
 

Aus der Klinik für Radiologie 
der Medizinischen Fakultät Charité ï Universitätsmedizin Berlin 

 
 

 

 
DISSERTATION 

 

 

Quantification of the biophysical properties of the liver in correlation with 
microstructural and vascular changes using multimodal imaging  

 
Quantifizierung der biophysikalischen Eigenschaften der Leber in 

Korrelation mit mikrostrukturellen und vaskulären Veränderungen unter 
Verwendung multimodaler Bildgebungstechniken. 

 

 

zur Erlangung des akademischen Grades  
Doctor of Philosophy (PhD) 

 

 

vorgelegt der Medizinischen Fakultät  
Charité ï Universitätsmedizin Berlin 

 

 

von  
 
 

Yasmine Safraou 
 

 

 
 
Datum der Promotion: 28.02.2025 



 

 



 i 

Table of contents 

List of tables ................................................................................................................ iv 

List of figures ................................................................................................................ v 

List of abbreviations .................................................................................................. viii 

Abstract ........................................................................................................................ 1 

1 Introduction ........................................................................................................... 3 

1.1 Historical perspective on diagnostic techniques for hepatic diseases ............... 3 

1.2 The emergence of magnetic resonance elastography ....................................... 4 

1.3 Hepatic structure ............................................................................................... 5 

1.4 Elucidating liver biophysical properties: previous MRE applications alongside 

other modalities ............................................................................................................ 5 

1.5 Study design ..................................................................................................... 6 

2 Theory ................................................................................................................... 8 

2.1 Viscoelastic theory ............................................................................................ 8 

2.2 Electrical analogy ............................................................................................ 13 

2.3 The equation of motion .................................................................................... 16 

2.4 Biphasic poroelasticity in soft liver tissue ........................................................ 18 

2.5 Magnetic resonance elastography................................................................... 21 

2.6 Diffusion-weighted imaging ............................................................................. 24 

3 Methods .............................................................................................................. 25 

3.1 Animal experiments ......................................................................................... 25 

3.1.1. Study 1: Ex vivo liver phantom and fluid inflow preparation ..................... 25 

3.1.2. Study 2: Rabbit preparation for imaging protocol implementation ............ 29 

3.1.3. Study 3: Zebrafish preparation for imaging protocol implementation ....... 29 

3.2 Multiparametric MRI and PET measurements ................................................. 30 

3.2.1 Study 1: T2-weighted and diffusion-weighted imaging ............................. 30 

3.2.2. Study 2: T1-weighed imaging and PET measurements ........................... 30 



 ii 

3.2.3. Study 3: T2-weighted measurements ....................................................... 32 

3.3 Multifrequency MRE measurements ............................................................... 33 

3.4 Image post-processing .................................................................................... 34 

3.4.1 Study 1 ..................................................................................................... 34 

3.4.2 Study 2 ..................................................................................................... 35 

3.4.3 Study 3 ..................................................................................................... 36 

3.5 Post-mortem tissue characterization ............................................................... 37 

3.5.1 Study 1: Preparations for macro and microscopic observations............... 37 

3.5.2 Study 2: Metabolic characterization of healthy liver samples ................... 37 

3.5.3 Study 3: Tissue staining to identify brain subregions and neuroblastoma 38 

3.6 Statistical analyses .......................................................................................... 38 

3.6.1 Study 1 ..................................................................................................... 38 

3.6.2 Study 2 ..................................................................................................... 38 

3.6.3 Study 3 ..................................................................................................... 39 

4 Results ................................................................................................................ 40 

4.1 mpMRI and multifrequency MRE..................................................................... 40 

4.1.1 Study 1 ..................................................................................................... 40 

4.1.2. Study 2 ..................................................................................................... 46 

4.1.3. Study 3 ..................................................................................................... 47 

4.2 Post-mortem tissue characteristics .................................................................. 49 

4.2.1 Study 1: Changes in vascular and extracellular structures under  elevated 

pressure .............................................................................................................. 49 

4.2.2 Study 2: Liver stiffness as a potential marker for hepatic metabolic 

functions .............................................................................................................. 49 

4.2.3 Study 3: Comparison of high-resolution SWS, ʒ maps and histology ...... 53 

4.3 Correlation analyses ........................................................................................ 54 

4.3.1 Study 1: Linear mixed model analyses ..................................................... 54 

4.3.2 Study 2: Correlation of metabolic functions with MRE parameters ........... 54 



 iii 

5 Discussion ........................................................................................................... 55 

5.1 Summary of results ......................................................................................... 55 

5.2 Interpretation of results .................................................................................... 56 

5.2.1 Study 1: The Impact of varied fluid distribution patterns on liver biophysical 

properties detected through complementary SWS and ADC analysis ................ 56 

5.2.2. Study 2: Metabolic heterogeneity in healthy liver specimen modulates  

stiffness and viscosity ......................................................................................... 58 

5.2.3. Study 3: Micromechanical SWS and ʒ are sensitive to microarchitectural 

differences constituting the zebrafish brain ......................................................... 60 

5.3 Embedding the results into the current state of research ................................ 60 

5.4 Limitations ....................................................................................................... 64 

5.5 Implications for practice and/or future research .............................................. 64 

6 Conclusion .......................................................................................................... 66 

Reference list ................................................................................................................. 68 

Statutory declaration ...................................................................................................... 75 

Declaration of my contribution to the publications ......................................................... 76 

Publications ................................................................................................................... 79 

List of publications ....................................................................................................... 118 

Curriculum Vitae .......................................................................................................... 120 

Acknowledgments ....................................................................................................... 123 

 

 

 



 iv 

List of tables 

Table 1: Rheological models, formulas and schematic representationséééééé..15 

Table 2: All scenarios with liver states, embedding gel consistencies, box dimensions 

(length (L) x width (W) x height (H)), and inflow solutions utilized for each scenarioé..27 

Table 3: MRE hardware and measurement parameters for all studies. SE-EPI stands 

for spin echo-echo planaré..ééééééééééééééééééééééééé33 

Table 4: Summary of all baseline values, including group means, standard deviations, 

and pairwise comparison results for vessel volume, tissue volume, vessel tissue volume 

fraction (VTVF), apparent diffusion coefficient (ADC) and shear wave speed (SWS) [55] 

(Table from Safraou et al. (2023))ééééééééééééééééééééééé40 

Table 5: Values for matrix stiffness (in m/s), fluid dynamic viscosities (– in mPa.s)  

densities (ɟ in kg/mį) as baseline pressure (0 cmH2O) for all scenarioséééééé..41 

Table 6: Group mean values and standard deviations of vessel volume in cm³, tissue  

volume in cm³, VTVF, ADC (with or without vessels) and SWS (with or without vessels)  

acquired at all static portal pressure levels for all scenarios. p values and effect sizes Ű 

are provided. [55] (Table from Safraou et al. (2023)).éééééé..éééééééé45 

Table 7: The maximum metabolic capacities of fatty acid metabolism and biosynthetic 

processes in two distinct metabolic clusters of healthy rabbit liver samples. The table 

presents mean and SD values for various metabolic parameters, along with 

corresponding p-values indicating significant differences between the two clusters 

[56]éééééééééééééééééééééééééééééééééééé52 

  



 v 

List of figures 

Figure 1: (a) Definition of the nomenclature to denote stress tensor elements „ .  

A similar convention is used to represent the strain tensor ‭ . The stress and strain  

symmetric tensors are given as „  and ‭ . (b) Definition of the nomenclature to 

illustrate compression and shear strains under compressive or shear forces denoted as 

F [7] (Figure edited from Hirsch et al. (2017))ééééééééé................................10 

Figure 2: Direct comparison between sinusoidal curves of the purely elastic behavior 

(red continuous curve) and the purely viscous behavior (blue interrupted curve [7] 

(Figure edited from Hirsch et al. (2017))éééééééééééééééééééé.12 

Figure 3: Poroelastic liver structure. (a) Sketch illustrating the poroelastic nature of the 

liver, composed of interconnected fluid-filled pores (dark pink) and a solid matrix (light 

pink). (b) The hepatic lobular structure [10] (Figure inspired from Lorente et al. 

(2020))ééééééééééééééééééééééééééééééééé.é18 

Figure 4: Stepwise process for generating biomechanical maps for human or animalsô 

liver using multifrequency magnetic resonance elastography (MRE) (Figure inspired 

from Sack et al. [41] (2023))ééééééééééééééééééééééééé.23 

Figure 5: Decolagulation process of the rat liver. (a) Image depicting a bloody liver. (b) 

Subsequent flushing of blood with a heparinized phosphate buffer saline (PBS) solution 

resulted in a clean liver appearance. (c) The final image shows the explanted liver with 

closed vessels except for the cannulated PV (This figure was created specifically for this 

manuscript)éééééééééééééééééééééééééééééééé..26 

Figure 6: Schematic representation of all experimental scenarios: unconfined, confined, 

confined-fixed and confined-viscous. The illustrations depict differences in inflow  

solutions, embedding gels and liver states. (b) The technical setup for imaging, 

conducted on a 3T scanner at room temperature [55] (Figure from Safraou et al. 

(2023))éééééééééééééééééééééééééééééééééé..28 

Figure 7: (a) Experimental setup for healthy liver investigation in female rabbit using 3T 

PET/MRI (b) Representative MRE magnitude image and wave fields shown at 50 Hz for 

the three-motion encoding components. PET stands for positron emission  



 vi 

tomography while MRI stands for magnetic resonance imaging [56] (Figure from 

Shahryari et al. (2023))éééééééééééééééééééééééééé.é.31 

Figure 8: (a) Setup for zebrafish MRE in a 7T preclinical MRI scanner [57]. (b) The 

MRE magnitude image is shown in greyscale, while the wave images at 1000, 1200 and 

1400 Hz are shown in colour, demonstrating the through-plane wave component  

encoded by the sequence [57]. (Figure adapted from Jordan et al. (2021))ééééé.32 

Figure 9: T2 weighted images (T2w), apparent diffusion coefficient (ADC) maps, MRE 

shear wave field images at 160 Hz and SWS maps, obtained at two portal pressure  

levels 0 (baseline) and 17.5 cmH2O, shown for four scenarios [55] (Figure from Safraou 

et al. (2023))éééééééééé...ééééééééééééééééééééé.43 

Figure 10: Swarm plots illustrating the evolution of the imaging parameters: (a) vessel 

tissue volume fraction (VTVF). (b) ADC and (c) SWS over increasing portal pressure (in 

cmH2O) of livers in unconfined (green), confined (yellow), confined-fixed (orange), and 

confined-viscous (blue) [55] (Figure from Safraou et al. (2023))éééééééééé44 

Figure 11: Comparisons between stiff and soft liver groups, with SWS > 1.6 m/s  

considered as stiff livers, while SWS < 1.6 m/s considered as soft livers. (a) MRE  

magnitude, and AC PET images with variations in standardized uptake values (SUV).  

(b) SWS and PR in m/s maps. AC PET stands for attenuated-corrected PET [56] 

(Figure adapted from Shahryari et al. (2023))éééééééééééééééééé46 

Figure 12: From top to bottom, coronal slices of magnitude images, SWS, and phase 

angle (•) maps, followed by a lateral view composite microscopy image of the zebrafish 

[57] (Figure adapted from Jordan et al. (2021))ééééééééééééééééé.47 

Figure 13: Boxplots of SWS and phase angle (ű) comparisons in (a) and (c),  

respectively, for skeletal muscle (SM), neuroblastoma (T), and whole brain (B) in  

transgenic zebrafish. Additionally, (b) and (d) display boxplots of SWS and ű,  

respectively, comparing group mean values of cerebellum (CB), midbrain (MB), optic 

tectum (OT), and telencephalon (TC) for the pooled group, including transgenic and 

wild-type zebrafish [57] (Figure adapted from Jordan et al. (2021))éééééééé..48 

Figure 14: Photos and microscopy images of livers in unconfined, confined,  

confined-fixed and confined-viscous scenarios. (a) Photographs of livers after mp-MRI 



 vii 

showing the whole liver as well as the cross-sectional area of the median liver lobe.  

(b) Microscopy images of thin liver pieces (ca. 1 mm) manually sliced from the livers 

shown in (a), blood vessels are indicated by the arrows, the images were taken at × 5 

magnification. Livers in (c) and (d) were processed for histology and stained with  

Haematoxylin and Eosin (H&E). With × 10 magnification, sinusoids are visible in (c).  

In (d), the central vein and the surrounding hepatocytes are well depicted with × 40  

magnification [55] (Figure from Safraou et al. (2023))éééééééééééééé..51 

Figure 15: (a) Boxplots illustrating significantly different metabolic capacities between 

the stiff and the soft liver groups. (b) boxplots depicting differences in PR and SWS  

between stiff and soft liver groups. TAG stands for Triacylglycerol [56] (Figure adapted 

from Shahryari et al. (2023))ééééééééééééééééééééééééé.52 

Figure 16: Comparison of SWS and • maps with histology. Tyrosine hydroxylase (TH) 

and H&E staining highlight cancer tissue in green (TH) and purple (H&E), respectively. 

[57] (Figure from Jordan et al. (2021))éééééééééééééééééé.éé...53 

Figure 17: Depicts biological changes occurring across various scales within the liver. 

[7] (Figure inspired from Hirsch et al. (2017))éééééééééééééééééé63 

 

 



 viii 

List of abbreviations 

2D Two-dimensional 

3D  Three-dimensional 

3T 3-Tesla 

7T 7-Tesla 

ACAC Acetylacetone 

ADC Apparent diffusion coefficient 

BD Bile duct 

cACLD Advanced chronic liver disease 

CB Cerebellum 

DTI Diffusion tensor imaging 

DWI Diffusion-weighted imaging 

ECM Extracellular Matrix 

FT Fourier transform 

FoV Field of view 

H&E Hematoxylin and eosin 

HA Hepatic artery 

IFP Interstitial fluid pressure 

IVC Inferior vena cava 

k-MDEV Wavenumber-based multi-frequency dual elasto-visco inversion 

LC-MS Liquid chromatography-mass spectrophotometry 

MAFLD Metabolic-associated fatty liver disease 

MB Midbrain 

MDEV  Multi-frequency dual elasto-visco inversion 

MEG Motion encoding gradient 



 ix 

MRE Magnetic resonance elastography 

MRI Magnetic resonance imaging 

Mp-MRI Multiparametric magnetic resonance imaging 

NAFLD/NASH Non-alcoholic fatty liver disease/non-alcoholic steatohepatitis  

NMR Nuclear magnetic resonance 

OT  Optic tectum 

PET  Positron emission tomography 

PR Penetration rate 

PV  Portal vein 

RARE Rapid acquisition with relaxation enhancement 

ROI Region of interest 

SHBC Suprahepatic vena cava 

SM Skeletal muscle 

 

SNR signal-to-noise ratio 

SWS Shear wave speed 

T1w T1-weighted 

T2w  T2-weighted 

 

TAG Triacylglycerol 

 

TC Telencephalon 

TE Echo time 

TR Repetition time 

USE Ultrasound elastography 

VLDL Very Low-density lipoprotein 

VTVF Vessel tissue volume fraction 



Abstract 1 

Abstract 

The liverôs metabolic function relies on its intricate, fractal matrix architecture  

with densely packed cells near abundant vasculature. However, the interactions within 

the liverôs solid-fluid compartments, their changes with hemodynamic and metabolic 

function, and their influence on the coarse-grained biophysical properties of the organ 

as measured by medical imaging techniques remain poorly understood. To address this 

gap, we conducted three pre-clinical studies using multi-frequency magnetic resonance 

elastography (MRE), multiparametric magnetic resonance imaging (mp-MRI), and 

histological and biochemical tissue characterizations.  

Firstly, we investigated hepatic solid-liquid interactions and their impact on liver 

biophysical properties. Twenty ex vivo rat livers were examined by MRE and mp-MRI in 

four scenarios of liver confinement, tissue crosslinking, and fluid viscosity at different 

portal pressures (0 to 17.5 cmH2O). Increased pressure led to significantly higher 

vessel-tissue volume fraction (VTVF), and water diffusivity, particularly in unconfined 

livers (VTVF: 300 ± 120 %, p < 0.05, water diffusivity: 88 ± 29%, p < 0.01). Hepatic 

softening was observed in confined and unconfined livers, with and without tissue 

crosslinking (-12 ± 5%, p < 0.05), while perfusion with high-viscous fluid stiffened the 

liver (11 ± 4%, p < 0.001).  

Secondly, we studied MREôs ability to predict hepatic functional reserve capacity. 

Nineteen female rabbits were examined using a PET/MRI scanner to quantify hepatic 

stiffness and viscosity. Proteomics-based modelling assessed the liverôs metabolic 

function. Stiff livers had a low triacylglycerol storage capacity and high glucogenesis 

and cholesterol synthesis capacities. Soft livers had the opposite profile. Stiffness 

correlated with glucogenesis (R = -0.5, p < 0.05), while liver viscosity was associated 

with urea production (R = -0.5, p < 0.01) and glutamine exchange (R = -0.47, p < 0.05).  

Thirdly, we developed microscopic MRE to investigate the biomechanical properties of 

healthy and neuroblastoma-bearing zebrafishes with 60 µm in-plane resolution. Using a 

7T preclinical scanner, maps of stiffness and fluidity were generated which revealed 

distinct biomechanical characteristics among different brain subregions and 

neuroblastoma. Specifically, the midbrain was stiffer than the optic tectum and the 

telencephalon, while the fluidity of the cerebellum was higher than that of the 

telencephalon and optic tectum. Neuroblastoma was the softest and the least viscous 

among all tissues. 

Together, the three preclinical MRE-mpMRI studies established the relationship 

between macroscopic biomechanical properties and structural-functional parameters, 

such as vascular-fluid properties, metabolic capacities, and microscopic tissue 

architecture. These findings highlight the sensitivity of biophysics-based imaging to 

tissue structure-functional properties, essential for developing diagnostic imaging 

markers for hepatic pathologies and neuroblastoma.  
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Zusammenfassung 
 

Die Stoffwechselfunktion der Lebe hängt von ihrer feinen, fraktalen 

Matrixarchitektur aus dicht gepackten, von zahlreichen Blutgefäßen versorgten, Zellen 

ab. Die Wechselwirkungen innerhalb dieser fest-flüssigen Leberkompartimente und ihr 

Einfluss auf die makroskopischen, biophysikalischen, durch medizinische Bildgebung 

Messbaren Eigenschaften des Organs sind noch unzureichend verstanden. Um diese 

Wissenslücke zu schließen, führten wir drei präklinische, die Multifrequenz 

Magnetresonanz-Elastographie (MRE), multiparametrische Magnetresonanz-

tomographie (mp-MRI) sowie histologische und biochemische Gewebe-

charakterisierungen umfassende Studien durch. 

In der ersten Studie untersuchten wir mechanische Wechselwirkungen zwischen den 

festen und flüssigen Komponenten der Leber und deren Auswirkungen auf die 

biophysikalischen Eigenschaften. 20 ex vivo Rattenlebern wurden künstlich durchblutet 

und mittels MRE und mp-MRI, in vier Szenarien mit variierter Lebereinbettung, 

Gewebevernetzung, Viskosität des Perfusionsmediums sowie variiertem Portaldruck 

untersucht. Mit steigendem Druck nahmen, insbesondere bei nicht eingebetteten 

Lebern, der Gefäß-Gewebe-Volumenanteil (VTVF) und die Wasserdiffusion signifikant 

zu. In allen Szenarien, außer bei erhöhter Viskosität des Perfusionsmediums, die zu 

einer Versteifung der Leber führte, wurde ein Lebererweichung beobachtet. 

In der zweiten Studie untersuchten wir ob mittels MRE, die funktionelle 

Reservekapazität der Leber vorhergesagt werden kann. 19 Kaninchen wurden mit 

einem PET/MRI-Scanner untersucht, um Lebersteifigkeit und -viskosität zu messen. 

Steife Lebern zeigten eine niedrige Triacylglycerinspeicherkapazität und hohe 

Glukogenese- und Cholesterinsynthesekapazitäten, während weiche Lebern das 

gegenteilige Profil aufwiesen. Steifigkeit korrelierte negativ mit der Glukogenese  

(R = -0,5, p < 0,05), und Viskosität mit der Harnstoffproduktion (R = -0,5, p < 0,01) und 

dem Glutamin-Austausch (R = -0,47, p < 0,05). 

In der dritten Studie entwickelten wir mikroskopische MRE, um die biomechanischen 

Eigenschaften gesunder und Neuroblastom-befallener Zebrafische zu untersuchen. Mit 

einem 7T-Scanner wurden hochaufgelöste Steifigkeits- und Fluiditätskarten der 

Zebrafischhirne erstellt, die unterschiedliche biomechanische Eigenschaften in 

verschiedenen Hirnsubregionen und bei Neuroblastomen zeigten. Besonders das 

Mittelhirn war steifer als das optische Tektum und das Telencephalon, während das 

Kleinhirn eine höhere Fluidität aufwies. Neuroblastome zeigten die geringste Steifigkeit 

und Viskosität aller untersuchten Gewebe. 

Zusammenfassend zeigten die drei präklinischen MRE-mpMRI-Studien, dass 

makroskopische biomechanische Eigenschaften wie Steifigkeit und Fluidität mit 

strukturellen und funktionellen Parametern wie Gefäß-Fluidität, Stoffwechselkapazität 

und mikroskopischer Gewebearchitektur zusammenhängen. Diese Erkenntnisse 

unterstreichen die Sensitivität und Bedeutung biophysikbasierter Bildgebung für die 

Entwicklung diagnostischer Marker für hepatische Pathologien und Neuroblastoma. 
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1 Introduction 

1.1 Historical perspective on diagnostic techniques for hepatic diseases 

Throughout history, humans have continuously sought to refine diagnostic  

techniques, such as auscultation, visual observation and manual palpation. Palpation, in 

particular, has been acknowledged for centuries as a reliable method for detecting  

superficial abnormalities like nodules and oedema, despite its limitations in reaching 

deeper tissues [1]. Over the past century, medical imaging has transformed clinical  

diagnosis by enabling the non-invasive examination of internal tissues and organs.  

X-ray imaging, ultrasound imaging and computed tomography have granted medical  

professionals unprecedented insights into organ anatomy and pathology. Concurrently, 

the discovery of nuclear magnetic resonance (NMR)1 by Felix Bloch and Edward  

Purcell in 1940 laid the groundwork for the development of an additional imaging  

modality: magnetic resonance imaging (MRI) [2].  

MRI generates three-dimensional (3D) images of the human body with a greater degree 

of contrast, allowing for the differentiation of soft tissues, primarily based on their water 

content. Raymond Damadian's research [3] showcased the utility of tissue proton 

density and relaxation times in quantifying disparities between microstructurally distinct 

healthy and tumor tissues [3]. Subsequent advancements continued to refine and  

expand quantitative imaging methodologies, with techniques such as diffusion-weighted 

imaging (DWI). The introduction of DWI significantly enhanced the capacity of MRI to 

detect water mobility within tissues, thereby increasing MRI sensitivity to soft tissue  

microstructure [4]. 

The investigation of fibrotic livers by MRI may yield images that appear similar to those 

of a healthy liver, despite the liver being in advanced disease stages and the presence 

of underlying microstructural alterations. Consequently, invasive biopsy has been the 

gold-standard diagnostic tool for many years, enabling the detection and staging of  

fibrosis. [5, 6]. This highlights the pressing need for the development of a quantitative 

imaging method that reflects matrix remodelling and tissue alterations across a 

hierarchy of structural constituents.  

 

1 In 1940, Felix Bloch and Edward Purcell elucidated the principles of nuclear magnetic resonance (NMR) and 
demonstrated the impact of radiofrequency pulses on atomic nuclei placed in a magnetic field. This has provided 
the foundation for magnetic resonance imaging.  
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The haptic sensations experienced during palpation can be described as either ósoftô or 

óstiffô [5]. These diverse tactile perceptions arise from the viscoelastic properties of soft 

tissues, which are shaped by the hierarchical arrangement of solid and fluid  

components, along with microstructure. For instance, the sensation of stiffness may be 

attributed to the abundance of dense collagen fibers in tumors like fibromas, while that 

of softness could result from fluid accumulation such as in cystic formations. One 

promising approach to detecting and staging liver disease is the measurement of 

viscoelasticity, which integrates concepts of elasticity and viscosity, providing a  

framework for modelling soft tissue responses to external forces. Viscoelastic tissue 

properties, explicitly depending on soft tissue microstructure, may change with  

pathological alterations, offering diagnostic potential through comparisons between 

healthy and diseased tissues. Therefore, magnetic resonance elastography (MRE) was 

developed as an imaging method for the non-invasive quantification of tissue  

viscoelastic properties [7, 8].  

1.2 The emergence of magnetic resonance elastography 

Elastography is based on the following principles: first, applying targeted forces to  

specific organs or tissues to induce deformation; second, detecting the resulting  

deformations, typically displacements in the order of micrometer, and third, the  

reconstruction of maps depicting the viscoelastic properties of the tissue or organ of  

interest. The applied deformation forces, consisting of time harmonic vibrations that  

induce shear waves, penetrate organs located deep within the abdominal cavity (e.g. 

liver and kidneys) or those shielded by bony structures (e.g. brain and heart). The 

resulting shear wave images are then analyzed to recover the viscoelastic properties of 

the targeted organ. These properties include the shear wave speed (SWS) which 

serves as a surrogate for tissue stiffness. Moreover, an assessment of the shear waveôs 

damping properties allows for the estimation of organ inverse viscosity, referred to as 

the penetration rate (PR).  

MRE has emerged as a unique imaging modality for quantifying tissue  

biomechanical properties. In the liver, MRE was proven effective in staging hepatic  

fibrosis, revealing a gradual increase in tissue stiffness, concurrent with disease  

progression [9]. These findings confirmed the sensitivity of MRE to fibrous collagen  

deposition and alterations in portal pressure, associated with liver fibrosis. Unlike  
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palpation, MRE is not limited by organ depth and provides quantitative parameters in an 

image-resolved fashion. Thus, MRE might help to overcome sampling errors of biopsies 

and avoid repeated invasive examinations for monitoring disease progression.   

1.3  Hepatic structure 

The liver carries out vital metabolic functions that are reflected in its unique tissue  

architecture. The liver is perfused by two blood inlets: the hepatic artery (HA), which  

supplies the liver with nutrient-rich, oxygenated blood at systolic pressure; and the  

portal vein (PV), which delivers deoxygenated blood at hydrostatic pressure. The 

inferior vena cava (IVC) acts as the main vessel through which deoxygenated blood 

exits the liver. Both hepatic inputs converge in the sinusoidal channels, which permeate 

the entirety of the liverôs micro-structure and facilitate the exchange of nutrients between 

the blood and the hepatocytes. These exchanges drive the metabolic functions within 

hepatocytes including the regulation of plasma metabolites (e.g. glucose, amino acids 

and lipoproteins), the detoxification of metabolic end products (e.g. ammonia, urea) and 

the storage of nutrients (e.g. glycogen, triacylglycerol) [10-12]. Liver lobules, which form  

hexagonal units, represent the liverôs functional unit. They are comprised of sinusoids 

and hepatocyte cords and are supplied by portal triad structures typically composed of 

an HA, PV, and bile duct (BD), irrigating the lobule from its vertices and converging  

towards the center [10-13]. The hepatic architecture could be compared to a poroelastic 

system. Its solid matrix (hepatocytes, cytoskeleton and extracellular matrix) and fluid 

component (blood and extracellular fluid) interact on multiple scales to shape the global 

biophysical properties of the organ [14, 15]. 

1.4  Elucidating liver biophysical properties: previous MRE applications 

alongside other modalities 

MRE, particularly when paired with multiparametric magnetic resonance imaging  

(mp-MRI) has shown great potential in diagnosing diffuse liver diseases [16-19]. For  

instance, hepatic biomechanical properties were demonstrated to be sensitive to 

changes in cellular matrix composition due to inflammation [20, 21], fat accumulation 

[22, 23] and fibrosis [16-18, 20, 24-27]. Moreover, hepatic stiffness showed sensitivity to 

alterations in cellular and stromal integrity [28, 29] extending beyond markers of  

steatohepatitis and fibrosis. Changes in the fluid component, such as variations in  
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hydration [28, 29], prandial states [30] and portal pressures [31, 32] have also been 

shown to influence hepatic stiffness. Furthermore, it was observed that increased portal 

pressure due to portal hypertension leads to vessel dilation, exerting compression onto 

the surrounding matrix and resulting in compression stiffening [33]. Prior research using 

ultrasound elastography (USE) has indicated a potential connection between  

metabolism and biomechanical properties in cancer patients [34]. On a microscopic 

scale, it was found that hepatic biomechanical properties are responsive to tissue  

heterogeneity and single-cell stiffness [35-37].   

 

1.5 Study design 

The impact of short-term physiological changes, such as fluctuations in hepatic portal 

pressure, and long-term metabolic changes on liver stiffness and viscosity, as  

measured by MRE, remains poorly understood. We hypothesize that MRE is sensitive 

to alterations in hepatic portal pressure and metabolism. Furthermore, we propose that 

MRE may be used at different scales, ranging from tens of micrometers to millimeters in 

image voxel sizes, providing the opportunity to examine soft tissue biomechanical  

properties across multiple species at high specificity. To address this hypothesis, we 

designed three preclinical studies aimed at identifying and dissecting the effects of  

hemodynamics, metabolism, and microstructure on the biomechanical properties of the 

liver: 

Á Study 1: The influence of static portal pressure on liver biophysical properties 

The main purpose of study 1 was to assess the impact of factors associated with  

poroelastic interactions on the macroscopic biomechanical liver properties. These  

factors were portal pressure, blood viscosity, organ confinement and tissue crosslinking. 

This study consisted of four different experimental scenarios designed using ex vivo rat 

livers to mimic different hepatic pathophysiology. Our specific objectives within this 

study were:  

(1) To investigate the impact of increasing portal pressure on the biophysical properties 

of the liver utilizing MRE in combination with diffusion-weighted imaging (DWI). 

(2) To explore the association of macroscopic biophysical imaging parameters and the  

hepatic microstructure through detailed histology analysis. 
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(3) To study the influence of interstitial fluid pressure (IFP) on liver biomechanical  

properties by alteration of the fluid distribution between solid and liquid  

compartments. 

Á Study 2: On the relationship between metabolic capacities and in vivo  

viscoelastic properties of the liver 

Study 2 was based on the observation that early stages of non-alcoholic fatty liver  

disease are often associated with metabolic disruptions, which do not necessarily  

progress to structural abnormalities [38, 39]. Given the limited information on potential 

associations between hepatic functions and MRE parameters, study 2 aimed to  

investigate specific metabolic functions that might impact viscoelastic parameters in the 

healthy liver, thereby aiding in early disease detection. Our objective was threefold: 

(1) To establish a standardized imaging protocol for measuring the in vivo rabbit livers 

using a hybrid PET/MRI scanner. 

(2) To assess metabolic heterogeneity in healthy rabbit livers by a proteomics-based 

computational analysis of metabolic capacities. 

(3) To investigate the relationship between specific metabolic functions and their  

potential impact on liver viscoelastic parameters, as measured by MRE.  

Á Study 3: Microscopic multifrequency MR elastography for mapping  

viscoelasticity in zebrafish 

Study 3 aims to examine the sensitivity of macroscopic viscoelastic properties, as  

measured by MRE, to different organ subregions characterized by their distinct  

microarchitecture. The primary goal was to optimize MRE parameters to approach a 

microscopic viscoelastic mapping resolution, allowing for an improved characterization 

of the microstructural variability. To achieve this, we investigated the zebrafish,  

exploiting its optical transparency for high-resolution imaging, and the availability of a 

neuroblastoma-bearing transgenic strain allowing comparative analyses between 

healthy and tumor tissues. Within this study, we outlined three specific objectives.  

(1) To establish an MRI/MRE experimental setup and imaging protocol to scan adult 

zebrafish. 

(2) To generate near-microscopic biomechanical maps with in-plane resolution similar to  

histology images, providing initial reference values of the viscoelastic properties of 

zebrafish muscles, brain subregions and neuroblastoma. 

(3) To explore the relationship between diverse microarchitectures within different brain 

subregions and their impact on macroscopic biophysical imaging parameters.
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2 Theory 

The following section details the theoretical framework underlying our three  

studies. It will cover viscoelastic and poroelastic theories, followed by an exploration 

of the fundamental principles of MRE. 

2.1 Viscoelastic theory 

Soft materials exhibit complex responses to external, time-dependent forces, 

governed by two fundamental physical properties: elasticity and viscosity. The  

interaction between an object and external forces can be elucidated in terms of 

óstressô and óstrainô. Stress refers to the force applied to an object's surface, while 

strain represents the resulting deformation. Both stress and strain are quantifiable 

variables [8]. Stress is defined as the external force per unit area acting on an 

infinitesimal surface at a given point. In its tensorial form, stress is expressed in a 

cartesian coordinate system by nine components ůij, where (ὭȟὮ) ᶰ ρȟςȟσ. Each 

stress component is calculated as: 

 

ʎ  
Ὂ

!
ρ 

 

Where & is the applied force in the direction of Ὥ in Newtons (N) and Aj is the area 

(m²) subjected to the applied force. Stress components may be classified as either 

diagonal elongation components (Ὥ Ὦ), or off-diagonal, shear components (Ὥ Ὦ). 

The stress tensor ʎ is symmetric (ʎ  ʎ ) [8, 40]. 

Strain refers to the deformation of a continuous medium, characterized by the  

displacement field ό. In simpler terms, each point ὶ undergoes a positional shift  

within infinitesimal distances, thereby acquiring a new position ὶ ὶ όὶ.  

The deformation of a purely elastic solid is a fully reversible phenomenon: Once the  

external force is removed, the material regains its original shape without any energy  

dissipation. In the one-dimensional case, a purely elastic deformation ʎ can be  

modelled as a massless spring, where stress and strain are related as follows: 

 

„  Ὁ ‭ ς 
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Ὁ symbolizes Youngôs modulus whereas ‭ denotes the strain. Under the principle of  

Cauchy deformation, strain changes relatively to the initial length of the spring L0, 

such that:  

‭  
Ўὒ

ὒ
σ 

 

In three-dimensional objects and similar to the stress tensor, the strain tensor ‭ may 

be decomposed into diagonal components (Ὥ Ὦ) representing elongation,  

compression or volumetric deformation; and off-diagonal components (Ὥ Ὦ)  

depicting shear deformation with volume preservation. The strain tensor, like the 

stress tensor, is symmetric (צ  In a linear elastic material, the Hookeôs law .(צ 

models the relationship between all stress and strain components as follows:  

ʎ  Ἅ  ‭

ȟ

τ 

  

According to this relationship, the stress „  is a linear function of the strain צ . Ἅ is 

the elasticity tensor, initially composed of 81 independent elements. Under the  

assumption of intrinsic symmetries between the stress and strain tensors  

(Ἅ Ἅ  Ἅ ), and the consequent symmetry within the elasticity tensor itself, 

Ἅ reduces to 21 independent elements. Moreover, under the additional assumption 

of isotropy, the Hookeôs law may be simplified in terms of the Lamé first and second 

constants, respectively ‗ and ‘: 

 

„ ‏ — ‗  ς ‘ ‐ υ 

 

Where ɿ 2 is the Kronecker delta and —3 is the volumetric strain ( ) [8, 41]. The  

parameter ɛ, synonymous with the shear modulus, quantifies the materialôs  

resistance to simple shear strain. Another important parameter is the compression 

 

2 ɿ ρ for Ὥ Ὦ; ɿ π for Ὥ Ὦ 
3 ʃ צ  צ  צ    
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modulus (ὑ), which measures a material's ability to resist uniform compression in the 

form of isotropic pressure. The compression modulus may be expressed as ὑ  , 

where ὴ is the isotropic pressure [8, 41, 42]. Figure 1.a shows the elements of the 

stress tensor in a cartesian coordinate system, while figure 1.b illustrates the  

distinction between compression and shear deformation on a 3D cubic object [43]. 

 

 

Figure 1: (a) Definition of the nomenclature to denote stress tensor elements „ . Similar  

convention is used to represent the strain tensor ‭ . The stress and strain symmetric 

tensors are given as „  and ‭ . (b) Definition of the nomenclature to illustrate compression 

and shear strains under compressive or shear forces denoted as F [8] (Figure edited from 
Hirsch et al. (2017)). 

Given our focus on incompressible soft tissue consisting mostly of water (75%)  

[41, 44] , the deformation becomes nearly solely dependent on the shear stress  

(—ᴼ πȟὑ O Њ. This simplifies the Hookeôs law to:  

 

ʎ  ς ‘ ‭ φ 

 

Unlike purely elastic solids, purely viscous objects retain their deformation and do 

not return to their original shape when the external force is withdrawn. Friction  

between material layers during deformation converts mechanical energy into  

irreversibly dissipated thermal energy. This behavior is represented by a dashpot, 
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which consists of a piston submerged in a viscous fluid that exerts restraining forces 

as the piston travels. In purely viscous materials, the stress „ and strain rate 

‭    are related by Newtonôs viscosity law [8]:  

 

„ – ‭ χ 

 

Here, – is a quantitative representation of the fluid's viscosity, an intrinsic fluid  

property. ‭ is also referred to as deformation velocity. 

In real life, soft tissues exhibit simultaneously linear elastic and purely viscous  

properties, hence described as ñviscoelasticò: When an external load is applied, a  

viscoelastic object deforms and, upon load removal, the object gradually returns 

back to its original shape. However, a complete shape recovery is normally hindered 

by the viscous component [8]. 

Under oscillatory load, the time-harmonic shear stress can be modelled as a  

sinusoidal function of time with an angular frequency ‫  ς ʌ Ὢ. Due to the 

proportional relationship between shear stress and strain, the strain can also be  

expressed as a sinusoidal function of time, lagging behind the stress with a phase 

shift ‰. The complex representation of both the stress and strain yields: 

 

„ᶻ  „ Å
  ψ 

 

‭ᶻ  ‭ Å
  ω 

„ and ‭ being the amplitudes of shear stress and strain respectively and É Ѝ ρ. 

In the context of the Laplace domain, the parameter Ὃz
 
 represents the complex 

shear modulus, which is the ratio of the Laplace transforms of the stress „ ί to the 

strain ‭Ӷ ί: 

 

Ὃz  
„ ί

‭Ӷ ί
ρπ 
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Ὃ z serves as a unified measure of the viscous and elastic properties of a  

homogenous isotropic material. To reach a frequency-resolved form of the complex 

shear modulus, ί can be substituted by É ʖ and Ὃ z can be further expressed as [8]: 

 

Ὃ z  
„ Å    ̕

‭Å 
 
„

‭
 Å ̕ ρρ 

Ὃ z  
„

‭
ÃÏÓ• É ÓÉÎ•  

„

‭
 ÃÏÓ• É 

„

‭
 ÓÉÎ• 

Ὃ z Ὃ É Ὃ  ȿὋȿzϽ Å ρς 

 

We identify from equation (12), two distinct components within the complex shear 

modulus: Ὃ the storage modulus or elastic modulus, and Ὃ  the loss modulus, or 

the viscous modulus. ȿὋȿz is calculated as ȿὋȿz  ЍὋ  Ὃ  and represents the  

magnitude of the complex shear modulus.• is the phase of the complex shear  

modulus and varies in the range of πȟ . For • π, Ὃ π, yielding a real-valued 

Ὃᶻ associated with a purely elastic solid. Conversely, for •   , Ὃ π, resulting in 

a complex-valued Ὃᶻ associated with a purely viscous fluid.• is calculated as [8] : 

 

•  ÔÁÎ
Ὃ

Ὃ
ρσ 

 

Figure 2 below depicts the response of a viscoelastic material to a shear stress, and 

the resulting shear strain sine curves of a purely elastic solid and a purely viscous 

fluid [8, 41, 45]. 
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Figure 2: Direct comparison between sinusoidal curves of the purely elastic behavior (red 

continuous curve) and the purely viscous behavior (blue interrupted curve). The purely  

elastic behavior exhibits no phase shift between the preset and response sine curves, while 

the purely viscous behavior displays a phase shift between the two curves [8] (Figure edited 

from Hirsch et al. (2017)). 

2.2 Electrical analogy 

In the previous section, we discussed modelling a purely elastic solid as a massless 

spring, yielding the relation Ὃ  ‘ where the purely elastic, complex shear modulus 

is independent of frequency. Conversely, a dashpot is commonly used to model 

purely viscous fluids. For time-harmonic excitation with an angular frequency and ‫ 

an amplitude צ, the deformation is ‭ ‭ Å
   and the strain rate reads as ‭ É ‭ . ‫  

Consequently, the stress-strain relationship may be re-written as:  

 

„ ς – É ‫ ‭ ρτ 

 

The complex shear modulus for a purely viscous fluid Ὃ  can be expressed as  

frequency-dependent parameter:  Ὃ É ʖ ʂȢ 

To effectively model the viscoelastic properties of soft biological tissues, it is  

essential to combine the features of springs and dashpots into a unified model. Like  

components in electrical circuits, these mechanical elements can be assembled  

either in series or parallel. The Maxwell model stands for the arrangement of spring 

and dashpot elements in series. In this configuration, the total strain is equivalent to 

the sum of partial individual strains across all circuit elements. The stress-strain  

relation gives:  

‭  ‭ȟ ‭ȟ ρυ 

 

‭  
„

ς

ρ

Ὃ
 
ρ

 Ὃ
ρφ 

 

And the complex shear modulus for the Maxwell model is:  

 

Ὃᶻ  
É ‘ – ‫

É – ‫ ‘
 ρχ 
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The Maxwell model is more akin to a viscous fluid than a solid medium since it  

displays greater loss modulus at low frequencies.  

Another model depicts the arrangement in parallel of spring and dashpot elements: 

the Kelvin Voight model. Following this configuration, the total stress equals the sum 

of partial stresses across the model.  

 

„  „ȟ „ȟ ρψ 

 

„  Ὃ  Ὃ ρω 

 

Consequently, the complex shear modulus of this model is: 

 

Ὃᶻ  ‘ É – ‫ ςπ 

 

While the Kelvin-Voigt model provides a more precise representation of viscoelastic 

solid behavior, it does not account for frequency dependence in the storage  

modulus, commonly found in soft biological tissues.  

Other models use several spring and dashpot elements arranged in more elaborate  

configurations to represent the complex interactions between elastic and viscous  

components [8, 46]. Previously mentioned models in addition to other rheological  

models of interest are shown in Table 1. 
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Table 1: Rheological models, formulas and schematic representations. 

Rheological model ἑ z formula Schematic 

Spring (Hookean) ‘  

Dashpot (Newtonian) – 
 

Kelvin-Voigt ‘ É – ‫ 

 

Maxwell 
É ‘ – ‫

É – ‫ ‘
 

 

Springpot ‘  – É ‫  
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2.3 The equation of motion 

In the context of time-harmonic motion, the Navier equation is derived by  

merging the expressions for axial and shear stresses, given by 

 „  В ὑ ‘ ‭ ς ‘ ‭ and „ ς ‘ ‭ respectively. 

These stress components are multiplied by the Kronecker symbol ŭ and then  

substituted into the balance momentum equation [8]. The assumption of local  

homogeneity eliminates the spatial derivatives of ɛ and K, simplifying the Navier  

equation to its version for isotropic homogeneous solids to: 

 

”◊ ὑ  
τ

σ
‘ᶯ Ͻɳ◊  ‘ ɳ ᶯ ◊ ςρ 

 

Equation (21) is a second-order partial differential equation describing the  

displacement field. The algebraic Helmholtz decomposition separates the three- 

dimensional motion field into two distinct terms: A longitudinal curl-free ᶯ Ͻɳ◊ term, 

and transversal divergence-free ᶯ ◊ term. When applied to the Navier equation, 

this decomposition unveils fundamental characteristics of wave propagation within 

the material, elucidating two distinct types of motion: ὧṶ, representing transversely  

polarized, divergence-free waves associated with shear motion; and ὧȿȿ,  

longitudinally polarized, curl-free wave component depicting compression. For a  

viscoelastic medium, the wave equation of ὧṶ can be expressed in terms of the 

complex shear modulus Ὃ z: 

 

 ◊
Ὃᶻ

”
Ў◊ π ςς 

According to the standard wave equation and equation (22), the following calculation 

of shear wave velocity is then possible: 

373
‘

”
 ςσ 
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With ”4 the mass density for soft tissue, we introduce 373 and 02 as: 

 

373 
ρ

2Å 
”
Ὃz

 
ςȿὋzȿ

”Ͻρ  ÃÏÓ•
ςτ 

 

02  
ρ

ςʌ

ςȿὋzȿ

”Ͻρ  ÃÏÓ•
ςυ 

373 (m/s) serves as a surrogate for tissue stiffness, hence an increase in 373  

corresponds to a stiffer material. 02 (m/s) surrogates for inverse viscosity, meaning 

that a higher 02 indicates a less viscous medium. Furthermore, • in equation (13) 

provides a measure for medium fluidity. These parameters are crucial in  

describing the viscoelastic behavior of soft tissue with varying constitutions. They 

can be frequency-dependent.  

  

 

4 For liver tissue, ” = 1000 Kg/m³  
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2.4 Biphasic poroelasticity in soft liver tissue 

Due to its structure, the liver can be described using a biphasic poroelastic model. 

This model captures its mechanical response to loading while accounting for fluid 

pressure and viscosity, pore size and pore permeability [10, 11, 33, 47]. 

The poroelastic medium is defined by a biphasic structure comprising a solid matrix  

permeated by a fluid-filled pore space. In biological tissues, the solid compartment  

typically consists of cells or ECM, while the fluid compartment is often represented 

by the vascular tree and the interstitial fluid. The lumped poroelastic model simplifies 

this system by assuming that all fluids within the fluid compartment are collectively 

represented as a single entity, while the solid compartment includes all structural 

elements. At each infinitesimal point within the poroelastic material, there exists  

either the solid or the fluid component such as ὠ  ὠ  ὠ.  

 

Figure 3: Poroelastic liver structure. (a) Sketch illustrating the poroelastic nature of the 

liver, composed of interconnected fluid-filled pores (dark pink) and a solid matrix (light 

pink). (b) Hepatic lobular structure consisting of hepatocytes (light pink) vascularized with 

the portal triad (the hepatic artery (HA) is represented in in red, the portal vein (PV) in cyan 

blue, the bile duct (BD) in green and the central vein in purple). The Hepatocytes within 

one lobule receive nutrient-rich blood flow through the sinusoidal structure (in white). The 

fluid motion within one lobule is depicted by arrows in red and cyan blue, while interlobular 

fluid exchanges are represented by black arrows [10] (Figure inspired from Lorente et al. 

(2020)). 
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In a poroelastic medium in equilibrium, the porosity parameter ‍, which represents 

the volume ratio occupied by the fluid compartment, describes the distribution of both 

fluid and solid compartments such as: 

 

‍  
ὠ

ὠ
ςφ 

 

Where ὠ is the volume of the fluid compartment, and ὠ is the total volume. Because 

of material continuity, the volume ratio of the solid compartment can be calculated as 

ρ  ‍ [8, 41].  

Both compartments of the poroelastic object are considered purely elastic with  

real-valued moduli. They are assumed to deform independently. However, their  

deformation fields are coupled. Moreover, in soft tissue, the fluid is assumed to be 

highly incompressible (ὑᴼЊ  and less prone to shear deformation compared to the 

solid, cellular and cytoskeletal structure ‘Ḻ‘ . Consequently, the poroelastic  

response to external pressure may be dictated by the solid compartmentôs response  

[48, 49]. Using the above, the linear stress-strain relationship can be described by 

Hooke's law as follows: 

 

„  -  ‭  ‌ ὴ ςχ 

 

-  and ‌  are constitutive Hookean constants. The pore pressure is denoted by 

the dynamic variable ὴ. In the drained or relaxed scenario, where excess pore  

pressure is dissipated (ὴ π), equation (27) could be simplified to the following [49]:  

 

„  -  ‭ ςψ 

 

When investigating the biomechanical properties of soft tissues like the liver, the 

choice between viscoelastic and poroelastic models depends on the specific  

mechanisms under investigation. Viscoelastic models capture tissue response to 

shear stress, accounting for energy storage and dissipation, thereby offering a  

nuanced understanding of tissue behavior over time. Conversely, poroelastic models 

are valuable for exploring the interaction between solid and fluid compartments in 

porous tissues with significant fluid content, shedding light on how mechanical  



Theory 20 

loading influences fluid flow and distribution. For example, in study 1, we will utilize 

the viscoelastic model to analyze time-dependent behavior under shear stress, while 

also considering the liver's poroelastic properties [8, 15, 41, 42, 50]. 
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2.5 Magnetic resonance elastography 

Magnetic resonance elastography (MRE) allows the non-invasive, multiscale  

mapping of viscoelastic parameters in soft biological tissues. As introduced in  

previous sections, MRE replaces traditional palpation with acoustic waves  

propagating into the region of interest and offers an examination of the deep-seated 

organs with higher sensitivity to microstructural and hemodynamic alterations. It is 

based on three main principles: excitation of the region of interest, motion encoding, 

and the reconstruction of parameter maps [19, 42].  

Acoustic excitation of the region of interest can be achieved using either  

compressed air drivers in clinical settings or piezoelectric drivers in preclinical  

settings, particularly for small animals. The use of piezoelectric drivers can extend 

the frequency range applied in smaller preclinical experiments. MRE is achieved by  

applying harmonic mechanical vibrations at different frequency and amplitude  

combinations, with higher frequencies coupled to higher amplitudes. The  

recommended frequency range for measuring liver in human subjects is typically  

between 30 and 50 Hz. However, for animals as small as rats, mice, or zebrafish, the 

frequency range may be extended to 1400 Hz to generate shorter wavelengths 

 [1, 42, 51].  

The Motion Encoding Gradient (MEG), which can take a multitude of forms, can be 

used to encode time-harmonic motion. Static offset phases, particle flow velocities, 

and particle acceleration are suppressed using zero, first, and second moment  

nulling, respectively. To capture the vector wave displacement, these motion-

sensitizing gradients are placed in the phase, readout, and slice selection encoding 

directions. Accurate determination of phase variations within the complex MRI signal 

requires multiple acquisitions, each sampling the wave with a different phase shift. In 

the same context, synchronization between MEGs and vibration hardware is  

required to ensure that the wave is sampled at specific points of the oscillation cycle  

[42]. 

During the acquisition process, various interferences to the intended shear waveform 

may arise. These include the generation of a mix of shear waves and compression 

waves by the vibration actuators, alongside the liver pulsations induced by the  
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dynamic perfusion of the heart. As shear deformations provide the most accurate  

representation of biomechanical tissue properties, compression waves and noise 

should be suppressed in subsequent image post-processing steps. Firstly, the  

complex MR signal undergoes smoothing followed by the extraction of its real-valued 

phase. The detected soft tissue displacement, modulated by the applied vibration  

frequency, fluctuates in the range of tens of microns. When the displacement  

amplitude exceeds a certain threshold, the encoded phase is wrapped back inside 

the interval ʌȟʌ. To recover accurate phase values, a 2-dimensional (2D) in-plane  

unwrapping algorithm is applied across all three encoding directions. Subsequently, 

the temporal Fourier transform (FT) is performed on the unwrapped phase to extract 

the harmonics corresponding to the driving frequency, which is stored in the first bin 

of the Fourier spectrum. This transformation results in a complex wave field where 

the motion is encoded for each frequency and each MEG direction [1, 42, 51].  

Following the temporal FT, spatial high-pass filtering is applied to the 2D k-space to 

suppress low-frequency compression waves. The k-MDEV algorithm [52] introduces 

a novel method to determining the complex wave vector Ὧ for each of the wave field  

components ό, assuming isotropy and local homogeneity. The complex wave vector 

is denoted as Ὧᶻ  Ὧ É Ὧ  where Ὧ and Ὧ  being its real and the imaginary parts. 

To decompose the wave field into plain waves with multiple propagation directions 

(e.g. ὲ = 4), a directional radial filter can be used. 373 averaged over all field  

components (Ὦ) and vibration frequencies (is then calculated as an (‫  

amplitude-weighted average: 

373 ὶ  
В

Ἲȟ ȟ
  Ἲȟ ȟȟȟ  

В   Ἲȟ ȟȟȟ
ςω

and 02 is calculated as:  

02 ὶ  
В

  Ἲȟ ȟ
  Ἲȟ ȟȟȟ  

В   Ἲȟ ȟȟȟ
σπ

With Ἲ the spatial coordinate vector, and 75
 
ὶȟ‫ȟ‮  an empirical weight function 

 

5 ὡȟȟ ȿ‘ ὶ ȟȟ ‫‮  ȿ   
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[8, 42]. Figure 4 illustrates the MRE measurement methodology and the subsequent 

post-processing steps used for the generation of biomechanical maps via the   

k-MDEV algorithm. 

 

Figure 4: Stepwise process for generating biomechanical maps for human or animal liver 

using multifrequency magnetic resonance elastography (MRE). (a) Several compressed air 

drivers (four in this example) are strategically positioned on the abdomen to target the liver.  

Alternatively, in preclinical settings such as rodent studies, piezoelectric drivers are  

employed. Vibration is applied during the multifrequency MRE measurement. (b) Vibration 

induced motion is encoded in three directions: in-plane (longitudinal and transversal) and 

through-plane (slice direction). The data acquired includes magnitude and multiple phase 

images captured at eight different phase shifts. (c) Wave field reconstruction is  

accomplished through phase unwrapping and fast Fourier transform (FFT). A wave field is 

collected in the three encoded motion directions. Further steps involve radial directional  

filtering in four (or more) directions and subsequent spatial high-pass filtering to recover a 

shear wave field. (d) Resultant maps of shear wave speed (SWS) and penetration rate (PR), 

presented in meters per second (m/s), illustrate the biomechanical properties of a healthy 

human liver, respectively its stiffness and viscosity (Figure inspired from Sack et al. [41] 

(2023)).  
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2.6 Diffusion-weighted imaging 

Diffusion-weighted imaging encodes incoherent motion of water molecules, also 

known as Brownian motion or water diffusion. The information of water  

diffusivity in soft tissues offers valuable insights into the integrity of cellular structures 

and the exchange of fluids between intracellular and extracellular environments 

processes that also influence the tissue biomechanical properties [53].  

To detect diffusion, DWI employs a bipolar diffusion sensitizing  

gradient with two short, high-gradient lobes separated by a time interval (æ) and a 

zeroth moment nulling [53, 54]. The first gradient dephases the magnetization of  

isochromats, causing spins in each voxel to accrue varying phase offsets. During the 

time interval between the two bipolar gradient lobes, these spins travel along a  

variety of random trajectories [53, 54]. As the particles move farther away from their 

initial position, they accumulate to a higher phase. The second lobe of the bipolar 

gradient with opposite polarity is intended to partially cancel out the spinôs 

magnetization vector. However, it cannot fully reverse the effect of the first gradient, 

resulting in imperfect refocusing and signal attenuation quantified by the Stejskal-

Tanner equation [53, 54]: 

 

Ὓ

Ὓπ
 ὩὦὈ σρ 

 

Here, Ὓ and Ὓπ represent the signal intensity with and without diffusion weighting, 

respectively. Ὀ is the diffusion coefficient (mm²/s), also designated as apparent  

diffusion coefficient (ADC). The parameter ὦ denotes the b-value, indicating the 

strength and length of the diffusion weighting gradient (in mm²/s). For each voxel in 

the image, a diffusion tensor Ὀ of 3  3 elements can be determined. Local ADC is 

then calculated by averaging the eigenvalues of Ὀ such as ‗  ‗   ‗ Ⱦσ. An 

ADC map is subsequently generated, illustrating the signal attenuation due to 

molecular diffusion. For instance, the hypercellular nature of a tumor restricts the 

movement of water molecules, leading to increased signal intensity in the  

diffusion-weighted image, manifested by low ADC values [53, 54]. 
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3 Methods 

3.1 Animal experiments 

This section describes the animal experimentation conducted in our studies.  

We used rabbits, rats, and zebrafish as animal models. Each model required specific 

sedation, imaging protocols, and post-mortem organ analyses designed to meet the  

specific objectives of the study.  

All experiments were conducted in accordance with European, national and institutional 

regulations on the welfare, husbandry and accommodation of animals used for scientific 

purposes. Experimental protocols followed the 3Rs principle of replacement, reduction 

and refinement. Approval for these experiments was obtained from the local animal  

ethics committee. All animals were housed under standard conditions and given food 

and water ad libitum. Their health was monitored routinely. The experiments were  

conducted at a room temperature of 23 ± 1 °C [55-57]. 

 

3.1.1. Study 1: Ex vivo liver phantom and fluid inflow preparation 

Liver phantom design 

This section describes the methodology presented in [55] for creating four distinct liver 

phantoms, each mimicking a different hepatic pathology. Each phantom study involved 

unique protocols for liver preparation, embedding, and the use of inflow solutions with 

varying viscosities. Five livers were utilized for each study, and a total of twenty livers 

were used throughout the experiment. 

Á The first phantom group consisted of native livers embedded in a soft matrix, with 

a low viscosity fluid used as the inflow solution. This group is referred to as the  

'unconfined' scenario. 

Á The second phantom group comprised native livers embedded in a stiff matrix 

and infused with a low viscosity fluid, referred to as the 'confined' scenario.  

Á For the third phantom group, in-situ formaldehyde-fixed livers were embedded in 

a stiff matrix, and a low viscosity fluid was utilized as inflow solution. This group was 

termed 'confined-fixed'. 

Á Lastly, the fourth phantom group consisted of fresh livers embedded in a stiff  

matrix and infused with a high viscosity fluid, termed as the 'confined viscous' scenario 

[55]. 
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Liver preparation 

In study 1, organ harvesting was approved by the local authorities, the Berlin State  

Office for Health and Social Affairs, under registration no: T-CH 0030/21.  

Twenty young healthy adult male Wistar rats were procured from by the Forschung- 

seinrichtungen für Experimentelle Medizin, FEM, Berlin, Germany (Janvier Labs, Le  

Genest-Saint-Isle, France). The rats used in study 1 were 13.6 ± 1.6 weeks old and had 

an average weight of 440 ± 58 g at the time of the experiment. Anesthesia was  

induced by administering an overdose of isoflurane vapor. Following a U-shaped  

abdominal incision, the animals were exsanguinated via the IVC. The cannulation of the 

portal vein (PV) was conducted using a 4G ×19 mm BD Neoflon cannula (Eysins, 

Switzerland). Subsequently, the livers underwent an in-situ perfusion with a 10 mL 

solution of 1X phosphate buffer saline (PBS) (life technologies, Carlsbad, California, 

USA) heparinized at 2500 U/L (Heparin-Natruim-250000 ratiopharm GmbH, Ulm,  

Germany). An additional 150 mL of PBS was pumped in-situ through the portal vein to 

ensure complete blood clearance and prevent clotting. Out of all the harvested livers, 

five were selected for an additional in situ perfusion with a 4% formaldehyde solution 

(Carl Roth, Karlsruhe, Germany). All in situ perfusions were administered at a flowrate 

of 1ml/min/g. Once the liver appeared to be cleared from blood, HA, bile duct (BD), IVC 

and suprahepatic vena cava (SHBC) were sutured to close the circulatory system within 

the organ. The prepared livers were then stored under static cold storage conditions for  

approximately two hours [55].  

 

Figure 5: Decolagulation process of the rat liver. (a) Image depicting a bloody liver. (b)  

Subsequent flushing of blood with a heparinized phosphate buffer saline (PBS) solution results 

in a clean liver appearance. (c) The final image shows the explanted liver with closed vessels  

except for the cannulated portal vein (PV). Annotations: (1) PV located in the rat abdomen, (2) 

Cannulated PV. 
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Embedding matrix and inflow fluid characteristics 

Table 2 below summarizes the different experimental conditions set for each scenario, 

as illustrated in figure 6.a. 

 

Table 2: All scenarios with liver states, embedding gel consistencies, box dimensions (length (L) 

x width (W) x height (H)), and inflow solutions utilized for each scenario. Wt% stands for 

percentage by weight. 

Scenarios Liver Embedding gel Box dimensions (cm) Inflow solution 

Unconfined Native 0.5 wt% agar-agar 5 L × 8.5 W × 3.0 H PBS 

Confined Native 1:1 WiroGel /water 9.5 L × 9.5 W × 7.0 H PBS 

Confined-fixed Crosslinked 1:1 WiroGel /water 9.5 L × 9.5 W × 7.0 H PBS 

Confined- 

viscous 
Native 1:1 WiroGel /water 9.5 L × 9.5 W × 7.0 H 

20% Arabic gum in 

PBS 

 

The inflow solution was consistently prepared with addition of 0.05 percentage by 

weight (wt%) of alanine blue, a tissue stain serving as a visual indicator of the extent to 

which perfusion flow penetrated either the vascular tree or the liver tissue [55]. 

The kinematic viscosity ( ) for all fluid solutions was acquired at room temperature 

(23°C). PBS solutions were measured using an Ubbelohde viscometer while the Arabic 

gum solution was measured with Cannon-Fenske viscometer. The choice of different  

viscometers allowed accommodation of a wide range of viscosities. Subsequently, the 

dynamic viscosity of all inflow solution was calculated by multiplying the kinematic  

viscosity ( ), by the density measured using a floating hydrometer, following the formula 

[55]:  

 

–    ” σς 
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Figure 6: Schematic representation of all experimental scenarios: unconfined, confined, 

confined- fixed and confined-viscous. The illustrations depict differences in inflow solutions, 

embedding gels and liver states. (b) Technical setup for imaging, conducted on a 3 Tesla (T) 

scanner at room temperature [55] (Figure from Safraou et al (2023)). 



Methods 29 

3.1.2. Study 2: Rabbit preparation for imaging protocol implementation 

In vivo experiments in study 2 were approved by the local authorities under the  

registration number T-0178/17. This study involved 19 young adult female New Zealand  

rabbits (Charles River Laboratories in Sulzfeld, Germany) aged 11 to 15 weeks and 

weighing 3.2 ± 2.7 kg. Blood glucose levels were measured in the rabbits after  

a two-hour fasting period before the MRI scanning. To facilitate the MRI measurement, 

the animals were sedated with a subcutaneous injection of medetomidine hydrochloride 

(Cepetor KH 1mg/ml, CP-Pharma, Burgdorf, Germany) at a dose of 200 mg/kg of body 

weight and ketamine (Anesketin 100 mg/mL, Eurovet Animal Health B.V., Netherlands) 

at 300 mg/kg of body weight. Rabbits were euthanized by intravenous injection of  

pentobarbital sodium at 300 mg/kg of body weight (Narcoren®, Boehringer Ingelheim  

Vetmedica GmbH, Ingelheim am Rhein, Germany) at the end of the measurements [56].  

 

3.1.3. Study 3: Zebrafish preparation for imaging protocol implementation 

Zebrafish experiments in study 3 were approved by local authorities under two  

registration numbers: ZH76 and G0325/19. A total of fifteen wild-type zebrafish, aged 2 

to 24 (mean age = 14 months), and eleven transgenic neuroblastoma zebrafish 

(MYCN), aged 6 to 25 months (mean age = 14 months) were examined. Euthanasia 

was carried out prior to the MRI/MRE measurement by hypothermic shock, achieved by 

placing the tube containing the floating fish on ice for approximately 10 minutes. The 

sacrificed fish were placed firmly against the wall of a 4 mm inner diameter glass tube. 

To minimize susceptibility artefacts caused by air to tissue interfaces, the glass tubes 

were filled by ultrasound (US) gel (Gello GmbH Geltechnik, Germany) [57]. 
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3.2 Multiparametric MRI and PET measurements 

3.2.1 Study 1: T2-weighted and diffusion-weighted imaging 

Inducing static portal pressure in ex vivo livers  

The embedded livers were connected to a water reservoir via the PV cannula. The  

reservoir was elevated to attain hydrostatic pressures of 0 (baseline), 10, 12.5, 15, and 

17.5 cmH2O (equivalent to 0, 7.4, 9.2, 11.0, and 12.9 mmHg, respectively). Portal  

perfusion continued for three minutes at each pressure level before imaging.  

Subsequently, the flow was stopped to maintain static pressure during the  

measurement. Figure 6.b illustrates the technical setup dedicated for imaging [55].  

 

T2-weighted imaging 

All images in study 1 were acquired using a 3-Tesla (3T) scanner (Magnetom Lumina, 

Siemens, Erlangen, Germany) with an 18-channel knee coil in coronal orientation. To 

provide anatomical reference, 25 to 41 contiguous coronal slices of T2-weighted (T2w) 

images were acquired to fully cover the liver volume and capture any potential  

variations in liver positioning during the embedding operation. The in-plane resolution 

was 0.5  0.5 mm². The field of view (FoV) was set to 120  108 mm², and the echo 

time (TE) to 64 ms. As for the repetition time (TR), it varied from 2760 ms for 25 slices 

to 4450 ms for 41 slices [55].  

 

Diffusion-weighted imaging  

Twenty-seven isotropic DWI slices (voxel size = 1.5  1.5  1.5 mm³) with no slice gap 

were acquired at three b-values (50, 400 and 800 s/mm²) using as acquisition  

parameters, TE = 81 ms, TR = 1500 ms and FoV = 120  90 mm². The scanner  

workstation automatically computed the ADC maps (in µm²/s) using all b-values  

[55, 58]. 

 

3.2.2. Study 2: T1-weighed imaging and PET measurements 

T1-weighted imaging 

All liver measurements in study 2 were performed using a 3T hybrid PET/MR scanner 

(Magnetom Biograph mMR, Siemens Healthineers, Erlangen, Germany) combined with 

a 20-channel head coil. The animals were fixed in a prone position, and images were 
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acquired in the transverse orientation to ensure complete coverage of the liver. A  

fat-saturated Dixon sequence acquired T1-weighted (T1w) images with the following  

parameters: TE = 1.49 ms, TR = 4.76 ms, with an in-plane resolution of 0.5 × 0.5 mm² 

and a slice thickness of 2.0 mm. The FoV was 512  512 mm² [56]. The experimental 

setup is depicted in figure 7. 

 

PET measurement 

In a subset of 10 rabbits, PET measurements were performed following intravenous  

injection of 18F-FDG radiotracer (average 75.88 ± 14.35 MBq). The PET scan covered 

the entire thorax and abdomen. Reconstruction of PET images utilized the ordered- 

subset expectation maximization (OSEM) algorithm with parameters set to 3 iterations 

and 21 subsets. The image matrix was 512  512  127, with a voxel size of  

1.0  1.0  2.0 mm³. Attenuation and scatter correction (AC) were carried out using an 

ultrashort echo-time sequence (UTE) implemented by the vendor [56]. 

 

 

Figure 7: (a) Experimental setup for healthy liver investigation in female rabbit using 3T 

PET/MRI. (b) Representative MRE magnitude image and wave fields shown at 50 Hz for the 

three-motion encoding components, head-feet, ventral-dorsal and left-right, represented by the 

symbols Ż, ᾔ, ź respectively. PET stands for positron emission tomography while MRI stands 

for magnetic resonance imaging [56] (Figure from Shahryari et al. (2023)). 
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3.2.3. Study 3: T2-weighted measurements 

All images in study 3 were acquired at the 7T Bruker, Biospec scanner (Bruker  

Corporation, Billerica, MA, USA) with 5 mm-bore, transverse electromagnetic,  

quadrature volume resonator coil in coronal orientation. High-resolution T2w images 

were acquired using a rapid acquisition with relaxation enhancement (RARE) fast  

spin-echo (SE) sequence. Imaging parameter were: FoV = 68  68  1.0 mm²;  

TE = 17.91 ms and TR = 3000 ms. The in-plane resolution was 0.06  0.06 mm², and 

the slice thickness was 0.6 mm [57]. T2w images in study 3 were solely utilized for  

anatomical orientation and will thus not be presented in the framework of this  

manuscript. The technical setup designed to conduct T2w and MRE measurements is 

shown in figure 8 below [57]. 

 

 

Figure 8: (a) Setup for zebrafish MRE in a 7T preclinical MRI scanner [57]. A piezoelectric  

actuation unit, depicted in red, generates harmonic oscillations synchronized with the MRE  

sequence. The primary direction of vibration is aligned with the cylinder axis, resulting in  

predominantly cylindrical waves. The area covered by the imaging slab is outlined by the box, 

next to the custom volume resonator coil. (b) The MRE magnitude image is shown in grey 

scale, while the wave images at 1000, 1200 and 1400 Hz are shown in color, demonstrating the 

through-plane wave component encoded by the sequence [57]. (Figure adapted from Jordan et 

al. (2021)). 
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3.3 Multifrequency MRE measurements 

MRE hardware and image measurement parameters for all three studies are  

summarized in table 3 below [55-57].  

 

Table 3: MRE hardware and measurement parameters for all studies. SE-EPI: spin echo-echo 

planar 

MRE parameters Study 1 Study 2 Study 3 

Vibration actuators 
Two compressed air 

drivers 

Two compressed air 

drivers 

One piezo actuator 

(ATA 200, Cedrat 

Technologies, 

France) 

Sequence Single shot SE-EPI Single shot SE-EPI 
SE, motion 

sensitized 

Position of vibration 

actuator 

Beneath the  

container 

Upper abdomen  

region 

Parallel to the  

cylinder axis 

Vibration frequencies 

(Hz) 
130, 140, 150, 160 40, 50, 60, 70, 80 1000, 1200, 1400 

Timepoints 8 8 4 

TE (ms) 44 40 38 

TR (ms) 2070 1000 3000 

MEG 

Encoded  

directions 
3 3 1, slice select only 

Amplitude  

in mT/m 
34 42 392 

In-plane resolution 

(mm²) 
1.5 × 1.5 1.5 × 1.5 0.06 × 0.06 

Slice 

Thickness (mm) 1.5 5.0 0.6 

number 20 6 8 

orientation Coronal Transversal Coronal 

FoV (mm²) 120 × 90 104 × 60 4 × 4 

Measurement time (min) 10:30 8:00 16:00 
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3.4 Image post-processing 

This section describes post-processing methods utilized for segmentation, quantification 

of imaging parameters, and reconstruction of maps for biomechanical parameters 

across all studies. 

 

3.4.1 Study 1  

Vessel and tissue volume segmentation based on T2 weighted images 

Vessel and total liver segmentation were conducted for each pressure step and in every 

liver. Total liver volume was segmented manually on T2w images using ITK SNAP 

(3.0.8). In contrast, vascular segmentation was performed automatically using an  

unsharp masking-based segmentation algorithm. This algorithm primarily relied on two 

key segmentation parameters: the image contrast threshold and the size of the median  

smoothing kernel. Initially, median-smoothed versions of the T2-weighted (T2w) image 

were created using smoothing kernels ranging from size 3 to 30. Subsequently, each 

original T2w image was subtracted from its respective smoothed version, resulting in 

sharper edges and enhanced contrast. A total of 104 incremental contrast thresholds, 

spanning from the lowest to the highest contrast value within the image, were then 

iteratively applied to the sharpened T2w version. Consequently, a vessel mask was 

generated for each combination of smoothing kernel size and contrast threshold in [55]. 

The F1 similarity score was computed to determine the optimal combination of  

segmentation parameters as described in [55]. In order to improve the accuracy of the 

vessel detection algorithm, ten vessel masks were manually drawn, then the F1 score 

was calculated based on the similarity between the automatically generated mask and 

the corresponding manually drawn one. The improved algorithm was thereafter utilized 

so that a final 3D vessel mask was selected for each liver at each pressure level, based 

on the highest F1 similarity score. The selected vessel mask was subsequently used for 

further volumetric analysis. Now, the vessel tissue volume fraction (VTVF) was  

calculated as the ratio of the vessel volume to the tissue volume, with the tissue volume 

being the vessel volume subtracted from the total liver volume [55]:  

 

646&
ÖÅÓÓÅÌ ÖÏÌÕÍÅ

ÔÏÔÁÌ ÖÏÌÕÍÅÖÅÓÓÅÌ ÖÏÌÕÍÅ
 
ÖÅÓÓÅÌ ÖÏÌÕÍÅ

ÔÉÓÓÕÅ ÖÏÌÕÍÅ
σσ 
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Vascular segmentation and VTVF calculation were performed on MATLAB 2022b [55].  

 

Biomechanical parameter reconstruction  

MRE parameters were computed using the wavenumber-based inversion method  

k-MDEV executed on MATLAB 2022b (MathWorks, Natick, MA) [59]. An empirical 

Gaussian low-pass filter with a sigma equal to 2.75  10-3 was utilized to smooth the 

complex MR signal and suppress the noise before phase unwrapping. A high-pass, 

Gaussian directional radial filter was subsequently applied to extract the single-plane 

wave data information in eight different directions and suppress low-frequency  

compressional waves. Frequency-compound SWS maps in m/s were obtained the 

entire liver and surrogated liver stiffness [52, 55] .  

 

Image registration 

Magnitude, SWS and ADC maps were registered to the T2w images using a sequence 

of rigid, B-spline, and affine registration [55]. To avoid edge artefacts resulting from 

registration, liver masks were applied to SWS and ADC maps with a 2 mm erosion, 

allowing accurate calculations [55]. Mean values of SWS in m/s and ADC in µm²/s were 

calculated based on the manually drawn and eroded liver masks.  

 

3.4.2 Study 2 

Biomechanical parameter reconstruction  

A low-pass Butterworth filter with an order of 3 and a threshold of 250 m-1 was applied 

on the MR complex data to suppress noise. Following image unwrapping, a Butterworth 

bandpass filter of the same order (thresholds: 15m-1, 300 m-1) was utilized as a  

directional filter. Frequency-compound SWS and PR maps (both in m/s) were computed 

using the k-MDEV algorithm [56]. PR maps surrogated hepatic inverse viscosity.  

 

Standardized uptake values calculations  

To visualize in vivo glucose metabolism indicated by the 18F-FDG-based PET  

measurement, maps of the standardized uptake value (SUV) were generated for  

the corresponding subset of rabbits using: 

ὛὟὠ 
ὃὸϽὡ

ὍὈϽὨ
στ 
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With ὃὸ represents the activity concentration (in kBq/mL), ὡ denotes the body weight 

(in kg), ὍὈ is the injected 18 F-FDG dose (in MBq), and Ὠ is the dose and decay  

correction factor derived from the half-life of the radiotracer and the time delay between 

injection and the start of the measurement [56].  

The liver was delineated on all MRE magnitude images; and the resulting regions of 

interest (ROIs) were employed to calculate the mean values of SWS (m/s) and PR (m/s) 

on the corresponding maps [56]. In contrast, mean SUVs were derived from manually 

delineated masks on the AC PET images outlining the liver. The manual mask drawing 

process was performed using ITK SNAP (3.0.8).  

 

3.4.3 Study 3 

To optimize the MRE image quality for study 3, an initial assessment was conducted 

using the tabletop MRI with various resolutions (40 Ĭ 40 ɛmĮ, 60 Ĭ 60 ɛmĮ, 80 Ĭ 80 ɛmĮ, 

and 100 Ĭ 100 ɛmĮ) within a 4 Ĭ 4 mmĮ FoV. The setup, similar to that used for 

zebrafish measurements, utilized ultrasound gel to produce wave images. These 

images guided the adjustment of filtering parameters, described in the following section, 

ensuring accurate biomechanical reconstructions.[57]. 

 

Biomechanical parameter reconstruction  

A spatial Butterworth bandpass filter of seventh order and a higher threshold of 250 m-1 

was applied to filter out any minor impact of compression waves from the resulting 

complex-valued wave images. SWS maps were reconstructed based on the k-MDEV 

algorithm [59] whereas fluidity (•) maps were reconstructed based on the MDEV 

algorithm [57, 60]. ROIs covering the entire brain volume (B), cerebellum (CB), midbrain 

(MB), optic tectum (OT), skeletal muscle (SM), and telencephalon (TC) were manually 

delineated on the corresponding MRE magnitude images using MATLAB 2022b. 

Similarly, ROIs were created for neuroblastoma (T) which was identified in transgenic 

fish [57]. Mean values of SWS (m/s) and • (rad) were calculated for all the 

aforementioned ROIs in the zebrafish brain. • maps surrogated tissue fluidity. 
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3.5 Post-mortem tissue characterization 

In this context, post-mortem tissue analyses were conducted to comprehensively 

characterize the tissue microstructure and metabolic profile, particularly in relation to  

imaging and biomechanical parameters [55-57]. 

 

3.5.1 Study 1: Preparations for macro and microscopic observations 

Following imaging, the perfused livers were separated from the embedding gel. Thin 

slices, less than 1.0 mm thick, were prepared for direct observation under a light  

microscope. The remaining liver was stored in formaldehyde overnight then  

histologically processed to obtain 5 ɛm-thick liver sections stained with hematoxylin and 

eosin (H&E) [55]. 

 

3.5.2 Study 2: Metabolic characterization of healthy liver samples 

Following sacrificing the rabbit, the liver was immediately explanted, and a small tissue 

section per liver (100 g maximum) was rapidly sampled and snap-frozen in liquid  

nitrogen at -80°C for proteomics analysis. Lysates were then prepared from the samples 

allowing for protein extraction and purification as described in [56]. The supernatant of 

the digested solution was subjected to nano-flow reverse liquid chromatography (LC), 

allowing for gradual elution and high-resolution separation of peptides. Subsequently, 

as the separated peptides eluted in nanoliter flow from the separation column, they 

were directed through the mass spectrometer (MS). Here, the mass spectrometer 

measured the mass-to-charge ratios (m/z) of the eluted peptides, thereby enabling their 

identification and quantification.  

Following the acquisition of quantitative LC-MS results, metabolic capacity was  

investigated by applying the HEPATOKIN1 biochemistry-based model of liver  

metabolism [24]. Based on the 6000 proteins identified and quantified within the 

samples, individualized kinetic models were employed to depict metabolic  

maximal capacities, while maintaining plasma nutrient levels at diurnal averages. Two 

physiological states were used to describe metabolism in healthy rabbits: The fasted 

state, characterized by low glucose and insulin levels alongside elevated fatty acid  

glucagon levels; and the fed state, characterized by elevated glucose and insulin levels 

coupled with reduced fatty acid glucagon levels [56]. 
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3.5.3 Study 3: Tissue staining to identify brain subregions and neuroblastoma  

Caudal fins of zebrafish were dissected to optimize the subsequent formaldehyde  

fixation process. The fish underwent initial fixation in a 4% paraformaldehyde solution, 

followed by a second fixation with a decalcification buffer (0.5 M EDTA, pH: 7.2).  

Histological processing was carried out to prepare paraffin sections for staining. Two 

staining methods were used to differentiate brain structures from the tumor: sections 

were stained with H&E or with tyrosine hydroxylase (TH) fluorescence staining, an 

adrenergic tissue marker, which required additional tissue processing as described in 

[57]. 

3.6 Statistical analyses 

Statistical significance was defined as p < 0.05 in all studies. Standard deviation was 

used for error estimation. Statistical analyses were performed using either R Studio 

(RStudio, PBC, Boston, MA) or MATLAB 2022b [21-23], depending on the specific 

analysis requirements. 

3.6.1 Study 1  

Considering the limited sample number in each group (n = 5) normality could not 

assumed [55]. Effect sizes were determined using Kendallôs coefficient of concordance 

(Ű). The Friedman test was used to evaluate differences between various imaging  

parameters across all portal pressures. Subsequently, comparisons among all  

scenarios were conducted using the Kruskal-Wallis test, followed by the Dunn-Sidak 

test for post-hoc analysis. Post-hoc pairwise comparisons of baseline liver phantom  

imaging parameters were performed using the Nemenyi test. A linear mixed model  

accounting for both, random and fixed effects within the data set was used to analyze 

the correlations between static portal pressure and imaging parameters [55]. 

3.6.2 Study 2  

Normality within the analyzed groups was assessed using a 95% confidence interval. 

Group differences for normally distributed data were determined using unpaired two-

sided Student's t-tests, while the Wilcoxon signed-ranked test was used for non-

normally distributed data. The cluster analysis was performed using the clustergram 

function on MATLABôs 2022b Bioinformatics toolbox. Additionally, a linear regression 
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model was used to analyze the correlation between metabolic and MRE parameters 

[22]. 

3.6.3 Study 3  

Group differences were assessed using the Wilcoxon rank sum test, while multiple  

comparisons were conducted using a one-way analysis of variance along with the  

Bonferroni correction. Initially, the fish were categorized into three groups: wild type 

(group 1), tumor-bearing (group 2), and a pooled group, consisting of group 1 and group 

2. As no significant differences between all brain region values in group 1 and 2 were 

found, comparisons between the different brain regions were analyzed in the pooled 

group. Within the tumor group, differences among muscle tissue, tumor tissue, and 

brain tissue were analyzed. Pearson correlation analysis was used to assess  

relationship between SWS or • values with age and tumor sizes. However, effects of 

sex on MRE parameters were not investigated [57].  
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4 Results 

4.1 mpMRI and multifrequency MRE 

4.1.1 Study 1 

Liver properties comparison at baseline pressure  

As previously stated, we assessed the stiffness of embedded livers and  

embedding gels, as well as the viscosities of inflow fluids at baseline pressure  

(0 cmH2O). This evaluation was conducted to detect any relevant biophysical 

disparities or potential interferences with the mechanical effect of the static portal 

pressure. Initially, significant differences among all imaging parameters were identified, 

as detailed in Table 4 below [55].  

 

Table 4: Summary of all baseline values, including group means, standard deviations, and  
pairwise comparison results for vessel volume, tissue volume, vessel tissue volume fraction 
(VTVF), apparent diffusion coefficient (ADC) and shear wave speed (SWS) [55] (Table from  
Safraou et al. (2023)). 

 
Vessel volume 

(cm³) 

Tissue volume 

(cm³) 
VTVF 

ADC 

(µm²/s) 

SWS 

(m/s) 

Unconfined 0.6 ± 0.2 16.2 ± 1.7 0.036 ± 0.014 411 ± 21 4.3 ± 0.5 

Confined 0.6 ± 0.3 12. ± 1.7 0.054 ± 0.020 370 ± 90 3.2 ± 0.4 

Confined-

fixed 
1.2 ± 0.3 18.5 ± 3.0 0.065 ± 0.017 521 ± 18 5.5 ± 0.9 

Confined-

viscous 
0.4 ± 0.2 14.8 ±1.6 0.023 ± 0.017 330 ± 50 3.3 ± 0.3 

 

p 

 

0.0085 

 

0.0054 

 

0.0123 

 

0.0029 

 

0.0014 

 

Post-hoc 

comparison 

 

Confined-fixed 

vs. Confined-

viscous:  

p = 0.0085 

 

Confined-fixed 

vs. Confined:   

p = 0.0054 

 

No significant 

differences 

between the 

groups 

 

Confined-fixed 

vs. Confined-

viscous:  

 p = 0.0028 

 

Confined-fixed 

vs. Confined: 

 p = 0.0321 

 

Confined-fixed 

vs. Confined-

viscous: 

p = 0.0096 

 

Confined-fixed 

vs. Confined:  

p = 0.0055 
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Embedding gels and inflow fluids  

Stiffness values for all embedding matrices were determined by calculating the average 

SWS across the matrix area identified on the MRE magnitude image. Table 5 below 

provides a detailed characterization of matrix stiffness, dynamic viscosity – and density 

ɟ at baseline pressure [55]. 

 

Table 5: Values for matrix stiffness (in m/s), fluid dynamic viscosities (– in mPa.s) densities (ɟ in 

kg/m³) as baseline pressure (0 cmH2O) for all scenarios. The fluid inflow solution has the same 

viscosity and density values for the unconfined, confined and confined-fixed scenarios. 

However, in the confined-viscous scenario, unique density and viscosity values were measured. 

 Matrix stiffness 

(m/s) 

Ɫ (mPa.s) ɟ (kg/m³) 

Unconfined 2.3 ± 0.3 

0.0157 ± 0.005 1005 Confined 7.5 ± 0.9 

Confined-fixed 8.6 ± 0.2 

Confined-viscous 8.4 ± 0.4 23.72 ± 0.19 1070 

 

The evolution of biophysical imaging parameters upon increasing pressures 

In figure 9 we show the T2w images, ADC maps, shear wave images at 160 Hz and the 

corresponding SWS maps at baseline pressure and 17.5 cmH2O for all four  

experimental scenarios: unconfined (figure 9.a), confined (figure 9.b), confined-fixed 

(figure 9.c) and confined-viscous (figure 9.d) [55]. Across all scenarios, an increase in 

signal intensity within the liver tissue (dashed blue outline) as well as vascular dilatation 

(red outline) was observed with elevated portal pressure. Remarkably, a consistent  

increase in ADC occurred, particularly in the unconfined scenario. Both the unconfined 

and confined-fixed scenarios showed a decrease in shear wavelength at 160 Hz,  

indicating a tendency towards softening as portal pressure increased. This observation 

was corroborated by the apparent decrease in the corresponding SWS maps. In 

contrast, confined-viscous livers exhibited an increase in shear wavelength at higher 

pressures, suggesting a stiffening tendency. The confined livers, however, did not 

exhibit any changes in stiffness as pressure increased [55]. 

Figure 10 shows the evolution of group mean values for all imaging  

parameters: VTVF (figure 10.a), ADC (figure 10.b), SWS (figure 10.c) with increasing 

static portal pressure levels across all scenarios. Notably, elevated portal pressure 

resulted in a significant increase in VTVF in all groups, with the most pronounced effect 
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observed in unconfined livers (300 ± 120%, p < 0.05). Confined-viscous livers exhibited 

the second highest increase in VTVF (210 ± 110%, p < 0.0152), followed by confined 

(53 ± 32%, p < 0.01) and confined-fixed (52 ± 20%, p < 0.001) scenarios with almost 

similar increases in VTVF [55].  

ADC showed a significant increase at 17.5 cmH2O compared to baseline. The effect of 

portal pressure on ADC was most pronounced in the unconfined livers (88 ± 29%, 

p < 0.01), with lesser effects observed in the confined (28 ± 19%, p < 0.05), confined-

viscous (26 ± 9%, p < 0.001) then confined-fixed (11 ± 2%, p < 0.01) scenarios [55]. 

Under pressure elevation, SWS exhibited different tendencies across all scenarios. In 

unconfined livers, SWS decreased by 12 ± 5% (p < 0.05), while a similar decrease of  

11 ± 7% was observed in the confined-fixed scenario (p < 0.01). Conversely, confined- 

viscous livers showed an opposite response to higher portal pressure, with an increase 

in SWS by 11 ± 4% (p < 0.001). SWS values remained unchanged in confined livers 

(p = 0.52) [55].  

To address potential artifacts that could arise from fluid filling in vessels during portal 

pressure elevation, we compared mean values of imaging parameters within liver 

masks with and without vessels. Absolute ADC values significantly decreased in the 

absence of segmented vascular area (p < 0.001). In contrast, absolute values of SWS 

at all pressure levels for all scenarios remained unchanged after the vascular  

segmented area was removed (p = 0.21). Table 6 provides mean and standard  

deviation values of tissue volume, vascular volume, VTVF, ADC (with and without  

vessels) and SWS (with and without vessels) for all scenarios and pressure levels [55]. 
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Figure 9: T2 weighted images (T2w), Apparent diffusion coefficient (ADC) maps, MRE shear 
wave field images at 160 Hz and SWS maps, obtained at two portal pressure levels 0 (baseline) 
and 17.5 cmH2O, shown for four scenarios: unconfined (a), confined (b), confined-fixed (c), and  
confined-viscous (d). Masks for the entire liver and the segmented vessels are outlined with  
dotted cyan and solid red lines, respectively. ADC surrogates for water diffusivity, while SWS 
surrogates for hepatic stiffness [55] (Figure from Safraou et al. (2023)). 
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Figure 10: Swarm plots illustrating the evolution of the imaging parameters: (a) vessel tissue 

volume fraction (VTVF). (b) ADC and (c) SWS over increasing portal pressure (in cmH2O) of 

livers in unconfined (green), confined (yellow), confined-fixed (orange), and confined-viscous 

(blue). The plots include the lower and upper quartiles as well as the mean values [55] (Figure 

from Safraou et al. (2023)). 

Table 6: Group mean values and standard deviations of vessel volume in cm³, tissue volume in 

cm³, VTVF, ADC (with or without vessels) and SWS (with or without vessels)  

acquired at all static portal pressure levels for all scenarios. p values and effect sizes Ű are  

provided. Changes in the imaging parameters over increased pressure were assessed. SD 

stands for standard deviation [55] (Table from Safraou et al. (2023)). 



Results 45 

 Pressure 

in cmH2O 

Vessel  

volume (cm³) 

Tissue  

volume 

(cm³) 

VTVF ADC 

in µm²/s 

SWS 

in m/s 

ADC vessels 

excluded in 

µm²/s 

SWS vessels 

excluded in 

m/s 

mean ± SD mean ± SD mean ± SD mean ± SD mean ± SD mean ± SD mean ± SD 

U
n

c
o

n
fi

n
e

d
 

0 

10 

12.5 

15 

17.5 

0.6 ± 0.2 

2.0 ± 0.6 

2.4 ± 0.6 

2.6 ± 0.3 

2.7 ± 0.6 

16.2 ± 1.7 

18.8 ± 2.6 

20.8 ± 3.6 

22.3 ± 3.0 

23.5 ± 2.1 

0.036 ± 0.014 

0.102 ± 0.024 

0.114 ± 0.022 

0.116 ± 0.017 

0.115 ± 0.020 

411 ± 21 

680 ± 100 

690 ± 110 

780 ± 70 

770 ± 120 

4.3 ± 0.5 

4.1 ± 0.4 

4.0 ± 0.5 

3.8 ± 0.4 

3.8 ± 0.7 

384 ± 11 

613 ± 88 

629 ± 100 

715 ± 64 

719 ± 122 

4.3 ± 0.5 

4.1 ± 0.4 

4.0 ± 0.5 

3.8 ± 0.5 

3.8 ± 0.7 

Post-hoc 0 vs.15 

p = 0.0230 

 

0 vs.17.5 

p = 0.003 

0 vs.15 

p = 0.030  

 

0 vs.17.5 

p = 0.003 

0 vs.17.5 

p = 0.002 

0 vs.15 

p = 0.007 

 

0 vs.17.5 

p = 0.003 

0 vs.15 

p = 0.005 

 

0 vs.17.5 

p = 0.012 

0 vs.15 

p = 0.007 

 

0 vs.17.5 

p = 0.003 

0 vs.17.5 

p = 0.023 

p 0.002 0.002 0.028 0.001 0.015 0.001 0.027 

 ̱ 0.59 0.57 0.43 0.60 -0.45 0.61 -0.41 

C
o

n
fi

n
e
d

 

0 

10 

12.5 

15 

17.5 

0.7 ± 0.3 

0.7 ± 0.3 

0.8 ± 0.3 

0.9 ± 0.4 

1.1 ± 0.4 

12.1 ± 1.7 

12.0 ± 1.7 

12.6 ± 1.7 

12.4 ± 1.7 

12.4 ± 1.7 

0.054 ± 0.020 

0.057 ± 0.019 

0.058 ± 0.021 

0.071 ± 0.028 

0.082 ± 0.027 

370 ± 90 

400 ± 60 

410 ± 70 

440 ± 70 

460 ± 80 

3.2 ± 0.4 

3.2 ± 0.4 

3.2 ± 0.3 

3.0 ± 0.2 

3.0 ± 0.2 

349 ± 71 

381 ± 45 

393 ± 58 

404 ± 62 

421± 65 

3.2 ± 0.4 

3.1 ± 0.3 

3.2 ± 0.3 

3.2 ± 0.3 

3.2 ± 0.3 

Post-hoc 0 vs.17.5 

p = 0.012 

 

10 vs.15 

p = 0.023 

- 0 vs.17.5 

p = 0.02 

10 vs. 17.5  

p = 0.03 

12.5 vs.17.5 

p = 0.04 

0 vs.17.5 

p = 0.007 

- 0 vs.17.5 

p = 0.006 

- 

p 0.005 0.49 0.003 0.01 0.52 0.02 0.6 

 ̱ 0.32 -0.05 0.37 0.36 -0.15 -0.06 0.32 

C
o

n
fi

n
e
d

-f
ix

e
d

 

0 

10 

12.5 

15 

17.5 

1.2 ± 0.3 

1.4 ± 0.4 

1.5 ± 0.4 

1.6 ± 0.4 

1.7 ± 0.3 

18.5 ± 3.0 

18.3 ± 3.1 

18.2 ± 3.1 

18.1 ± 3.1 

17.5 ± 3.5 

0.065 ± 0.017 

0.075 ± 0.023 

0.082 ± 0.022 

0.087 ± 0.024 

0.097 ± 0.016 

521 ± 18 

534 ± 26 

550 ± 27 

557 ± 25 

578 ± 18 

5.5 ± 0.9 

5.4 ± 0.8 

5.0 ± 0.7 

4.9 ± 0.7 

4.9 ± 0.7 

495 ±15 

503 ± 22 

515 ± 21 

522 ± 21 

537 ± 15 

5.6 ± 0.9 

5.4 ± 0.8 

5.0 ± 0.7 

4.9 ± 0.7 

4.9 ± 0.7 

Post-hoc 0 vs.17.5 

p = 0.012 

 

10 vs. 15 

p = 0.023 

0 vs. 17.5 

p = 0.002 

 

0 vs. 17.5 

p = 0.001 

0 vs. 15 

p = 0.01 

10 vs. 17.5 

p = 0.05 

0 vs. 17.5 

p = 0.014 

 

10 vs. 17.5 

p = 0.041 

0 vs. 15 

p = 0.041 

 

0 vs. 17.5 

p = 0.012 

0 vs. 17.5 

p = 0.009 

 

10 vs. 17.5 

p = 0.023 

0 vs. 15 

p = 0.009 

 

0 vs. 17.5 

p = 0.041 

p 0.0006 0.002 0.0006 0.002 0.003 0.002 0.003 

 ̱ 0.43 -0.22 0.45 0.57 -0.24 0.51 -0.24 

C
o

n
fi

n
e
d

-v
is

c
o

u
s
 

0 

10 

12.5 

15 

17.5 

0.4 ± 0.2 

0.4 ± 0.3 

0.5 ± 0.3 

0.7 ± 0.3 

0.9 ± 0.3 

14.8 ± 1.6 

14.9 ± 1.7 

15.0 ± 1.6 

15.0 ± 1.6 

15.1 ± 1.8 

0.023 ± 0.011 

0.027 ± 0.015 

0.034 ± 0.018 

0.047 ± 0.019 

0.059 ± 0.018 

330 ± 40 

340 ± 60 

380 ± 90 

390 ± 60 

410 ± 60 

3.3 ± 0.2 

3.4 ± 0.3 

3.5 ± 0.3 

3.6 ± 0.3 

3.7 ± 0.3 

316 ± 40 

324 ± 54 

357 ± 75 

368 ± 55 

382 ± 56 

3.3 ± 0.3 

3.4 ± 0.3 

3.5 ± 0.3 

3.6 ± 0.3 

3.7 ± 0.3 

Post-hoc 0 vs. 15 

p = 0.04 

0 vs. 17.5 

p = 0.0014 

10 vs. 17.5 

p = 0.012 

-  0 vs. 15 

p = 0.04 

0 vs. 17.5 

p = 0.0014 

10 vs. 17.5 

p = 0.012 

0 vs. 17.5 

p = 0.0061 

 

10 vs. 17.5 

p = 0.023 

0 vs. 17.5 

p = 0.003 

 

10 vs. 17.5 

p = 0.0061 

0 vs. 17.5 

p = 0.007 

 

10 vs. 17.5 

p = 0.023 

0 vs. 15 

p = 0.002 

 

10 vs. 17.5 

p = 0.009 

p 0.0007 0.4 0.0007 0.003 0.0008 0.004 0.0008 

 ̱ 0.51 0.084 0.56 0.40 0.43 0.35 0.43 

 



Results 46 

4.1.2. Study 2 

Creating clusters based on liver stiffness 

Figure 11 illustrates the MRE magnitude and PET images (Figure 11.a) alongside SWS 

and PR maps (figure 11.b) of the scanned rabbit liver for two distinct subgroups: stiff 

and soft. Livers were categorized as stiff if their SWS exceeded 1.6 m/s, while those 

with SWS below this threshold were considered soft, in accordance with the median 

SWS value observed across all rabbits. The visual inspection of the SWS maps for both  

subgroups supported the choice of this threshold value. Interestingly, the PR maps 

showed a similar trend to the SWS maps, indicating that stiffer livers tended to have 

higher PR values compared to softer livers. The stiff group consisted therefore of 10 

rabbits with a mean stiffness of 1.66 ± 0.06 m/s and a PR of 1.06 ± 0.08 m/s, whereas 

the soft group consisted of 9 rabbits with a mean stiffness of 1.52 ± 0.08 m/s and a PR 

of 0.93 ± 0.10 m/s. No significant differences could be detected in SUV between the stiff 

and soft groups (p = 0.11). Using this stiffness-based classification, a comparative 

analysis of metabolic functions and non-invasive imaging markers between the two 

groups was performed. This was intended to investigate the potential of liver stiffness as 

a marker of hepatic metabolic functionality [56]. Individual SWS and PR values for each 

rabbit are provided in [56]. 

 

 

Figure 11: Comparisons 

between stiff and soft liver 

groups, with SWS > 1.6 m/s  

considered as stiff livers, while 

SWS < 1.6 m/s considered as 

soft livers. (a) MRE magnitude, 

and AC PET images of stiff and 

soft liver groups. (b) SWS and 

penetration rate (PR) maps of 

stiff and soft liver groups . 

Regions of interest within the 

liver are outlined with dotted 

cyan. All images are provided in 

grey scale. AC PET stands for  

attenuated-corrected PET [56] 

(Figure adapted from Shahryari 

et al. (2023)). 
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4.1.3. Study 3  

Phantom experiment 

Wave fit analysis on the unfiltered wave obtained in the gel phantom for each frequency 

and resolution allowed to recover ground truth reference values of SWS = 0.77 ± 0.09 

m/s and • = 0.30 ± 0.08 rad. While the phantom MRE values remained unaffected by 

resolution, SNR for 40 Ĭ 40 ɛmĮ voxels was significantly lower compared to larger voxel 

sizes (p < 0.05). Therefore, we opted for a resolution of 60 Ĭ 60 ɛmĮ for all animal  

experiments to ensure a stable SNR range unaffected by resolution [57]. 

 

Multifrequency MRE in zebrafish  

Figure 12 from [57] depicts maps of magnitude, SWS and • in coronal orientation for 

multiple slices of the adult zebrafish brain. Brain subregions including CB, MB, OT, SM 

and TC are contoured with ROIs outlined on the MRE magnitude images. Additionally, a  

composite microscopy image is provided to demonstrate the positioning of slices in the 

fish brain and highlight the tumor which is marked by green fluorescence [57].  
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Figure 12: From top to bottom, coronal slices of MRE magnitude images, SWS, phase angle (•) 

maps, and a lateral view composite microscopy image of the zebrafish. The white rectangles 

with continuous lines indicate approximate slice positions within the transgenic fish brain. 

Notably, the tumor location is highlighted by the green fluorescence, which is visible through the 

semi-transparent skin of the fish [57] (Figure adapted from Jordan et al. (2021)). 

Figure 13 displays boxplots of SWS and • for wild-type and transgenic zebrafish 

(pooled group) as well as transgenic fish only. The comparison included SM, T and B in 

figures 13.a and 13.c for transgenic fish, while pooled subregional analyses are shown 

in figures 13.b and 13.d. 

SWS values were significantly higher in the MB region compared to the OT and TC 

(SWSMB: 3.1 ± 0.7 m/s; SWSOT: 2.6 ± 0.5 m/s; SWSTC 2.6 ± 0.5 m/s, p < 0.05).  

The CB had significantly lower • values compared to the TC and OT (•CB = 0.9 ± 0.4 

rad; •TC = 1.4 ± 0.2 rad; •OT = 1.3 ± 0.4 rad; p < 0.05). While comparing subregions in 

the pooled group, we found that values of SWS and • in T were lower than those in SM 

(SWST = 2.4 ± 0.3 m/s, •T = 0.7 ± 0.1 rad; SWSSM 2.9 ± 0.5 m/s, •SM = 1.4 ± 0.2 rad) 

[57]. 

 

Figure 13: Boxplots of SWS and phase angle (ű) comparisons in (a) and (c), respectively, for  

skeletal muscle (SM), neuroblastoma (T), and whole brain (B) in transgenic zebrafish.  

Additionally, (b) and (d) display boxplots of SWS and ű, respectively, comparing group mean 

values of cerebellum (CB), midbrain (MB), optic tectum (OT), and telencephalon (TC) for the 

pooled group, including transgenic and wild-type zebrafish. Median values per plot are indicated 

in red, while boxplot whiskers are outlined in black. Statistical significance (p < 0.05) is denoted 

by asterisks [57] (Figure adapted from Jordan et al. (2021)). 
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4.2 Post-mortem tissue characteristics 

4.2.1 Study 1: Changes in vascular and extracellular structures under  

elevated pressure 

Histology findings presented in figure 14 are categorized into gross, macroscopic and 

microscopic observations for all scenarios. In section (a), liver photographs taken  

immediately after MRI imaging revealed distinct fluid distribution patterns for each 

scenario. Remarkably, unconfined livers exhibited a prominent blue color, indicating a 

widespread distribution of the inflow solution in the whole organ. In contrast, the  

confined liver displayed partial perfusion, with low fluid presence in the vessels as seen 

in the liver cross-section. The confined-fixed liver appeared to have a denser structure, 

with fluid distribution in both vessels and surrounding tissue, although at a lower amount 

compared to the unconfined liver. Lastly, the confined-viscous liver exhibited significant 

fluid amounts primarily within the vascular lumen [55]. Section (b) in figure 14 displays 

macroscopic observation of freshly sectioned liver slices of approximately 1 mm  

thickness, revealing visible vascular structures. In the unconfined scenario, significant 

amounts of fluid were observed within the vessel and surrounding tissue. Similarly, the 

confined-fixed liver exhibited fluid within both the vessel and the densely packed  

surrounding tissue, although in lower amounts. However, the confined liver revealed 

minimal fluid within the vessel lumen. As for the confined-viscous liver, it displayed an 

intense blue color within the vessel lumen but not in the surrounding tissue, suggesting 

a notably higher amount of fluid confined to the vascular spaces [55]. Upon examination 

of the H&E-stained slides shown in figure 14.c, we noted a relatively preserved  

trabecular arrangement within the liver lobe, with tightly packed hepatocytes in all  

scenarios except the unconfined one, where a sinusoidal enlargement was apparent. 

On closer inspection (as shown in figure 14.d, magnification x40), it became clear that in 

addition to structural changes, micro-vascular changes were more pronounced in the 

unconfined scenario, with compromised central veins observed [55].  

 

4.2.2 Study 2: Liver stiffness as a potential marker for hepatic metabolic 

functions 

Metabolic modelling conducted after LC-MS analysis revealed substantial differences 

within the healthy rabbit liver samples, delineating two distinct subgroups with significant 
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metabolic divergences. The first metabolic cluster comprising 10 rabbits, showed an  

increase in fatty acid metabolism including heightened fatty acid uptake, higher  

triacylglycerol (TAG) synthesis and storage, and increased ketone body synthesis.  

Alternatively, this subgroup displayed attenuated biosynthetic activity, including 

capacities for glucose synthesis, fatty acid production, and cholesterol synthesis. In  

contrast, the second metabolic subgroup, consisting of 9 rabbits, displayed an opposite  

metabolic profile activity to the first cluster, meaning a reduced fatty acid metabolism 

and increased biosynthetic activity. In detail, metabolic cluster 1 was marked by a  

higher fatty acid uptake (p = 0.001), very low-density lipoprotein (VLDL) export  

(p = 0.002), TAG synthesis (p = 0.001) and TAG content (p = 0.01), ketone body  

production (p = 0.001), acetylacetone (ACAC) production (p = 0.001) and glutamine  

exchange (p = 0.001), although it exhibited lower cholesterol synthesis (p < 0.01). No 

significant differences were found in SWS (p = 0.89) between the two metabolic  

clusters. However, there was a tendency towards higher PR values in the first metabolic 

cluster compared to the second (p = 0.065), although not statistically significant. Table 7 

below summarizes the significant differences observed in the wide range of metabolic 

capacities analyzed. Regarding the distinction between stiff and soft livers in terms of 

metabolic differences, stiffer livers demonstrate a significantly higher capacity for  

glucogenesis (-52.8 ± 9.5 vs. -42.6 ± 6.2 ɛmol/g/h in soft livers, p = 0.016),  

increased cholesterol synthesis (0.25 Ñ 0.04 vs. 0.23 Ñ 0.01 ɛmol/g/h in soft livers), and 

lower TAG content (35.3 ± 2.5 vs. 37.3 ± 1.3 mM vs in soft livers, p = 0.043).  

Figure 15 illustrates the significant differences in maximum metabolic capacities  

between soft and stiff liver clusters [56]. 
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Figure 14: Photos and microscopy images of livers in unconfined, confined, confined-fixed and 

confined-viscous scenarios. (a) Photographs of livers after mp-MRI showing the whole liver as 

well as the cross-sectional area of the median liver lobe. (b) Microscopy images of thin liver 

pieces (ca. 1 mm) manually sliced from the livers shown in (a), blood vessels are indicated by 

the arrows, the images were taken at × 5 magnification. Livers in (c) and (d) were processed for 

histology and stained with H&E. With × 10 magnification, sinusoids are visible in (c). In (d),  

central vein and the surrounding hepatocytes are well depicted with × 40 magnification [55] 

(Figure from Safraou et al. (2023)). 
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Figure 15: (a) Boxplots illustrating significantly different metabolic capacities between the stiff 

and the soft liver groups. (b) Boxplots depicting differences in PR and SWS between stiff and 

soft liver groups. The center line in red represents the median value. The box represents the 

interquartile range, and the whiskers extend to values within 1.5 times the interquartile range. 

Outliers are shown as dots. TAG stands for Triacylglycerol [56] (Figure adapted from Shahryari 

et al. (2023)). 

Table 7: The maximum metabolic capacities of fatty acid metabolism and biosynthetic  

processes in two distinct metabolic clusters of healthy rabbit liver samples. The table presents 

mean and SD values for various metabolic parameters, along with corresponding p-values  

indicating significant differences between the two clusters [56]. 

Maximum metabolic capacity  Metabolic  

cluster 1 

Metabolic 

 cluster 2 

p-value  

mean SD mean SD  

0.001 Fatty acid uptake (ɛmol/g/h) 34.7 1.6 31.6 3.1 

VLDL export (ɛmol/g/h) 5.2 0.5 4.6 0.6 0.002 

TAG synthesis (ɛmol/g/h) 16.3 1.4 14.2 1.7 0.001 

TAG content (mM) 37.5 1.3 35.4 2.3 0.01 

Ketone body production (ɛmol/g/h) 32.9 4.0 23.3 6.3 0.001 

ACAC production (ɛmol/g/h) 22.0 3.6 12.6 2.3 0.001 

Ammonia uptake (ɛmol/g/h) 16.5 0.7 17.3 0.5 0.013 

Glutamine exchange (ɛmol/g/h) -7.6 3.0 -13.0 3.2 0.001 

Urea production (ɛmol/g/h) 21.0 3.9 14.3 3.9 0.002 
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4.2.3 Study 3: Comparison of high-resolution SWS, • maps and histology  

Figure 16 depicts a comparison between SWS and • maps with histological images 

stained using H&E and TH. Both H&E and TH fluorescent antibody staining successfully 

identified neuroblastoma cells, with cancerous cells stained in purple on the H&E-

stained slides and by fluorescent green in the TH-stained slides. Anatomical and cellular 

features identified on the zebrafish histological slides agreed remarkably well with 

features visible in the SWS and • maps.  

 

 

Figure 16: Comparison of SWS and • maps with histology. Tyrosine hydroxylase ((TH) and 

H&E staining highlight cancer tissue in green (TH) and purple (H&E), respectively. It is 

important to note the difference in slice thicknesses between both methods, as histology images 

being significantly thinner (< 4 µm) compared to MRE slices (600 µm). Cancer tissue is 

contoured in purple [57] (Figure from Jordan et al. (2021)).  
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4.3 Correlation analyses  

4.3.1 Study 1: Linear mixed model analyses  

Linear mixed model analysis with inflow pressure as a fixed effect showed a positive 

correlation between portal pressure and VTVF in all groups (unconfined: p < 0.001;  

confined: p < 0.001; confined-fixed: p < 0.001; confined-viscous: p < 0.001) and ADC 

(unconfined: p < 0.001; confined: p < 0.001; confined-fixed: p < 0.001; confined-viscous: 

p < 0.001). The correlation between hepatic stiffness and portal pressure was negative 

in unconfined and confined-fixed livers, while positive in confined-viscous livers. 

No correlation was observed between SWS and pressure in confined scenarios. 

Significant correlations were found between every imaging parameter pair in all groups 

except for the correlation between SWS and ADC in confined livers [55] 

 

4.3.2 Study 2: Correlation of metabolic functions with MRE parameters 

Although not statistically significant, a declining trend in PR was observed alongside a 

significant increase in fatty acid metabolism and a reduction in biosynthetic capacities. 

Furthermore, a linear correlation between PR and SWS was identified, suggesting that 

such imaging parameters may be related to hepatic metabolic activity in the healthy  

rabbits. Our findings suggest that liver inverse viscosity, as measured by MRE, can  

distinguish between subclasses within healthy livers based on metabolic functionality. 

Moreover, the differentiation between stiff and soft livers could aid in the classification of 

metabolic functionality. However, it remained unclear whether MRE is effective in  

evaluating individual metabolic functions. To address this uncertainty, correlation  

between specific metabolic liver functions and liver stiffness and inverse viscosity were 

investigated. PR was found to correlate with urea production (R = -0.5, p = 0.029) and 

glutamine exchange (R = -0.47, p = 0.042). Furthermore, a significant correlation  

between SWS and gluconeogenesis (R = -0.5, p = 0.028) was found. Notably, a  

significant correlation between SUV and gluconeogenesis (R = ī0.72, p = 0.02), but not 

with glucose uptake was observed. 
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5 Discussion 

5.1 Summary of results 

Within the scope of this thesis, we have designed experiments to address three 

main research questions:  

In study 1, we aimed to define the distinct contributions of the poroelastic fluid and solid 

compartments to the macroscopic biomechanical liver properties. To achieve this, we 

designed four experimental scenarios with variations in fluid viscosity, organ 

confinement and tissue crosslinking. Our findings revealed hepatic softening across all 

scenarios, marked by elevated ADC and VTVF, except in the confined-viscous livers 

where stiffening occurred. This stiffening was attributed to the use of a higher viscosity 

inflow solution, leading to the retention of fluid primarily within the vessels. This  

highlighted the pivotal role of inflow viscosity in modulating macroscopic biophysical  

properties and demonstrated how alterations in fluid content and vascular permeability 

substantially influenced liver stiffness. When analyzing biomechanical liver properties, 

combining SWS and ADC measurements was essential to understand the complex 

macro-interactions between fluid and solid components as well as the underlying  

microstructural alterations [55]. 

 

Expanding on our initial investigation, study 2 explored the influence of hepatic  

metabolic activity on liver viscoelastic properties, particularly focusing on stiffness and 

viscosity. To this end, we imaged healthy female rabbits using a PET/MRI scanner,  

followed by ex vivo tissue analysis for metabolic capacities. Our findings revealed  

differences among healthy subjects in fatty acid metabolism and biosynthetic activity, 

which were associated with variations in liver PR. Furthermore, a potential second  

cluster based on the SWS cut-off value of 1.6 m/s distinguished groups of soft and stiff 

livers with differences in TAG content, glucogenesis capacity and cholesterol synthesis. 

These findings suggested the potential implication of metabolic alterations in shaping 

the biophysical properties of the healthy and possibly, diseased liver [56]. 

 

Building upon our results in studies 1 and 2 on the effects of macro poroelastic  

interactions and metabolic influences on liver mechanics, study 3 aimed to improve the 

sensitivity of MRE to heterogeneous tissue composition and various microarchitectures. 
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This was achieved by increasing the image resolution to a near microscopic scale,  

enabling a more specific examination of mechanical properties. In adult zebrafish, maps 

of SWS and • generated at 60 µm in-plane resolution and a slice thickness of 600 µm 

demonstrated substantial mechanical differences between brain subregions and  

revealed consistent anatomical features with histology. Leveraging a neuroblastoma-

bearing zebrafish strain allowed us to conclude that tumor tissue was softer and less 

fluid than muscle and whole brain tissue, further demonstrating the sensitivity of 

macroscopic MRE parameters to tissue cellular composition. [57]. 

5.2 Interpretation of results  

5.2.1 Study 1: The Impact of varied fluid distribution patterns on liver biophysical 

properties detected through complementary SWS and ADC analysis 

In study 1, we observed different biophysical responses emerging from distinct fluid 

distribution patterns. The unconfined scenario where livers were embedded in a soft 

matrix exhibited the most pronounced vascular dilatation coupled with a substantial  

increase in fluid volume, as evidenced by ADC measurements. Histological  

observations conducted in unconfined livers revealed severe disruption of cellular and 

vascular structural components. The highest vascular leakage was observed, resulting 

in the accumulation of significant fluid amounts within the ECM space. This led to a  

notable impairment of hepatic trabecular arrangement and central venous membranes, 

attributed to the fluid transfer from the vessel lumen to the ECM [55]. 

Previous studies [33, 61, 62] have demonstrated that compression of biological tissues 

could result in the alignment of deformable structural networks and stiff inclusions (such 

as fibrous networks, cells and ECM) resulting in tissue stiffening. However, our  

unconfined livers exhibited significant softening in response to vascular dilatation. It is 

plausible that the unconfined livers experienced compression stiffening due to vascular 

dilation under increasing pressure. However, In this context, it was believed that  

the compromised ECM integrity leading to macroscopic softening had a greater effect 

than compression stiffening [55]. 

For all three confined scenarios, the livers were embedded in a stiffer medium to  

prevent volumetric expansion beyond non-physiological levels. This setup created  

conditions similar to encapsulated, pressurized livers in vivo, thereby intensifying the 
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compressive effect of vascular dilation on the surrounding tissue. However, despite 

similar embedding, livers responded differently to increasing portal pressures.  

The confined-viscous liver showed the highest increase in VTVF and ADC among all 

scenarios. The gum Arabic-based inflow solution tested in this scenario differed from 

the PBS used in all other scenarios, due to its higher molecular weight, hydrophilic 

nature and elevated viscosity. The (-OH) groups present in the sugar polymers forming 

the gum macromolecule prompted the formation of hydrogen bonds with water 

molecules, effectively binding them to its molecular structure. Based on the full liver and 

lobe cross-section images, along with microscopic observations depicted in figures 

14.a, b, c and d respectively, it appeared that the restricted diffusion of free water 

molecules through the vessel walls prevented their accumulation within the ECM. This 

resulted in macroscopic tissue stiffening, which is the opposite biomechanical response 

compared to the other scenarios [55]. Furthermore, the compression-induced 

rearrangement of hepatocytes, likely imposed as the liver tissue underwent progressive 

vascular dilation, may have contributed to the observable stiffening effect [33, 51, 55, 

61, 62].  

In the confined-fixed scenario, in-situ formaldehyde fixation induced multiple structural 

alterations in the livers. Initially, lower vascular compliance and elevated baseline  

stiffness were observed. Vascular remodeling included dilatation and cross-linking  

under the influence of portal perfusion at physiological flow rates. This resulted in  

markedly high vessel volumes leading to the highest VTVF and ADC values observed at 

baseline compared to other scenarios [63, 64]. At a microscopic level, formaldehyde 

might have potentially dissolved lipids in cellular membranes during the fixation process, 

resulting in increased cell permeability [33, 34]. Consequently, and similar to the  

unconfined livers, the accumulation of fluid in the ECM, facilitated by the expanded  

vascular spaces might have resulted in macroscopic softening upon portal pressure 

increase [55].  

Finally, in the confined scenario where no significant changes in hepatic stiffness were 

noted, the strong confinement appeared to diminish the mechanical effect of increased 

portal pressures, despite a significant elevation in VTVF and ADC. Our analysis  

suggests these alterations were insufficient to prompt either compression stiffening or 

changes in vascular permeability, resulting in insignificant biomechanical effects [55].  

We examined in study 1, the impact of short-term fluctuations in physiological factors, 

such as inflow pressure, on liver biomechanics. We demonstrated how alterations in 
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parameters pertaining to poroelasticity in the liver may affect the cellular structure and  

vascular permeability, resulting in distinct fluid amounts and distribution that modulate 

the macro-mechanical responses. Our first study underlines the importance of ADC and 

SWS as complementary imaging markers in understanding the intricate fluid to solid 

dynamics. Elevated hydrostatic pressure directly correlated with increased vessel  

volume and higher ADC values. However, the response of stiffness showed variability. 

We propose that ADC is a more specific imaging parameter for assessing the integrity 

of hepatic cellular structure and the compliance of vessels in response to increased fluid 

amounts. Conversely, SWS provided insight into tissue composition, hinting at the fluid 

to solid ratio, and the fluctuations in vascular permeability [55, 65]. 

 

5.2.2. Study 2: Metabolic heterogeneity in healthy liver specimen modulates  

stiffness and viscosity 

In our subsequent study 2, we aimed to address the long-term metabolic  

adaptations [56, 66] and their impact on liver biomechanics, expanding on our  

findings in study 1. Previous research has highlighted the association between  

excessive fibrotic deposition in the ECM and the dysfunctions in various central  

metabolic pathways [44, 67-69]. It was also reported that hepatic stiffness increased in 

patients with liver fibrosis due to fibroblast activation and the consequent matrix  

remodeling and collagen accumulation [16, 21, 25, 27, 33, 44, 70-72]. Hence, it is  

plausible to examine whether alterations in liver biomechanical parameters could  

originate from alterations in metabolic functions. To meet our long-term metabolic  

monitoring needs, we have opted to measure metabolic liver capacities instead of  

metabolic fluxes, a method which considers the variability in physical activity, plasma 

nutrients and hormone profiles [73-75]. Our analysis facilitated a more comprehensive 

approach by evaluating 16 different metabolic capacities based on protein abundance. 

[66]. In genetically identical healthy female rabbits fed the same diet and fasted two 

hours before the measurement, we observed large heterogeneities in metabolic profiles 

[56, 76, 77]. The differences observed in metabolic capacities led to the identification of 

two distinct clusters: Cluster 1 had increased fatty acid metabolism and reduced  

biosynthetic capacity, while cluster 2 had the opposite metabolic profile. The  

biomechanical properties of the two metabolic clusters also differed, as cluster 1 had a 

higher viscosity (lower PR) than cluster 2, although this difference was not statistically 
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significant, likely due to the low number of animals recruited in the study [56]. A similar 

trend, albeit non-significant, was noted in PET measurements, with cluster 1 exhibiting 

slightly higher SUV values compared to cluster 2. However, due to the limited subset of 

only 10 rabbits used in this analysis, definitive conclusions on SUV could not be drawn. 

In addition to the metabolic clustering, our findings introduced a second method of  

classification based on hepatic stiffness, by applying a cutoff value of SWS (1.6 m/s). 

Consistent with prior research [42, 78-82], stiffness values below 1.6 m/s indicated 

healthy livers, whereas values exceeding 1.6 m/s suggested a potential predisposition 

for compensated advanced chronic liver disease (cACLD) or hepatic fibrosis in  

apparently healthy subjects [42, 78-82]. Stiffer livers in our study were marked by  

metabolic differences compared to softer ones, as they exhibited reduced TAG content 

versus an increased capacity for gluconeogenesis and cholesterol synthesis. This  

observation aligns with previous research conducted by Abuharum et al., which  

associates hepatic adipose tissue, characterized by excessive lipid accumulation, with 

higher stiffness [83]. Moreover, the impairment of TAG synthesis resulting in abnormally 

low TAG content, might contribute to the pathogenesis of fatty liver disease [84]. Higher  

hepatic stiffness values may serve as a potential predisposing factor for NAFLD,  

preceding liver fibrosis in the progression of non-alcoholic steatohepatitis (NASH). 

However, it is important to note that this association represents a potential relationship, 

and further research is required to establish causality. 

We also investigated the direct correlations between liver metabolic functions and  

biomechanical parameters as depicted in figure 15. Notably, lower viscosity (higher PR) 

was associated with lower urea production and glutamine exchange. Glutamine plays a 

crucial role in nitrogen regulation working in conjunction with ammonia from portal  

venous blood to enhance the urea cycle [85]. This metabolic interdependence may  

explain the correlation findings related to PR. In subjects with non-alcoholic fatty liver 

disease/non-alcoholic steatohepatitis (NAFLD/NASH), greater effects would be  

anticipated, as larger differences in biomechanical parameters would be observed 

[24, 26, 30, 86]. For example, MRE analysis conducted in children with NAFLD has 

shown an increase in microscopically detected steatosis that correlated with a decrease 

in hepatic stiffness and, with an increase in viscosity. These findings are in line with our 

correlation results, in which stiffer livers exhibited increased viscosity, and fatty acid 

metabolism but impeded biosynthetic capacity [23].  
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Study 2 uncovers the potential association between metabolic capacities assessed 

through proteomics-based modelling and hepatic biomechanical parameters as  

measured by MRE in vivo. Our findings suggest that variations in metabolic functions 

are correlated with biomechanical differences. Consequently, hepatic stiffness and  

viscosity could serve as non-invasive, sensitive markers of crucial liver functions.  

Moreover, they may serve as early indicators of metabolic abnormalities. 

5.2.3. Study 3: Micromechanical SWS and • are sensitive to microarchitectural 

differences constituting the zebrafish brain  

Our results in study 3 suggested the zebrafish as an advantageous model to examine 

the relationship between cellular and microarchitectural factors, and macroscopic  

biomechanical properties of soft tissue [37, 87, 88]. The zebrafish's compact size made 

it well-suited for simultaneous MRI/MRE imaging and histology analyses, both 

performed on comparable regions. Additionally, the zebrafish brain exhibited diverse 

neuronal connectivity patterns across its various subregions, which potentially 

influenced its mechanical properties [89, 90]. Indeed, stiffness was found to be higher in 

the MB region compared to the OT, likely due to differences in microstructure: while the 

OT structure is described as laminar and consists of fewer, well-aligned neuronal fibers, 

the mesencephalic, MB structure is dominated by abundantly crosslinked neuronal 

fibers [91]. In addition, our experiment further revealed that neuroblastoma was 

significantly softer and less viscous than healthy muscle and whole brain tissue. This is 

consistent with the glioblastoma signature in the human brain, characterized by low 

collagen content, contributing to its fluid-like behavior [92]. Our high-resolution method  

demonstrated sensitivity to microstructural variability by capturing heterogeneities  

identifiable in both, histological images and mechanical maps of SWS and •. 

5.3 Embedding the results into the current state of research 

In all three studies, our experiments were designed to decipher the complex interplay 

between vascular hemodynamics, pluricellular structure and metabolic function, and 

their influence on soft tissue biomechanics. All these factors hold clinical significance, 

as they are interrelated in hepatic disease diagnosis, [93, 94].  

In study 1, hemodynamic parameters such as the portal pressure, vascular compliance 

and viscosity of the inflow solution were experimentally manipulated. Previous research 
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conducted among cirrhotic patients has substantiated the clinical relevance of these 

factors, as manifested by pathologically elevated portal pressures [80, 81], increased  

effective vascular compliance [82, 83], and reduced plasma viscosity [84, 85].  

Moreover, it was proven that [95], a more accurate prediction of portal hypertension can 

be achieved by combining hepatic structural measures (such as liver T1 mapping) with 

hemodynamic examinations (such as splanchnic flow) instead of solely relying on T1 

mapping, phase-contrast MRI and arterial spin labeling. This underscores the  

importance of considering solid-fluid tissue interactions in understanding pathologies 

like portal hypertension, where vascular resistance, influenced by the distortion of  

hepatic architecture due to fibrogenesis impacts both hepatic and splanchnic circulation 

[55, 96]. 

As for study 2, the clinical relevance underlies understanding the long-term  

architectural changes associated with metabolic alterations in the liver that can have 

significant implications in disease diagnosis and prevention. For instance, detecting  

increased TAG storage could serve as a biomarker for disrupted fatty acid metabolism 

indicating a potential risk of developing conditions like NAFLD/NASH [97]. A second  

example is the effect of fibrosis progression on hepatic perfusion and blood flow  

availability within hepatocytes. By assessing alterations in glucose metabolism resulting 

from changes in blood flow dynamics, clinicians may better monitor disease progression 

or customize prevention strategies. 

Although our findings from study 3 may not directly impact clinical diagnosis in patients, 

it is noteworthy to acknowledge the similarities between zebrafish and humans in  

developmental biological processes, rendering zebrafish valuable for researching  

various conditions including cancer, liver diseases, and blood disorders [98]. Moreover, 

the conservation of human structural and mechanical tumor signatures supports the 

utility of these vertebrate models in translational research [98]. The zebrafish model, 

which is biologically simple, of relatively small size and transparent, allowed us to 

achieve the highest possible resolution in MRE imaging and to reach a greater  

mechanical specificity.   

 

The proposed redefinition of NAFLD to metabolic-associated fatty liver disease 

(MAFLD) provides compelling grounds to explore the complexity of hepatic diseases 

using MRE [98, 99]. MAFLD diagnosis covers a wider spectrum of hepatic conditions 

and accurately reflects their metabolic origins. It involves liver biopsy, imaging (such as 
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ultrasound or MRI), assessment of portal hypertension, and analysis of blood  

biomarkers for metabolic dysregulation. This novel diagnostic approach provides a 

comprehensive characterization of MAFLD by investigating three key factors:  

hemodynamic properties, metabolic abnormalities, and microstructural alterations, all 

central to our research within this thesis [98, 99]. The redefinition of NAFLD to MAFLD 

highlights the relevance of our experimental design and findings. The combination of 

MRE and mp-MRI measurements used in this thesis has consistently revealed distinct 

viscoelastic responses to increased portal pressure, heterogenous hepatic metabolism 

in healthy livers, and variations in cytoskeletal and cellular structure aligning with tissue 

and metabolic characterization. Based on our findings, biomechanical properties  

obtained by MRE holds promise as noninvasive biomarkers which provide insights into 

liver functionality. 

At a resolution comparable to that of histological images or higher, the molecular basis 

of viscoelastic properties remains largely unknown. For instance, it would be interesting 

to explore the sinusoidal and peri-sinusoidal effects on cellular mechano-sensing  

towards a more specific understanding of cellular function and structure through  

viscoelastic principles [1, 99]. In figure 17 we sketch the approach adopted within this 

thesis to simplify the complexity of hepatic pathophysiology and collect parameters of 

clinical significance, that potentially alter liver biophysical parameters. 
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Figure 17: Depicts biological changes occurring across various scales within the liver. Starting 

with an overview of the liver, the diagram progressively zooms in to the macrostructural level, 

showing how alterations in poroelastic properties translate into changes in liver biomechanical 

parameters, represented on a rodent abdomen (SWS, PR, and ű). Further magnification reveals 

microscopic changes in sinusoidal pressure, microarchitecture, and the overall exchange  

between sinusoids and the extracellular matrix (ECM). Metabolic alterations taking place at the 

molecular level are also illustrated. These different scales collectively contribute to the overall 

changes in hepatic biophysical properties, a pattern applicable to organs with comparable  

structures [7] (Figure inspired from Hirsch et al. (2017)). 
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5.4 Limitations  

While the findings of this thesis are promising, there are limitations.  

In study 1, mp-MRI and MRE measurements on ex vivo livers were conducted at room 

temperature, rather than at physiological temperatures. Hence, a thorough investigation 

into the thermic impact on liver mechanical and metabolic parameters is crucial before 

extrapolating to in vivo measurements. While liver fat content was not quantified, it is 

worth noting that we exclusively examined young adults and healthy rats and post- 

mortem histology analyses revealed no significant presence of hepatic fat. Moreover,  

potential post-mortem tissue alterations such as minor blood occlusions in ex vivo livers 

should be considered. However, given our focus on relative variations in mechanical  

parameters, any effects if existing, were likely minimal [55]. 

Regarding the tissue samples used post-mortem in study 2, their small sizes may result 

in disregarding possible metabolic heterogeneities within the same liver. Nevertheless, 

as we studied healthy animals, it is unlikely that such heterogeneity will affect our  

experimental outcomes. Moreover, in vivo measurements were performed in  

anesthetized rabbits and their heart rate and blood flow might be affected by the  

sedation process. However, with consistent conditions across all measured  

animals, such effects are believed to be negligible [56].  

As for study 3, similar limitations may arise from post-mortem tissue alterations (blood 

coagulation) requiring similar considerations as previously mentioned in study 1. In 

terms of mapping SWS and ű, in-plane resolution comparable to microscopic resolution 

was achieved. However, due to the limitations of the scanner, achieving microscopic 

slice thickness remained challenging. Therefore, our interpretation of the mechanical 

effects on the microscopic level should consider this limitation in slice thickness [57].  

For all our studies, it is necessary to acknowledge that we applied multifrequency MRE 

measurements with higher frequency ranges adjusted for preclinical studies on small  

animals. Therefore, comparisons of our data with human studies should be made with 

caution [57]. 

5.5  Implications for practice and/or future research 

To the best of my knowledge, each of the three studies addressed novel research 

questions using innovative methodologies that were not documented before. Further 

studies are planned to support the findings presented in this manuscript.  
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In study 1, it would be relevant to investigate the influence of fluid viscosity within the 

range of PBS viscosity to that of a 20% Arabic gum solution for each pressure level and 

scenario. Further research could explore the influence of inflow solutions containing  

molecules of increasing weights on vascular permeability, and how this affects hepatic 

stiffness and water diffusivity. Moreover, exploring the compression modulus as a novel 

biophysical marker for pressure elevation or vascular compliance may further expand 

the scope of the study. Correlating hepatic compression modulus with changes in tissue  

stiffness under compression-stiffening conditions could provide valuable insights into 

the vessel-to-tissue interactions. 

In study 2, investigating pathological metabolic variations on liver biomechanical  

parameters, such as SWS and PR, may be a promising continuation. To achieve this, a 

cross-sectional NAFLD/NASH preclinical model could be investigated. Utilizing a  

well-documented feeding animal model would allow for the observation of the 

mechanical progression of NAFLD/NASH. At each timepoint, conducting 

histopathological scoring for fat, inflammation, and fibrosis could provide valuable 

insights into microstructural alterations. Furthermore, using proteomics-based modelling 

of metabolic capacities could offer valuable information regarding the correlation 

between metabolic pathways in NAFLD/NASH and changes in liver viscoelastic 

properties as measured by MRE. 

For study 3, a highly valuable continuation would involve replicating similar  

measurements in in-vivo zebrafish and larvae, utilizing a sedative solution dissolved in 

water. This approach would enable further quantitative biomechanical research on the 

zebrafish as a clinically relevant animal model. Additionally, it would be of high interest 

to develop a method capable of directly analyzing viscoelastic parameters from very 

small tissue samples and cell cultures. One potential approach could involve inducing 

shear waves in small tissue samples and capturing motion optically using a high-speed  

camera [100]. Viscoelastic parameter reconstruction could then be pursued based on 

optical flow motion algorithms. This would allow access to a novel approach that will 

overcome the resolution limit set by the MRI scanners, offering a more refined analysis 

of viscoelastic properties. 
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6 Conclusion 

The detection and diagnosis of liver disease can be challenging due to the  

complex underlying pathological processes that result in subtle and overlapping  

structural and functional changes. In addition to standard serum markers and invasive 

biopsy-based histopathology, non-invasive quantitative imaging is promising for  

examining patients with liver diseases. MRI and ultrasound techniques are highly  

desirable to comprehensively characterize the diseased liver, from both structural and 

functional perspectives. MRE is an MRI technique that quantifies hepatic viscoelastic 

properties which are sensitive to matrix alterations or portal hypertension. However, the 

individual contribution and corresponding biomechanical manifestation of disease  

features, such as liver composition, structure, and hemodynamics, remain incompletely 

understood and require further study. Therefore, this thesis focused on conducting  

preclinical experiments to study isolated hemodynamic, metabolic and microstructural 

effects, and their influence onto the coarse-grained mechanical properties of the liver, to 

better understand the parameter changes measured by MRE.  

In study 1, we investigated the correlation between portal pressure and hepatic 

biophysical properties using ex vivo rat livers and multiparametric MRI techniques,  

including MRE and DWI. By controlling portal pressure and fluid content, we quantified 

vascular dilatation, tissue stiffness and water diffusion. Our findings suggested a  

correlation between elevated portal pressures and increased vascular volumes and  

water diffusivity. We also demonstrated that hepatic stiffening occurred as portal  

pressure increased, particularly when inflow perfusion fluid was retained within the  

vessels, similar to conditions observed in patients with portal hypertension. 

Furthermore, we showed that increased vascular permeability and microstructural 

damage led to hepatic softening. Based on our experimental results, we propose SWS 

and ADC as novel non-invasive imaging markers for evaluating liver parenchymal injury 

and hepatic sinusoidal hyperpermeability associated with portal hypertension. 

In study 2, we demonstrated the correlations between liver metabolism assessed by  

proteomics-based modeling, and MRE-measured in vivo liver biomechanical  

parameters in rabbits. Our results showed metabolic variations in healthy livers,  

particularly in carbohydrate metabolism, ketone body synthesis, and fatty acid  

metabolism. By establishing a stiffness cutoff value, we could distinguish between stiff 

and soft livers with quantifiable differences in TAG content, gluconeogenesis capacity, 
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and cholesterol synthesis. Our findings suggested that liver stiffness and viscosity  

derived from MRE hold promise as non-invasive markers for assessing metabolic  

reserve capacity in the liver.  

In study 3, we introduced a novel MRE protocol utilizing a 7T animal scanner for  

post-mortem evaluation of biomechanical tissue parameters in zebrafish, achieving an  

unprecedented in-plane resolution of 60 µm². Through our post-processing method, we 

were able to obtain high-resolution SWS and • maps as proxies of stiffness and tissue 

fluidity respectively. These maps allow the visualization of distinct anatomic features 

comparable to those revealed by histology images. Our findings demonstrated 

significant heterogeneity in stiffness and tissue fluidity and allowed the differentiation 

between brain subregions, as well as healthy versus tumor tissues. Furthermore, they 

indicated that microstructure may influence MRE-measured macroscopic parameters, 

which are closer to microscopic resolutions than standard clinical and preclinical MRE 

parameters. This provides a foundation for further exploration of biomechanical tissue 

parameters at the cellular scale.  

In conclusion, this thesis examined the impact of alterations in pathological parameters, 

particularly those pertaining to vascular function, microstructure, and metabolism, on the 

macroscopic biophysical properties of the liver, as assessed by mp-MRI and MRE.  

Additionally, it demonstrated the viability and sensitivity of MRE across diverse species. 

For future clinical translation, our research demonstrates the potential to identify specific 

effects within the mechanical complexities of multilayered liver diseases, which could 

lead to more accurate diagnoses and effective disease monitoring.   
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