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Abstract: Quantitative ultrasound techniques to characterize soft tissue anisotropy

Quantitative ultrasound (QUS) techniques based on the parameterization of the backscatter coefficient (BSC) generally assume that the tissue under investigation is homogeneous and isotropic. However, some tissues such as flowing red blood cell (RBC) aggregates, myocardium or bicep muscles exhibit angle-dependent acoustic properties (BSC and/or attenuation coefficient). Therefore, the consideration of tissue anisotropy may provide a more meaningful parameterization of the BSC. The objective of this thesis is to incorporate anisotropy in tissue backscatter analysis for modeling backscattering by aggregating RBCs, and for developing experimental strategies to measure tissue anisotropy.

In the first part of this work, an ultrasonic backscattering model is proposed and evaluated numerically to characterize the anisotropic structures of RBC aggregates. In the field of QUS blood characterization, the scattering theories currently used (Effective Medium Theory combined with the Structure Factor model-EMTSFM, or the Local Monodisperse Approximation-EMTLMA) assume spherical aggregates, whereas normal human blood consists of linear stacks of RBCs. Therefore, considering the anisotropy of the aggregates could improve the sensitivity and specificity of QUS techniques in estimating structural parameters of the RBC aggregates. The anisotropic theoretical formulation of the EMTLMA is developed and compared with 3D computer simulations of BSCs in the framework of a forward problem study (i.e., the theoretical BSCs were determined from known structural properties of RBC aggregates). The simulations were conducted from simple aggregation configurations (polydisperse spherical aggregates), moderate configurations (randomly oriented or perfectly aligned prolate-shaped aggregates) up to complex realistic configurations. The realistic aggregation configurations correspond to the size and orientation distributions of aggregated RBCs obtained from optical measurements of sheared blood in controlled flow conditions. Then, the isotropic and anisotropic EMTLMA models are compared in the inverse problem framework to estimate blindly the structural parameters of RBC aggregates from the simulated BSCs. The ability of the EMTLMA models as means of determining the aggregate size distribution is discussed.

In the second part of this work, an experimental procedure was evaluated to measure ultrasonic backscatter anisotropy in tissue-mimicking phantoms using a commercial piezoelectric probe and a prototype Capacitive Micromachined Ultrasonic Transducer (CMUT) probe. The experimental procedure consists of using an ultrasound imaging system with a linear probe to transmit a focused beam on an investigated medium and collect the backscattered signals at different beam directions. These backscattered signals are then processed to measure the BSCs. However, the performance of the probe is affected by the element directivity (array design) and cross-talk (transducer technology), which imposes a maximal angle to which the BSC can be measured, independently of the imaging strategy used, either the focused beam steering or the plane wave imaging. Therefore, a performance comparison is carried out between the piezoelectric and the CMUT probes to measure backscatter anisotropy by using the focused beam steering imaging strategy. First, the steering ability of the two probes is evaluated by means of 2D measurements of the transmitted beam pattern. Then, in vitro measurements of the BSCs are performed by using the reference phantom method on isotropic and anisotropic tissue-mimicking phantoms. The results demonstrate that the CMUT probe, which is characterized by a lower interelement crosstalk, is able to perform beam steering and to measure the BSC in an angular range up to ±15°(against ±5°f or the piezoelectric probe).

Résumé: Techniques quantitatives ultrasonores pour caractériser l'anisotropie des tissus mous

Les techniques quantitatives ultrasonores pour l'estimation des microstructures tissulaires supposent généralement que le tissu étudié est homogène et isotrope. Cependant, certains tissus biologiques comme le sang, le myocarde ou le biceps présentent des propriétés acoustiques dépendants de l'angle d'incidence (coefficient de rétrodiffusion BSC et/ou atténuation). L'objectif de cette thése est de prendre en compte l'anisotropie des microstructures tissulaires pour l'analyse de la rétrodiffusion ultrasonore afin de modéliser la diffusion par des agrégats de globules rouges, et de développer des stratégies expérimentales afin de mesurer l'anisotropie tissulaire.

Dans la première partie de ce travail, un modèle de rétrodiffusion est proposé et évalué numériquement pour caractériser la microstructure anisotrope des agrégats de globules rouges. Dans le domaine de la caractérisation ultrasonore de l'agrégation érythrocytaire, les théories de diffusion utilisées (Théorie de Milieu Effectif combinée à un Modèle de Facteur de Structure -TMEMFS, ou à l'Approximation Locale Monodisperse -TMEALM) supposent des agrégats sphériques, alors que les globules rouges ont tendance à former des rouleaux anisotropes pour du sang humain normal. La prise en compte de l'anisotropie pourrait permettre d'améliorer la sensibilité et la spécificité des techniques d'estimation de structures des agrégats de globules rouges. La formulation théorique anisotrope du TMEALM est développée et comparée à des simulations numériques de diffusion par des agrégats dans le cadre d'une étude du problème direct (i.e., les BSCs théoriques et simulés sont déterminés à partir des propriétés de structures connues des agrégats de globules rouges). Les simulations ont été réalisées à partir de configurations d'agrégation simples (agrégats sphériques polydisperses), de configurations modérées (agrégats sous forme d'ellipsoïdes alignées ou orientées de fac ¸on aléatoire) jusqu'à des configurations complexes plus réalistes. Les configurations d'agrégation complexes correspondent aux distributions de taille et d'orientation d'agrégats obtenues à partir de mesures optiques sur du sang cisaillé sous écoulement contrôlé. Ensuite, les modèles TMEALM isotrope et anisotrope sont comparés dans le cadre d'une étude du problème inverse pour estimer les paramètres de structures des agrégats à partir des BSCs simulés. La capacité des modèles TMEALM à estimer la distribution de tailles des agrégats est discutée.

Dans la deuxième partie de ce travail, une stratégie expérimentale est évaluée pour mesurer l'anisotropie de fantômes de tissus biologiques en utilisant une sonde à transducteurs capacitifs micro-usinés (CMUT) ou une sonde piézoélectrique commerciale. La procédure expérimentale consiste à utiliser un système d'imagerie par ultrasons avec une sonde linéaire pour émettre un faisceau orienté et focalisé sur un milieu étudié, et à collecter les signaux rétrodiffusés pour différents angles d'incidence. Ces signaux rétrodiffusés sont ensuite traités afin de mesurer les BSCs. Cependant, la performance de la sonde est affectée par la directivité des éléments (conception du réseau) et la diaphonie (technologie des transducteurs), ce qui impose un angle maximal pour lequel le BSC peut être mesuré, indépendamment de la stratégie d'imagerie utilisée. Une comparaison expérimentale des performances des sondes CMUT et piézoélectrique est effectuée afin de mesurer les BSCs sur des fantômes de tissus biologiques isotrope et anisotrope. Tout d'abord, la précision de l'orientation du faisceau est évaluée par des mesures bidimensionnelles de la forme du faisceau transmis à l'aide d'un hydrophone. Les mesures de BSCs sont ensuite effectuées in vitro en utilisant la méthode du fantôme de référence. Les résultats montrent que la sonde CMUT (avec une diaphonie réduite) est capable d'orienter le faisceau et de mesurer le BSC dans une plage angulaire d'environ ±15 o (contre ±5 o pour la sonde piézoélectrique).

Mots clés: Agrégats de globules rouges, anisotropie, ultrasons quantitatifs, coefficient de rétrodiffusion, sonde d'imagerie ultrasonore, CMUT Sommario: Tecniche a ultrasuoni quantitative per caratterizzare l'anisotropia dei tessuti molli Le tecniche a ultrasuoni quantitative (QUS) basate sulla parametrizzazione del coefficiente di backscattering (BSC) presuppongono generalmente che il tessuto in esame sia omogeneo e isotropo. Tuttavia, alcuni tessuti come gli aggregati di globuli rossi, il miocardio o i muscoli del bicipite presentano proprietà acustiche, quali il BSC e/o il coefficiente di attenuazione, variabili a seconda della direzione. Pertanto, la considerazione dell'anisotropia dei tessuti pu ò fornire una parametrizzazione pi ù significativa del BSC. L'obiettivo di questa tesi è di sviluppare tecniche di analisi quantitativa del backscattering estese ai tessuti anisotropi al fine di modellare la retrodiffusione dovuta all'aggregazione di globuli rossi e di sviluppare strategie sperimentali per misurare l'anisotropia tissutale.

Nella prima parte di questa tesi è stato sviluppato un modello di backscattering ad ultrasuoni per caratterizzare le strutture anisotrope di aggregati di globuli rossi. Infatti, i modelli di scattering attualmente utilizzati nel campo della caratterizzazione a ultrasuoni quantitativa del sangue (Effective Medium Theory in combinazione con il modello Structure Factor Model-EMTSFM o il Local Monodisperse Approximation-EMTLMA) si basano sull'assunzione di sfericità degli aggregati, mentre il sangue umano è normalmente costituito da strutture lineari di globuli rossi pi ù o meno impilati. Pertanto, la considerazione dell'anisotropia degli aggregati di globuli rossi potrebbe migliorare la sensibilità e la specificità delle tecniche a ultrasuoni quantitative nella stima dei parametri strutturali degli aggregati stessi. In questo lavoro di tesi, la formulazione teorica anisotropa dell'EMTLMA è stata sviluppata e confrontata con simulazioni numeriche del BSC tridimensionale nell'ambito di uno studio del problema diretto (cioè, i BSC teorici sono determinati in base a proprietà strutturali degli aggregati note). Sono state condotte simulazioni di semplici configurazioni di aggregazione (aggregati sferici polidispersi), di configurazioni moderate (aggregati di forma allungata orientati in modo casuale o perfettamente allineati) e di configurazioni realistiche complesse. Le configurazioni di aggregazione realistiche considerate nelle simulazioni corrispondono a dimensioni e distribuzioni di orientamento degli aggregati di globuli rossi ottenuti da misurazioni ottiche di sangue in condizioni di flusso di shear controllato. Successivamente, i modelli EMTLMA isotropi e anisotropi sono stati confrontati nell'ambito di uno studio del problema inverso per stimare alla cieca i parametri strutturali degli aggregati a partire dai valori di BSC simulati. È stata infine discussa la bontà dei modelli EMTLMA come mezzo per determinare la distribuzione dimensionale degli aggregati.

Nella seconda parte di questa tesi è stata messa a punto una procedura sperimentale per misurare il BSC in mezzi anisotropi di phantom ecografici realizzati con materiali di simulazione tissutale utilizzando una sonda piezoelettrica commerciale e un prototipo di trasduttore a ultrasuoni capacitivo microfabbricato su silicio (CMUT). La procedura sperimentale ha previsto l'utilizzo di un sistema di scansione ad ultrasuoni e di una sonda ecografica lineare per la trasmissione di fasci focalizzati nel mezzo di interesse e per la ricezione dei segnali retrodiffusi lungo diverse direzioni angolari. I segnali retrodiffusi acquisiti sono stati poi elaborati per stimare il BSC. Poiché le prestazioni della sonda sono influenzate dalla direttività del singolo elemento trasduttore, dipendente dalle caratteristiche geometriche dell'array, e dall'accoppiamento inter-elemento (cross-talk), dipendente dalla tecnologia del trasduttore, vi è un angolo massimo in corrispondenza del quale il BSC pu ò essere misurato, qualsiasi sia la strategia utilizzata nella formazione dell'immagine (per scansione di fascio focalizzato o per onde piane). Pertanto, è stato effettuato un confronto delle prestazioni di una sonda piezoelettrica e di una sonda CMUT per misurare il backscattering anisotropo utilizzando la strategia di formazione dell'immagine per scansione di fascio focalizzato. In primo luogo, la capacità di deflessione (steering) del fascio delle due sonde è stata valutata mediante caratterizzazione acustica del fascio trasmesso. Successivamente, sono state effettuate misure in vitro del BSC in phantom ecografici isotropi e anisotropi utilizzando il Reference Phantom Method. I risultati hanno dimostrato che la sonda CMUT, caratterizzata da una cross-talk inter elemento minore, è in grado di deflettere il fascio -e quindi di misurare il BSC -in un intervallo angolare fino a ±15 o (contro ±5 o per la sonda piezoelettrica).

Parole chiave: Aggregati di globuli rossi, anisotropia, caratterizzazione quantitativa a ultrasuoni dei tessuti, coefficiente di retrodiffusione, sonda ad ultrasuoni, CMUT 
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INTRODUCTION

Quantitative UltraSound (QUS) techniques based on the parameterization of the BackScatter Coefficient (BSC) measurements are generally model-based: the BSC is estimated from experiments and fitted to a backscattering model. This model is generally based on the assumption that the tissue under investigation is homogeneous and isotropic [START_REF] Madsen | Method of data reduction for accurate determination of acoustic backscatter coefficients[END_REF], Lin et al., 2015]. However, some tissues such as flowing red blood cell (RBC) aggregates [START_REF] Guilbert | 11C-6 New Observations on the Anisotropy of Ultrasound Blood Backscatter as a Function of Frequency and Shear Rate[END_REF],Garcia-Duitama et al., 2015], myocardium [START_REF] Yang | Characterization of Anisotropic Myocardial Backscatter Using Spectral Slope, Intercept and Midband Fit Parameters[END_REF] or bicep muscles [START_REF] Guerrero | Quantifying Backscatter Anisotropy Using the Reference Phantom Method[END_REF] exhibit angle-dependent acoustic properties (BSC and/or attenuation coefficient). Therefore, the consideration of tissue anisotropy may provide a more meaningful parameterization of the BSC.The objective of this thesis is to incorporate anisotropy in tissue backscatter analysis. The most relevant backscattering models used to estimate the erythrocyte aggregate size in flowing blood are presented below, followed by the description of the first part of this thesis, which aims to improve the modeling of ultrasound backscattering from aggregating blood by considering anisotropy Then, recent experimental strategies to measure tissue anisotropy using an ultrasound imaging system with a linear probe are presented. The second part of this thesis is then described, which is aimed at evaluating an experimental strategy for measuring the anisotropy of BSC.

Theoretical part

The QUS blood characterization aims to determine the red blood cell (RBC) aggregate structures from BSC measurements. The challenges are to develop suitable theoretical backscattering models that consider the high volume fraction of RBCs (named hematocrit) and the clustering of RBCs characterized by specific size and shape [Franceschini and Cloutier, 2013]. Two theoretical backscattering models have been developed: the Structure Factor Size Estimator (SFSE) and the Effective Medium Theory combined with the Structure Factor Model (EMTSFM). The SFSE theory approximates the structure factor with its second-order Taylor expansion and estimates two QUS parameters: the mean aggregate isotropic diameter and the packing factor [Yu andCloutier, 2007, Yu et al., 2009]. However, these two QUS parameters were found to be correlated reducing the BSC parameterization to one QUS parameter and making the SFSE theory difficult to interpret physically [Yu andCloutier, 2007, Saha et al., 2011a]. Despite this limitation, the SFSE theory was successfully applied to measure the RBC aggregation in relation to systemic inflammation in in vivo preclinical studies for various circulatory disorders such as deep vein thrombosis [START_REF] Yu | A local increase in red blood cell aggregation can trigger deep vein thrombosis: evidence based on quantitative cellular ultrasound imaging[END_REF], cardiopulmonary bypass, [START_REF] Tripette | Ultrasound monitoring of rbc aggregation as a real-time marker of the inflammatory response in a cardiopulmonary bypass swine model[END_REF] and diabetes [START_REF] Tripette | In vivo venous assessment of red blood cell aggregate sizes in diabetic patients with a quantitative cellular ultrasound imaging method: Proof of concept[END_REF]. The EMTSFM consists of treating the RBC aggregates as individual homogeneous scatterers and of calculating the backscattering from the collection of effective scatterers using the structure factor model [START_REF] Saha | Assessment of accuracy of the structure-factor-size-estimator method in determining red blood cell aggregate size from ultrasound spectral backscatter coefficient[END_REF]. In the case of polydisperse aggregates (i.e. aggregates with different size), the EMT can be combined with the polydisperse structure factor model for a gamma size distribution [de Monchy et al., 2018] or combined with the Local Monodisperse Approximation (EMTLMA) for any size distribution [de Monchy et al., 2016a]. The latter being an approximation of the polydisperse structure factor model, which is valid for moderate polydispersity [de Monchy, 2016]. The polydisperse EMTSFM (or equivalently the polydisperse INTRODUCTION EMTLMA) provides three QUS parameters: the mean and standard deviation of the aggregate size distribution and the aggregate compactness. Previous three-dimensional (3D) computer simulations [Franceschini et al., 2013] and in vitro experiments on aggregated blood [de Monchy et al., 2016a, de Monchy et al., 2018] demonstrated that the EMTSFM was more suitable than the SFSE for characterizing RBC aggregation. The EMTSFM provides a straightforward physical interpretation of the QUS estimates, since the aggregate size distributions estimated by the EMTSFM are consistent with the direct optical observations in controlled blood flow [de Monchy et al., 2016a, de Monchy et al., 2018].

All the aforementioned models (SFSE, EMTSFM and EMTLMA) assume that aggregates are spherical, so that blood is considered as an isotropic scattering medium. However, it is well known that RBC aggregates form anisotropic structures, such as rouleaux in normal blood or ellipsoidal clumps in pathological blood [Goldsmith, 1968[START_REF] Baskurt | Red blood cell aggregation[END_REF]. Moreover, some in vitro ultrasonic studies on controlled blood flow reported angular dependent backscatter intensity that suggest an orientation of the anisotropic aggregate structures with the flow streamlines [START_REF] Allard | Effect of the insonification angle on the doppler backscattered power under red blood cell aggregation conditions[END_REF], Garcia-Duitama et al., 2015]. In the presence of anisotropic aggregate structures, backscattering models considering spherical aggregates may create a bias against the QUS estimates.

The first objective of my PHD thesis is to propose and numerically evaluate an anisotropic formulation of the EMTLMA to characterize the anisotropic structures of the RBC aggregates. This model was validated by comparing the theoretically calculated BSC predictions given by the isotropic and anisotropic EMTLMA with the BSCs calculated by 3D computer simulations of ultrasonic backscattering from aggregated RBCs in the framework of a forward problem study (i.e., the theoretical BSCs were determined from known structural properties of RBC aggregates). The simulations were conducted from simple aggregation configurations (polydisperse spherical aggregates), moderate configurations (randomly oriented or perfectly aligned prolate-shaped aggregates) up to complex realistic configurations. The realistic aggregation configurations correspond to the size and orientation distributions of aggregated RBCs obtained from optical measurements of sheared blood in controlled flow conditions. Then, the isotropic and anisotropic EMTLMA models are evaluated in an inverse problem framework to estimate the structural parameters of RBC aggregates from the simulated BSCs.

Experimental part

The use of an ultrasound imaging system with a linear probe, which is the conventional system used clinically, for the practical evaluation and analysis of tissue anisotropy requires off-axis measurements in the medium under examination, i.e. measurements along directions other than the direction perpendicular to the probe surface.

Garcia-Duitama et. al. [START_REF] Garcia-Duitama | Experimental Application of Ultrafast Imaging to Spectral Tissue Characterization[END_REF] and [START_REF] Guerrero | Quantifying Backscatter Anisotropy Using the Reference Phantom Method[END_REF] recently proposed anisotropic QUS parameters by using the reference phantom method to compensate for the system-dependent effects when performing plane wave imaging (PWI) beamforming or conventional focused beam steering with a linear array. In [START_REF] Garcia-Duitama | Experimental Application of Ultrafast Imaging to Spectral Tissue Characterization[END_REF], the BSC was measured on flowing blood at different insonification directions and flow conditions using the PWI modality. The measured BSC was then fit to a scattering model to estimate the mean size of aggregates at different insonification directions. In [START_REF] Guerrero | Quantifying Backscatter Anisotropy Using the Reference Phantom Method[END_REF], different QUS parameters were defined to quantify the presence and orientation of anisotropic scatterers. These QUS parameters were obtained from the normalized power spectral density of the signals backscattered from the investigated medium.The backscattered signals are acquired at different insonification directions using the focused beam steering modality. However, independently of the imaging modality used, either the focused beam steering or the PWI , the performance of the probe is affected by the element directivity (array design) and cross-talk (transducer technology), which INTRODUCTION imposes a maximal angle to which the backscattered signals can be measured.

Conventional ultrasound imaging systems for clinical purposes are usually equipped with linear ultrasound probes based on piezoelectric lead zirconate titanate (PZT) technology, which suffer from high levels of crosstalk that considerably affects their steering ability, as demonstrated in several studies [Von Ramm and Smith, 1983, Lamberti et al., 1999, Zhou et al., 2003, Ramalli et al., 2015]. In order to overcome the limitations imposed by crosstalk effects on the steering capabilities of the probe, some solutions have been reported in the literature, for example based on the use of an appropriate apodization in the transmission [START_REF] Ramalli | Improved array beam steering by compensation of inter-element cross-talk[END_REF] or the manipulation of the transmitted waveform [START_REF] Zhou | An approach for reducing adjacent element crosstalk in ultrasound arrays[END_REF], Bybi et al., 2013]. However, these techniques were proposed to improve the B-mode image quality, and could affect important characteristics for spectral analysis (such as the frequency content of the data) and beam properties (such as depth of focus and beam width). In addition, these techniques only consider the effects of crosstalk on transmission and not on reception, which also degrades off-axis measurements. Another solution is to intervene in the manufacturing process to reduce the mechanical and acoustic coupling between the individual piezoelectric elements that make up the ultrasound probe [START_REF] Yang | A study of 1-3 pseudorandom pillar piezocomposites for ultrasound transducers[END_REF].

In recent years, MEMS-based electrostatic ultrasonic transducers have emerged as an alternative technology for manufacturing ultrasonic probes, which has shown some advantages over conventional piezoelectric probes. For example, several works in the field of photoacoustic imaging [START_REF] Rebling | Optoacoustic characterization of broadband directivity patterns of capacitive micromachined ultrasonic transducers[END_REF], Vallet et al., 2017] showed that a CMUT-based probe had a better performance than conventional piezoelectric probes, in terms of bandwidth and angular sensitivity (directivity). In general, the performance of the probe imposes some limitations to measure and evaluate the anisotropy of biological tissues, so the study of these limitations will improve its understanding and, consequently, will make it possible to envisage possible ways to overcome them.

The second objective of my PhD was to establish and evaluate an experimental strategy to measure ultrasonic backscatter anisotropy using an ultrasound imaging system with a linear probe. The evaluation was carried out by comparing the performance of a CMUT probe and a commercial piezoelectric probe for off-axis measurements of the BSC using the focused beam steering imaging modality. In a first step, the steering ability of the two probes is evaluated by two-dimensional measurements of the shape of the transmitted beam using an hydrophone. Then, the BSC was measured as a function of the direction of insonification in isotropic and anisotropic tissue-mimicking phantoms. Finally, both transmitted beam pattern and BSC measurements obtained with the two probes were compared.

The detailed description of the research work carried out during my PhD thesis is organized in this manuscript as follows. The first part, corresponding to the theoretical part, consists of chapters 1, 2 and 3. Chapter 1 presents the state of the art of modeling of ultrasound backscattering from aggregating blood. Chapter 2 presents the development and validation of the anisotropic EMTLMA model for red blood cell aggregates. Chapter 3 presents an evaluation of the isotropic and anisotropic EMTLMA models, when used in an inverse problem approach to estimate the QUS parameters of complex aggregation configurations. The second part, corresponding to the experimental part, consists of chapters 4 and 5. Chapter 4 presents the state-of-the-art techniques for measuring BSC in soft tissues using an ultrasound imaging system. Chapter 5 presents the experimental results of the performance comparison between CMUT and piezoelectric probes when used to transmit a steered beam and measure ultrasonic backscatter anisotropy. Finally, the general conclusion and perspectives are presented.

Part I

Theoretical part

Chapter 1

State of the art: scattering modeling for ultrasound blood characterization

This chapter presents the state-of-the-art concerning quantitative ultrasound (QUS) techniques based on backscatter coefficient measurements for the characterization of red blood cell (RBC) aggregation. Firstly, the main characteristics of blood and the phenomenon of RBC aggregation are briefly described. Next, a general description of QUS techniques based on spectral analysis of backscattered signals is presented, and the emphasis is then placed on QUS techniques based on scattering models adapted for blood. Finally, the main motivations and objectives of this research work are presented.

Phenomenon of RBC aggregation

Blood is a concentrated suspension of RBCs, leukocytes, and platelets in a fluid plasma. The RBCs represent the majority of particles in the blood, with a volume fraction that can vary between 35% and 45% [START_REF] Zohdi | Quantitative ultrasound techniques for evaluating tissue anisotropy : modeling acoustic backscatter from aggregating red blood cells and experimental evaluation of CMUT and PZT probes[END_REF] Aggregation of RBCs is a normal and reversible phenomenon in the blood. Aggregation has been re-1.1 Phenomenon of RBC aggregation ported to depend on many factors such as temperature, concentration of protein macromolecules in plasma (e.g., fibrinogen), hematocrit and shear conditions of the flow [START_REF] Baskurt | Red blood cell aggregation[END_REF]. However, the exact causes of this phenomenon are being still studied [START_REF] Baskurt | Red blood cell aggregation[END_REF].

Optical measurements have shown that aggregates under normal conditions take the form of "rouleaux" structures (see Fig. Abnormal RBC aggregation has been related to cardiovascular diseases [START_REF] Ami | Parameters of red blood cell aggregation as correlates of the inflammatory state[END_REF], Justo et al., 2009], peripheral vascular diseases, hypertension, metabolic disorders [START_REF] Bauersachs | Red blood cell aggregation and blood viscoelasticity in poorly controlled type 2 diabetes mellitus[END_REF], Zilberman-Kravits et al., 2006], hemoglobinopathies [START_REF] Chen | Enhanced aggregability of red blood cells of beta-thalassemia major patients[END_REF], and inflammatory markers in a variety of infectious diseases [START_REF] Almog | Enhanced erythrocyte aggregation in clinically diagnosed pelvic inflammatory disease[END_REF], Ami et al., 2001, Goldin et al., 2007].

RBC hyperaggregation is a global marker of inflammation during illness or surgery, and is found in a variety of chronic states (obesity, diabetes, atherosclerosis) and sepsis [START_REF] Ami | Parameters of red blood cell aggregation as correlates of the inflammatory state[END_REF], Berliner et al., 2000]. Because abnormal RBC aggregation is a precursor of microvascular disorders and thrombosis, it leads to ischemic events and tissue damages that further reinforce the existing inflammatory condition. Therefore, several methods have been developed to assess RBC aggregation such as: erythrocyte sedimentation rate, microscopic methods including computerized image analysis techniques, low shear viscometry, photometric methods which are based on alterations of the light reflectance, or transmittance properties of RBC suspensions during the process of aggregation from which several instruments have been developed to measure erythrocyte aggregation, termed RBC aggregometers [START_REF] Baskurt | Handbook of hemorheology and hemodynamics[END_REF][START_REF] Baskurt | Red blood cell aggregation[END_REF], Baskurt and Meiselman, 2013]. Contrary to these techniques needing a withdrawal of blood and the analysis in a laboratory instrument, QUS imaging has the potential to measure the level of RBC aggregation under both in vivo and in situ flow conditions in a non-invasive way, when RBC aggregates are moving in a vessel. Moreover, ultrasound methods do not need the use of anticoagulant and measurements are performed in its natural environment. This is a major issue because in vitro assessments of RBC aggregation in a laboratory instrument are affected by the time elapsed between blood sampling and measurement, which can be up to several hours. Therefore, when it is necessary to continuously monitor inflammation, for example during the surgery of critically ill patients, the QUS imaging method would be of great interest in a clinical context. Moreover, pathological levels of RBC aggregation are observed in many diseases that imply blood rheological disorders (atherosclerosis, thrombosis, diabetes). These pathologies inflict particular sites, such as inferior members for thrombosis, arterial bifurcations for atherosclerosis and the foot for diabetes. It would be of great interest to elucidate the role of RBC aggregation on the etiology of these 1.2 Quantitative ultrasound techniques based on backscatter coefficient measurements pathologies in in vivo and in situ conditions by using QUS techniques.

The QUS techniques are commomly based on a spectral or statistical analysis of the ultrasound signals backscattered by the investigated tissue. The spectral-based QUS techniques used in parameterization of ultrasound signals are the main interest of this work and are described in the following.

Quantitative ultrasound techniques based on backscatter coefficient measurements

The signals backscattered by a biological tissue contain information about tissue microstructure, such as spatial arrangement, concentration, size and mechanical properties of scatterers. The access to raw radiofrequency signals from experimental systems, which are used for research purpose in laboratories, as well as in some clinical ultrasound systems, have made it possible to apply normalization methods in order to take into account the instrumentation function, and to measure the differential backscattering cross-section per unit volume, named the Backscatter Coefficient (BSC). The BSC is defined as the power backscattered by a unit volume of scatterers per unit incident intensity per unit solid angle. Therefore, the BSC is an intrinsic property of the tissue, that makes it possible to link experimental measurements with ultrasonic scattering theory.

The spectral analysis approach used by Lizzi et al. [START_REF] Lizzi | Ultrasonic spectrum analysis for tissue evaluation[END_REF] consists in performing a linear fit of the BSC as a function of frequency on a log-log scale to estimate QUS parameters as follows: logBSC ≈ SS logf + SI, where SS is the spectral slope and SI is the spectral intercept, i.e. the extrapolation of the linear fitting to zero frequency. The theory proposed by Lizzi [START_REF] Lizzi | Ultrasonic spectrum analysis for tissue evaluation[END_REF] allows to relate the spectral slope with the average size of scatterers, while the intercept depends on the average size and the acoustical concentration of scatterers. The acoustical concentration is the product between the concentration of scatterers and the acoustical impedance contrast between the scatterer and the surrounding medium. This approach was initially proposed to parameterize eye lesions [START_REF] Lizzi | Ultrasonic spectrum analysis for tissue evaluation[END_REF], Lizzi et al., 1987], and was used in the 90's by Kitamura et al. to estimate the size of RBC aggregates [START_REF] Kitamura | Roles of hematocrit and fibrinogen in red cell aggregation determined by ultrasonic scattering properties[END_REF]. Although the analysis of these QUS parameters has made it possible to differentiate blood with different aggregation tendencies [van der Heiden et al., 1995], they are difficult to interpret because they are strongly dependent on the central frequency and bandwidth of the transducer, as well as on the attenuation of the medium when its effects are important and they are not compensated.

Another approach proposed by [START_REF] Insana | Describing small-scale structure in random media using pulse-echo ultrasound[END_REF], known as the inverse problem approach, relies on theoretical modeling of the frequency dependent BSC, where a scattering model is fit to the measured BSC, cf. Fig. (1.3).The fit parameters can provide a meaningful description of the tissue microstructure (e.g. scatterer size, shape, acoustic properties, and/or spatial organization) provided that the chosen scattering model is accurate for describing the tissue under investigation. Note that there is a tradeoff to be made between the accuracy of the scattering model and its suitability for use in an inverse problem approach, since a very accurate model may be too complex to use in solving the inverse problem due to its high computational cost or due to its high number of unknown parameters. In the following sections, the existing models developed in the literature that describe the ultrasonic scattering by RBC aggregates will be presented.

Assumptions for modeling ultrasound backscattering by blood

To model ultrasound backscattering by blood, some simplifying assumptions can be considered in order to make the model to be obtained simpler and more useful. Nevertheless, all these assumptions are acoustically realistic. First, it is assumed that shear waves and wave mode conversion are negligible, so only An ultrasound probe is placed to obtain an echographic image of an arm's vein, from which a Region Of Interest (ROI) is selected. The power spectrum density is computed from the raw radio-frequency signals of the ROI. Then, the measured BSC is calculated by using a reference phantom technique to compensate the power spectrum density for the electromechanical system response, and the depth-dependent diffraction and focusing effects caused by the ultrasound beam. Finally, the measured BSC is fitted by using a suitable theoretical model in the framework of an inverse problem approach.

compression waves are considered. Second, the attenuation of the backscattered ultrasound blood echoes due to viscous losses is also ignored. Thus, the plasma and RBCs are acoustically described as fluid and non-viscous media. Finally, contrary to the majority of soft biological tissues, the backscattering of RBC aggregates in flowing blood is time dependent. Given that the speed of displacement of blood in vessels (on the order of m/s) is much slower than the speed of propagation of compressional waves (about 1540 m/s in blood), the insonified blood is considered as quasi-stationary [START_REF] Shung | Ultrasonic scattering in biological tissues[END_REF].

Red blood cells as the main source of scattering in blood

The RBCs represent 98% of the cellular content in blood, so ultrasonic scattering due to other cells (i.e., leukocytes and platelets) is neglected. A red blood cell can be considered as a membrane containing hemoglobin. The effect of the RBC membrane on ultrasonic backscattering is neglected because of its extremely small thickness about 10 nm (in comparison with the characteristic size of a red blood cell around few micrometers). Hemoglobin and plasma are acoustically described as fluid and non-viscous media with mass density ρ and compressibility κ (or in an equivalent way with impedance Z = ρ/κ and speed of sound c) whose values are given in 

The Born approximation

The features in Table 1.1 show that impedance contrast between plasma and RBC is low, about 13%. When a heterogeneous medium has scatterers with low impedance contrast (γ Z < 0.15), one can consider that the incident wave propagates without being perturbed by the heterogeneities. This means that the scattered field is negligible when compared to the incident field: this is the Born approximation [START_REF] Shung | Ultrasonic scattering in biological tissues[END_REF]. Therefore, multiple scattering is neglected. This hypothesis is commonly accepted in literature for blood QUS characterization [Insana et al., 1990, Fontaine et al., 1999, Fontaine et al., 2002], and will be adopted in the framework of our study.

Ultrasonic scattering model for a single RBC

Let us consider an isolated RBC insonified by a plane wave of unit pressure amplitude p i (r) = e ikn i .r , where k is the wavenumber and n i is the unit vector in the direction of propagation of the incident field, as depicted in Fig. (1.4). The interaction between the incident wave and the particle results in a deviation of the incident wave that redistributes the acoustical energy in space. By considering the far-field regime (i.e., the observation distance is large compared to the size of scattering volume V ) and the Born approximation, the field of pressure scattered in the observation point r=rn can be expressed as [START_REF] Shung | Ultrasonic scattering in biological tissues[END_REF]]

p s (r) = e ikr r Φ(k(n -n i )), (1.3)
where Φ(k(nn i )) is the angle distribution factor for the scattered wave defined as

Φ(k(n -n i )) = k 2 4π V γ κ (r 0 ) + γ ρ (r 0 ) cos(θ) e -ik(n-n i )•r 0 d 3 r 0 , (1.4)
where θ is the angle between the direction of the incident wave and the position of the observation point. A parameter characterizing the ultrasonic signal backscattered by a single scatterer is given by the differential scattering cross section, σ , which corresponds to the power scattered by one particle per unit incident intensity per unit solid angle. The differential scattering cross section σ is given by [START_REF] Shung | Ultrasonic scattering in biological tissues[END_REF] 

σ (k, θ) = Φ(k(n -n i )) 2 = k 4 16π 2 V γ κ (r 0 ) + γ ρ (r 0 ) cos(θ) e -ik(n-n i )•r 0 d 3 r 0 2 .
(1.5) where • refers to the magnitude value. For the backscattering configuration θ = 180 o (i.e., when the source of the plane wave and the detector are located at the same place), the differential backscattering cross section, denoted σ b , is expressed as:

σ b (-2k) = k 4 16π 2 V γ κ (r 0 ) -γ ρ (r 0 ) e i2kn i •r 0 d 3 r 0 2 .
(1.6)

The dependence in (-2k) refers to the backscattering configuration. Given that the values of γ ρ and γ κ are different than zero within the RBC and zero otherwise, the Eq. (1.6) can be written as

σ b (-2k) = k 4 16π 2 γ κ -γ ρ 2 V s e i2kn i •r 0 d 3 r 0 2 = k 4 V 2 s 16π 2 γ κ -γ ρ 2 F(k) = σ bR (-2k)F(k) (1.7)
where V s is the volume of the RBC and F(k) is the form factor. Note that in Eq. (1.7) the term σ bR corresponds to the differential backscattering cross section of a Rayleigh scatterer. The Rayleigh theory predicts that the backscattering cross-section is proportional to the fourth power of the incident wave frequency and to the square of the scatterer volume, a behavior that does not depend on the shape of the scatterer. The deviation of the form factor from one quantifies the influence of shape and its orientation with respect to the incident beam on σ b . Typical human RBCs are flexible biconcave disks having a diameter of approximately 8 µm, a thickness of 2.2 µm and a volume of about V s =94µm 3 . There is no closed form for Eq. (1.7) considering the irregular shape of an RBC. However, it is possible to model a RBC as a scatterer of simple shape having equivalent volume, as long as the wavelength is large compared to the characteristic size of the RBC. This approximation allows us to use analytical expressions of form factors of simple geometrical shapes, the most popular being the spherical form factor. In this last case, the RBC is approximated by a fluid-filled sphere of radius a=2.82 µm of equivalent volume V s =94µm 3 , so that

σ b (-2k) ≈ σ FFS (-2k) = k 4 V 2 s 16π 2 γ κ -γ ρ 2 F FFS (k), (1.8)
where F FFS (k) is the spherical form factor given by

F FFS (k) = 3 sin(2ka) -2ka cos(2ka) 2ka 3 2 .
(1.9)

Savéry & Cloutier [START_REF] Savéry | High-frequency ultrasound backscattering by blood: Analytical and semianalytical models of the erythrocyte cross section[END_REF] compares the semi-analytical expression of RBC backscattering cross-section considering the biconcave shape of the RBC with several simplified analytical formula of sphere, finite cylinder, and oblate spheroid. They showed that an RBC can be considered as a Rayleigh scatterer for frequencies below 18 MHz, and as a fluid-filled sphere for frequencies below 21 MHz (by considering a difference of 5% with biconcave RBC scattering). The RBC was acoustically equivalent to an oblate spheroid of semi-axes 4.3 and 1.2µm for frequencies less than 90 MHz. Figure (1.5a) gives the dif-1.5 Ultrasonic scattering models for an ensemble of RBCs ferential backscattering cross-sections of an oblate ellipsoid insonified along two different directions. The backscattering behavior of one oblate spheroid (mimicking one RBC) is anisotropic (see blue and red lines in Fig. 1.5a). Perpendicular to the minor axis (or to the major axis) of the oblate spheroid, the backscattering behavior deviates from Rayleigh scattering above 20 MHz (and above 90 MHz, respectively). In practice, it can be assumed that RBCs do not have a preferential orientation in blood, such that the behavior of the mean backscattering cross-section should depend on a mean form factor of the collection of RBCs randomly oriented. That is why the mean backscattering cross-section of randomly oriented oblate spheroids is plotted in Fig. 1.5. It is interesting to observe that the fluid-sphere model allows us to approximate satisfactorily the mean backscattering cross-section of randomly oriented oblate spheroids up to a frequency of 47 MHz, as shown in Fig. (1.5b).

Although the oblate spheroid is best suited to approximate the RBC scattering and its mathematical description is well defined [START_REF] Savéry | High-frequency ultrasound backscattering by blood: Analytical and semianalytical models of the erythrocyte cross section[END_REF], it is not used primarily for two reasons. First, it will make the model more complex, without significantly improving the result given by the spherical approximation up to a frequency of 47 MHz. Second, the frequencies of interest are in the range of 3-40 MHz in most clinical experiments. Therefore, in the remaining part of this manuscript, the fluid sphere model given by Eq. (1.8) will be used to describe the backscattering from a single RBC. However, it should be noted that, if frequencies of interest go beyond 47 MHz, this model should be revised. In addition, for the sake of simplicity, the variable k will be used instead of -2k to refer to the backscattering configuration, since we will be only interested in the backscattering in the following.

Ultrasonic scattering models for an ensemble of RBCs

For an ensemble of RBCs, the relevant quantity to be measured is the differential backscattering cross-section per unit volume also known as the backscatter coefficient, BSC. There are several theoretical approaches to model the backscattering from an ensemble of RBCs: the continuum model, the particle model and a combination of them. In the continuum model [Angelsen, 1980,Atkinson andBerry, 1974], the medium containing the RBCs is considered to be a continuum with spatial inhomogeneities in density and compressibility. Thus, the scattering is due to the fluctuations given by these inhomogeneities around mean values ρ m and κ m . In addition, the BSC is described in function of the mean value of the wave number k m . In the particle model [Lucas andTwersky, 1987, Twersky, 1987], the source terms are considered to be the RBCs, modeled as identical discrete scatterers much smaller than the wavelength with density ρ e and compressibility κ e in a homogeneous surrounding background (i.e. the plasma) with density ρ p and compressibility κ p . The backscattering from the ensemble of particles is the sum of the field backscattered by each particle, and interference effects caused by correlations among particle positions are modeled by a structure factor, as detailed in the following paragraph 1.5.1. The third approach is called the hybrid model that combines both continuum and discrete models [START_REF] Mo | A unified approach to modeling the backscattered doppler ultrasound from blood[END_REF]. In this approach, several RBCs in an elemental volume (voxel), which is smaller than wavelength, are treated as a scattering unit. Then the contribution of each voxel is obtained by means of the particle approach. The BSC is modeled taking into account the mean values of scatterers in each voxel and the variance of this number in the voxel assembly.

In the remaining of this work, all the theoretical developments will be based on the particle model.

Particle model

Let consider a scattering volume V that contains N scatterers insonified by a plane wave of unit pressure amplitude p i (r) = e ikn i .r . By considering far field regime and Born approximation, the backscattering amplitude Φ by N scatterers is expressed as:

1.5 Ultrasonic scattering models for an ensemble of RBCs 

Φ(k) = k 2 4π V γ κ (r 0 ) -γ ρ (r 0 ) e i2kn i •r 0 d 3 r 0 .
(1.10)

By considering scatterers having identical acoustic properties .11) and assuming the position of the RBC centers is given by r l , l = 1, 2, ...N , and considering the change of variable r = r 0r l in Eq. (1.10), the backscattering amplitude is given by:

γ κ (r 0 ) -γ ρ (r 0 ) = γ κ -γ ρ (if r 0 is inside the RBCs) 0 (if r 0 is outside the RBCs), ( 1 
Φ(k) = k 2 4π γ κ -γ ρ N l=1       V s l e i2kn i •r d 3 r       e i2kn i •r l , (1.12)
where V s l is the volume of the l th scatterer. This equation can be used to compute the backscattering amplitude for an ensemble of particles of any shape. Now, if the N scatterers are considered spherical with identical acoustic properties and identical size, the backscattering amplitude can be simplified as follows:

Φ(k) = k 2 4π γ κ -γ ρ V s e i2kn i •r d 3 r N l=1 e i2kn i •r l ≈ k 2 4π γ κ -γ ρ V s F 0 (k) N l=1 e i2kn i •r l (1.13)
where F 0 (k) 2 = F FFS (k) is the fluid-sphere form factor. The differential backscattering cross section is found from the ratio between the differential backscatter 1.5 Ultrasonic scattering models for an ensemble of RBCs power and the incident intensity. The backscattering coefficient, denoted BSC, is the differential backscattering cross section per unit volume given by BSC Chapter 4, Eq. 53, Insana and Brown [Shung and Thieme, 1992]]. For identical particles with spherical shape, Savéry & Cloutier proposed a theoretical BSC model based on the particle approach and named the structure factor model (SFM). The SFM sums the contributions from individual particles and models the particle interaction by a structure factor S [START_REF] Savéry | A point process approach to assess the frequency dependence of ultrasound backscattering by aggregating red blood cells[END_REF]. The BSC given by the SFM is obtained from Eq. (1.13) as follows: [START_REF] Savéry | A point process approach to assess the frequency dependence of ultrasound backscattering by aggregating red blood cells[END_REF]]

(k) = 1 V Φ(k)) 2 [
BSC SFM (k) = k 4 16π 2 V γ κ -γ ρ 2 V 2 s F FFS (k) N m=1 e -i2kn i •r m N l=1 e i2kn i •r l = nσ b (k) 1 N N m=1 e -i2kn i •r m N l=1 e i2kn i •r l = nσ b (k)S(k) (1.14)
where • represents the ensemble averaged, n = N /V is the number density of particles (related to the hematocrit φ as n = φ/V s ), and σ b is the backscattering cross section from a single RBC given by Eq. (1.8). One can identify in Eq. (1.14) the structure factor for an ensemble of identical hard spheres expressed in the peculiar case of backscattering configuration as:

S(k) = 1 N N m=1 e -i2kn i •r m N l=1 e i2kn i •r l = 1 + n V (g(r) -1) e i2kn i .r 0 d 3 r 0 (1.15)
which is only determined by the positions of scatterers. The structure factor S is linked to the Fourier transform of the pair correlation function g(r). The pair correlation function is related to the probability of finding two particles separated by the distance r. Example of g are given in Fig.

(1.7) for an isotropic distribution of impenetrable spheres with identical radius a. The function g is zero at short separations (r<2a), then g oscillates around the value of 1 with several peaks in the range of r≥2a, with a maximum at r=2a. Conversely, when the positions of the particles are randomly and independently distributed (which corresponds to the case of a low scatterer volume fraction φ ≤1%), g is equal to 1 for r > 2a. Also represented in Fig.

(1.7) are the corresponding structure factors. The structure factors S oscillate around the value of 1 with several peaks. The larger the amplitude of the peaks, the more ordered the scattering medium is. As the product ka increases, the oscillation of the peaks becomes weak and S tends to a value of 1. The structure factor gives information on the interference level as a function of k, and therefore gives the wavenumbers k that are influenced by the correlation position of particles. If the structure factor is different from the value of 1, it means that there is a correlation position effect for the considered wavenumber. Here examples of g and S are given for isotropic and randomly distributed particles, but it is important to underline that the structure factor can be computed whatever the position of scatterers (e.g. anisotropic distribution, aggregated particles). [Franceschini et al., 2011a] carried out a study on two-dimensional RBC distributions where the BSC predicted from the theoretical SFM was compared with the BSC obtained from numerical wave propagation simulations. The numerical wave propagation uses a time-domain numerical method that has the advantage of requiring no physical approximation (within the framework of linear acoustics). The method therefore accounts for multiple scattering, refraction and reflection effects. The results showed a remarkable correspondence between the BSCs computed from the theoretical SFM and from numerical simulations in the frequency range of 10-40 MHz. This study demonstrated that the SFM based on Born approximation was sufficient for computing the BSC, provided that the particle distribution is known a priori. That is why the [START_REF] Savéry | A point process approach to assess the frequency dependence of ultrasound backscattering by aggregating red blood cells[END_REF][START_REF] Saha | Assessment of accuracy of the structure-factor-size-estimator method in determining red blood cell aggregate size from ultrasound spectral backscatter coefficient[END_REF][START_REF] Saha | Assessment of accuracy of the structure-factor-size-estimator method in determining red blood cell aggregate size from ultrasound spectral backscatter coefficient[END_REF], Fontaine et al., 2002, Fontaine and Cloutier, 2003, Saha and Cloutier, 2008, Savéry and Cloutier, 2005]. In the following, the method to predict the BSC is called "numerical simulation based on the SFM", because the RBC spatial distributions were obtained by computer simulations, such as the Monte Carlo method. These spatial distributions were then used to compute the BSC by using the SFM modeling.

In a practical assessment of structural parameters of RBC aggregates where the measured BSC is fit to a suitable backscattering model (i.e. in the framework of an inverse problem approach), the SFM can hardly be used, because in ultrasonic experiments on flowing blood is currently impossible to have information on how RBCs are spatially distributed in blood, and is not possible to find a closed form for the structure factor for all possible configurations of RBCs. Thus, it is impossible to test all the possible spatial distributions of RBCs due to its computational cost. Therefore, other theoretical models based on the approximation of the SFM have been proposed for practical assessments of RBC structural features in an inverse problem formulation as described below.

Simplified models for disaggregated RBCs

The most simple model is obtained by assuming that RBCs are randomly and independently distributed, it means that their positions are uncorrelated. In this case, the BSC is proportional to the number density of scatterers n as:

BSC(k) = nσ b (k).
(1.16)

Yuan & Shung [START_REF] Yuan | Ultrasonic backscatter from flowing whole blood. I: Dependence on shear rate and hematocrit[END_REF] conducted experiments on porcine RBCs suspended in a saline suspension in order to measure the BSC as a function of the hematocrit. Note that RBCs suspended in saline solution do not exhibit aggregation. Their results showed that this model is valid for disaggregated RBCs with hematocrit values less than 8%. A non-linear relationship between the backscatter amplitude and hematocrit was observed as shown in Fig. (1.8). It suggest that the effects of spatial correlation between RBCs can no longer be neglected for hematocrit greater than 8%. [START_REF] Yuan | Ultrasonic backscatter from flowing whole blood. I: Dependence on shear rate and hematocrit[END_REF] Therefore, to take into account the effects of spatial correlation between scatterers, the packing factor model was proposed as follows [Shung, 1982] 

BSC(k) = nσ b (k)W , (1.17)
where W is the packing factor that describes the effect due to the correlated positions of particles. The packing factor W is the low frequency limit of the structure factor and is thus related to the pair-correlation g as

W = 1 + n V (g(r) -1)d 3 r. (1.18)
For the case of particles randomly and independently distributed in space, we have g(r) = 1 and W = 1, so that Eq. (1.17) is reduced to Eq. (1.16). Percus & Yevick proposed an analytical expression for the packing factor W for a medium of non-overlapping hard spheres [Twersky, 1975]. This packing factor, W P Y , only depends on the volume fraction φ of the spheres [Twersky, 1975]

W P Y = (1 -φ) 4 (1 + 2φ) 2 . (1.19)
The behavior of W P Y is shown in Fig.

(1.9). The packing factor model based on W P Y expression given in Eq.

(1.19) succeeded to explain the non-linear dependency of the BSC with hematocrit, as shown in Fig. (1.8). This was demonstrated in several experimental studies on suspension of non-aggregated porcine RBCs in the low frequency range (<10MHz) [START_REF] Berger | Polydisperse scattering theory and comparisons with data for red blood cells[END_REF], Lucas and Twersky, 1987, Shung, 1982].

Simplified models for aggregated RBCs

The models presented above fails in explaining the backscatter behaviour of aggregated RBCs [START_REF] Yuan | Ultrasonic backscatter from flowing whole blood. I: Dependence on shear rate and hematocrit[END_REF]. For this purpose, two approximations of the SFM have been developed to provide an analytical expression of the BSC to estimate structural parameters of RBCs aggregates in the framework of an inverse problem approach. These approximations are the Structure Factor Size Estimator (SFSE), and the Ef- fective Medium Theory combined with the Structure Factor Model (EMTSFM), which are further described in the following.

Structure factor size estimator (SFSE)

Assuming spherical aggregates of the same size, Yu & Cloutier developed the SFSE, which uses a second order Taylor approximation of the structure factor [START_REF] Yu | Ultrasonic parametric imaging of erythrocyte aggregation using the structure factor size estimator[END_REF]Cloutier, 2007]

S(k) ≈ W o - 12 5 (kaD) 2 , (1.20)
where W o is the packing factor corresponding to the low frequency limit of the structure factor for aggregated RBCs, and D is the diameter of RBCs aggregate, which is related to the gyration radius as D = √ 5/3R g /a. The SFSE allows to parameterize the BSC by two structural parameters: the packing factor W o and the aggregates mean diameter D, as follows

BSC SFSE = nσ b (k) W o - 12 5 (kaD) 2 . (1.21)
Considering that the hematocrit φ, the RBC radius of the equivalent sphere a, and the acoustical properties of plasma and RBC are known a priori, the parameters W and D can be estimated by fitting the measured BSC with the theoretical BSC SFSE . However, recent experimental and numerical works [Yu andCloutier, 2007, Saha et al., 2011b] showed that the parameters W o and D are correlated. So the BSC parameterization is reduced to one parameter related to the aggregate size, and the SFSE is an empirical modeling.

1.5.3.2 Effective medium theory combined with the structure factor model (EMTSFM)

Monodisperse EMTSFM. Franceschini et al. [START_REF] Saha | Assessment of accuracy of the structure-factor-size-estimator method in determining red blood cell aggregate size from ultrasound spectral backscatter coefficient[END_REF] developed another approximation of the SFM, called the EMTSFM. The effective medium theory (EMT) [START_REF] Kuster | Velocity and attenuation of seismic waves in two-phase media: Part i. theoretical formulations[END_REF] assumes that aggregates of RBCs can be treated as homogenous spherical particles as depicted in Fig.

(1.10). The mass density ρ ag and compressibility κ ag of the effective scatterer is determined by the aggregate compactness φ i (defined as the volume fraction occupied by RBCs within an aggregate) and acoustic properties of RBCs ρ e , 1.5 Ultrasonic scattering models for an ensemble of RBCs κ e and plasma ρ p , κ p , as follows:

ρ ag =φ i ρ e + (1 -φ i )ρ p , (1.22) 1 κ ag = φ i κ e + 1 -φ i κ p .
(1.23)

The approximation of RBC aggregates as homogeneous effective particles is combined with the structure factor model to consider the interference effects caused by correlations between the spatial positions of effective particles. The EMTSFM was first developed for monodisperse aggregate size. More specifically, as a first approximation, it was assumed that all the RBCs are aggregated in blood, and that the aggregates are spherical and identical (i.e., same size and same aggregate compactness). The BSC for an ensemble of monodisperse homogeneous spherical particles of radius r ag is given by

BSC EMT SFM mono = n ag σ ag (k, r ag )S ag (k), (1.24)
where n ag is the number density of aggregates, σ ag is the differential backscattering cross-section of an effective particle [de Monchy et al., 2016b], and S ag is the structure factor of a collection of identical effective spheres randomly distributed (analytically calculated as proposed by Wertheim [Wertheim, 1963]). This model allows to parameterize the BSC by two structural parameters: the aggregate radius r ag and aggregate compactness φ i . In [Franceschini et al., 2013], this model was compared with the SFSE model under two and three dimensional (2D and 3D) simulations, using the BSC computed from the SFM as the benchmark.

The results showed that the EMTSFM was more suitable than the SFSE for characterizing the aggregate microstructure in both 2D and 3D studies.

Reality Effective medium approximation

Figure 1.10: The effective medium approximation.

EMT combined with the Local Monodisperse Approximation (LMA) or with the polydisperse SFM. Later, de Monchy et al. [de Monchy et al., 2016a] [de Monchy et al., 2018] combined the EMT with the Local Monodisperse Approximation (LMA) or with the polydisperse SFM for taking into account aggregates of different sizes. In both models, the aggregate compactness φ i is assumed to be identical for all aggregates (except in the case of a single RBC having an aggregate compactness of 1) and the aggregates are approximated by homogenous effective spheres whose radii follow a Γ distribution p that depends on the mean radius of aggregates r ag and a width factor z as

p (r ag ,z) (r ag ) = (r ag ) z Γ (z + 1) z + 1 r ag z+1 e - r ag r ag (z+1)
.

(1.25)

In ( [de Monchy et al., 2016a]), the EMT was combined with the LMA [Pedersen, 1994], which assumes that a scatterer of a certain size is always surrounded by scatterers of the same size. Thus, the BSC for an en-1.5 Ultrasonic scattering models for an ensemble of RBCs semble of polydisperse effective spheres is calculated as the sum of the backscattering of the monodisperse subsystems weighted by p(r ag ) as BSC EMT LMA = n ag p(r ag )σ ag (k, r ag )S(k, r ag , φ ag ) dr ag ,

(1.26)

where n ag is the number density of aggregates computed as

n ag = φ ag (4/3)π ∞ 0 p(r ag )r 3 ag dr ag ,
and S(k, r ag , φ ag ) is the monodisperse structure factor for an equivalent system, consisting only of particles of radius r ag with a fixed total volume fraction of effective spheres φ ag .

In [de Monchy et al., 2018], the EMT was combined with the polydisperse structure factor. The BSC can be written as the sum of an incoherent scattering contribution that sums up the intensities of the backscattered waves of each effective scatterer independently and of a coherent scattering contribution originating from the spatial correlation in effective scatterer positions [de Monchy et al., 2018] [Han and O'brien, 2015]. By considering that hematocrit φ, the RBC radius of the equivalent sphere a, and the acoustical properties of plasma and RBC are known a priori, the unknown parameters are the mean radius of aggregate size distribution r ag , the width factor of distribution size z and the aggregate compactness φ i . The unknown parameters can be estimated by matching the measured BSC with the theoretical BSC given by Eq. (1.26) when using the EMTLMA or by using Eq. (1.27) when using the polydisperse EMTSFM.

BSC EMT SFM poly (k) = BSC inc (k) + BSC coh (k), ( 1 
The figure (1.11) shows a comparison between the polydisperse EMTLMA and EMTSFM for different aggregate size distributions with identical mean size (r ag =11 µm) and varying values of width factors z and hematocrit φ. The aggregate compactness φ i =100% is fixed.

The results show that the mismatch between the EMTSFM and EMTLMA increases as z decreases (i.e., the polydispersity increases) or φ increases. This mismatch was expected because the LMA is an approximation of the polydisperse structure factor model, which is only valid for moderate polydispersity when the volume fraction of scatterers increases. However, the EMTLMA model has some advantages over the polydisperse EMTSFM, e.g. it can be used for any size distribution and for anisotropic particle shape (whereas the analytical formulation of the EMT combined with the polydisperse SFM is limited to Γ distribution and to spherical scatterers). 1.6 Motivation: limitations of current models

Motivation: limitations of current models

From the experimental point of view, several studies have been conducted to study the influence of the anisotropic tissue microstructure on ultrasonic backscattering for soft tissues, such as tendons [START_REF] Garcia | On the ultrasonic properties of tendon[END_REF], kidney [Insana, 1995], bicep muscles [START_REF] Guerrero | Quantifying Backscatter Anisotropy Using the Reference Phantom Method[END_REF] and myocardium [START_REF] Yang | Characterization of Anisotropic Myocardial Backscatter Using Spectral Slope, Intercept and Midband Fit Parameters[END_REF]. For these soft tissues, the BSC amplitude tends to be maximal when the direction of the incident beam is perpendicular to the aligned structure, and minimal when the incident beam is parallel to the aligned structure. In the case of blood, it is well known that RBC aggregates form anisotropic structures, such as rouleaux in normal blood (cf. Fig. 1.12). Some experimental studies [START_REF] Guilbert | 11C-6 New Observations on the Anisotropy of Ultrasound Blood Backscatter as a Function of Frequency and Shear Rate[END_REF]] [Garcia-Duitama et al., 2015] have been conducted on porcine blood sheared in a Couette flow device and reported an angular dependence of the BSC amplitude, as shown in Fig.

(1.13). In the study performed by [START_REF] Guilbert | 11C-6 New Observations on the Anisotropy of Ultrasound Blood Backscatter as a Function of Frequency and Shear Rate[END_REF], the BSC amplitude was found to be highest when the acoustic beam was nearly perpendicular to the flow direction. This suggest that the aggregates of RBCs tend to be aligned with the flow direction, as expected.

a) b) c)

Figure 1.12: Examples of aggregating blood. a) Rouleaux formed spontaneously in human blood when placed upon a microscope slide. Images taken from [START_REF] Perelson | Kinetics of red blood cell aggregation: an example of geometric polymerization[END_REF]. b) Photomicrograph of pathologic rouleaux formation (acute myocardial infarction) in the Rheoscope at hematocrit 40% and shear rate 11.5 s -1 . Images taken from [START_REF] Goldstone | The rheology of red blood cell aggregates[END_REF]. c) Red blood cell aggregates in autologous plasma at stasis. Images taken from [START_REF] Baskurt | Erythrocyte aggregation: basic aspects and clinical importance[END_REF].

1.6 Motivation: limitations of current models Taken from [START_REF] Guilbert | 11C-6 New Observations on the Anisotropy of Ultrasound Blood Backscatter as a Function of Frequency and Shear Rate[END_REF].

In contrast, from the theoretical point of view, few scattering models have been proposed in the literature to interpreting backscattering from anisotropic tissue microstructure. As an example, Insana [Insana, 1995] investigated a scattering model based on a transverse isotropic correlation function to predict the BSC from anisotropic renal tissues. Based on a simplified view of renal histology, renal tissue was assumed to be compounded by three types of structures: i) sparse and isotropic networks of capillaries (named glomeruli), ii) sparse and anisotropic blood vessels and renal tubules aligned in the same direction, and iii) densely-packed and isotropic convoluted tubules. The backscatter intensity was computed as the sum of the backscattered intensities from each structure by considering only incoherent scattering (i.e. any spatial correlation between scatterers is neglected). This model provided good fitting to experimental BSC measurements from renal tissues. However, it cannot be applied to aggregating blood, because the assumption of incoherent scattering is only valid for low hematocrits. In general, each biological tissue has specific characteristics and challenges, so it is difficult to transfer a model from one tissue to another.

In the ultrasonic blood characterization field, the scattering models used to determine aggregate structure (SFSE and EMTSFM) assume that the aggregates are spherical. This approximation is appropriated in some pathological cases, such as in diabetes mellitus, for which aggregates form clump structures (cf. Fig. 1.2). In the case of normal human rouleaux of RBCs, if the EMTSFM is applied to estimate aggregate structural parameters, this assumption would obviously create a bias against the parameter estimation. This main limitation constitutes the motivation of my PhD work. The consideration of the effects of aggregate anisotropy on BSC should allow better characterization of the aggregate structural parameters and, consequently, should improve the differentiation between healthy and pathological aggregation (i.e. rouleaux versus clumps characterization). In that aim, the theoretical and numerical modeling activity carried out during my PhD aims to further develop the EMTLMA model by taking into account the anisotropic structure of aggregates in the form of rouleaux, as described in Chapter 2.

Chapter 2

Ultrasonic scattering modeling of red blood cells aggregates taking into account anisotropy

The first aim of my PhD work was to further develop the ultrasonic scattering model EMTLMA to take into account the anisotropic structure of the RBC aggregates. First, the backscattering cross-section by a single prolate-shaped aggregate of RBCs based on the EMT is presented. Second, the anisotropic EMTLMA was developed to consider an ensemble of prolate-shaped aggregates for two specific aggregating configurations: randomly oriented or perfectly aligned prolate-shaped aggregates. Computer simulations based on the Structure Factor Model (SFM) are conducted to study the impact of the RBC aggregate shape and/or orientation on the ultrasound backscatter. Finally, the performance of the theoretical isotropic and anisotropic backscattering models for the estimation of the structural aggregate parameters are compared based on the computer simulations.

Backscattering cross-section by a single prolate-shaped aggregate of RBCs

Before modeling the ultrasound backscattering by an ensemble of anisotropic aggregates, this work focuses on the modeling of the backscattering by a single anisotropic aggregate of RBCs. The backscattering cross-section by a single spherical aggregate of RBCs was previously developed during the PhD work of Romain de Monchy at LMA [de Monchy et al., 2016b]. As part of the present work, this model was extended for the case of aggregates with prolate ellipsoidal shape, as presented in this section. This theoretical extension was assessed using 3D computer simulations of ultrasound backscatter from a single aggregate of RBCs.

Theory: coherent and incoherent ultrasound backscatter from a single prolateshaped aggregate

In the following, the incident wavelength is assumed to be larger than the RBC size, such that the RBC shape can be approximated by a sphere of radius a with an equivalent volume V c = (4/3)πa 3 . The RBCs are described in terms of their mass density ρ c and compressibility κ c , and their surrounding medium, the 2.1 Backscattering cross-section by a single prolate-shaped aggregate of RBCs plasma, is characterized by its mass density ρ o and compressibility κ o . The parameters γ κ = (κ c -κ 0 )/κ 0 and γ ρ = (ρ cρ 0 )/ρ c correspond to the fractional variations in compressibility and mass density, respectively. It is assumed that an aggregate contains N identical RBCs randomly distributed within it. The shape of an aggregate is approximated by a prolate ellipsoid having a semi-minor axis b ag and a semi-major axis ν ag b ag (with ν ag defined as the axial ratio). Using Born and far-field approximations, the backscattering amplitude from a single RBC aggregate Φ ag can be expressed as (see Eq. ( 4) in Ref. [de Monchy et al., 2016b])

Φ ag (k) = k 2 (γ κ -γ ρ ) 4π V c F 0 (k; a) N j=1 e 2ik n 0 •r j , (2.1)
where k is the wavenumber, n 0 is the unit vector for the incident wave direction, r j is the position of the j th RBC in the 3D space and F 0 (k; a) 2 = F FFS (k; a) is the spherical form factor for one RBC given by Eq. (1.9). As proposed by [START_REF] Morse | Theoretical acoustics[END_REF], the differential backscattering cross-section of an aggregate is computed as the sum of two components:

σ ag = σ ag,coh + σ ag,inc , (2.2)
where the coherent component σ ag,coh corresponds to the average wave emerging from the effective scatterer, and the incoherent component σ ag,inc describes the fluctuation of the scattering wave around its average within the effective scatterer.

The coherent component

The coherent component of the differential backscattering cross-section is the squared norm of the average scattering amplitude: σ ag,coh (k) = Φ ag (k) 2 , where • represents the expected value of a random variable. One computes:

Φ ag (k) = k 2 (γ κ -γ ρ ) 4π V c F 0 (k; a) N j=1 e 2ik n 0 •r j = k 2 (γ κ -γ ρ ) 4π φ i V ag F 0 (k; a) 1 N N j=1 e 2ik n 0 •r j , (2.3)
where V ag = 4 3 πν ag b 3 ag is the aggregate volume, and φ i = N V c /V ag is the aggregate compactness. Next, the mass density and compressibility of aggregates, ρ ag , κ ag , are defined based on the EMT by [START_REF] Kuster | Velocity and attenuation of seismic waves in two-phase media: Part i. theoretical formulations[END_REF] 

ρ ag =φ i ρ e + (1 -φ i )ρ p , 1 κ ag = φ i κ e + 1 -φ i κ p .
(2.4)

Based on these definitions, the coherent scattering amplitude of the aggregate is expressed as:

Φ ag (k) = k 2 (γ κ,ag -γ ρ,ag ) 4π V ag F 0 (k; a) 1 N N j=1 e 2ik n 0 •r j .
(2.5) with γ κ,ag = (κ agκ o )/κ o and γ ρ,ag = (ρ agρ o )/ρ ag . Note that in this derivation, no approximation was used,

2.1 Backscattering cross-section by a single prolate-shaped aggregate of RBCs but rather algebraic manipulations and definitions. The expression F coh (k) = F 0 (k; a)1/N N j=1 e 2ik n 0 •r j corresponds to the Fourier transform of the function 1/N χ a (rr j ) that describes a system of spheres, where χ a (rr j ) = 1 inside a sphere V a of radius a centered at r j , and 0 elsewhere. There is no analytical solution for the expression F coh (k), therefore, this quantity is approximated to F 0 (u), given by :

F 0 (k; u) = 3(sin(2ku) -3(2ku) cos(2ku)) (2ku) 3 with u = b 1 + (ν 2 -1) cos 2 θ (2.6)
where θ is the angle between the direction of insonification and the major axis direction of the prolate ellipsoid, and F 0 (k; u) 2 =F(k; u) is the form factor of an equivalent full prolate ellipsoid of semi-minor axis b and axial ratio ν [START_REF] Bowman | Electromagnetic and acoustic scattering by simple shapes[END_REF]. As shown in Appendix A, the parameters b and ν can be written as a function of the gyration radius R g as follows:

b = 5 (2 + ν 2 ) R g , ν = λ 1 λ 2 , R g = λ 1 + 2λ 2 , (2.7)
where λ 1 and λ 2 are the eigenvalues of gyration tensor G T extracted from the positions of all RBCs within the aggregate (with λ 1 ≥ λ 2 ). The gyration tensor G T is given by:

G T = 1 N                           j x 2 j + N 5 a 2 j x j y j j x j z j j x j y j j y 2 j + N 5 a 2 j y j z j j x j z j j y j z j j z 2 j + N 5 a 2                           , (2.8)
where r j = (x j , y j , z j ) corresponds to the position vector of the j th RBC with respect to the position of mass center of the system. Note that, for the particular case of φ i =100%, b = b ag , ν = ν ag , and u = u ag , where u ag is the characteristic radius of ellipsoid for a specific direction which is half the distance between the two wavefronts that bound the ellipsoid ( u ag = b ag 1 + (ν 2 ag -1) cos 2 θ ). Figure (2.1) shows an example of three aggregate compactnesses of 10%, 30% and 100% with identical semi-minor axis b ag =4a and axial ratio ν ag =2. Also shown in Fig.

(2.1) are the size parameters of the prolate ellipsoid (i.e., b ag , ν ag and corresponding u ag for a specific incident wave direction).

Thereby, putting all together, the coherent component of the differential backscattering cross-section of an aggregate is given by:

σ ag,coh (k) ≈ k 4 (γ κ,ag -γ ρ,ag ) 2 16π 2 V 2 ag F(k; u).
(2.9)

Note that, for the case of a spherical aggregate, the form factor of the equivalent full prolate ellipsoid reduces to the form factor of an equivalent full sphere of radius r = b = √ 5/3R g (with ν=1), as demonstrated previously in [de Monchy et al., 2016b].

The incoherent component

The incoherent component is identical whatever the aggregate shape and its expression is briefly recalled here. Inside the aggregate, each cell produces a scattered wave as a sphere of radius a, with density ρ c and compressibility κ c , in a surrounding medium of density ρ ag and compressibility κ ag throughout the 2.1 Backscattering cross-section by a single prolate-shaped aggregate of RBCs 

b ag /a=5, ν ag =2, φ i =10% b ag /a=5, ν ag =2, φ i =30% k θ b) νagb ag b ag a) b ag /a=5, ν ag =2, φ i =100% u ag
σ ag,inc (k) = Φ ag (k ag ) -Φ ag (k ag ) 2 (2.10) ≈ k 4 ag (γ κ -γ ρ ) 2 16π 2 V ag V c φ i F(k ag ; a)S(k ag ; a, φ i ), (2.11)
where S is the structure factor for a collection of N randomly distributed identical spheres of radius a and of concentration φ i within an aggregate, that is analytically calculated as established by Wertheim [Wertheim, 1963].

In the following, the differential backscattering cross-section σ ag = σ ag,coh + σ ag,inc of an aggregate is computed using Eqs. (2.2), (2.9) and (2.10).

2.1 Backscattering cross-section by a single prolate-shaped aggregate of RBCs

3D simulation method

The 3D computer simulations to obtain the simulated differential backscattering cross-section of an aggregate σ ag,sim were performed based on the SFM. As mentioned in section 1.5.1 in Chapter (1), the SFM allows to compute the exact backscattering response from complex particle spatial distribution, and more specifically herein, from RBCs randomly distributed within prolate ellipsoidal-like aggregates.

The RBC equivalent radius was set to a=2.75 µm. The prolate semi-minor axis b ag and axial ratio ν ag are defined as the semi-minor axis and the axial ratio of the external envelope are specified (see Fig. 2.1), as well as the aggregate compactness φ i that determine the numbers N of RBCs within the prolate ellipsoid. The N RBCs were randomly distributed with non-overlapping positions using the Metropolis algorithm [Metropolis et al., 1953, Saha and[START_REF] Saha | [END_REF], as shown in the flowchart represented in Fig. (2.2). More specifically, the RBCs are randomly distributed by first allowing overlaps between the RBCs. Then, the number of overlapping RBCs is calculated, and one RBC is randomly moved. If the number of overlaps in the new system is less than or equal to the previous system, then the displacement is kept. The procedure is repeated until the number of overlaps is zero.

Since by definition the structure factor is a statistical quantity, its estimated value is obtained from several RBC distributions in the same aggregating configuration. The simulated σ ag,sim is calculated as follows:

σ ag,sim (k) = N σ b (k)S (k) with S (k) = 1 N N m=1 e -i2kn 0 •r m 2 .
(2.12)

where σ b is the differential backscattering cross section of a single RBC given by the fluid-filled sphere model in Eq. (1.8). The simulated σ ag,sim was computed by averaging several particle realizations for averaging purposes. To determine the optimal number of realizations, a study is performed to compare the simulated σ ag,sim obtained by averaging 1, 10, 50, and 100 realizations. Figure (2.3a) represents an example of σ ag,sim as a function of frequency, for a single aggregate of semi-minor axis b ag /a=5, axial ratio ν ag =1.5 and aggregate compactness φ i =10% (corresponding to 19 RBCs within the aggregate). The mean and standard deviation values are obtained from 10 estimates σ ag,sim (k), and each estimate is based on 1, 10, 50, and 100 realizations. The corresponding coefficients of variation (ratios of the standard deviation to the mean) are represented in Fig.

(2.3b). The results show that 50 realizations are sufficient to compute satisfactorily the σ ag,sim , since the coefficient of variation is less than 15% for ku ag values above 2 and less than 10% for ku ag values below 2. Thus, at least 50 realizations were used to computed the simulated differential backscattering cross-section for all the studied configurations. In order to study the limit of the proposed model, a wide range of ellipsoid-like aggregates configurations were considered, with different semi-minor axes b ag /a=4, 5, 6, 7, 8, 9, axial ratios ν ag =1, 1.5, 2, 3, 4, 5, and compactnesses φ i =10%, 20%, 30%, 40%. The relative errors for theoretical σ ag were computed as

(k, θ) = (|σ ag,sim (k, θ) -σ ag (k, θ)|)/σ ag,sim (k, θ)
, where σ ag,sim is assumed to be the exact solution. The relative errors make it possible to determine the minimum value of the product between the wave number and the characteristic radius, ku ag , for which the relative error (k, θ) is less than 15% for a fixed θ.

2.1 Backscattering cross-section by a single prolate-shaped aggregate of RBCs 

Results and discussion: comparison between theoretical and simulated σ ag

An example of simulated σ ag,sim as a function of frequency is given in Fig.

(2.4) (see symbols) for a single aggregate of semi-minor axis b ag =5a, axial ratio ν ag =2 and aggregate compactness φ i =30%, for θ=0 o , 30 o , 60 o and 90 o . Computer simulations show that the frequency at which the maximum occurs depends on the direction of insonification. This frequency decreases as the characteristic size of the aggregate u = b 1 + (ν 2 -1) cos θ increases. This effect can be easily understood from the dependence of F(u) on u, for which a higher value of u shifts the peaks of F(u) towards lower frequencies. Also shown in Fig.

(2.4a) are the theoretical σ ag,coh considering only the coherent component given by Eq. (2.9) using F(u ag ) or using F(u). The first peak of σ ag,coh using F(u ag ) occurs at lower frequency (around 12 MHz for θ=0 o and 25 MHz for θ=90 o ), when compared to the expected first peaks given by the simulated σ ag,sim (around 13 MHz for θ=0 o and 28 MHz for θ=90 o ). Whereas, the first peak of σ ag,coh using F(u) matches quite well the first frequency peak occurrence of σ ag,sim . Also given in Fig.

(2.4b) are the theoretical σ ag = σ ag,coh + σ ag,inc using Eqs. (2.2), (2.9) and (2.10). The consideration of both coherent and incoherent components allows to obtain a satisfactory match between theory and simulation in a large frequency bandwidth, whereas the only consideration of coherent component underestimates the amplitude of σ ag,sim at higher frequencies (larger than the first frequency peak occurrence). Figure (2.5) compares between the theoretical and simulated differential backscattering cross sections at θ=60 o and for different values of semi-minor axes, axial ratios and compactnesses. Figure (2.5a) shows the results for a constant axial ratio ν ag =3, a constant compactness φ i =40%, and the semi-minor axis b ag varies. Figure (2.5b) shows the results for a constant semi-minor axis b ag /a=6, a constant compactness φ i =40%, and the axial ratio ν ag varies. Figure (2.5c) shows the results for a constant semi-minor axis b ag /a=6, a constant axial ratio ν ag =3, and the aggregate compactness φ i varies. The amplitude of the differential backscattering cross-section at low frequencies (before the first frequency peak occurrence) increases as the 2.1 Backscattering cross-section by a single prolate-shaped aggregate of RBCs (2.6b) and (2.6c). The modeling considering the coherent and incoherent components predicts satisfactorily the simulated σ ag,sim with an relative error less than 15% up to a ku ag value of about 2, corresponding to the second frequency peak occurrence of σ ag,sim . Whereas the modeling considering only the coherent component using F(u ag ) gives ku ag limit around 1 for the lowest compactness value φ i =10%, and ku ag limit around 1.5 for the highest compactness value φ i =40%. These results suggest that, for cases of highly compacted aggregates (φ i ≥40%), the modeling considering only the coherent component using F(u ag ) could be sufficient to satisfactorily approximate the differential backscattering cross-section for ku ag values of the order of 1.5. Indeed, when considering only the coherent component, the agreement between the theory and simulation improves as φ i increases, because the effects of effective size parameters are less predominant as φ i increases, since the equivalent parameters b and ν defined in Eq. (2.7) tend towards b ag and ν ag , respectively, as φ i increases (see Appendix B).

Note that all the results presented in this subsection are in line with the results obtained previously with spherical aggregates [de Monchy et al., 2016b]. So the model proposed in this work can be seen as a generalization of the EMT model proposed for spherical aggregates in ( [de Monchy et al., 2016b]). 

Backscattering by an ensemble of prolate-shaped aggregates

In the case of an ensemble of prolate-shaped aggregates, many prolate-ellipsoid orientations can be considered. In this section, I studied two particular configurations to progress in the understanding of the ultrasound backscattering by blood: perfectly aligned prolate-ellipsoids or randomly oriented prolate-ellipsoids.

The case of perfectly aligned prolate-ellipsoids correspond to aggregates aligned in the flow streamlines, as suggested previously in ultrasonic experimental studies [START_REF] Guilbert | 11C-6 New Observations on the Anisotropy of Ultrasound Blood Backscatter as a Function of Frequency and Shear Rate[END_REF], Garcia-Duitama et al., 2015].

The case of randomly oriented prolate-ellipsoids corresponds to an isotropic backscattering configuration with anisotropic particles.

In this section, an anisotropic formulation of the EMTLMA is proposed to consider perfectly aligned prolate-shaped aggregates. The first aim was to compare the theoretical predictions of the BSC given by the isotropic and anisotropic EMTLMA with the BSCs calculated by 3D computer simulations of ultrasonic backscattering from aggregating RBCs in the framework of a forward problem study (i.e., the theoretical BSCs were determined from known structural properties of RBC aggregates). A step wise approach is used to progress further in the influence of specific aggregate structure (polydispersity in term of size, anisotropic aggregate shape and/or orientation) on the BSC behavior. To that end, 3D computer simulations were conducted for simple aggregation configurations (polydisperse spherical aggregates) and for moderately complex configurations (randomly oriented ellipsoidal aggregates or aligned ellipsoidal aggregates).

The second aim of this study was to compare the isotropic and anisotropic EMTLMA in the inverse problem framework to estimate blindly the structural parameters of aggregates from the simulated BSCs. The ability of the isotropic and anisotropic EMTLMA as means of determining the aggregate size distribution is discussed.

Effective Medium Theory combined with the Local Monodisperse Approximation (EMTLMA) for perfectly aligned prolate ellipsoids

The EMT is combined with the Local Monodisperse Approximation (LMA) to consider the interference effects caused by correlations between the spatial positions of effective prolate ellipsoids (i.e., the coherent scattering). As a first approximation, all the prolate ellipsoids are assumed perfectly aligned in the same direction θ f , and that their major axes are placed in the xy plane, as illustrated in Fig.

(2.7a). This aggregating configuration corresponds to aggregates aligned in the flow streamlines. The orientation angle α f for a prolate ellipsoid is defined as the angle between its major-axis direction and the y axis, and the insonification angle β is defined as the angle between the incident plane wave direction and the x axis. For a specific β = β f , one has α f = π/2θ fβ f so that either α f or θ f can be used to describe the ellipsoid orientation.

By assuming that the axial ratio ν f is identical for all aggregates and that the minor semi-axes vary according to a probabilistic density function (PDF), the BSC using the anisotropic EMTLMA is expressed as:

BSC aniso (k) = n ag ∞ 0 p(b ag ) σ ag (k, b ag , ν f , θ f ) S ag (k, u ag , φ ag ) db ag (2.13)
where p(b ag ) is the semi-minor axis PDF, σ ag is the differential backscattering cross section of an aggregate and S ag is the monodisperse structure factor for an equivalent system, consisting only of particles of radius u ag = b ag 1 + (ν 2 f -1) cos 2 θ f randomly distributed (analytically calculated as established by Wertheim [Wertheim, 1963]). Note that the semi-minor axis and axial ratio was directly related to b ag and ν ag =ν f (and not to the b and ν linked to the gyration radius) because the RBCs positions inside an aggregate are unknown in experimental conditions. The number density effective prolate ellipsoids is defined as:

n ag = φ ag (4/3)πν f ∞ 0 p(b ag )b 3 ag db ag
where φ ag = φ/φ i is the volume fraction of effective scatterers.

For the peculiar case of polydisperse aggregates with spherical shape, the BSC using the isotropic EMTLMA is expressed as:

BSC iso (k) = n ag ∞ 0 p(r ag ) σ ag (k, r ag ) S ag (k, r ag , φ ag ) dr ag , (2.14)
where σ ag (k, r ag ) is the backscattering cross section of a spherical aggregate of radius r ag by using ν f = 1 and b ag =r ag .

Methods

Computer simulations based on the Structure Factor Model

The 3D computer simulations based on the Structure Factor Model (SFM) were performed to obtain the simulated BSC sim from different aggregation configurations, where the aggregate compactness was fixed at φ i =100%, and the volume fraction at φ=30%. The simulated prolate ellipsoids of semi-minor axis b ag (or polydisperse spheres of radius r ag =b ag with ν ag = 1) follows a gamma PDF p (b ag ,z ag ) given by

p (b ag ,z ag ) (b ag ) = b z ag Γ (z ag + 1)        z ag + 1 b ag        z ag +1 e -(z ag +1)b ag /b ag (2.15)
where b ag is the mean semi-minor axis (or the mean radius r ag =b ag in the case of polydisperse spheres) and z ag is the gamma width factor which is inversely related to the width of the distribution. In the rest of the chapter, the subscript (b ag , z ag ) will be omitted. First, polydisperse spheres with identical mean radius r ag /a=4 and varying gamma width factors z ag (ranging from 5 to 200) were simulated. Second, polydisperse prolate ellipsoids randomly oriented or 2.2 Backscattering by an ensemble of prolate-shaped aggregates perfectly aligned were simulated, as illustrated in Fig. 2.7. The prolate ellipsoids had identical axial ratio ν f and their semi-minor axes b ag are gamma distributed in line with the EMTLMA theory. For a fixed mean semi-minor axis b ag /a=4, several structural configurations were studied, with varying axial ratios ν ag = ν f (ranging from 1.5 to 2.5) and varying gamma width factors z ag (ranging from 5 to 200).

The polydisperse prolate ellipsoids are randomly distributed within a simulated volume V sim = L 3 =250 3 µm 3 by using a Monte Carlo algorithm [START_REF] Saha | Monte carlo study on ultrasound backscattering by three-dimensional distributions of red blood cells[END_REF] based on the Metroplis algorithm. In the particular case of randomly oriented ellipsoids, the orientation of each prolate ellipsoid was set by using the procedure of picking random points on a sphere surface [Weisstein, 2002], such that the orientation assigned to each ellipsoid remains unchanged during the reordering of the particles performed by the Metropolis algorithm.

The simulated volume V sim implies an inherent discretization in the k domain, such that the possible values for k are multiples of 2π/L. Consequently, periodic boundary conditions need to be imposed during the random distribution process, which means that the prolate ellipsoids at the boundaries of V sim could not overlap with the others at the opposite boundaries in order to avoid the edge effects.

The simulated BSC sim from an ensemble of full prolate ellipsoids (corresponding to aggregates with φ i =100%) was obtained using the SFM as follows:

BSC sim (k) = n ag 1 N ag N ag j=1 Φ ag (k)e -i2kn 0 •r ag j 2 , (2.16)
where Φ ag is the backscattering amplitude of jth aggregate and r ag j is the location of the jth aggregate.

The backscattering amplitude Φ ag is defined as Φ ag (k) 2 = σ ag (k). The simulated BSC sim was computed by averaging 50 realizations for averaging purposes.

For the aggregation configurations with perfectly aligned prolate ellipsoids, the simulated BSC sim were performed with thirteen different insonification angles β ranging from -30 o to 30 o with a step of 5 o . The insonification angle β=0 o corresponds to the angle for which the major axis direction of the prolate ellipsoids and the incident field direction are perpendicular. (This specific direction of the major axis of the aligned prolate ellipsoids was arbitrarily chosen.)

For the isotropic configurations (i.e. spherical aggregates or randomly oriented prolate ellipsoids), the simulated BSC sim were performed with a single insonification angle, except for one configuration as detailed below. One configuration with randomly oriented prolate ellipsoids (b ag =4a=11µm, z ag =10 and ν f =2.5) was arbitrarily chosen in order to evaluate the variability in the BSC amplitude and frequency dependence for thirteen insonification angles.

Examples are shown in Fig.

(2.8a), where simulated BSC sim were calculated for randomly oriented and aligned prolate ellipsoids with φ=30%, b ag =4a=11µm, z ag =10 and ν f =2.5. It can be observed that the aligned configuration resulted in a change of BSC magnitude regarding different insonification angles β. Whereas the BSC amplitude is very similar from one insonification angle to another when considering randomly oriented prolate ellipsoids, as expected.

For each aggregating configuration using 50 realizations, the computational time was of around 7 hours per insonification angle using a computer with a i7-6700T CPU @ 2.8GHz, 32 GB of RAM, and Windows 10 x64.

QUS parameter estimation

The BSCs measured at different angles of insonification provide information on the anisotropy of the scattering medium. Therefore, the inversion procedure is carried out in two steps, as described below. In a first step, the integrated backscatter coefficient iBSC is calculated for different insonification angles β in the frequency bandwidth [f 1 ,f 2 ] as follows:

iBSC(β) = 1 (f 2 -f 1 ) f 2 f 1 10 log 10 (BSC(f , β))df .
(2.17)

The difference between the maximum and minimum values of iBSC(β), denoted D iBSC , allows to determine if the medium is anisotropic or isotropic, as shown in Fig.

(2.8b). If the D iBSC is equal or larger than 0.5 dB, the medium is considered as an anisotropic medium consisting of homogeneous aligned prolate ellipsoids. This threshold of 0.5 dB used for D iBSC was defined based on the experimental work carried out by Guerrero et al. [START_REF] Guerrero | Quantifying Backscatter Anisotropy Using the Reference Phantom Method[END_REF]. The orientation θ f of the aligned prolate ellipsoids is then obtained by fitting a quadratic function h

(β) = c 2 β 2 + c 1 β + c 0 to the measured iBSC(β) (see Fig. (2.8b)). The insonification angle at which h(β) is maximum, β 0 =-c 1 /(2c 2 )
, gives the incident wave direction perpendicular to the axis of alignment of the ellipsoids. It can be deduced that α f =-β 0 , or equivalently

θ f =π/2+β 0 -β (see Fig. (2.7a)).
If the range of iBSC(β) is less than 0.5 dB, the backscatter amplitude is considered to be similar whatever the insonification angle β and the medium is assumed to behave as an isotropic medium consisting of homogeneous spheres. In a second step, the QUS structural parameters are estimated by fitting the simulated BSC sim with the theoretical EMTLMA, and by assuming that the hematocrit φ, the RBC radius a and the acoustical properties of plasma and RBCs are prior knowledge [START_REF] Yu | Experimental ultrasound characterization of red blood cell aggregation using the structure factor size estimator[END_REF], Franceschini et al., 2013, de Monchy et al., 2018].

In the anisotropic case (D iBSC ≥0.5), the unknown parameters are the axial ratio ν f 

CF = 1 M M i=1 j BSC sim (f j , β i ) -BSC aniso (f j , β i ) 2 j BSC sim (f j , β i ) 2 , (2.18)
where M is the number of insonification angles (here M=13) and BSC aniso corresponds to the anisotropic EMTLMA given by Eq. (2.13).

In the isotropic case (D iBSC <0.5), the unknown parameters are the mean r * ag and standard deviation σ * r ag of the sphere radius PDF p(r ag ), by assuming that the sphere radius r ag follows a gamma PDF (given by Eq.

(2.15) by using r ag =b ag and ν f =1). The unknown parameters were determined by minimizing the relative mean error between the BSC sim (β) and the theoretical BSC calculated by the isotropic EMTLMA given by Eq. (2.14) or calculated by the isotropic EMTSFM given by Eq. (1.27). The BSC sim denotes the BSC sim averaged over the thirteen insonification angles when considering the simulations with perfectly aligned prolate ellipsoids, and denotes the BSC sim obtained from one insonification angle when considering the simulations with spheres or randomly oriented prolate ellipsoids. Whatever the modeling used in the inverse problem approach (EMTSFM, isotropic or anisotropic EMTLMA), the routine fminsearch of MATLAB (The Mathworks Inc., Natick, MA), i.e., the Nelder-Mead simplex method, was employed to minimize the cost function CF . The cost function CF was penalized as follows: CF = CF + cp, where cp is the penalty term added to the cost function CF if the solutions converge to unrealistic values during the iterations to solve the unconstrained optimization problem. (The penalty term cp was empirically chosen to be many times higher than the typical values of CF, with cp=1000). The parameter values considered as realistic were limited to: 0< φ i ≤1, z ag >-1, b ag /a >0, and ν ag >1. So, in practice, the inversion procedure consists in solving a constrained problem, and the routine fminsearch (unsconstrained optimization) with the penalty term was preferred to the routine fmincon (constrained optimization) to speed up the optimization process. Ten random initializations were also used in order to ensure convergence towards the global minimum. Each of the 10 starting points consisted in a quadruplet (φ i i , b ag i , z ag i , ν ag i ), such that 0< φ i i ≤1, 1< b ag i /a <10, 1< z ag i <200, and 1< ν ag i <10.

In the following, each QUS parameter estimate is the average over 10 QUS parameters estimated from 10 simulated BSC sim . The goodness-of-fit of the theoretical EMTLMA or EMTSFM to the simulated BSC sim was assessed by the goodness-of-fit statistic R 2 defined as:

R 2 = 1 M M i=1          1 - j BSC sim (f j , β i ) -BSC theo (f j , β i ) 2 j BSC sim (f j , β i ) -BSC sim (β i ) 2          (2.19)
where BSC theo is the theoretical BSC computed with the estimated QUS parameters, obtained by the minimization procedure, and BSC sim (β i ) is the mean value BSC sim over the studied frequency range.

Results

2.2.3.1 Influence of structural parameters on the frequency-dependent BSC when using the anisotropic EMTLMA Figure (2.9) presents some examples of BSCs predicted by the anisotropic EMTLMA given by Eq. (2.13) in order to study the effects of different structural parameters on the frequency-dependent BSCs. The studied cases focus on ensembles of aligned polydisperse prolate ellipsoids with a fixed axial ratio, and with semiminor axes following a gamma distribution with width factor z ag and mean value b ag . All the ellipsoids are aligned in the same direction, so that the beam direction given by β=0 o is perpendicular to the major axis 2.2 Backscattering by an ensemble of prolate-shaped aggregates of ellipsoids (such that θ=90 o ).

A decrease in z ag (or, equivalently, an increase in polydispersity) produces less pronounced peaks, an increase in the amplitude at low frequencies (before the first peak occurrence) and a shift in the frequency at which the first peak occurs towards lower frequencies (see Fig. 2.9b). Overall, an increase in b ag or in ν ag leads to an increase in the BSC amplitude in the low-frequency range (before the first peak occurrence) and a shift in the frequency at which the first peak occurs towards lower frequencies (see Figs. 2.9c and 2.9d). The change in frequency shift observed in Figs. (2.9c) and (2.9d) can be understood from the fact that the first peak occurs approximately when the product ku ag =1, since u ag increases as b ag or ν ag increases. On the other hand, the difference in amplitude between different insonification angles β does not change significantly when b ag increases, but this difference increases when ν ag increases.

Examples of BSCs are also given in Figs.

(2.9e) and (2.9f) for different aggregate compactnesses (φ i =50% and 100%) or for different hematocrits φ=5%, 20% and 40%, when the other structural parameters are fixed (b ag /a=6, ν ag =2, z ag =10). It is interesting to notice that the difference in amplitude between different insonification angles does not change considerably when φ i or φ increases. An increase in φ i mainly leads to an increase in the BSC amplitude at all frequencies (rf. Fig. 2.9e). An increase in φ from 5 to 20% results in an increase in amplitude at all frequencies, whereas an increase in φ from 20 to 40% results in a decrease in amplitude at low frequencies (before the first peak) and an increase in amplitude at high frequencies (after the first peak) (rf. Fig. 2.9f). This nonlinear relationship between BSC amplitude and hematocrit is well known in the field of blood characterization, as previously shown in Chapter 1 (see Fig. 1.8) and as discussed below. In the case of the anisotropic EMTLMA, the effects of φ on the BSC can be better understood using the anisotropic structure factor S aniso (φ ag , θ f , k) defined as

S aniso (φ ag , θ f , k) = ∞ 0 p(b ag ) σ ag (k, b ag , ν f , θ f ) S ag (k, u ag , φ ag ) db ag ∞ 0 p(b ag ) σ ag (k, b ag , ν f , θ f ) db ag .
(2.20)

Based on the anisotropic structure factor S aniso (φ ag , θ f , k), the anisotropic EMTLMA given by Eq. (2.13) can be expressed as BSC aniso (k) = n ag σ aniso (k)S aniso (φ ag , θ f , k), (2.21) with

σ aniso (k) = ∞ 0 p(b ag ) σ ag (k, b ag , ν f , θ f ) db ag . (2.22)
where σ aniso (k) represents the sum of the backscattering response of particles weighted by the particle PDF p, and S aniso (φ ag , θ f , k) represents the effect of spatial arrangement of particles. Figure (2.10a) compares the anisotropic BSC aniso (considering both incoherent and anisotropic scattering) and the corresponding incoherent backscattering n ag σ aniso (k), for φ=5, 10, 20 and 40%, with φ i =100%, b ag /a=6, ν ag =2, and β=15 o . Also represented in Fig.

(2.10b) is the corresponding S aniso , and in Fig.

(2.10c) the corresponding BSC aniso at 7 MHz as a function of φ. One can observe that the nonlinear relationship between BSC aniso amplitude and φ observed in this example (Fig. 2.10c) is similar to that observed experimentally by [START_REF] Yuan | Ultrasonic backscatter from flowing whole blood. I: Dependence on shear rate and hematocrit[END_REF] for disaggregated RBCs (see Fig. 1.8). For hematocrits (φ <5%), S aniso does not considerably affect the BSC aniso , and consequently the BSC aniso can be approximated to the incoherent backscattering n ag σ aniso (k), so that the BSC amplitude and φ are directly correlated whatever the studied frequencies. For hematocrits (φ >5%), S aniso considerably affect the frequency dependence and amplitude of BSC aniso at low frequencies as φ increases, so that the relationship between the BSC aniso amplitude and φ is nonlinear. Note that the anisotropic structure factor S aniso tends toward the value of 1 at high frequencies (see Fig. 2.10b), so it does not affect the behavior of the BSC aniso . That is why the BSC aniso amplitude in the high-frequency range is approximately proportional to φ (see Fig. 
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Figure 2.10: a) Theoretical BSCs given by the anisotropic EMTLMA model, BSC aniso , and n ag σ aniso (k) for different hematocrits φ=5, 10, 20 and 40%, with φ i =100%, b ag /a=6, ν ag =2, and β=15 o . b) Corresponding anisotropic structure factor S aniso c) BSC aniso amplitude at 7 MHz as a function of φ.

Forward problem: comparison between simulated and theoretical BSCs

The simulated BSC sim computed by the SFM and the theoretical BSCs using the anisotropic and isotropic EMTLMA (or the isotropic EMTSFM) were compared in the framework of the forward problem study, i.e., determining the BSC from known distributions of aggregate shape, size and orientation. For each simulated BSC sim , the relative error for theoretical BSC theo was calculated over the 9-40 MHz frequency range as follows: (k)=|BSC sim (k) -BSC theo (k)|/BSC sim (k).

Influence of the polydispersity in terms of aggregate sizes

The case of polydisperse spherical aggregates were first considered. Different aggregate size PDFs shown in Fig . (2.11a) were studied with identical mean radius r ag =4a and varying values of z ag = 5, 10, 30 and 200. Figure (2.11b) compares the simulated BSC sim (symbols) with the theoretical BSC iso computed with the isotropic EMTLMA given by Eq. (2.14) (solid lines) and the theoretical BSC EMTSFM computed with the isotropic (polydisperse) EMTSFM given by Eq. (1.27) (dashed lines). For frequencies less than 25 MHz, the amplitudes of the simulated BSC sim and theoretical BSC iso and BSC EMTSFM increase when the width gamma factor z ag decreases (i.e., when the polydispersity increases). Moreover, both simulated and theoretical BSCs become smoother with less pronounced peaks as the polydispersity increases. Overall, the EMTSFM provides a better match to the BSC sim when compared to the EMTLMA, as expected. When using the EMTSFM, the relative errors in BSC EMTSFM are less than 10%, against 20% when using the EMTLMA. Indeed, one can notice that the EMTLMA slightly overestimates the amplitude of the simulated BSC sim in the frequency bandwidth of 15-25 MHz for z ag <30. This overestimation was expected because the particle-particle interaction between scatterers of different sizes increases for small z ag (i.e., high polydispersity), which is not considered by the Local Monodisperse Approximation.

Influence of the alignment: randomly oriented versus perfectly aligned prolate ellipsoids

Randomly oriented prolate ellipsoids were studied with identical mean semi-minor axis b ag = 4a, identical axial ratio ν f =2 and varying values of z ag = 5, 10, 30 and 200. Frequency-dependent simulated BSC sim are given in Fig. (2.12a). Also plotted in solid line are the corresponding BSC iso computed with the isotropic EMTLMA by considering spheres of equivalent volume to those of prolate ellipsoids (i.e., the equivalent radii of spheres equal to r eq = b 3 √ ν f , follow a gamma PDF with mean radius equal to b ag 3 √ ν f and gamma b) and c) Corresponding backscatter coefficients (BSCs) for polydisperse spherical aggregates. The symbols are the simulated BSC sim , the solid lines are the theoretical BSC iso using the isotropic EMTLMA given by Eq. (2.14), and the dashed lines are the theoretical BSC EMTSFM using the isotropic EMTSFM given by Eq.

(1.27).

width factor z ag ). As it can be observed in Fig.

(2.12a), the isotropic EMTLMA modeling does not match satisfactorily the simulated BSC sim with relative errors in BSC iso ranging from 37% up to 83%. The first peak of BSC iso occurs in a lower frequency when compared to the first peak of BSC sim , especially for the least polydisperse size distributions (z ag ≥30).

Randomly oriented prolate ellipsoids were also studied with identical mean semi-minor axis b ag = 4a, identical width factor z ag = 10, and varying axial ratios ν f =1.5 and 2.5 (rf. Fig. (2.12b)). The results show that the mismatch between the BSC sim and BSC iso increases as the axial ratio increases. Indeed, the relative error is about of 28% for the case ν f =1.5, and 38% for the case ν f =2.5. Moreover, it can be seen that the first peak of BSC iso tends to occur in a lower frequency when compared to the first peak of BSC sim , as the axial ratio increases.

The discrepancy between the BSC iso and the BSC sim is discussed later in the Discussion section 2.2.4.1.

Polydisperse aligned prolate ellipsoids were studied with identical mean semi-minor axis b ag /a=4 and varying width factors z ag and axial ratios ν f . Figure (2.13a) compares the simulated BSC sim and the theoretical BSC aniso calculated by Eq. (2.13) for aligned prolate ellipsoids at insonification angles β=0 o , 15 o and 30 o , when the axial ratio varies (b ag =4a, z ag =10, ν f =1.5 and 2.5). As the axial ratio increases, the BSC amplitude increases at low frequencies (before the first peak occurrence), and the first peak of the BSC occurs at lower frequencies. For instance, for the insonification angle θ=30 o , the frequency at which the first peak occurs is approximately 25 MHz with ν f =1.5 and is approximately 18 MHz with ν f =2.5. The D iBSC also increases as the axial ratio increases: the D iBSC is approximately 1.8 dB for ν ag =1.5, and 6.0 dB for ν ag =2.5 (see Fig. Figure (2.14a) compares the simulated BSC sim and the theoretical BSC aniso calculated by Eq. (2.13) for aligned prolate ellipsoids at insonification angles β=0 o , 15 o and 30 o , when the width factor varies (b ag =4a, z ag =5 and 200, ν f =2). An increase in z ag (i.e., a decrease in the polydispersity) produces more pronounced BSC peaks and a decrease in the BSC amplitude at lower frequencies. When the BSCs are compared angle by angle, the first peak of the BSC occurs at higher frequencies when the width factor z ag increases, as expected. For instance, for the insonification angle θ=30 o , the frequency at which the first peak of the BSC occurs is approximately 17 MHz with z ag =5, and is approximately 25 MHz with z ag =200. Furthermore, an increase in the width factor does not change significantly the behavior of iBSC or equivalently the D iBSC : Overall, the anisotropic EMTLMA provides a good match with the BSC sim , with relative errors in BSC aniso less than 22%, whatever the studied aggregating configuration for aligned prolate ellipsoids.

Inverse problem: estimation of QUS parameters

The isotropic EMTLMA and EMTSFM were first examined when the mean radius of the aggregate was set at r ag /a=4 and the size standard deviation σ r ag (or equivalent, width distribution z ag ) varied, for aggregation configurations consisting of polydisperse spheres. The estimated QUS parameters are given in Table (2.1). The estimated mean radius matched the actual mean radius with relative errors less than 6%, whereas the standard deviation of size distribution was slightly overestimated with relative errors up to 21%, whatever the considered models (i.e. isotropic EMTLMA or EMTSFM). Moreover, the aggregate compactness is estimated with a relative error of about 1%. Both isotropic EMTLMA and EMTSFM gave satisfactory fitting curves (R 2 ≥0.97).

The isotropic EMTLMA and EMTSFM were also evaluated for different size standard deviations and axial ratios for the aggregating configurations consisting of randomly oriented prolate ellipsoids. Table 2.2 shows the estimated parameters for these configurations. It is interesting to notice that estimated σ * r ag increases when the actual axial ratio ν f increases, as expected from the actual σ r eq (rf. the aggregation configuration: b ag /a=4, σ b ag /a=1.21, ν f =1.5, 2.0 and 2.5 in Table 2.2). However, estimated r ag * remains quite the same (around 4.53a-4.64a from the EMTSFM and around 4.58a-4.71a from the EMTLMA) whereas the actual r eq increases as ν f increases. Moreover, estimated r ag * decreases as the actual σ r eq decreases, while the actual mean radius was fixed to r eq =5.04a. Overall, the mean radius r ag * slightly underestimates the actual r eq with relative errors less than 13%, whatever the studied case, and whatever the considered models (i.e. isotropic EMTLMA or EMTSFM). The standard deviation σ r * ag is estimated with relative errors less than 30% for large and moderate polydispersity (i.e., for σ r eq ≥0.71). Whereas the relative error of σ * r ag for the quasi- monodisperse cases (i.e., for σ r eq /a=0.36) is larger than 97%. The aggregate compactness is estimated with a relative error less or equal than 2%. Finally, both isotropic EMTLMA and EMTSFM provided satisfactory fitting curves whatever the studied σ b ag and ν f (R 2 ≥0.97).

z ag =5, ν ag =2 z ag =10, ν ag =2 z ag =30, ν ag =2 z ag =200, ν ag =2 a) b) =0° =0°

Backscattering by an ensemble of prolate-shaped aggregates

Table 2.3 and 2.4 give the QUS parameters estimated from the isotropic EMTLMA, for the aggregation configurations consisting of aligned prolate ellipsoids. Even if the values of D iBSC is larger than 0.5 dB for this aggregation configuration, the isotropic EMTLMA was employed by using BSC sim (i.e. the BSC sim averaged over the thirteen insonification angles) or by using BSC sim at β=0 o to assess its ability of evaluating the QUS parameters in an anisotropic aggregation configuration. Both mean radius and standard deviation were estimated with relative errors less than 34%, except for the smallest actual standard deviation σ r eq /a= 0.36 for which the relative error goes up to 116% for the estimated standard deviation. The estimated φ i was equal to 1 for all the studied cases, so that the ± 0.00 associated to the φ i refers a standard deviation of 0 over the 10 estimations. Finally, the isotropic EMTLMA gives poor quality fitting curves with R 2 comprised between 0.05 and 0.68 when using BSC sim and between -0.86 and 0.39 when using BSC sim (β=0 o ). The smallest values R 2 =0.05 and -0.86 were obtained for the largest axial ratio ν f =2.5 (corresponding to the largest D iBSC ), and vice versa. (Based on the previous studies on polydisperse spheres and randomly oriented prolate ellipsoids, similar results are expected from both isotropic EMTLMA and EMTSFM when considering perfectly aligned prolate ellipsoids, for this reason only the isotropic EMTLMA was used in this case.) 

2.2

Backscattering by an ensemble of prolate-shaped aggregates Table 2.5 gives the QUS parameters estimated from the anisotropic EMTLMA, for the aggregation configurations consisting of aligned prolate ellipsoids. When using the anisotropic EMTLMA, the QUS parameters matched well the actual structural parameters with relative errors less than 8% for b ag , 12% for σ b ag , 2% for ν f , and 4% for φ i . The goodness-of-fit statistic reveals that the anisotropic EMTLMA provides the best fit to the data curves (R 2 ≥0.93), when compared to the goodness-of-fit statistic obtained with the isotropic EMTLMA.

Actual aggregates

Estimated QUS parameters -Anisotropic EMTLMA (r eq /a, σ r eq /a) ) shows, as an example, the comparison between the actual and the estimated PDF of radius r ag , or of equivalent radius r eq , when the actual width factor is equal to z ag =5 (corresponding to the highest level of polydispersity). Figures (2.15a) and (2.15b) show that both isotropic EMTLMA and EMTSFM provide satisfactory estimates of the size PDF for the aggregation configurations consisting of spheres or randomly oriented prolate ellipsoids. However, Figure (2.15c) shows that, for aligned prolate ellipsoids, the PDF of r eq estimated from the isotropic EMTLMA deviates considerably from the actual PDF, with large over-and underestimates of the PDF amplitude, for smaller (r eq /a≤5) and larger (r eq /a>5) aggregates, respectively. Whereas the anisotropic EMTLMA provides a better PDF estimate, with a slight under-and overestimation of the PDF amplitude, for smaller and larger aggregates, respectively. • Any semi-minor axis PDF

(b ag /a, σ b ag /a, ν f ) D iBSC b ag * /a σ * b ag /a ν * f φ * i R 2 (4.
• Valid for moderate level of polydispersity • Compactness (φ i )

•Consider anisotropy of aggregates

• Consider same axial ratio and orientation for all prolate-shaped aggregates • Axial ratio (ν f ) Table 2.6: Comparison between the scattering models used for the estimation of QUS parameters, where some of their advantages and limitations are reported 

Discussion

Limitation to estimate QUS parameters for randomly oriented prolate ellipsoids

There is no means to estimate the anisotropic shape of randomly oriented prolate ellipsoids in the framework of the inverse problem. As a consequence, the isotropic EMTLMA given by Eq. (2.14) was used to estimate aggregate size distribution in this specific case (see Table 2.2). These estimates are difficult to interpret because the forward problem study shown in Fig. 2.12 demonstrates that randomly oriented prolate ellipsoids cannot be approximated by spheres of equivalent volume to those of prolate ellipsoids. In the case of moderate deviation from spherical symmetry, Hansen [Hansen, 2013] demonstrated that the structure factor for randomly oriented monodisperse ellipsoids may be approximated by the structure factor for a size distribution of spheres. That is why I proposed an ultrasonic scattering model adapted for randomly oriented ellipsoids and based on the Hansen approach as described below.

In the case of monodisperse prolate ellipsoids with small axial ratio (i.e., 1≤ ν ag ≤2), Hansen [Hansen, 2013] demonstrated that the structure factor could be approximated by the structure factor S p of polydisperse spheres of mean radius r p , gamma width factor z p and effective volume fraction φ p defined as: [Hansen, 2013] 

r p = ν ag b ag (1 + c R ln(ν ag )) z p = (c S (1 -ν ag )) -2 -1 (2.23)
with the coefficients c R =-0.678 and c S =-0.264 (see Eqs. ( 17) and (18) in Ref. [Hansen, 2013]). The effective volume fraction of the spherical size distribution is defined as: φ eq = φ ag (V red /V red,s ), with V red the reduced volume for the prolate ellipsoids V red given by Eq. (10) in Ref. [Hansen, 2013] and V red,s the reduced volume for the spheres V red,s given by Eq. ( 11) in Ref. [Hansen, 2013].

When considering polydisperse randomly oriented ellipsoids of semi-minor axis b ag following a PDF p(b ag ), the BSC can be expressed as: where S ro is the monodisperse structure factor of prolate ellipsoids approximated by the structure factor S p of polydisperse spheres, and σ ro is the averaged differential backscattering cross-section of an prolate ellipsoid in all directions defined as:

BSC ro EMTLMA (k) =
σ ro (k, b ag ) = π 0 σ ag (k; b ag , θ)dθ, (2.25)
where σ ag is given by Eqs. (2.2), (2.9) and (2.10). Figure (2.16) shows the comparison between the simulated BSC and the modified isotropic EMTLMA using the structure factor proposed by Hansen. The BSC ro EMTLMA matched better the simulated BSC sim (rf. Fig. 2.16) when compared with the BSC iso (rf. Fig. 2.12): the relative errors obtained with the modified isotropic EMTLMA are less than 23% (against 79% with the isotropic EMTLMA by considering spheres of equivalent volume).

The Hansen-based approach indicates that the backscattering from randomly oriented monodisperse prolate ellipsoids with b ag /a=4 can be satisfactorily approximated by the backscattering from polydisperse spheres of mean radius r ag /a=4.24 and standard deviation σ r ag /a=1.12, as given by Eq. (2.23). These mean and standard deviation are quite close to the QUS parameters r ag * /a=4.44 and σ * r ag /a=0.71 estimated in the quasi-monodisperse case with z ag =200 (corresponding to σ b ag /a=0.28). The modified isotropic EMTLMA based on the Hansen approach may thus explain why the estimated σ * r ag overestimates both actual σ eq and σ b ag for moderate size polydispersity z ag ≥30 (see Table 2.2).

On the behavior of the cost function

Several numerical and experimental studies have shown that the frequency range used for BSC measurements plays an important role in the estimation of QUS parameters [de Monchy, 2016, Liu and Zagzebski, 2010, Lavarello and Oelze, 2012, Insana and Hall, 1990]. When using classical sparse models (consider- ing only incoherent scattering), it is well known that the most accurate QUS estimates (scatterer size and acoustic concentration) are obtained in the range of 0.5<kr≤1.2 [Insana and Hall, 1990]. When using the isotropic polydisperse EMTSFM for characterizing polydisperse spherical aggregates, [de Monchy, 2016] demonstrates that the mean radius, radius standard deviation and aggregate compactness are satisfactorily estimated for 0.89<kr eq <2.24 (with relative errors less than 12%). In the study presented in this chapter, the frequency range of the BSC sim (10-40 MHz) corresponds to 0.5<kr eq <2.

When using the isotropic EMTLMA modeling, the inverse problem consists in estimating three QUS parameters: r ag /a, σ r ag /a and φ i . Figure (2.17) shows typical examples of cost functions for the aggregation configuration consisting of randomly oriented and aligned prolate ellipsoids with b ag /a=4, σ b ag /a=1.63, ν ag =2 and φ i =1. The cost function exhibits a global minimum at r ag * /a=4.8, σ * r ag /a=1.83 and φ * i =0.99 for the randomly oriented prolate ellipsoids, and at r ag * /a=4.25, σ * r ag /a=1.69 and φ * i =1 for the aligned prolate ellipsoids. There is a single minimum for all the studied cases, which is consistent with previous works performed in [de Monchy, 2016] when using the isotropic polydisperse EMTSFM.

When using the anisotropic EMTLMA modeling, the inverse problem consists in estimating four QUS parameters: b ag /a, σ b ag /a, ν ag and φ i . ) that there are two local minima with estimated σ b ag /a equal to 1.46 and 1.53 with the smallest values of F. During the inversion procedure using the Nelder-Mead simplex method, 10 random initializations were used in order to ensure global convergence (i.e., to avoid the convergence on local minimum closest to the initial guess). Note that the two local minima do not match perfectly the actual σ b ag /a=1.63, however the quadruplet parameters estimated with the global minimum were considered to be satisfactory with relative errors less than 6%.

Overall, the estimated QUS parameters match quite well the actual parameters, except when the isotropic EMTLMA was used to estimate the QUS parameters from perfectly aligned prolate ellipsoids (see Table (2.3) and (2.4)). These results show that the kr product criterion (i.e. 0.5<kr<2) is valid for both isotropic and anisotropic aggregation configurations when the appropriated modeling is used in each case, it means the isotropic EMTLMA for the case of isotropic configurations, and the anisotropic EMTLMA for the case of anisotropic configurations. However, further studies should be conducted to study the limits of the anisotropic EMTLMA to estimate QUS parameters by varying the aggregate size and/or the frequency range.

On the use of the anisotropic EMTLMA in vivo

One may question the use of the anisotropic EMTLMA for estimating QUS parameters in in vivo conditions. First, the anisotropic EMTLMA assumes that all the prolate-shaped aggregates are aligned in the same direction, whereas the aggregates are expected to be partially aligned in the flow streamlines when considering real blood. Second, the anisotropic EMTLMA assumes that all the prolate-shaped aggregates have identical axial ratio in order to reduce the number of unknown parameters. So, if the anisotropic EMTLMA is applied to estimate structural parameters such as the aggregate size (distribution of semi-minor axes and mean axial ratio), and aggregate compactness, these two assumptions would obviously create some bias against the parameter estimation. Moreover, it is not straightforward to evaluate the relevance of these assumptions on the anisotropic aggregate shape and orientation, since there is no optical measurement on aggregating blood at physiological hematocrits of 30%-50% (since blood is opaque to light). Further studies need to be conducted to obtain actual structural parameters (such as the size and orientation of the RBC aggregates) in order to evaluate the impact of these assumptions under realistic conditions. These future studies should consider both normal cases, in which the predominant structures of the aggregates are rouleaux, and pathological cases, in which the predominant structures resemble clumps.

Conclusion

Computer simulations were performed for spherical aggregates, randomly oriented and perfectly aligned prolate-shaped aggregates, in order to examine the influence of the aggregate size polydispersity and of the aggregate anisotropy on the ultrasonic backscattering. In parallel to this numerical work, the analytical EMTLMA model was further developed to incorporate the aggregate anisotropy in the (simple) peculiar

Conclusion

case of perfectly aligned prolate ellipsoids. The anisotropic EMTLMA is the first analytical model that allows predicting the anisotropic behavior of BSC from the RBC aggregates.

The comparison between the simulated and theoretical (isotropic and anisotropic) EMTLMA provides a deeper fundamental understanding of ultrasonic scattering by aggregated RBCs. The anisotropic aggregates in different configurations (randomly oriented or perfectly aligned) can greatly affect both amplitude and frequency dependence of BSC. For the peculiar case of perfectly aligned prolate-shaped aggregates (or spherical aggregates), the proposed anisotropic EMTLMA (or isotropic EMTLMA, respectively) was able to successfully predict the simulated BSC. However, the isotropic EMTLMA by considering equivalent scatterer volume is not able to predict satisfactorily an ensemble of randomly oriented ellipsoids for axial ratios equal or larger than 2.

In addition, an inverse problem study was performed to estimate the QUS parameters by fitting the simulated BSC with the isotropic or anisotropic EMTLMA. The results demonstrate that the anisotropic EMTLMA is a more-appropriate model to use for estimating QUS parameters in the case of perfectly aligned prolate-shaped aggregates. The anisotropic EMTLMA provides better fit when compared with the isotropic EMTLMA. The anisotropic EMTLMA makes it possible to estimate mean and standard deviation of size close to actual structural parameters, whereas the isotropic EMTLMA was not able to estimate standard deviation of size. In the future, it would be interesting to study the limits of the anisotropic EMTLMA (if any) in terms of the maximum axial ratio of ellipsoids to which the model still works.

In the next chapter, a numerical study based on actual distributions of size and orientations of RBC aggregates is carried out, in order to evaluate the isotropic and anisotropic EMTLMA for estimating structural parameters. This work will allow elucidating the impact of the strong assumptions (i.e., perfectly aligned aggregates, identical axial ratio) when estimating the QUS structural parameters of RBC aggregates, under more realistic conditions.

Chapter 3

Evaluation of the anisotropic EMTLMA in estimation of structural parameters of partially aligned aggregates

The anisotropic EMTLMA was proposed in chapter 2 for evaluating QUS parameters from perfectly aligned structures of RBC aggregates. In this chapter, realistic aggregation configurations have been used to assess the ability of the isotropic and anisotropic EMTLMA for determining aggregate structures under more complex conditions. The realistic aggregating configuration corresponds to size and orientation distributions of aggregated RBCs obtained from optical measurements of blood sheared in controlled flow conditions.

First, the microfluidic experiments and the procedure to obtain the size and orientation distributions of RBC aggregates are described. Then, the hypotheses of considering aggregates with the same axial ratio and/or orientation are studied within the framework of the forward and inverse problem approaches, by using computer simulations based on realistic aggregation configurations. This work has been performed in collaboration with Prof. Marianne Fenech, Rym Mehri (PhD student) and Curtis Armstrong (Master student) of the University of Ottawa, who performed the experimental part presented in this chapter.

Material and Methods

Experiments on porcine blood sheared in microfluidic shearing system

Experimental set-up Experiments were conducted on porcine blood sheared in a two-fluid flow microfluidic shearing system to determine the actual size and orientation distributions of RBC aggregates (rf. Fig. 3.1).

Fresh porcine whole blood was collected from a slaughterhouse with ethylenediaminetetraacetic acid (EDTA) to avoid coagulation. The whole blood was centrifuged, and the plasma and buffy coat were removed. The RBCs were washed two times in a saline solution. Two aggregating blood samples were prepared with hematocrits of 10% and 20%. The sample preparation was performed as follows. The RBCs were resuspended in a mixture containing 75% of saline solution and 25% of Optiprep TM (Progen Biotechnik, Germany) to adjust the density of the suspending medium around 1090 kg/m 3 , and by dissolving 1.5 g/L of dextran 500 kDa (Sigma Aldrich, France) in the reconstituted blood. The dose and molecular weight of dextran allowed mimicking pathological blood with a high level of aggregation [Baskurt et al., 2011a]. [START_REF] Mehri | An automated method for dynamic red blood cell aggregate detection in microfluidic flow[END_REF] The experimental procedure to determine quantitatively the structure of RBC aggregates in microcirculation under constant shear rate was described previously by [START_REF] Mehri | Design of a microfluidic system for red blood cell aggregation investigation[END_REF], Mehri et al., 2018] and is briefly recalled below. The RBC suspensions were tested in a two-fluid flow poly-di-methylsiloxane (PDMS) microfluidic shearing system as shown in Fig. (3.1). The channel dimension is 190 µm × 53 µm. Within this system, the RBC aggregates were entrained using a second solution of phosphate buffered saline in order to obtain a linear velocity profile within the blood layer and achieve six different constant shear rates SR=3, 6, 11, 22, 45 and 90 s -1 . The shear rate was determined using a micro Particle Image Velocimetry (µPIV) system, while RBC aggregates were visualized using a high speed camera. The videos taken on RBC aggregates were acquired using video-microscopy system composed of a Zeiss microscope, long distance magnification lens 20X, associated with a high speed camera (Basler acA2000-340kmNIR). 

Material and Methods

Segmentation procedure to obtain size and orientation of aggregates

For the highest shear rates, 11, 22, 45 and 90 s -1 , an automatic segmentation was performed by our collaborators at the university of Ottawa, as described in [START_REF] Mehri | An automated method for dynamic red blood cell aggregate detection in microfluidic flow[END_REF]. Image processing techniques (such as spatial filtering, background removal and histogram equalization) were applied in order to enhance the microscopic image quality along with several algorithms for RBC aggregate segmentation. a flow-chart of the algorithm used to automatically detect the RBC aggregates. Once the aggregates are detected, they are fitted to an ellipse to obtain its area, semi-minor axis, semi-major axis and orientation. Automatic segmentation could have three drawbacks. First, several overlapping aggregates could be considered as a single large aggregate. Second, an aggregate could be counted several times, since the constant step used to select the images did not always guarantee that each image had different aggregates from the previous one. Third, the background noise of the image (resulting from possible impurities on the optic lens) could be counted as a single RBC, even if the filter is used to reduce this background noise.

Therefore, to mitigate the effects of overlapping aggregates and background noise, the results of the automatic segmentation were filtered using two thresholds for the area obtained by automatic segmentation: one to rule out very small area values, and another to rule out area values possibly corresponding to overlapping aggregates counted as one. A threshold for the minimum aggregate area of 7.14 µm 2 (corresponding to 350 pixels) was used, which corresponded to the minimum manually detected area for a single RBC observed on the side (since a porcine RBC has a semi-major axis around 2.9µm and a semi-minor axis around 1.5µm). For shear rates of 11 and 22 s -1 , a maximum aggregate area threshold of A+2σ A was used (with A being the mean value of the automatically detected aggregate area and σ A its standard deviation). For shear rates of 45 and 90 -1 , this threshold corresponded to A+σ A . In these cases, the threshold of the maximum area was decreased, because it was observed that the effect of the overlapping aggregates was more important, since most of the RBCs were disaggregated or in small aggregates, as shown in Fig. (3.2).

For the low shear rates 3 and 6 s -1 , a manual segmentation was performed in order to avoid the issues of automatic segmentation described above. The segmentation was carried out as follows:

• A subset of images was selected to ensure that each image showed a different set of aggregates.

• Then, from each selected image, the contours of the aggregates were outlined and fitted by an ellipse to obtain their area, semi-minor axis, semi-major axis and orientation (rf. Fig. 3.4). This fitting procedure was performed by using the fit ellipse function provides by the ImageJ software.

Finally, the major axes of 2D ellipse (obtained by automatic or manual segmentation) is assumed to be the major axis of the 3D prolate ellipsoid and to be placed in the xy plane. This assumption will be discussed later in subsection 3.3.1. 

Computer simulations based on the Structure Factor Model

3D computer simulations based on the Structure Factor Model (SFM) were performed to obtain the BSC sim simulated from the realistic aggregation configurations. Given the high computational cost of performing these simulations, only the configurations given by the shear rates 3, 6, 11 and 22 s -1 were simulated for hematocrits of 10% and 20%. The procedure to obtain the spatial distribution of prolate ellipsoids and to compute the BSC sim is similar to that presented in subsection 2.2.2.1 of chapter 2, apart from the number of realizations and the computational time.

In the case of the realistic aggregating configurations, the prolate ellipsoids follow a joint PDF of b ag , ν ag , and θ, noted p(b ag , ν ag , θ). For each aggregation configuration studied, a joint PDF was determined by automatic or manual segmentation, and each simulated volume V sim = L 3 =250 3 µm 3 (named also realization) consists of non-overlapping prolate ellipsoids following this specific joint PDF. One simulated BSC sim was computed by averaging 100 realizations for averaging purposes (against 50 realizations for the perfectly aligned prolate ellipsoids studied in chapter 2). A greater number of realizations was performed here, because the hematocrit was lower (10% or 20 % here, against 30% in chapter 2).

For each aggregation configuration, the simulation of BSC sim was performed for 13 different insonification angles β ranging from -30 o to 30 o with a step of 5 o . For each aggregating configuration using 100 realizations, the computational time per insonification angle was around 7 hours for the configurations with φ=10%, and around 17 hours for the configurations with φ=20%, using a computer with a i7-6700T CPU @ 2.8GHz, 32 GB of RAM, and Windows 10 64 bit. Due to the high computational cost of performing numerical simulations, the Metropolis algorithm was slightly modified to construct the ensemble of simulated volume for the insonification angles other than 0 o as described below. The spatial distribution from actual aggregate structures was first obtained for β=0 o . Then, for the other angles, the initial state given by the Metropolis algorithm which generally consists in particles randomly and uniformly located within the simulated volume (step denoted as a in Fig. (2.2)), is replaced by the spatial distribution obtained at β=0 o . This modification allows a faster convergence towards the final state, where the particles within the simulated volume do not overlap and meet the periodic boundary condition. Therefore, the simulation was reduced to about 3 days for each insonification angle with φ=20%. 

Material and Methods

Theoretical EMTLMA modeling for partially aligned prolate ellipsoids

Due to the high computational cost of performing computer simulations based on the SFM, an ultrasonic scattering model is proposed for modeling an ensemble of partially aligned prolate ellipsoids. This theoretical modeling allows a very fast BSC calculation (less than 1 minute, using a computer with a dual-core Intel Core i5 CPU @ 1.6GHz, 8 GB of RAM, and MacOS 64 bit.) for a given joint PDF. This model was assessed by using the BSC sim simulated from the realistic aggregation configurations. If valid, this theoretical modeling would be useful to study several aggregation configurations, such as the influence of considering aggregates with the same axial ratio and/or with the same orientation on backscatter amplitude.

As a first approximation, it is assumed that all the prolate ellipsoids are partially aligned and that their major axes are placed in the xy plane, as illustrated in Fig. (3.5). The orientation angle α for a prolate ellipsoid is defined as the angle between its major-axis direction and the y axis. One has α = π/2θβ so that either α or θ can be used to describe the ellipsoid orientation. The prolate ellipsoids follow a joint PDF of b ag , ν ag , and θ, noted p(b ag , ν ag , θ). The EMTLMA considers that each scatterer with specific semi-minor axis b ag , axial ratio ν ag and orientation θ is surrounded by scatterers with identical characteristics. The ensemble of polydisperse prolate ellipsoids partially aligned is then approximated by many subsystems in which the prolate ellipsoids are monodisperse and aligned. Thus, the BSC is computed as the sum of the backscattering from monodisperse subsystem weighted by the joint PDF as:

BSC EMTLMA (k) = n ag ∞ 0 ∞ 1 π 0 p(b ag , ν ag , θ)σ ag (k, b ag , ν ag , θ)S(k, u ag , θ)db ag dν ag dθ. (3.1)
where n ag is the number density of effective prolate ellipsoids, σ ag is the differential backscattering crosssection of a homogenous prolate ellipsoid given by Eq. (2.2), and S is the monodisperse structure factor for an equivalent system, consisting only of particles of radius u ag with a fixed total volume fraction φ ag occupied by the prolate ellipsoids. The modeling proposed in Eq. (3.1) can be hardly used to estimate the structural parameters of aggregates in the framework of an inverse problem formulation, because of the intensive computation time to test all the possible joint PDF p(b ag , ν ag , θ). That is why the anisotropic and isotropic EMTLMA given by Eq. (2.13) and ( 2.14), respectively, are used for the practical assessment of aggregated structures.

Results

QUS parameter estimation

QUS parameter estimation was performed based on the inversion procedure described in subsection 2.2.2.2 of Chapter 2. In a first step, the integrated backscatter coefficient iBSC and the difference between the maximum and minimum values of iBSC(β), denoted D iBSC are computed as described in section 2.2.2.2. If the D iBSC is less than 0.5 dB, the medium is assumed to be isotropic. If the D iBSC is equal or larger than 0.5 dB, the medium is assumed to be anisotropic and the orientation θ f of the aligned prolate ellipsoids is calculated.

In a second step, the QUS structural parameters are estimated by assuming a compactness value φ i =100%, and that the hematocrit φ, the RBC radius a and the acoustical properties of plasma and RBCs are known a priori [START_REF] Yu | Experimental ultrasound characterization of red blood cell aggregation using the structure factor size estimator[END_REF], Franceschini et al., 2013, de Monchy et al., 2018], and by fitting the simulated BSC sim with the isotropic or anisotropic EMTLMA. In the isotropic case (D iBSC <0.5), the unknown parameters are the mean r ag * and standard deviation σ * r ag of the radius PDF p t (r ag ), which are estimated by fitting the simulated BSC sim with the isotropic EMTLMA given by Eq. (2.14). In the anisotropic case (D iBSC ≥0.5), the unknown parameters are the axial ratio ν f , and the mean b ag , ν * f ) are determined by using the anisotropic EMTLMA given by Eq. (2.13), and more specifficaly, by minimizing the cost function CF given by Eq. (2.18), which synthesizes the thirteen simulated BSC sim with the thirteen insonification angles over the wavenumbers k j in the frequency bandwidth 10-40 MHz.

Results

Actual size and orientation distributions of RBC aggregates

Figures (3.6) and (3.7) summarize the results of segmentation for all the cases studied. The actual distributions of the semi-minor axis b ag , axial ratio ν ag and orientation α, PDF(b ag ), PDF(ν ag ), and PDF(α), respectively, for the fitted ellipses are represented. In addition, the volume distribution of the aggregates PDF(r eq )(4/3)πr 3 eq / V (where PDF(r eq ) is the actual distribution of r eq ) is also represented, as well as the orientation distribution for the largest aggregates. Note that the aggregate volume distribution was reported in order to be able to better interpret the simulated BSC sim , because the differential backscattering cross-section of an aggregate is proportional to the square of its volume.
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PDF shows that 30-40% of the aggregates have an orientation in the range of [-15 o , 15 o ], whatever the shear rate and the hematocrits studied. However, if only the large aggregates r eq /a > 2.25 are selected (corresponding to kr eq >0.5) with ν ag >1.7, one can notice in Figs. (3.6e1) and (3.6e2), that more than 40% of the aggregates have orientations α=0 o ±15 o at the shear rates of 3 and 6 s -1 , for both hematocrits 10% and 20%. Therefore, about half of the larger aggregates tend to be aligned with the direction of flow. Moreover, this fraction of aligned aggregates is largest at a shear rate of 3 s -1 with around 57%, thus showing that the alignment of the largest aggregates around α=0 o increases as the shear rate decreases.

Forward problem: comparison between simulated and theoretical BSCs

Figures (3.8a1) and (3.8a2) represent the iBSC obtained from the simulated BSC sim at different shear rates for hematocrits 10% and 20%, respectively. The D iBSC was found to be equal to or greater than 0.5 dB for shear rates of 3 and 6 s -1 (and therefore considered as anisotropic media) and to be smaller than 0.5 dB for shear rates 11 and 22 s -1 (and therefore considered as isotropic media). The fitted curves h(β) plotted in dashed lines in ) and (3.8b2) show the comparison between simulated BSC sim and theoretical BSC EMTLMA computed with the EMTLMA theory given by Eq. (3.1) for insonification angles β=0 o and 30 o . Overall, the amplitude of the BSC increases and the peaks occurs at lower frequencies as the shear rate decreases (i.e., when the level of aggregation increases). Satisfactory agreement was obtained between the simulations and the EMTLMA theory given by Eq. (3.1) when the joint PDF p(b ag , ν ag , θ) is known: the relative errors in BSC EMTLMA is less than 15%.

Figures (3.8c1) and (3.8c2) compare the simulated BSC sim and the theoretical BSC aniso for shear rates of 3 and 6 s -1 and for the insonification angles β=0 o and 30 o . The theoretical BSC aniso was computed with the anisotropic EMTLMA given by Eq. (2.13) for shear rates of 3 and 6 s -1 by considering the main aggregate orientation α f =3 o and 7 o , and the mean axial ratio ν ag =1.51 and 1.56, respectively, for φ =10%, and α f =5 o and 10 o , and the mean axial ratio ν ag =1.42 and 1.36, respectively, for φ =20%. An overestimation of the BSC aniso amplitude when compared to the simulated BSC sim is observed. This discrepancy will be discussed later in the Discussion section 3.3. Also plotted in Fig. (3.8c1) and Fig. (3.8c2) are the BSC sim averaged over the thirteen insonification angles for shear rates of 11 and 22 s -1 with φ =10% and 20%. The theoretical BSC iso given by Eq. (2.14) (that considers equivalent spheres with radii equal to r eq = b ag 3 √ ν f ) shows good agreement with the simulated BSC sim .

Inverse problem: estimation of QUS parameters

The isotropic EMTLMA was employed by using BSC sim (i.e. the BSC sim averaged over the thirteen insonification angles) to assess its ability of evaluating the QUS parameters in the anisotropic aggregation configurations. Table 3.1 gives the QUS parameters estimated from the isotropic or anisotropic EMTLMA for the realistic aggregation configurations. Increasing the shear rates (i.e., decreasing the level of aggregation) resulted overall in decreases of aggregate size r * eq and standard deviation σ * eq estimated by the isotropic EMTLMA. When using the isotropic EMTLMA, mean size and standard deviation values were estimated with relative errors less than 27% and 13%, respectively, for the anisotropic cases, and less than 20% and 10%, respectively, for the isotropic cases. The anisotropic EMTLMA was only employed when the D iBSC was found to be larger than 0.5 dB. In those cases, mean size and standard deviation values were estimated with relative errors less than 15% and 13% respectively. Overall, the anisotropic EMTLMA underestimates the mean axial ratio ν ag with relative errors of up to 23%. Note that both isotropic and anisotropic EMTLMA provide satisfactory fitting curves with R 2 ≥0.97. .sr -1
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.sr -1 ) SR=11 Figure 3.8: Integrated backscatter coefficients iBSC and backscatter coefficients for realistic aggregating configurations. a1), b1) and c1) Hematocrit 10%. a2), b2) and c2) Hematocrit 20%. a1), a2) Simulated iBSC (symbols) as a function of insonification angles β. Also plotted in dashed lines are the quadratic function h(β), with its maximum (X symbol), used to estimate the main aggregate orientation. b1), b2) and c1), c2) Backscatter coefficients for insonification angles β=0 o and 30 o . The symbols are the simulated BSC sim . In panels b1) and b2), the solid lines are the theoretical BSC EMTLMA given by Eq. (3.1). In panels c1) and c2), the dashed lines are the theoretical BSC aniso given by Eq. (2.13) and the dashed-dotted lines are the theoretical BSC iso given by Eq. (2.14). 
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Limitations of numerical simulations

The realistic aggregation configuration is based on the size and orientation distributions of RBC aggregates obtained from optical experiments. Each studied shear rate corresponds to a level of aggregation with specific microstructure of RBC aggregates. To our knowledge, this is the first time that actual size and orientation distributions of RBC aggregates have been used for three-dimensional numerical simulations to study the ultrasonic backscattering of the aggregated blood. Previous numerical studies were generally restricted to two dimensions and were based on particle dynamics or statistical dynamics to obtain the polydispersity in size, shape and orientation of RBC aggregates [START_REF] Fontaine | Simulation of ultrasound backscattering by red cell aggregates:effect of shear rate and anisotropy[END_REF],Fontaine and Cloutier, 2003,Savéry and Cloutier, 2005] . Whereas previous three-dimensional numerical simulations were limited to the study of spherical aggregates [Saha et al., 2011a, Franceschini et al., 2013]. However, the realistic aggregation configuration proposed in this work suffers from two main limitations that are related to the experimental constraints for obtaining aggregate structures by optical techniques. First, the optical measurements were limited to low hematocrits of 10 and 20 %, because the RBCs are opaque to light. Second, the optical measurements give only access to two-dimensional images of aggregates, so the aggregate shape was approximated by prolate ellipsoid deduced from the fitted ellipse (see Fig. 3.4) and its major axis is assumed to be placed in the xy plane. This extrapolation of two-dimensional structural information in three dimensions results in an unrealistic minimum equivalent radius r eq (or unrealistic minimum semi-minor axis b min ) smaller than the RBC radius a, as it can be observed in Figs. (3.6d1) and (3.6d2), and Figs. (3.7d1) and (3.7d2). Nevertheless, this unrealistic minimum RBC size was kept in the 3D simulations because a correction of the minimum RBC size should imply a correction of the whole aggregate size distribution, which could not be achieved. This passage of 2D information in 3D may also result in biases on the polydispersity of the shape and orientation of the aggregates. In future studies, exploring the use of a confocal microscope using the same experimental methodology can provide further information on three-dimensional aggregate structures and provide a better visualization at higher hematocrits.

It should also be noted that, in the case of realistic aggregation configurations, the actual distributions could be used to obtain simulated configurations at higher hematocrits, assuming that the distributions are similar at higher hematocrits. However, the simulations were limited to a maximum hematocrit of 20% due to the computational load to generate spatial distributions of prolate ellipsoids with specific aggregate size and orientation distributions obtained from optical experiments (against hematocrit of 30% for perfectly aligned or randomly oriented prolate ellipsoids studied in chapter 2).

Qualitative comparison between the simulated and measured BSCs

Figure (3.9) shows a comparison between the simulated BSC obtained in this work and the BSC measured on flowing porcine blood sheared in a Couette flow device, prepared in similar conditions to those described in section 3.1.1 and under the same shear rates as the microfluidic experiment. In these experiments, the BSC was measured using an ultrasonic single-element transducer placed perpendicular to the flow direction. The blood was sheared in a Couette flow device that consists of two concentric cylinders with the inner one rotating and the outer one fixed, the gap between the two cylinders being equal to 2 mm (more details can be found in [de Monchy et al., 2018] and[de Monchy, 2016]). Figures (3. ) and (3.9b2) show the BSC sim in this work using the size distributions obtained from the microfluidic experiments at the insonification angle 0 o (that corresponds to the direction perpendicular to the flow direction in the case of microfluidic experiments) for the hematocrits 10 and 20%. Overall, for low shear rates (3, 6 and 11 s -1 ), the simulated BSC sim and measured BSCs shared similar trends in the high frequency 3.3 Discussion range. However, the simulated BSC sim presents its maximum at higher frequencies when compared with the measured BSCs, and it suggests that the RBC aggregate measured in experiments have a larger mean aggregate size or/and level of polydispersity. It is important to underline that the RBC aggregates sheared in the microfluidic system are confined in a gap around 60 µm, whereas the RBC aggregates sheared in the Couette flow device are sheared in a 2 mm gap. Therefore the microfluidic shearing system suffers from wall effects. Indeed, for the lowest shear rate of 6 s -1 , the largest characteristic size is approximatively equal to 6a ≈16.5 µm, so the gap in the microfluidic shearing system is less than 4 times the largest aggregate (against 120 times for an aggregate of size 6a flowing in the Couette flow device). The aggregate size distribution was thus expected to be larger in the Couette flow device when compared to the microfluidic shearing system, and a quantitative comparison between both experiments cannot be performed. Consequently, the comparison between simulated BSC sim and BSCs measured in the Couette flow device is only qualitative. 

3 s -1 6 s -1 11 s -1 22 s -1 Shear rates (b2) (a2) φ =10% φ =20% φ =10% φ =20% Figure 3
.9: a1), b1) BSCs measured from flowing porcine blood sheared in the Couette flow device at shear rates of 3, 6, 11, 22, 45 and 90 s -1 for hematocrits 10 and 20% (data extracted from Fig. 3 in [de Monchy et al., 2018]). a2), b2) Simulated BSC sim obtained from the size distributions of RBC aggregates sheared in the microfluidic shearing system at shear rates of 3, 6, 11 and 22 s -1 for the insonification angle 0 o and for hematocrits 10 and 20%.

On the assumption of perfectly aligned aggregates in the estimation of QUS parameters

When using the anisotropic EMTLMA given by Eq. (2.13), the assumption of perfectly aligned aggregates allows us to reduce the number of unknown QUS parameters. Indeed, based on this modeling, the angular 3.10a and 3.11a ) or by considering the joint PDF p(b ag , ν ag , θ f ) with a fixed α f =π/2θ f -β=3 o for φ=10% and α f =10 o for φ=20% (see Figs. 3.10b and 3.11b). One can observe that the fixed ν f produces the underestimation of D iBSC (Fig. 3.10a, and Fig. 3.11a), and inversely, the fixed α f produces an overestimation of D iBSC (Figs. 3.10b and 3.11b). It is also interesting to notice that, when both ν f and α f are fixed (Figs. 3.8c1 and 3.8c2), the overestimation of D iBSC is smaller than those obtained when only α f is fixed (Figs. 3.10b and 3.11b). This extensive forward problem study allows us to better understand the estimates of QUS parameters shown in Table 3.1: the assumption of a fixed aggregate orientation has the effect of overestimating the D iBSC and consequently, it goes with the underestimation of ν f . 
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On the assumption of gamma (truncated) size distribution

The theoretical EMTLMA models proposed for estimating QUS parameters assume that the aggregate size distribution follows a gamma PDF or a gamma truncated PDF. It is not straightforward to assess the validity of this assumption because there is no optical observation of RBC aggregates at physiological hematocrits. However, previous optical measurements on porcine blood mimicking pathological aggregation (i.e. clumps) showed that the gamma PDF is a good candidate for representing the aggregate size distribution at low hematocrits (≤20%) [de Monchy et al., 2018]. In the present work, the QUS parameter estimation assumes that the semi-minor axes of prolate-shaped aggregates in the case of anisotropic EMTLMA theory (or the radii of spherical aggregates in the case of isotropic EMTLMA theory) follows a truncated gamma PDF. The truncated gamma PDF was proposed to avoid having a particle smaller than b min . Figures (3.12a1,3.12b1,3.12c1,3.12d1) show the comparison between the actual PDF of semi-minor axis b ag , PDF(b ag ), and the estimated PDF when using the anisotropic EMTLMA, p t (b ag ), for the aggregation configurations with D iBSC >0.5 dB. Also given are the corresponding distribution b 3 ag pdf(b ag )/ b 3 ag in Figs. (3.12a2, 3.12b2, 3.12c2, 3.12d2), where pdf(b ag ) refers to PDF(b ag ) or p t (b ag ). Figure (3.13) shows the comparison between the actual and estimated PDFs of equivalent radius r eq and the corresponding volume distribution r 3 eq pdf(r eq )/ r 3 eq for the aggregation configurations with D iBSC >0.5 dB. Note that pdf(r eq ) refers to the actual PDF of r eq or the estimated PDF p t (r eq ). Even if the aggregation configuration is anisotropic, the isotropic EMTLMA was also considered for comparison purpose. (Let s recall that the equivalent radius r eq is computed as r eq = b ag 3 √ ν f when using the anisotropic EMTLMA). The estimated PDF of r eq given by the anisotropic EMTLMA matches the actual PDF better than the isotropic EMTLMA, which underestimates and overestimates the PDF amplitude for the smaller and larger aggregates, respectively. For the hematocrit φ=10%, the volume distributions estimated by the isotropic EMTLMA slightly better match the actual distribution than those estimated by the anisotropic EMTLMA, which tend to over-and underestimate the amplitude of the volume distribution for the smaller and larger aggregates, respectively. For the hematocrit φ=20%, the results show that both anisotropic and isotropic EMTLMA provide similar estimates of the aggregate volume distribution.

It is important to note that a better correspondence was obtained between the actual and estimated volume distribution, since the estimated PDFs of b ag or r eq can sometimes show significant deviations from eq pdf(r eq )/<r 3 eq > r eq/ a r eq/ a r eq/ a SR = 3 s -1 , φ =10%
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Figure 3.13: Comparison between the actual and estimated PDF for the aggregation configurations with D iBSC >0.5 dB . a1), b1) Actual and estimates PDF of r eq for SR = 3 and 6 s -1 , respectively, with φ=10%, and a2) b2) the corresponding distribution r 3 eq pdf(r eq )/ r 3 eq . c1), d1) PDF of r eq for SR = 3 and 6 s -1 , respectively, with φ=20%, and c2) d2) the corresponding distribution r 3 eq pdf(r eq )/ r 3 eq . The bars represent the actual histograms and the solid lines in red and green, the estimates given by the anisotropic and isotropic EMTLMA, respectively.
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the actual PDF (rf. Fig. 3.12b1). This can be explained by the fact that the inverse problem is solved by fitting the BSC, which depends on the square of the scatterer volume. It implies that the BSC is more sensitive to scatterer volume than scatterer size. Therefore, a better estimate of the distribution of b 3 ag or r 3 eq is expected than the distribution of b ag or r eq . Further studies need to be conducted to evaluate the suitability of the truncated gamma distribution for configurations consisting of anisotropic aggregates other than those studied in this work. For example, computer simulations based on segmentations of RBC rouleaux sheared in the microfluidic system can be performed to assess the anisotropic EMTLMA when considering normal blood.

On the cost function behavior

As described in chapter 2, the frequency range plays an important role when estimating QUS parameters. As a rule of thumb, this frequency range should contain information on the first peak of the BSC, or equivalently the kr product (product between the wavenumber k and the characteristic radius r) should be around the value of 1. In the numerical study presented in this chapter, the frequency range of the BSC sim (10-40 MHz) corresponds to 0.12< kr eq <0.76, considering all the cases studied.

When using the anisotropic EMTLMA given by Eq. (2.13), the inverse problem consists in estimating three QUS parameters: b ag /a, σ b ag /a, and ν ag . When using the isotropic EMTLMA, the inverse problem consists in estimating two QUS parameters: r ag /a, and σ r ag /a. Figure (3.15) shows typical examples of cost functions for the prolate ellipsoids based on the realistic aggregation configurations for SR = 3 s -1 with φ =10% and 20%, and SR = 11 s -1 with φ =20%. For SR = 3 s -1 and φ =10%, the cost function exhibits a global minimum at r p * /a=1.85, z * p /a=1.6, which corresponds to the estimated values r ag * /a=1.93, and σ * r ag /a=1.12 (and the actual values are r eq /a=1.56,
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σ eq /a=1.13). For SR = 3 s -1 and φ =20%, the cost function exhibits a global minimum at r p * /a=1.55, z * p /a=1.15, which corresponds to the estimated values r ag * /a=1.69, and σ * r ag /a=1.02 (and the actual values are r eq /a=1.50, σ eq /a=1.07). For SR = 11 s -1 and φ =20%, the cost function exhibits a global minimum at r p * /a=0.5, z * p /a=-0.2, which corresponds to the estimated values r ag * /a=0.91, and σ * r ag /a=0.47 (and the actual values are r eq /a=1.06, σ eq /a=0.52). 3.15) that there are several local minima around the global minimum, either for the isotropic or anisotropic cases. This made it more difficult to find the global minimum, therefore, the Nelder-Mead simplex method was used in the inversion procedure with 20 random initializations to ensure global convergence, (i.e., to avoid the convergence on local minimum closest to the initial guess). The occurrence of several minima, more than two, could be a consequence of the fact that the frequency range used in the estimation procedure did not contain information around kr eq ≈1, which could affect the accuracy and precision of the estimation procedure, as shown in previous works [de Monchy, 2016, Liu and Zagzebski, 2010, Lavarello and Oelze, 2012, Insana and Hall, 1990]. It suggests that the QUS parameter estimation could be improved if the simulated BSC sim were performed on higher frequency to met the criterion of having information of the BSC around kr eq ≈1. However, it was preferred to conduct this numerical simulation in the 10-40 MHz frequency range that is generally used in experiments for QUS blood characterization.

Conclusion

3D computer simulations were performed from realistic aggregation configurations to progress further in the understanding of ultrasonic backscattering from complex (polydisperse and anisotropic) aggregate structures. In that aim, the modified anisotropic EMTLMA was proposed in the framework of forward problem for modeling more complex aggregated structures. The isotropic EMTLMA, anisotropic EMTLMA (considering perfectly aligned prolate ellipsoids) and modified anisotropic EMTLMA (considering partially aligned prolate ellipsoids with a joint PDF) were studied in the forward problem framework to compare the theoretical and simulated BSCs. The frequency-dependent BSCs were satisfactorily predicted by the isotropic EMTLMA for isotropic media, and by the modified anisotropic EMTLMA for anisotropic media. However, the anisotropic EMTLMA was found to overestimate both BSC amplitude and D iBSC .

Both isotropic and anisotropic EMTLMA were then examined to estimate the QUS parameters of aggregate structures in the inverse problem framework. For isotropic media, mean size and standard deviation

Conclusion

values were estimated with relative errors less than 20% and 10%, respectively. For anisotropic media, mean size and standard deviation values were estimated with relative errors less than 15% and 13% respectively. However, the anisotropic EMTLMA cannot estimate the mean axial ratio accurately. It has been shown that the underestimation of the mean axial ratio is due to the assumption of perfectly aligned prolate-shaped aggregates, which has the effect of overestimating the D iBSC .

To conclude, both isotropic and anisotropic EMTLMA gave satisfactory aggregate volume distribution. The anisotropic signature of the angle-dependent BSCs combined with the QUS parameters estimated by the anisotropic EMTLMA proposed in this study can bring valuable information for assessing the RBC aggregate structures.

Further simulation and controlled experimental (ultrasonic and optical) studies on human blood are required to evaluate the adequacy of anisotropic EMTLMA for modeling and characterizing blood aggregation. For instance, considering the different aggregation trends such as rouleaux versus pathological blood promoted by different macromolecules (for example with coated dextran polymers to modulate the aggregate shape).

Part II

Experimental part

Chapter 4

State of the art: Measuring the BSC in soft tissues using an ultrasound imaging system This chapter presents the current techniques used to measure the BSC and attenuation in biological soft tissues using linear arrays of ultrasonic transducers. First, the operating principles of ultrasonic transducer arrays commonly used in an ultrasound imaging system are described. Next, the techniques used to measure the BSC and attenuation are described, and, finally, the objectives and motivations of the experimental work carried out in this thesis are presented.

Ultrasound imaging system and transducers

An ultrasound imaging system is primarily composed of a central processing unit, a digital beamformer, a data storage unit and a multi-channel analog front-end consisting in pulse generators to drive the ultrasound transducer in transmission and low noise amplifiers to acquire and condition the receive echo signals. The imaging system can operate in two modes, continuous wave (cw) or pulsed wave (pw) mode. In image formation mode, the ultrasound scanner works conventionally in pw mode, and the same transducer is used to transmit and receive the acoustic signals, in the typical frequency band ranging from 1 to 20 MHz; so that in a time interval an acoustic pulse is transmitted and in a later time interval the ultrasonic wave backscattered by the medium is acquired and processed.

Given the versatility of current medical ultrasound imaging systems, various transmission and reception configurations have been proposed and represent the state-of-the-art of conventional imaging strategies [Thomenius, 1996]. The most recent and advanced ultrasound platforms have made it possible to develop new imaging formation approaches, such as, for example, plane-wave imaging (PWI). This new approach has made it possible to acquire ultrasound images at a very high frame rate extending the analysis of moving tissues by reducing the time required for the acquisition and analysis of echo lines with respect to the conventional beamforming strategies [START_REF] Montaldo | Coherent plane-wave compounding for very high frame rate ultrasonography and transient elastography[END_REF], Garcia et al., 2013].

Of special interest in this work is the well-established imaging strategy commonly used to reconstruct a B-mode image using a linear array, here referred to as the focusing beam steering, which is briefly described below. In transmission, a subset of probe elements, called the aperture, is used to transmit a focused beam. The beam is focused in the azimuth plane by applying electronically delayed and weighted signals to the aperture elements. In reception, the delay-and-sum beamforming is applied to the collected backscattered 4.1 Ultrasound imaging system and transducers signals, allowing a dynamical control of the aperture size and focal depth to maintain a desirable f -number, f # (defined as the ratio of F to A, f # = F/A, where A is the acoustically active aperture, and F the focal length), usually different from that used in transmission. The aperture is shifted laterally through the array a number of times equal to the number of echo lines composing the image, so that each line in the image is reconstructed from a number of signals typically equal to the number of elements of the aperture.

In general, the performance of any imaging strategy (beamforming, PWI or any other) is directly related to the characteristics of the ultrasonic transducer, which converts electrical energy into mechanical energy and vice versa. For example, characteristics such as element directivity and crosstalk dictate the angular response of the transducer, which imposes a limit on how effectively ultrasonic energy can be directed and/or received in a specific direction. I review briefly in the following the piezoelectric and MEMS-based transducers, as well as the standard ultrasound beamforming.

Ultrasonic transducers

Common ultrasonic transducer configurations consist in single element transducers or in arrays of several transducers. A single element is typically circular in shape, whereas the elements of an array are typically rectangular in shape and arranged in a line (one-dimensional array, 1-D) or square in shape and arranged in a 2-D grid (2-D arrays), or ring shaped and arranged concentrically (annular array). In the following, a set of ultrasonic transducers will be referred as an ultrasonic probe. Most commercial ultrasound imaging systems for clinical purposes are normally equipped with linear probes, where the array elements are piezoelectric transducers. These consists, in most cases, of polycrystalline ferroelectric ceramic materials, typically lead zirconate titanate, Pb(Zr, Ti)O3 or PZT [Shung, 2015], that has very strong piezoelectric properties after polarization.

Linear probes are commonly designed to work at a medium-high frequency range, i.e. 5-13 MHz, allowing good resolution with a limited penetration. Besides, linear probes allow implementing different imaging strategies such as focused beam steering and plane wave, which are enabled by electronic signal processing capabilities of modern ultrasound imaging systems. On the other hand, single element transducers, capable of generating single echo lines, are mainly used for non-destructive testing of materials. Mechanically-scanned single element transducer are also used in the laboratory practice for research purposes to test experimental strategies also for medical imaging applications. However, performing off-axis measurements of ultrasonic data with a single element transducer requires an additional system to sweep and rotate the transducer, thus making these methods hardly applicable in clinical contexts.

In recent years MEMS-based electrostatic ultrasonic transducers, known as Capacitive Micromachined Ultrasonic Transducer (CMUT) have emerged as an alternative transducer technology, where the operating principle is based on an electrostatic electro-mechanical conversion [START_REF] Kuhl | Condenser transmitters and microphones with solid dielectric for airborne ultrasonics[END_REF], Cantrell Jr et al., 1979, Haller and Khuri-Yakub, 1996, Caliano et al., 2005, Mills and Smith, 2003, Savoia et al., 2012]. Figure (4.1) shows a comparative schematic representation of linear piezoelectric transducer and CMUT probes.

Due to their intrinsic lower mechanical impedance as compared to piezoelectric transducers, CMUTs were initially developed for air-coupled applications. However, currently their main application area is medical imaging and therapy [START_REF] Khuri-Yakub | Capacitive micromachined ultrasonic transducers for medical imaging and therapy[END_REF]. Some advantages of CMUTs over piezoelectric transducers are related to the more flexible fabrication process, and to the better performance in terms of power efficiency and bandwidth.

Authors of [START_REF] Daft | Microfabricated ultrasound transducer (cmut) probes: Imaging advantages over piezoelectric probes[END_REF]] carried out a comparative analysis of the performance of a 10-MHz broadband high-frequency CMUT array and of a commercial piezoelectric probe for vascular, and breast imaging applications. The results showed an image quality improvement in terms of better resolution and finer speckle, when using CMUT arrays.

Authors of [START_REF] Rebling | Optoacoustic characterization of broadband directivity patterns of capacitive micromachined ultrasonic transducers[END_REF], Vallet et al., 2017, Warshavski et al., 2016] studied the advantages of CMUT probes for photoacoustic imaging, where ultrasound probes are used only in reception, and features such as a wide frequency bandwidth and a broad angular acceptance are highly desirable. These works showed that CMUT probes outperform conventional PZT probes with respect to these features, thus showing that CMUT probes are better suited to photoacoustic imaging than conventional piezoelectric probes. All of the aforementioned works showed the potential of CMUT probes to improve the performance in a wide variety of medical imaging applications.

Ultrasound beamforming

The characteristics of an acoustic beam produced by an ultrasonic transducer are in general complex and depend on many parameters, such as aperture size, operating frequency, focusing method if any, among others. A simplified description can be easily provided using a linear model and some approximations. Although approximated, this description can be conveniently used to obtain a general idea about the characteristics of the beam. Below, some mathematical expressions used in analysis of echo signals are listed, which describe features such as beam width, depth of focus, angular radiation pattern, among others.

The depth of focus (denoted δ F ) is defined as the axial length of the region around the focus over which the beam intensity is within -3 dB of the maximal intensity at the focus. The near-field depth (denoted N FD) is defined as the distance on the axis of the furthest maximum of the pressure magnitude, i.e., from which the pressure magnitude begins to decrease monotonically.

For a spherical focusing source, the approximate -3 dB transmit and -6 dB transmit-receive depth of focus, δ F and beam width W F at the focal plane (z = F) are [Raum and O'Brien, 1997] δ F = 7.08λf 2 # , (4.1)

W F = 1.028λf # , (4.2)
where λ is the acoustic wavelength. The N FD corresponds to

N FD = D 2 /λ. (4.3)
4.1 Ultrasound imaging system and transducers Another practically useful result is the radiation pattern of a linear array. Under the far-field approximation and continuous wave mode, the overall normalized radiation pattern H(β) can be approximated as [Von Ramm and Smith, 1983]

H(β) = H ele (β)H A (β), (4.4)
where β is the azimuth angle measured from the linear probe, as depicted in Fig. (4.2b). The term H A (β) in Eq. (4.4) describes the effect of the full aperture in determining the main lobe size in the azimuthal plane and the location of grating lobes as determined by the inter-element distance d, typically referred to as pitch.

A mathematical expression for H A (β) is given in [START_REF] Lucas | The field of a focusing source[END_REF] and [Von Ramm and Smith, 1983] as

H A (β) = 1 N sin(N πd(sin β -sin β set )) sin(πd(sin β -sin β set )) (4.5)
where N is the total number of elements in the array, β set the set-up beam direction, and d is the element separation, commonly known as the pitch of the probe. The term H ele (β) in Eq. (4.4) represents the element factor, which modulates the array response. An expression for H ele (β) is given in [Von Ramm and Smith, 1983], whilst the more realistic approach presented in [START_REF] Selfridge | A theory for the radiation pattern of a narrow-strip acoustic transducer[END_REF] provides a better match between the theoretical predictions and the experiments. Thus, the element factor given by [START_REF] Selfridge | A theory for the radiation pattern of a narrow-strip acoustic transducer[END_REF] is

H ele (β) = sin(πw sin β/λ) πw sin β/λ cos(β), (4.6) 
where w is the element width.

4.2 Measurement techniques of the BSC in soft tissues

Measurement techniques of the BSC in soft tissues

When an ultrasound transducer is used in pulse-echo mode to measure the frequency dependent BSC(f ) of a particular medium in a determined region of interest delimited by a volume V , the backscattered power spectral density, |V o (r ∈ V , f )| 2 , can be expressed as [START_REF] Chen | The measurement of backscatter coefficient from a broadband pulse-echo system: A new formulation[END_REF]]

|V o (r ∈ V , f )| 2 = V i (f )E T (f )H T (r ∈ V , f )H R (r ∈ V , f )E R (f )A(f ) 2 BSC(f ) (4.7)
where V o and V i represent the Fourier transform of the raw output voltage signal or RF data and the excitation voltage, respectively, E T and E R the Fourier transform of the one-way electromechanical responses of the transducer in transmission and reception, respectively, H T and H R the Fourier transform of the spatial impulse responses of the transducer (the diffraction pattern effects), in transmission and reception, respectively, which are assumed to be the same since the same transducer is used in both transmission and reception. The term A(f ) represents the attenuation effects caused by intervening tissues between the ultrasound transducer and the region of interest. Defining the two-way (round-trip) pulse-echo electromechanical response as

E pe (f ) = V i (f )E T (f )E R (f )
and the two-way pulse-echo diffraction response as

D pe (r ∈ V , f ) = H T (r ∈ V , f )H R (r ∈ V , f
), Eq. (4.7) can be written as

|V o (r ∈ V , f )| 2 = E pe (f )D pe (r ∈ V , f )A(f ) 2 BSC(f ). (4.8)
The equation (4.8) shows that, in order to obtain the BSC from the backscattered power spectral density, it is necessary to compensate for the transducer electromechanical effects, E pe (f ), for the beam diffraction effects

H T (r ∈ V , f )H R (r ∈ V , f
) and for the attenuation effects A(f ). Two approaches have been proposed to compensate for those effects, and thus to estimate the BSC. Both approaches, namely the substitution method and the reference phantom technique, are described in the following.

The substitution method

The substitution method consists in estimating the BSC using a planar reflector to compensate for the imaging transducer characteristics when using a flat or spherically focused single-element transducer [START_REF] Chen | Acoustic coupling from a focused transducer to a flat plate and back to the transducer[END_REF], Chen et al., 1997]. The procedure to estimate the BSC from a sample medium is as follows:

• First, uncorrelated echo lines from different portions of the sample are acquired by moving the transducer along the x-axis, as depicted in Fig. • The backscattered signals are gated between depths (F -∆z/2) and (F -∆z/2) using a rectangular window, where ∆z is the gate axial length, in order to select the region of interest around the focus F.

• The backscattered power spectral density for each acquired gated scan lines is computed, S 2 sample,i (f ) = V sample (f ) 2 i , and then S 2 sample (f ) is obtained as the averaged over all the acquired scan lines.

• The signal v 0 (t) is acquired as the echo-signal of a flat reflector placed at the focus F of the transducer, as depicted in Fig. From the Eq. (4.8) and by neglecting the attenuation effects of water, the ratio between the backscattered power spectral densities from the sample medium and the flat reflector corresponds to:

S 2 sample (f ) S 2 0 (f ) = E pe (f ) 2 D pe (|z -F| < ∆z/2, f ) 2 A(f ) 2 E pe (f ) 2 D pe (z = 2F, f ) 2 BSC(f ). (4.9)
So the BSC of the sample medium is written as

BSC(f ) = S 2 sample (f ) S 2 0 (f ) D pe (z = 2F, f ) 2 D pe (|z -F| < ∆z/2, f ) 2 A(f ) 2 . (4.10)
where D pe (|z-F| < ∆z/2, f ) represents the diffraction correction for backscatter, and D pe (z = 2F, f ) represents the acoustic coupling function from the transducer surface to the planar reflector and back to the transducer surface (the radiation pattern of the transducer). By considering a spherically focused transducer, Chen et al. proposed closed forms of D pe (|z -F| < ∆z/2, f ) 2 and D pe (z = 2F, f ) 2 , as follows (see Eqs. ( 31), (54), and (57) in [START_REF] Chen | The measurement of backscatter coefficient from a broadband pulse-echo system: A new formulation[END_REF], or Eqs. ( 1) and ( 6) in [START_REF] Lavarello | On the estimation of backscatter coefficients using single-element focused transducers[END_REF])

D pe (|z -F| < ∆z/2, f ) 2 =0.46 A 0 ∆z F 2 , (4.11) D pe (z = 2F, f ) 2 =R 2 D(G p ), (4.12) with D(G p ) = e -iG p J 0 (G p ) + iJ 1 (G p ) -1 2 ,
where A 0 is the area of the transducer aperture, R is the pressure reflection coefficient of the flat reflector, G p = A 0 f /c w F is the pressure focusing gain of the transducer [START_REF] Chen | The measurement of backscatter coefficient from a broadband pulse-echo system: A new formulation[END_REF], and J 0 (•), J 1 (•) the zero and first order Bessel functions, respectively. The ultrasound beam travels through several intervening tissue layers before reaching the sample (tissular) medium under investigation. Thus, the attenuation effects are commonly modeled by A(f ) = e 2( i α i (f )z i +α s (f )z s ) [START_REF] Yao | Backscatter coefficient measurements using a reference phantom to extract depth-dependent instrumentation factors[END_REF], Chen et al., 1997], where α i and z i are the attenuation coefficients and thicknesses of the i th intervening tissue layers, respectively, and α s is the attenuation coefficient of the sample and z s is the distance from the sample interface to the center of the ROI. Thus, using the above results, the BSC can be expressed as:

4.2 Measurement techniques of the BSC in soft tissues

BSC(f ) = 2.17D(G p ) R 2 F 2 A 0 ∆z S sample (f ) 2 S 0 (f ) 2 e -4( i α i (f )z i +α s (f )z s ) . (4.13)
Other formulations based on the substitution method for computing the BSC are proposed in [START_REF] Ueda | Spectral analysis of echoes for backscattering coefficient measurement[END_REF] and [Insana et al., 1990]. These formulations (including the one proposed by [START_REF] Chen | The measurement of backscatter coefficient from a broadband pulse-echo system: A new formulation[END_REF]) were compared by [START_REF] Lavarello | On the estimation of backscatter coefficients using single-element focused transducers[END_REF] and give similar results for the frequency dependent BSC measured from two well-characterized tissue-mimicking phantoms. This method has proven to be suitable for studying BSC in tissues based on laboratory systems. However, in clinical systems, where the ultrasound transducer normally consists in a linear or curved probe, the substitution method can be hardly used to measure the BSC, because the effects of beam diffraction for ultrasound probes cannot be easily theoretically predicted.

The reference phantom technique

The reference phantom technique consists in estimating the BSC by acquiring reference scans from a wellcharacterized reference phantom with the same imaging system settings as those used with the sample medium. This technique was originally developed by [START_REF] Yao | Backscatter coefficient measurements using a reference phantom to extract depth-dependent instrumentation factors[END_REF] to measure the BSC from either multi-element probe on clinical systems or single-element transducer. Using a linear array (or singleelement transducer), this technique is performed as follows • First, echo-lines of the sample are acquired along the x-axis, as depicted in Fig. • The backscattered signals are gated between depths (F -∆z/2) and (F -∆z/2) using a rectangular window in order to select the region of interest around the focus F.

• The backscattered power spectral density is computed for each acquired echo-line for both sample and reference medium,

S 2 sample,i = V sample (|z -F| < ∆z/2, f ) 2 i , S 2 ref ,i = V ref (|z -F| < ∆z/2, f ) 2 i , and
then to obtain S 2 sample (f ) and S 2 ref (f ) as the average over all the acquired echo-lines. It is important to remark that this approach assumes that sound speed of sample and reference media are similar. 
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Measurement techniques of the BSC in soft tissues

From the Eq. (4.8), the ratio between the backscattered power spectral densities from sample and reference media corresponds to:

S 2 sample (f ) S 2 ref (f ) = BSC(f ) BSC ref (f ) E pe (f ) 2 D pe (|z -F| < ∆z/2, f ) 2 A(f ) 2 E pe (f ) 2 D pe (|z -F| < ∆z/2, f ) 2 A ref (f ) 2 , (4.14)
where BSC ref is the BSC of the reference tissue-mimicking phantom that can be obtained experimentally by using the substitution technique method, as described previously. Thus, electromechanical and diffraction effects are canceled out, and the BSC is estimated as

BSC(f ) = BSC ref (f ) S 2 sample (f ) S 2 ref (f ) e -4( i α i (f )z i +α s (f )z s ) e -4α ref (f )z ref . (4.15)
Recent interlaboratory studies [START_REF] Nam | Comparison of ultrasound attenuation and backscatter estimates in layered tissue-mimicking phantoms among three clinical scanners[END_REF] have shown that the reference phantom technique using clinical imaging scanners is highly reproducible and independent of operator and imaging system factors.

Selection of the ROI to compute the BSC

There are some important considerations on how to select the ROI to calculate the BSC. For example, how many non-correlated echo lines should be used as a minimum? And what should be the minimum axial length of the ROI? It has to be taken into account that there is a trade-off between the ROI size and spatial resolution, such that a large ROI does not represent a good choice when the interrogated medium is heterogeneous.

[ Oelze and O'Brien Jr, 2004] performed a study to determine the optimal size of the ROI (number of scan lines, separation distance between scan lines, axial gate length) in order to estimate accurately the effective scatterer size based on BSC measurements. In this work, the studied media were diluted (i.e. the scatterers are randomly and independently distributed in the interrogated volume), such that only incoherent scattering is considered. They proposed as a rule of thumb to use a ROI characterized by a width containing at least 5 echo-lines laterally separated each other by one beam width, and an axial length of 15-20 pulse lengths. [START_REF] Liu | Trade-offs in data acquisition and processing parameters for backscatter and scatterer size estimations[END_REF] conducted a similar study using a clinical scanner. They found that a ROI consisting of 10 uncorrelated echo lines, laterally, and 10 wavelengths (at the center frequency of the probe, corresponding to approximately 7 pulse lengths), axially, allows for an optimal compromise between spatial resolution and variance of scatterer sizes estimated from the BSC. In [START_REF] Rosado-Mendez | Taskoriented comparison of power spectral density estimation methods for quantifying acoustic attenuation in diagnostic ultrasound using a reference phantom method[END_REF] an optimal axial length of the ROI of about 11 pulse lengths was proposed.

Therefore, a ROI with an axial length of 10 pulse lengths, and a width containing at least 10 uncorrelated echo lines, is consistent with the different studies, as an adequate size of the ROI to have a good tradeoff between the spatial resolution of the QUS estimates and the statistical characteristics of the estimated spectrum-based parameters.

In this work, the ROI used to obtain the BSC measurements has a minimal axial length of 16 wavelengths at 10 MHz (roughly 11 pulse lengths), and a minimal of 75 uncorrelated echo lines.

Measurement techniques of local attenuation in soft tissues

Measurement techniques of local attenuation in soft tissues

The frequency dependent attenuation caused by intervening tissue layers distort the spectral content of backscattered signals. Estimation of attenuation can be used to compensate for attenuation effects before estimating QUS parameters to evaluate tissue or to characterize tissue independently. There are two attenuation parameters to consider [START_REF] Bigelow | Attenuation Compensation and Estimation[END_REF]: local attenuation and total attenuation. The local attenuation refers to the attenuation within a ROI and is used primarily to quantify the tissue properties of that region. The total attenuation is the effective attenuation along the propagation path between the ultrasound transducer and the ROI. A very simple approach to compensate for total attenuation is to assume known a priori the values of attenuation for each intervening tissue (based on values found in the literature) or to measure the local attenuation for each intervening tissue layers.

Four of the most common local attenuation estimation algorithms are the spectral shift algorithm [START_REF] Narayana | A closed form method for the measurement of attenuation in nonlinearly dispersive media[END_REF],Oosterveld et al., 1991,Baldeweck et al., 1993,Kim and Varghese, 2007], and the referencephantom-based methods: the spectral difference method [START_REF] Parker | Measurement of ultrasonic attenuation within regions selected from b-scan images[END_REF], Parker et al., 1988, Yao et al., 1990], the spectral log difference method [START_REF] Kuc | Estimating the acoustic attenuation coefficient slope for liver from reflected ultrasound signals[END_REF],Kuc, 1980,Kuc, 1984,Insana et al., 1983], and the hybrid method [START_REF] Kim | Hybrid spectral domain method for attenuation slope estimation[END_REF]. All these methods are based on the assumption that the frequency dependence of scattering does not change within the ROI, and that the local attenuation α loc is given by α loc (f ) = α 0 f . The spectral-log difference method is detailed in the following [START_REF] Bigelow | Attenuation Compensation and Estimation[END_REF]. First, the backscattered power spectrum from two windowed regions within the ROI are computed: one at the proximal edge of the ROI, z op , and one at the distal edge of the ROI, z od , as depicted in Fig. 4.5. It is generally recommended to have (z od -z op ) >15 pulse lengths and at least 15 independent echoes within the windowed regions. Second, the ratio of power spectral density from the windowed regions to the corresponding power spectral density from a reference phantom, S 2 p (f ) and S 2 d (f ), are calculated as follows:

S 2 p (f ) = ln        S 2 sample (f , z op ) S 2 ref (f , z op )        = 4 α ref (f ) -α loc (f ) z op + C(f , z op ) (4.16) S 2 d (f ) = ln        S 2 sample (f , z od ) S 2 ref (f , z od )        = 4 α ref (f ) -α loc (f ) z od + C(f , z od ) (4.17)
where subscripts p and d refer to the proximal and distal windowed regions, respectively, and C(f , z) is a function that depends on the scattering properties and attenuation of the intervening tissue layers. Then , the substraction of S 2 p (f ) and S 2 d (f ) is computed as:

S 2 ∆ (f ) = S 2 p (f ) -S 2 d (f ) = 4 α ref (f ) -α loc (f ) (z op -z od ) + C(f , z op ) -C(f , z od ). (4.18)
From the assumption that only the acoustic concentration could change within the ROI for the sample (and not the frequency dependence of the scattering), we obtain: C(f , z op ) -C(f , z od ) C ∆ (z op , z od ). Finally from the following expression

      S 2 ∆ (f ) 4(z od -z op ) + α ref (f )       = α loc (f ) + C ∆ (z op , z od ) 4(z od -z op ) , ( 4.19) 
the local attenuation can be estimated performing a linear fitting as a function of frequency to eliminate the C ∆ term and determine α 0 . The authors in [START_REF] Labyed | A theoretical comparison of attenuation measurement techniques from backscattered ultrasound echoes[END_REF] carried out a comparison between the reference-phantombased methods, which are the easiest to implement using clinical ultrasound systems. In that work, com- puter simulations were used to evaluate the dependence of the algorithms on the ROI size (defined laterally by the number of independent echo-lines and axially by the number of pulse lengths). The results showed that the spectral-difference method had the lowest variance of the estimated attenuation for any given ROI size, but was significantly affected by heterogeneities in the tissue. The spectral-log difference and the hybrid methods had comparable performance in terms of the variance of estimates and robustness to tissue heterogeneity. Besides, both methods were independent of changes in the acoustic concentration within the ROI. However a bias is predicted in case that frequency dependence of scattering change within the ROI.

Measure of BSC and other spectral-based quantitative ultrasound (QUS) parameters using medical ultrasound imaging systems

The reference phantom technique is now well established in the field of QUS techniques based on BSC measurements. That is why numerous preclinical and clinical studies have been conducted in the literature, as described in the review of Mamou and Oelze [START_REF] Oelze | Review of quantitative ultrasound: Envelope statistics and backscatter coefficient imaging and contributions to diagnostic ultrasound[END_REF]. For example, a successful application of the BSC-based QUS techniques is the detection and quantification of liver steatosis [START_REF] Lin | Noninvasive diagnosis of nonalcoholic fatty liver disease and quantification of liver fat using a new quantitative ultrasound technique[END_REF], Han et al., 2018]. The authors of [START_REF] Lin | Noninvasive diagnosis of nonalcoholic fatty liver disease and quantification of liver fat using a new quantitative ultrasound technique[END_REF] performed a cross-sectional analysis of a prospective cohort in order to assess the accuracy of BSC-based QUS techniques to diagnose and quantify hepatic steatosis. This study uses the magnetic resonance imaging techniques, that measure the proton density fat fraction (MRI-PDFF), as the reference. In this work, radio-frequency (RF) echo signals were acquired using a curved probe placed at 90 o to the liver capsule through the right intercostal approach. The RF data was then post-processed to compute the BSC based on the reference phantom technique. The BSCbased QUS techniques have also been proven valuable for the detection of cell death and tumor response to therapy [START_REF] Sannachi | Non-invasive evaluation of breast cancer response to chemotherapy using quantitative ultrasonic backscatter parameters[END_REF], Dizeux et al., 2017]. The authors of [START_REF] Sannachi | Non-invasive evaluation of breast cancer response to chemotherapy using quantitative ultrasonic backscatter parameters[END_REF] estimated three QUS parameters (the integrated backscatter coefficient, average scatterer diameter, and average acoustic concentration) prior to treatment and at four times during neoadjuvant chemotherapy treatment (weeks 0, 1, 4, 8, and prior to surgery) and compared to ultimate clinical and pathological tumor responses. Among the three QUS parameters, acoustic concentration was the best indicator of early tumor response, demonstrating that QUS parameters derived from the ultrasound backscatter power spectrum can potentially serve as early non-invasive measures of clinical tumor response to chemotherapy treatments. The authors of [START_REF] Dizeux | In vivo multiparametric ultrasound imaging of structural and functional tumor modifications during therapy[END_REF] evaluated the sensitivity and complementarity of contrast-enhanced ultrasound technique, shear wave elastography and BSC-based QUS technique in characterizing modifications of the tumor microenvironment during therapy. The QUS parameters used in this work were the effective scatterer diameter and the effective acoustic concentration estimated by fitting the measured BSC with a scattering 4.5 Motivation: Evaluation of the performance of a CMUT probe and a piezoelectric probe in measuring tissue anisotropy model. The results suggested how patterns of multiparametric ultrasound modifications can be related to provide a more insightful marker of changes occurring within tumors during therapy.

The aforementioned pre-clinical and clinical studies estimate the measured BSC by using conventional imaging strategies, but some recent studies explore new imaging strategy, such as PWI, to estimate the BSC [START_REF] Salles | Experimental evaluation of spectral-based quantitative ultrasound imaging using plane wave compounding[END_REF]] [Garcia-Duitama et al., 2015].

The authors of [START_REF] Salles | Experimental evaluation of spectral-based quantitative ultrasound imaging using plane wave compounding[END_REF] compared the plane wave compounding, the dynamic receive beamforming and the fixed focus beamforming to measure the BSC from isotropic tissue-mimicking phantoms. The BSC and QUS estimates derived from plane wave compounded data exhibit comparable accuracy to those derived from focused transmit data. The advantage of plane wave compounding is the largest penetration depth that can be obtained.

The authors of [START_REF] Garcia-Duitama | Experimental Application of Ultrafast Imaging to Spectral Tissue Characterization[END_REF] experimentally studied the possibility of using the PWI strategy to measure the BSC in isotropic and anisotropic media. In this study, the isotropic medium consisted of tissue-mimicking phantoms with spherical scatterers, and the anisotropic medium consisted of porcine blood flowing in a tube. The RF data were acquired using a linear transducer, under the two conventional imaging strategies, beam focusing and PWI. The RF data were then post-processed to compute the BSC based on the reference phantom technique for three different strategies: the single-angle PWI approach (named the pre-compounded PWI), the compounded PWI approach and the conventional beam focusing approach (for which the beam axis is perpendicular to the flow direction for the flowing blood medium). Results revealed that the pre-compounded PWI can be used to assess the angular dependency of circulating RBC aggregates for BSC anisotropy characterization.

Motivation: Evaluation of the performance of a CMUT probe and a piezoelectric probe in measuring tissue anisotropy

As previously shown, there is an increasing interest in estimating spectral-based QUS parameters describing tissue microstructure in preclinical and clinical studies. Most of QUS approaches assume that the tissue under investigation is homogeneous and isotropic [START_REF] Madsen | Method of data reduction for accurate determination of acoustic backscatter coefficients[END_REF], Lin et al., 2015]. However, some biological tissues, such as flowing aggregating blood [START_REF] Guilbert | 11C-6 New Observations on the Anisotropy of Ultrasound Blood Backscatter as a Function of Frequency and Shear Rate[END_REF], Garcia-Duitama et al., 2015], bicep muscles [START_REF] Guerrero | Quantifying Backscatter Anisotropy Using the Reference Phantom Method[END_REF] and myocardium [START_REF] Yang | Characterization of Anisotropic Myocardial Backscatter Using Spectral Slope, Intercept and Midband Fit Parameters[END_REF] show angle-dependent acoustic properties (BSC and/or attenuation coefficient). One of the limitations remains the maximum angular range to which the spectral-based parameters measurements can be performed using a medical ultrasound imaging system. This is defined by the probe steering capability that mainly depends on element directivity (array design) and inter-element cross-talk noise (transducer technology). Several works have shown that conventional linear probes based on ceramic piezoelectric transducer arrays exhibit important levels of inter-element crosstalk, which significantly affects off-axis measurements, and results in poor steering capability in terms of angular range [Von Ramm and Smith, 1983,Lamberti et al., 1999,Zhou et al., 2003,Ramalli et al., 2015]. Therefore, determining the angular range in which off-axis measurements can be carried out, and possible ways to increase this angular range are important aspects to be taken into account in the development of anisotropy analysis from spectral-based QUS parameters, regardless of the imaging strategy to be used. The CMUT probes have been shown to be capable of maintaining a reasonable sensitivity over a wider angular range as compared to conventional piezoelectric probes when used as receivers for broadband omnidirectional ultrasound waves in photoacoustic imaging [START_REF] Rebling | Optoacoustic characterization of broadband directivity patterns of capacitive micromachined ultrasonic transducers[END_REF],Vallet et al., 2017]. Therefore, my PhD work aims to evaluate the performance of CMUT probe in off-axis measurements in comparison with conventional piezoelectric probes to measure the BSC. The CMUT probes could be an interesting al-4.5 Motivation: Evaluation of the performance of a CMUT probe and a piezoelectric probe in measuring tissue anisotropy ternative to overcome the limited directivity of conventional piezoelectric probes in applications where the probe is used to transmit and receive an off-axis ultrasonic beam.

Chapter 5

Performance comparison between piezoelectric and CMUT probes in measuring the backscattering coefficient

In this chapter, a performance comparison between a Capacitive Micromachined Ultrasonic Transducer (CMUT) probe and a piezoelectric probe to measure the BSC along different beam directions is presented. BSC measurements are performed on isotropic and anisotropic tissue-mimicking phantoms using the focused beam steering modality.

The steering capabilities of the probes were first evaluated by performing hydrophone measurements in order to compute beam patterns for different beam directions. The BSC measurements were then analyzed consistently with the hydrophone measurements results to assess the probe performance in terms of frequency bandwidth and angular range, and determine which probe offers the best performance for BSC measurements.

Material and Methods

Hydrophone system, ultrasound scanner and transducers

The transmitted 2D beam pattern in the azimuth plane was measured for each beam direction with a hydrophone system composed by a 0.5 mm-diameter needle hydrophone (Model NH0500, Precision Acoustics, UK) a preamplifier and a DC coupler. The needle hydrophone is connected to a DC coupler with power supply. The output signal of the DC coupler is connected to a digitizer (PCI digitizer CS11G8, GaGe, Montréal, Canada), which allows real-time visualization and acquisition of the hydrophone signal at a sampling frequency F s = 250 MHz.

The ultrasound open scanner ULA-OP [START_REF] Tortoli | Ula-op: An advanced open platform for ultrasound research[END_REF] was used to drive the ultrasound probe and collect ultrasound radio-frequency (RF) data with a sampling frequency of 50 MHz. The experiments were carried out using two linear probes, the piezoelectric probe LA435 (ESAOTE, Florence, Italy), and the HF3 CMUT [START_REF] Savoia | A cmut probe for medical ultrasonography: from microfabrication to system integration[END_REF] prototype probe. The raw RF data were then post-processed by using the MATLAB software. Table 5.1 reports the two-way -6 dB center frequency, f c , the pitch and the elevation aperture of the two probes, and Fig. (5.1a) shows pictures of the ULA-OP system and probes used. ). The pulse repetition frequency (PRF) signal from the ULA-OP was used as a trigger signal to synchronize the acquisition of the hydrophone with the transmission of the ultrasound beam. By default the sound speed in the ULA-OP is imposed to a value of 1540 m/s. For the hydrophone measurement, the sound speed in the ULA-OP was set to 1486 m/s, which corresponds to the sound speed in pure water at T=21 o C, temperature at which the experiments were performed.

Transmit beam pattern measurements

In transmission, the probe was excited with a one-cycle sinusoidal burst at 10 MHz. The beam steering angle β (also referred to as the insonification angle) was varied from -30 o to 0 o in steps of 5 o , keeping the coordinate y probe of the focus at 15 mm (in the reference system of the probe depicted in Fig. 5.1d) and using an aperture of 32 elements.

The experiment is performed as follows: first, the probe is aligned and positioned so that the xy-plane of the probe matches that of the scanning area. Then, using a manual tilt and rotation system, the hydrophone is oriented (Fig. (5.1c)) and placed in position (x m ,y m ) where the pressure amplitude is maximal (Fig. (5.1d)). This point is found with a precision of ±0.05 mm in both x and y. From (x m ,y m ) the hydrophone is moved to the initial scan position at (x m +1.5 mm, y m +3 mm). From this position, the electromechanical system is 5.1 Material and Methods programmed to automatically scan an area in the xy-plane of 3 mm × 6 mm with steps of 0.05 mm in x and 0.1 mm in y, as depicted in Fig. (5.1d). This scan area was chosen taking into account the -6 dB two-way depth of focus, which is estimated to be approximately to 6 mm, using the approximated formula given by Eq. (4.1) [Raum and O'Brien, 1997].

Estimation of the beam steering direction

For each scanned point, the hydrophone system provided a time series of the instantaneous pressure v(t) (in Volts) sampled at f s =250 MHz. Given that sensitivity of the hydrophone is frequency dependent and the acquired signal is a wide-band signal, the instantaneous pressure p(t) in P a is obtained from the sensitivity as

p(t) = iFFT {FFT {v}(f )H(f )}, (5.1)
where FFT {•} is the fast Fourier transformation, iFFT {•} represents the inverse fast Fourier transformation and H(f ) corresponds to a zero-phase bandpass filter, with an amplitude response equal to the sensitivity response of the hydrophone in the 1-30 MHz bandwidth and 0 for the other frequencies. Each point in the scanned area is represented by the pulse intensity integral (P II(x, y)), which is computed as

P II(x, y) = 1 ρc ∆t p(t, x, y) 2 dt, (5.2) 
where ρ and c are the mass density and sound speed in water, and ∆t is the time duration of the signal.

Using the positions of the maximum values of P II(x, y), (x i , y i ), and making a lineal regression between (x i , y i ), such that x i = f (y i ) ≈ my i + b, the value of m was obtained. Using the slope value m the estimated steering angle β meas was obtained as β meas = |arctan(m)|.

Sources of error and uncertainty in the beam direction estimation

The sources of error and uncertainty considered in the beam direction estimation were:

• Misalignment between the probe face and the reference system of the hydrophone (systematic error).

• Hydrophone directivity.

• Discretization of the scanning area.

• Dimension of the scanning area. The misalignment, denoted by γ was estimated as

γ = asin((t 1 -t 2 ) * c l /(2 * d)), (5.3)
where t 1 and t 2 are the flight times of a plane wave at the two points P 1 and P 2 , respectively, separated at a distance of 2d as described in The directivity of the hydrophone refers to the angular sensitivity of the hydrophone, which decreases as the angle between the direction of the beam and the direction normal to the surface of the hydrophone increases. In order to mitigate the effects of directivity on the measured amplitude of the pressure field, the hydrophone was aligned with the direction of the beam (so that the direction of the beam were perpendicular to the surface of the hydrophone) by looking for the orientation and position of the maximum amplitude at the instantaneous pressure, as shown in Fig. (5.1c).

The effects of the discretization of the scanning area were analyzed by using larger steps, 0.1 mm in x, and 0.15 mm in y, to scan the same area for the case of -15 o with the piezoelectric probe. A difference of 0.1 o was found in the estimated insonification angle as shown in Fig ( 5.3). Based on this result, it was assumed that the discretization used in the scanned area provides sufficient resolution of the beam pattern to estimate the insonification angle for all beam directions analyzed with the two probes. The acquisitions were performed to map above and below of the beam focus for all the beam directions analyzed. With each probe, one acquisition was made for the cases of 0 o , -5 o and -10 o , and two acquisitions, under the same conditions, for the cases of -15 o and -20 o . When comparing the results of experiments performed more than once, the absolute difference between the estimated insonification angles for the case of -15 o case was 0.7 o for the piezoelectric probe, and 0.2 o for the CMUT probe. For the case of -20 o it was 0.3 o for both, the piezoelectric and the CMUT probes. Since there was not enough information to determine the accuracy of the estimated angle from its statistical variability considering a given number of repetitions, the uncertainty in the measured angle was estimated as described in the following. An uncertainty in the measured angle of 0.4 o was assumed, which corresponds to the half of the maximal absolute difference found between repetitions. In addition, it was assumed that this uncertainty was independent of the probe.
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Measurements of spectrum-based parameters on tissue-mimicking phantoms

Tissue-mimicking phantoms

The reference scattering medium and the isotropic medium used in this work were homogeneous tissuemimicking phantoms consisting of polyamide particles (sound speed of 2300 m/s, density of 1030 kg/m 3 , Poisson ' s ratio of 0.42) of 7 µm in diameter (orgasol 2001 UD NAT 1, Arkema, France) and 11 µm in diameter (orgasol 2001 EXD NAT 1, Arkema, France), respectively, embedded in an agar-gel background. More specifically, these media consist of a mixture of distilled water, 2% (w/w) agar powder (A9799, Sigma Aldrich, France), and 1% (w/w) of polyamide microspheres.

The anisotropic medium used in this work was an heterogeneous tissue-mimicking phantom consisting of rod-like fibers from a dialysis filter (Dialyser FX100, Fresenius Helixone High-Flux, Fresenius Medical Care, Bad Homburg, Germany) of 246 µm in diameter embedded in an agar-agar gel background. More specifically, the anisotropic medium consists of an approximately 4 mm thick layer of agar-agar gel with two glass spheres encrusted, above the part composed of fibers embedded in an agar-agar gel, as can be seen in Fig. (5.6). The two glass spheres are used as target points for the correct positioning of the probes.

Acoustical parameters of the tissue-mimicking phantoms

The longitudinal sound speed c l and attenuation of the tissue-mimicking phantoms were measured at β=0 o by using a flat transducer of center frequency 7.5 MHz (Imasonic) in the reflection mode. The attenuation was determined using an insertion-loss broadband technique. The measured attenuation (expressed in Np/MHz) was fitted with the function α o f , where f is the frequency in MHz and α o is the attenuation coefficient in Np/cm/MHz. This fitting curve is valid in the frequency range 3.5 -9 MHz bandwidth. Table (5.2) summarizes the sound speed and attenuation parameters measured from the reference, isotropic and anisotropic media. The detailed experimental procedure is detailed in Appendix (C). The BSCs from the reference scattering medium and the isotropic medium were measured by the substitution technique, as described in subsection (4.2.1). For these measurements, a focused transducer of center frequency 10 MHz (V312-SM from Olympus) was used with focal length of 12 mm, f -number of 2, and two-way fractional bandwidth at -6 dB of 5.5-12.5 MHz. Theoretical predictions of BSCs were also computed as follows:

BSC theo (f ) = n p(r)σ Faran (f , r)dr, (5.4)
where n is the number density of scatterers and p is the PDF of scatterer radius r (measured by optical microscopy). The theoretical prediction of the differential backscattering cross-section developed by Faran [Faran Jr, 1951], denoted σ Faran , provides an exact solution for the scattering of sound by a solid sphere in a surrounding fluid medium (and therefore includes shear waves in addition to compressional waves). Figure (5.4) shows the comparison between the measured and theoretical BSC for the reference and isotropic media. The results show a satisfactory agreement between measure- The values are expressed as the mean value ± the standard deviation over 5 measurements for both reference and isotropic media, and over 10 measurements the anisotropic medium.
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Medium

ments and theory within the two-way fractional bandwidth at -6 dB of the transducer. Therefore, in the following, the Faran theory is used to compute the BSC for the reference medium, BSC ref .

5.1.3.3 Acquisition of the backscattered raw radio frequency signals In all cases, the probe was excited with a one-cycle sinusoidal burst at 10 MHz. In transmission, a focused beam was transmitted, where the focusing depth was kept at 15 mm for each transmitted beam direction using an aperture of 32 elements. In reception, dynamic focusing was performed along each beam direction, keeping constant the f # equal to 1.56 and using a maximal aperture of 64 elements. No apodization was applied in either transmission or reception. Figure (5.6) shows, as an example, B-mode images of the tissue-mimicking phantoms acquired by setting β=0 o . For both the isotropic medium and for the reference medium, the insonification angles were varied in transmission from -25 o to 25 o in steps of 5 o , placing the probe at a distance of 10 mm from the tissuemimicking phantom interface, as depicted in Fig. (5.6). Then, raw RF data for all the insonification angles were acquired from 20 uncorrelated frames of RF echo signals. The uncorrelated frames were obtained by moving the probe in elevation with respect to the medium with a step of 500 µm (see Fig. 5.5c). These acquisitions were made in two days, one day for the reference medium and the next day for the isotropic medium.
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For the anisotropic medium, the insonification angles were varied in transmission from -20 o to 0 o in steps of 5 o . Since the anisotropic tissue-mimicking phantom used was heterogeneous, it was intended to obtain the raw RF data from a specific region using the following procedure:

1. The probe is mounted onto the holder.

2. The probe is placed at a 10 mm-depth from the tissue-mimicking phantom interface.

3. The probe is aligned with two 0.5 mm-diameter glass spheres located at the medium interface, as depicted in Fig. (5.6). The procedure of alignment consists in moving the medium in elevation and/or laterally to find a position in which the glass spheres present simultaneously the maximum brightness. The maximum brightness is estimated by visual inspection on the real time B-mode image of the medium.

4. Once the probe is aligned, raw RF data for all the insonification angles are acquired from 2 uncorrelated frames of RF echo signals by moving the probe in elevation with respect to the medium with a step of 300 µm.

In order to evaluate the repeatability of the experiments, the acquisition of raw RF data was repeated 10 times during the same day. In each repetition the probe had to be mounted, and the anisotropic medium had to be positioned again. For all the cases, each of the uncorrelated frames corresponds to 192 echo lines, where the 160 center echo-lines are obtained using the full aperture in transmission. Among the 160 center echo lines, 80 echo lines are uncorrelated. The criterion used in this work to determine that two echo lines were not correlated is that their separation, laterally or in elevation, was equal to or greater than 80% of the beam width in transmission, which corresponds to approximately 0.3 mm (≈1.028λf # by using Eq. (4.2)).
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Measurement of the backscatter coefficient and integrated backscatter coefficient

The BSC as a function of frequency and the transmit beam steering angle β was measured using the reference phantom technique described in the chapter 4. The procedure for each medium is described below. Thus, ten power spectral density measurements per beam direction were obtained for the isotropic medium, S 2 sample i (β, f ), where measurement i was calculated as the average of the power spectral densities of 100 uncorrelated echo lines.

Isotropic medium

Only one power spectrum density measurement per beam direction was obtained for the reference medium, S 2 ref (β, f ), which was calculated as the average of the power spectral densities of the 1000 uncorrelated echo lines. The power spectral density of each echo line was computed as the square of the Fast Fourier Transform (FFT) of the echo line time series within the ROI.

Ten BSC measurements per beam direction, BSC i (β, f ), were obtained as (5.5) where the exponential function compensates for attenuation effects, and α s and α ref are the attenuation coefficients of the isotropic medium and reference medium given in Table (5.2), and z d the distance from the medium interface to the center of the ROI (which was about 0.55 cm as can be seen in Fig.

BSC i (β, f ) = BSC ref (f ) S 2 sample i (β, f ) S 2 ref (β, f ) e 4z d f (α s -α ref ) ,
(5.7)). The BSC ref corresponds to the theoretical BSC predicted by the Faran model given by Eq. (5.4). Figure (5.8) shows, as an example, B-mode images of the reference and the anisotropic media acquired by setting β=0 o , where the selected ROI and the common area insonified by all the analyzed beam directions are superimposed. In this case the region was selected immediately below the agar-agar layer, which is Thus, ten power spectral density measurements per beam direction were obtained for the anisotropic medium, S 2 sample i (β, f ), one from each repetition, where each measurement i was calculated as the average of the power spectral densities of 76 uncorrelated echo-lines. One power spectral density measurement per beam direction was obtained for the reference medium, S 2 ref (β, f ), which was calculated as the average of the power spectral densities of the 760 uncorrelated echo-lines. The power spectral density of each echo line was computed as the square of the Fast Fourier Transform (FFT) of the echo line time series within the ROI.

Anisotropic medium

Ten BSC measurements per beam direction, BSC i (β, f ), were obtained as

BSC i (β, f ) = BSC ref (f ) S 2 sample i (β, f ) S 2 ref (β, f ) , (5.6)
where no compensation for attenuation effects was carried out. The discussion for non considering attenuation is provided in subsection 5.3.3. For both the isotropic and anisotropic media, the integrated backscatter coefficient (iBSC) is used to parameterize the anisotropy of the BSC. The iBSC is computed as

iBSC(∆f , β) = 1 (f 2 -f 1 ) f 2 f 1 10log 10 (BSC(β, f )) df ,
(5.7)

where ∆f = [f 1 , f 2 ] is the analyzed bandwidth.

Analysis of spectrum-based parameter measurements

Isotropic medium. For the isotropic medium, the results of the power spectral densities between the probes were compared quantitatively via the two-way fractional bandwidth at -6 dB, FBW -6dB , centered at the frequency f c . The FBW -6dB and f c were computed as 

FBW -6dB = f high -f low f c × 100%, f c = f high + f low 2 , ( 5.8) 
where f low and f high correspond to the low and the high frequencies at which the power spectral density decreases by -6 dB from the maximum amplitude. For the sake of simplicity, the two-way fractional bandwidth at -6 dB FBW -6dB will be referred to as the -6 dB bandwidth in the rest of this chapter.

In order to compare fairly the CMUT and piezoelectric probe performance, the BSC are computed within the -6 dB bandwidth of S 2 sample i (β = 0, f ) for each probe whatever the insonification angle β studied. The -6 dB bandwidths are equal to 7-15 MHz for the piezoelectric probe and 5.5-13 MHz for the CMUT probe, when considering the angle of insonification β=0 o (rf. Fig. 5.9). The iBSC was computed in a narrow bandwidth 7-10 MHz and a wider bandwidth 7-13 MHz, for which the power spectral densities at β=0 o of the two probes are within the -6 dB bandwidth.

For the isotropic medium, the exact values of BSC iso and iBSC iso are considered to be given by the theoretical predictions of Faran theory (see Eq. 5.4). Thus, the absolute error in dB per insonification angle for the BSC and iBSC, (f , β), and iBSC (∆f , β), respectively, were computed as (5.10) where BSC meas (f , β) and iBSC meas (∆f , β) correspond to the average of the 10 measurements per beam direction obtained, either from the piezoelectric or CMUT probe.

(f , β) = 10log 10 BSC meas (f , β) BSC iso (f ) , (5.9) iBSC (∆f , β) = iBSC meas (∆f , β) -iBSC iso (∆f ) ,
Anisotropic medium. For the anisotropic medium, the -6 dB bandwidths of S 2 s i (β = 0 o , f ) are equal to 7-12 MHz for the piezoelectric probe and 4-11 MHz for the CMUT probe (rf. Fig. 5.10). However, the BSCs were calculated over a wide frequency bandwidth of 3.5-15 MHz in order to compare qualitatively the measurements with the theoretical backscattering of a single finite cylinder, as discussed in subsection 5.3.4.2. The iBSC was computed in a narrow bandwidth of 7.5-9.5 MHz and a wider bandwidth of 7-11 MHz, for which the power spectral densities at β=0 o of the two probes are within the -6 dB bandwidth.

There is no theoretical prediction for the anisotropic scattering medium that consists of an ensemble of packed fibers, because the volume fraction and the acoustic parameters of the fibers are unknown. Consequently, the absolute errors were not computed, but the absolute differences in dB per insonification angle for the BSC and iBSC, denoted ∆BSC(f , β), and ∆iBSC(∆f , β), respectively, were computed as (5.11) ∆iBSC(∆f , β) = iBSC piezo (∆f , β) -iBSC CMUT (∆f , β) .

∆BSC(f , β) = 10log 10       BSC piezo (f , β) BSC CMUT (f , β)       ,
(5.12)

where BSC represents the average value over the ten BSC measurements.

Results

5.2.1 Estimation of the beam steering direction 5.2.1.1 Beam pattern measurements (5.11) and (5.12) show the beam pattern measurements for both probes and for all the beam directions analyzed. Table (5.3) reports the estimated insonification angles, the goodness-of-fit coefficient R 2 of the linear regression, and the maximum pressure amplitude in kPa found for each case. The piezoelectric probe results show an absolute difference between the estimated beam steering angle β meas , and the set beam steering angle β set greater than 1 o for the cases where |β set | is greater than 5 o . For the CMUT probe this absolute difference is greater than 1 o for the cases where |β set | is greater than 15 o . In general, the CMUT probe exhibits a better steering capability than the piezoelectric probe, giving a maximum absolute difference of 3 o in comparison with 5.2 o giving by the piezoelectric probe, for the case of β set =-30 o . 
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Piezoelectric probe -LA435

CMUT probe -HF3 Figure (5.13) shows the power spectral densities for both reference and isotropic media, measured with the two probes. The results show that the power spectral densities of the reference medium and the isotropic medium are characterized by similar frequency responses either for the piezoelectric and CMUT probes. It is also noted that results from symmetrical insonification angles with respect to 0 o , i.e. -5 o and 5 o , or -10 o and 10 o , showed similar behaviors, for the two probes.

The power spectral densities obtained from the piezoelectric probe, exhibited approximately a FBW -6dB of 73% centered at f c =11 MHz in the angular range of -20 o to 20 o , whereas for the cases of ±25 o the FBW -6dB was approximately of 48% centered at f c =12.5 MHz. For the power spectral densities obtained from the CMUT probe, the FBW -6dB was approximately of 81% centered at f c =9.3 MHz, for all the insonification angles studied. In addition, the power spectral densities from the CMUT probe present a symmetry with respect to the center frequency f c , for all the considered insonification angles, whereas, the power spectral densities from the piezoelectric probe exhibited a distortion that increases as the beam steering angle increases. This distortion will be further discussed later in section (5.3.4.1). Figure (5.14) gives examples of frequency dependent BSCs from the isotropic medium measured with the two probes, for the insonification angles from 0 o to 25 o , and for -5 o , -15 o and -25 o . For both probes, the standard deviation of BSC obtained from the ten measurements is around 0.5 dB whatever the insonification angles studied. For the insonification angles -10 o and -20 o similar results were obtained (data not shown).
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Piezoelectric probe -LA435

CMUT probe -HF3 Figure (5.15) gives the absolute error (f , β) for the insonification angles from 0 o to 25 o for the two probes. Similar results were obtained for the insonification angles from -5 o to -25 o and are therefore not shown. Results from both probes exhibit an absolute error (f , β) less than 1 dB for all the beam directions
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in their respective -6 dB bandwidth (except for the CMUT probe at 6 MHz with an absolute error of 1.3 dB for the insonifications angles of 0 o and 5 o ).

Piezoelectric probe -LA435

CMUT probe -HF3 Frequency (MHz) Figure (5.16) shows the iBSC results for the narrow bandwidth of 7-10 MHz, and the wider bandwidth of 7-13 MHz. The iBSC measured from the two probes presented a standard deviation over the ten measurements of approximately 0.15 dB for both bandwidths and for all beam directions analyzed. For both probes, good agreement was obtained between the measured iBSC and the theoretical prediction of Faran, since the absolute relative error on the iBSC is smaller than 0.3 dB for all the beam directions, whatever the bandwidth considered. 

Anisotropic medium

Figure (5.17) represents the power spectral densities for the anisotropic medium measured with the piezoelectric and CMUT probes. For both probes, the power spectral densities exhibit similar behaviors from 0 to -15 o . The case of β=-20 o deviates considerably from the others for the piezoelectric probe at all frequencies, while for the CMUT probe, such behavior is only observed at the higher frequencies. Figure (5.18) shows the BSCs for the anisotropic medium measured with both piezoelectric and CMUT probes. For both probes, the standard deviation of BSC obtained from the ten measurements is around 0.5 dB for the insonification angles from 0 to -15 o and around 1 dB for the insonification angle of -20 o . One can notice that the BSC amplitude increases as β approaches to 0 o , as expected. Indeed, this beam direction is approximately the direction perpendicular to the aligned fiber structure, and it is well known that the BSC amplitude is maximum for perpendicular incidence [M.F. Insana, 1993, Mottley and[START_REF] Mottley | [END_REF].

Results

Piezoelectric probe -LA435

CMUT probe -HF3 (5.19) compares the BSCs measured with both probes, as well as the absolute difference in dBs between the BSC measurements of the two probes for each beam direction. The results show that the mismatch between the BSC measurements increases as the insonification angle magnitude |β| increases from 0 o up to 20 o . Thus, the absolute difference is equal to or smaller than 1 dB for β= 0 o and -5 o in the 7-11 MHz bandwidth, and for β= -10 o in the 7-9.5 MHz bandwidth. For β= -15 o the absolute difference is about 1 dB in the 7-7.8 MHz bandwidth, approximately, whereas β= -20 o is the worst case, where the absolute difference is greater than 3 dB for most frequencies in the 7-11 MHz bandwidth. Figure (5.20) shows the iBSC results for two different bandwidths, a narrow bandwidth corresponding to 7.5-9.5 MHz, and a wider bandwidth corresponding to 7-11 MHz. The iBSC results for the piezoelectric probe present a standard deviation over the ten measurements of approximately 0.3 dB in both the frequency bands considered, for the insonification angles from β=0 o to -15 o , and of approximately 0.8 dB, for β=-20 o . The iBSC results for the CMUT probe present a standard deviation over the ten measurements of approximately 0.3 dB in both the frequency bands considered, for all the beam directions. In general, a good agreement between iBSC results of the two probes is observed for β=0 o and -5 o , at both bandwidths, with absolute differences less than 0.2 dB. For the cases from β=-10 o to -20 o , the absolute difference is equal to or larger than 0.5 dB, and increases as |β| increases, in both the frequency bands considered. The plotted iBSCs correspond to the mean value and standard deviation computed from ten iBSCs. Also represented are the absolute differences, ∆iBSC, between the results obtained with the two probes for each beam direction.

Results

Figure

Discussion

Discussion

Limitation in hydrophone measurements

One limitation in the hydrophone measurements is related to the criterion used to sample the acoustic field of an imaging transducer with enough spatial resolution. A possible criterion for "enough resolution" relies on the condition for the maximum effective hydrophone radius (b max ) to be (Eq. 13.4, [Szabo, 2004] )

b max = λ 4 (l/2a) 2 + 0.25 1/2 , (5.13)
in which a is the transducer radius or equivalent dimension, λ is the wavelength in water, and l is the axial distance between the transducer and hydrophone. In the experiments here presented, the recommended b max at a frequency of 10 MHz should be around 0.06 mm (making 2a equal to the aperture A used in transmission, 6.4 mm, and l equal to the elevation focus, 15 mm, and using a sound speed in water of 1500 m/s), whereas the actual effective radius of the hydrophone at 10 MHz is about 0.28 mm (value taken from the hydrophone data sheet). As a consequence, based on this criterion, the pressure field measurements reported in this chapter are characterized by limited spatial resolution, meaning that each measurement corresponds to the average value across the effective area of the hydrophone rather than a punctual spatial sample. However, this issue affects significantly only the pressure amplitudes and not the estimates of the beam steering angle based on P II. This issue may be more related to the increasing uncertainty in the amplitude of the pressure as the frequency increases, as indicated in the hydrophone data sheet.

Estimation of the beam steering direction

Different published works have shown that cross-talk degrades the steering capability of linear arrays probes, and consequently their angular response [START_REF] Smith | Angular response of piezoelectric elements in phased array ultrasound scanners[END_REF],Larson, 1981,Lamberti et al., 1999,Zhou et al., 2003, Ramalli et al., 2015]. Theoretically, the element directivity depends on the element width (with an upper limit defined by the pitch) and on the frequency of the excitation signal. In the case of the probes used here, both probes have the same pitch and very similar element widths, and have been excited under the same conditions, so that 5.3 Discussion a similar directivity should be expected. Since the measurements were made in the near field in pulse-echo mode and using a broadband excitation signal, a prediction of the angular response under these conditions should be performed by numerical simulations including very accurate information on the transducers' transmit and receive electromechanical responses. To have an idea of the expected angular response of the probes used in this work, a first order approximation of the spatial response of the probes can be calculated in continuous wave operation as described below. Figures (5.21) and (5.22) show the radiation pattern, under the far-field approximation and continuous wave mode, obtained using Eqs. (4.4), (4.5), and (4.6), with a pitch of 0.2 mm, for the frequencies 10 MHz and 13 MHz, respectively. These results show that the effects of directivity start to become important at ±20 o for f c =10 MHz and ±15 o for f c =13 MHz, where the energy of the grating lobe is comparable to that of the main lobe, with a difference in magnitude of about 1.6 dB. Moreover, the main lobe amplitude starts to be attenuated of about -6 dB with respect to main lobe at β=0 o , for the insonification angles defined by β=±20 o . This is in-line with the results of Table (5.4), which shows a difference of about 6 dB between the A max values for β=-20 o and 0 o for the two probes, considering the uncertainty. Table 5.4: Measured beam steering angle β meas . The ratio between A max for each beam direction, defined as R A max =20log 10 (A max,β /max(A max,β )) is also reported.

It is recalled that an one-cycle pulse at 10 MHz was used to excite the probes, which corresponds to a wide-band signal with a -6 dB transmission frequency band approximately in the 4-16 MHz range (corresponding roughly to the -6 dB bandwidth of a sinc function). Thus, the excitation signal bandwidth possibly exceeds the -6 dB bandwidth in transmission of the two probes (in general different), and consequently all the bandwidth available for both probes is exploited. This has an impact on the steering capabilities of the probes, because the respective directivities of the probe depend on their frequency response. Therefore, in order to have an idea about the effect of the bandwidth on the probe steering capabilities, the piezoelectric probe was excited with a narrow-band signal consisting in ten-cycles Hanning-tapered pulses at 10 MHz, for the case of β=-15 o . This beam direction was selected because it corresponds to the maximal off-axis direction measured at which the grating lobe is expected to be sufficiently attenuated as compared to the main lobe, as predicted in Fig.

(5.21). Figure (5.23) shows the comparison between the measured beam pattern and estimated beam direction, when the narrow and wide-band excitation are used. No effect of the bandwidth on the estimated beam direction was observed.

From the bibliography and the results obtained in this work it can be deduced that the crosstalk effects explain the observed deviations between the set-up and the measured direction for the piezoelectric probe for the cases of -10 o and -15 o . On the other hand, no important deviation was observed for the angular range from 0 o to -15 o for the CMUT probe, which allows interpreting that crosstalk does not play an important role on the steering capabilities of the specific CMUT probe used in this work. For the cases of -20 o to -30 o , the results reported a loss of performance for both probes, being the deviation with respect to the expected beam direction smaller for the CMUT probe as compared to the piezoelectric probe. The loss of performance for large steering angles is directly related to the element directivity and, for the piezoelectric probe only, to the high inter-element crosstalk.

Limitation in spectrum-based parameter measurements

Attenuation measurements

For the anisotropic medium, there were no well characterized measurements of the attenuation coefficient as a function of the insonification angle. Therefore, the BSC measurements were not compensated for attenuation effects. Consequently, the BSC measurements reported for the anisotropic medium reflect the combination of scattering and attenuation effects. However, not taking into account the attenuation effects should not affect our comparison of BSCs between the probes because the attenuation compensation is expected to be the same for both probes. 5.5: Attenuation coefficients in the 8-11 MHz bandwidth for the anisotropic medium by using the spectral log difference technique using the reference phantom method. The corresponding averaged R 2 value is also given.

Discussion

An attempt was performed to measure the attenuation coefficient as a function of the insonification angle. The spectral log difference technique using the reference phantom method was employed for estimating local attenuation estimation, as described in subsection 4.3. The two selected ROIs correspond to the proximal ROI from which the BSC was computed, and the distal ROI located 4 mm below (approximately 18 pulse lengths at a frequency of 10 MHz). Using the B-mode frames acquired, 5 realizations (averaging 2 different measurements of the power spectral density, each computed from 76 uncorrelated lines) and 1 realization (by using all the 760 uncorrelated lines) of the power spectral density for anisotropic and reference isotropic media, respectively, were obtained from both ROIs. Then, 5 realizations of the function f atte = S 2 ∆ (f )/4(z odz op ) + α ref (f ) were obtained (see Eq. (4.19)), and fitted to a linear function to estimate the attenuation coefficient in the 8-11 MHz bandwidth. Figure (5.24) presents examples of ROIs used to measure the attenuation, as well as the averaged function f atte and its corresponding linear fitting. Table (5.5) summarizes the estimates of the local attenuation coefficient α o measured with the piezoelectric and CMUT probes, as well as the goodness of fitting R 2 .

The results for β =-20 o show a dramatic variation from the results of -15 o (about 70%) for both attenuation coefficient and amplitude of f atte , whatever the probe considered (rf. Fig. (5.24b)). This can be explained by the fact that the angle β =-20 o is beyond the limit of the steering capability of the two probes, as shown above.

For insonification angles from -15 o up to 0 o , the difference between the attenuation measurements were evaluated using a ttest with a level of significance of 1%, i.e. the differences between the attenuation 5.3 Discussion measurements were considered statistically significant where the p values were less than 0.01. When the results were compared between probes for the same insonification angle, no significant differences were found (p >0.01). When the results between insonification angles of the same probe were compared, the results from 0 o , -5 o and -10 o were different from each other (p <0.01), for the the two probes. The case of -15 o was not significantly different from 0 o , -5 o and -10 o , for the piezoelectric probe, and from -10 o , for the CMUT probe.

Considering only the results of |β| ≤ 10 o , the results of the two probes consistently show the same trend, i.e. the attenuation coefficient increases as |β| increases. These results are in line with experimental analysis of anisotropy in some soft tissues, e.g. fresh muscle [START_REF] Nassiri | Attenuation of ultrasound in skeletal muscle[END_REF], Mottley and Miller, 1990, Topp and O'Brien Jr, 2000], where it was shown that the attenuation is highest when the beam direction is parallel to the aligned structure and lowest when the beam direction is perpendicular (normal) to the aligned structure.

Unfortunately, a direct comparison cannot be performed between the attenuation coefficients measured at β= 0 o with the spectral log difference technique reported in Table (5.5) and with the insertion-loss broadband technique (α o =59.2 ± 7.0 Np/cm/MHz in the 3.5 -9 MHz bandwidth, as reported in Table (5.2)) because the frequency bandwidths are not the same.

Overall, the local attenuations estimated by the spectral log difference technique were not found to be satisfactory because the fitting quality was not good for all the angles β studied (0.1≤ R 2 ≤0.58). The attenuation estimated by the insertion-loss broadband technique can only be used for the angle β=0 o , and may not be representative of the local attenuation where the BSC was measured. That is why the measured BSC were not compensated for attenuation for the anisotropic medium.

Measured and theoretical BSCs

The manufacturing process of anisotropic tissue-mimicking phantom suffers from two main drawbacks: 1) the fiber concentration is heterogeneous in elevation and is thus not controlled, and 2) the acoustic properties from the fibers is not well known. So a quantitative comparison between theoretical and measured BSC for the anisotropic medium cannot be performed, and a qualitative comparison is proposed in the following.

The fibers are mainly made of polysulfone with sound speed of 2240 m/s, and density of 1240 kg/m 3 . The mean diameter of fibers was measured to be 123 µm. As a first approximation, it was assumed that the fibers can be modeled as an ensemble of finite fluid cylinders (with acoustic properties of polysulfone) of radius r and length L, in a surrounding fluid medium (i.e. agar gel), where L was set considering that the fibers are limited in the lateral dimension by the beam width, so L=0.3 mm.

The backscattering cross-section of a finite cylinder insonified by a plane wave normally incident, denoted as σ f iber (k, r), can be calculated under the Born approximation by computing the backscattering amplitude Φ(k), given by Eq. (1.10), such that σ f iber (k, r) = Φ(k) 2 . The solution of Φ(k) is related to the form factor of a finite cylinder given in [START_REF] Guinier | Small-angle scattering of X-rays[END_REF].

Figure 5.25 compare the normalized BSC measured at β=0 o , the normalized backscattering response from a single cylinder σ f iber (k, r) of radius r=123 µm and length L=0.3 mm, and the normalized backscattering response from an ensemble of polydisperse aligned cylinders p(r)σ f iber (k, r)dr for which the radii vary from 113 to 133 µm following a uniform distribution. (The normalized response means that each curve was normalized by its maximum). It is interesting to observe that both measured BSC and theoretical prediction from an ensemble of polydisperse fibers follow the same trends with several peaks and dips. The difference in the frequency occurrence for the peaks and dips can be due to errors in size variation and/or acoustic properties, and also due to the simple consideration of incoherent scattering when considering the normalized responses from an ensemble of polydisperse fibers. Indeed, at high volume fractions, the coherent scattering (and multiple scattering) can also influence the frequency dependence of BSC. probe, correspond to measurements of scattering coefficients (and not BSC), because of the deviation of the actual beam direction from the imposed beam direction (rf. Fig. 5.26a). This deviation (less than 5 o here) does not produce significant impact on the BSC measurements for the isotropic medium studied, because the scattering pattern for an ensemble of Rayleigh scatterers is nearly isotropic. Indeed, the kr product (being k the wave number and r the characteristic scatterer radius) is equal to 0.23 for the isotropic medium with 11 µm scatterer diameter (or equal to 0.13 for the reference scattering medium with 6 µm scatterer diameter). Figure (5.26b) represents the quasi-isotropic scattering pattern of a single elastic sphere with acoustic properties of polyamide; the scattering coefficient (normalized by the maximum scattering coefficient) is plotted linearly against the scattering angle. Therefore, scattering coefficients from an ensemble of Rayleigh scatterers with scattering angles comprised between 0 o and 5 o are expected to be similar. For the anisotropic medium, the BSC amplitude (and therefore the iBSC) decreases as the angle between the beam direction and the fiber orientation decreased, i.e. the insonification angle |β| increases from 0 o up to 20 o . These observations are in line with the results obtained by [START_REF] Guerrero | Quantifying Backscatter Anisotropy Using the Reference Phantom Method[END_REF], where a spectrumbased parameter comparable to the iBSC measured here was calculated, defined as the Backscattered Power Difference (BSPD). In that work, the Backscattered Power Difference (BSPD) was measured as a function of the beam direction for an anisotropic medium built from aligned fibers (similar to the anisotropic medium studied here). The BSPD had a maximum amplitude for the beam direction perpendicular to the fiber orientation (defined by β=0 o ), which decreased as the angle between the beam direction and the aligned fibers decreased.

Discussion

On the other hand, the BSC and iBSC results for 0 o and -5 o from both probes presented a very good agreement in the 7-11 MHz bandwidth, as expected, with absolute differences around the standard deviation values (1 dB) either for the BSC or iBSC. These results show that the reference phantom technique effectively compensated for the system-dependent effects, which theoretically represented the only significant difference between the measurements recorded for the probes, since they were approximately performed on the same ROI, and no significant differences were observed between the expected and measured beam direction in these beam directions for both probes.

Results from the piezoelectric probe for β=-10 o and -15 o , are related to scattering and not backscatter-

Conclusion

ing, because the incident beam direction significantly differs from the beamformed direction. Therefore, in these cases the results given by the piezoelectric probe are in general characterized for a different scattering and attenuation response than those from the CMUT probe.

In the case of β=-20 o the effects of the limitation imposed by the probe directivity appear. This, combined with the attenuation effects, substantially degrades the measurements of both probes, and in consequence the usable bandwidth is reduced. This degradation is more important in the piezoelectric probe because of the additional crosstalk effects.

On the use of piezoelectric probe for anisotropic backscatter measurements

Based on the results presented here, the use of conventional piezoelectric probes to perform anisotropic BSC measurements can be questioned. [START_REF] Guerrero | Quantifying Backscatter Anisotropy Using the Reference Phantom Method[END_REF] uses a high performance linear probe (pitch 0.13 mm, nominal frequency 10 MHz) to measure backscattered power in anisotropic tissue-mimicking phantoms using the focused beam steering strategy in the angular range of ±28 o . [START_REF] Garcia-Duitama | Experimental Application of Ultrafast Imaging to Spectral Tissue Characterization[END_REF] used a linear probe (pitch 0.3 mm and nominal frequency 9.5 MHz) to compute BSCs using plane wave imaging in the angular range of ±15 o . In the present work, a theoretical formulation is proposed for estimating the radiation pattern (for which the effects of crosstalk are not considered), and the maximum angular range is estimated by considering that the amplitude of the main lobe should be at least 3 dB above the amplitude of the grating lobe. By using this criterium, the maximum angular range theoretically predicted would be ±30 o for the probe used in Guerrero et. al. (at the nominal frequency of 10 MHz), and ±13 o for the probe used in Garcia-Duitama et. al.(at the nominal frequency of 9.5 MHz). So the experiments performed in [START_REF] Garcia-Duitama | Experimental Application of Ultrafast Imaging to Spectral Tissue Characterization[END_REF] may suffer from the effects of the limited beam steering capability of the probe. The present study allows to demonstrate 1) the importance of considering steering capability for anisotropic backscatter measurements, and 2) the advantage of using CMUT probe for increasing the angular range (when compared to a comparable piezoelectric probe with the same nominal frequencies, pitches and elevation apertures).

Conclusion

The experimental strategy to measure the anisotropy of BSC using a linear probe and the focused beam steering imaging modality was evaluated. This evaluation was performed in terms of probe performance and using two probes with similar characteristics, one based on conventional piezoelectric technology and the other based on CMUT technology.

The steering ability of the probe was evaluated by measurements of the transmitted beam pattern with a needle hydrophone. Assuming a symmetrical probe behaviour, i.e. the same behaviour for -β and β, the results showed that the piezoelectric probe used in a comparable conventional pulse-echo medical ultrasonography is capable of performing the beam steering with an absolute error of 1 o , with respect to the set-up beam direction, only in the angular range limited to approximately ±5 o . On the other hand, the CMUT probe is able to perform beam steering with an absolute error of 1 o in a wider angular range from -15 o to 15 o approximately. These results are in line with previously published works [START_REF] Lamberti | Radiation pattern distortion caused by the interelement coupling in linear array transducers[END_REF], Ramalli et al., 2015], where it is reported that the angular range usable for the piezoelectric probe is dictated by crosstalk, which imposes a limit well below the limit defined by the effects of directivity.

The performance of the probes in measuring the BSC at different insonification angles in isotropic and anisotropic tissue-mimicking phantoms was also evaluated. The results obtained with the isotropic medium showed that the two probes were able to measure the BSC satisfactorily in the angular range of ±20 o , with relative errors less than 1 dB with respect to the theoretical prediction given by the Faran model. However, the CMUT probe had a wider -6 dB bandwidth compared to the piezoelectric probe. No effects were ob-

Conclusion

served from the lower steering capability of the piezoelectric probe for the beam direction given by |β| >5, because those effects were apparently compensated as a consequence of the isotropic medium used that presents an isotropic scattering pattern for a wide range of scattering angles.

On the other hand, for the anisotropic medium, the two probes showed similar BSC results for the beam direction given by |β| ≤5 o , with absolute differences equal to or less than 1 dB, and significant deviations for the beam direction given by |β| >5 o , with absolute differences larger than 1 dB. This discrepancy between the results of the two probes was expected for the beam direction given by |β| >5 o , since the backscattered ultrasound signals recorded by the two probes from the anisotropic media were characterized by different scattering behaviours, due to the deviation between the transmitted and received beam direction of the piezoelectric probe in this angular range.

The results showed that the usable angular range of the CMUT probe to perform measurements of the backscattered ultrasound signals (±15 o approximately) is greater than that of the piezoelectric probe (±5 o approximately).

In conclusion, the typical features of CMUT probes, i.e. large bandwidth and low crosstalk, offer advantages over conventional piezoelectric probes with high level of cross-talk in performing off-axis measurements of backscattered ultrasound signals. This makes the CMUT probe a valid alternative, as the most advanced piezoelectric probes, to conventional piezoelectric probes for use in the characterization of tissue anisotropy using QUS parameters, such as BSC-based parameters (e.g. iBSC, characteristic size of the scatterers) and attenuation coefficient.

Further studies should be conducted under more realistic conditions to evaluate the use of CMUT probes to measure the anisotropy of biological tissues using spectrum-based QUS parameters. Therefore, as future work, it would be interesting to take a further step in demonstrating CMUT probes as a valid alternative for measuring the anisotropy of spectrum-based QUS parameters in soft tissues, for example by making measurements of the anisotropy of BSC and the attenuation coefficient of e.g. flowing blood, and by comparing them with the results obtained when using a single element transducer, which is considered the standard method.

General conclusion and perspectives Conclusion

From the first part of this work, the main contribution consisted in the proposition and evaluation of an anisotropic ultrasonic backscatter model for RBC aggregates, called anisotropic EMTLMA, which allows going a step further in the understanding of the phenomenon of ultrasonic scattering by blood. This model is based on the assumptions that the aggregates can be approximated by homogeneous prolate ellipsoids with the same axial ratio, and that they are oriented in the same direction. This model was validated by numerical simulations of simple aggregation configurations, i.e. that coincide with the model assumptions, allowing the prediction of BSC for several insonification angles with relative errors lower than 23% with respect to the simulated BSC for all the cases studied.

In addition, an inverse problem approach based on the anisotropic EMTLMA was proposed and evaluated to estimate the structural parameters of the RBC aggregates (distribution of semi-minor axis and main axial ratio) based on the parameterization of the BSC. The accuracy of the anisotropic EMTLMA in determining size distribution and axial ratio of prolate-shaped aggregates was evaluated by means of numerical simulations of simple and complex aggregation configurations. The complex configurations were simulated from more realistic orientation and size distributions, obtained from images of RBC aggregates sheared in a microfluidic channel. When considering perfectly aligned prolate ellipsoids, the anisotropic EMTLMA was more suitable than the isotropic EMTLMA for characterizing aggregate size distribution for the configurations with the highest level of anisotorpy(D iBSC ≥2 dB). When considering complex aggregating configurations, both isotropic and anisotropic EMTLMA gave satisfactory aggregate volume distribution.

From the second part of this work, the main contributions were two: 1) to demonstrate that the effects of the limited steering capability of the probe play an important role in the development of experimental strategies for the analysis of tissue anisotropy, based on the performance of off-axis measurements of backscattered signals or the transmission of an off-axis ultrasound beam, and 2) CMUT probes represent a valid alternative to overcome the limitations of conventional PZT probes to perform off-axis measurements or to transmit an off-axis beam.

Perspectives

Further studies, both theoretical and experimental, should be carried out in order to develop an experimental strategy to assess RBC aggregation taking into account anisotropy.

In vitro experiments with anisotropic tissue-mimicking phantoms

One of the limitations of the experimental study carried out in my PhD works was that the anisotropic medium used was not well characterized. Therefore, the accuracy of the measured BSC and the attenuation of the anisotropic medium could not be evaluated. Therefore, from an experimental point of view, and before conducting experiments with blood, it would be interesting to perform in vitro experiments using well characterized media consisting of tissue-mimicking anisotropic phantoms composed of aligned finite structures resembling prolate ellipsoids with acoustic properties similar to the RBC aggregates. The characteristics of the medium, such as acoustic properties, volume fraction and particle size distribution, as well as the BSC and attenuation for different beam directions, should be known. The BSC and the attenuation could be measured by using a single element transducer, which is considered as the standard method. These well characterized media could be used to go further on the evaluation of the anisotropic EMTLMA and in the evaluation of CMUT probes to measure tissue anisotropy. However, the construction of this type of tissue-mimicking phantoms faces some challenges such as the production of particles with controlled size, shape and mechanical properties, and the alignment of these particles.

A possible approach to obtain aligned particles would be to shear a suspension of rigid ellipsoid-like particles in a Couette flow device combined with ultrasonic measurements with different insonification angles (see Fig. (1a)). Indeed, rigid ellipsoid-like particles under shear flow are expected to tend to be aligned with the flow streamlines. In order to make rigid particles resemble ellipsoids, commercial cylindrical plastic particles could be used, with the disadvantage that their acoustic properties (mass density and sound speed) could deviate greatly from those of RBC aggregates.

Another approach to having these particles would be to use a microfluidic approach to generate monodisperse microparticles with controllable size, shape and mechanical properties as proposed in [START_REF] Zhang | A microfluidic method generating monodispersed microparticles with controllable sizes and mechanical properties[END_REF]. This method has the potential to generate monodisperse hydrogel microparticles of Na-/Ca-alginate with controllable sizes (micrometer range, i.e. <100 µm) and mechanical properties similar to those of RBCs. This method has been recently designed to produce spherical particles whose stiffness can be controlled (see Fig. (1b)) and can be considered in the future to produce hydrogel finite cylinders.

Another interesting approach to build this kind of anisotropic medium consists of fabricating soft materials with controlled microstructures using biomimetic 4D printing [START_REF] Ge | Active materials by four-dimension printing[END_REF], Gladman et al., 2016]. [START_REF] Gladman | Biomimetic 4d printing[END_REF] reported a 4D printing method to print composite hydrogel architectures that are encoded with localized anisotropic swelling behavior, controlled by the alignment of the cellulose fibrils along the prescribed 4D print paths, as shown in Fig. (1c).

The approaches mentioned above could be used to obtain the anisotropic tissue-mimicking phantoms

General conclusion and perspectives Image taken from [START_REF] Lee | Microfluidic droplet sorting with a high frequency ultrasound beam[END_REF].

with aligned and well characterized prolate-shaped particles, however their suitability and feasibility should be studied and evaluated.

In vitro experiments with blood

In order to have a more realistic evaluation of the anisotropic EMTLMA, a step forward would be to conduct controlled experimental studies (ultrasonic and optical) on blood to assess the ability of the anisotropic EMTLMA for modeling and characterizing blood aggregation. It would be interesting to carry out experiments on flowing blood in which optical and ultrasound measurements can be made, for instance, performing the microfluidic experiments described in chapter 3 by using a PDMS microfluidic device with larger channels (in width and length), so that ultrasound measurements can be performed using a single element transducer. The optical measurements would allow to know the size distribution and orientation of the flowing RBC aggregates, and ultrasound measurements their BSC responses. In this way, the simulation study approach proposed in chapter 3 could be directly evaluated using the BSC measurements.

In addition, from the known structural and acoustic characteristics of the flowing blood, the anisotropic EMTLMA could be evaluated in forward and inverse problem approaches as described above. This study will provide meaningful results to evaluate the accuracy of the anisotropic EMTLMA in determining the RBC aggregation in terms of aggregate size and orientation. One may question the feasibility in performing ultrasound measurements through PDMS microfluidic channel. First, special care should be paid to the size of the channel and the minimum axial length of 10 pulse-lengths for measuring the BSC. For a 30 MHz center-frequency transducer, the minimum channel size should be around 750 µm. Second, the PDMS is highly attenuating material. An interesting experimental approach was developed by Lee and coauthors [START_REF] Lee | Microfluidic droplet sorting with a high frequency ultrasound beam[END_REF] by reducing the thickness of the PDMS wall (about 250 µm ) in order to mitigate the attenuation effects of the PDMS material and to create an ultrasound window (see Fig.

(2)). The experimental set-up proposed in [START_REF] Lee | Microfluidic droplet sorting with a high frequency ultrasound beam[END_REF] allows to combine simultaneously optical and ultrasound measurements with a single-element focused-transducer of center frequency 30 MHz. The objective in [START_REF] Lee | Microfluidic droplet sorting with a high frequency ultrasound beam[END_REF] was to detect and sort individual particles under continuous flow in a microfluidic channel using a measurement comparable to the integrated backscatter coefficient as a sorting criterion. One could thus envisage to modify the two-fluid flow PDMS microfluidic shearing system (used in chapter 3) by creating a similar ultrasound window for performing ultrasound measurements.

General conclusion and perspectives

Ultrasonic backscattering and microstructure in sheared suspensions of RBC aggregates Preliminary experiments were conducted by Julien Rouyer (post-doc LMA) on ultrasonic measurements of backscatter anisotropy from aggregated RBCs. These preliminary experimental results were compared with the numerical simulations of BSCs I have performed and were summarized in the IEEE IUS proceedings [Rouyer et al., 2018].

In this experimental work, the anisotropy of BSC was measured from porcine blood sheared in a Couette flow device at a physiological hematocrit of 40% (see Fig. (1a)). Different levels of aggregation were obtained by using different values of shear rates. Figure (3(a)) shows some examples of the averaged BSC in the 15-20 MHz bandwidth (which is similar to the iBSC defined in chapter 2). The amplitude of the BSC increases with the increase in the level of aggregation (i.e., with the decrease of the shear rate), as expected. Moreover, results exhibit angular dependent BSC behavior. Interestingly, this angle-dependent trend returns a concave shaped curve with an extreme value centered at the normal incident angle around 0 o . A concave downward curve with a maximum was found for the highest aggregation level at a shear rate of 3 s -1 , while a concave upward curve with a minimum was found for the lower shear rate starting at 25 s -1 up to 140 s -1 which corresponds to a quasi-disaggregated state (i.e. collection of individual RBCs).

For the highest level of aggregation at shear rate of 3 s -1 , the peak of BSC amplitude around 0 o observed in experiments could be explained by rouleaux structures aligned with the streamlines. Indeed, this behavior is predicted by the anisotropic EMTLMA if it is assumed that the anisotropy aggregates are aligned with the flow direction. For the lowest level of aggregation at shear rate of 140 s -1 , the measured backscatter anisotropy was not expected. Indeed, the high shear rate of 140 s -1 is likely to produce a suspension of quasi-disaggregated RBCs, and the measured anisotropic behavior cannot originate from the biconcave shape of red blood cells since the scattering from a single red blood cell is isotropic at low frequencies <20MHz (i.e., in the Rayleigh scattering regime). One possible explanation of this phenomenon is related to the anisotropic microstructure (spatial organization) of concentrated sheared suspensions of particles, as it has been studied in different works [START_REF] Lombard | Ultrasonic backscattering and microstructure in sheared concentrated suspensions[END_REF], Mountrakis et al., 2016]. The authors in [START_REF] Lombard | Ultrasonic backscattering and microstructure in sheared concentrated suspensions[END_REF]] carried out experimental and numerical studies with concentrated suspensions of hard microspheres sheared in the same Couette flow device (rf. Fig. (1a)). In this study [START_REF] Lombard | Ultrasonic backscattering and microstructure in sheared concentrated suspensions[END_REF], the structure factor and BSC were measured experimentally, and the structure factors were calculated from the Stokesian dynamics numerical simulations. The results showed that the shear-induced anisotropic microstructure greatly affect the frequency dependence and amplitude of BSC and structure factor (rf. Fig. (3b)). The authors in [START_REF] Mountrakis | Scaling of shear-induced diffusion and clustering in a blood-like suspension[END_REF] conducted 2D computer simulations of fluid mechanics with concentrated sheared suspensions of deformable RBCs, where the pair distribution function g was obtained, which describes the microstructure (spatial organization) of particles. The results showed the anisotropy of the pair distribution function g in the case of disaggregated deformable RBCs (rf. Fig. (3c)). The anisotropy of the pair distribution function g is accompanied by an anisotropic structure factor, and thus anisotropic backscatter measurements that may explain the measurements showed in Fig. (3(a)).

To conclude, these preliminary experimental results presented in Fig.

(3(a)) are not straightforward to interpret since it can originate from both the flow-aligned aggregate structure and the sheared-induced anisotropic microstructure of effective scatterers (i.e., aggregates). This raises several questions. How relevant are the effects of the microstructure on the anisotropy of BSC when most of the RBCs are aggregated? What is the anisotropic microstructure of RBCs under more realistic blood flow conditions, for example considering Poiseuille's flow? Therefore, it would be interesting to perform further numerical studies to better understand the anisotropy of BSC from blood, for example following the numerical approach proposed in [START_REF] Mountrakis | Scaling of shear-induced diffusion and clustering in a blood-like suspension[END_REF] to calculate the structure factor under different aggregation configurations, using the fact that the structure factor is related to the Fourier transform of g. Note that these numerical simulations cannot be performed by a Monte Carlo simulation approach, which assumes that the position of the scatterers is random, implying an isotropic microstructure. where X(f ) is the Fourier transform of x(t), H t (f ) and H r (f ) represents the instrumentation and diffraction effects function, in transmission and reception respectively. A t represents the product of the reflection and transmission coefficients of the interveining media ( at the top and bottom interfaces of the sample), and A r is the reflection coefficient at the top interface of the sample. α m (f ) and α w (f ) are the attenuation coefficients of sample and water, respectively. Neglecting the effects of attenuation in water (attenuation coefficient ≈0.0022 dB/cm/MHz), and considering A r ≈0 and A t ≈1, the attenuation coefficient of the medium can be related to the logarithm of the ratio of S m (f ) to S w (f ) 
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  Figure 1.1: Blood and its components.

  Figure 1.2: Optical images of normal (top) and pathological (bottom) RBC aggregates as taken under controlled shear rates in a transparent rheoscope chamber. Images taken from [Schmid-Schönbein et al., 1990].

Figure 1

 1 Figure 1.3: Procedure to estimate structural parameters of RBC aggregates in an inverse problem approach.An ultrasound probe is placed to obtain an echographic image of an arm's vein, from which a Region Of Interest (ROI) is selected. The power spectrum density is computed from the raw radio-frequency signals of the ROI. Then, the measured BSC is calculated by using a reference phantom technique to compensate the power spectrum density for the electromechanical system response, and the depth-dependent diffraction and focusing effects caused by the ultrasound beam. Finally, the measured BSC is fitted by using a suitable theoretical model in the framework of an inverse problem approach.

  Figure 1.4: Ultrasonic scattering geometry.

Figure 1

 1 Figure 1.5: Ultrasonic backscattering behavior of a RBC as a function of frequency. a) Backscattering behavior to different directions of insonification and the average behavior on all directions. b) Comparison between the Rayleigh and the fluid sphere models.

  Figure 1.6: Ultrasonic backscattering geometry.

Figure 1

 1 Figure 1.7: Examples of pair correlation function g(R) and structure factor S(k) for an isotropic distribution of impenetrable spheres with identical radius a for several volume fractions Φ=1, 10, 30 and 50%. Part of this figure is taken from http://www.physics.emory.edu/faculty/weeks/idl/gofr.html

  Figure 1.8: Backscatter amplitude as a function of the hematocrit, for an ensemble of non-aggregated porcine RBCs. Symbols represent the BSC measured by Shung et al., and solid line represents the theoretical prediction by using the packing factor model. Images taken from[START_REF] Yuan | Ultrasonic backscatter from flowing whole blood. I: Dependence on shear rate and hematocrit[END_REF] 

  Percus-Yevick packing factor as a function of the hematocrit.

FrequencyFigure 1

 1 Figure 1.11: Comparison between the polydisperse EMTSFM and the EMTLMA for different aggregate radius distributions with identical mean value (r ag =11 µm) and varying values of width factors z and hematocrit φ. a) Probability density function (PDF) of radius with r ag =11 µm and varying values of z. Comparison between the polydisperse EMTSFM and the EMTLMA for the different PDFs at b) φ=30% and c) φ=50%

Figure 1

 1 Figure 1.13: BSC amplitude as a function of the insonification angle for porcine whole blood at 40% hematocrit. a) Measured at 20 MHz at a shear rate of 2 s -1 b) Measured at 35 MHz at a shear rate of 2 s -1 . The angle of 90 o represent the direction perpendicular to the flow direction. Taken from[START_REF] Guilbert | 11C-6 New Observations on the Anisotropy of Ultrasound Blood Backscatter as a Function of Frequency and Shear Rate[END_REF].
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 21 Figure 2.1: Example of aggregates with identical semi-minor axis b ag =4a and axial ratio ν ag =2 with different aggregate compactnesses φ i =10%, 30% and 100%. a) For cases with φ i =10% and 30%. The external envelope of the prolate ellipsoid is displayed with transparency in yellow. b) For case with φ i = 100%. For the aggregate compactness of φ i =100%, the size parameters b ag and ν ag are represented, as well as the parameter u ag for a given incident wavevector k.

Figure 2 Figure 2

 22 Figure 2.2: Flowchart of the Metropolis algorithm to obtain the spatial distributions of non-overlapping spherical RBCs within a prolate ellipsoid.

Figure 2

 2 Figure 2.4: Examples of theoretical and simulated differential backscattering cross-sections for an aggregate with b ag /a=5, ν ag =2 and φ i =30%, for different directions of insonification. a) Comparison between the simulated and theoretical coherent differential backscattering cross-section using F(u ag ) or F(u) given by Eq.(2.9) . b) Comparison between the simulated and theoretical differential backscattering cross-section given by Eqs. (2.2), (2.9) and (2.10).

  6b) and (2.6c) present typical examples of the ku ag limits with a constant b ag /a=9 and varying ν ag /a (Fig. (2.6b)), and with a constant ν ag =5 and varying b ag /a (Fig. (2.6c)) at an aggregate compactness φ i =30%. Note that all the studied configurations present similar results to those shown in Figs.

2. 1 Figure 2 Figure 2 . 6 :

 1226 Figure 2.5: Examples of theoretical and simulated differential backscattering cross-section at θ=60 o for different semi-minor axis, axial ratios and compactness values. a) Simulated and theoretical differential backscattering cross-section for an aggregate with ν=3, φ i =40% and by varying b ag /a. b) Simulated and theoretical differential backscattering cross-section for an aggregate with b ag /a=6, φ i =40% and by varying ν. c) Simulated and theoretical differential backscattering cross-section for an aggregate with b ag /a=6, ν=3 and by varying φ i .
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 2 Backscattering by an ensemble of prolate-shaped aggregates

  Figure 2.7: Schematic drawing of perfectly aligned or randomly oriented prolate ellipsoids.
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 2 Figure 2.8: (a) Typical examples of simulated BSC sim (symbols) for randomly oriented prolate ellipsoids and aligned prolate ellipsoids with b ag /a=4, ν f 2.5 and z ag =10. (b) Corresponding integrated iBSC(β) (symbols) in the 10-40 MHz frequency bandwidth as a function of different insonification angles β. Also represented is the quadratic function h(β) fitted to the iBSC(β), and the insonification angle β 0 at which h(β) is maximum, which is used to estimate the alignment of the ellipsoids.

  , and the mean b and standard deviation σ * b ag of the semi-minor axis PDF p(b ag ), by assuming that the semi-minor axis b ag of prolate ellipsoids follows a gamma PDF p(b ag ) given by Eq. (2.15). Note that σ b ag is related to z ag as σ b ag = b ag / √ z ag+1 . The unknown parameters (b * ag , σ * b ag , ν * f ) are determined by minimizing the cost function CF, which synthesizes the thirteen simulated BSC sim with the thirteen insonification angles over the frequencies 2.2 Backscattering by an ensemble of prolate-shaped aggregates f j in the frequency bandwidth 10-40 MHz:

  2.10a).
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 2 Backscattering by an ensemble of prolate-shaped aggregates
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 2 Backscattering by an ensemble of prolate-shaped aggregates

Figure 2

 2 Figure 2.11: a) Aggregate size PDFs with identical mean size (r ag =4a or b ag =4a) and varying values of z ag . b)and c) Corresponding backscatter coefficients (BSCs) for polydisperse spherical aggregates. The symbols are the simulated BSC sim , the solid lines are the theoretical BSC iso using the isotropic EMTLMA given by Eq. (2.14), and the dashed lines are the theoretical BSC EMTSFM using the isotropic EMTSFM given by Eq. (1.27).

  (2.13b)).
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 2 Figure2.12: Comparison between the simulated BSC sim (symbols), and the theoretical BSC iso by considering spheres of equivalent volume to those of prolate ellipsoids (solid lines). a) Aggregation configurations with a fixed axial ratio ν f =2 and different width factors z ag . b) Aggregating configurations with a fixed width factor z ag =10, and different axial ratios ν f .
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 22 Figure 2.13: (a) Comparison between the simulated BSC sim (symbols) and the theoretical BSC aniso (solid lines) for aligned prolate ellipsoids at insonification angles β=0 o , 15 o and 30 o , when the axial ratio varies (b ag =4a, z ag =10, ν f =1.5 and 2.5). (b) Corresponding integrated iBSC in the 10-40 MHz frequency bandwidth as a function of different insonification angles β.

Figure 2 .

 2 Figure 2.14: (a) Comparison between the simulated BSC sim (symbols) and the theoretical BSC aniso (solid lines) for aligned prolate ellipsoids at insonification angles β=0 o , 15 o and 30 o , when the width factor varies (b ag =4a, z ag =5 and 200, ν f =2). (b) Corresponding integrated iBSC in the 10-40 MHz frequency bandwidth as a function of different insonification angles β .

  2

2. 2 Figure 2

 22 Figure2.15: Comparison between the actual and estimated PDF for the aggregation configurations with z ag =5. a) Actual and estimates PDF of r ag for polydisperse spherical aggregates. b) Actual and estimates PDF of r eq for randomly oriented polydisperse prolate ellipsoids. c) Actual and estimates PDF of r eq for aligned polydisperse prolate ellipsoids. The solid lines represent the actual PDF, and the dashed lines represent the radius PDF estimated by the isotropic EMTSFM, isotropic EMTLMA or anisotropic EMTLMA.

BSCb

  Figure2.16: Comparison between the simulated BSC sim (symbols) and the modified isotropic EMTLMA using the approximated structure factor given by Hansen (solid line). a) Aggregating configurations with a fixed axial ratio ν f =2 and different width factors z ag . b) Aggregating configurations with a fixed width factor z ag =10, and different axial ratios ν f .
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 2 Figure 2.17: Typical examples of the logarithm of the cost function F(r ag , φ i , σ r ag ) obtained from the isotropic EMTLMA and using BSC(β = 0 o ). a) Cost functions F(r ag , φ i , σ r ag /a=1.83) and F(r ag , φ i =0.99, σ r ag /a) for the aggregation configuration consisting of randomly oriented prolate ellipsoids with actual parameters b ag /a=4, σ b ag /a=1.63 and ν ag =2. b) F(r ag , φ i =1, σ r ag /a) for the aggregation configuration consisting of aligned prolate ellipsoids with actual parameters b ag /a=4, σ b ag /a=1.63 and ν ag =2.

  Figure (2.18) shows a typical example of cost function for aligned prolate ellipsoids with b ag /a=4, σ b ag /a=1.63, ν ag =2 and φ i =1. The cost function exhibits a global minimum at b ag * /a=4.2, σ * b ag /a=1.53, ν * f =2.03 and φ * i =0.98. It is interesting to observe in Fig. (2.18b

Figure 2

 2 Figure 2.18: Typical example of the logarithm of the cost functions F(b ag , φ i , σ b ag , ν r ag ) obtained from the anisotropic EMTLMA, for the aggregation configuration consisting of aligned prolate ellipsoids with b ag /a=4, σ b ag =1.63, and ν ag =2. a) Cost function F with fixed values of σ b ag /a=1.51, and ν ag =2.03. b) Cost function F by varying σ b ag (the values of b ag , ν f and φ i that minimized F were computed for each fixed value of σ b ag ). c) Cost function F by varying ν f (the values of b ag , σ b ag and φ i that minimized F were computed for each fixed value of ν f ).

  Figure 3.1: Blood entrained by Phosphate Buffered Saline (PBS) in a double Y-microchannel configuration creating a shear flow within the blood layer. Taken from[START_REF] Mehri | An automated method for dynamic red blood cell aggregate detection in microfluidic flow[END_REF] 
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 32 Figure 3.2: Typical examples of RBC aggregates flowing in two-fluid flow microfluidic shearing system, with φ=10%.

  Figure 3.3: Flowchart of the MATLAB code for image processing of RBC aggregates flowing in microchannels. The red circles in the image show the incomplete aggregate detection due to the non-uniform light distribution in the image. Image taken from [Mehri et al., 2018].

  Figure 3.4: Typical examples of RBC aggregates flowing in two-fluid flow microfluidic shearing system with φ=10%. The RBC aggregates are partially aligned along the flow streamlines. The aggregate contours are in red solid lines and the corresponding fitted ellipses are in green solid lines.

Figure 3

 3 Figure 3.5: Schematic drawing of partially aligned prolate ellipsoids.

  * and standard deviation σ * b ag of the semi-minor axis PDF p t (b ag ), by assuming that the semi-minor axis b ag of prolate ellipsoids follows a truncated gamma PDF: p t (b ag ) = p (b ag ) 1 -P (b min ) (3.2) where p (b ag ) = p(b ag ) for b ag ≥ b min and p (b ag ) = 0 for b ag < b min , p(b ag ) is the gamma PDF defined by the width factor z p and b p , P (b ag ) is the cumulative distribution function of p(b ag ). The minimum semiminor axis of a prolate ellipsoid, denoted b min , corresponds to the average of the minimum semi-minor axes segmented in the microfluidic experiment (b min /a=0.42). The unknown parameters (b ag * , σ * b ag

Figure 3

 3 Figure3.6: Segmentation results for RBC aggregates sheared at 3, 6, 11, 22, 45 and 90 s -1 for φ= 10%. a1), a2) Aggregate volume distribution PDF(r eq )(4/3)πr 3 eq / V , b1), b2) Semi-minor axis distribution PDF(b ag ). c1), c2) Axial ratio distribution PDF(ν ag ). d1), d2) Orientation distribution PDF(α). e1) Orientation distribution PDF(α) only considering the largest aggregates r eq /a > 2.25 with ν ag >1.7. e2) Orientation distribution PDF(α) only considering the largest aggregates r eq /a > 1.

Figure 3

 3 Figure 3.7: Segmentation results for RBC aggregates sheared at 3, 6, 11, 22, 45 and 90 s -1 for φ= 20%. a1), a2) Aggregate volume distribution PDF(r eq )(4/3)πr 3 eq / V , b1), b2) Semi-minor axis distribution PDF(b ag ). c1), c2) Axial ratio distribution PDF(ν ag ). d1), d2) Orientation distribution PDF(α). e1) Orientation distribution PDF(α) only considering the largest aggregates r eq /a > 2.25 with ν ag >1.7. e2) Orientation distribution PDF(α) only considering the largest aggregates r eq /a > 1.

  Figures (3.8a1) and (3.8a2) represent the iBSC obtained from the simulated BSC sim at different shear rates for hematocrits 10% and 20%, respectively. The D iBSC was found to be equal to or greater than 0.5 dB for shear rates of 3 and 6 s -1 (and therefore considered as anisotropic media) and to be smaller than 0.5 dB for shear rates 11 and 22 s -1 (and therefore considered as isotropic media). The fitted curves h(β) plotted in dashed lines in Fig. (3.8a1) and Fig. (3.8a2) allow us to determine the main orientation of prolate ellipsoids α f for shear rates of 3 and 6 s -1 , which are equal to 3 o and 7 o for φ =10%, and 5 o and 10 o for φ =20%.Figures (3.8b1) and (3.8b2) show the comparison between simulated BSC sim and theoretical BSC EMTLMA computed with the EMTLMA theory given by Eq. (3.1) for insonification angles β=0 o and 30 o . Overall, the amplitude of the BSC increases and the peaks occurs at lower frequencies as the shear rate decreases (i.e., when the level of aggregation increases). Satisfactory agreement was obtained between the simulations and the EMTLMA theory given by Eq. (3.1) when the joint PDF p(b ag , ν ag , θ) is known: the relative errors in BSC EMTLMA is less than 15%.Figures (3.8c1) and (3.8c2) compare the simulated BSC sim and the theoretical BSC aniso for shear rates of 3 and 6 s -1 and for the insonification angles β=0 o and 30 o . The theoretical BSC aniso was computed with the anisotropic EMTLMA given by Eq. (2.13) for shear rates of 3 and 6 s -1 by considering the main aggregate orientation α f =3 o and 7 o , and the mean axial ratio ν ag =1.51 and 1.56, respectively, for φ =10%, and α f =5 o and 10 o , and the mean axial ratio ν ag =1.42 and 1.36, respectively, for φ =20%. An overestimation of the BSC aniso amplitude when compared to the simulated BSC sim is observed. This discrepancy will be discussed later in the Discussion section 3.3. Also plotted in Fig.(3.8c1) and Fig. (3.8c2) are the BSC sim averaged over the thirteen insonification angles for shear rates of 11 and 22 s -1 with φ =10% and 20%. The theoretical BSC iso given by Eq. (2.14) (that considers equivalent spheres with radii equal to r eq = b ag 3 √ ν f ) shows good agreement with the simulated BSC sim .

  Figures (3.8a1) and (3.8a2) represent the iBSC obtained from the simulated BSC sim at different shear rates for hematocrits 10% and 20%, respectively. The D iBSC was found to be equal to or greater than 0.5 dB for shear rates of 3 and 6 s -1 (and therefore considered as anisotropic media) and to be smaller than 0.5 dB for shear rates 11 and 22 s -1 (and therefore considered as isotropic media). The fitted curves h(β) plotted in dashed lines in Fig. (3.8a1) and Fig. (3.8a2) allow us to determine the main orientation of prolate ellipsoids α f for shear rates of 3 and 6 s -1 , which are equal to 3 o and 7 o for φ =10%, and 5 o and 10 o for φ =20%.Figures (3.8b1) and (3.8b2) show the comparison between simulated BSC sim and theoretical BSC EMTLMA computed with the EMTLMA theory given by Eq. (3.1) for insonification angles β=0 o and 30 o . Overall, the amplitude of the BSC increases and the peaks occurs at lower frequencies as the shear rate decreases (i.e., when the level of aggregation increases). Satisfactory agreement was obtained between the simulations and the EMTLMA theory given by Eq. (3.1) when the joint PDF p(b ag , ν ag , θ) is known: the relative errors in BSC EMTLMA is less than 15%.Figures (3.8c1) and (3.8c2) compare the simulated BSC sim and the theoretical BSC aniso for shear rates of 3 and 6 s -1 and for the insonification angles β=0 o and 30 o . The theoretical BSC aniso was computed with the anisotropic EMTLMA given by Eq. (2.13) for shear rates of 3 and 6 s -1 by considering the main aggregate orientation α f =3 o and 7 o , and the mean axial ratio ν ag =1.51 and 1.56, respectively, for φ =10%, and α f =5 o and 10 o , and the mean axial ratio ν ag =1.42 and 1.36, respectively, for φ =20%. An overestimation of the BSC aniso amplitude when compared to the simulated BSC sim is observed. This discrepancy will be discussed later in the Discussion section 3.3. Also plotted in Fig.(3.8c1) and Fig. (3.8c2) are the BSC sim averaged over the thirteen insonification angles for shear rates of 11 and 22 s -1 with φ =10% and 20%. The theoretical BSC iso given by Eq. (2.14) (that considers equivalent spheres with radii equal to r eq = b ag 3 √ ν f ) shows good agreement with the simulated BSC sim .

  Figure (3.9) shows a comparison between the simulated BSC obtained in this work and the BSC measured on flowing porcine blood sheared in a Couette flow device, prepared in similar conditions to those described in section 3.1.1 and under the same shear rates as the microfluidic experiment. In these experiments, the BSC was measured using an ultrasonic single-element transducer placed perpendicular to the flow direction. The blood was sheared in a Couette flow device that consists of two concentric cylinders with the inner one rotating and the outer one fixed, the gap between the two cylinders being equal to 2 mm (more details can be found in[de Monchy et al., 2018] and [de Monchy, 2016]). Figures (3.9a1) and (3.9b1) show the BSCs measured on flowing porcine blood in the Couette flow device for hematocrits 10 and 20%. Figures (3.9a2) and (3.9b2) show the BSC sim in this work using the size distributions obtained from the microfluidic experiments at the insonification angle 0 o (that corresponds to the direction perpendicular to the flow direction in the case of microfluidic experiments) for the hematocrits 10 and 20%. Overall, for low shear rates (3, 6 and 11 s -1 ), the simulated BSC sim and measured BSCs shared similar trends in the high frequency

  Figure (3.9) shows a comparison between the simulated BSC obtained in this work and the BSC measured on flowing porcine blood sheared in a Couette flow device, prepared in similar conditions to those described in section 3.1.1 and under the same shear rates as the microfluidic experiment. In these experiments, the BSC was measured using an ultrasonic single-element transducer placed perpendicular to the flow direction. The blood was sheared in a Couette flow device that consists of two concentric cylinders with the inner one rotating and the outer one fixed, the gap between the two cylinders being equal to 2 mm (more details can be found in[de Monchy et al., 2018] and [de Monchy, 2016]). Figures (3.9a1) and (3.9b1) show the BSCs measured on flowing porcine blood in the Couette flow device for hematocrits 10 and 20%. Figures (3.9a2) and (3.9b2) show the BSC sim in this work using the size distributions obtained from the microfluidic experiments at the insonification angle 0 o (that corresponds to the direction perpendicular to the flow direction in the case of microfluidic experiments) for the hematocrits 10 and 20%. Overall, for low shear rates (3, 6 and 11 s -1 ), the simulated BSC sim and measured BSCs shared similar trends in the high frequency
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 3 Discussion dependent BSCs were parameterized by four QUS parameters: the orientation α f , the axial ratio ν f , and the mean b ag * and standard deviation σ * b ag of the semi-minor axis PDF. The comparison between simulated BSC sim and theoretical BSC aniso shown in Figs. (3.8c1) and (3.8c2) indicates that the anisotropic EMTLMA is not sufficient to model the backscattering from realistic anisotropic aggregates. To understand these discrepancies, Figs. (3.10) and (3.11) represents the theoretical BSC EMTLMA given by Eq. (3.1) for SR=3 s -1 by considering the joint PDF p(b ag , ν f , θ) with a fixed ν f =1.51 for φ=10% and ν f =1.43 for φ=20% (see Figs.

Figure 3

 3 Figure 3.10: Backscatter coefficients for the realistic aggregating configuration with SR=3 s -1 , φ=10% and β=0 o , 15 o and 30 o . The symbols are the simulated BSC sim . The solid lines are the theoretical BSC EMTLMA given by Eq. (3.1). a) By considering the joint PDF p(b ag , ν f , θ) with a fixed axial ratio ν f =1.51. b) By considering the joint PDF p(b ag , ν ag , θ f ) with a fixed aggregate orientation α f =π/2θ f -β=3 o .

Figure 3

 3 Figure 3.11: Backscatter coefficients for the realistic aggregating configuration with SR=3 s -1 , φ=20% and β=0 o , 15 o and 30 o . The symbols are the simulated BSC sim . The solid lines are the theoretical BSC EMTLMA given by Eq. (3.1). a) By considering the joint PDF p(b ag , ν f , θ) with a fixed axial ratio ν f =1.43. b) By considering the joint PDF p(b ag , ν ag , θ f ) with a fixed aggregate orientation α f =π/2θ f -β=10 o .
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 3 Figure 3.12: Comparison between the actual and estimated PDFs for the aggregation configurations with D iBSC >0.5 dB . a1), b1) Actual and estimated PDFs of b ag for hematocrit φ=10% and for shear rates SR = 3 and 6 s -1 , respectively, and a2) b2) corresponding distribution b 3 ag pdf(b ag )/ b 3 ag . c1), d1) Actual and estimated PDFs of b ag for hematocrit φ=20% and for shear rates SR = 3 and 6 s -1 , respectively, and c2) d2) corresponding distribution b 3 ag pdf(b ag )/ b 3 ag . The bars represent the actual histograms and the solid lines the estimates given by the anisotropic EMTLMA

  Figure (3.14) shows typical examples of cost function for the prolate ellipsoids based on the realistic aggregation configurations of SR = 3 s -1 for hematocrits φ =10% and 20%. The procedure estimates mean b p * /a and gamma width factor z * p /a given by the truncated gamma PDF given in Eq. (3.2), and then the corresponding QUS parameters b ag * /a and σ * b ag /a are calculated. For hematocrit φ =10%, the cost function exhibits a global minimum at b p * /a=0.87, z * p /a=-0.1, ν * f =1.15, which corresponds to the estimated values b ag * /a=1.33, and σ * b ag /a=0.93 (and the actual values are as follows: b ag /a=1.36, σ b ag /a=0.97, ν ag =1.51). For hematocrit φ =20%, the cost function exhibits a global minimum at b p * /a=0.7, z * p /a=-0.3, ν * f =1.25, which corresponds to the estimated values b ag * /a=1.19, and σ * b ag /a=0.81 (and the actual values are as follows: b ag /a=1.33, σ b ag /a=0.92, ν ag =1.42).

Figure 3

 3 Figure 3.14: Typical examples of the logarithm of the cost function F(b p , z p , ν f ) obtained from the anisotropic EMTLMA. a) Logarithm of the cost function F with a fixed value ν f =1.15, and cost function F by varying ν f (the values of b p and z p that minimized F were computed for each fixed value of ν f ) for the aggregation configuration with SR=3 s -1 and φ =10%. b) Logarithm of the cost function F(b p , z p , ν f ) with a fixed value ν f =1.25, and cost function F by varying ν f (the values of b p and z p that minimized F were computed for each fixed value of ν f ) for the aggregation configuration with SR=3 s -1 and φ =20%.

Figure 3

 3 Figure 3.15: Typical examples of the logarithm of the cost function F(b p , z p ) by using the isotropic EMTLMA for the aggregation configuration with a) SR=3 s -1 and φ =10%, b) SR=3 s -1 and φ =20%, and c) SR=11 s -1 and φ =20%.

Figure 4

 4 Figure 4.1: Representation of conventional linear a) piezoelectric probe and b) CMUT probe. Image taken from[START_REF] Rebling | Optoacoustic characterization of broadband directivity patterns of capacitive micromachined ultrasonic transducers[END_REF] 

Figure ( 4 Figure 4

 44 Figure (4.2a) shows a representation of the beam features related above.

  (4.3a), allowing to have a set of voltage signals in time v sample (t) i where variables t and z are related as z = c s t/2, being c s the sound speed in the sample medium.

Figure 4

 4 Figure 4.3: Representation of the experimental set-up to acquire the data on a) the sample medium and b) the flat reflector, to compute the BSC based on the substitution method.

  (4.4a), allowing to have a set of voltage signals in time v sample (t) i . • Then, using a reference tissue-mimicking phantom, a set of voltage signals in time v ref (t) i are acquired using the same experimental configuration to obtain v sample (t) i (see Fig. 4.4b).

Figure 4

 4 Figure 4.4: Representation of the experimental set-up to acquire the data on a) the sample medium and b) the reference medium, to compute the BSC based on the reference phantom technique.

4. 4

 4 Figure 4.5: Representation of windowed regions within the ROI to perform the spectral log difference algorithm.

  Figure 5.1: Ultrasound scanners and probes, and experimental configuration used to measure the transmitted beam patterns. a) Ultrasound scanner ULA-OP ultrasound scanner, and CMUT and piezoelectric probes used. b) Experimental configuration of the hydrophone, the probe and other elements used to measure the transmitted beam pattern. c) Top view of the hydrophone inside the water tank. d) Representation of the reference systems for the scanning area, xy, the probe, x probey probe and the insonification angle β.

Figure ( 5

 5 Figure (5.1b) shows the experimental set-up for hydrophone measurements. Two motorized translation stages (Physik Instrumente, model M-403.4PD, Karlsruhe, Germany) controlled the hydrophone position in the xy-plane with precision resolution of 0.018µm. The xy refers to the reference system of the scanning area, depicted in Fig.(5.1). The pulse repetition frequency (PRF) signal from the ULA-OP was used as a trigger signal to synchronize the acquisition of the hydrophone with the transmission of the ultrasound beam. By default the sound speed in the ULA-OP is imposed to a value of 1540 m/s. For the hydrophone measurement, the sound speed in the ULA-OP was set to 1486 m/s, which corresponds to the sound speed in pure water at T=21 o C, temperature at which the experiments were performed.In transmission, the probe was excited with a one-cycle sinusoidal burst at 10 MHz. The beam steering angle β (also referred to as the insonification angle) was varied from -30 o to 0 o in steps of 5 o , keeping the coordinate y probe of the focus at 15 mm (in the reference system of the probe depicted in Fig.5.1d) and using an aperture of 32 elements.The experiment is performed as follows: first, the probe is aligned and positioned so that the xy-plane of the probe matches that of the scanning area. Then, using a manual tilt and rotation system, the hydrophone is oriented(Fig. (5.1c)) and placed in position (x m ,y m ) where the pressure amplitude is maximal(Fig. (5.1d)). This point is found with a precision of ±0.05 mm in both x and y. From (x m ,y m ) the hydrophone is moved to the initial scan position at (x m +1.5 mm, y m +3 mm). From this position, the electromechanical system is

γ

  Figure5.2: Representation of how the misalignment between the probe and hydrophone was measured. P 1 and P 2 represent the positions where the hydrophone was placed.

  Fig. (5.2), and c l = 1486 m/s is the sound speed in pure water at a temperature T=21 o [DelGrosso and Mader, 1972].The plane wave was generated at 0 o with respect to the probe axis, using the central 64 elements of the probe, and times of flight were measured from the signal acquired by the hydrophone for different separations d. The misalignment angles were estimated using seven different values of d. The estimated values 5.1 Material and Methods are γ P iezo. =-1.14 o ±0.04 o , for the piezoelectric probe, and γ CMU T =0.52 o ±0.04 o , for the CMUT probe, expressed as the mean value ± the standard deviation of the seven measurements.

Figure 5

 5 Figure 5.3: Transmitted beam pattern measurement and measured steering angle β meas for β=-15 o using the piezoelectric probe. a) Result obtained by using steps of 0.05 mm in x and 0.1 mm in y. b) Result obtained by using steps of 0.1 mm in x and 0.15 mm in y. The black circle represents the point at which PII is maximum.

Figure 5

 5 Figure 5.4: Comparison between the measured and theoretical BSC for the reference and isotropic media. The vertical dashed lines represent the two-way fractional bandwidth at -6 dB of the transducer.

Figure ( 5

 5 Figure (5.5) shows the experimental set-up used to acquire the radio frequency (RF) data from the tissuemimicking phantoms using the ultrasound probes. The probe is mounted onto a holder that allows varying its orientation and vertical positions. The tissue-mimicking phantom is mounted on the base of a mechanical support. This support can be rotated around a vertical axis in steps of 1 o , and translated in the horizontal plane in two axes in steps of 0.01 mm.Real-time B-mode image given by the ULA-OP software Ultrasound scanner ULA-OP

Figure 5

 5 Figure 5.6: B-mode images of the tissue-mimicking phantoms acquired setting β=0 o . The isotropic medium and the reference medium are composed of polyamide particles of 6 and 10 µm diameter, respectively, embedded in an agar-agar-gel. The anisotropic medium consists of an approximately 4 mm thick layer of agar-agar gel with two glass spheres encrusted, above the part composed of fibers embedded in an agar-agar gel.

Figure 5

 5 Figure 5.7: Examples of B-mode images and the analyzed ROI at β=0 o for both the reference and the isotropic media. The red shadow is the common area between the beam orientations analyzed.

Figure 5

 5 Figure 5.8: ROI analyzed in the reference medium and the anisotropic medium. The red shadow is the common area between the beam orientations analyzed.

Figure 5

 5 Figure 5.9: Power spectral densities at β=0 o for both the reference medium and the isotropic medium, where the two-way fractional bandwidth at -6 dB is delimited. a) Results for the piezoelectric probe. b) Results for the CMUT probe.

Figure 5

 5 Figure 5.10: Power spectral densities at β=0 o for both the reference medium and the anisotropic medium, where the two-way fractional bandwidth at -6 dB is delimited. a) Results for the piezoelectric probe. b) Results for the CMUT probe.

Figure 5 Figure 5

 55 Figure 5.11: Transmitted beam pattern measurements for the two probes and for β from 0 o to -15 o . The black circle appearing in the beam pattern

Figure 5 .Figure 5

 55 Figure5.13: Power spectral densities of the reference and isotropic media with compensation for attenuation for the two probes. The result corresponds to the average values over all the power spectral densities obtained from all the uncorrelated echo lines.

Figure 5 .

 5 Figure 5.15: Absolute error in dB with respect to the BSC obtained from the Faran model, for the insonification angles from 0 o to 25 o .

Figure 5

 5 Figure 5.16: Integrated backscatter coefficients (iBSC) for the isotropic medium measured with both piezoelectric and CMUT probes. The plotted iBSC correspond to the mean value and standard deviation computed from ten iBSCs.

Figure 5

 5 Figure5.17: Power spectral densities of the anisotropic medium for the two probes, without compensation for attenuation effects. The result corresponds to the average over all the power spectral densities obtained from all the uncorrelated echo lines.

Figure 5

 5 Figure 5.18: BSCs for the anisotropic medium measured with both piezoelectric and CMUT probes for different insonification angles β. The plotted BSCs correspond to the mean value and standard deviation computed from ten BSCs, each calculated from 76 uncorrelated echo-lines. The vertical dotted lines indicate the -6 dB bandwidth.

Figure 5

 5 Figure 5.19: a) and b) Comparison between the BSCs measured with the piezoelectric and CMUT probes for the anisotropic medium. The plotted BSCs correspond to the mean value and standard deviation computed from ten BSCs, each calculated from 76 uncorrelated echo lines. The standard deviation for the BSCs measured with the piezoelectric probe is shown in black (to differentiate them from the BSCs measured with the CMUT probe). The vertical dotted lines represent the 7-11 MHz frequency range, which is within the -6 dB bandwidths of the two probes. c) The corresponding absolute difference in the 7-11 MHz bandwidth.

Figure 5

 5 Figure5.20: Integrated backscatter coefficients (iBSC) for the anisotropic medium measured with both piezoelectric and CMUT probes. The plotted iBSCs correspond to the mean value and standard deviation computed from ten iBSCs. Also represented are the absolute differences, ∆iBSC, between the results obtained with the two probes for each beam direction.

Figure 5 Figure 5

 55 Figure 5.21: Radiation pattern for a linear array with a pitch of 0.2 mm at a frequency of 10 MHz, assuming far-field approximation and continuous wave mode.

Figure 5

 5 Figure 5.23: Beam pattern measurements using narrow and wide band signals. a) Hydrophone measurements of beam pattern for β=15 o , using one-cycle TXC=1 rectangle window tapered, and ten-cycles TXN=10 Hanning-tapered pulses in transmission. b) Measured pressure signal in time and frequency for the maximum value of P II, for both cases.

  Figure 5.24: a) Example of a B-mode image and the selected proximal and distal ROIs at β=0 o . b) Averaged function f atte and its corresponding averaged linear fitting obtained from the two probes for different insonification angles.

Figure 5

 5 Figure 5.26: a) Diagram showing the differences between transmitted and receiving beam. b) Scattering pattern for a single elastic sphere immersed in a fluid surrounding medium and insonified by a plane wave at 10 MHz. Plane wave is incident from the left side. The single elastic sphere has a diameter of 11µm with polyamide acoustic properties (sound speed of 2300 m/s, density 1030 kg/m 3 and Poisson's ratio 0.42).

Figure 1

 1 Figure 1: a)Schematic of the Couette flow device that consists of two concentric cylinders, combined with a single ultrasonic transducer to probe suspensions. An angular encoder allows to place the transducer with different insonification angles with respect to the direction of the flow in the Couette device. Image taken from [Lombard et al., 2020]. b) Example of Ca-alginate particles (scale bar, 10 µm). Image taken from [Zhang et al., 2020]. c) Direct imaging of cellulose fibrils (stained blue) in printed unidirectional samples (scale bar, 200 µm). Image taken from [Gladman et al., 2016].

Figure 2 :

 2 Figure 2: Experimental set-up for acoustic droplet sensing and sorting device. (a) Top view (b) Side view. Image taken from [Lee et al., 2012].

Figure 3 Figure C. 1 :

 31 Figure3: a) Backscatter coefficient averaged over the 15-20 MHz bandwidth as a function of the ultrasonic insonification angles. The aggregating blood sample was studied under different shear rate conditions ranging between 3 to 140 s -1 . The numerical result obtained for the Monte Carlo simulation is plotted in black. Image taken from[Rouyer et al., 2018]. b) Measured BSC and structure factor as a function of the product ka at various insonification angles β for a volume fraction of Φ =30%. Image taken from[START_REF] Lombard | Ultrasonic backscattering and microstructure in sheared concentrated suspensions[END_REF]. c) Two-dimensional pair distribution function g for different volume fractions φ and shear rates γ. Lighter gray corresponds to higher probability, units of distance are in µm. Image taken from[START_REF] Mountrakis | Scaling of shear-induced diffusion and clustering in a blood-like suspension[END_REF].

  is computed as l m = c w ∆t wl w . The left part of Eq. (C.4) is fitted to a power law attenuation coefficient, α s (f ) = α o f b , or a linear function, α s (f ) = α o f , thus estimating the α o and b parameters.
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  Table 1.1. The acoustic parameters ρ, κ and Z have the subindices e for erythrocyte and p for plasma. Fluctuations of density γ ρ and compressibility γ κ between RBC and plasma are defined by

	1.4 Ultrasonic scattering model for a single RBC			
	Medium	Mass density Adiabatic compressibility Acoustic impedance
		ρ (g/cm 3 )	κ (10 -12 cm/dyne)	Z (MRayl)
	Red blood cell	1.092			34.1	1.79
	Plasma	1.021			40.9	1.58
		Table 1.1: Acoustic properties of RBCs and plasma.
		γ ρ =	ρ e -ρ p ρ e	and γ κ =	κ e -κ p κ p	,	(1.1)
	and the acoustical impedance contrast				
			γ Z =	Z e -Z p Z p	.	(1.2)

  b ag/ a=6, ν ag= 2, varying z ag, φ i =100%, φ=20%

	a)								b)							
											z ag= 10		z ag= 200			
	c)								d)							
											ν ag= 2		ν ag= 4			
	e)	10	15	20	25	30	35	40	f)	10	15	20	25	30	35	40
											β=0°					
											β=15°					
											β=30°φ					

=5%

Figure 2.9: Theoretical BSC aniso given by the anisotropic EMTLMA at different insonification angles β=0, 15 and 30 o . a) PDF of the semi-minor axis for b ag /a=6 and z ag =10 and 200. b) By varying z ag =10 and 200, with φ=20%, φ i =100%, b ag /a=6, ν ag =2 . c) By varying b ag =2 and 4, with φ=20%, φ i =100%, ν ag /a=2, z ag =10. d) By varying ν ag =2 and 4 with φ=20%, φ i =100%, b ag /a=6, z ag =10. e) By varying φ i =50 and 100%, with φ=20%, b ag /a=6, ν ag =2, z ag =10. f) By varying φ=5, 20 and 40%, with φ i =100%, b ag /a=6, ν ag =2, z ag =10.

Table 2 .

 2 .2 Backscattering by an ensemble of prolate-shaped aggregates 1: QUS parameters estimated by the isotropic EMTLMA and EMTSFM for the aggregation configurations consisting of polydisperse spheres of mean radius r ag /a = 4 and varying values of σ r ag /a=1.63, 1.21, 0.72, 0.56 and 0.28 (corresponding to z ag=5, 10, 30, 50 and 200). The corresponding goodness-of-fit R 2 is also given.

	Actual aggregates					Estimated QUS parameters	
		parameters				Isotropic EMTSFM				Isotropic EMTLMA
	σ r ag /a (r ag /a, z ag , ν ag )	r ag	* /a		σ * r ag /a	φ * i	R 2	r ag	* /a	σ * r ag /a	φ * i	R 2
	1.63		(4, 5, 1)	4.23 ± 0.19 1.64 ± 0.05 0.99 ± 0.01 0.99 ± 0.01	4.22 ± 0.22 1.53 ± 0.06 0.99 ± 0.01 0.97 ± 0.01
	1.21	(4, 10, 1)	4.06 ± 0.10 1.23 ± 0.04 0.99 ± 0.01 0.99 ± 0.01	4.05 ±0.13 1.15 ± 0.06 0.99 ± 0.01 0.98 ± 0.01
	0.72	(4, 30, 1)	4.03 ± 0.03 0.72 ± 0.03 0.99± 0.01 0.99 ± 0.01	4.10 ± 0.03 0.63 ± 0.03 1.00 ± 0.01 0.99 ± 0.01
	0.56	(4, 50, 1)	4.00 ± 0.06 0.57 ± 0.06 1.00 ± 0.01 0.99 ± 0.01	4.07 ± 0.05 0.48 ± 0.06 1.00 ± 0.01 0.99 ± 0.01
	0.28	(4, 200, 1)	3.97 ± 0.04 0.34 ± 0.06 1.00 ± 0.01 0.99 ± 0.01	4.00 ± 0.02 0.26 ± 0.02 1.00 ± 0.01 0.99 ± 0.01
		Actual aggregates						Estimated QUS parameters	
		parameters				Isotropic EMTSFM				Isotropic EMTLMA
	r eq /a σ r eq /a (b ag /a, σ b ag , ν f )		r ag	* /a	σ * r ag /a	φ * i	R 2	r ag	* /a	σ * r ag /a	φ * i	R 2
	4.58	1.38	(4, 1.21, 1.5)		4.53 ± 0.07 1.37 ± 0.04 0.99 ± 0.01 0.98 ± 0.01	4.58 ± 0.08 1.26 ± 0.03 0.99 ± 0.01 0.99 ± 0.01
	5.04	1.52	(4, 1.21, 2.0)		4.65 ± 0.08 1.51 ± 0.05 0.99 ± 0.01 0.99 ± 0.01	4.70 ± 0.09 1.39 ± 0.05 0.99 ± 0.01 0.98 ± 0.01
	5.43	1.64	(4, 1.21, 2.5)		4.64 ± 0.15 1.61 ± 0.06 0.99 ± 0.01 0.98 ± 0.01	4.71 ± 0.15 1.47 ± 0.07 0.99 ± 0.01 0.97 ± 0.02
	5.04	2.06	(4, 1.63, 2.0)		4.68 ± 0.19 2.00 ± 0.05 0.99 ± 0.01 0.98 ± 0.01	4.82 ± 0.18 1.82 ± 0.05 0.98 ± 0.01 0.97 ± 0.01
	5.04	0.91	(4, 0.72, 2.0)		4.50 ± 0.05 1.05 ± 0.03 0.99 ± 0.01 0.99 ± 0.01	4.56 ± 0.05 0.95 ± 0.03 1.00 ± 0.01 0.98 ± 0.01
	5.04	0.71	(4, 0.56, 2.0)		4.44 ± 0.04 0.92 ± 0.06 1.00 ± 0.01 0.99 ± 0.01	4.50 ± 0.04 0.85 ± 0.02 1.00 ± 0.01 0.99 ± 0.01
	5.04	0.36	(4, 0.28, 2.0)								

4.39 ± 0.03 0.79 ± 0.03 1.00 ± 0.01 0.99 ± 0.01 4.44 ± 0.03 0.71 ± 0.03 1.00 ± 0.01 0.99 ± 0.01 Table

2

.2: QUS parameters estimated by the EMTSFM and isotropic EMTLMA for the aggregation configuration consisting of randomly oriented ellipsoids. The corresponding goodness-of-fit R 2 is also given.

Table 2

 2 

	Actual aggregate parameters	Estimated QUS parameters -Isotropic EMTLMA (BSC(β)))
	(r eq /a, σ r eq /a) (b ag /a, σ b ag /a, ν f ) D iBSC	r ag	* /a	σ * r ag /a	φ * i	R 2
	(4.58, 1.38)	(4, 1.21, 1.5)	1.9 dB	4.17 ± 0.03 1.31 ± 0.02 1.00 ± 0.00	0.68 ± 0.02
	(5.04, 1.52)	(4, 1.21, 2.0)	3.8 dB	4.15 ± 0.02 1.46 ± 0.03 1.00 ± 0.00	0.32 ± 0.04
	(5.43, 1.64)	(4, 1.21, 2.5)	6.0 dB	4.17 ± 0.02 1.55 ± 0.00 1.00 ± 0.00	0.05 ± 0.03
	(5.04, 2.06)	(4, 1.63, 2.0)	4.3 dB	4.27 ± 0.02 1.69 ± 0.00 1.00 ± 0.00	0.22 ± 0.04
	(5.04, 0.91)	(4, 0.72, 2.0)	3.7 dB	4.16 ± 0.00 1.08 ± 0.02 1.00 ± 0.00	0.44 ± 0.04
	(5.04, 0.71)	(4, 0.56, 2.0)	3.9 dB	4.16 ± 0.02 0.95 ± 0.02 1.00 ± 0.00	0.48 ± 0.02
	(5.04, 0.36)	(4, 0.28, 2.0)	4.6 dB	4.18 ± 0.02 0.78 ± 0.02 1.00 ± 0.00	0.52 ± 0.03
	Actual aggregate parameters	Estimated QUS parameters -Isotropic EMTLMA (BSC(β = 0 o ))
	(r eq /a, σ r eq /a) (b ag /a, σ b ag /a, ν f ) D iBSC	r ag	* /a	σ * r ag /a	φ * i	R 2
	(4.58, 1.38)	(4, 1.21, 1.5)	1.9 dB	4.06 ± 0.06 1.29± 0.04 1.00 ± 0.00	0.39 ± 0.07
	(5.04, 1.52)	(4, 1.21, 2.0)	3.8 dB	4.09± 0.05 1.44 ± 0.06 1.00 ± 0.00	-0.30 ± 0.08
	(5.43, 1.64)	(4, 1.21, 2.5)	6.0 dB	4.21 ± 0.06 1.58 ± 0.05 1.00 ± 0.00	-0.86 ± 0.1
	(5.04, 2.06)	(4, 1.63, 2.0)	4.3 dB	4.15 ± 0.02 1.64 ± 0.03 1.00 ± 0.00	-0.71 ± 0.1
	(5.04, 0.91)	(4, 0.72, 2.0)	3.7 dB	4.08 ± 0.04 1.07 ± 0.04 1.00 ± 0.00	-0.07 ± 0.06
	(5.04, 0.71)	(4, 0.56, 2.0)	3.9 dB	4.10 ± 0.02 0.94 ± 0.04 1.00 ± 0.00	-0.02 ± 0.04
	(5.04, 0.36)	(4, 0.28, 2.0)	4.6 dB	4.15 ± 0.03 0.73 ± 0.05 1.00 ± 0.00	0.04 ± 0.05

.3: QUS parameters estimated by the isotropic EMTLMA from BSC(β)), for the aggregation configuration consisting of aligned prolate ellipsoids. The corresponding goodness-of-fit R 2 is also given. Table

2

.4: QUS parameters estimated by the isotropic EMTLMA from BSC(β = 0 o ), for the aggregation configuration consisting of aligned prolate ellipsoids. The corresponding goodness-of-fit R 2 is also given.

Table 2 .

 2 5: QUS parameters estimated by the anisotropic EMTLMA for the aggregation configuration consisting of aligned prolate ellipsoids. The corresponding goodness-of-fit R 2 is also given.

	58, 1.38)	(4, 1.21, 1.5)	1.9 dB	4.17 ± 0.05 1.11 ± 0.02 1.50 ± 0.03 0.99 ± 0.01 0.96 ± 0.01
	(5.04, 1.52)	(4, 1.21, 2.0)	3.8 dB	4.15 ± 0.05 1.11 ± 0.04 2.02 ± 0.04 0.99 ± 0.01 0.95 ± 0.01
	(5.43, 1.64)	(4, 1.21, 2.5)	6.0 dB	4.19 ± 0.05 1.10 ± 0.03 2.52 ± 0.04 0.98 ± 0.01 0.95 ± 0.01
	(5.04, 2.06)	(4, 1.63, 2.0)	4.3 dB	4.27 ± 0.06 1.50 ± 0.04 2.02 ± 0.03 0.97 ± 0.01 0.93 ± 0.01
	(5.04, 0.91)	(4, 0.72, 2.0)	3.7 dB	4.08 ± 0.02 0.65 ± 0.01 2.01 ± 0.02 0.99 ± 0.01 0.97 ± 0.01
	(5.04, 0.71)	(4, 0.56, 2.0)	3.9 dB	4.05 ± 0.02 0.51 ± 0.01 2.00 ± 0.03 0.99 ± 0.01 0.98 ± 0.01
	(5.04, 0.36)	(4, 0.28, 2.0)	4.6 dB	4.02 ± 0.01 0.28 ± 0.01 2.00 ± 0.02 1.00 ± 0.01 0.98 ± 0.01

Figure (2.15

Table 2 .

 2 6 summarizes the advantages and limitations of the scattering models used for the estimation of QUS parameters. Size distribution (b ag , σ b ag )

	Model	QUS	Advantages	Limitations
		Parameters		
	Isotropic EMTSFM	• Size distribution (r ag , z ag )	• Exact model	• Radius PDF is restricted to a gamma distribution
		• Compactness (φ i )		• Only consider spherical aggregates
	Isotropic EMTLMA	• Size distribution (r ag , z ag )	• Any radius PDF	• Valid for moderate level of polydispersity
		• Compactness (φ i )		• Only consider spherical aggregates
	Anisotropic EMTLMA •		

  Table 5.2: Sound speed c l and attenuation coefficient α o for the reference, isotropic and anisotropic media measured at β=0 o .

		c l (m/s)	α o (Np/cm/MHz) ×10 -3
	Reference	1504.5± 0.2	7.5±0.6
	Isotropic	1505.6 ±0.8	6.2±1.7
	Anisotropic 1520.2 ±0.8	59.2 ± 7.0

  Table5.3: Measured beam steering angle β meas . The maximum amplitude of P II, A max , for each beam direction, and the goodness of fit coefficient R 2 of the linear fitting used to compute β meas are also reported. The uncertainty for A max is the one reported in the hydrophone data sheet (available on https://www. acoustics.co.uk/pal/wp-content/uploads/2016/05/nh0500-0.5mm-needle-hydrophone-tds.pdf).

	Set up β β meas ±0.4 o	R 2	A max ±18%(KPa)	β meas ±0.4 o	R 2	A max ±18%(KPa)
	0 o	-0.4 o	0.723	1925.4	0 o	0.551	314.9
	-5 o	-5.6 o	0.986	1996.4	-4.9 o	0.992	310.0
	-10 o	-7.7 o	0.994	1986.8	-9.4 o	0.998	284.2
	-15 o	-11.4 o	0.996	1607.4	-14.1 o	0.999	239.6
	-20 o	-17.0 o	0.997	1308.9	-18.1 o	0.999	214.4
	-25 o	-20.7 o	0.998	918.5	-22.3 o	0.999	163.8
	-30 o	-24.8 o	0.999	411.2	-27 o	0.999	114.2
	5.2.2 Measurements of the spectrum-based parameters		
	5.2.2.1 Isotropic medium					

Discussion

The comparison between power spectral densities of both probes shows that the CMUT probe presents a broader bandwidth with respect to the piezoelectric probe, which was evidenced in different studies, e.g. ( [Savoia et al., 2012]).

On the other hand, the distortion observed for the insonification angles of ± 20 o and ±25 o in the power spectral densities obtained from the piezoelectric probe, for the isotropic medium and the reference medium, could be mainly due to an effect of non-linear beam propagation, because of the higher amplitude pressure generated by the piezoelectric probe as compared with the CMUT probe, under the experimental conditions, or/and to the effects of cross-talk. The hypothesis of non-linear beam propagation was tested by performing experiments with lower amplitudes for the excitation signal, obtaining the same distortion in all the cases. Therefore, it can be concluded that this distortion is mainly caused by the crosstalk effects, which produce significant deviations of beam directions in cases other than β=0 o and -5 o with respect to the beam adjustment direction.

BSC and iBSC

For the isotropic medium, the absolute error with respect to the benchmark in the 7-13 MHz bandwidth, was less than 1 dB, for the BSC measurements and less than 0.2 dB for the iBSC measurements, for all the beam directions studied, for the two probes. Considering that relative errors less than 2 times the standard deviation of the measurements are not significant, the results show that both probes provided satisfactory measurements of the BSC and iBSC for the different beam directions studied in the 7-13 MHz bandwidth. However, given that the receiving beamforming is performed using the set-up beam direction, the results for the insonification angles β=-10 o , -15 o and -20 o for the piezoelectric probe, and β=-20 o for the CMUT

Appendices

Appendix A

The gyration tensor

The gyration tensor, G mn , it is a second order tensor, which represents the second moments of positions of a collection of particles. G mn can be defined as

where m, n = 1, 2, 3 refer to cartesian coordinates x, y, z respectively, ρ(r) is the number density of particles at position r, V is the total volume , and

.

For an aggregate of volume V ag , which enclosed N homogeneous spheres of radius a p , we have ρ(r) = 1/V ag within of particles 0 otherwise, and without loss of generality assuming n x=0, the components of G T correspond to

where x i , y i , z i represent the position of the center of the particle i th , and x , y , z represent the coordinate system with the origin in the center of the particle, as depicted in Fig. (A.1).

Using spherical coordinate system, we have x = r sin θ cos φ, y = r sin θ sin φ, z = r cos θ and d 3 r = r 2 sin θdrdθdφ, where r varies from 0 to a p , θ from 0 to π, and φ from 0 to 2π. Thus, the integral of the terms x , y and z are zero, as well as the integral of the terms x y , y z and z x , because 2π 0 cos φdφ = 2π 0 sin φ cos φdφ = 0, so that  

3) is the usual definition found in the polymer analysis for the gyration tensor( [Arkın andJanke, 2013, Theodorou and[START_REF] Theodorou | [END_REF]), where the particle size is neglected, in contrast to Eq. (A.2) In general, the eigenvalues of G T , λ 1 , λ 2 , λ 3 , can be associated as the second moments of position along the main axes system, and can be used to get shape descriptors, such as the radius of gyration R g , the relative shape anisotropy ε 2 , and the asphericity ϑ. Being, λ 1 ≥ λ 2 ≥ λ 3 , these descriptors are defined as

Given that R g for an homogeneous ellipsoid with semi-minor axes b

it can be deduced

where r 23 and r 13 are defined as

Now for the particular case of an homogeneous prolate ellipsoid with b 3 = b 2 = b, and b 1 = νb (where

where b and ν are the semi-minor axis and the axial ratio of the prolate ellipsoid, respectively.

Appendix B

Effective radii of an ellipsoidal aggregate Appendix C

Measurements of the acoustical parameters of the tissue-mimicking phantoms

The longitudinal sound speed and attenuation coefficient of the reference medium and the isotropic medium at β=0 o were experimentally measured using a laboratory-based ultrasound system with a 7.5 MHz single unfocused transducer (IMASONIC 7173 A101), which allows to transmit a ultrasound signal, and collect the backscattered ultrasound signals with a sampling frequency of 250 MHz. Fig. (C.1) shows the experimental set-up used to measure the longitudinal sound speed and attenuation coefficient of the reference medium and the isotropic medium. The figure represents the distance between the transducer and the medium l w , the thickness of the sample l m , an example of the recorded two-way echo with and without the sample, y m (t) and y w (t), respectively. Also represented are the time of flying of the echo-signal that travels through water, the medium and then is reflected by the bottom interface, ∆t m , and the time of flying of the echo-signal that travels only through the water and is reflected by the bottom interface , ∆t w , as well as the time of flying of the reflected echo at the sample interface∆t 1 . The procedure consists in:

1. The investigated medium (the reference medium or the isotropic medium) is put in distilled water.

2. Using the ultrasound system in pulse-echo mode with an unfocused ultrasound transducer, an ultrasound beam x(t) is transmitted, and y m (t) is acquired, as depicted in Fig. ( C.1a). (An unfocused ultrasound beam is preferred over a focused one, because it is desired to have an uniform beam profile along the ultrasonic path, otherwise some corrections have to be implemented).

3. The investigated medium is removed, and the previous step is repeated to acquire y w (t), as depicted in The longitudinal sound speed in the medium, c l , is computed from y m (t), y w (t) and the sound speed in distilled water c w (which is known from the temperature of water based on [Del Grosso and Mader, 1972]), as 
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