicular to R eq . The macro-scale pressures and flows are simulated keeping all parameters identical to the control case: assuming the only alterations observed in the systemic circulation come from liver micro-architecture. Figure 3.14 displays the obtained pressure difference in the liver as well as the portal venous and arterial flows confronted with experiments for the scenario without any alteration in the micro-architecture. It highlights directly that if this situation reproduces well the pressure drop, the total flow going through the liver is half the measured one, especially for the portal venous flow. It also shows that the steatotic scenario with constriction of the sinusoids simulates a pressure drop significantly too high compared to the observed one, and therefore cannot explain the data with this model. However, this flow comes from the digestive organs, whose resistance along with that of the liver arterial tree is significantly higher than that of liver micro-architecture: ∼ 10 3 and ∼ 10 4 vs. ∼ 10 2 in dyns/cm 5 . Therefore, no alteration on liver micro-architecture alone could explain this increase. Q P V hence depends: (i) on the total flow going through the aorta, i.e. total blood flow in the body, (ii) on the resistances of the digestive organs values of the rest of the body. Independently of the hypothesis explaining this increase, doubling Q P V would lead to double the simulated pressure drop. To compensate this increase, the resistance of the microarchitecture should be divided by two in comparison to that of the first scenario. Yet, none of the lobules corresponding to the proposed scenarios show a resistance half that of scenario one. To reach this value, a more important dilatation of the peri-central sinusoids or a more extended dilated zone would be needed. The existence of macro-scale shunts, i.e. direct connections between an inlet (here the portal vein) and outlet, could also be discussed as they

Modeling partial hepatectomy (pHx)

109 would reduce the flow going to liver hence the pressure drop.

Figure 3.14: The resistance of each studied liver lobule (A) is computed with equation (3.3). B, and D display the simulated and measured blood flow in the portal vein and hepatic artery at the liver inlet before hepatectomy (day 0) and C and E at a day after surgery (day 1). The model can reproduce both measured flows before the surgery (B and D). This is expected as the parameters are calibrated such that these measurements can be reproduced. Yet, after hepatectomy, the simulated blood flow is too low compared to the measured value (E). The pressure difference between the portal vein and the hepatic vein is also considered. Here, in both cases the model reproduces accurately the measured pressure drops (B and C) for scenario 1.

Conclusion and perspectives 111 3.4.4.1 Current challenges and next steps

To improve this study and propose a more realistic coupling of the two models, additional experimental data are needed. Indeed, this study is "pig-specific" as the micro-architecture of a single animal could be obtained. Moreover the analysis of confocal scans at each time point could also permit to (i) reduce the number of scenarios and improve their accuracy and (ii) confront the qualitative scores with quantitative measurements.

This study, that stands as a proof of concept, shows the potential of a multi-scale approach to gain knowledge on the micro-architecture when no measurements are possible, provided that a control geometry is known. Indeed, a list of plausible scenarios can be generated, their equivalent resistance computed and the corresponding macro-scale blood flows simulated. Scenarios could then be rejected depending on the closeness of simulated blood flow to observed values. Other applications of this multi-scale model could be investigated, such as simulating ammonia levels reaching the brain coupling it to a transport and detoxification model.
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Conclusion and perspectives

Three applications are presented in this section demonstrating:

• how multi-scale mathematical model can be applied to simulate in vivo situations based on an in vitro calibration, in section 3.2

• the importance of spatial representation in metabolic models, showed by the ammonia detoxification multi-scale model and the potential of mathematical models to test anatomical alterations scenarios or even to evaluate bio-engineered designs of liver lobules through the simulation of blood flow or ammonia detoxification in section 3.3,

• how multi-scale mathematical models of blood flow could allow to gain information on the effect of partial hepatectomy on liver function and to better understand how liver micro-architecture impacts macro-scale measurements, in section 3.4.

For those diseases, accounting reliably for space is especially important for ammonia detoxification in a fibrotic liver as this model permits to split the effect of space on the simulated ammonia detoxification. In case of fibrosis especially, an increase of the portal pressure was reported [START_REF] Thomas | The role of transjugular intrahepatic portosystemic shunt (tips) in the management of portal hypertension: update 2009[END_REF], damaging liver. To reduce the portal pressure, a direct connection is created by a surgical stenting. This connection, named portosystemic shunt, can induce hepatic encephalopathy after the surgery, as the blood going through the shunt is not detoxified [SRL + 95]. Using the approach proposed for partial hepatectomy in pigs but using the macromodel developed by Audebert et al. [APS + ed] for cirrhosis in rodent and coupling it to the transport and detoxification of ammonia, this multi-scale model could permit to simulate the concentration of ammonia going to the brain in fibrosis or cirrhosis. It could be applied to better understand how a surgical shunt performed to connect the inlet and outlet to reduce the pressure within the liver can introduce encephalopathy. Some mathematical modeling focused on determining indicators to define whether a patient is at risk to develop such complications [MKG + 00], but this model could permit to better understand the processes involved in this increase of ammonia concentration.

While these examples show the way, some limitations remain. For the APAP intoxication study, more experimental data is needed to determine which of the admissible parameter sets is the correct one as several can predict the same toxicity after 24 hours but do not show the same dynamics. Additionally, the fibrotic, cirrhotic and partial hepatectomy cases need to be confronted to experimental data.

Finally, this chapter shows only a few examples of possible applications. Indeed, any simulation can be run, provided a known metabolism, boundary conditions for the flow model, and a geometry accounting for the specie and the disease studied. Here, no regeneration was modeled per say as it was included in the lobule size and/or number of hepatocytes. Yet, the cells can be seen as an agent-based model and growth, division, death or quiescence can be coupled to the metabolism, opening the possibility to simulate regeneration, as done in [HBB + 10]. It also shows how mathematical models can be used to perform in silico experiments to reduce the number of concrete experiments and focus only on the promising ones, saving time and money. This method could be extended with bio-engineering objectives to test other designs than "traditional" liver lobules and define whether they can reproduce specific liver functions.

Introduction

Establishing models that can explain biological phenomena in relation with medical applications is a subject with a growing interest. The aim of some of these models can go from predicting compound toxicity to modeling processes in a particular experimental setting to be able to explain processes that cannot be directly tested experimentally or only with very high effort. Above all, the use of models can guide experiments by testing different biological hypotheses in silico, compare their consequences on the simulation outputs with available measurements and reduce the number of experiments to the most promising ones, as it has been done by Hoehme et al., in [HBB + 10] and in the examples previously shown in this thesis. In many of the models presented in the previous chapter, the transport of the substance studied in the micro-architecture has to be simulated and coupled to its metabolic reaction in the cells. To do this, one of the first hypotheses to be made is often about the choice of the spatial representation. An important question is therefore how detailed a model of spatial micro-architecture needs to be in order to capture the impact of tissue architecture on the considered tissue unit function. Depending on the type of metabolic reactions and on the shape of the arterial input function, this choice can have a strong impact on the simulations' output as it was underlined in the introduction 1. It is thus critical to properly account for the architecture in models aimed at assessing organ function, especially liver [START_REF] Samir | Assessing liver function[END_REF][START_REF] Gasperi | Indocyanine green kinetics to assess liver function: Ready for a clinical dynamic assessment in major liver surgery[END_REF]. Many spatial models have been built over the years. To account for the macro-scale and meso-scale architecture, Murray, with the details explained by Sherman [START_REF] Thomas F Sherman | On connecting large vessels to small. the meaning of murray's law[END_REF], has proposed a generation law for arterial trees. This law links the radius of the mother branch with the radii of the daughter branches:

r k m = r k d1 + r k d2 (4.1)
with r m the radius of the mother branch, r d1 (resp. r d2 ) the radius of the first (resp.second) daughter branch. Kurtz and Sandau in [START_REF] Kurz | Modelling of blood vessel development. bifurcation pattern and hemodynamics, optimality and allometry[END_REF] defined values of k depending on the tree generation level (i.e. if the considered vessel is closer to the systemic circulation or closer to the capillaries). The coefficient k is known to be between 2 and 3, the deeper in the tree (i.e. in capillaries), the closer k is to 3. In micro-architecture, Kurtz and Sandau have established that k = 2.7. In order to generate a tree from this law, it is needed to assume either full symmetry, and in this case, r d1 = r d2 . Or in case of an asymmetric tree Zamir Yet, if those generation laws give good results for arterial and venous trees at the macro and meso-scales, the complex and intricate nature of the capillary networks is harder to capture. When an underlying structure of the micro-architecture is known, which is the case in the liver with the hexagonal lobules, it is possible to build smaller spatial models for the micro-architecture. Liver function can therefore be modeled in a liver lobule and extrapolated to account for the whole organ. Several spatial models of the liver micro-architecture have been proposed. Some have assumed that the micro-architecture can be reduced to a single blood vessel linking the blood inflow and its outflow connected to a row of hepatocytes Improvements of this representative liver lobule are proposed and their effect on the simulated blood flow and liver function through ammonia detoxification is investigated.

Evaluation of statistically generated liver lobules

Image analysis of confocal images of a tissue permits to observe, understand and quantify micro-architecture. Based on quantifications of reconstructed stacks of optical sections of confocal laser scanning micro-graphs, Hoehme et al. generated a virtual liver lobule that they consider statistically representative. Their definition is based on geometry parameters and their construction on using part of the parameter information. The research question guiding their choice was the reproduction of topological features to understand how the central lesion induced by CCl4-cytotoxicity (similar to APAP in mice, presented in the previous chapter) is diminishing by liver regeneration. This regeneration process was modeled by an agent-based model. However, here, we are interested in flow, transport and detoxification, features that they did not consider. In how far their choice of representativeness definition is really representative for these properties remains therefore to be studied. This section presents the image analysis steps performed to collect required statistics to generate the network. Then, the question of representativeness is raised and some indicators are proposed to evaluate a generated liver lobule. Finally, using Lobule 0 as a starting point, two newly generated geometries better reproducing liver tissue micro-architecture are presented. • DM (red): staining the endothelium (i.e. the blood vessels' borders)

Methods: from confocal scans to representative lobule generation

• DPPIV (green): staining indifferently the endothelium and bile canaliculi

• GS (white): staining the hepatocytes' layer closest to the central vein Figure 4.1 presents a combination of all stainings in one image as well as each one in separated images. The stained tissue piece is then imaged with a confocal microscope to obtain a stack of 2D liver micro-architecture scans. Each structure is segmented with TiQuant, then analyzed and quantified. Details on the segmentation process and filters can be found in TiQuant's user guide [START_REF] Friebel | Tiquant user guide[END_REF] and in appendix A. In this study, six control mice stacks are segmented and analyzed. They focus on different regions on the liver lobule (e.g. centered on a central vein, on a portal vein, on a central veinportal vein axis) to avoid introducing a bias in the observed geometrical indicators. Table 4.1 displays statistics drawn from the image analysis of hepatocytes and sinusoids. The first column lists statistics obtained in the study of Hoehme et. al. and the right column those coming from the latest analysis performed during this thesis. These two analyses have been executed on different confocal scans of mice from the same strain and that were part of the same experimental setting and with two different image analysis tools. The confocal scans used to generate Lobule 0 were all centered on central veins, as the peri-central area was of the highest interest. This study includes scans focusing on the portal vein as well as on the portal vein-central axis to better capture possible differences between these two areas. Differences appear between these two analyses, that can be explained by the improvements in the image segmentation and analysis tools. Yet, no spatial dependency of parameters could be identified during this analysis. As an observation, the hepatic cells' volume seems overestimated by the Voronoi tessellation done by Hoehme et al., and therefore the number of hepatic cells seemed underestimated.

Bile canaliculi are similarly analyzed but not presented here as they have not been included yet in the generated lobule.

Generation of a liver lobule

The generated liver functional unit is an hexagonal of edge length L lobule = 250µm that reproduces the average of lobule area measurements in bright-field 2D liver tissue images, and of height h lobule = 250µm defined arbitrarily. This height value is not expected to influence blood flow as it flows from the liver lobule summits towards its center, therefore mostly perpendicular to the lobule height. The developed liver lobule generator that is used to generate all networks studied in this study, is based on three main steps, extensively detailed in [HBB + 10]:

1. Generation of the sinusoidal network, 2. Inclusion of hepatocytes, 3. Relaxation step.

Generation of the sinusoidal network

The network is generated starting at the central vein, modeled as the central line connecting the top and bottom hexagons. Sinusoids are added concentrically based on (i) branches' length distribution, (ii) branches' radii (set to r = 4.66µm in [HBB + 10]) and (iii) branching properties, namely the number of branches connected to a node and the branching angle. A minimal branch length threshold is also included to ensure convergence of the algorithm in reasonable computational times (a few weeks in maximum). After the generation process, a comparison of the values of the same parameters in the generated liver lobule with inputs is performed.

Inclusion of hepatocytes into the network

The only cells included in the network are hepatocytes, assumed to represent around 80% of the total cell population in liver [START_REF] Taub | Liver regeneration: from myth to mechanism[END_REF]. Hepatocytes are assumed to all have the same size independently of their position in the liver lobule. They are added "at uniformly distributed random positions within the model lobule only considering constraints imposed by the already existing hepatocytes and" sinusoidal network until the "cell density in the" representative lobule reaches "the experimentally observed value". By construction, this step ensures that the sum of all volume fractions equals one, considering the aforementioned sinusoidal radius.

Iterations of these two steps are performed to generate a network in which hepatocytes do fit, with sinusoidal branches that can be removed.

Relaxation step

This step consists in letting the cells and sinusoids relax until "cell-cell and cell-sinusoid forces" are "equilibrated". It was observed in the first network generation that (i) "only minor changes" occur and (ii) "hepatocytes tend to align along sinusoidal vessels" during this step.

Results: two geometries to better reproduce liver micro-architecture

The new lobules are generated by a process of trial and error in which parameters are manually changed, and the resulting network is compared with defined targets.

First, new targets are presented. Then a comparison of the representativeness of Lobule 0 in relation with these targets is performed that highlights several leads of improvement. Two geometries, expected to be closer to a real liver tissue piece are finally displayed and their representativeness, in relation with the same targets, is evaluated.

Radii and lengths distributions, and total sinusoidal network length as indicators of the network representativeness

Liver function is closely related to its perfusion quality. Therefore, parameters with the highest influence on flow model are those with the highest importance when generating a lobule. From the proposed hemodynamics model of chapter 2 in equation (2.10), three quantities are important: (i) vessels radii, entering both in Poiseuille law and in the viscosity computation; (ii) vessels length, entering in Poiseuille law and (iii) the total number of intersections at which mass conservation is ensured. Provided accurate measurements of both radii and lengths in concrete tissues, the length-to-radius ratio, usually used to generate vascular beds in silico [QVS + 14, RGS02], permits to consider both (i) and (ii) at the same time. Radii are expected to have the highest impact on blood flow among the three detailed quantities. From the analysis of confocal scans performed with TiQuant, the radius distribution is a Gaussian centered on 2.76µm with a standard deviation of σ = 0.621µm, that corresponds to a pixel size in magnification 20×. This magnification has to be chosen when acquiring the images in order to cover a significant volume of a liver lobule that permits to reliably capture the network characteristics. This average radius is close to 2.5µm, reported by [TZC + 06] using the same imaging technique. No spatial dependency could be found for the radius hinting that if it exists, it could not be captured in this analysis. However, the pixel size represents 22.5% of the measured radius, which gives an idea of such measurement uncertainty. In literature, several values of sinusoidal radii are reported in mice, with different measurement techniques. The average value in this case is 3.61µm, 30% higher than 2.76µm, and the standard deviation over all reported measurements is 1.19µm. Finally, in Lobule 0, the sinusoidal radius was constant all over the geometry and set to 4.66µm, 115% higher than 2.76µm. As we can not reliably determine which value is correct, we propose to consider the radius of sinusoids as a parameter in our study and compute blood flow and pressure for each one of the above mentioned cases, considering either constant radii or drawn from a defined distribution (when possible). It therefore gives five sets of radii applied to each geometry: r = 2.76µm either constant or drawn from a Gaussian distribution centered on N (2.76, 0.621), (ii) r = 3.61µm either constant or drawn from a Gaussian distribution with N (3.61, 1.19) and (iii) r = 4.66µm constant. The obtained average velocities and pressure drop between the liver lobule inlet and outlet are then used to exclude radii when not in the physiological ranges (presented in chapter 2). In the next step, we consider the branch length. This quantity also stands among the statistics that significantly differ between the analysis that led to Lobule 0 and the latest one (table 4.1). A visual comparison of the branch length distribution in Lobule 0 and in a concrete liver tissue piece directly underlines important differences (figure 4.2 A and B). The branch length distribution peaks in Lobule 0 occur at what corresponds to multiples of a cell length hinting that sinusoids only branch after a cell length. However, the confocal analysis of liver tissue indicates that smaller branches exist (figure 4.2 A). Finally, the liver lobule sinusoidal network total length informs on the blood vessels' intricateness. When comparing the total sinusoidal network length, L tot in Lobule 0 and the same quantity computed from measurements in a concrete liver tissue piece with

L tot = L tot,tissue V tissue V lobule (4.2)
with L tot,tissue V tissue the total length per volume unit and V lobule the volume of the generated liver lobule, it appears that Lobule 0 lacks blood vessel segments (in total 142 mm for a measured value of 263 mm per entire lobule).

In the following, we will present the two newly generated geometries that aim at better reproducing the total length of the sinusoidal network and the branch length distribution. 

Generation of two improved geometries: Lobule 1 and Lobule 2

To improve the generated geometries, the branching angle distribution is, first, set to the measured value in TiQuant. Then, the cells' volume is also changed to the measured value by TiQuant. Following the change of hepatocytes' volume, the distance between two sinusoids, that roughly corresponds to a hepatocyte's width, is consistently decreased. Two liver lobules are generated with the same generator in which, for both these statistics are given as an input.

Generation of a liver lobule whose sinusoidal network reproduces the measured total length of the sinusoidal network in a lobule (Lobule 1)

First, the mean and standard deviation of the distribution of the branch length is modified in the generator such that a network reproducing the total length of sinusoids in a liver lobule is generated (figure 4.3 D, E and F). A first comparison of Lobule 1 and Lobule 0 sinusoidal network shows that the layer-like structure present in the latter is not observed in Lobule 1 anymore (figure 4.3 C and F), which can be explained by the higher branching angle values. The obtained total length is thus similar to the observed one: 264 mm in Lobule 1 for 263 mm in the measurements. However, Lobule 1 length distribution significantly differs from that of the concrete geometry (figure 4.2 C). It seems that imposing the correct number of connections and resetting the average and standard deviation of the distribution are not sufficient to reproduce the measured one.

Generation of a liver lobule imposing the branch length distribution (Lobule 2)

As a further improvement, the exact branch length distribution is implemented as a parameter in the generator (figure 4.3 G, H and I). Additionally, the cells are not included in this geometry therefore the two last steps in the generating process are not performed. When this distribution is imposed, the resulting length distribution is closer to the concrete one (figure 4.2 D and A). Yet, the lowest branches are still missing in the generated lobule, due to the minimal threshold. Similarly to Lobule 1, this generated geometry, called Lobule 2, does not have the Lobule 0 layer-like structure (figure 4.2 C and I). However, in such network, the space remaining in between sinusoids does not allow to incorporate hepatocytes, currently modeled as almost rigid. This problem might be solved if deformable cells are used in the liver lobule generation process, but this would drastically increase the computational time for each simulation, hence raising other challenges.

Even though the lengths distributions are not perfectly reproducing measured ones, significant improvements are made to the representative lobule geometries that are expected to have an impact on their hemodynamics patterns.

Determination of the portal triads number

Last but not least, the number of portal triads may have a significant impact on the simulated blood flow patterns. In literature, no consensus concerning the number of portal triads in a liver lobule seems to exist [JKT12, Bac06, RBB + 08, AWB + 11]. 2D H&E stained scans of CCl4 intoxicated mouser liver are therefore analyzed. As CCl4 damages the pericentral hepatocytes, as detailed in chapter 3, central vein identification is straight-forward (figure 4.4 A and B). Fifty-four datasets were analyzed within this thesis, more than six hundred veins identified giving a ratio of 1.09 portal vein for a central vein. This value is in between 3 and 6 portal veins per liver lobule, much closer to having three inlets. For the flow patterns, a comparison of both situations is performed mostly to study the influence of having a more homogeneous repartition of blood inflows. A B
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Liver function evaluation, focus on hemodynamics and ammonia detoxification

Liver function is evaluated through hemodynamics and the simulated ammonia detoxification capacity. As presented in the previous chapter 3, when liver function is impaired, and this can be the case by alterations in the architecture alone, ammonia levels at the liver outlet can dramatically increase and induce hyperammonemia. The aim of this study is to better understand the impact of the aforementioned improvements on the simulated blood flow and ammonia detoxification to determine which parameters have the highest impact and, therefore, are the most critical ones.

Methods

Hemodynamics

The blood flow model detailed in chapter 2 is applied in each geometry. Therefore, the linear system (2.7) is solved imposing the following boundary conditions:

• the total blood flow, Q in,lobule = 1.346 10 6 µm 3 .s -1 going through the liver lobule is imposed and computed, similarly to the previous chapter, assuming the total flow going through the liver is equally divided up between liver lobules as detailed in equation (3.6) with V lobule = 52.5 10 3 mm 3 , V liver = 1.3mL and Q liver = 2mL/min [XWZ + 14],

• the pressure at the lobule outlets is set to P CV = 1mmHg = 133P a.

Similarly to the previous chapter, blood apparent viscosity is computed with equation (2.14) but the plasma skimming effect is neglected.

To analyze the resulting blood flow solutions, the simulated pressure differences between the liver lobule inlet and outlet are first studied. The total flow boundary conditions imposed at the liver inlet is divided equally between all portal vein nodes (as in detailed chapter 2). Therefore, the simulated pressures at portal vein nodes can differ (maximum difference being below 10%). The delta pressure is computed as follow: ∆P = median(P P V ) -P CV (4.3) with P P V the portal venous pressures and P CV the central venous pressure. We choose to define the network equivalent resistance based on the presented ∆P as:

R eq = ∆P Q in,lobule (4.4) 
The equivalent resistance and the pressure loss ∆P are proportional, therefore studying one is addressing the other. Blood flow distributions obtained for the different geometries are then quantitatively compared, focusing on the averages µ, medians and standard deviations σ.

Multi-scale model of ammonia metabolism

Liver function is modeled through ammonia detoxification. This compound metabolism is presented in appendix B. Ammonia is metabolized by two main reactions: urea cycle and glutamine synthesis occurring in different regions of the liver lobule. The coupling of blood flow and ammonia metabolism by hepatocytes is done through an exchange term corresponding to passive diffusion of ammonia into hepatocytes. The exchange parameter depends on the membrane permeability and on the contact surface area between a sinusoid and a hepatocyte. The computation method to compute the contact surface area presented in the appendix, equation (B.3), consists in dividing equally the average measured total contact surface area a hepatocyte has with a sinusoid, between all sinusoidal nodes in contact with the same hepatocyte.

Results: Impacts of geometrical alterations on the simulated liver function

This section addresses the effect of the presented enhancements (section 4.2) on simulated hemodynamics patterns in the resulting liver lobule, and on the modeled liver function through ammonia detoxification.

Effect of parameter changes on hemodynamics patterns

To exclude some radii values and compare the generated geometries, four hemodynamics indicators are studied (section 4.3.1). First, the pressure difference, thereby the equivalent resistance, between inlet and outlet is addressed. Then, simulated average velocities are compared with measured values. Finally, the resulting flow homogeneity is studied.

Pressure difference permits to exclude admissible sinusoidal radii Very few pressure measurements exist at the liver lobule scale but some pressure differences in liver capillaries have been estimated [START_REF] Benjamin W Zweifach | Quantitative studies of microcirculatory structure and function. iii. microvascular hemodynamics of cat mesentery and rabbit omentum[END_REF][START_REF] Fronek | Microvascular pressure distribution in skeletal muscle and the effect of vasodilation[END_REF][START_REF] Debbaut | Multi-Level Modeling of Hepatic Perfusion in Support of Liver Transplantation Strategies[END_REF]. Based on those estimations, pressure differences
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Figure 4.5: Pressure differences between liver lobule inlets (median) and outlet for each studied geometry. In blue, the Lobule 0, orange Lobule 1 and green Lobule 2. Depending on the radii and the number of inlets (hatches represent the case of six inlets), the pressure difference can vary from a few pascals to more than a thousand. above 10mmHg (1330 Pa) are not expected to occur at the microlevel and can be considered out of the physiological ranges in a healthy individual. It first appears that when an expectation value for the capillary radius of 2.76µm is chosen, and the value for each network segment either been drawn from a Gaussian distribution with variance 0.621µm, or fixed to the expectation value, then the simulated pressure difference is higher than 10mmHg (figure 4.5). Moreover, the higher the radius, the lower the pressure difference. This is expected as the radius enters as 1/r 4 in Poiseuille law, used in the hemodynamics model 2. To better compare the effect of the geometry on the change of delta pressure, we focus on the cases with a constant capillary bed radius. Independently of the chosen radius value, the pressure difference obtained for Lobule 2 and Lobule 1 are higher than that obtained for the Lobule 0 (by 21.5% for Lobule 1 and 1.1% for Lobule 2). Finally, the pressure difference obtained when only three inlets are considered is slightly higher than when six inlets are considered (figure 4.5). To understand this change, one can observe that main blood flow pathways coincide with the shortest paths between inlet and outlet. Outside of those zones, barely no flow is observed (figure 4.6). Therefore, a rough simplification of a liver lobule could be three or six (depending on the number of inlets) resistance in parallel. The equivalent resistance of the six inlets lobule is, therefore, twice lower than that of a three inlets lobule, and so is the delta pressure. Here, the delta pressure ratio between six and three inlets is more around 1.5 as some flow, even though not as much as in the main pathways, does exist in regions in between two portal triads.

Comparison of blood flow velocities At the micro-scale, measurements of blood flow velocity have been made and a summary of reported values can be found in chapter 2 (table 2.2). Based on these values, velocities being significantly lower than 60µm.s -1 do not seem physiological. Therefore, all geometries with either a constant radius r = 3.61µm.s -1 or a random value drawn from a Gaussian distribution with mean 3.61µm and standard deviation 1.19µm present admissible pressure differences and blood flow velocities, independently of the inlets number. The simulated average speeds are similar between the 3P V and 6P V cases (figure 4.7). The likely reason is that in case of 6P V more zones of the lobule are well perfused than in case of 3P V , so the main pathways carry less flow for 6P V than for 3P V . The standard deviation of the blood flow velocity is expected to be greater for 3P V lobule than for 6P V (figure 4.7). Finally, the higher the radius of the capillary bed, the lower the average velocity, which is also expected as v = Q πr 2 . If the geometry would have a single sinusoid, the difference of velocity introduced by the change of radius between 3.61µm and 4.66µm would be a decrease of around 40% of the velocity obtained with radius r = 3.61µm. For all lobules the differences of velocity to the case with radius r = 3.61µm are between 30 and 40%, which is close to a single tube case. the radius r = 4.66µm leads to almost admissible speeds for Lobule 0 but not for the new geometries.

Effect on the flow homogeneity When studying blood detoxification, the more homogeneous blood flow is, the more homogeneous the concentrations experienced by hepatic cells. Therefore, if detoxification is perfusion-limited (i.e. when the uptake term can become very low compared to blood flow leading to a reduction of compound uptake by the cells), blood flow homogeneity is expected to have a strong impact on the modeled detoxification.

To quantify blood flow homogeneity, the flow distributions obtained for each geometry are compared. As already shown by the average velocity study, the average blood flow for the Lobule 0 is the highest when that of Lobule 2 is the lowest (figure 4.8 B). Blood flow medians are in the same order, as well as the standard deviations (figure 4.8). Figure 4.8 A
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Figure 4.7: Average blood flow velocities in each geometry: in blue the Lobule 0, in orange Lobule 1 and in green Lobule 2. The standard deviation obtained in geometries with only three inlets are higher than for six inlets. Moreover, the average velocities are slightly higher for three inlets than for six. As expected, the lower the radius, the higher the blood flow speeds. Moreover, as more connections are present in Lobule 1 and Lobule 2 than in the Lobule 0, the average velocities are lower than for this geometry. Based on this first study Lobule 2 seems the more homogeneous geometry independently of the number of blood inlets. It means that the same volume per time can be transported in this lobule with a lower standard deviation than in the other geometries, i.e. its flow is the most homogeneous. Moreover, to promote exchanges of metabolites between blood and hepatocytes, the blood velocity should be low enough (so that convection does not overcome reaction as presented in chapter 2) and the variability within the liver lobule also low so that every hepatocyte receives blood to detoxify. Lobule 0, on the contrary seems the most heterogeneous geometry.

Comparison of ammonia concentrations at the liver outlet

Because cells could not be properly included in Lobule 2, this geometry is excluded from the liver function evaluation study. The same total inflow Q in,lobule = 1.346 10 6 µm 3 .s -1 is imposed at the geometries portal veins with similar radii (r = 3.61µm for which average blood flow velocities are within physiological ranges). Ammonia and glutamine concentration levels are compared at the liver lobule outlet for identical input concentrations set at Lobule 0 and The difference of the simulated ammonia concentration at the liver outlet between the two geometries is extremely low, around 3.3% (figure 4.9). The peri-central area in Lobule 1 detoxifies ammonia better than the same area in the Lobule 0 which explains the highest value of glutamine concentration at the lobule outlet. Yet, such differences are within the error bar of measurements of around 20%, presented in chapter 3. This is expected, as ammonia detoxification is not flow limited, shows an extremely high permeability in the peri-central area and is a critical function expected to be robust to alterations of flow.

Discussion and conclusion

Confocal measurements of radii vs. intra vital measurements

Radius measurement is a critical aspect of vascular network generation as it has a very important impact on the simulated blood flow and pressure. In confocal scans, it is computed as the radius of the biggest sphere that can be inscribed within the sinusoidal segmentation, i.e. the shortest distance between the median line of the segmentation and its boundary (see appendix A for more details). This calculation method is accurate provided segmented blood vessels are perfect cylinders, but is sensitive to segmentation errors and therefore, tends to give the lower bound of the radius value. Other methods of radius computation have been proposed in 3D, among them taking the average measured distance between the skeleton and segmented border in eight directions. An additional limitation of the confocal scan analysis for radius estimation lies in the sampling technique itself. Indeed, when the liver sample is taken, it is physically cut from the liver and put into a fixation solution [HHF + 14]. It is not perfused anymore which could induce the collapse of blood vessels, hence, a reduction of the sinusoidal lumen. hepatocytes' cytoplasm, a distinctive feature of this mouse. A rough analysis of the sinusoids' width gives an average radius closer to 4 -5µm than to the value measured with TiQuant (2.76µm). Even though this analysis is made on a 2D image and, therefore, depends on how the sinusoid is "cut", it highlights possible differences between ex vivo (confocal scans) and in vivo radii values. To quantitatively assess possible alterations due to the biopsy sampling and fixation techniques, a thorough 3D analysis of a mouse intra-vital scan would have to be compared with the confocal scan analysis of the same mouse.

Conclusion and perspectives

To model mathematically liver function, or any other organ function at the micro-scale, the choice of spatial representation can have a strong impact on the modeling output. From the segmentation of three dimensional images of the studied organ, it is possible to extract the capillary network along with the surrounding cells. Yet, the analyzed tissue pieces are physically cut, creating open ends for which setting proper boundary conditions of flow or transport is extremely difficult. To circumvent this problem, Hoehme et al. [HBB + 10] proposed to generate a statistically representative liver lobules based on a quantitative analysis of those confocal images. Geometrical indicators that potentially impact hemodynamics and liver function are proposed to evaluate the representativeness of such generated networks: the blood vessel network radii, the branch length distribution and the total length of the network in a lobule. Starting from the lobule generated by Hoehme et al. (Lobule 0), a comparison of this lobule representativeness with concrete liver pieces is performed. However, a lack of reliable measurement technique, and more importantly the liver tissue piece treatment before being imaging can induce an alteration of the measured capillary radii. Therefore, they enter as a parameter and can be rejected based on the corresponding simulated blood pressure and flow values. This analysis highlights several possible improvements on the lobule. First, the hepatocytes' volume and branching angle are set to the value coming from concrete liver tissue pieces analyzed with TiQuant. First, Lobule 0 appears to (i) lack connections and (ii) does not reproduced the observed branches' length distribution. Two geometries are generated that better reproduce those indicators. The corresponding hemodynamics patterns are studied, highlighting that, among the studied radii values, only r = 3.61µm gives admissible pressure differences and blood flow velocities, based on literature values. Moreover, adding connections induces a significant decrease of the average blood flow in micro-architecture. It also homogenizes the simulated blood flow, as shown by the decrease of standard deviation that is the lowest for Lobule 2. The average blood flow values, or simulated pressure differences would need to be quantitatively compared to reliable measurements in liver micro-architecture, currently not available and technically extremely challenging. Moreover, liver lobules are assumed in parallel here, meaning that they receive the exact same amount of blood per time. However, this assumption would have to be validated with a meso-scale study of liver to determine whether blood flow is equally splitting between all liver lobules or if asymmetries exist. Ammonia detoxification does not seem impacted by those changes. This is not surprising as this function needs to be robust, but it could be due to the type of metabolism: highly zonated, not flow limited and with a very high permeability therefore not affected by changes of contact surface area computation. Other compounds, more sensitive to flow homogeneity, may show different concentration levels.

Introduction

Bile is a liquid produced by the liver that eases digestion, especially of lipids. It is made, among others, of bile acids coming from digestion and of products issued from blood detoxification. It is therefore a critical liver function. In healthy subjects, bile is mainly composed of water: 95%, and of other compounds among them bile salts: 5%. Bile salts are taken up from the blood by hepatocytes, metabolized and finally excreted into the biliary network. At the lobule scale, bile is excreted into canaliculi, the smallest vessels of the biliary network, made by the junction of two hepatocytes' membranes (figure 1.1 E). Canaliculi form a dense and intricated network, converging at the central vein and connected to the biliary tree at the portal triads [START_REF] James | Bile formation and secretion[END_REF] (figure 1.1 D). The overall bile movement is thus opposite to blood, going from the central area towards the lobule border. Depending on the bile salts concentration in a canaliculus, stones can form obstructing bile canaliculi or branches of the biliary tree and damaging the liver [START_REF] Sherlock | Diseases of the liver and biliary system[END_REF]. Therefore, bile salts movement is a subject of interest to better understand and prevent the formation of such stones. At macro-scale, bile salts movement, mostly convective, is well-known and models have been proposed [LLB + 07]. At the micro-scale, performing reliable experimental measurements of bile salts movement is challenging due to the small canaliculi average radius size ∼ 0.5µm [HHF + 14, Gha13]. However, several hypotheses about processes that could induce bile salts movement towards bile duct have been proposed and studied. First, because bile salts are osmotic compounds, they are known to induce water inflow from hepatocytes into canaliculi [START_REF] James | Bile formation and secretion[END_REF]. However, to our knowledge, this water production at lobule scale has not been experimentally quantified and this measurement may not be technically possible. Second, contractions of hepatocytes' apical membrane forming the bile canaliculi shown in vitro [WP84, SOM + 85] and in vivo [WTSP91, OP81] could, if coordinated, generate a flow towards the portal triads. Finally, bile salts diffusion in bile could be the main phenomenon responsible for their movement. Mathematical modeling of liver micro-architecture can allow to test hypotheses to define which process could be responsible for bile salts movement. To our knowledge, only two mathematical models of bile flow in a liver lobule have been proposed. Ghaemi et al. [START_REF] Ghaemi | Numerical Simulations of Bile Flow in Realistic Image-Derived Bile Canalicular Geometries[END_REF] modeled bile flow in a canaliculus segment as a Newtonian fluid flow driven by a difference of pressure at the segment borders. Based on real geometries extracted from electron microscopy scans analysis, obtained velocities were not compared to experimental measurements. Meyer et al. [MOB + 17] studied the transit of a fluorescent marker bolus 6 -CF DA, injected in a mouse, in the liver micro-architecture from sinusoids to bile. This study assumed that bile salts diffusion in bile could be neglected and that convection alone coming from the contraction of hepatocytes and water inflow due to osmosis explains bile salts movement. Yet, no conversion is performed between intensities and concentrations that are assumed equal. Moreover, the water inflow assigned to osmosis is not corroborated by a specific experiment, neither is the coordinated ability to contract of hepatocytes. In this study, we also propose to model the passage of a fluorescent compound through liver micro-architecture, focusing on its uptake and secretion by hepatocytes and on its movement within bile canaliculi. But we choose to include diffusion as a possible phenomenon responsible for bile salts movement. Moreover, the studied compound CLF , is a fluorescent bile salt that is not transformed by hepatocytes, which is not the case for 6 -CF DA metabolized into a fluorescent compound CF . This work is based on experimental fluorescence data that consists in 2D frames of liver micro-architecture recorded over time in a living mouse. It therefore includes the analysis of those images, the extraction of the required input data for the model as well as the concentration curves used to calibrate the model parameters and for qualitative and quantitative comparison of the model output. The marker's concentration in blood enters as an input in the model when the concentrations in hepatocytes' cytoplasm and in bile canaliculi are compared with the model output. The proposed mathematical model consists of a system of ODEs to reproduce the uptake from blood and secretion into bile of the marker by hepatocytes and a PDE to simulate its movement within the liver lobule (section 5.3). After presenting the experimental protocol, the studied mathematical model will be detailed. Then, image segmentation and numerical simulations methods will be presented. The obtained concentration curves measured in each compartment will be showed along with the simulated concentration curves. Exchange parameters can be determined such that the mathematical model reproduces experiments. Finally, the model simulation outputs in bile will be compared with experimental curves, highlighting the effects of the studied processes on the simulated concentration curves.

Notations

This chapter contains many notations that are listed in table 5.1.

Experimental protocol

Animal experiments were approved by the German animal ethics committee. Cholyl-Llysyl-Fluorescein (CLF), a fluorescent bile salt, is chosen to study bile salts movement in the lobular bile canaliculi network, described in figure 1.1 D. To study bile salts movement in vivo, intra-vital imaging of liver micro-architecture is performed in a mouse. The left liver lobe of the anesthetized animal is exposed, a region of interest including a lobule inlet and outlet is defined and imaged with a Zeiss 2-photon microscope. A detailed description of a general experimental protocol for intra-vital imaging can be found in [RGB + 17]. Two color channels are recorded during this experiment: one dedicated to the CLF movement (in green) and another recording tetramethylrhodamine ethylester (TMRE) signal intensity in hepatocytes' mitochondria. TMRE is injected in the mice tail veins and the signal intensity is recorded throughout the whole experiment. Its intensity differs depending on hepatocytes' location, underlining liver zonation [RGB + 17]. Similarly to TMRE, a bolus of CLF corresponding to a total quantity of q tot = 20nmol is then injected in mice tail veins and fluorescence intensity is recorded until no more CLF can be seen in the selected region. 12Bit 2D frames of the region of interest are recorded over time with a higher frequency at the beginning of the experiment to properly capture the dye movement in the vasculature. Thus, a frame is registered every 0.5 seconds until no more CLF can be seen in blood at t = 254s, and then every 15 seconds until the end of the experiment at t = 7604s. Due to the better quality of one mouse for which very few movements and focus losses of the microscope are observed, this study is based on this individual. Figure 5.1 displays the CLF 
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From blood to bile. Modeling the exchanges of CLF in and out of hepatocytes

No direct measurement to determine which process is responsible for bile salts movement can be relibaly made due to the small size of bile canaliculi. Therefore, a mathematical model is built to explain the CLF fluorescent signal in each liver micro-architecture compartment (blood, hepatocytes, bile canaliculi) over time. CLF is a fluorescent bile acid whose behavior is close to that of cholyl-l-lysyl [MSC + 00]. Thus, as most bile acids, hepatocytes take it up from blood to then secrete it into bile canaliculi, where it remains until it reaches the liver outlet through the biliary tree and common bile duct [START_REF] James | Bile formation and secretion[END_REF]. In this study, no CLF flux from bile canaliculi towards hepatocytes' cytoplasm is assumed as this reaction is not mentioned for healthy liver [START_REF] Kullak-Ublick | Hepatic transport of bile salts[END_REF]. It allows us to study separately CLF passing from blood to bile, from its movement within the bile canaliculi.

Four models based on Ordinary Differential Equations (ODEs) to explain CLF concentration curves in hepatocytes

Defining a model to explain the concentration curve in hepatocytes We choose to take the concentration measured in blood as an input and to use the measured concentration in hepatocytes to calibrate the exchange parameters. CLF mass conservation therefore gives
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the following ODE for the concentration in hepatocytes:

dC H dt = f N onSat/Sat BltoH (t) -h N onSat/Sat HtoBi (t) (5.1)
with t the time, f the uptake reaction and h the secretion reaction. Two possible uptake and secretion functions can be considered, corresponding to a saturated exchange or a non saturated exchange, leading to four different models. Figure 5.2 describes those models and the corresponding ODEs. Uptake from blood to hepatocytes Hepatocytes take CLF up from blood through an ATPmediated reaction with NTCP and OATP transporters [dWHV + 10]. For both transporters, the CLF uptake, displayed in figure 5.2, is of Michaelis-Menten type [START_REF] Michaelis | Die kinetik der invertinwirkung[END_REF], described in chapter 2 by equation (2.31). It reads:

f N onSat BltoH = P 1 C Bl (t) ∀t f Sat BltoH = v 1 C Bl (t) K 1 + C Bl (t) ∀t (5.2)
with f N onSat BltoH the non-saturated exchange term, f Sat BltoH the saturated exchange term, v 1 the initial maximum speed (V max ) of the reaction, K 1 the Michaelis constant (K m ) and C Bl (t) the concentration in blood over time. Moreover, in healthy conditions, no bile salts are expected to be secreted by hepatocytes back into blood [START_REF] Kullak-Ublick | Hepatic transport of bile salts[END_REF]. This reaction is therefore not included in our model.

Excretion into bile CLF is excreted by another ATP-mediated reaction with BSEP or MRP2 transporters, as displayed in figure 5.2. Similarly, the secretion reaction shows Michaelis-Menten kinetics [dWHV + 10]:

h N onSat HtoBi = P 2 C H (t) ∀t h Sat HtoBi = v 2 C H (t) K 2 + C H (t) ∀t (5.3) 
with h N onSat HtoBi the non-saturated exchange term, h Sat HtoBi the saturated exchange term, v 2 the initial maximum speed (V max ), K 2 the Michaelis constant (K m ) and C H (t) the concentration in hepatocytes over time.

Modeling the bile salts movement in canaliculi with a convectiondiffusion-reaction equation (Partial Differential Equation, PDE)

Two main processes inducing the movement of CLF in bile canaliculi are considered, and the simulation output is compared with experimental data to determine which can best explain observed concentration curves. On the one hand, bile is known to have a strong osmotic power [START_REF] James | Bile formation and secretion[END_REF] which induces a water inflow from hepatocytes into bile canaliculi. At the portal triads, the bile canaliculi network feeds bile ducts that form the final leaf of the biliary tree. The water inflow of each hepatocyte therefore creates a flow with an increasing speed from the central area towards the portal triads. Hence, convection could be the main process responsible for CLF movement. On the other hand, bile salts are diffusing within bile canaliculi. For taurocholate, a bile salt close to CLF, its diffusing constant in water is 150µm 2 .s -1 [START_REF] Sy Oh | Diffusion coefficients of single bile salt and bile salt-mixed lipid micelles in aqueous solution measured by quasielastic laser light scattering[END_REF]. Therefore diffusion could also be the main process responsible for bile salts movement. In the following, these two processes are studied and diffusion constants as well as convection speeds are estimated. This results in PDE-based mathematical models coupled to the above ODE systems.

A convection-diffusion-reaction equation to model bile salts' movement

As previously mentioned, bile canaliculi form an intricate network of vessels formed by the junction of two hepatocytes' membranes. Those canaliculi are assumed locally cylindrical 

                               ∂C Bi (t,x) ∂t = - ∂v Bi C Bi (t,x) ∂x + D ∂ 2 C Bi (t,x) ∂x 2 + φ H,Bi h Sat HtoBi (C H (t,x)) h Sat HtoBi (C H (t,x)) = v 2 C H (t,x) K 2 + C H (t,x) C Bi (t = 0, x) = 0 ∂C Bi (t,x) ∂x CV = 0 C Bi (t, P V ) = C out or ∂C Bi (t, x) ∂x P V = 0 (5.4) 
with C out the concentration at the outlet, φ H,Bi the volume ratio of a hepatocyte and the corresponding bile canaliculus, C H CLF concentration in hepatocytes, v 2 and K 2 are the exchange parameters defined in section 5.3.1. v Bi the convection speed in the canaliculus, D the diffusion constant, are the parameters to be calibrated to explain the experimental concentration curves in bile.

Before detailing the different studied geometries, the model of osmotic pressure to model the water inflow from hepatocytes into bile canaliculi is presented.

Linking convection to osmotic pressure

Preliminary study to estimate convection speed Prior to propose a model explaining the convection speed by osmosis, a preliminary study is performed to roughly obtain values of bile flow speeds induced by osmosis. The average water inflow per hepatocyte and the flow velocities at the liver lobule outlet can be estimated from bile productions measurements, and then can be used as initial guesses for the convection speed calibration. A measurement of daily bile production in a healthy mouse was performed at IfADo, Dortmund, Germany, giving: Q H ∈ [5.79 10 6 -11.58 10 6 ]µm 3 .s-1, corresponding to [0.5 -1]mL of bile produced daily.

Bile flow can be modeled assuming bile is a Newtonian fluid, its flow fully developed and at steady state and that bile canaliculi are cylinders of constant radius. Therefore, Poiseuille flow applies in each canaliculus. Similarly to the blood network, canaliculi in a liver lobule consist of a network of vessels noted: To our knowledge, no clear measurement of this concentration difference for endogenous bile salts exist in literature, it is estimated in our study, section 5.6.2.1.

G bile = {N bile , E bile } N bile = {nodes} E bile = {edges} Γ bile (i) = {j ∈ N bile |(i,j) ∈ E bile } ∀i ∈ N bile (5.5)

Space representation of the bile canaliculi network

To study the movement of bile salts within a bile canaliculus, several spatial models representing liver micro-architecture can be chosen. Bile canaliculi radii were measured by different techniques. Confocal microscope measurements performed in healthy mice [HHF + 14] led to r = 0.5µm. Electron microscopy measurements performed in healthy mice show that the radius of the canaliculus envelope vary from 0.25µm to 0.8µm [START_REF] Ghaemi | Numerical Simulations of Bile Flow in Realistic Image-Derived Bile Canalicular Geometries[END_REF]. Here we choose the radius value from [HHF + 14]: r = 0.5µm.

To study the movement of bile salts through this network, we first choose to idealize the bile canalicular network to a single canaliculus along which a row of hepatocytes is aligned (figure 5.4). An extension of the model to include a simple bile canaliculi network connected to a Hering channel is proposed.

A single representative bile canaliculus Figure 5.4 describes the single tube setting in which the canaliculus is split into three zones. In each zone, hepatocytes are assumed identical, and to behave similarly as the "average" hepatocyte for the considered zone. We assume that there are ten hepatocytes between the portal and central veins, therefore leading to a tube of L tube = 180µm, with a cell length of l H ∼ 18µm [HHF + 14].

A simple canaliculi network The experimental data consist of 2D images of a 3D structure recorded over time (figure 5.1). The spatial representation in the model can have an impact on the simulated output. We thus propose to study a simple bile canaliculi network built to represent the shortest and longest possible main bile flow path in a liver lobule. It is therefore assumed:

• when 3PV are considered, only three bile ducts are collecting bile per liver lobule (figure 5.5). Thus a bile duct collects bile from three different lobules. It can also be seen as the dual of the central vein. Hence, its watershed represents a third of a liver lobule, x axis is expressed in number of hepatocytes.

• the hepatocytes are aligned along the main bile pathways (bile flow streamlines) with the shortest pathway having a length of ten hepatocytes when the longest has a length of eighteen cells (figure 5.5).

The definition of each zone's size in the outermost canaliculus (figure 5.6) is critical. Indeed, it needs to be consistent with the zone sizes experimentally measured. This aspect is more specifically discussed in section 5.6.2.3.

Study of cholyl-L-lysyl fluorescein (CLF) movement

through the liver microarchitecture of a living mouse. From the experimental protocol to the concentration curves extraction 5.4.1 Segmentation process

Taking into account liver zonation

As the focus of the study is on the processes responsible for bile salts movement, space has to be taken into account. Liver micro-architecture is known to be zonated, i.e. cell properties depend on its location [START_REF] Gebhardt | Metabolic zonation of the liver: regulation and implications for liver function[END_REF]. We choose to define space based on the TMRE zonation as it can be easily accessed to in the experimental data. The highest TMRE intensity corresponds to the peri-portal area whereas its brightness in the peri-central area is extremely Each zone can hence be isolated, as displayed by figure 5.7 B:

• Peri-portal zone: close to the portal vein, where the TMRE intensity is highest (figure 5.7 C),

• Middle zone: in between the peri-portal and peri-central areas,

• Peri-central zone: close to the central vein, where barely any TMRE intensity can be seen (figure 5.7 D).

Extracting the signal in each compartment

Each compartment (blood, hepatocytes and bile canaliculi) needs to be isolated to obtain the temporal CLF intensity curves in liver micro-architecture. Sinusoids are identified based on the assessment that no CLF can be observed anymore within the blood a few minutes after injection (figure 5.1 B), while the signal intensity is high in hepatocytes cytoplasm. Hence, black regions in the liver tissue in such frames are assigned to sinusoids. Hepatocytes are directly segmented from the TMRE channel where their sinusoidal border, basal membrane, can be identified. To more accurately define hepatocytes in the peri-central area, contrast adjustments are made to enhance the cytoplasm intensity in this zone. Finally, bile canaliculi are formed by hepatocytes membranes and therefore cannot be directly segmented. However, the CLF intensity in those structures is much higher than in any other one (figure 5.1 C). Therefore, an intensity threshold is applied to isolate them in each frame. A combination of each frame segmentation is then made to have the "total" canalicular network observed in the experiment. Bile canaliculi are then removed from the hepatocytes cytoplasm segmentation.

In each zone, pairs of hepatocytes with the surrounding blood vessels' segments are isolated, respectively 23 in the peri-portal zone, 13 in the peri-central and 2 in the middle zone as few hepatocytes had a reliable signal in this zone (figure 5.7 E). Those curves are used in the model to estimate the exchange parameters between the blood and hepatocytes, and between hepatocytes and bile. For bile canaliculi, as the frames are 2D images and bile canaliculi a 3D intricated network, it is impossible to isolate a connected piece of network going from the peri-central area until the peri-portal area (figure 5.7 E). Therefore the average signal per zone is recorded and compared to the model output, for which the average per zone can also easily be computed. Figure 5.7 E shows the final segmentation of each compartment with the sinusoids in red, the hepatocytes in cyan. Bile is in white when in the portal area, yellow in the middle zone and blue in the central area. 

From intensities to concentrations

The microscope records intensity levels for two different channels (red and green corresponding to TMRE and CLF) that require to be converted into concentration for the mathematical model. Before performing this conversion, the background signal that corresponds to the cytoplasm auto-fluorescence is removed. For each pixel at every time point, the intensity becomes:

I(t) = Î(t) - 1 N ini N ini i=0 Î(t i ) (5.16) 
with I(t) the intensity over time, Î the initial intensity, and N ini = 30 corresponding to the number of frames recorded before CLF injection. Contrary to most of the studies based on the analysis of fluorescent marker [MOB + 17, KIM + 13], a calibration curve derived from a specific experiment is applied in this study. This experiment consists in imaging several reference concentrations of CLF in nmol/L and recording the corresponding intensity in 12Bit, with the exact same microscope settings as in the in vivo imaging protocol. An FCS analysis is performed and provides the average number of photons per pixel, i.e. the exact concentration. The corresponding intensity as a function of concentration is plotted in log10-log10 scale and fitted using a polynomial spline (figure 5.8). The inverse of this function is approximated using the modified Powell minimization algorithm [START_REF] Fletcher | A rapidly convergent descent method for minimization[END_REF], and a conversion table for each pixel intensity value is generated. Finally, the experimental intensity frames are converted into concentration frames with this table. Figure 5.9 compares intensities with the corresponding concentrations curves. It can be noted that the peak of the concentration curves is almost ten times higher than the intensity peak. To better understand the impact of this calibration curve on the signal dynamics, the temporal curves scaled to the maximum value are plotted (figure 5.10). In all compartments, the lowest intensities are mostly impacted by the non-linearity of the calibration curve. Both increase and decrease of the concentration curves are impacted by this calibration function. However, as the increase is extremely rapid, the effect on the decrease is more visible and is expected to have a stronger impact on the fitted parameters. 

Concentration curves in each compartment

Finally, the converted intensity curves are obtained for each group of {hepatocytesurrounding sinusoids} and in bile. Because hepatocytes are surrounded by two sinusoids in average, and as we model a single sinusoid connected to a cell, the average concentration of both segmented sinusoids is taken as the blood signal. Moreover, as the concentration is still slightly above 0nmol in the compartments before CLF was injected in the liver, the average concentration value of the first 30 frames is removed from the measurements in both sinusoids and hepatocytes. The mouse movement leads to the loss of focus of the observed frame and therefore introduces a significant noise in the experimental curves. Blood vessels are narrower and therefore more impacted by those movements. To remove this noise, a gliding median over 51 time steps and a phenomemological function are fitted to the temporal curve in blood. The phenomenological function is the arterial input function (AIF) of Parker [PRM + 06]. To conserve the correct peak amplitude in blood, both fits are applied after the peak has occurred. As the AIF function does not give reliable enough results, the gliding median is therefore applied. In the studied mouse, no focus loss or strong noise could be seen before the intensity/concentration peak in blood. Figure 5.11 shows the blood and hepatocytes' signal for two hepatocyte-surrounding sinusoid groups. Finally, figure 5.12 shows the average concentrations in each compartment and zone, that will be studied in the following.

Numerical methods

After having presented the mathematical model in section 5.3 to explain the CLF experimental concentration curves in section 5.4, this section describes the parameters calibration procedure followed to obtain exchange parameters and the numerical methods that are chosen to solve the PDE model of CLF concentration in bile.

5.5.1

From blood to bile. Direct and inverse problems.

Direct problem

The direct problem, an ODE system, is solved in python (Python Software Foundation. Python Language Reference, version 3.4) with the ODE solver of scipy [HNW00].

Parameter ranges

A set of exchange parameters for each different model detailed in figure 5.2 is calibrated such that the simulated CLF concentration in hepatocytes, C H , best reproduces the experimental data. However, as both transport reactions (uptake and excretion) have been widely studied, some exchange parameter values have been experimentally determined in vitro. Tables 5.3 and 5.4 list literature values found for similar bile salts for both K 1 and K 2 . Based on those Figure 5.11: Focus on two hepatocytes (bottom) with the corresponding surrounding sinusoids (top). The signal in blood is smoothed with a gliding median to reduce the noise (blue). A phenomenological fit (black) is also tried but does not give reliable enough results and was therefore not used afterwards. Figure 5.12: Average concentrations measured in each compartment: blood (top row), hepatocytes (middle row) and bile(right row), for each zone: peri-portal (left), middle zone (green) and peri-central (blue). values, in agreement with our biologists collaborators at IfADo, the following physiological ranges are defined for both K 1 and K 2 :

K 1 ∈ I K1 = [5µmol/L, 50µmol/L] K 2 ∈ I K2 = [1µmol/L, 10µmol/L]
(5.17)

Parameter inference

To account for the cell-to-cell variability, several hepatocytes in each zone are isolated and their temporal concentration signal as well as the one of the connected sinusoids are recorded forming sinusoid-hepatocyte groups, as detailed in section 5.4. Each {hepatocyte-surrounding sinusoids} group defined in the experimental data is considered as an individual, belonging to a population with similar behaviors. Because liver zonation is expected to have a strong impact on the parameters, a population is defined per zone.

The parameter estimation is performed with Monolix [START_REF] Monolix | Monolix methodology -a software for the analysis of nonlinear mixed effects models[END_REF], a software based on a population approach. This approach assumes that all exchange parameters are drawn from a log-normal distribution to avoid negative parameter values. Therefore, the algorithm searches the mean and standard deviation of this distribution that minimize the L 2 error to the data. Then, it draws from the distribution the best parameter value for each individual, hence accounting for inter-individual variability. The physiological ranges for K 1 and K 2 are enforced by introducing new parameters K1 and K2 both between 0 and 1 such that:

K 1 = 45.10 3 K1 + 5.10 3 K 2 = 9.10 3 K2 + 1.10 3 (5.18) with K1 × K2 ∈ [0,1] × [0,1] the estimated parameters. For v 1 and v 2 no accurate translation of in vitro measurements to in vivo levels can be done, hence no a priori ranges can be enforced. The obtained parameters are described in section 5.6.1.

Simulation of CLF concentration in bile canaliculi

The CLF bile concentration model presented in section 5.3 is solved numerically in each considered geometry. This subsection details the numerical methods applied in a single tube and in a network.

Single tube geometry

First, the liver lobule canalicular network is represented by a single canaliculus with a constant radius r = 0.5µm. As the cross section is now constant equation (5.4) can be written as:

                               ∂C Bi (t,x) ∂t = - ∂v Bi C Bi (t,x) ∂x + D ∂ 2 C Bi (t,x) ∂x 2 + φ H,Bi h Sat HtoBi (C H (t,x)) h Sat HtoBi (C H (t,x)) = v 2 C H (t,x) K 2 + C H (t,x) C Bi (t = 0, x) = 0 ∂C Bi (t,x) ∂x CV = 0 C Bi (t, P V ) = C out or ∂C Bi (t, x) ∂x P V = 0 (5.19) 
In this tube, an explicit upwind finite difference scheme with second order boundary conditions at the central vein:

                               C n+1 Bi,i = C n Bi,i + ∆t ∆x (v Bi,i-1 C n Bi,i-1 -v Bi,i C n Bi,i + D ∆x (C n Bi,i-1 + C n Bi,i+1 -2C n Bi,i )) + ∆tφ H,Bi v 2 C n H,i K 2 + C n H,i C n Bi,i=1 -C n Bi,i=-1 2∆x = 0 v Bi,i=-1 = 0 C n Bi,i=N +1 = C n out or C n Bi,i=N +1 -C n Bi,i=N -1 2∆x = 0
(5.20)

with i the numerical cell index in the bile canaliculus (0 corresponds to the cell closest to the central vein and N that closest to the lobule outlet) and ∆x the space step chosen equal to a cell length l H . This numerical scheme is stable under the following CFL condition [START_REF] Randall | Finite volume methods for hyperbolic problems[END_REF]:

∆t ≤      ∆x max i (v Bi,i + 2D ∆x )      (5.21) 
In case of pure convection, i.e. when diffusion is neglected, a specific finite volume explicit upwind numerical scheme with flux limiters, detailed in chapter 2, is applied:

         C n+1 Bi,i V Bi = C n Bi,i V Bi + ∆t F n i-1 2 -F n i+ 1 2 + ∆tφ H,Bi v 2 C H,i K 2 + C H,i C n Bi,i=-1 = 0 C n Bi,i=-2 = C n Bi,i=-1 (5.22) with F n i-1 2 , F n i+ 1
2 defined as: To ensure stability, the time step ∆t is set such that the CFL condition is always respected, leading to:

F n i-1 2 = ∆t ∆x v Bi,i-1 C n Bi,i-1 + 1 2 v Bi,i-1 (1 -∆t v Bi,i-1 ∆x )Φ( C n Bi,i-1 -C n Bi,i-2 C n Bi,i -C n Bi,i-1 )(C n Bi,i -C n Bi,i-1 ) (5.23 
∆t = min i∈N ∆x v Bi,i (5.25) 
Accuracy of the numerical methods in a single tube The accuracy of the chosen numerical scheme for a single tube is tested on simple test cases to define whether the choice of space step ∆x equal to a hepatocytes' length is acceptable. When pure convection is applied, flux limiters are added to the numerical scheme to handle numerical diffusion. The accuracy study for this specific case is presented in chapter 2. In case of pure diffusion, a comparison of the solution with different space steps is performed (figure 5.13). The maximal relative error can be quite high depending on the diffusion constant for ∆x = l H = 18µm. In this case, if pure diffusion is considered, ∆x can be reduced to be closest to have CF L ∼ 1. Moreover, the error per zone is also studied. Indeed, zones are defined as a percentage of the total length of the tube and therefore the more space steps, the more accurately the percentage is reproduced. Figure 5.14 shows the L 1 relative error of the solution with ∆x Bile = l H to that with ∆x Bile chosen to be closest to CF L = 1 for the same diffusion constants. It appears that the error obtained for D = 10µm 2 .s -1 is quite small whereas when considering D = 2µm 2 .s -1 it can be much higher in the middle zone than in the peri-central Figure 5.13: L ∞ and L 1 relative errors to the solution with ∆x Bile = √ 2D∆t, considered as the gold standard to be closest to CF L ∼ 1, for the solution with space step ∆x Bile = 18µm in case of pure diffusion with D = 2µm 2 .s -1 , D = 10µm 2 .s -1 and D = 150µm 2 .s -1 . 

D = 2µm 2 . s -1 D = 10µm 2 . s -1 D = 150µm 2 . s -1
L rel ∞ D = 2µm 2 . s -1 D = 10µm 2 . s -1 D = 150µm 2 . s -1
L rel 1 one.

Simple network geometry

The geometry here consists of three single canaliculi connected to a single Hering channel at their outlet. Two canaliculi correspond to the outermost pathways and therefore have a length set to L H,long = 18, l H = 324µm. The last canaliculus is identical to the one presented in section 5.3.2.3. The CLF concentration in each canaliculus is solved independently as presented in the previous section with a specific C out at the outlet corresponding to the concentration in the Hering channel. The CLF concentration in the Hering channel is also solved setting arbitrarily the length of the channel to be twice a cell length: L CH = 2l H . The same convection-diffusion equation, (5.4), applies to the Hering channel with the reaction term set to zero as no hepatocytes are aligned along this structure [START_REF] James | Bile formation and secretion[END_REF]. The inlet boundary condition is modified to correspond to the coupling with the canaliculi. This coupling is defined as:

C n out,j = C n CH,0 ∀canaliculi j, ∀n ∈ T (5.26)
with CH (resp. BC) standing for Hering channel (resp. bile canaliculus), C n CH,0 the concentration at the inlet of the Hering channel. The total mass entering the Hering channel 

L rel 1 D = 2µm 2 . s -1 PP MZ PC D = 10µm 2 . s -1 PP MZ PC D = 150µm 2 . s -1
corresponds to what leaves the different canaliculi, giving:

C n+1 CH,0 = C n CH,0 + ∆t   j∈BC Q Bi,j,N V CH C n Bi,j,N + D C n Bi,j,N -C n CH,0 ∆x 2 V Bi V CH - v CH,0 ∆x C n CH,0 + D C n CH,1 -C n CH,0 ∆x 2 C n+1 CH,1 = C n CH,1 + ∆t 1 ∆x v CH,0 C n CH,0 - 1 ∆x v CH,1 C n CH,1 + D C CH,0 -2C n CH,1 + C n CH,2 ∆x 2 C n CH,2 = C out,BD (5.27) 
with C out,BD the concentration in the bile duct.

This numerical scheme is stable under the following CFL condition:

∆t ≤ min        ∆x max i (v CH,i ) + 2D ∆x , ∆x max i (v Bi,i ) + 2D ∆x , ∆x v CH,0 + DV Bi V CH ∆x + D ∆x       
(5.28) Peri-central 1.28.10 -2 .s -1

Results

5.6.1 From blood to bile. Explaining the concentration curves in hepatocytes.

Including saturation for both exchanges explains best the experimental data

Among all test models, models A and D give the best experimental fits as they properly permit to reproduce the time of peak and its height without over-estimating the concentration at the end of the simulation. Figure 5.15 shows for each average hepatocyte-surrounding sinusoid group per zone the best fit obtained for both models. However, if both models give results within the standard deviation, model D gives a smaller deviation from the experimental data with the L 2 norm, table 5.5.

Since model D gave the lowest L 2 error, this model will be considered for the rest of the chapter.

Estimation of the quantity transported from blood into the cells An additional experimental data is included to the parameter estimation: the total quantity of CLF marker injected into the mouse. This quantity is compared with the simulated total quantity of CLF processed in the liver, under the assumptions listed in table 5.8.

Therefore, the total quantity transported from blood into a hepatocyte from t = 0 until bile canaliculi over time for each zone. If strong differences of curve behaviors between zones could be observed in hepatocytes (figure 5.9 right, middle) it is not the case in bile. The aim of the modeling study is therefore to propose a model that would not induce a spatial difference for the simulated concentrations in bile over the whole time. To do so, the effect of changes on the following modeling aspects are studied:

• the value of the diffusion constant D,

• the profile of the convection speed v Bi (constant vs. based on the osmotic model presented in section 5.3.2.2),

• the boundary conditions at the portal triads, C out ,

• the chosen geometry to represent the tissue architecture,

• the zones definition in the model on which the concentrations are averaged before being compared to experimental data.

Focus on a single tube

First of all, the case of the single tube, detailed in section 5.3.2.3, is studied to compare the average concentration profiles in each zone with the observed data.

Effect of diffusion vs. constant convection on the average profiles

To better understand the effect of diffusion vs. convection on the obtained average profiles, simulations of a convection-reaction equation (5.22) on the one hand, and of diffusion-reaction equation (5.20) on the other, are performed. Figure 5.16 presents the case of pure diffusion for several different diffusion constants D. In all cases, independently of the diffusion constant considered, the highest concentrations can be observed in the central area, where the canaliculus is closed. The lowest concentrations arise in the portal area, closest to the biliary tree in which the concentration is set to zero. On the contrary, the highest concentrations occur at the portal area when pure convection with a constant speed is considered, and the strongest decrease appears at the central area, figure 5.17. In both cases, those findings are expected as on the one hand diffusion drives particles from the most concentrated parts towards the lowest ones thus explaining the low decrease at the central area farthest from the biliary tree. On the other hand, convection is transporting the concentrations in the canaliculus therefore "collecting" all hepatocytes' inflow along the bile canaliculus which explains the lowest concentrations in the central area. The time of peak does not depend on space when the transport constants, either diffusion or convection speed, are high enough. As each of these parameters increases, the regional dynamics aline in time with each other. Also, except for the low diffusion constant value for which one would have to wait much longer to observe the decay of the signal, the overall dynamics is a rise in concentration, and a slower decrease after the peak, the rise and decrease being steeper when increasing the diffusion constant or convection speed. When the transport in the in canaliculus is fast enough, i.e. when the diffusion constant or convection speed are high, the dynamics in bile follows mostly that of hepatocytes. ). In this case, no CLF can leak out of the canaliculus, leading to concentrations too high compared to the experimental measurements. However, the spatial difference between the difference average concentration curves is strongly and quickly reduced, hinting that assuming C out > 0 at the liver outlet could reduce the spatial differences.

Effect of a non-constant convection speed on the simulated output of a convectionreaction equation: link to the osmotic pressure model When convection-reaction was first studied in paragraph 5.6.2.1, the convection speed was assumed constant. However, as detailed in section 5.3.2.2, hepatocytes can pour water into bile canaliculi due to osmosis [START_REF] James | Bile formation and secretion[END_REF]. Convection speed is therefore coupled to the osmotic pressure model with different hypotheses tested concerning bile salts concentration difference between hepatocytes and bile canaliculi. Diffusion is not considered in this model. Figure 5.19 shows the convection speed obtained for four studied cases, over time and space (with x = 0 closest to the central vein and x = 10 closest to the portal vein). All speed profiles display an increase over space with the highest speeds close to the liver outlet, due to mass conservation. The speed profile A is obtained by imposing a constant water inflow per hepatocyte corresponding to the total bile flow production, presented in section 5.3.2.2, divided by the total number of hepatocytes. The resulting speed profile increases linearly with space with the highest speeds closest to the portal area. Osmotic pressure models are applied in the three other cases with different assumptions made on the concentration difference of bile salts between hepatocytes and bile, ∆C BileSalts . Figure 5.19 B corresponds to ∆C BileSalts (t) = ∆[CLF ](t). As expected, the higher ∆C BileSalts (t), the higher the flow speed. Then, for figure 5.19 C and D, an additional term is added to ∆C BileSalts (t), to account for the osmotic water inflow generated by endogenous bile salts concentration difference between hepatocytes and bile canaliculi. Accessing experimentally such concentration difference is a challenge, therefore several hypotheses were tested. Here, the endogenous bile salts concentration difference is chosen based on estimations performed by biologists at IfADo. (5.37) with Λ a proportionality factor considered as a parameter.

The first three cases (A, B, C) show similar flow speeds with profiles B and C depending on both space and time. The corresponding concentration profiles obtained (figure 5.20 A, B and C) have similar behaviors. Moreover, the spatial difference between the average curves is strongly reduced compared with the pure diffusion or constant convection speed cases (figures 5.16 and 5.17). It is similar to the spatial difference introduced by pure diffusion with the highest concentration in the peri-central area. The slight differences between the simulated concentration curves are easily related to the speed profiles with a stronger decrease in figure 5.20 C corresponding to a higher speed than in A and B (figure 5.19).

On the contrary, case D displays higher flow speeds and even though the flow profile is time dependent (as it incudes ∆[CLF ](t)), this dependency can be neglected. This last case is defined to have the CLF average concentration curves per zone better match the experimental data (figure 5.20 D). The same spatial difference than in the pure convection with a constant speed case appears in this case, meaning that adding diffusion will help reducing it and that it should be possible to define a ∆C endogenous such that no spatial difference can be observed between the zones. With the studied single tube geometry, the whole canalicular network is reduced to the single tube. Yet, this network is three-dimensional and a strong limitation of the single tube model lies in the lack of the dense and intricate nature of the bile canaliculi network representation. Another spatial model consisting in a rough network of bile canaliculi, detailed in sections 5.3.2.3 and 5.5.2.2, is proposed. Additionally, from specific RICS experiments performed by Dr. Nachiket Vartak at IfADo, that will be detailed in a dedicated publication, diffusion alone seemed to be able to explain bile salts movement in a bile canaliculus. Hence, before considering both convection and diffusion, the goal is to understand how the change of geometry impacts diffusion and whether it can explain alone the experimental curves. To understand the effect of changing the geometry on the simulated output, step-wise changes in the spatial representation are applied and the resulting alterations on the average concentration curves are studied considering only pure diffusion with D = 10µm 2 .s -1 arbitrarily set.

Effect of the zones' sizes on the average profiles In a single tube, the zones definition is straight-forward, directly corresponding to experiments. In a simple network, several possibilities arise to define them. To better understand the impact of this choice on the simulated output, the relative sizes of the zones in a single tube are varied, figure 5.22. Independently of the zones sizes, the spatial difference of the concentration curves is present (figure 5. 22 A). Yet, when PC is extended to 80%, the spatial difference between MZ and PP curves is reduced compared with the "control" case, i.e. zones defined from the experimental data ( figure 5.22 D vs. figure 5.22 B). At the same time, the spatial difference in concentration increases between the curve in PC to those in MZ or PP, figure 5.22 D: at the peak, the difference of concentration between PC and PP zone (resp. MZ) is ∼ 1.6 10 5 nmol/L vs. ∼ 1.3 10 5 nmol/L (resp. ∼ 1.25 10 5 nmol/L vs. ∼ 4.5 10 4 nmol/L. Among all zone size studied cases, it presents the highest absolute concentration values explained by the biggest number of peri-central hepatocytes.

On the contrary, when PP is extended to 80% of the canaliculus (figures 5.22 E and F), the average concentration curves in MZ and PC are extremely close. This is expected as only one hepatocyte is present in each one of those zones. When the peri-central zone is extended to 80% (figures 5.22 C and D), this effect was also observed between the peri-portal and middle zones. Moreover, cutting the number of peri-central cells down leads to a reduction of the absolute concentrations. Finally, when MZ is extended to 80% (figures 5.22 G and H), the absolute concentrations are lower than the control case (figure 5.22 A) and the extended PC case (figure 5.22 C) but higher than the extended PP case (figure 5.22 E). This is expected as the MZ hepatocytes have a lower concentration than the PC hepatocytes but a higher one than the PP cells (figure 5.9 right column). The differences between PC and MZ and between MZ and PP (figure 5.22 H) are however similar to the control case (figure 5.22 B).

In the following, two situations are studied for the zones definition:

• independently of the canaliculus length, 30% corresponds to peri-central, 32% to middle and 38% to peri-portal to correspond to the measured percentages,

• the split between peri-central, middle and peri-portal is based on the shortest canaliculus (going directly from the central area towards the liver outlet), inducing a small pericentral and middle zones compared to the peri-portal area.

Considering canaliculi of different sizes The simple network described in section 5.3.2.3 consists in three connected canaliculi of different lengths to a Hering channel. To distinguish between the effect of the connection to a Hering channel and that of the different lengths on the simulated average concentrations, the simulation is run considering three canaliculi of different lengths directly connected to the liver outlet figure 5.23. In each tube, equation (5.19) is implemented and the average concentrations are then computed over the three canaliculi. The two zone definitions described in the previous section are also compared (figures 5.24 B and C). Changing the length does not impact the difference of the concentration profiles between the different zones. Moreover, the total concentration values are increased which is expected as the longer canaliculi has more hepatocytes therefore higher concentrations in the peri-central area.

However, to propose a consistent comparison of the model output with the experimental curves, the sizes of the zones (peri-portal, middle, and peri-central) have to be in accordance with the experimental zones. The zones sizes defined from the experiment consist in the percentage of the area of each zone. A consistent way to define the zones would be to conserve this split for each canaliculus considered, therefore conserving the total area percentages of each zone.

Connecting canaliculi to a Hering channel Finally, the canaliculi are connected to a Hering channel of length L CH = 36µm corresponding to two hepatocytes' lengths. In this situation, a "bottleneck" effect occurs that could be compared to having C out > 0 and C out time dependent. The case of a simple network made of three identical canaliculi of length L H = 10l H connected at the peri-portal end to a Hering channel of different radii is studied, equation (5.27). Figure 5.9 A displays the case without a canal of Hering, identical to the single tube output. Figure 5.9 B presents the average concentrations obtained with the Hering channel is assumed to have a radius r CH = 0.5µm = r Bi . In this case, the bottleneck effect is visible as the CLF concentration decay is slowed down. However, setting the correct radius for the channel with r CH = 3.9µm (figure 5.9 C) gives similar results than the single tube. This would hint that in case of pure diffusion, studying a single tube or a simple network gives the same results. Yet, only a few Hering channels are present in the liver lobule (8 per mm of lobule height as estimated by Armuta Vartak, IfADo, Germany). Therefore, the concentration present in the Hering channel would be significantly higher than the one observed when only three canaliculi feed it.

Simulating the Hering channel by adding a C out (t) in a single canaliculus model Changing the concentration at the liver outlet C out seems to reduce the concentration differences between the curves. Therefore, temporal function of C out is set to enhance this effect and have a concentration decrease nearly similar between zones. Several C out (t) functions have been tested (figure 5.25). Figure 5.26 shows the corresponding average concentration profiles for pure diffusion, with the diffusion coefficient set to best fit the experimental data, D = 1500µm 2 .s -1 or even higher D = 5000µm 2 .s -1 . To reduce the numerical scheme error, the space step is set to ∆x = √ ∆t min 2D. In this case, if the spatial difference between the curves can be reduced, the diffusion coefficient needed to be close to the experimental curves is too high compared to physiological values [START_REF] Sy Oh | Diffusion coefficients of single bile salt and bile salt-mixed lipid micelles in aqueous solution measured by quasielastic laser light scattering[END_REF]. The resulting concentrations have a behavior at the peak similar to the observations when C out (t) = C * Bi,P P (t), the observed concentration in the peri-portal area set at the liver outlet, as expected. Average concentration curves per zone for three canaliculi of same length (L = 180µm) directly connected to the biliary tree (top), connected to a Hering channel of radius r = 0.5µm (middle) and to a Hering channel of radius r = 3.9µm (bottom) in case of pure diffusion D = 10µm 2 .s -1 . Zones sizes are defined to conserve the percentages measured in the experimental data. Finally, in a simple network as for the single tube, it is possible to define a ∆C endogenous such that combined with D = 150µm 2 .s -1 , the average concentration profile is close to the experimental data, figure 5.10. In the single tube section 5.6.2.1, it was possible to define a convection speed coming from the osmotic pressure model combined with a diffusion constant D that would allow to explain the data. In the following, we focus on the effect of considering a simple network on this convection speed profile.

Discussion and Perspectives

Comparison of the convection speed profiles with total bile production

From the study of CLF movement through the liver micro-architecture, it seems that diffusion only cannot explain the experimental CLF concentration curves in bile canaliculi. From the single tube study, it was possible to determine two convection speed profiles that would permit to reproduce the experimental curves. The total water inflow, that corresponds to the sum of water flowing from all hepatocytes into bile canaliculi due to osmosis, is assumed equal to the total bile amount produced per day. Assuming the calibration curves correct, the total bile produced per day is computed for the Table 5.10: A. Speed profile in the canaliculi (long in red, short in green) over space with 0 the central area and 1 the liver outlet. As shown for the single tube, the time dependency of the speed can be neglected in this case as the water inflow corresponding to the CLF concentration difference is at the order of magnitude of 0.5µm.s -1 maximum closest to the portal vein for the short tube and 1µm.s -1 for the long tube, therefore much lower than the speeds simulated. Hence, the profile displayed in figure A for t = 0s can be assumed valid through the whole simulation. B. Corresponding concentration averages per zone. As for the single tube, besides at the peak, the two profiles are extremely close and the spatial difference observed in pure diffusion is not present here. 5.11. The bile amount simulated output is significantly higher than the measured one. However, the biliary tree is made of cholangiocytes, known to secrete or uptake water from bile [TMM + 13], to regulate the bile concentration. Moreover, bile is strongly concentrated in the gallbladder (from 5 to 10 fold more concentrated [START_REF] Robert | Surgical pathology of the GI tract, liver, biliary tract, and pancreas[END_REF]) where the measurements of total daily bile production were performed. Here, no water uptake is considered to scale up the total amount of produced bile for the convection speed profiles derived from the previous simulations. Therefore, instead of a factor 10 difference, only a factor 2 would remain between the simulated water inflow and the experimental one, or even lower if bile is also concentrated in the biliary tree. 2.02 10 -2 5.00 10 -4 -10.0 10 -4

Calibration curves

This study is based on the given calibration curves. The uncertainty of these curves can be controlled by ensuring that the settings are similar in the experiment designed to define the curve with those used to record the CLF profiles. For this mouse, some uncertainties arose concerning the settings applied during the CLF experiment compared to those used for the calibration curve. Indeed, for each experiment, the laser intensity, its gain and all the intensity acquisition settings are defined. Depending on the dose injected and the mouse movements or level of auto-fluorescence of the cells' cytoplasm those settings can slightly vary, to avoid saturation of the signal acquisition for example. Moreover, we show that an additional proportional coefficient is needed to have a modeled total CLF quantity equal to the injected one. Including this coefficient scales down the parameters, making them leave the physiological ranges. This work does not focus on the parameter values but more on the possible mechanisms explaining the observed concentration curves and the development of the associated framework that can be applied to new experiments.

Alternative metabolic models

Including the space of Disse

Located between hepatocytes and sinusoids, the space of Disse contains stellate cells, but also proteins and extra-cellular matrix to maximize exchanges between blood and hepatocytes. The fluorescent signal recorded allows to locate the space of Disse based on the signal intensity between sinusoids and hepatocytes, figure 5.27. The video resolution does not allow to have a precise estimation of the signal needed when modeling quantitatively the processes occurring in this compartment. Yet, it is possible to evaluate what would be the impact of taking into account this compartment in the model. Between blood and the space of Disse, diffusion of CLF is assumed with a non-symmetric equilibrium, i.e. equilibrium occurs when more CLF is in the space of Disse than in blood, as described by equation (5.38).

dC SD dt = P SD (C Bl (t) - C SD (t) α SD ) -v 1 V H V SD C SD (t) K 1 + C SD (t)
(5.38) CLF would then be taken up by hepatocytes, with an active transport with saturation (Michaelis-Menten like) as when no space of Disse is considered presented in section 5.3.1. Provided observations in this compartment, it could help to determine a unique set of parameters.

Including protein binding within hepatocytes' cytoplasm

Finally, another mechanism could be added into the model, binding of CLF to proteins within the cells' cytoplasm. This mechanism, reported in literature [START_REF] James | Bile formation and secretion[END_REF], would modify the ODE system for the cells concentrations, changing it into: with v 1 , K 1 , v 2 , K 2 the exchange parameters defined in section 5.3.1, K B and K uB the binding constants, c Hi the concentration of CLF in hepatocytes that has not been bound to a protein, c Hb the concentration of bound CLF, c Hub the concentration of unbound CLF and α Hb = 1 if bound CLF is fluorescent, 0 otherwise.

dc Hi dt = v 1 c Bl K 1 + c Bl -K B c
In this case, some of the parameters become hard to identify if no additional observation can be made, especially K B and K uB . Yet, if the proportion of bound CLF in cells' cytoplasm is known and can be added to the system, it would help determining those parameters but would likely not allow to define a unique set of parameters.

Comparison with Meyer et al.

To our best knowledge, only a single publication proposed a model of bile flow based on experimental data [MOB + 17]. In this publication, a fluorescent marker 6 -CF DA is injected along with Dextran in a mouse tail vein. 6 -CF DA is taken up and metabolized into CF, a fluorescent compound, by hepatocytes. A compartment model, based on ODEs, is fitted on intensities measured in vivo. Contrary to our approach, no calibration curve is applied here. If this calibration curve utterly depends on the experimental setting as well as on the fluorescent marker studied, our study underlines its non-linear nature that can have an impact on the experimental curves. Meyer et al. included a possible uptake of salts from bile canaliculi by hepatocytes, which for bile salts has not been reported in healthy liver [START_REF] Kullak-Ublick | Hepatic transport of bile salts[END_REF]. Therefore, all parameters, including those governing the bile movement processes have to be calibrated together, with very few observations, which reduces the reliability of the obtained values. Finally, the main difference with our work stands in the lack of diffusion modeling. Indeed, the expected two main processes responsible for the bile salts movement are convection due to osmosis and convection due to hepatocytes' contractility. As what is presented here in section 5.3.2.2, an osmotic pressure model is proposed in Meyer et al. [MOB + 17]. Where we chose literature values for the osmotic parameters, they were calibrated from experimental data on Fasudil treated mice, as Fasudil is known to inhibit contractions in Meyer et al. However, no specific experiments was designed to confront those findings. The difference between the convection speed simulated including osmotic pressure and the observed values in healthy mice is associated to the cells' contraction effect. This assumes that hepatocytes contract in a coordinated manner, which has been studied in vitro [SKM + 05, SOM + 85] but, to our knowledge, never demonstrated in vivo.

Conclusions and perspectives

In this chapter we studied an essential liver function: bile production. If the bile system is widely known at the macro-scale level [LLB + 07], very few works have focused on bile salts movement within the liver lobule. With the development of new technologies, among them intra vital microscopy, it is now possible to image an organ micro-architecture in a small living animal. This work is based on the analysis of intra vital microscopy images of CLF movement, from its metabolism by the liver to the movement of bile salts in the micro-architecture. A population approach is chosen to estimate the exchange parameters between hepatocytes, blood and bile to account for the cell-to-cell variability. Then, a system of ODEs is proposed to represent the concentration evolution in hepatocytes' cytoplasm. Based on reactions reported in literature and on the parameter calibration estimation output, exchanges following Michaelis-Menten kinetics (active reactions with saturation) are found to best represent CLF concentration curves measured in hepatocytes' cytoplasm. This system of ODEs is coupled to a convection-diffusion-reaction equation (PDE) representing CLF transport in bile. Two spatial discretization possibilities to represent the bile canalicular network are proposed: a single tube and a simple network. Numerical schemes applied to solve these equations are also presented. The numerical method proposed to deal with simple networks could be applied to deal with a given liver lobule biliary network. A step-wise transition from a single canaliculus to a simple network is detailed, to better understand the impact of the choice of spatial representation on the modeling output, in case of pure diffusion. Two hypotheses of processes responsible for bile salts movement are tested: diffusion and osmotic driven convection. Based on results obtained in a single tube and a rough biliary network, diffusion-reaction alone cannot explain the experimental concentration curves. Indeed, diffusion-reaction induces an amplitude difference in the simulated concentration curves which is not observed in the experimental data. Convection-reaction with constant speed has the exact opposite spatial effect and hence is not explaining the data either. However, it is possible to define a convection speed profile either arbitrarily or based on an osmotic pressure model and to combine it with diffusion such that the simulation can reproduce the data.

Finally, this model is based on the analysis of a single mouse dataset for which the image quality was found the best. Yet, it would need to be applied to other available datasets, after applying a preprocessing procedure to enhance the data quality. Among other things, a procedure to remove frames based on the noise due to the loss of focus or mouse movement could be included, combined with a registration procedure to remove movements in all directions. Some filters and image analysis processes have been tried within Fiji [SACF + 12] with mitigated success, stressing the need to develop specific methods. Moreover, no quantitative analysis of the parameters has been performed in this study as the main focus was to define whether a parameter set explaining the experimental curves could be found. No quantitative calibration procedure was performed to calibrate the diffusion coefficient D or the osmotic model parameters in this study. A least-square minimization of the error between the simulated and measured concentration curves could be implemented to propose a quantitative comparison of experiments and simulations. Then, studying the uniqueness of the parameter set determined with Monolix could be interesting to see whether this model can be used to predict metabolic behaviors in disease cases. A proper sensitivity analysis could be performed to determine whether enough observations are available, and which type of additional data would provide the most insight.

Additional experimental studies are being performed, with alternative fluorescent markers corresponding to different bile salts. This modeling framework can directly be used to model such new data and the challenge would therefore stand in proposing a set of parameters governing bile salts movement that would be consistent with all experiments.

Chapter 6 This thesis presents mathematical models to simulate liver function through blood detoxification and bile production, on a liver lobule (the smallest repetitive functional unit that constitute liver). First, we propose a versatile mathematical model focusing on blood detoxification. It includes a hemodynamics model coupled to a convection-reaction equation itself coupled to a system of ordinary differential equations modeling metabolism. Second, we present a mathematical model reproducing an experimental design to understand the processes responsible for bile acids movement within a liver lobule. Both models are based on experiments and built in close collaboration with biologists and medical doctors whose inputs have been capital. This thesis also demonstrates the potential of mathematical modeling to guide experiments, gain information on the micro-architecture from the observation of macro-scale concentration, pressure or flow values that can be measured, or, in the future, maybe by-pass animal experimentation by calibrating cells' metabolism models on in vitro data and predicting the in vivo toxicity level of a drug. Conclusions can be found at the end of each chapter; this chapter summarizes the main contributions of this thesis as well as perspective work.

Thesis conclusions and perspectives

Hemodynamics model and convection-reaction simulation

Blood detoxification by liver, and perfusion are closely related. Given a capillary network, a hemodynamics model is first presented. At the capillary level, the pulsation of the flow due to the heart can be neglected. Hence a steady-state model is considered and several hypotheses regarding the effect of erythrocytes on the flow are studied, namely (i) the effect of erythrocytes on apparent blood viscosity and (ii) plasma skimming that induces an uneven repartition of red blood cells in branches following a bifurcation. To do so, three "unit" geometries whose properties (radii, length) mimic blood detoxifying organs micro-architecture are first investigated and two networks are then studied: an asymmetric tree and a representative liver functional unit from [HBB + 10]. For all spatial temporal simulations studies we use representative liver lobules that are generated by sampling from statistical distributions of parameters that are defined to quantify the lobule micro-architecture in confocal micro-graphs. Indeed, even though 3D confocal micro-graphs of mouse or pig liver are available, simulating blood flow and transport directly in them is a challenge as boundary conditions of flow, pressure and concentrations would have to be set. The generated functional units permit to circumvent this issue. First, assimilating blood to plasma does not permit to reproduce average measured blood flow velocities in a single tube. Pries et al. have derived an empirical law linking the effective blood viscosity to the vessel radius and discharge hematocrit [PSG + 94]. When including this function to compute blood apparent viscosity, the measured average blood flow velocities can be reproduced in a tube. Another effect, called plasma skimming, related to the uneven split of red blood cells at bifurcations, has been reported in capillaries in vivo and in vitro [START_REF] Klitzman | Capillary network geometry and red cell distribution in hamster cremaster muscle[END_REF]. Several models have been proposed to mimic this effect accurately. Among them, two have held our attention. The first one, most widely used, is an experimentally derived law proposed by Pries et al. for bifurcations [START_REF] Ar Pries | Red cell distribution at microvascular bifurcations[END_REF]. The second is a linear law proposed by Gould and Linninger [START_REF] Ian | Hematocrit distribution and tissue oxygenation in large microcirculatory networks[END_REF]. Including any of these laws introduces differences in the simulated flow and pressure patterns. Independently of the law considered, the difference introduced by this effect on the average blood flow and pressure patterns is significantly lower than the difference introduced by sinusoidal dilatation, which can be observed in disease situations. Then, for specific initial conditions and anatomical features, even in simple bifurcations, the numerical algorithm aimed at determining the flow including Pries et al. plasma skimming law oscillates between two identical states, or groups of similar states which questions whether the flow is really stationary. Further investigations remain to be done in this direction, first determining whether an oscillating solution can be found by studying the dynamic system in a whole network with Pries et al. law? In liver, processes of interest are usually linked with ingested compounds or compounds naturally present in blood that are removed from the blood and metabolized by hepatocytes. These processes can last several hours and these fluctuations, when they are expected to have an important influence on an injected bolus, are not expected to alter significantly the function of the organ. In this case, it could be interesting to determine a solution of the temporal system and average it over a long period of time to define a flow solution that could be considered as the average flow in liver sinusoidal network. This raises the following question: can this average solution over time be linked to one of the states previously found with the numerical algorithm or to the solution obtained with the law of Gould and Linninger? Then, a finite volume numerical scheme both handling a network made of multi-furcations following one another and reducing numerical diffusion is proposed to simulate accurately a convection-reaction equation in such complex geometries. It incorporates flux limiters, non-linear approximations of the second order in space of the convection equation. The resulting error is significantly lower than that obtained with a first order scheme (upwind). In the rest of this work, most of the studied compounds are ingested (paracetamol) or produced by other organs and therefore naturally present in blood (ammonia). Their input profiles are either constant or extremely smooth and spanning over several hours. A first order scheme is, therefore, enough in these cases. When studying fluorescent bolus movement in liver micro-architecture, like that of CLF in the bile study, this numerical scheme is needed to ensure that any bolus shape alterations is only due to dispersion by the geometry or reactions with the surrounding hepatocytes.

Application to liver damage situations

This mathematical model is first applied on two studies: paracetamol intoxication and ammonia detoxification after paracetamol intoxication. In both studies, it permits to reproduce measurements. Both studies demonstrate the potential of mathematical modeling to guide experiments: measuring the CYPs activities in the APAP study, for example. The paracetamol intoxication application has given us the opportunity to focus on in vitro extrapolation of toxicity levels to in vivo ones. After underlining the major discrepancy between these levels, this work shows how a multi-scale mathematical model calibrated on in vitro data is able to reproduce in vivo experiments. Then, the mathematical model of ammonia detoxification underlines the importance of spatial representation. It is extended to fibrosis and steatosis, two clinically relevant disease situations underlining the importance of accounting for space when modeling blood detoxification. Indeed, anatomical changes alone can lead to an increase of ammonia concentration at the liver outlet which is extremely challenging to model with a well-stirred compartment. The here considered multi-scale model therefore permits to split the effect of an anatomical alteration from a change in metabolism on the simulated liver function. Yet, to set proper boundary conditions in micro-architecture models, concentration measurements have to be performed at the liver inlet which is a challenge to do in animals and would be difficult to ethically justify in humans. With the partial hepatectomy study, we propose a coupling of our micro-architecture model of liver function with a model of the systemic circulation. In this work, we apply this to study the effect of a micro-architectural change on systemic blood flows and pressures. However, coupled to body-scale model of metabolism it can be extended to study other functions such as ammonia detoxification and even simulate ammonia levels that would reach the brain. Additionally to this extension to the model, several other applications may be interesting to be investigated in the future. Among them, three are of highest interest:

• First, the proposed model can be used to test the ammonia detoxification capacity of designs of artificial liver lobule. This model would then help to downscale the number of experiments to the most promising ones.

• Then, hepatic dialysis machines helping liver to properly detoxify blood are under development. If their design, chemical reactions, etc... are fairly well determined, the minimum number of detoxifying units within the machine is still an unknown. This mathematical model could be directly applied to simulate metabolites concentration levels at the liver outlet as a function of the number of detoxifying units.

• Finally, the micro-macro scale model could be applied to a fibrotic or cirrhotic liver to better understand the effect of a surgical porto-caval systemic shunt (TIPS) performed to reduce the pressure within the liver. Indeed, some patients undergo encephalopathy following this surgery as the blood going through the shunt is not detoxified. This model could help to better understand the factors leading to such post-operative issues.

Evaluating the representativeness of a geometry

The case of fibrosis highlights that anatomical alterations alone can lead to change in simulated liver function. From the model presented in the second chapter, three main quantities are critical: branches' radii, branches' length and the number of intersections or total length of network. Technical limitations concerning the radius measurements do not permit us to directly use values extracted from image analysis alone. They are due to the studied confocal images resolution, the computation method that gives the radius lower bound, and, more importantly, to potential distortions of the capillaries' lumen due to the cutting of the liver tissue piece. Indeed, when a liver sample is cut out of the living animal and placed in a fixing solution, it is possible that the sample organization slightly changes altering the observed radius. To study the possible alterations of hemodynamics that may emerge from radius changes, literature radii values are considered in addition to the values measured in the confocal micro-graphs. The radii from literature are close to those we manually estimate from intra-vital videos of blood flow in liver capillaries. Moreover, the branches' radius is taken as a parameter that is calibrated based on hemodynamics simulations. The branches' length distribution as well as the total network length are then used to improve the generated representative lobules. First, we show that the lobule from [HBB + 10] is lacking connections and does not reproduce the branches' length distribution. Two networks are therefore generated, better reproducing the before-mentioned geometric indicators. The hemodynamics analysis permits to define an admissible radius among those studied, and it indicates that the lobule with the length distribution closest to the measured one also shows the most homogeneous flow distribution. Finally, ammonia detoxification is simulated. It is found that despite the geometrical differences the concentration levels at the liver outlet are similar for the studied geometries. This may arise from that liver function is critical for survival of the individual and therefore expected to be robust to changes of geometry up to a certain point. This could however not be the case for other liver functions.

6.4 Mathematical modeling to understand processes that cannot be directly measured, the example of bile flow Direct measurement of bile salts velocity in bile canaliculi is not possible. However, by injecting a bolus of fluorescent bile acid, CLF, in a living mouse, it is possible to track its movement through liver micro-architecture from its entrance via the blood towards its exit in bile canaliculi. The aim of this study is to determine whether diffusion or convection, or a mixture of both are responsible for bile acids' movement in bile canaliculi. We propose a mathematical model representing the experimental setting. It includes CLF uptake from blood and secretion into bile by hepatocytes, as well as its movement in two geometries representing the canalicular network: a single tube and a simple network. Exchange parameters in hepatocytes are calibrated on experimental concentration curves. We can reproduce experimental concentration curves in bile with a convection model, however pure diffusion alone was not able to reproduce the present experimental observations. This result is, however, subject to two important limitations. First, it is based on the analysis of a single mouse, and needs to be confirmed with the analysis of other animals. Second, it depends on a conversion curve translating fluorescence intensities into concentrations, which might in vivo differ from the calibration curve that was determined by in vitro experiments.

Rather than quantitatively explaining experimental data, we propose here an approach that demonstrates how mathematical models can help gain information on processes difficult to measure directly. This project, in collaboration, ongoing since more than 3 years, with biologists partners at IfADo, also underlines the difficulty of dealing with experimental data in living animals. Indeed, experimental setting design is an iterative process. An acceptable experimental setting has to produce reproducible results. Due to the extremely small size of canaliculi, several settings have first been tried before the one presented in this chapter. As the modeling approach is built upon this experimental design, several mathematical models have been developed on experimental settings that partially as a consequence of mismatches with modeling results, have been discarded. If this type of experiment gives reproducible results, all extracted concentration curves depend on the conversion function, that itself depends on the laser and image extracting settings. Further verification and validation experiments are currently ongoing, possibly requiring recalibrating of model parameters, while not impacting the modeling approach and developed numerical methods. Understanding how bile salts move in liver micro-architecture is a critical point to prevent the formation of stones in the micro-architecture. Among many other applications of this model is the study of stone formation due to the increase of cholesterol in pregnant women blood. Indeed, some women present bile stone formation during their pregnancy that could be linked to an alteration to a gene that impacts the uptake and excretion of cholesterol in bile. A mathematical model of bile flow coupled to a stone formation model, could permit to confirm the formation of stones due to this gene alteration, on the one hand, and on the other hand to help calibrate the treatment needed to prevent such formation.

Current challenges and perspectives

Finally, this thesis also underlines the difficulty to quantitatively compare microarchitectural models with experimental data or set accurate boundary conditions. Measurements of blood flow and pressure, as well as compound concentrations in blood at the liver lobule inlet are technically extremely challenging. Therefore, boundary conditions are set at the liver inlet, assuming that the total blood inflow divides equally in between all liver lobules and neglecting the effect of the arterial and portal venous trees on blood flow as well as on the dispersion of an injected or measured concentration bolus at the liver inlet. In this work, we therefore make the approximation that such trees are symmetric and the lobules connected to the venous and arterial trees are at the exact same tree generation. Moreover, as described by the chapter focusing on bile flow modeling, translating experimental observations into a quantity with which the model is either calibrated or to which it is confronted is also challenging. There is no optimal experimental setting to study the questions addressed in this thesis, each different design has its pros and cons. Ex vivo measurements can be distorted, in vitro measurements cannot easily be translated into in vivo ones and in vivo measurements are, here, mostly based on fluorescence intensity that needed to be converted into a concentration. However, despite such limitations and challenges that will have to be addressed in the future, the proposed model could be validated on a healthy and CCl4-intoxicated liver for ammonia detoxification, and permits to reproduce measured in vivo toxicity levels for APAP intoxication. Moreover, it is generic and can, in principle, be used to study any other compound's metabolism, or the effect of any geometrical alteration on the simulated metabolism. Finally, coupling this model to a macro-scale model accounting for the systemic circulation is a step towards the clinics as most measurements in patient are made in the systemic circulation and not at the liver inlet or outlet. Moreover, it permits to link micro-architectural anatomical alterations to macro-scale changes. No direct staining of endothelium could be used here. Hence, all other structures need to be reliably segmented and properly combined to get the sinusoids by subtraction. The segmentation pipeline applied to pig confocal scans is broken into three main steps: (1) isolating each structure using the available channels, (2) combining those images and extracting the sinusoidal network and (3) quantification. These main steps correspond to the boxes of figure A.1, and will be detailed separately. This stack had 112 slides in the beginning but only the ones in the range 3-61 could be used, which makes a total of 59 slides. Indeed, due to the changes in contrast along the stack (even in the same image) some slides had to be excluded. The beginning and the end of the stack are classically excluded as they present distortions because of the acquisition method.

Preliminary segmentation from channels This is the first step of the image analysis. A first segmentation of the main structures is obtained from the DAPI (C0) and Auto-Fluorescence channels (C1): sinusoids, portal and central veins, red blood cells and hepatocytes nuclei.

(A) Sinusoids from Auto-Fluorescence 1. Determine the background intensity by a Gaussian blur (radius ∼ 50 px) on C1 (Auto-fluorescence channel).

2. Remove the background intensity 1 from C1, and take the 32 bits image as result.

3. Adjust brightness, contrast and window level manually on 2, to make the sinusoids stand out.

4. Gaussian blur (radius ∼ 2 px) to remove noise from the image.

5. Apply an Otsu threshold on 4, keeping the darkest region of the sinusoids.

(B) Vein segmentation 1. Apply a Gaussian blur filter of radius 2 px on C1 (Auto-fluorescence channel) and convert the image to 8 bits.

2. Use TiQuant's pipeline for vein segmentation (see [START_REF] Friebel | Tiquant user guide[END_REF]) with 1 as input file, setting the parameters:

• Threshold: 35. Value determined testing different values manually in Fiji.

• Opening kernel radius: 6 px • Closing kernel radius: 0 px. The radius of the closing filter is set to 0 px to exclude the sinusoids connected to the vein from the segmentation.

• Central vein seed points: 2, because we have two central veins in this stack.

• Portal vein seed points: 0, because there is not portal vein in this stack. 3. Remove the vessels connected to the veins: usually, we obtain in the segmentation not only the central vein, but the segmentation of some vessels that are connected to it in any moment. If the previous steps do not permit to completely remove the connected sinusoids from the segmentation, the remaining vessels have to be manually removed.

(C) White dots (red blood cells segmentation)

1. Determine the background intensity by a Gaussian blur (radius ∼ 50 px) on C1 (Auto-fluorescence channel).

2. Remove the background intensity 1 from C1, and take the 8 bits image as result.

3. Apply a maximum entropy threshold on 2, keeping the highest intensities. This means the structures within blood that have a very high intensity (blood cells).

4. Dilate on 3. We use the process tool for binary image of Fiji, setting the parameter count as 1, and running 2 iterations.

5. Remove white dots around the central vein: dilate the Vein segmentation (B) 1 px during 45 iterations, and remove it from image 5. Due to the staining, the part close to the central vein has usually higher intensity and parts of cells' cytoplasm are kept into the segmentation with the threshold, hence have to be manually removed.

The usual strategy of applying a smoothing filter to better segment the structure of interest cannot be used here. Indeed, as white dots are small structures, smoothing could reduce their intensity and exclude them from the thresholding. Because of this, all bright pixels are included, which implies that the resulting image is noisy: many of those pixels are not of interest. However, this is something that will be solved when combining every image, because the real white dots will be added to the sinusoids, and the noise particles will be isolated, making it possible to remove them.

Hepatocytes nuclei have the same intensity in the channels, than the sinusoids. Therefore, when obtaining the preliminary sinusoids segmentation (A), the nuclei also appeared on it.

To remove them without removing roundish vessels mistakenly, a good segmentation of the nuclei is needed. From (C1) channel, a first segmentation of the nuclei is obtained, based in the roundness and size of the particles (D). However, a second and more specific one is needed to avoid the previous mentioned problem. This is obtained from the (C0) channel (the specific channel for hepatocytes nuclei), using TiQuant (E).

(A) Nuclei from Auto-Fluorescence 1. Determine the background intensity by a Gaussian blur (radius ∼ 50 px) on C1 (Auto-fluorescence channel).

2. Remove the background intensity 1 from C1, and take the 32 bits image as result.

3. Adjust brightness, contrast and window level manually on 2, to make the most nuclei as possible stand out. It is important not to apply Gaussian filters to remove the noise, because we can also lose some nuclei.

4. Apply an Otsu threshold on 3, keeping the most number of nuclei as possible. This implies also to keep the sinusoids (both are the darkest parts of the image). This is why we need the following step.

5. Selection of roundish particles (nuclei), on the image setting the parameters:

• Size: 0-150 px 2

• Circularity: 0.8-1.0 Create a new stack containing only these selected particles.

6. Remove noise from the new stack of 5: Remove particles with size smaller than 15 px 2 .

(B) Nuclei from TiQuant 1. Determine the background intensity by a Gaussian blur (radius ∼ 50 px) on C0 (DAPI channel).

2. Remove the background intensity 1 from C0, and take the 8 bits image as result.

3. Use TiQuant's pipeline for nuclei segmentation (see [START_REF] Friebel | Tiquant user guide[END_REF]) with 2 as input file, setting the parameters:

• Voxel resolution: 0.621 µm ×0.621 µm ×0.54 µm, because we are working with 20× magnifications images. 

I.

To fill the holes inside the sinusoids caused by red blood cells, Sinusoids from Auto-Fluo was added to White dots and to remove hepatocytes nuclei, Nuclei from Auto-Fluo was then subtracted. We obtained Sinusoids with white dots without nuclei from Auto-Fluo as a result.

II. Remove noise on I: Select the particles whose size is between 0-150 px 2 and circularity between 0.8-1.0 and remove them.

III. Get the nuclei that are inside or at the sinusoids border: the MATLAB script written by Yi Yin was applied to II with Nuclei from TiQuant the image providing nuclei information, giving Image after Yi Yin script.

IV. Remove the protruding part of the nuclei that are located at the border of sinusoids from the segmentation:

IV.1. Apply a watershed on the resulting image of.

IV.2. Select the particles on IV.1 with size between 0-150 px 2 and circularity between 0.8-1.0. A new image was created with only these particles: Nuclei from watershed.

IV.3. Remove Nuclei from watershed (IV.2) from Image after Yi Yin script (III), giving Sinusoids with white dots without nuclei from Auto and Water.

V. After the watershed, some roundish sinusoids could have been removed from the segmentation. They have to be included back. For this, Yi Yin MATLAB script was applied to IV.3 as main image, and Nuclei from watershed as the image providing nuclei information. We obtained as a result Image from Yi code 2 ×.

VI. Retouch V to remove noise and define structures, using the following 2D processing tools.

VI.1. Closing to remove small holes inside the sinusoids and close borders, setting parameters: radius as 1 px, 2 iterations.

VI.2. Remove the noise: Select and remove particles whose size is between 0-23 px 2 and circularity between 0.8-1.0.

VI.3. Opening on IV.2 with parameters: radius as 1 px, 1 iteration. VI.4. Remove holes inside the sinusoids, caused maybe by white dots or nuclei not well removed:

• Invert pixel values on VI.3, to make the holes inside the sinusoids eligible.

• Select particles smaller than 120 px 2 and fill them.

VII. Retouch VI to remove the noise and sinusoids and veins using 3D processing tools:

VII.1. Erode 3D on VI.4: Sometimes, the contrast is different from one slide to the following one, and it causes differences in z-direction. For example, sometimes a pixel has been correctly removed from a slide, but is still present in the previous or following slides. Erode 3D tool permits to remove such pixels as it reduces the segmentation size by a constant number of pixels on each and every slide.

VII.2. Dilate 3D on VII.1: Erosion permitted to remove pixels that were not present in each and every slide. However, it reduced the size of the segmentation. A dilation filter is therefore applied afterwards to increase the segmentation by a constant number of pixels in every direction. The resulting segmented areas are then identical to those in step VI.4 without the false positive removed by erosion.

VIII. White dots located within sinusoids removed during the watershed step were recovered using Yi Yin script in step V. Here, we focus on white dots out of sinusoids that were removed by the watershed but could not be included back in V. Some sinusoids have their lumen filled with red blood cells, hence of white dots. They are therefore never included in the segmentation with the previous steps. When we say "out of the sinusoids", we are referring to those situations.

VIII.1. Take from White dots (C) image, the white dots located out of the sinusoids, subtracting image VII.2 from image (C) White dots.

VIII.2. Remove small particles on VIII.1 : It means everything that could be considered as noise (this include also the dots around the central veins). Select the white dots whose size is between 0-49 px 2 and circularity between 0.0-0.64 and remove them. 

Septum segmentation

1. Make a selection (manually) on the Final stack segmentation (VIII.4) that contains the septum of every slide and create a new stack containing only this selection.

2. Remove small structures on 1 to keep only the septum.

3. If the septum has connected long sinusoids, cut them manually to obtain the most precise segmentation of septum as possible, and remove them. We should have only the septum now.

• In the visualization, two cells or nuclei can have the same color and be next to one another but still be two distinct objects.

• For the bile and blood networks, two objects with different colors means that there are part of two unconnected networks. The higher the number of colors, the more unconnected the resulting network, hence, the worse the segmentation. At the border of the stack (first and last image as well as borders in (x,y)) it can happen but it should not be the case in the middle.

5. Presence of holes in the segmentations: It is an issue for all segmented features but the veins for which the border is more important.

A.2.3 Work flow

A.2.3.1 Visualization of the datasets in ImageJ

This is mandatory in order to define whether the confocal scan quality is good enough to obtain a reliable segmentation, and in order to set the parameters.

A.2.3.2 Cutting

First of all, not all slices of the confocal scan can be used. The first and last ones usually have to be excluded as they are distorted because of the vibratome (tool used to physically cut the tissue piece).

A.2.3.3 CLAHE

This algorithm improves the signal by:

• amplifying the contrast between the background and the foreground,

• equalizing the signal among all stacks As a consequence, the noise is also amplified a little but it is not a problem for the segmentation.

A.2.3.4 Bile and Blood network segmentation

WARNINGS

• in 20×, the voxel size has to be of [0.621, 0.621, 0.54]

• in 60×, the voxel size has to be of [0.207, 0.207, 0.54]

• for the bile segmentation, sometimes some parts of the blood network remains after the subtraction. It is usually not a problem because they are not connected to the rest of the network but it is an issue if they are connected to the rest of the network. If this happens, it means that the blood segmentation is of poor quality.

• the opening filter shall be used with great care for the bile network as these structures are thin and the filter can therefore remove everything.

Outputs

• binary files to be used for the other segmentations

• overlay files for the visualization

• skeleton files needed for the graph extraction

Filter parameters There are two filters to preprocess the stacks:

• the gray-scale filter that can reduce the background signal

• the median filter that computes for each pixel the median of gray intensities of its neighbors and assigns it this value. It homogenizes the image and conserves the borders of the objects. Yet, it can induce some errors in the segmentation if the intensity of the noise is close to that of the "real" network.

Threshold parameters

• for the blood vessels' network, the adaptive ostu threshold permits to have a reliable segmentation, especially if the intensity is not very homogeneous in (x,y).

• for the bile network, it is usually better to use a manual thresholding set by testing the value in Fiji.

Inverse Hole Filling

The filter is counting the number of black pixels in volumes defined by the kernel radius parameter set by the user. If this number is higher than a majority threshold set by the user, then the pixel in the center will be black. The lower the majority threshold, the most probable for the pixel to be black.

Closing & opening These two algorithms work as follow: the closing filter smooths the boundaries of the segmented area while the opening sharpens the borders.

Remove small objects Some small objects remain in the final image that are not sinusoids or canaliculi and will be removed by a size criteria.

A.2.3.5 Vein segmentation

Region growing filter based on a seed point defined manually by the user.

Outputs

• an overlay image for the visualization • in general, if the segmentation is not working well on 20×, use the 60× tool but change the pixel size and kernel radius for the closing and opening

• in 20× watch for the quality of cells' classification

Pipeline output

• an overlay file for hepatocytes and for non-hepatocytes

• a bin file for hepatocytes and for non-hepatocytes

Preprocessing -filtering Those filters are the same as in the blood and bile segmentation. Yet, the median filter can be useful in this case to reduce the background.

Thresholding In this case the adaptive Otsu usually gives acceptable results. Otherwise, use the same method as for the bile and blood segmentation.

Inverse hole filling, closing and opening Similar to blood and bile segmentation.

Nuclei separation If two nuclei are touching one another, they need to be split. To do so, a watershed algorithm is used with one parameter, α, that defines the number of structures: the lower the alpha, the more split nuclei you will have. This value should be in [0.15, 0.2].

Usually it is not to be changed and relatively stable.

Remove and group objects

• biological values that shall not be changed

• we consider hepatocytes to have a diameter between 6µm and 20µm, and non hepatocytes cells to have one between 2.5µm and 7µm.

• For the cells that have a radius between 6µm and 7µm, then the roundish measurement is used. If the cell is roundish (i.e. circularity around 0.85) it is considered a hepatocyte otherwise it is classified as a non-hepatocyte.

A.2.3.7 Extract and Analyse Graph

WARNINGS

• in 20×, the voxel size has to be of [0.621, 0.621, 0.54]

• in 60×, the voxel size has to be of [0.207, 0.207, 0.54] of this model that is considered in our study. This section succinctly presents the main metabolic reactions to better understand the effect of anatomical alterations in liver microarchitecture on ammonia detoxification. More details can be found in [GCH + 15] and in [START_REF] Celliere | Multi-scale modeling of hepatic drug toxicity and its consequences on ammonia detoxification[END_REF].

Both ammonia, urea and glutamine enter the liver lobule via the blood at the portal veins and into hepatocytes by passive diffusion (equation (B.1)). In the peri-portal and middle zones, ammonia is detoxified via the urea cycle that consumes ammonia through the urea production reaction mediated by carbamoyl phosphate synthetase (CPS) (figure B.1). In the peri-portal area, glutamine also enters hepatocytes were it is transport into ammonia through glutaminase (GLNase) that is removed by the high capacity urea production reaction or re-enters blood. In the peri-central area, ammonia is transformed into glutamine via glutamine synthetase (figure B.1). Therefore, ammonia concentration can increase after the peri-portal area, in case of high ammonia production that diffuses into blood, and dramatically decreases after the peri-central area where is it transformed into glutamine. Glutamine, on the other hand, is consumed in the peri-portal area and produced in the peri-central area. In all compartments, ammonia can also be transformed into glutamate via a reaction mediated by glutamate dehydrogenase (GDH). This reaction is critical, especially after CCl4 intoxication [GCH + 15].

The mathematical model of ammonia metabolism in hepatocytes consists in a set of ordinary differential equations (ODEs) that is detailed in the appendix of [START_REF] Celliere | Multi-scale modeling of hepatic drug toxicity and its consequences on ammonia detoxification[END_REF].

of the cell's center, in cells assumed cubic. Then, the contact surface area between a sinusoidal node i and a hepatocyte j as follow:

       S H j,i = S H (j) Card(Γ H (j)) ∀i ∈ Γ H,j ∀j ∈ H S H j = 22 100 6(2r H (j)) 2 ∀j ∈ H (B.3)
with r H (j) the radius of a hepatocyte. It assumes that the total contact surface area S H between a hepatocyte and surrounding sinusoids is equally dividing between the connected sinusoidal nodes. In this study, we computed S H from the average measured percentage of cell surface in contact with sinusoids coming from image analysis [HHF + 14], multiplied by the hepatocyte's surface (assuming it is cubic). Finally, due to the presence of micro-villi in the cells' membrane in contact with the space of Disse, located between sinusoids and hepatocytes, this contact surface area can be multiplied by six [START_REF] Celliere | Multi-scale modeling of hepatic drug toxicity and its consequences on ammonia detoxification[END_REF].

1.1 Description of the liver anatomy. Located below the diaphragm and above the intestine (A), the liver is irrigated with arterial blood directly coming from the aorta and with venous blood leaving the digestive organs (B). The arterial blood enters the liver through the hepatic artery when the venous blood enters the liver through the portal vein (C). Blood leaves the liver in the hepatic vein connected to the inferior vena cava. Liver is made of functional units, lobules, of approximately hexagonal shape with blood flowing from the portal triads towards the central vein in the center. Hepatocytes are aligned along capillaries, sinusoids (D,E), where they take up and release molecules. Among them bile acids are excreted into bile canaliculi, leaving the lobule in the bile duct at the portal triads and the liver through the common bile duct and the gallbladder.

Images respectively from [sta, cir, liv, ele] . . . . . . . . . . . . . . . . . . . .

A compartment model (A

) is compared with a single tube along which are aligned detoxifying/reaction units (B), with a symmetric (C) and an asymmetric (D) models. Blood flow is simulated in each geometry imposing boundary conditions of flow at the inlet corresponding to a liver lobule and pressure at its outlet corresponding to average pressure in the vena cana. Highest pressures are observed at the inlet (red) and the lowest pressures are the outlet (blue). More details on both the blood flow and boundary conditions can be found in chapters 2, 3. The convection-reaction of an imposed constant concentration at the liver outlet is simulated and the concentrations at the geometry outlet are compared (F and G) for two different reaction terms. The inlet concentration is the same for all geometries and two reactions are studied: a constant removal of concentration from the blood (F) and a linear removal (G). If no differences are observed in the case of a constant removal of blood between the geometries, spatial representation may be important when considering a linear reaction parameter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2.1 Description of the studied geometries. A,B,C correspond to the simplest geometries that can be found in a capillary network with respectively one tube, one splitting bifurcation, one joining bifurcation and a double bifurcation. D corresponds to a simple binary tree generated applying Zamir's law [START_REF] Zamir | On fractal properties of arterial trees[END_REF]. E shows a liver lobule capillary network graph. In all figures, red stands for the blood inlet (liver lobules have here 6 inlets) and dark blue for the outlet. 
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2.9 Hemodynamics patterns in a simple asymmetric tree generated with Zamir's law [START_REF] Zamir | On fractal properties of arterial trees[END_REF] for α = 0.33, the inlet branch radius of r = 10µm and three generations representing the micro-architecture. A total inflow at the inlet is imposed such that the speed in the mother branch corresponds to average measurements of 138.8µm.s -1 . The pressure at the outlet is set to 1mmHg = 133P a. 

3.5

This figure describes the different geometries studied to mimic steatotic liver (A) through the radius reduction of the sinusoidal bed. Two situations are studied: either the pressure difference between the portal and central veins is kept constant during steatosis (D) leading to a change of total blood flow going through the lobule or the total inflow going through the liver lobule is kept constant (C). The sinusoids' radius reduction induces an increase of the lobule resistance (B) hence with the same ∆P imposed between inlet and outlet, less blood flows through the lobule when the radius is decreased and accordingly the delta pressure needed to have the same total blood flow going through the lobule increases. None of these changes affect the levels of ammonia at the liver outlet (E). However, a strong increase of blood speed in the liver leads to a high levels of glutamine at the liver outlet (F). . . . . . . . . . . . . . . . . . 

3.13

From confocal scans, presented in A with the green area corresponding to the autofluorescence, the blue dots to nuclei, the red lines to the endothelium, a representative pig liver lobule is generated (B and D). It includes a vascular septum at its border, modeled as a grid. Then, from a qualitative scoring procedure [BBA + 17b], some steatosis was observed at day one for most individuals (C) leading to the scenario G. Scenarios E and F are also generated, based on observations detailed in figure 3.12. . . . . . . . . . . . . . . . . . . . . . . . .

3.14

The resistance of each studied liver lobule (A) is computed with equation (3.3). B, and D display the simulated and measured blood flow in the portal vein and hepatic artery at the liver inlet before hepatectomy (day 0) and C and E at a day after surgery (day 1). The model can reproduce both measured flows before the surgery (B and D). This is expected as the parameters are calibrated such that these measurements can be reproduced. Yet, after hepatectomy, the simulated blood flow is too low compared to the measured value (E).

The pressure difference between the portal vein and the hepatic vein is also considered. Here, in both cases the model reproduces accurately Lobule 1 and in green Lobule 2. The standard deviation obtained in geometries with only three inlets are higher than for six inlets. Moreover, the average velocities are slightly higher for three inlets than for six. As expected, the lower the radius, the higher the blood flow speeds. Moreover, as more connections are present in Lobule 1 and Lobule 2 than in the Lobule 0, the average velocities are lower than for this geometry. . . . . . . . . . . . . . . . . . . . . . . . . . . Zones sizes are defined to conserve the percentages measured in the experimental data. . . . . 5.10 A. Speed profile in the canaliculi (long in red, short in green) over space with 0 the central area and 1 the liver outlet. As shown for the single tube, the time dependency of the speed can be neglected in this case as the water inflow corresponding to the CLF concentration difference is at the order of magnitude of 0.5µm.s -1 maximum closest to the portal vein for the short tube and 1µm.s -1 for the long tube, therefore much lower than the speeds simulated. Hence, the profile displayed in figure A for t = 0s can be assumed valid through the whole simulation. B. Corresponding concentration averages per zone. As for the single tube, besides at the peak, the two profiles are extremely close and the spatial difference observed in pure diffusion is not present here. . . . 5.11 Average bile production per hepatocyte as well as for the liver for the arbitrarily set convection speed, the arbitrarily set ∆C endogenous such that the concentration curves per zone would reproduce the data, and for the experimental data. It directly appears that the modeled amounts are ∼ 20 -40 times higher than the experimental measurement. . . . . . . . . . . . . . . . . . . . . . . . . . .
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Figure 2 . 2 :

 22 Figure 2.2: This figure describes how the volume of an intersection i is computed. It consists of the sum of the half of each connected segments' volume (red cylinders) added to the volume of the sphere with its radius set to the maximum of the connected edges (red circle) minus the intersection of the cylinders and the sphere (with transparent colors).

  .18) Dellimore et al. [DDC83] calibrated p to experimental measurements and identified a range of acceptable values for this parameter: [1.1, 1.8]. In the simulations p is set to 1.1.

Figure 2 .

 2 Figure 2.3: Figure A. Description of the stencils used to compute the numerical flux F i-1 2

  Figure B. Input functions observed in capillaries. In blue, concentration measured for a fluorescent marker in blood as in chapter 5, and in cyan the known Parker arterial input function, [PRM + 06].

Figure 2 . 4 :

 24 Figure 2.4: Comparison of different models of plasma skimming for diameter of mother branch d m = 7.5µm and of d 1 = 6µm in green and d 2 = 8µm in blue. Fenton's model gives the most extreme ratio of discharge hematocrit predictions. Dellimore's law is closest to a distribution of erythrocytes with the flow. Gould and Linninger's law (linear law) with M = 5.25 in equation (2.20), gives a prediction also close to a split of discharge hematocrit with the flow. Pries and Secomb's law and the linear law with M = 1.13 in equation (2.20) lead to the closest prediction to the measurements, round markers.

Figure 2 . 5 :

 25 Figure 2.5: Changes of blood flow simulated in splitting bifurcations described in table 2.6 when applying Pries and Secomb's law (blue) or the linear law with M = 1.13 (cyan) and M = 5.25 (green) relative to no plasma skimming. The hatched histograms correspond to the flow change in branch d 1 and the non-hatched ones to d 2 .

Figure 2 . 6 :

 26 Figure 2.6: Description of the tree generated with Zamir's law [Zam99], with lengths of L = 16.57µm and α = 0.4 at bifurcations.

Figure 2 . 7 :

 27 Figure 2.7: Hemodynamics patterns in a simple asymmetric tree generated with Zamir's law [Zam99] for α = 0.4, a mother branch radius of r = 10µm and three generations representing the micro-architecture. A total inflow at the inlet is imposed such that the speed in the mother branch corresponds to average measurements 138.8µm.s -1

  are significantly lower than those seen in the flow distribution (maximum of 4% in the pressure distribution for 10% in the flow distribution).
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 2 Figure 2.12: Differences in hemodynamics patterns between the two groups of obtained states for Pries and Secomb's plasma skimming in a liver lobule whose radii are drawn from a Gaussian distribution.Legend

Figure 2 . 14 :

 214 Figure 2.14: Standard deviation values of the computed flow distribution in red the standard deviation without plasma skimming, in blue with Pries and Secomb's law, and in green with the linear law. Introducing plasma skimming into the blood flow model leads to a more homogeneous flow, with the weaker homogenizing power for the linear law.
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 2 Figure2.18: Shape of the compound boluses considered: two extreme shapes with a Gaussian input (upper left, the smoothest) and a rectangular input (upper right), and two more realistic shapes with the arterial input function [PRM + 06] (lower left) and the concentration signal acquired in a mouse liver sinusoid in vivo (lower right). The time axis is constrained between 0 and 300 seconds to better underline the sharpness of these curves. The bolus amplitude is normed to the maximum concentration.

Figure 2 .

 2 Figure 2.20: Compound concentration at the outlet of a tube along which a row of cells is aligned for different times and numerical schemes. A depicts the case of convection being dominant over reaction and B the case of reaction overwhelming convection.A B

Figure 2 .

 2 Figure 2.21: Compound concentration at the outlet of a tube along which a row of cells is aligned. Different times are considered as well as a comparison of several numerical schemes and an analytic solution. A presents the case where convection overcomes reaction. B depicts the concentration obtained for a saturated uptake by the cells.

Figure 2 .

 2 Figure 2.22: Compound concentration at the outlet of a tube along which a row of cells is aligned. The considered exchange is a full Michaelis-Menten reaction term for parameters within the range for which the transition between linear and saturated is observed. Different times are considered as well as a comparison of several numerical schemes, no analytic solution can be computed in this case.

Figure 2 .

 2 Figure 2.23: Wall shear stress patterns for each one of the three studied lobule geometries: constant radius (top row), radius drawn from a Gaussian distribution (middle row), wider CV (bottom row) and in case of no plasma skimming (left column), in case of Pries plasma skimming law (middle column) and linear plasma skimming law (right column).
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 31145 Figure3.1: Description of the APAP model and the first modeling results going from in vitro towards in vivo, excluding the multi-scale approach. APAP is metabolised by hepatic cells (A) through a well-known metabolic pathway. The percentages of dead cells observed in vitro (B) are used to calibrate the metabolic parameters. A graph of the in vitro percentage of dead cells to the in vivo ones (B) directly shows that there is no equivalence between in vivo and in vitro toxicities. When only the correct temporal concentration input (C) is included in the model instead of considering a constant input, the simulated in vivo percentages of dead cells is similar to the in vitro output (D). However, when the correct activity levels of the enzymes detoxifying APAP into NAPQI, APAP-G and APAP-GS named CYPs is included in addition, the simulated percentages of dead cells are comparable to experimental measurements (E). Adapted from the thesis of Geraldine Celliere[START_REF] Celliere | Multi-scale modeling of hepatic drug toxicity and its consequences on ammonia detoxification[END_REF].APAP DETOXIFICATION MODEL

CHAPTER 14 .Figure 14 . 7 :Figure 14 . 8 :

 14147148 Figure 14.7: Prediction of the in vivo toxicity after paracetamol overdose, taking into account different exposures, and different CYP levels. Compared to Fig. 14.5, higher CYP levels in vivo are taken into account.In order to be able to reproduce the in vivo toxicity data, CYP1A2 activity is taken to be 6 fold higher, and CYP2E1 identical to the in vitro values.

Figure 1 :

 1 Figure 1: Pressure (C) and flow (D) pattern within the representative liver lobule (A-B). The spatial arrangement of the blood vessel network and the hepatocytes forming the representative liver lobule model is shown from the top (A) and from the side (B). The reconstruction is based on the quantification of histological images from mice liver (Hoehme et al., 2010). Using Poiseuille's law on each blood vessel segment and mass conservation at intersections, the pressure (C) and flow (D) can be calculated in the entire network, given appropriate boundary conditions. ASK NOEMIE]. The flow pattern displays a large transverse variability, with a large flow between the central and corners with the portal, and small flows between the central vein and corners without a portal vein (Fig. 1D). Because all paths from the portal vein to the central vein have the same pressure drop ( P ), and all sinusoids have the same radius (r), the flow (Q) is inversely proportional to the path length (L) according to Poiseuille's law: Q = ⇡r 4 P 8µ . 1 L with µ the fluid viscosity. Direct paths from the portal vein to the central vein thus have a large flow, while longer and more tortuous paths have a much smaller flow.

Figure 14 . 10 :

 1410 Figure 14.10: Prediction of the in vivo toxicity after paracetamol overdose, taking into account different exposures, different CYP levels and different tissue architectures between the in vitro and the in vivo situations. The PD model with modified CYP levels is run within each hepatocyte of a multi-scale model representing a liver lobule perfused by blood flow. The in vivo paracetamol exposure is applied as a boundary condition at the liver inlet. estimated clearance. This small concentration gradient leads to an only slightly lower toxicity (Fig. 14.10).
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 3334 Figure 3.3: This figure describes the multi-scale model proposed for ammonia detoxification and the corresponding results. A presents ammonia metabolism with its two main detoxification pathways. C depicts the flow profile obtained in the considered representative lobule in log scale with the highest flow values in red ∼ 10 4 µm 3 .s -1 and the lowest in blue ∼ 10 2 µm 3 .s -1 . B illustrates the coupling of both scales with detoxification in each cell and ammonia being transported by the simulated blood flow.The concentration profiles in blood for each studied time point are plotted in D and the corresponding ammonia concentration as well as glutamine concentration at the liver outlet are presented in E and F. In those histograms, the measured concentrations are in black (Expe). The concentration at the compartment outlet is showed in light green (Comp). The corresponding concentration at the representative lobule outlet with the parameters calibrated with the well-stirred compartment model is in yellow (MM Lob.). It underlines a discrepancy between the compartment model output and the spatial model output that is not statistically significant in this case. Additionally, it is possible to find a set of parameters re-calibrated such that the multi-scale model reproduces the experimental data (in dark green MM Lob. Recal.). Adapted from the thesis of Geraldine Celliere,[START_REF] Celliere | Multi-scale modeling of hepatic drug toxicity and its consequences on ammonia detoxification[END_REF] 

4 steatotic.

 4 µ plasma viscosity, L the sinusoid length and α = r 4 control . In such geometry, the ratio of resistances to the control one should be proportional to 1 r Now, when considering a sinusoid filled with blood and not plasma, the previous relationship becomes: r) the blood apparent viscosity and β(r steatotic ) = r 4 control µ(r control ) . Therefore, in this case the ratio of resistances to the control case is not proportional to 1 r 4 but to µ(r) r4 . The network follows the same behavior as a single sinusoid filled with blood and not only plasma andR steatotic R control ∼ µ(r steatotic )r 4 control µ(r control )r 4 steatotic in the lobule (figure 3.6).

Figure 3 . 5 :

 35 Figure 3.5: This figure describes the different geometries studied to mimic steatotic liver (A) through the radius reduction of the sinusoidal bed. Two situations are studied: either the pressure difference between the portal and central veins is kept constant during steatosis (D)leading to a change of total blood flow going through the lobule or the total inflow going through the liver lobule is kept constant (C). The sinusoids' radius reduction induces an increase of the lobule resistance (B) hence with the same ∆P imposed between inlet and outlet, less blood flows through the lobule when the radius is decreased and accordingly the delta pressure needed to have the same total blood flow going through the lobule increases. None of these changes affect the levels of ammonia at the liver outlet (E). However, a strong increase of blood speed in the liver leads to a high levels of glutamine at the liver outlet (F).

  Figure 3.6: R steatotic R control r 4 steatotic µ(r steatotic ) left and [Gln] steatotic [Gln] control R control R steatotic right as a function of the radius set in capillaries highlighting that the change of resistance seems proportional to µ steatotic r 4 steatotic

Figure 3

 3 Figure 3.7: Bright-field micro-graphs of a control liver (left) and a chronic CCl4 intoxication induced fibrotic liver (right) in mouse. In red the collagen fibers circling the central vein lumen and distorting the liver organization are seen. Image reproduced from [TZZ + 17].

Figure 3 . 8 :

 38 Figure 3.8: The figure describes a geometry generated to mimic geometric alterations due to fibrosis. A shows the studied geometry, the red parts highlighting areas where the permeability is set to zero, appearing in the CV-CV planes as it is the case in fibrosis 3.7. The loss of permeability in the CV-CV plane introduces a strong increase of the ammonia level and a lower glutamine level at the liver outlet. Part of those observations can be explained by the impairment of the glutamine synthetase metabolic reaction occurring only in the peri-central area (B and C).

3. 4 .

 4 Modeling partial hepatectomy (pHx) 97 following section.
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 310 Figure 3.10: This figure presents the considered liver lobule geometries in this study (A) in which a total blood inflow is imposed at the inlet (B). The corresponding lobule resistance is computed (C) as well as the ammonia and glutamine concentrations at the liver outlet (D and E).

Figure 3 .

 3 Figure 3.11: 0D hemodynamics model of the systemic circulation including the main organs: heart, lungs, digestive organs in which liver is modeled by three lobes with the same flow structure (arterial and venous trees with resistances R P V and R HA at the inlet feeding the sinusoids connected to the hepatic veins forming the hepatic venous tree) but different weights: removing two lobes corresponds to performing around 75% partial hepatectomy. In this model, the resistance R v stands for the sum of the liver micro-architecture resistance coming from the micro-scale model, with the hepatic venous tree resistance. The macro-scale hemodynamics scheme is presented, detailed in [APS + ed] and the image is adapted from [APS + ed].

  of all sinusoids by 15% (figure3.13 G).

  et al. in[START_REF] Zamir | On fractal properties of arterial trees[END_REF] introduced the use of α = r d1 r d2 to quantify the degree of asymmetry of the generated tree. Many networks have been generated with these laws. Among them, Zamir et al. generated a coronary arterial tree, Nordsletten et al. generated a network representing kidney [NBB + 06], Rossitti et al. generated a network representing brain [RL93], or also Frisbee et al. one in muscles [FWG + 11].

4. 2

 2 .1.1 Analysis of confocal micro-graphs In liver among other organs, staining and segmentations protocols have been proposed to quantify micro-architecture [HHF + 14, MNSMK + 15]. In this work, similar mouse strain as in Hammad et al. is considered and the staining and segmentation protocols presented by Hammad et al. [HHF + 14] are applied. Four markers are used to stain liver micro-architecture structures, namely: • DAPI (blue): staining the cells' nuclei.

Figure 4 . 1 :

 41 Figure 4.1: Confocal mouse liver images combined in A, and split by staining color. B is the DM channel where only the endothelium is stained, C is the GS channel in which tagged cells closest to the central vein (CV), D is the DAPI channel in which the cells' nuclei are marked and E is the DPPIV channel where the bile canaliculi and sinusoids are both stained.
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 42 Figure 4.2: Probability distribution of branch length from real liver tissue pieces (in black), in Lobule 0 (in blue), in Lobule 1 (orange) and Lobule 2 (green). It directly appears that the distribution of Lobule 0 strongly differs from that observed in a real lobule when in Lobule 1 it is closer and Lobule 2 nearly reproduces the distribution in a real lobule.
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 43 Figure 4.3: Three views of the generated liver lobules sinusoidal networks: top (A, D and G), side views: (B,E,H) and (C, F, I). In red are the nodes forming the blood flow inlets and in blue those forming the flow outlet.
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 44 Figure 4.4: H&E stained CCl4 intoxicated mouser liver tissue scans for two different levels of intoxications (highest in A). Hepatocytes around the central veins show a lighter color than the rest of the tissue. Around portal veins lumina no specific structures are observed making it straight-forward to identify central veins from portal veins.
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 46 Figure 4.6: Blood flow patterns in Lobule 0 for three inlets (left) and six inlets(right) highlighting the main flow pathways going directly from the portal veins towards the central vein.

  flow standard deviation for each studied geometry, with three and six inlets. Those values are significantly higher than blood flow means and medians (figure4.8 B and C). This is expected as flow distributions display very high frequencies for low flow values (below 510 3 µm 3 .s -1 ) and a few branches with very high flow values (generally close to the portal and central veins) (figure 4.6). Independently of the studied case, the highest variance is always obtained for the Lobule 0 when the lowest occurs in Lobule 2. This analysis suggests that Lobule 2 is more homogeneous than both other geometries. A box plot of each distribution, displaying the first and third quartiles, also highlight the lower spread of Lobule 2 distribution that of the others (figure 4.8 D).
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 48 Figure 4.8: Standard deviation (A), Mean (B), Median(C) and box plots showing the first and last quartiles computed for each geometry: Lobule 0, Lobule 1 and Lobule 2 for three inlets and six inlets and r = 3.61µm either constant or drawn from a Gaussian distribution. Independently of the statistical indicator studied, Lobule 2 appears to have the tightest distribution.
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 49 Figure 4.9: Ammonia concentration and glutamine concentration at the lobule outlet for two different geometries: Lobule 0 in blue and Lobule 1 in orange. Lobule 1 detoxifies slightly better ammonia than the Lobule 0 and the difference resides mostly in the peri-central area which explains the slight increase of glutamine concentration at the lobule outlet.
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 4 10 displays a frame of a 2D intra-vital microscope movie of a Tie-2 mouse liver micro-architecture. One can notice easily the sinusoids (green) by the means of the red fluorescence of the endothelium and

Figure 4 . 10 :

 410 Figure 4.10: Snapshot of an intra vital movie of a Tie-2 mouse liver micro-architecture. In blue the cells' nuclei, in green endothelium and red blood cells, in bright red bile canaliculi, highlighted by arrows are Kupffer cells.

Figure 5 . 1 :

 51 Figure 5.1: Several frames of the CLF signal over time in a mouse liver micro-architecture. It enters blood (A) where black dots are due to the passing of red blood cells in the sinusoids. It is then taken up by the cells (B), crossing the space of Disse (the bright line between blood and hepatocytes). Finally it is excreted into bile where the signal slowly decreases (C and D).
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 52 Figure 5.2: Description of four different models to explain concentration curves in hepatocytes based on concentrations measured in blood. Model A is the simplest, consisting in two active exchanges without saturation, while model D has the highest number of parameters as it includes saturation in both active exchanges. In between, models B and C include one active saturated exchange out of the two exchanges.

5. 4 .Figure 5 . 4 :

 454 Figure 5.4: Schematic layout of a representative bile canaliculus fed by ten hepatocytes aligned from central vein (CV) towards portal vein (PV). x axis is expressed in number of hepatocytes.

Figure 5 . 5 :Figure 5 . 6 :

 5556 Figure 5.5: Description of the assumption on the organization of hepatocytes along the portal vein-central vein axis in a liver lobule. Left: the region of three lobules that feed the same bile duct (central point, part of portal triad). The arrows indicate direction of bile flow along the hypothesized main pathways going from a central vein of one of three lobules connected to a bile duct. The hepatocytes, not shown, localized between these paths. Right: Magnification of the region of one of the three lobules feeding the central bile duct. The path length can be expressed in terms of hepatocyte diameters, L H = 10 for the shortest path, L H = 18 for the outermost (longest). L H are expressed in hepatocytes' lengths.

5. 4 .Figure 5 . 7 :

 457 Figure 5.7: Description of the segmentation performed on the in vivo recordings of CLF intensity. Two channels are recorded: a red channel where the TMRE signal appears, marking in red the cells' cytoplasm closest to the portal vein (Figure A.) and a green channel where the CLF intensity is recorder over time (Figure E shows a timeframe). From the TMRE signal, the portal (Figure C.) and central (Figure D.) zones are isolated (Figure B.). Then, sinusoids are isolated (Figure E. in red) to extract the CLF intensity in blood along with the neighboring hepatocytes (Figure E. in cyan) to extract the CLF intensity in hepatocytes. Finally, bile canaliculi are extracted for each zone (Figure E. in white, yellow and dark blue).
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 58 Figure 5.8: Fit of the calibration curve from intensities in 12Bit to concentrations in nmol/L for the applied microscope settings.

5. 4 .Figure 5 . 9 :

 459 Figure 5.9: Temporal curves of intensity (left) and the corresponding concentrations (right) in each compartment (blood at the top, hepatocytes in the middle and bile at the bottom) and for each zone (peri-portal in red, middle zone in green and peri-central in blue). The concentrations are around ten times higher than the corresponding measured intensities. The dynamic of the curves seem similar and will be further studied with figure 5.10.
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 510 Figure 5.10: Comparison of the dynamics of the intensity curves (blue) with the corresponding concentration curves (green) in each compartment: blood (left), hepatocytes (middle) and bile (right) in the peri-portal area. It can be noted that the intensity curves are sharper than the concentrations curves and decrease faster whereas the concentration peak is occurring at the same time in both cases. The amplitude of those temporal curves is divided to the maximum value obtained. The same behaviors are observed in the middle and peri-central areas.

  ) with Φ(•) set to as: Φ(r) = max(0, min(2r,0.5(1 + r),2)) (5.24) the MC flux limiter as it can handle different curve shapes[START_REF] Randall | Finite volume methods for hyperbolic problems[END_REF].
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 514 Figure 5.14: L 1 relative error of the solutions with ∆x Bile = l h to the solution with ∆x Bile = √ 2D∆t per zone for several diffusion constants.

Figure 5 .

 5 Figure 5.15: Fits of the average concentration curves in hepatocytes of different zones: peri-portal (top), middle zone (middle) and peri-central (bottom). model A and D are closest to the data and only model D is within the error margin (standard deviation of the measurements).

Figure 5 .

 5 Figure 5.16: Concentration profiles in each zone, defined based on the experimental data segmentation, when considering diffusion-reaction in a bile canaliculus closed at the central vein and assuming c out = 0 nmol/L at the bile duct (portal vein). Note that the data curves are overlapping

Figure 5 .

 5 Figure 5.18: Concentration profiles in each zone, defined based on the experimental data segmentation, considering pure diffusion in a closed bile canaliculus.

Figure 5 .

 5 Figure 5.19: Temporal speed profiles in the canaliculus corresponding to the concentration profiles illustrated in figure 5.20.

Figure 5 .

 5 21 D displays the solution with a convection speed linked to an osmotic pressure model assuming a quadratic function for ∆C endogenous , as in equation (5.37). Based on the conclusions drawn in the previous paragraph, diffusion is combined with the quadratic endogenous bile salt function of equation (5.37). It is therefore possible to find a diffusion constant and an osmotic pressure profile that reproduces the experiments.

Figure 5 .

 5 Figure 5.21: Concentration profiles of the best solution obtained in bile (left), the corresponding water inflow produced by hepatocytes into bile (middle) and the temporal speed profile (right). It depicts the solution obtained with a speed profile set to fit the data. The second row shows a solution of convection-diffusion with a speed profile due to osmotic pressure based on the concentration difference between bile and hepatocytes of CLF and endogenous bile salts.

Figure 5 .

 5 Figure 5.22: Description of the average concentration per zones in a single tube with different zone sizes (left). Quantification of the concentration differences between each zone (right).

Figure 5 .

 5 Figure 5.23: Description of the studied situation with three canaliculi of different length connected to the biliary tree. They therefore behave independently but can have different lengths which may impact the simulated average concentrations.

Figure 5 .

 5 Figure 5.24 displays the solution obtained with three different canaliculi of same size (A), and with two long canaliculi and a short one to mimic the pattern of figure 5.5 (B and C). The two zone definitions described in the previous section are also compared (figures 5.24 B and C). Changing the length does not impact the difference of the concentration profiles between the different zones. Moreover, the total concentration values are increased which is expected as the longer canaliculi has more hepatocytes therefore higher concentrations in the peri-central area.However, to propose a consistent comparison of the model output with the experimental curves, the sizes of the zones (peri-portal, middle, and peri-central) have to be in accordance with the experimental zones. The zones sizes defined from the experiment consist in the percentage of the area of each zone. A consistent way to define the zones would be to conserve this split for each canaliculus considered, therefore conserving the total area percentages of each zone.

Figure 5 .

 5 Figure 5.24: Average concentrations in each zone for three canaliculi directly connected to the biliary tree. Figure A corresponds to the single tube situation with three identical canaliculi, figure B to the case with conserved zones percentages and C to the case where the zones are defined based on the single tube model.

  Hi dc Hb dt = K B c Hi -K uB c Hb dc Hub dt = K uB c Hb -v 2 c Hub K 2 + c Hub c H = c Hi + c Hb α Hb + c Hub (5.39)

Figure 5 .

 5 Figure 5.27: Fluorescent marker signal at t = 50s. The high intensity line located between sinusoids (in black) and hepatocytes (in light green) can be associated to the signal in fluorescent markers.
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Figure A. 1 :

 1 Figure A.1: 3D confocal image analysis scheme. Three main steps are performed: (i) first segmentation of the main structures, (ii) combining the images and pre-processing to obtain the final stack segmentation, and (iii) preparation of the images for the quantification by TiQuant. Each box shows the main sub-steps of each step, using images examples.

  Combining images and post-processing This section details the combination and postprocessing steps performed before quantifying the resulting sinusoidal network. They correspond to box 3 of figure A.1.

VIII. 3 .

 3 Dilate white dots on image VIII.2 and add them to VII.2. VIII.4. Opening on VII.3 and remove the particles smaller than 15 px. The result is the Final stack segmentation shown in figure A.2.

Figure A. 2 :

 2 Figure A.2: Description of the final pig stack obtained after segmentation.

Figure B. 1 :

 1 Figure B.1: Description of ammonia metabolism by the liver lobule. Ammonia enters liver in the blood, in the peri-portal and middle zones, it is detoxified with the urea cycle incorporating glutaminase (GLNase) and carbamoyl phosphate synthetase (CPS). Glutamine synthetase (GS) occur in the peri-central area. Glutamine (Gln), ammonia (NH4) and urea concentrations are simulated with given experimental concentrations of N-acetylglutamate (NAG), glutamate (Glu) and α-ketoglutarate (aKG). Arrows represent reactions, round arrows regulations, and broken arrows transport processes. Adapted from [GCH + 15, Cel16].

2. 2

 2 This figure describes how the volume of an intersection i is computed. It consists of the sum of the half of each connected segments' volume (red cylinders) added to the volume of the sphere with its radius set to the maximum of the connected edges (red circle) minus the intersection of the cylinders and the sphere (with transparent colors). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2.3 FigureA. Description of the stencils used to compute the numerical flux F i-1 2for node i. The different stencils are displayed in dark blue, in case of two successive bifurcations with blood flowing from i -2 towards i. The line weight corresponds to the fraction of the blood flow crossing the bifurcation coming from the considered branch: the thicker the line, the higher the flow fraction, hence the higher the weight of the stencil. Figure B. Input functions observed in capillaries. In blue, concentration measured for a fluorescent marker in blood as in chapter 5, and in cyan the known Parker arterial input function, [PRM + 06]. 2.4 Comparison of different models of plasma skimming for diameter of mother branch d m = 7.5µm and of d 1 = 6µm in green and d 2 = 8µm in blue. Fenton's model gives the most extreme ratio of discharge hematocrit predictions. Dellimore's law is closest to a distribution of erythrocytes with the flow. Gould and Linninger's law (linear law) with M = 5.25 in equation (2.20), gives a prediction also close to a split of discharge hematocrit with the flow. Pries and Secomb's law and the linear law with M = 1.13 in equation (2.20) lead to the closest prediction to the measurements, round markers. . . . . . . . . . . . . 2.5 Changes of blood flow simulated in splitting bifurcations described in table 2.6 when applying Pries and Secomb's law (blue) or the linear law with M = 1.13 (cyan) and M = 5.25 (green) relative to no plasma skimming. The hatched histograms correspond to the flow change in branch d 1 and the non-hatched ones to d 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.6 Description of the tree generated with Zamir's law [Zam99], with lengths of L = 16.57µm and α = 0.4 at bifurcations. . . . . . . . . . . . . . . . . . . . .2.7Hemodynamics patterns in a simple asymmetric tree generated with Zamir's law[START_REF] Zamir | On fractal properties of arterial trees[END_REF] for α = 0.4, a mother branch radius of r = 10µm and three generations representing the micro-architecture. A total inflow at the inlet is imposed such that the speed in the mother branch corresponds to average measurements 138.8µm.s -1 . The pressure at the outlet is set to 1mmHg = 133P a. The flow in log scale, pressure, discharge hematocrit and wall shear stress patterns are presented for the obtained state. The plasma skimming law with Pries and Secomb leads to have a branch free of red blood cells in steady state when the linear law does not lead to strong changes. . . . . . . . . . . . . . . . . . . . 2.8 Left: Equivalent resistance of flow solutions when Pries and Secomb (in blue) and linear (in green) plasma skimming laws are applied for α ∈ [0.33, 1.0].Right: Focus on Pries and Secomb plasma skimming law with the definition of a zone within physiological ranges where a unique solution is obtained, light blue surface in function of α with a log scale. . . . . . . . . . . . . . . . . . . . . .

2. 20

 20 Compound concentration at the outlet of a tube along which a row of cells is aligned for different times and numerical schemes. A depicts the case of convection being dominant over reaction and B the case of reaction overwhelming convection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.21 Compound concentration at the outlet of a tube along which a row of cells is aligned. Different times are considered as well as a comparison of several numerical schemes and an analytic solution. A presents the case where convection overcomes reaction. B depicts the concentration obtained for a saturated uptake by the cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2.22Compound concentration at the outlet of a tube along which a row of cells is aligned. The considered exchange is a full Michaelis-Menten reaction term for parameters within the range for which the transition between linear and saturated is observed. Different times are considered as well as a comparison of several numerical schemes, no analytic solution can be computed in this case. 2.23 Wall shear stress patterns for each one of the three studied lobule geometries: constant radius (top row), radius drawn from a Gaussian distribution (middle row), wider CV (bottom row) and in case of no plasma skimming (left column), in case of Pries plasma skimming law (middle column) and linear plasma skimming law (right column). . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1 Description of the APAP model and the first modeling results going from in vitro towards in vivo, excluding the multi-scale approach. APAP is metabolised by hepatic cells (A) through a well-known metabolic pathway. The percentages of dead cells observed in vitro (B) are used to calibrate the metabolic parameters. A graph of the in vitro percentage of dead cells to the in vivo ones (B) directly shows that there is no equivalence between in vivo and in vitro toxicities. When only the correct temporal concentration input (C) is included in the model instead of considering a constant input, the simulated in vivo percentages of dead cells is similar to the in vitro output (D). However, when the correct activity levels of the enzymes detoxifying APAP into NAPQI, APAP-G and APAP-GS named CYPs is included in addition, the simulated percentages of dead cells are comparable to experimental measurements (E). Adapted from the thesis of Geraldine Celliere [Cel16]. . . . . . . . . . . . . . . . . . . . . . . 3.2 Description of the multi-scale modeling approach studied to simulate APAP intoxication in a representative liver lobule. APAP metabolism (A), modeled as an ODE system, is implemented in each cell in the representative lobule with parameters drawn from Gaussian or log-normal distributions. APAP is transported in the liver micro-vasculature (B) by a steady-state blood flow with boundary conditions of imposed flow at the inlet and imposed pressure at the outlet. The APAP concentration in the vasculature along with the ATP concentration in hepatocytes is plotted for different time points (C). When ATP concentration decreases below a threshold, the hepatocyte dies and is not visible. Simulated fractions of dead cells after 24hours are slightly lower than those of figure 3.1 E but still comparable to experimental measurements (D). Adapted from the thesis of Geraldine Celliere [Cel16]. . . . . . . . . . . . . . . 3.3 This figure describes the multi-scale model proposed for ammonia detoxification and the corresponding results. A presents ammonia metabolism with its two main detoxification pathways. C depicts the flow profile obtained in the considered representative lobule in log scale with the highest flow values in red ∼ 10 4 µm 3 .s -1 and the lowest in blue ∼ 10 2 µm 3 .s -1 . B illustrates the coupling of both scales with detoxification in each cell and ammonia being transported by the simulated blood flow. The concentration profiles in blood for each studied time point are plotted in D and the corresponding ammonia concentration as well as glutamine concentration at the liver outlet are presented in E and F. In those histograms, the measured concentrations are in black (Expe). The concentration at the compartment outlet is showed in light green (Comp). The corresponding concentration at the representative lobule outlet with the parameters calibrated with the well-stirred compartment model is in yellow (MM Lob.). It underlines a discrepancy between the compartment model output and the spatial model output that is not statistically significant in this case. Additionally, it is possible to find a set of parameters re-calibrated such that the multi-scale model reproduces the experimental data (in dark green MM Lob. Recal.). Adapted from the thesis of Geraldine Celliere, [Cel16] . . . . . . . . . . . . . . . . . . . . . . . . . 3.4 Electron microscopy images of a control liver (A) and a steatotic liver (B). S marks sinusoids lumen that are reduced when lipid droplets are present in hepatocytes' cytoplasm (B). Image reproduced from [FTM08]. . . . . . . . . .
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 4 steatotic [Gln] control R control R steatoticright as a function of the radius set in capillaries highlighting that the change of resistance seems proportional to when it is not the case for glutamine concentration. . .3.7Bright-field micro-graphs of a control liver (left) and a chronic CCl4 intoxication induced fibrotic liver (right) in mouse. In red the collagen fibers circling the central vein lumen and distorting the liver organization are seen. Image reproduced from [TZZ + 17]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . List of Figures 3.8 The figure describes a geometry generated to mimic geometric alterations due to fibrosis. A shows the studied geometry, the red parts highlighting areas where the permeability is set to zero, appearing in the CV-CV planes as it is the case in fibrosis 3.7. The loss of permeability in the CV-CV plane introduces a strong increase of the ammonia level and a lower glutamine level at the liver outlet. Part of those observations can be explained by the impairment of the glutamine synthetase metabolic reaction occurring only in the peri-central area (B and C). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.9 Analysis of liver micro-vasculature at different time points after partial hepatectomy. The left column considers all available animals to compute the median and quartiles when the right column splits the results per animal (each color representing a different individual). Dead ends correspond to nodes with a single neighbor when intersections are nodes with more than two neighbors. The average length of branch is taken for branches that are not dead ends. In all this, the effective volume stands for the total volume of the data set without the volume of the veins. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.10 This figure presents the considered liver lobule geometries in this study (A) in which a total blood inflow is imposed at the inlet (B). The corresponding lobule resistance is computed (C) as well as the ammonia and glutamine concentrations at the liver outlet (D and E). . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.11 0D hemodynamics model of the systemic circulation including the main organs: heart, lungs, digestive organs in which liver is modeled by three lobes with the same flow structure (arterial and venous trees with resistances R P V and R HA at the inlet feeding the sinusoids connected to the hepatic veins forming the hepatic venous tree) but different weights: removing two lobes corresponds to performing around 75% partial hepatectomy. In this model, the resistance R v stands for the sum of the liver micro-architecture resistance coming from the micro-scale model, with the hepatic venous tree resistance. The macro-scale hemodynamics scheme is presented, detailed in [APS + ed] and the image is adapted from [APS + ed]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.12 H&E stained histological pig stacks showing differences in the micro-architecture after partial hepatectomy. A -no dilatation can be observed in healthy tissue and in B -dilatation of the sinusoids after pHx can be seen in the middle of the lobule. Due to the presence of a vascular septum in pig liver, the border of the lobules is visible (light pink). . . . . . . . . . . . . . . . . . . . . . . . . .

  the measured pressure drops (B and C) for scenario 1. . . . . . . . . . . . . . . . . . . . . . 4.1 Confocal mouse liver images combined in A, and split by staining color. B is the DM channel where only the endothelium is stained, C is the GS channel in which tagged cells closest to the central vein (CV), D is the DAPI channel in which the cells' nuclei are marked and E is the DPPIV channel where the bile canaliculi and sinusoids are both stained. . . . . . . . . . . . . . . . . . . . . . 4.2 Probability distribution of branch length from real liver tissue pieces (in black), in Lobule 0 (in blue), in Lobule 1 (orange) and Lobule 2 (green). It directly appears that the distribution of Lobule 0 strongly differs from that observed in a real lobule when in Lobule 1 it is closer and Lobule 2 nearly reproduces the distribution in a real lobule. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.3 Three views of the generated liver lobules sinusoidal networks: top (A, D and G), side views: (B,E,H) and (C, F, I). In red are the nodes forming the blood flow inlets and in blue those forming the flow outlet. . . . . . . . . . . . . . . 4.4 H&E stained CCl4 intoxicated mouser liver tissue scans for two different levels of intoxications (highest in A). Hepatocytes around the central veins show a lighter color than the rest of the tissue. Around portal veins lumina no specific structures are observed making it straight-forward to identify central veins from portal veins. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.5 Pressure differences between liver lobule inlets (median) and outlet for each studied geometry. In blue, the Lobule 0, orange Lobule 1 and green Lobule 2. Depending on the radii and the number of inlets (hatches represent the case of six inlets), the pressure difference can vary from a few pascals to more than a thousand. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.6 Blood flow patterns in Lobule 0 for three inlets (left) and six inlets(right) highlighting the main flow pathways going directly from the portal veins towards the central vein. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.7 Average blood flow velocities in each geometry: in blue the Lobule 0, in orange
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 8 Standard deviation (A), Mean (B), Median(C) and box plots showing the first and last quartiles computed for each geometry: Lobule 0, Lobule 1 and Lobule 2 for three inlets and six inlets and r = 3.61µm either constant or drawn from a Gaussian distribution. Independently of the statistical indicator studied, Lobule 2 appears to have the tightest distribution. . . . . . . . . . . . . . . . 4.9 Ammonia concentration and glutamine concentration at the lobule outlet for two different geometries: Lobule 0 in blue and Lobule 1 in orange. Lobule 1 detoxifies slightly better ammonia than the Lobule 0 and the difference resides mostly in the peri-central area which explains the slight increase of glutamine concentration at the lobule outlet. . . . . . . . . . . . . . . . . . . . . . . . . 4.10 Snapshot of an intra vital movie of a Tie-2 mouse liver micro-architecture. In blue the cells' nuclei, in green endothelium and red blood cells, in bright red bile canaliculi, highlighted by arrows are Kupffer cells. . . . . . . . . . . . . . 5.1 Several frames of the CLF signal over time in a mouse liver micro-architecture. It enters blood (A) where black dots are due to the passing of red blood cells in the sinusoids. It is then taken up by the cells (B), crossing the space of Disse (the bright line between blood and hepatocytes). Finally it is excreted into bile where the signal slowly decreases (C and D). . . . . . . . . . . . . . . . . . . . 5.2 Description of four different models to explain concentration curves in hepatocytes based on concentrations measured in blood. Model A is the simplest, consisting in two active exchanges without saturation, while model D has the highest number of parameters as it includes saturation in both active exchanges. In between, models B and C include one active saturated exchange out of the two exchanges. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.3 Description of the water inflow going from the hepatocytes into bile due to osmosis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.4 Schematic layout of a representative bile canaliculus fed by ten hepatocytes aligned from central vein (CV) towards portal vein (PV). x axis is expressed in number of hepatocytes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5 Description of the assumption on the organization of hepatocytes along the portal vein-central vein axis in a liver lobule. Left: the region of three lobules that feed the same bile duct (central point, part of portal triad). The arrows indicate direction of bile flow along the hypothesized main pathways going from a central vein of one of three lobules connected to a bile duct. The hepatocytes, not shown, localized between these paths. Right: Magnification of the region of one of the three lobules feeding the central bile duct. The path length can be expressed in terms of hepatocyte diameters, L H = 10 for the shortest path, L H = 18 for the outermost (longest). L H are expressed in hepatocytes' lengths. 5.6 Description of the simple network discretization, showing the three canaliculi connected to a channel of Hering, each one fed by a row of hepatocytes. . . . 5.7 Description of the segmentation performed on the in vivo recordings of CLF intensity. Two channels are recorded: a red channel where the TMRE signal appears, marking in red the cells' cytoplasm closest to the portal vein (Figure A.) and a green channel where the CLF intensity is recorder over time (Figure E shows a timeframe). From the TMRE signal, the portal (Figure C.) and central (Figure D.) zones are isolated (Figure B.). Then, sinusoids are isolated (Figure E. in red) to extract the CLF intensity in blood along with the neighboring hepatocytes (Figure E. in cyan) to extract the CLF intensity in hepatocytes. Finally, bile canaliculi are extracted for each zone (Figure E. in white, yellow and dark blue). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.8 Fit of the calibration curve from intensities in 12Bit to concentrations in nmol/L for the applied microscope settings. . . . . . . . . . . . . . . . . . . . . . . . . 5.9 Temporal curves of intensity (left) and the corresponding concentrations (right) in each compartment (blood at the top, hepatocytes in the middle and bile at the bottom) and for each zone (peri-portal in red, middle zone in green and peri-central in blue). The concentrations are around ten times higher than the corresponding measured intensities. The dynamic of the curves seem similar and will be further studied with figure 5.10. . . . . . . . . . . . . . . . . . . . 5.10 Comparison of the dynamics of the intensity curves (blue) with the corresponding concentration curves (green) in each compartment: blood (left), hepatocytes (middle) and bile (right) in the peri-portal area. It can be noted that the intensity curves are sharper than the concentrations curves and decrease faster whereas the concentration peak is occurring at the same time in both cases. The amplitude of those temporal curves is divided to the maximum value obtained. The same behaviors are observed in the middle and peri-central areas. . . . . 5.11 Focus on two hepatocytes (bottom) with the corresponding surrounding sinusoids (top). The signal in blood is smoothed with a gliding median to reduce the noise (blue). A phenomenological fit (black) is also tried but does not give reliable enough results and was therefore not used afterwards. . . . . . . . . . 5.12 Average concentrations measured in each compartment: blood (top row), hepatocytes (middle row) and bile(right row), for each zone: peri-portal (left), middle zone (green) and peri-central (blue). . . . . . . . . . . . . . . . . . . . 5.13 L ∞ and L 1 relative errors to the solution with ∆x Bile = √ 2D∆t, considered as the gold standard to be closest to CF L ∼ 1, for the solution with space step ∆x Bile = 18µm in case of pure diffusion with D = 2µm 2 .s -1 , D = 10µm 2 .s -1 and D = 150µm 2 .s -1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.14 L 1 relative error of the solutions with ∆x Bile = l h to the solution with ∆x Bile = √ 2D∆t per zone for several diffusion constants. . . . . . . . . . . . . . . . . . 5.15 Fits of the average concentration curves in hepatocytes of different zones: periportal (top), middle zone (middle) and peri-central (bottom). model A and D are closest to the data and only model D is within the error margin (standard deviation of the measurements). . . . . . . . . . . . . . . . . . . . . . . . . . . 5.16 Concentration profiles in each zone, defined based on the experimental data segmentation, when considering diffusion-reaction in a bile canaliculus closed at the central vein and assuming c out = 0 nmol/L at the bile duct (portal vein). Note that the data curves are overlapping . . . . . . . . . . . . . . . . . . . . 5.17 Concentration profiles in each zone, defined based on the experimental data segmentation, when considering convection-reaction equation in a bile canaliculus closed at the central vein. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.18 Concentration profiles in each zone, defined based on the experimental data segmentation, considering pure diffusion in a closed bile canaliculus. . . . . . 5.19 Temporal speed profiles in the canaliculus corresponding to the concentration profiles illustrated in figure 5.20. . . . . . . . . . . . . . . . . . . . . . . . . . 5.20 Concentration profiles in each zone, defined based on the experimental data segmentation, considering a convection-reaction equation in a bile canaliculus. Convection speed comes from the water inflow by hepatocytes defined by a model of osmotic pressure. A represents the concentration curves obtained with a constant water inflow, B with a water inflow profile coming from the osmotic pressure model assuming the delta bile concentration equal to the CLF concentration difference. In C a delta concentration including a constant value corresponding to the endogenous bile salts and in D a quadratic difference in space of concentration for the endogenous bile salts. . . . . . . . . . . . . . . 5.21 Concentration profiles of the best solution obtained in bile (left), the corresponding water inflow produced by hepatocytes into bile (middle) and the temporal speed profile (right). It depicts the solution obtained with a speed profile set to fit the data. The second row shows a solution of convection-diffusion with a speed profile due to osmotic pressure based on the concentration difference between bile and hepatocytes of CLF and endogenous bile salts. . . . . . . . . 5.22 Description of the average concentration per zones in a single tube with different zone sizes (left). Quantification of the concentration differences between each zone (right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.23 Description of the studied situation with three canaliculi of different length connected to the biliary tree. They therefore behave independently but can have different lengths which may impact the simulated average concentrations. 5.24 Average concentrations in each zone for three canaliculi directly connected to the biliary tree. Figure A corresponds to the single tube situation with three identical canaliculi, figure B to the case with conserved zones percentages and C to the case where the zones are defined based on the single tube model. . . 5.25 Temporal evolution of the concentration at the portal triads C out (t) chosen to reduce the spatial differences between the average concentration curves. . . . 5.26 Average concentrations obtained in each zone for different values of coefficient D, 1500µm 2 .s -1 , 5000µm2 .s -1 and 7500µm 2 .s -1 and for two functions C out (t) considered, displayed in figure 5.25. . . . . . . . . . . . . . . . . . . . . . . . 4.1 Table presenting all indicator values used to generate and evaluate the representative lobule comparing the values used to generate Lobule 0 and the ones coming from the last segmentation and statistics study performed within this thesis with the image analysis tool TiQuant. Quantities such as the total length of sinusoids in a liver lobule or the number of intersections are computed by multiplying the measured total sinusoidal length (resp. number of intersections) per tissue volume by the volume of the representative liver lobule. . . . . . . . 5.1 List of notations used in this chapter . . . . . . . . . . . . . . . . . . . . . . 5.2 Parameter description to compute the water inflow due to osmotic pressure. . 5.3 Summary of parameter values for K 1 found in literature . . . . . . . . . . . . 5.4 Summary of parameter values for K 2 found in literature . . . . . . . . . . . . 5.5 L 2 relative error between the obtained fitted curves (model A and model D) and the average curves of the experimental data. It highlights that model D is closer to data than model A. . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.6 Exchange parameters obtained by the fit of the hepatocytes concentration curves taking as model input the blood concentration curves in each zone for model A.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.7 Exchange parameters obtained by the fit of the hepatocytes concentration curves taking as model input the blood concentration curves in each zone for model D. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.8 Hypotheses to evaluate the total CLF processed by liver . . . . . . . . . . . . 5.9 Average concentration curves per zone for three canaliculi of same length (L = 180µm) directly connected to the biliary tree (top), connected to a Hering channel of radius r = 0.5µm (middle) and to a Hering channel of radius r = 3.9µm (bottom) in case of pure diffusion D = 10µm 2 .s -1

  

  

  

  

  

  

  

  

  

  

  Validation of the proposed model on experiments and application to simulate blood detoxification in a damaged liver With both a blood flow model and the convectionreaction equation resolution in a liver lobule geometry, the proposed mathematical model of the liver function is coupled to cells' metabolism. Mathematical models of these two studied compounds metabolism have been proposed byCelliere et al. [GCH + 15, Cel16]. In this work, we have coupled those metabolic reactions implemented in each hepatocyte present in the representative liver lobule of [HBB + 10], to the convection-reaction equation simulating the compound transport in blood. This application is based on experiments. The modeling output results are compared with measurements when possible. Moreover, the introduced anatomical alterations in liver lobules come from the quantitative observation of corresponding concrete liver tissue pieces. Applications related to paracetamol intoxication and ammonia detoxification after paracetamol intoxication are a collaborative work with Geraldine Structure of the document representation of the studied process. Here the studied processes are bile salts movement within the liver micro-architecture or drug/metabolite concentrations at the liver outlet. First, such projects are multidisciplinary, implying the collaboration with biologists and medical doctors that performed experiments, which can lead to comprehension and vocabulary issues. Then, experimental results are from multiple modalities: from hemodynamics temporal curves measured in pig arteries, metabolite concentration levels, to 2D images of the liver tissue. To compare modeling outputs with experiments, one therefore has to be able to deal with all these types of data. Next, there exist some discrepancies between data required by the model (quality, frequency, missing data ...) and what can technically be measured. For example, when modeling bile flow, measuring bile velocities at several locations within a liver lobule would be ideal to compare the modeling output. Yet, due to the small size of bile canaliculi, reliable direct measurements of bile velocity not only at different locations at the same time but even at one location, are not possible.

	Finally, all modeling outputs are confronted with measured concentration profiles to attempt
	to determine the most promising process responsible for bile salts movement. This work is a
	collaboration with Nachiket Vartak, Ahmed Ghallab and Jan Hengstler of IfADo, Dortmund,
	Germany who performed the experiments.

Celliere during her PhD

[START_REF] Celliere | Multi-scale modeling of hepatic drug toxicity and its consequences on ammonia detoxification[END_REF]

. Part of the perspective work on partial hepatectomy is a collaboration with Chloe Audebert during her PhD

[START_REF] Audebert | Mathematical liver modeling: hemodynamics and function in hepatectomy[END_REF] 

and Lorena Romero Medrano during her Masters' internship

[RMon] 

(co-supervision with Dirk Drasdo).

Evaluation of generated micro-architecture tissue pieces representativeness Some indicators, linked to blood flow, are classically studied to generate arterial and venous trees

[START_REF] Thomas F Sherman | On connecting large vessels to small. the meaning of murray's law[END_REF][START_REF] Rossitti | Optimality principles and flow orderliness at the branching points of cerebral arteries[END_REF][START_REF] Sriram | Hematocrit dispersion in asymmetrically bifurcating vascular networks[END_REF]

. In this work, we extend their application to capillary networks. Three indicators are focused on, related to the blood vessel network, to quantitatively evaluate the representativeness of the generated liver lobule network of [HBB

+ 10]

. The effect of such changes on the simulated hemodynamics is also studied and a list of indicators to evaluate such changes is proposed. This work has been carried out in collaboration with Stefan Hoehme at IZBI Leipzig.

Bile salts' movement modeling A mathematical model mimicking the journey of the considered fluorescent bile salt (cholyl-l-lysyl fluorescein, CLF) within liver micro-architecture. To quantitatively compare this model with experiments, data extraction techniques are combined to reliably obtain CLF concentration in each structure: sinusoid, hepatocytes and bile canaliculi. Then, a mathematical model of CLF uptake and secretions by hepatocytes is developed and calibrated on the measured concentrations. In bile canaliculi, the developed mathematical model is designed to test different hypotheses on the processes responsible for bile salts movement within the liver micro-architecture. Several spatial representations of the studied liver micro-architecture are studied and the corresponding modeling outputs are compared. Numerical schemes to solve one-dimensional convection-reaction, mixed convectiondiffusion-reaction, and diffusion-reaction equations in the studied geometries are developed.

Challenges to base mathematical modeling on experiments Confronting modeling outputs to experiments is essential to evaluate whether a mathematical model gives a realistic 1.4. Finally, the experiments are extremely challenging as images have been taken in living mice on structures partially smaller than 1µm that were moving due to breathing of the animals. Moreover, experiments deal with intensities while the relevant biochemical quantities for the model are concentrations; a precise relation between them would require to measure concentrations in different compartments, capillaries, cells and bile canaliculi, which is not feasible. As a consequence, experiments and simulations have to be performed iteratively: experiments informing the model, and the simulations informing on what kind of information has to be refined by a further experiment. The number of iterations needed to obtain a mathematical model that can reliably explain the experiment is often not predictable.

Table 2 .

 2 1: Literature values of capillary diameters for two blood filtering organs: kidney and liver.

	Diameter in µm Organ	Animal Technique	Ref
	5 6.64±0.41 5.9±0.1 7.3±0.1 13.7±1.4 8.8±2.4 8.5±0.1 9 4.31 ± 0.34 4.37±0.06 5.7 -6.1 8.31±2.64 7.7±2.1 9.91±3.53	Liver Liver Peri-portal liver Mouse Mouse Mouse Mid-zonal liver Mouse Peri-central liver Mouse Peri-portal liver Mouse Liver Mouse Liver Mouse Liver Mouse Liver Mouse Liver Mouse Liver Mouse Kidney Rat Kidney Rat	Staining Intra vital 2d High resol in vivo imaging High resol in vivo imaging Synchroton Radiation MicroComputed Tomography Synchroton Radiation MicroComputed Tomography Intra vital 3d Electron Microscopy Intra vital 2d(?) Intra vital column of plasma (underestimates diameter) Vanheule 2008 [VGR + 08] Theruvath 2006 [TZC + 06] Sidler 2008 [SSK + 08] MacPhee 1995 [MSG95] MacPhee 1995 [MSG95] Yoon 2013 [YCK + 13] Yoon 2013 [YCK + 13] Vollmar 1998 [VSM98] Dill 2012 [DRD + 12] Chen 2014 [CKZ14] Electron Microscopy Eguchi 1991 [EMM91] Staining 2D bright field Aidoo 2012 [AAA + 12] Electron Microscopy Adamczak et al 2004 [AGAR04] 3D staining Remuzzi et al 1992 [RBP + 92]

Table 2 .

 2 2: Literature values of blood flow speed in capillaries for liver and kidney.

	Speed value µm.s -1 Animal Where Technique	Reference
	128±26 -149± 49 209.3±33.16 69.2±4.5 250±3 60 1.7e3±2.2e3	mouse mouse mouse rat mouse Rat	Liver Liver Liver Liver Liver Kidney Model Intra vital video flying-spot MacPhee 1995 [MSG95] Theruvath 2006 [TZC + 06] Sidler 2008 [SSK + 08] video flying-spot Komatsu et al. 1990 [KKG90] Intra vital Rocca 2011 [RWM + 11] Remuzzi et al 1992 [RBP + 92]

Table 2 .

 2 3: Literature values of pressure differences between inlet and outlet of capillary vasculature for liver and kidney.

	∆ P in Pa Organ Animal				Ref
	133 26.6 119.7 392.266 294.1995 539.36575 4921	Liver Liver Liver Liver Liver Liver Kidney Rat (from micropuncture studies) Remuzzi et al 1992 [RBP + 92] Rabbits Maass-Moreno 1997 Rats (from model) LLL Debbaut 2012 [DDWC + 12] Rats (from model) LML Debbaut 2012 [DDWC + 12] Rats Shibayama and Nakata 1985 [SN85] Rat Nakata 1960 [NLB60] Rat Nakata 1960[NLB60]
		Table 2.4: Parameters of this study
	Type of parameter	Value	Unit Computation
	Liver sinusoidal radius Liver sinusoidal branch length Kidney sinusoidal radius Kidney sinusoidal branch length Liver average blood flow velocity in basic geometries 138.8 3.61 ± 1.29 16.57 ± 11.58 µm µm 4.05 ± 1.4 µm 26.3 ± 24.9 µm µm Pressure drop in liver lobules 282 Pa Default and systemic H D 0.442 None Plasma viscosity 1.31 mPa.s From literature [WBP + 03] From literature table 2.1 From measurements using TiQuant [HHF + 14], [FNJ + 15] From literature table 2.1 From literature [RBP + 92] From literature table 2.2 From literature From literature [PS11]
	2.3.1.1 Accounting for red blood cells in blood viscosity in a single tube:
	In a single vessel, the blood flow model presented in section 2.2.2.1 is reduced to the
	following equation:	P inlet =	Q8η blood L πr 4	+ P outlet	(2.56)

Table 2 .

 2 5: Hemodynamics results in a single tube depending on the fluid effective viscosity.

	2.3. Results						
	Geometry Fluid	Resistance (Pa.s/µm 3 )	Q (µm 3 .s -1 )	Speed (µm.s -1 )	∆P (Pa)	WSS (Pa)	Hd
	one tube one tube one tube	blood plasma plasma	4.20E-02 5.25E-03 5.25E-03	5743.28 45923.8 5682.69	140.28 1121.7 138.8	241 241 29.82 2.15E-01 1.74 1.74	0.442 0 0
	flow velocity.						

Table 2 .

 2 6: Description of diverging bifurcation types. r i (resp. L i ) being the radius of the downstream branches i ∈ 1,2 (resp. length), r m (resp. L m ) the radius of the upstream branch (resp. length), Q m the total flow in the upstream branch and H D,m the discharge hematocrit in the upstream branch. All lengths are in µm and the flow is in µm 3 .s -1

	Case	Organ Change in r m	r 1	r 2	L m	L 1	L 2	H D,m	Q m
	Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Kidney Liver Liver Liver Liver Liver Liver Liver Case 9 Kidney Case 10 Kidney Case 11 Kidney	Radius Length Length Length Length Radius Radius Radius Length Radius Length	3.61 2.32 4.9 16.57 16.57 16.57 0.442 3.61 3.61 3.61 16.57 4.99 28.15 0.442 3.61 3.61 3.61 16.57 4.99 28.15 0.34 3.61 3.61 3.61 16.57 4.99 28.15 0.442 3.61 3.61 3.61 16.57 4.99 28.15 0.442 3.61 2.32 4.9 16.57 16.57 16.57 0.442 3.61 2.32 4.9 125 177 177 0.442 4.4 3 5.8 26.3 26.3 26.3 0.442 103396 5683 5683 5683 8065 3316 3316 5683 4.4 4.4 4.4 26.3 1.4 51.2 0.442 103396 4.4 3 5.8 26.3 26.3 26.3 0.442 237203 4.4 4.4 4.4 26.3 1.4 51.2 0.442 237203

Absolute values Comparison with solution No PS

  

	Figure 2.8: Left: Equivalent resistance of flow solutions when Pries and Secomb (in blue) and linear (in green) plasma skimming laws are applied for α ∈ [0.33, 1.0].Right: Focus on Pries and Secomb plasma skimming law with the definition of a zone within physiological ranges where a unique solution is obtained, light blue surface in function of α with a log scale. 1.46e-04 1.48e-04 Pries PS Lin. PS 1.46e-04 1.48e-04 Linear -No PS 1.44e-04 -3 1.44e-04 -3
	R eq in Pa.s.µm	1.38e-04 1.40e-04 1.42e-04			Pries -No PS				R eq in Pa.s.µm	1.38e-04 1.40e-04 1.42e-04
		0.3 1.36e-04	0.4	0.5	0.6	0.7		0.8		10 -1 1.36e-04	10 0	10 1
			0.05 Asymmetry coefficient (log scale) 0.067 Relative diff. in %	0.034	0.017	0	1.1e3	824	550	275	-100. Asymmetry coefficient (log scale) -80.5 -53.7 -26.8 7.38 -6.06
					Linear							
					Pries							
					No Plasma	skimming (No PS)							
					Legend	139.5	136.2		133	4.3e4	2.0e4	2.0e3	5.0e2	2.0e2	7.42	0.475	0.237	0.07
							Pressure (Pa)			Flow (um 3 /s)	Hematocrit
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  This study raises another challenge in mathematical modeling of biological systems. If this model can reliably reproduce or explain experimental results both in vitro and in vivo the obtained parameters are not the unique admissible set. Indeed, several sets of exchange parameters could reproduce the in vitro experimental data. Yet, those parameters would induce different temporal behaviors but lead to similar toxicity levels after 24 hours. More experimental data would be needed to arbitrate between the different sets of parameters. This study presents a multi-scale model of APAP metabolism, calibrated on in vitro measurements and able to explain in vivo experiments for APAP concentrations above 281mg/kg with the three before-mentioned adaptations. Most importantly, based on the observation that in vitro -in vivo toxicities extrapolation is not straight-forward, this study stands as a proof of concept demonstrating the feasibility of in vitro -in vivo toxicity extrapolation using a mathematical model. Mathematical modeling permits to incorporate different hypotheses to simulate in vivo situations based on in vitro data, and to test their importance. It can also guide experiments, narrowing them to test the most important hypotheses or obtain values for the most sensitive parameters, such as the CYPs levels in this study for example.

Table 3 .

 3 1: Description of the number of datasets analyzed per time point after partial hepatectomy and the corresponding number of animals. Three mice were sacrificed each day but several scans of their liver were imaged for analysis.

	Time (days after pHx) Number of animals Number of datasets Analyzed
	0,5 1 2 3 4 7	1 1 3 2 2 2	1 1 3 4 6 3

  [SSK + 15]. This assumption can be strongly criticized depending on the metabolism considered in the cells, as discussed in 1. More detailed representations exist such as the one proposed by Wambaugh et al.[START_REF] Wambaugh | Simulating microdosimetry in a virtual hepatic lobule[END_REF]: a 2D network of capillaries that are mainly oriented between central and portal veins, or that proposed by Hunt et al. [HRY + 06] who considered layered 2D grids in which transport and metabolism are simulated. In these models the liver lobule depth is however neglected. Moreover, no quantitative comparison of the generated architecture with concrete liver tissue pieces is performed. Finally, others have considered a lobule as a porous media and do not have a detailed spatial discretization [DVS + 14, RDD10]. Yet, by using confocal microscopy [HHF + 14], one can obtain detailed 3D reconstructions of capillary networks, as well as statistics on their connection to the surrounding cells or other types of structures in liver such as bile canaliculi. Unfortunately, staining and imaging a whole lobule remains an open challenge and the available confocal scans are cut from the liver tissue and cover only part of a liver lobule. To simulate blood flow and transport in these networks, boundary conditions need to be set at the border which is extremely difficult to do in cut tissue pieces. To circumvent this problem, artificial representative networks may be constructed by statistical sampling from parameters quantifying the reconstructed 3D volume data sets [HBB+ 10]. Generating a representative liver lobule allows to have a detailed spatial representation of the blood vessels, their connection with the cells that can be isolated and therefore have their own behavior, all the while being able to set proper boundary conditions in the model. However, while this network is a closer representation of liver micro-architecture than a row of hepatocytes aligned along a single sinusoid, it raises the question of how representative it is for real micro-architecture, and more generally of how one can define and evaluate the representativeness of a generated liver lobule. Starting with the generated liver lobule of Hoehme et al. [HBB + 10], called Lobule 0 in the following, this work introduces indicators to evaluate a generated tissue representativeness.

Table 4 .

 4 1: Table presenting all indicator values used to generate and evaluate the representative lobule comparing the values used to generate Lobule 0 and the ones coming from the last segmentation and statistics study performed within this thesis with the image analysis tool TiQuant. Quantities such as the total length of sinusoids in a liver lobule or the number of intersections are computed by multiplying the measured total sinusoidal length (resp. number of intersections) per tissue volume by the volume of the representative liver lobule.

	Structure	Parameter	Value for Lobule 0	Value from last TiQuant analysis
	Lobule	Lobule edge length (µm) Lobule volume (mm 3 )	250 52.110 -3	--
	Hepatocytes Hepatocytes Hepatocytes Hepatocytes	Cell volume µm 3 Cell diameter (if cube) µm Hepatocytes' density Number of hepatocytes per lobule	12653 23.3 in 2D (lobule cross section): 1889cells/mm 2 3551	6403 18.57 in 3D: 125233cells/mm 3 6574
	Sinusoids Sinusoids Sinusoids Sinusoids Sinusoids Sinusoids	Branch-free sinusoid segment length µm Total length of sinusoidal network per tissue volume in (mm/mm 3 ) Total length of sinusoid network in a lobule (in mm) Mean branching angle (degree) Number of intersections per lobule Average radius of sinusoid	43.1 --32.5 -4.66	16.97 ± 11.58 5016 ± 851 263 92.3 186305 2.76 ± 0.621

Table 5

 5 

		.1: List of notations used in this chapter	
	Notation	Meaning	Unit
	PP PC MZ C Bl C H C Bi C CH q tot L tube L CH l H V H N Cells φ P P φ M Z φ P C φ H,Bi Q w,inf low v Bi D	peri-portal zone peri-central zone middle zone CLF concentration in blood CLF concentration in hepatocytes CLF concentration in bile CLF concentration in the Hering channel total quantity of CLF injected into the mouse total length of the considered canaliculus total length of a Hering channel hepatocytes' length hepatocytes' volume number of hepatocytes in a mouse liver area fraction corresponding to the peri-portal zone area fraction corresponding to the middle zone area fraction corresponding to the peri-central zone volume ratio between hepatocytes and bile compartments water inflow per hepatocyte convection speed in the bile canaliculus diffusion constant in the bile canaliculus	NA NA NA nmol/L nmol/L nmol/L nmol/L nmol µm in µm µm µm 3 % % % µm 3 .s -1 µm.s -1 µm 2 .s -1

  5.3. Mathematical model of CLF movement in liver microarchitecture 139 with a constant radius, per edge. Computing CLF concentration in a single canaliculus is considered a 1D problem. Two spatial representations are considered in this work, detailed in sections 5.3.2.3 and section 5.3.2.3. The general problem in a spatial domain Ω can be written as:

Table 5 .

 5 2: Parameter description to compute the water inflow due to osmotic pressure. 37C in mouse with the parameter values coming from literature, listed in table 5.2. ∆C in mol.L -1 can either come from the experimental data when considering that ∆C = ∆[CLF ] or include the ∆C due to the endogenous bile salts. Endogenous bile salts denote other bile salts naturally present in both bile canaliculi and hepatocytes during the experiment, though not fluorescent.

	Parameter	Value	Unit	Reference
	A H,Bi V w P f R T	1.92 10 -12 18.06 10 -6 151 10 -6 8.31 10 3 310	m 2 m 3 .mol -1 m.s -1 P aLK -1 mol -1 K	[HHF + 14] [VHVO86] [MTC + 03] Boltzmann constant Assuming T =

Table 5 .

 5 3: Summary of parameter values for K 1 found in literature

	5.5. Numerical methods

Table 5 .

 5 

	ABCC2 MRP2 BSEP BSEP BSEP BSEP BSEP BSEP BSEP BSEP BSEP ATP dep Taurocholate rat CLF mouse TCA human GCA human CA human TCA dog GCA dog CA dog TCA cat GCA cat CA cat BSEP Taurocholate rat hBSEP [3H]TLC-S human hMRP2 [3H]TLC-S human hBSEP [3H]TC human rBSEP [3H]TC rat hBSEP GC human hBSEP TCDC human hBSEP GCDC human rBsep GC rat rBsep TCDC rat rBsep GCDC rat	3.3 ± 2.0 4.1 ± 0.5 9.0 ± 2.0 11.3 ± 4.3 3.4 ± 0.3 19.3 ± 3.5 27.2 ± 3.2 7.5 ± 0.7 13.4 ± 2.0 41.2 ± 11.3 6.2 ± 2.0 4.1 ± 1.6 9.5 ± 1.5 8.2 ± 13 6.2 ± 0.7 9.7 ± 1.3 21.7 ± 4.4 6.6 ± 1.2 7.5 ± 1.0 25.7 ± 4.2 10.2 ± 2.3 5.6 ± 0.5	[dWHV + 10] [vBvdHK + 13] [vBvdHK + 13] [vBvdHK + 13] [vBvdHK + 13] [vBvdHK + 13] [vBvdHK + 13] [vBvdHK + 13] [vBvdHK + 13] [vBvdHK + 13] [SFM + 00] [SFM + 00] [HTS + 05] [HTS + 05] [HTS + 05] [HTS + 05] [HTS + 05] [HTS + 05] [HTS + 05] [HTS + 05] [HTS + 05] [HTS + 05]

4: Summary of parameter values for K 2 found in literature Transporter Substance Animal K 2 value in µmol/L Reference

Table 5 .

 5 5: L 2 relative error between the obtained fitted curves (model A and model D) and the average curves of the experimental data. It highlights that model D is closer to data than model A.

	Model	Zone	L 2 relative error
	D D D A A A	Peri-portal Middle Peri-central Peri-portal Middle Peri-central	5.98.10 -2 4.33.10 -2 6.00.10 -2 8.57.10 -2 5.27.10 -2 8.77.10 -2

Table 5 .

 5 6: Exchange parameters obtained by the fit of the hepatocytes concentration curves taking as model input the blood concentration curves in each zone for model A.

	Model Parameter Zone	Value	Unit
	A A A A A A	P 1 P 1 P 1 P 2 P 2 P 2	Peri-portal 2.14.10 -2 .s -1 3.00.10 -2 .s -1 Middle Peri-central 5.33.10 -2 .s -1 Peri-portal 9.83.10 -3 .s -1 8.77.10 -3 .s -1 Middle

Table 5 .

 5 7: Exchange parameters obtained by the fit of the hepatocytes concentration curves taking as model input the blood concentration curves in each zone for model D.

	Model Parameter Zone	Value	Unit
	D D D D D D D D D D D D	v 1 v 1 v 1 K 1 K 1 K 1 v 2 v 2 v 2 K 2 K 2 K 2	Peri-portal 1.79.10 2 .s -1 2.32.10 2 .s -1 Middle Peri-central 3.87.10 2 .s -1 Peri-portal 5.06.10 3 nmol/L 5.07.10 3 nmol/L Middle Peri-central 5.03.10 3 nmol/L Peri-portal 7.88.10 1 .s -1 1.22.10 2 .s -1 Middle Peri-central 1.46.10 2 .s -1 Peri-portal 3.56.10 3 nmol/L 7.75.10 3 nmol/L Middle Peri-central 5.68.10 3 nmol/L

Table 5 .

 5 8: Hypotheses to evaluate the total CLF processed by liver

	Assumption on	Value	Unit	Source
	CLF total injected quantity Number of hepatocytes in liver Size of peri-portal zone Size of middle zone Size of peri-central zone Volume of a hepatocyte Percentage of CLF processed by liver	q tot = 20 N cells = 1.50 10 8 φ P P = 38 φ M Z = 32 φ P C = 30 V H = 6 10 3 94	nmol NA assuming 1.1g of liver weight [RD15, SS06] Measured % Measured % Measured % Measured µm 3 [FNJ + 15] % From biologists

  ∆C BileSalts (t) = ∆[CLF ](t) + ∆C endogenous (5.36) with C endogenous,Bi = 10C endogenous,H and C endogenous,H = 10 4 nmol/L independent of space. The speed profile obtained (figure 5.19 C) varies in time due to the ∆[CLF ] but shows a spatial offset due to ∆C endogenous . The final case (figure 5.19 D) presents the effect of setting ∆C endogenous space dependent.

	∆C BileSalts (x,t) = ∆[CLF ](t) + ∆C endogenous (x)
	∆C endogenous (x,t) = Λ(L

H -x) 2

Table 5 .

 5 9:

  Temporal evolution of the concentration at the portal triads C out (t) chosen to reduce the spatial differences between the average concentration curves. Figure5.26: Average concentrations obtained in each zone for different values of coefficient D, 1500µm 2 .s -1 , 5000µm 2 .s -1 and 7500µm 2 .s -1 and for two functions C out (t) considered, displayed in figure5.25.

	A	B
	No Hering channel A r CH = 0.5µm B r CH = 3.9µm C 1000 2000 3000 4000 5000 6000 7000 8000 0 1000 2000 3000 4000 5000 6000 7000 8000 Time in s 0.00e+00 5.00e+04 1.00e+05 1.50e+05 2.00e+05 Average [CLF] per zone in nM PP data MZ data PC data MZ PP C out (t) = [CLF] PP D = 1500µm 2 .s -1 PC 0 1000 2000 3000 4000 5000 6000 7000 8000 Time in s 0.00e+00 5.00e+04 1.00e+05 1.50e+05 2.00e+05 2.50e+05 Average [CLF] per zone in nM PP data MZ data PC data MZ PP PC 5.00e+04 1.00e+05 1.50e+05 2.00e+05 Average [CLF] per zone in nM PP data MZ data PC data MZ PP PC Time in s C out (t) = (1 -e -Tmax -t 0. 5t )5. 10 3 C out (t) = [CLF] C D = 1500µm 2 .s -1 out (t) exponential decay 0.00e+00 2.00e+02 4.00e+02 1.40e+03 1.60e+03 1.80e+03 C out (t) = [CLF] PP D = 7500µm 2 .s -1 D C out (t) = [CLF] PP D = 1500µm 2 .s -1 C Figure 5.25: 0 6.00e+02 8.00e+02 1.00e+03 1.20e+03 C 5.6.2.3 Convection-diffusion-reaction to qualitatively reproduce measurements out (t) in nmol/L in a simple network
	0.00e+00	Time in s 0 1000 2000 3000 4000 5000 6000 7000 8000

* PP

Table 5 .

 5 11: Average bile production per hepatocyte as well as for the liver for the arbitrarily set convection speed, the arbitrarily set ∆C endogenous such that the concentration curves per zone would reproduce the data, and for the experimental data. It directly appears that the modeled amounts are ∼ 20 -40 times higher than the experimental measurement. Bi profile Arbitrary ∆C endogenous Experimental meas.

	Qinflow,H in µm 3 .s -1 1.45 Qinflow,H in L/day 1.26 10 -10 Qinflow,total in L/day 1.88 10 -2	1.56 1.35 10 -10	3.85 10 -2 -7.70 10 -2 3.32 10 -12 -6.64 10 -12

Arbitrary v

  The parameters not mentioned here were set to the default value.

• Median filter kernel radius: 1 px • Grayscale opening kernel radius: 0 px • Inverse hole filling radius: 1 px ×1 px ×1 px and majority threshold: 3 px • Cavity filling radius: 3 px • Closing radius: 1 px ×1 px ×1 px • Opening radius: 1 px ×1 px ×1 px • Nuclei separation (watershed parameter): 0.14 • Smallest non-hepatocyte diameter: 1.5525 µm • Biggest non-hepatocyte diameter: 4.347 µm • Smallest non-hepatocyte diameter: 3.726 µm • Biggest non-hepatocyte diameter: 9.315 µm

  • a bin image that is needed for the rest of the segmentations Thresholding Similar to the bile and blood segmentation, what is important is that there are no holes in the border of the veins otherwise it would lead to distortion of the reconstruction.

	A.2.3.6 Nuclei Segmentation in 20x or in 60x
	WARNING
	• in 20×, the voxel size has to be of [0.621, 0.621, 0.54]
	• in 60×, the voxel size has to be of [0.207, 0.207, 0.54]

  The flow in log scale, pressure, discharge hematocrit and wall shear stress patterns are presented for Pries and Secomb's law. In this case the fixed point algorithm oscillates between two states that are presented here. The plasma skimming law with Pries leads to have a branch free of red blood cells in one of the two states. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.10 Hemodynamics patterns obtained on a 2D axial cut liver lobule with constant radius for pressure (first row), flow (second row)in log scale and discharge hematocrit (third row), without plasma skimming (left column), with the linear plasma skimming (middle column) and with Pries plasma skimming (right column). The absolute difference to the case without plasma skimming for each law is plotted in the two last columns for each criteria (pressure, flow and discharge hematocrit). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.11 Median flow and discharge hematocrit relative difference when plasma skimming is included to the case without plasma skimming for three geometries: lobule with constant radii, randomized radii around 3.61µm as presented in table 2.1 and radii wider close to the central vein outlet (network center). Independently of the geometry, Pries law predicts hemodynamics patterns different from the case without plasma skimming whereas the linear law leads to patterns close to the case without plasma skimming. . . . . . . . . . . . . . . . . . . . . . . 2.12 Differences in hemodynamics patterns between the two groups of obtained states for Pries and Secomb's plasma skimming in a liver lobule whose radii are drawn from a Gaussian distribution. . . . . . . . . . . . . . . . . . . . . . 2.13 Hemodynamics patterns obtained in a 2D axial cut liver lobule with radii drawn from a Gaussian distribution for pressure (first row), flow (second row), discharge hematocrit (third row) without plasma skimming (left column), with the linear plasma skimming (middle column) and with Pries and Secomb's plasma skimming (right column). The absolute difference to the case without plasma skimming for each law is plotted in the two last columns for each criteria (pressure, flow and discharge hematocrit). . . . . . . . . . . . . . . . . . . . . 2.14 Standard deviation values of the computed flow distribution in red the standard deviation without plasma skimming, in blue with Pries and Secomb's law, and in green with the linear law. Introducing plasma skimming into the blood flow model leads to a more homogeneous flow, with the weaker homogenizing power for the linear law. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.15 Hemodynamics patterns obtained in a 2D axial cut of a liver lobule with a dilated peri-central zone for pressure (first row), flow (second row), discharge hematocrit (third row) without plasma skimming (left column), with the linear plasma skimming (middle column) and with Pries and Secomb's plasma skimming (right column). The absolute difference to the case without plasma skimming for each law is plotted in the two last columns for each criteria (pressure, flow and discharge hematocrit). . . . . . . . . . . . . . . . . . . . . 2.16 Pressure (first line), flow (second line) and discharge hematocrit (third line) distributions for a liver lobule with constant radius (first column), for a healthy liver lobule (second column) and for a liver lobule with dilated capillaries (third column). The probability distribution of each hemodynamics component without including plasma skimming (red distributions), with a linear plasma skimming (green) and a Pries plasma skimming (blue) are plotted. . . . . . . 2.17 A. Shape of the bolus at the tube inlet. Comparison (relative L 2 error) to the analytic solution for several numerical schemes (upwind in black, minmod in yellow, MC in cyan, superbee in red and Van Leer in dark blue) in a single tube (B), a joining bifurcation (C) and a splitting bifurcation (D). In bifurcations, relative L 2 errors before the intersection and at the end of the geometry are also computed (pentagons and small dots marker types). . . . . . . . . . . . 2.18 Shape of the compound boluses considered: two extreme shapes with a Gaussian input (upper left, the smoothest) and a rectangular input (upper right), and two more realistic shapes with the arterial input function [PRM + 06] (lower left) and the concentration signal acquired in a mouse liver sinusoid in vivo (lower right). The time axis is constrained between 0 and 300 seconds to better underline the sharpness of these curves. The bolus amplitude is normed to the maximum concentration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.19 Comparison of the output concentrations between numerical schemes in single tube and a joining bifurcation. At both geometries' inlet the total blood flow corresponding to a blood velocity of 138.8µm.s -1 is imposed. The pressure at the geometries outlet is set to 0Pa. In case of a single tube, its length corresponds to the lobule diameter when the bifurcation consists of only four nodes connected by branches of length 16.57µm as observed in a liver lobule network. Four input shapes are considered: a gaussian, a rectangle, an AIF and a fluorescent marker bolus showing that the MC scheme is the most versatile one. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Chapter 2

Hemodynamics modeling and compound advection-reaction simulation in a capillary network. Application to liver micro architecture.

Chapter 4

Construction and evaluation of representative units for simulation of blood flow,transport and detoxification.

Water is assumed to flow from each hepatocyte into the closest bile canaliculus and is modeled as an isolated source, entering at each node in the network. Bile flow is therefore computed in the studied geometry by solving the following system of linear equations:

∀(i,j) ∈ E bile j∈Γ bile (i)

Q j,i = Q w,inf low ∀i ∈ N bile P BD = 0

(5.6) with L i,j the length of the segment, r i,j the canaliculus radius, η bile bile viscosity (taken equal to that of water), Q w,inf low the fluid flow coming from the hepatocyte closest to node i. Bile flow speed is therefore computed as:

∀(i,j) ∈ E bile (5.7)

The evaluation of the water inflow per hepatocyte Q w,inf low is based on the following hypotheses:

• the total number of hepatocytes in a mouse liver N H = 1.50 10 8 assuming a mouse liver weight of 1.1g [START_REF] Bachmanov | Reed2: Bone, body composition and taste phenotypes in monell consomic strains 129p3/j-chrc57bl/6byj/monmmjax and c57[END_REF], considering 1.35 10 8 cells per gram of liver [START_REF] Sohlenius-Sternbeck | Determination of the hepatocellularity number for human, dog, rabbit, rat and mouse livers from protein concentration measurements[END_REF] • bile is produced by hepatocytes only

• bile production is homogeneous in the whole liver and independent of the hepatocytes location in the liver lobule

• bile is neither produced nor taken up within the biliary tree.

Therefore the water inflow per hepatocyte is:

assuming the total daily production is of 0.5 mL. To determine the flow velocity at the lobule outlet, i.e. in the Hering channel, the number of hepatocytes connected to the bile canaliculi feeding a Hering channel on average is estimated. From the liver lobule volume, of V Lobule = 52.5 10 -3 mm 3 [HBB + 10], and the volume of a hepatocyte V H = 6.403 10 3 µm 3 [HHF + 14], the total number of hepatocytes in a liver lobule is computed: N H,lobule = 6574. Two Hering channels collect a liver lobule with a height assumed to be of 250µm [HBB + 10], which gives:

(5.9)
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The bile flow speed in a Hering channel is then:

CH

(5.10) with r CH = 3.9µm the average radius of the Hering channel coming from experiments performed by Amruta Vartak at IfADo, Dortmund, Germany. Finally, a rough estimation of the speed in the Hering channel is:

This estimated convection speed in the Hering channel can then be set in the modeled Hering channel to better mimic its effect on the concentration profiles.

Osmotic pressure model The osmotic pressure difference due to a concentration difference between two compartments, figure 5.3, has been defined by Van't Hoff [START_REF] Van Heeswijk | Osmotic water permeabilities of brush border and basolateral membrane vesicles from rat renal cortex and small intestine[END_REF] as:

(5.12)

with R = 8.31LkP a/(Kmol), T the temperature in Kelvin and ∆C the concentration difference of CLF between cells and bile canaliculi. The water flow related to this osmotic pressure was defined by van Heeswijk et al. [START_REF] Van Heeswijk | Osmotic water permeabilities of brush border and basolateral membrane vesicles from rat renal cortex and small intestine[END_REF] as :

with V w the volume molar of water, P f the permeability of the membrane between hepatocytes and bile canaliculi, A H,Bi the contact surface area of that membrane and ∆o the osmotic gradient, in mOsm/L. This unit was linked to the osmotic pressure through [START_REF] John | Textbook of medical physiology[END_REF]:

1mOsm/L × 19.3 = osmotic pressure in mmHg (5.14) leading to:

(5.15) t = T is:

with C Bl CLF concentration in blood, v 1 and K 1 exchange parameters in model D and T the final experimental time. It leads to the following CLF quantity processed by the whole liver: 

with • denoting the multiplication by R H . The concentration evolution CH would be:

Assuming only 94% of the injected CLF is taken up by liver cells [START_REF] Co Mills | Cholyl-lysylfluorescein: synthesis, biliary excretion in vivo and during single-pass perfusion of isolated perfused rat liver[END_REF], the total amount of CLF taken up by the cells is therefore :

which gives: R H = 0.19 (5.35) This scaling factor is applied to all concentration curves as well as on the parameters, therefore this change does not alter the fit quality obtained before.

Modeling CLF movement of bile salts within the canalicular network.

CLF enters bile canaliculi through the secretion by hepatocytes, an active saturated export reaction modeled described in equation (5.3). Due to the liver zonation, the concentration curve within hepatocytes' cytoplasm and parameters ruling this reaction in each hepatocyte depend on the hepatocytes' position in the liver. Before presenting the effect of different modeling hypotheses on the simulated output, let us focus on the experimental data this study aims at explaining. Figure 5.9 right,bottom displays the CLF concentration curve in Appendix A Image analysis: Segmentation pipelines description for mice and pigs. In this appendix are presented the main pipelines used to segment the pig and mice confocal scans. The pig pipeline, implemented in Fiji [SACF + 12], is designed in collaboration with Lorena Romero Medrano, Yi Yin and Adrian Friebel. The mouse pipeline was implemented in TiQuant by Adrian Friebel. In this appendix is presented a description of the TiQuant pipeline, in complement of the user guide available at [START_REF] Friebel | Tiquant user guide[END_REF].

Contents

A.1 Pig segmentation pipeline

This pipeline aimed at segmenting pig confocal scans was extensively detailed in the master thesis of Lorena Romero Medrano [RMon]. Yet, this thesis may not be available on line yet and the image analysis part is reproduced here. "Four channels compose the confocal scan, each corresponding to a staining: in blue DAPI staining the cells' nuclei (C0), in green auto-fluorescence of the cells' cytoplasm (C1), in red CD31/PECAM a non-specific staining for the endothelium (C2), in white GS marking only the cells around the central vein (C3). Only DAPI, and auto-fluorescence channels were used here. 2. all images have to be converted into 8Bit gray scale images to be processed by TiQuant.

3. Log File: For each of the steps in the work flow, a log file will be generated that summarizes all parameters used in the segmentation 4. Color Code:

Outputs

• .txt files, one for each network found in the segmentation (the *0.txt is the biggest network)

• statistics about the network with: a file of overview, a file displaying each nodes' characteristics, a file displaying each branches' characteristics (including dead ends), a file displaying each second-order branch (i.e. branch or group of branches that connected two intersections).

Graph extraction parameter

1. Re-sampling filter

• It removes nodes using the re-sampling factor parameter set by the user.

• The higher this factor, the more nodes will be removed (2 means that one every two nodes is kept in the final segmentation).

• For the sinusoids in 20×, the re-sampling factor shall not be higher than 3.

Remove dead end filter

This filter removes tiny branches that are under a length threshold defined by the user. This is critical for the bile network, and should in principal not be changed.

Collapse intersection nodes filter

This filter is collapsing two intersection nodes that are closer than a distance threshold set by the user. This distance shall not be higher than a diameter.

A. Gut bacteria in the intestine process ingested amino acids, which releases ammonia that enters blood. All the blood going through the digestive organs then goes through liver, via the portal vein before reaching the vena cava. It composes around 70 -80% of the total liver blood inflow. Ammonia is removed from the blood by hepatocytes, to maintain concentrations in blood between 0 -40µmol/L [HS07]. This process is zonated, i.e. the metabolic reactions occurring within a hepatocyte depend on the cell's location in a liver lobule. This appendix presents the considered ammonia detoxification metabolic model, from [GCH + 15] and the coupling of this model with transport of ammonia in blood.

B.1 Two main metabolic pathways detoxify ammonia

During ammonia detoxification, two other metabolites are produced and/or consumed, namely: glutamine and urea. A consensus model for ammonia metabolism by hepatocytes had been proposed by Häussinger, Gerok and Gebhard []. They focused on the zonation of the enzymes linked with the transformation of ammonia by hepatocytes and found that the two main detoxification pathways, namely the urea cycle and glutamine synthetase, were zonated. Urea cycle occurs in the peri-portal and middle areas of the liver lobule whereas glutamine synthetase happens in the peri-central area. Moreover, these two reactions do not have the same properties. The urea cycle shows a high capacity and low affinity, i.e. if its maximal velocity is high it does not process a lot of ammonia and therefore a significant fraction of ammonia concentration reaches the peri-central area. Glutamine synthetase, on the contrary, shows a low capacity but high affinity which permits liver to ensure a low ammonia concentration at its outlet. Yet, as shown in [SHH + 14], this consensus model was lacking a critical reaction that was shown extremely important after CCl4 intoxication. Ghallab, Celliere et al. [GCH + 15] highlighted the importance of the role of glutamate dehydrogenase in ammonia metabolism and proposed an improvement and exchanges with the surrounding hepatocytes 203 B.2 A convection-reaction equation to simulate ammonia transport and exchanges with the surrounding hepatocytes Ammonia, glutamine and urea enter liver transported by the blood. Therefore, ammonia detoxification in a multi-scale liver lobule is simulated by:

with [N H4] the ammonia concentration, [Gln] the glutamine concentration, [U rea] the urea concentration in each compartment bl blood and h, hepatocytes. P •,z are the exchange parameters of each compound (N H4, Gln, and U rea) specific to each zones z: P P peri-portal, M Z middle zone and P C peri-central, S the contact surface area between hepatocytes and sinusoids, and V the blood volume.

)) corresponds to the system of ODEs modeling the metabolism of ammonia in hepatocytes. This function therefore depends on the location of the considered hepatocyte due to zonation.

To couple hepatocytes' metabolism to transport simulation in blood, the coefficients S representing the contact surface area between a hepatocyte and a sinusoid have to be defined and computed. Similarly, the set of blood nodes in contact to an hepatocyte has to be defined. We choose to define this set as:

with H the set of hepatocytes, N the set of sinusoidal nodes, r H,j the radius of hepatocyte j, r i the radius of the sinusoid at node i, d(i,j) the distance between the center of hepatocyte j and node i. It is therefore assumed that the farthest connected node is located at the diagonal List of Tables 3.1 Description of the number of datasets analyzed per time point after partial hepatectomy and the corresponding number of animals. Three mice were sacrificed each day but several scans of their liver were imaged for analysis. .