
 

 

DISSERTATION 
 

 

Entwicklung und Anwendung der in vivo abdominellen 
Magnetresonanzelastographie  

 
Development and application of in vivo abdominal 

magnetic resonance elastography  
 

 

zur Erlangung des akademischen Grades  
Medical Doctor - Doctor of Philosophy (MD/PhD) 

 

 

vorgelegt der Medizinischen Fakultät  
Charité – Universitätsmedizin Berlin 

 

 

von  
 
 

Mehrgan Shahryari 
 

 

 

Erstbetreuung: Prof. Dr. rer. nat. Ingolf Sack 

 
 

Datum der Promotion:  30.06.2024



 



  i 

Table of content 

List of figures ................................................................................................................ iii 

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

List of abbreviations ..................................................................................................... v 

List of symbols ............................................................................................................ vii 

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

Zusammenfassung ........................................................................................................ 3 

1 Introduction ............................................................................................................. 5 

1.1 Manual palpation .............................................................................................. 5 

1.2 Magnetic resonance elastography .................................................................. 6 

1.3 Applications of abdominal MRE ...................................................................... 6 

1.4 Objective of this work ...................................................................................... 8 

1.4.1 Study 1: “Tomoelastography distinguishes noninvasively between benign 

and malignant liver lesions”87 .................................................................................... 9 

1.4.2 Study 2: “Reduction of breathing artifacts in multifrequency magnetic 

resonance elastography of the abdomen”88 ............................................................ 10 

1.4.3 Study 3: “On the relationship between metabolic capacities and in vivo 

viscoelastic properties of the liver”89 ....................................................................... 11 

2 Theoretical background ....................................................................................... 13 

2.1 Viscoelasticity ................................................................................................ 13 

2.2 Technical basis of magnetic resonance elastography ................................ 15 

2.2.1 Mechanical excitation ................................................................................. 15 

2.2.2 Image acquisition ....................................................................................... 17 

2.2.3 Inversion algorithms ................................................................................... 18 

3 Methods ................................................................................................................. 21 

3.1 Subjects .......................................................................................................... 21 

3.2 Experimental procedure ................................................................................ 24 

3.3 Data processing.............................................................................................. 30 



  ii 

3.4 Statistical analysis ......................................................................................... 32 

4 Results ................................................................................................................... 35 

4.1 Study 1 - Patient study ................................................................................... 35 

4.2 Study 2 - Participant study ............................................................................ 41 

4.3 Study 3 – Animal study .................................................................................. 45 

5 Discussion ............................................................................................................. 51 

5.1 Interpretation of results ................................................................................. 51 

5.2 Limitations ...................................................................................................... 56 

5.3 Future research .............................................................................................. 57 

6 Conclusion ............................................................................................................ 59 

References ................................................................................................................... 61 

Statutory declaration ................................................................................................... 77 

Declaration of contribution to the publications ........................................................ 78 

Publications ................................................................................................................. 81 

Publication 1: Tomoelastography Distinguishes Noninvasively between Benign 

and Malignant Liver Lesions ................................................................................... 81 

Publication 2: Reduction of breathing artifacts in multifrequency magnetic 

resonance elastography of the abdomen .............................................................. 91 

Publication 3: On the relationship between metabolic capacities and in vivo 

viscoelastic properties of the liver ....................................................................... 105 

Curriculum vitae ........................................................................................................ 119 

Publication list ........................................................................................................... 121 

Acknowledgment ....................................................................................................... 125 

 



List of figures  iii 

List of figures 

Figure 1: Illustration of small bottle-shaped 3D printed actuator in abdominal MRE. .... 16 

Figure 2: Encoding scheme of different time steps of a vibration frequency. ................ 18 

Figure 3: Flow chart of included patients for Study 1 – Patient study. .......................... 22 

Figure 4: Experimental setup for abdominal MRE for humans and rabbits. .................. 25 

Figure 5: Wave fields of 40 Hz frequency in a patient with a liver tumor. ...................... 27 

Figure 6: Simplified scheme of image acquisition timing of the four multifrequency MRE 

protocols conducted in Study 2 - Participant study. ....................................................... 29 

Figure 7: Quantitative tomoelastography maps of stiffness, based on shear wave speed 

(𝑆𝑊𝑆), and fluidity, derived from the phase of the complex shear modulus 𝜑, for four 

patients with malignant liver tumors. .............................................................................. 36 

Figure 8: Quantitative tomoelastography maps of stiffness, based on shear wave speed 

(𝑆𝑊𝑆), and fluidity, derived from the phase of the complex shear modulus 𝜑, for four 

patients with benign liver tumors. .................................................................................. 37 

Figure 9: Box plot and ROC curves of 𝑆𝑊𝑆 and 𝜑 of tumor and liver tissue. ............... 40 

Figure 10: Representative tomoelastography maps illustrating breathing artifacts and 

motion reduction strategies investigated in Study 2 – Participant study. ....................... 41 

Figure 11: Box plots of displacement 𝑈 (in mm and pixel) grouped by the different MRE 

acquisition paradigms. ................................................................................................... 43 

Figure 12: Box plots of stiffness 𝑆𝑊𝑆 (in m/s) grouped by the different acquisition 

paradigms for the abdominal organs. From Shahryari et al., 202188. ............................ 44 

Figure 13: Box plots of relative improvement of image sharpness 𝜉 in percent due to 

motion correction by image registration. ........................................................................ 45 

Figure 14: Representative rabbit liver images in a PET/MRI scanner. .......................... 46 

Figure 15: Box plots of metabolic capacities and imaging parameters of the two 

metabolic cluster. ........................................................................................................... 47 

Figure 16: Box plots of metabolic capacities and imaging parameters of stiff and soft 

livers (𝑆𝑊𝑆 cutoff 1.6 m/s). ............................................................................................ 48 

Figure 17: Linear correlation of imaging parameters and metabolic capacities. ........... 49 

 



List of tables  iv 

List of tables 

Table 1: Characteristics of subjects investigated in Study 1, Study 2 and Study 3. ...... 23 

Table 2: MRE sequence parameters for Study 1, Study 2 and Study 3. ....................... 25 

Table 3: Quantitative parameters of tumor and liver tissue of Study 1. ......................... 38 

 



List of abbreviations  v 

List of abbreviations 

1D  One-dimensional 

2D  Two-dimensional 

3D  Three-dimensional 

AC  Attenuation and scatter correction 

acac  Acetylacetone 

ARRIVE  Animal Research: Reporting of In Vivo Experiments 

AUC  Area under the receiver operating characteristics curve 

BH  Breath-hold 

CCA  Cholangiocarcinoma carcinoma 

CI  Confidence intervals 

EASL  European Association for the Study of the Liver 

EPI  Echo planar imaging 

FB  Free-breathing 

FDA  Food and Drug Administration 

FDG  Fluorodeoxyglucose 

FELASA  Federation of Laboratory Animal Science Association 

FNH  Focal nodular hyperplasia 

G  Gated 

GF  Gated and navigator-based slice block adjustment 

GLMM  General linear mixed-effect models 

HCA  Hepatocellular adenoma 

HEM  Hepatic hemangioma 

ICG  Indocyanine green 

IRB  Institutional Review Board 

k-MDEV  Wavenumber-based multifrequency-dual elasto-visco 

LAGESO  Landesamt für Gesundheit und Soziales 

LC-MS  Liquid chromatography–mass spectrometry 

LiMAx  Liver maximum function capacity test 

LMM  Linear mixed effect models 

MDEV  Multifrequency-dual elasto-visco 

MEG  Motion-encoding-gradients 

MET  Liver metastasis 



List of abbreviations  vi 

MRE  Magnetic resonance elastography 

MRI  Magnetic resonance imaging 

PET  Positron emission tomography 

QIBA  Quantitative Imaging Biomarker Alliance 

RF  Radio frequency 

RSNA  Radiological Society of North America 

SD  Standard deviation 

SE  Spin-echo 

SNR  Signal-to-noise ratio 

tag  Triacylglycerol 

USE  Ultrasound elastography 

vldl  Very low-density lipoprotein 

VOI  Volumes of interest 

 



List of symbols  vii 

List of symbols 

𝜎  Shear stress 

𝜀  Shear strain 

𝜇  Shear modulus 

�̇�  Shear strain rate 

𝜂  Viscosity 

𝐺∗  Complex valued shear modulus 

𝐺′  Storage modulus 

𝐺′′  Loss modulus 

|𝐺∗|  Magnitude of the complex valued shear modulus 

𝜑  Phase of the complex valued shear modulus 

𝒖  Complex valued shear wave displacement vector field 

�̈�  Second temporal derivate of the complex valued displacement 

vector field 

𝑐∗  Complex valued wave speed 

Δ  Laplace operator 

𝜌  Material density 

𝑢ℎ,𝑛  Complex valued shear wave displacement field of the ℎth cartesian 

components and 𝑛th frequency 

𝑢ℎ,𝑑,𝑛  Complex valued plane wave displacement field of the ℎth cartesian 

components, 𝑑th direction and 𝑛th frequency 

𝑘ℎ,𝑑,𝑛
′   Real part of the plane wave of the ℎth cartesian components, 𝑑th 

direction and 𝑛th frequency 

𝑘ℎ,𝑑,𝑛
′′   Imaginary part of the plane wave of the ℎth cartesian components, 

𝑑th direction and 𝑛th frequency 

𝑆𝑊𝑆  Shear wave speed 

𝑃𝑅  Penetration rate 

𝑊ℎ,𝑑,𝑛  Weighting factor based on the plane wave displacement magnitude 

of the ℎth cartesian components, 𝑑th direction and 𝑛th frequency 

𝜉  Image sharpness based on the variance of the Laplace operator Δ 

𝑀  Mean magnitude image of 𝑚𝑖 individual images 

𝑈  Mean displacement of respiratory motion in the 𝑥 and 𝑦 directions 

𝑆𝑈𝑉  Standardized uptake values 



  viii 



Abstract  1 

Abstract 

Magnetic Resonance Elastography (MRE) is a well-established non-invasive imaging 

technique used to quantify the mechanical properties of tissues in vivo for the diagnosis 

of liver fibrosis. However, MRE is limited by its spatial resolution, sensitivity to motion 

artifacts, and insensitivity to metabolic function. Therefore, three studies of abdominal 

MRE were conducted to improve the quality of mechanical maps for characterizing liver 

tumors, to correct for motion artifacts induced by breathing, and to implement MRE on a 

PET/MRI scanner to correlate mechanical liver properties with metabolic functions in 

small animals through technical improvements in image acquisition and post-processing. 

High-resolution stiffness (shear wave speed in m/s), wave penetration (penetration rate 

in m/s), and fluidity (phase of the complex shear modulus in rad) maps were generated 

using multifrequency MRE, novel actuators, and tomoelastography post-processing. The 

first study characterized the stiffness and fluidity of a total of 141 liver tumors in 70 

patients. The second study analyzed the motion of abdominal organs and its effect on 

their stiffness using different acquisition paradigms and image registration in 12 subjects. 

The third study examined the relationship of liver stiffness and wave penetration to central 

metabolic liver functions in 19 rabbits. 

Malignant liver tumors were distinguished from the surrounding liver (stiffness area under 

the curve [AUC]: 0.88 and fluidity AUC: 0.95) and benign tumors (stiffness AUC: 0.85 and 

fluidity AUC: 0.86) due to their increased stiffness and fluidity. In the second study, no 

significant differences in stiffness were observed despite significant differences in 

examination time, organ motion, and image quality with different image acquisition 

paradigms. Motion correction by image registration increased image sharpness, so that 

no significant difference was measurable between MRE in free breathing and breath-hold. 

Healthy rabbit livers showed heterogeneous liver stiffness, such that division into low and 

high stiffness (>1.6 m/s) groups resulted in significant differences in central metabolic 

functions.  

Stiffness and fluidity measured by multifrequency MRE hold promise as quantitative 

biomarkers for the diagnosis of malignant liver tumors. Abdominal MRE with free 

breathing, followed by image registration, is recommended as the best balance between 

fast examination time and good image quality. Additionally, the applicability of abdominal 
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MRE in small animals in a clinical MRI was demonstrated, and correlations between 

mechanical liver properties and metabolic functions were found.  

This study demonstrates improvements in the quality of maps of biophysical parameters 

for both clinical and preclinical studies, making an important contribution to the clinical 

translation of multifrequency MRE as a non-invasive imaging modality for abdominal 

organs and pathologies. 
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Zusammenfassung 

Die Magnetresonanzelastographie (MRE) ist eine nichtinvasive Bildgebungsmethode zur 

Quantifizierung mechanischer Gewebeeigenschaften in vivo bei der Diagnose von 

Leberfibrose. Limitationen bestehen aufgrund örtlicher Bildauflösung, 

Bewegungsempfindlichkeit und Insensitivität zu metabolischen Funktionen. Aufgrund 

technischer Verbesserung in der Bildaufnahme und der Bildauswertung wurde daher 

anhand von drei Studien zur abdominellen MRE die Bildqualität mechanischer Karten zur 

Charakterisierung von Lebertumoren verbessert, atmungsinduzierte Organbewegungen 

korrigiert und die MRE an klinischen PET/MRT implementiert, um an Kleintieren die 

mechanischen Lebereigenschaften mit metabolischen Funktionen zu korrelieren. 

Mittels multifrequenter MRE, neuartiger Aktoren und tomoelastographischer Auswertung 

wurden hochaufgelöste Karten der Steifigkeit (Scherwellengeschwindigkeit in m/s), 

Wellenpenetration (Wellenpenetrationsrate in m/s) und Fluidität (Phase des komplexen 

Schermoduls in rad) generiert. Die erste Studie charakterisierte die Steifigkeit und 

Fluidität von insgesamt 141 Lebertumoren an 70 Patienten. Eine zweite Studie 

analysierte die Bewegung und den Einfluss auf die Steifigkeit abdomineller Organe 

mittels unterschiedlicher Aufnahmeparadigmen und Bildregistrierung in 12 Probanden. In 

einer dritten Studie wurde der Zusammenhang von Lebersteifigkeit und 

Wellenpenetration zu zentralen metabolischen Leberfunktionen an 19 Kaninchen 

untersucht. 

Maligne Lebertumoren können durch erhöhte Steifigkeit und Fluidität (Steifigkeit AUC: 

0.88 und Fluidität AUC: 0.95) gut von gutartigen Tumoren (Steifigkeit AUC: 0.85 und 

Fluidität AUC: 0.86) unterschieden werden. In der zweiten Studie wurden trotz 

verschiedener Aufnahmeparadigmen und Unterschiede in Untersuchungsdauer, 

Organbewegung und Bildqualität keine signifikanten Unterschiede in der Organsteifigkeit 

festgestellt. Die Bildregistrierung verbesserte die Bildschärfe, sodass kein signifikanter 

Unterschied zwischen freier Atmung und Atempause messbar war. Kaninchenlebern 

zeigten heterogene Steifigkeiten, sodass eine Zweiteilung in niedrige und hohe Steifigkeit 

(>1.6 m/s) signifikante Unterschiede in zentralen metabolischen Funktionen zeigte. 

Steifigkeit und Fluidität, die mittels der Mehrfrequenz-MRE gemessen werden, stellen 

vielversprechende quantitative Biomarker für die Diagnose maligner Lebertumoren dar. 

Abdominelle MRE in freier Atmung mit Bildregistrierung ist der beste Kompromiss aus 
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schneller Untersuchungsdauer und guter Bildqualität. Die Anwendbarkeit an Kleintieren 

in einem klinischen MRT wurde gezeigt, inklusive Korrelationen zwischen mechanischen 

Lebereigenschaften und metabolischen Funktionen. 

Diese Arbeit konnte somit die Bildqualität mechanischer Karten sowohl für klinische als 

auch präklinische Untersuchungen verbessern und damit einen wichtigen Beitrag zur 

Translation der Multifrequenz-MRE als klinisch angewandte nichtinvasive 

Bildgebungsmethode abdomineller Organe und Pathologien leisten. 
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1 Introduction 

1.1 Manual palpation 

Manual palpation is an essential part of a physical medical examination.1 By moving 

tissue layers with the palpating fingers, force is applied to the human body, resulting in 

deformation of the tissue. The palpating fingers feel resistance to the deformation. This 

subjective perception provides information about mechanical tissue properties, which are 

altered in many pathological processes.  

For example, liver fibrosis is associated with a stiffening of the liver.2 Chronic hepatic 

stress and inflammation of different etiology (e.g. chronic toxins, viral inflammation, etc.) 

leads to fibrosis of the liver accompanied by metabolic dysfunction.3,4 As the disease 

advances, hepatic fibrosis increases, resulting in decreased liver function.4-7 This change 

in tissue mechanics during disease progression can be used for diagnosis and 

screening.8,9 Therefore, palpation of the liver margins to determine liver size and 

induration is part of a clinical abdominal examination.7,9 Moreover, in cancer mechanical 

properties have an important role.10 For example, bimanual breast palpation is the first 

indication of a malignant breast tumor in most cases.11 Therefore, manual breast 

palpation as a secondary screening measure is an integral part of annual cancer 

screening in women over 50 years of age in Germany.12 Similarly, in men over 45 years 

of age, digital rectal palpation of the prostate is recommended as a routine annual 

examination for secondary prevention of prostate cancer.13 A rough, asymmetric lump 

can raise suspicion of prostate cancer even before the first symptoms appear.14 Early 

diagnosis of cancer allows adequate therapy, which increases the chances of cure. 

However, traditional palpation is limited to superficial tissue accessible to the hand. 

Palpation of tumors located within the liver is therefore not possible. The accuracy of 

palpation depends on the sensitivity of the fingertips, and no precise, quantitative 

information is obtained. Furthermore, the examination is subjective and dependent on the 

clinical experience of the physician.15 Thus, the evaluation of suspicious nodules in the 

context of cancer screening may vary between physicians.15 Therefore, the subjective 

nature of manual palpation does not allow for long-term observation or monitoring of 

disease progression or treatment success. 
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1.2 Magnetic resonance elastography 

Various medical imaging methods of elastography have been developed to overcome the 

limitations of manual palpation and quantitatively determine mechanical properties of 

tissues in vivo.16 Typical elastography methods are ultrasound elastography (USE), and 

magnetic resonance elastography (MRE).17-21 MRE is based on three basic principles: i) 

mechanical harmonic excitation and deformation of tissue, ii) acquisition of mechanical 

deformation fields, and iii) calculation of tissue mechanical properties based on 

deformation.22,23 For MRE, harmonic vibrations of a single or multiple frequencies 

(multifrequency MRE) are applied to the region of interest.22-24 The vibrations cause 

deformation of the tissue with propagating shear waves. The propagating shear waves 

are encoded in a snapshot-like fashion at different time points using a motion-encoding, 

phase-sensitive MRI sequence.22-24 Image acquisition of the displacement fields requires 

only a few minutes and can therefore be integrated into a clinically indicated MRI 

examination.22-24 The encoded displacement fields can be transformed into a complex 

shear wave field using physical models.22-24 By applying physical inversion algorithms to 

the shear wave field, two quantitative parameter maps related to elasticity and viscosity 

or shear wave speed and shear wave penetration are typically generated.22-24 MRE can 

thus quantify the mechanical properties of organs and deep tissues that were previously 

inaccessible and present them in spatially resolved maps (termed elastograms) that allow 

quantification and characterization of the mechanical properties of healthy and diseased 

tissues. 

 

1.3 Applications of abdominal MRE  

Recently, MRE has been used for the mechanical characterization of various diseases in 

abdominal organs.25-31 Meta-analyses have shown that liver fibrosis can be diagnosed 

noninvasively, in vivo by MRE with a very high sensitivity and specificity allowing 

diagnostic staging of liver fibrosis that outperforms other elastography methods32,33 

Based on these excellent results, MRE was approved by U.S. Food and Drug 

Administration (FDA) for the diagnosis of liver fibrosis.34,35 The distribution pattern of liver 

stiffness appears to differ between primary sclerosing cholangitis and viral hepatitis.36 

Increased liver stiffness in conjunction with increased splenic stiffness may provide 

information about portal hypertension and esophageal varices.37-40 Pancreatitis increases 

pancreatic stiffness.30,41-43 Initial studies have shown that renal stiffness is reduced in 
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patients with chronic kidney disease.44 Furthermore, as recent results show, MRE may 

be useful for therapy monitoring and prediction of complications.45-48 In particular, in the 

liver, the most important metabolic organ, decompensation in patients with liver cirrhosis 

could be predicted by MRE.49-54 

Because tumor diseases can lead to marked mechanical tissue changes but are often 

located deep within organs, they are a particular focus of MRE research.10,19 For instance, 

increased matrix deposition occurs in the tumor environment with increased protein fiber 

linkage.55-57 Cancer induces neoangiogenesis, leading to the formation of perforated 

blood vessels that increase fluid pressure within the tissue.55,58 In addition, tumor cell 

proliferation with cellular unjamming increases solid stress on the surrounding tissue.55,58-

60 Preliminary MRE studies in liver tumors have indicated that the stiffness of tumors is 

increased, especially in malignant liver tumors.61 Renal and in pancreatic tumors have 

also shown an elevated stiffness in preliminary studies.26,42,62-64 With regard to tumor 

disease, preclinical animal experiments are essential in basic research. Therefore, MRE, 

which was first developed for use in humans in 1995, has been extended to various 

preclinical animal models.24,59,65-68 An increase in liver tumors stiffness after laser ablation 

has been demonstrated in pigs.69 Human colon cancer cells subcutaneously transplanted 

into mice showed a decrease in stiffness after drug administration.70 

In addition to pathological alterations, MRE is also sensitive to physiological effects. An 

increase in liver stiffness after food or water ingestion was reported.71-76 In rats, liver 

stiffness increased due to cell hypertrophy during pregnancy.77 However, to date, there 

is no information on the relationship between metabolic functions and mechanical tissue 

properties measured with MRE. 

Despite the promising studies, abdominal in vivo MRE has been limited by insufficient 

mechanical excitation of shear wave amplitudes, extended acquisition times and low 

spatial resolutions, which overall compromise MRE reproducibility.35,76,78-82 For example, 

the FDA-approved commercially available MRE device uses only a single actuation unit 

and is therefore limited in providing sufficient shear wave amplitudes.23,28,35,83 However, 

sufficient mechanical excitation with high wave amplitudes in the organs of interest is 

required to apply wave inversion algorithms, which is challenging for organs that are 

deeply located in the body, such as the kidneys and pancreas.28,83 In addition, due to its 

large diameter, the commercial actuation unit is not suitable for studies of small animals 
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such as rabbits. MRE image acquisition usually takes several minutes being susceptible 

to motion artifacts, i.e., caused by breathing.23,84,85 This can lead to image blurring and 

reduce image quality.23 Motion artifacts also occur in examinations with breathing 

commands, which, on the one hand, prolong examination time and, on the other hand, 

are not feasible in animals and some patients.28,86 These limitations are particularly 

relevant for the characterization of small lesions such as tumors and in preclinical animal 

studies. 

 

1.4 Objective of this work 

The focus of this work was on the application and improvement of in vivo abdominal MRE 

for tumor characterization and preclinical animal studies. To this end, adaptations in 

mechanical excitation, image acquisition, and data processing were made. Novel three –

dimensional (3D)-printed actuators in a small bottle shape were utilized.87-89 These 

actuators were attached to a custom-made belt placed around the abdomen, allowing for 

the generation of sufficiently high amplitudes of harmonic displacement fields.87-89 The 

use of multiple actuators was possible due to their small size.87-89 In combination with 

tomoelastography, a novel noise-robust inversion algorithm, maps with high spatial 

resolution could be generated.87-90 The aim of the first study was to apply 

tomoelastography for the first time in patients with liver tumors, with the goal of obtaining 

high spatial resolution images for the delineation and mechanical characterization of liver 

lesions as small as 1 cm.87 The benefit of using tomoelastography for the diagnosis of 

liver tumors was investigated.87 Due to the degradation of image quality caused by 

respiratory motion during MRE image acquisition, strategies to reduce breathing-induced 

organ motion were investigated in the second study.88 To this end, different image 

acquisition sequences and image registration were implemented for post-processing of 

the image data to provide the best compromise in terms of image quality, parameter 

consistency, and examination time.88 The third study aimed to demonstrate that technical 

advancements have enabled the in vivo examination of small animals such as rabbits, 

which do not fit into an animal scanner, using a human MRI. Multifrequency MRE was 

implemented on a human PET/MRI scanner to acquire MRE and PET measurements 

simultaneously.88 This enabled the correlation of high-resolution maps of the viscoelastic 

properties of the liver with metabolic liver functions.87 The three studies were conducted 
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using MRI scanners of varying field strengths and located at different sites to showcase 

the versatility of MRE for both clinical and preclinical studies of the abdomen.87-89 

In the following, the essence of the presented studies of this work is described in more 

detail. 

 

1.4.1 Study 1: “Tomoelastography distinguishes noninvasively between benign and 

malignant liver lesions”87 

In the first study, the mechanical properties of primary and secondary liver tumors of 

different entities were investigated in 70 patients using tomoelastography based on 

multifrequency MRE.87 Liver tumors are the third most common cause of cancer deaths 

as of 2020, with early diagnosis leading to improved survival.91-96 An increase in liver 

stiffness due to fibrosis increases the likelihood of HCC occurrence by approximately 

4%.54 Preliminary single-frequency MRE studies in a small study population have 

demonstrated that liver tumors are associated with increased elasticity and viscosity.97-99 

However, these studies were limited in their spatial resolution and image quality.87 Data 

on mechanical fluidity, which in MRE denotes the proportion of elastic-solid to viscous-

fluid material properties, are scarce.87 There is evidence that malignant tissue is 

associated with higher fluidity97,100 rendering the further development and application of 

MRE for the mechanical characterization of liver tumors important. Therefore, the aim of 

this study was to investigate the potential of multifrequency MRE for the diagnosis of liver 

tumors by characterizing stiffness and fluidity of liver tumors and non-tumor liver.87 For 

this purpose, multiple novel compressed-air actuators, multifrequency excitation, and 

tomoelastography reconstruction methods were, for the first time, combined to generate 

maps of stiffness and fluidity in patients with liver tumors.87 To calculate the delineation 

capability, the tumor’s mechanical properties were compared with those of the non-

tumorous liver.87 Differences in stiffness and fluidity between different tumor entities were 

analyzed and the separability between benign and malignant liver tumors was 

calculated.87 This study will be referred to as Study 1 - Patient study - in the rest of the 

manuscript. 
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1.4.2 Study 2: “Reduction of breathing artifacts in multifrequency magnetic resonance 

elastography of the abdomen”88 

The second study focused on strategies to reduce breathing-induced motion in abdominal 

organs of 12 healthy participants.88 The rising clinical application of MRE in abdominal 

pathologies has prompted the development of numerous novel MRE techniques.22 

However, one limitation that all existing MRE techniques have in common, is their 

sensitivity to breathing motion causing to imaging artifacts.23 The motion induced by 

respiration during image acquisition can displace organs, resulting in blurred images and 

image artifacts, such as "ghosting".101 “Ghosting” is caused by artefactual signal variation 

along the phase-encoding direction and is characterized by the presence of noisy and 

duplicated versions of the primary object in the MRI image.101 This phenomenon is also 

relevant for phase contrast imaging, such as MRE.102 Together, motion induced blurring 

and ghosting, can significantly degrade image quality, which can hinder the accurate 

detection of small lesions, making it unacceptable for precise diagnosis.19,23,35,84,85,88 

Therefore, the Quantitative Imaging Biomarker Alliance (QIBA) of the Radiological 

Society of North America (RSNA) recommends MRE examinations with breath hold at 

end-expiration.35 However, there are reasons why image acquisition in breath-hold of the 

subject is not always appropriate.88 Patients with abdominal disease cannot always hold 

their breath for up to 20 seconds multiple times, which is required for the multi slice 

acquisition of commercially available MRE.28,35 In pediatric and geriatric patients, 

compliance with breathing commands may be challenging or not possible in all cases.88 

Breathing commands cannot be followed by animals investigated in preclinical studies. 

Breath-hold in expiration can lead to pressure and perfusion changes of abdominal 

organs, which may have influence on organ stiffness.103,104 Furthermore, breathing 

commands prolong the overall examination time.88 Breath-hold commands in a 

multifrequency MRE, such as tomoelastography, which allows a high image quality 

despite respiratory motion, prolong the examination time by a factor of 4.105 Therefore, 

multifrequency MRE has been performed in free breathing mostly.44,106-108 The aim of this 

work was to provide guidance for handling breathing-induced motion in future abdominal 

MRE applications.88 To achieve this goal, reduction strategies were analyzed during both 

the image acquisition and post-processing stages.88 The different image acquisitions 

paradigms included MRE during breath-hold, during free-breathing, and during free-

breathing with respiratory navigators.88 Image registration on unprocessed data 

quantified and corrected motion of liver, kidneys, spleen, and pancreas in the different 
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acquisition paradigms.88 The different methods were compared in terms of the best 

compromise between image quality and examination time.88 This study will be referred to 

as Study 2 - Participant study - in the rest of the manuscript. 

1.4.3 Study 3: “On the relationship between metabolic capacities and in vivo 

viscoelastic properties of the liver”89 

In the third study, the applicability of multifrequency MRE in a clinical hybrid PET/MRI 

scanner and the relationship between rabbit liver function and mechanics were 

investigated in vivo in 19 rabbits.89 Determination of liver function to estimate the risk of 

post hepatectomy liver failure plays a crucial role for curative liver resection, especially in 

patients with severe intrahepatic tumor load.109-117 Metabolic liver functions are also 

altered in chronic progressive liver diseases such as NAFDL, the hepatic manifestation 

of metabolic syndrome.118-122 However, noninvasive quantification of liver functions 

remains a major clinical challenge.89 Static liver function assessment, such as the Child-

Turcotte-Pugh score that is based on relevant serum or plasma metabolites for 

assessment hepatic synthesis capacities, are insensitive in early disease stages.123-126 

Dynamic labeling measurements such as the liver maximum function capacity test 

(LiMAx) are time-consuming, expensive and only assess specific pathways.127,128 PET is 

a functional imaging technique that uses radiotracer labeled metabolites, such as 18F-

fluorodeoxyglucose (FDG), which indicates glucose metabolism.129 It can be used to 

diagnoses various diseases with associated with high metabolic activity, such as tumors 

and neurodegenerative processes.129-134 Nevertheless, PET is limited by its high cost, 

ionizing radiation and specific metabolic pathways of the injected metabolites.135-137 

Central metabolic liver functions can be assessed by computational modeling based on 

proteomics data.138-143 However, this requires the collection of liver tissue samples, which 

cannot be routinely obtained from patients due to the invasiveness.144,145 Although the 

liver is the only organ for which MRE is FDA-approved in the U.S., there is no information 

on the relationship between mechanical liver properties and specific metabolic functions, 

which would be of particular interest in early stages of NAFLD in which measurable 

fibrosis has not yet occurred.89 Additionally, to date, MRE has not been applied on a 

PET/MRI scanner to allow simultaneous measurements of MRE and i.e., glucose 

metabolism.89 Therefore, the aim of this study was to investigate the relationship between 

mechanical liver properties, as assessed by high-resolution viscoelastic maps, and 

metabolic capabilities determined by PET imaging and computational modeling based on 
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proteomics data from post-mortem liver samples.89 To achieve this, multifrequency MRE 

was implemented on a human PET/MRI scanner to acquire MRE and PET measurements 

simultaneously on rabbits, which do not fit in an animal MRI due to their size.89 Novel 

small bottle-shaped actuators were attached to a custom-made belt for rabbits, and the 

MRE sequence parameters, mechanical excitation frequencies, and inversion post-

processing were adjusted for small animals to generate high-resolution viscoelastic 

maps.89 This study serves as the first reference investigating mechanical liver properties 

with metabolic capabilities.89 In addition, this study demonstrates that high-resolution 

images in small animals are feasible in clinical MRI and offers the possibility of performing 

MRE imaging simultaneously with PET imaging for clinical and preclinical purposes in the 

future.89 This study will be referred to as Study 3 - Animal study - in the rest of the 

manuscript. 
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2 Theoretical background 

2.1 Viscoelasticity 

In addition to histological and functional characterization of biological tissue, mechanical 

properties can also be used to describe the tissue. In general, by applying stress 𝜎 on a 

biological tissue leads to strain 𝜀, whereas the material property that resists to the 

deforming stress is the elastic modulus and denotes the proportionality between 𝜎 and 

𝜀.146 

In an incompressible and purely linear-elastic material (e.g. spring) the proportionality 

between shear stress and shear strain is described by the shear modulus 𝜇. In an 

isotropic material with small deformation a linear relationship between shear stress and 

shear strain can be assumed, which is why Hooke’s law can be applied:22 

𝜎 = 2 𝜇 𝜀 . (1) 

 

In purely viscous material (e.g. water), the stress is proportional to strain rate 𝜀̇.22 Instead 

of a instant deformation as in a elastic material, a flow process is occuring.22 In case of 

laminar flow the material can be described as a Newton fluid and is characterized by the 

viscosity 𝜂:22 

𝜎 = 2 𝜂 𝜀̇ . (2) 

 

Biological tissue can be considered as viscoelastic material.146 Viscoelastic materials 

exhibit both elastic and viscous behavior, combining the characteristics of elastic solids 

and viscous fluids.146 

Viscoelastic biological tissue can be represented by a complex number:22 

𝐺∗ = |𝐺∗| ei 𝜑 = 𝐺′ + i 𝐺′′ , (3) 

 

𝜎 = 2 𝐺∗ ε , (4) 

 

with |𝐺∗| being the magnitude of the complex valued shear modulus and 𝜑 the phase of 

the complex valued shear modulus. In particular, 𝜑 ranges from 0 (pure elastic material) 

to 
π

2
 (pure viscous material).22 In the following, 𝜑 is termed fluidity. |𝐺∗| and 𝜑 can be 
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expressed by the storage modulus 𝐺′ and loss modulus 𝐺′′ by |𝐺∗| = √𝐺′² + 𝐺′′² and 𝜑 =

arctan (
𝐺′′

𝐺′ ), respectively. 

The Helmholtz equation for complex-valued shear waves in viscoelastic materials can be 

derived from the incompressible, isotropic, and homogeneous version of the Navier 

equation under linear deformation, using the Helmholtz decomposition:22 

�̈� −
𝐺∗

𝜌
 Δ𝒖 = 𝟎 , (5) 

where 𝒖 represents the shear wave displacement vector field, �̈� represents the 

corresponding second time derivative, 𝜌 denotes the density of the material and Δ 

represents the Laplace operator. 

Comparing eq.5 with the wave equation �̈� − 𝑐∗2 Δ𝒖 = 𝟎, allows to determine the complex 

wave speed 𝑐∗:22 

𝑐∗ = √
𝐺∗

𝜌
 . (6) 

 

To quantitatively assess the viscoelastic properties of biological tissue, the real valued 

shear wave speed (𝑆𝑊𝑆) and penetration rate (𝑃𝑅) can be determined.90 Both can be 

represented by 𝑐∗ or respectively by 𝐺∗.90 

𝑆𝑊𝑆 =
1

Re{
1

𝑐∗ }
= √

2 |𝐺∗|

𝜌 (1+cos 𝜑)
 , (7) 

 

𝑃𝑅 =
1

−2 π∙Im{
1

𝑐∗}
=

1

2 π
 √

2 |𝐺∗|

𝜌 (1−cos 𝜑 )
 . (8) 

 

Overall, three stiffness related parameters can be derived: the magnitude of the complex 

shear modulus |𝐺∗|, the storage modulus 𝐺′ associated with elasticity and the shear wave 

speed 𝑆𝑊𝑆. Conversely, three viscosity-related parameters can be obtained: the phase 

of the complex shear modulus 𝜑, also referred to as fluidity, the loss modulus 𝐺′′ and the 

wave penetration rate 𝑃𝑅 associated with inverse damping properties.22,90 All parameters 

are dependent on the frequency of vibration.22,90 
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2.2 Technical basis of magnetic resonance elastography 

In the following section, the fundamental principles of MRE shall be elucidated. 

2.2.1 Mechanical excitation  

Motion generating actuators introduce shear waves into the body via harmonic vibrations. 

Over the last two decades, numerous actuator systems have been designed, differing in 

their principle of motion generation and transducing.22 Actuator systems that use 

pressurized air are cost-effective and have proven to be practical for both clinical and 

scientific purposes in patients. Therefore, they are currently the most commonly 

used.22,23,147,148 These actuators are attached to the region of interest on the body surface 

and vibrate at a specific frequency. A detailed analysis of different actuator types can be 

found in the book Magnetic Resonance Elastography by Hirsch et al.22. Figure 1 illustrates 

a novel bottle-shaped 3D printed actuator system for MRE measurement of abdominal 

organs, which is powered by compressed air. In comparison to the most common actuator 

systems, several of these small bottle-shaped actuators can be attached around the 

patient's abdomen to generate shear waves with high amplitudes.87,88 
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Figure 1: Illustration of small bottle-shaped 3D printed actuator in abdominal MRE. 

A newly designed 3D-printed actuator system, shaped like a small bottle and equipped 

with tubing for the flow of compressed air is presented. A standard Din-A4 page is 

provided for size comparison. B Two dorsal and two ventral actuators are placed on the 

upper abdominal region. C The patient is positioned in a supine orientation on the MRI 

scanner table, while the actuators are affixed to their body. Pressurized air with a specific 

frequency and amplitude generated by the pneumatic control unit at the flows via the 

tubes to the actuators and transduces shear waves into the abdominal region. Own figure. 
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Lower vibration frequencies result in longer spatial wavelengths, leading to greater tissue 

displacement with less wave attenuation.22 Thus, they can penetrate the tissue more 

easily. Higher vibration frequencies allow for a better spatial resolution of elastograms 

due to smaller spatial wavelength, but are limited in penetration depth and displacement 

of tissue.22 Therefore, the size and location of the tissue of interest must be considered 

when choosing a vibration frequency. In a multifrequency approach, the advantages 

between low and high mechanical frequencies are compromised. This allows for higher 

spatial resolution and better signal to nose ratio (SNR), while ensuring depth 

penetration.22 In addition, standing waves can be accounted for.22 Typically, frequencies 

between 20 and 100 Hz are used for MRE in humans and small animals, leading to tissue 

displacement usually in the µm range.149-151 

2.2.2 Image acquisition 

The propagating shear waves in the tissue lead to harmonically oscillating tissue 

displacement. The displacement is encoded with a phase-contrast MRI sequence.22,24 

The sequence has bipolar trapezoidal, motion-encoding-gradients (MEGs) that encode 

displacement into the phase of the complex MRI signal, whereas the magnitude captures 

the signal intensity and provides anatomical information.22 The MEG has a fixed 

amplitude and duration.22 The MEG frequency is in the range of the mechanical frequency 

and displacement encoding occurs along the MEG direction.22,152 To acquire a 3D wave 

field, MEGs are repeated for all three Cartesian motion fields, which usually match the 

direction of imaging gradients of the MRI.22 Only moving spins accumulate a net phase 

signal due to the shape of the MEG (0th gradient moment nulling).22 Motions with a 

constant velocity such as rigid body motion or laminar blood flow, can be eliminated by a 

1th gradient moment nulling approach adding extra gradient lobes.22 

The displacement is encoded in the phase, which ranges from −𝜋 to 𝜋.22 When the 

accumulated phase signal exceeds these limits, phase discontinuities occur.153 The 

phase values are then wrapped with opposite sign, which is called phase wraps. Phase 

wraps occur, for example, when the amplitude of the mechanical driving frequency or the 

MEG is high.22 There are several phase unwrapping algorithms for correcting phase 

discontinuities.154,155 Usually, MRE phase images are smoothed prior to phase 

unwrapping to increase data stability.22  
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To acquire a harmonic oscillating displacement, at least 3 different phases with 

equidistant time steps (∆𝑡) have to be acquired.22 Usually, six to eight time steps are 

acquired.22 Therefore, the acquisition of the time steps by the MRE sequence has to be 

synchronized with the driving frequency.22 Subsequently, the temporal Fourier 

transformation allows the fundamental driving frequency to be extracted, neglecting 

unwanted signals and noise occurring naturally during the measurement.22 Figure 2 

illustrates the sampling scheme of an MRE sequence. Several MRE magnitude and 

phase images are acquired, which are composed of the different time steps, MEG 

directions and frequencies. 

 

 

Figure 2: Encoding scheme of different time steps of a vibration frequency. 

Shown is the transverse plane of time-harmonic displacement (in µm) in the x-direction 

of a 60 Hz frequency. The harmonic displacement is sampled at different phases with 

equidistant time steps (∆t). Blue denotes values below and red values above 0 µm. Own 

figure based on data from Shahryari et al., 201987. 

 

2.2.3 Inversion algorithms 

After image acquisition, spatial smoothing, phase unwrapping and temporal Fourier 

transformation a displacement field 𝒖 is generated, which contains the shear and 

compression wave.22 In MRE, only the shear wave is relevant, necessitating the removal 



Theoretical background  19 

of the compression wave.22 The application of a high-pass k-space filter allows the 

differentiation between compression and shear waves, as the former exhibit longer 

wavelengths compared to the latter.22 There exist various inversion algorithms that can 

reconstruct distinct mechanical parameters based on the propagation of shear waves to 

characterize the viscoelastic properties of tissues.22 The algorithms used in this work are 

the multifrequency-dual elasto-visco (MDEV) and the wavenumber-based MDEV (k-

MDEV) inversion methods, respectively.90,105 

MDEV is an inversion method that directly solves the Helmholtz equation (5) and 

reconstructs |𝐺∗|, and 𝜑 independently.105 It omits the frequency dependency of |𝐺∗| and 

𝜑 and therefore, simply averages over the MEG components of the shear wave 

displacement 𝑢ℎ,𝑛 with 3 cartesian components ℎ and N vibration frequencies 𝑓𝑛, 

respectively:105 

𝜑 = acos (−
∑ ∑ |𝑢ℎ,𝑛|

′
 |Δ𝑢ℎ,𝑛|

′
+|𝑢ℎ,𝑛|

′′
 |Δ𝑢ℎ,𝑛|

′′3
ℎ=1

𝑁
𝑛=1

∑ ∑ |𝑢ℎ,𝑛| |Δ𝑢ℎ,𝑛|3
ℎ=1

𝑁
𝑛=1

) , (9) 

 

|𝐺∗| = 𝜌 (
∑ ∑ (2 π 𝑓𝑛)2 |𝑢ℎ,𝑛

3
ℎ=1 |𝑁

𝑛=1 )

∑ ∑ |Δ𝑢ℎ,𝑛
3
ℎ=1 )|𝑁

𝑛=1 )
) . (10) 

 

As it uses the Laplacian Δ, being a second order spatial derivate operator and is thus, 

susceptible to noise.105 The density 𝜌 was defined as constant with 1
g

cm3, which describes 

the average density of soft biological soft tissue very well.105 

For tomoelastography, k-MDEV is used in combination with multifrequency MRE driven 

by the proposed multiple small bottle-shaped actuators (Figure 1).90 One advantage of k-

MDEV is its utilization of a first order spatial derivative inversion approach, which makes 

it more resistant to noise when compared to MDEV. 90 Unlike MDEV, k-MDEV 

reconstructs primary the real and imaginary wave number 𝑘′ and 𝑘′′, respectively, of the 

complex wave number 𝑘∗.90 For k-MDEV, plane waves are required, which are extracted 

through directional filtering of the shear wave field using 8 directions 𝑑:90  

𝑘ℎ,𝑑,𝑛
′ = ‖∇arg (𝑢ℎ,𝑑,𝑛)‖ , (11) 

 

𝑘ℎ,𝑑,𝑛
′′ = ‖

∇|𝑢ℎ,𝑑,𝑛|

|𝑢ℎ,𝑑,𝑛|
‖ . (12) 
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𝑆𝑊𝑆 and 𝑃𝑅 can be calculated using a weighted averaging over all MEG components, 

frequencies and plane wave directions of 𝑘ℎ,𝑑,𝑛
′  and 𝑘ℎ,𝑑,𝑛

′′ , respectively:90 

1

𝑆𝑊𝑆
=  

∑  
𝑘ℎ,𝑑,𝑛

′

2 π 𝑓𝑛
 𝑊ℎ,𝑑,𝑛ℎ,𝑑,𝑛

∑  𝑊ℎ,𝑑,𝑛ℎ,𝑑,𝑛
 , (13) 

 

1

𝑃𝑅
=  

∑  
𝑘ℎ,𝑑,𝑛

′′

𝑓𝑛
 𝑊ℎ,𝑑,𝑛ℎ,𝑑,𝑛

∑  𝑊ℎ,𝑑,𝑛ℎ,𝑑,𝑛
 . (14) 

 

A weighting factor based on the wave amplitude 𝑊ℎ,𝑑,𝑛 = |𝑢ℎ,𝑑,𝑛|4 is utilized to prioritize 

waves with high amplitude and thus improve the SNR.90 
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3 Methods 

3.1 Subjects 

Study 1 – Patient study and Study 2 – Participant study investigated multifrequency MRE 

in patients and healthy participants.87,88 These studies were in accordance with the World 

Medical Association Declaration of Helsinki and were approved by the Institutional 

Review Board (IRB) of the Charité – Universitätsmedizin Berlin (EA1/261/12 and 

EA1/076/17).87,88 All study subjects were older than 18 years and had no contradiction to 

MRI or risk factors related to the experimental study examination.87,88 All volunteers gave 

their written informed consent to participate in the study prior to enrollment.87,88 

Study 1 - Patient study: The source population consisted of patients with focal liver lesion 

presenting for diagnosis and therapy at the Charité Universitätsmedizin Berlin, Campus 

Virchow Klinikum. Inclusion criteria were patients with previously diagnosed focal liver 

lesion and no tumor therapy prior to study participation.87 Between March 2015 and 

August 2017, eligible patients were screened via the radiology and surgery electronic 

scheduling system in a single-center study.87 In a consecutive sampling scheme patients 

were approached and informed about the content, form and aim of the study.87 The study 

sample consisted of 70 patients with focal liver lesions.87 A total of 105 malignant and 36 

benign tumors of various entities were studied.87 3 malignant entities (hepatocellular 

carcinoma [HCC], cholangiocarcinoma [CCA], and liver metastasis [MET]), as well as 3 

benign entities: hepatocellular adenoma [HCA], focal nodular hyperplasia [FNH], and 

hepatic hemangioma [HEM]) were studied.87 Tumor entity conformation was made by 

histopathology in all patients with malignant and in 7 of the 16 patients with benign 

tumors.87 In the other cases, the diagnosis was made by clinical contrast enhanced MRI 

according to the European Association for the Study of the Liver (EASL) guidelines.156,157 

A flowchart of the patients and tumor entities studied is shown in Figure 3. 
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Figure 3: Flow chart of included patients for Study 1 – Patient study. 

A total of 70 patients were studied by multifrequency MRE. 16 patients had a benign liver 

tumor disease and 54 a malignant liver tumor disease. Twenty-seven patients had 

multiple liver tumors. *Two patients had lesions of different tumor entities, one had a focal 

nodular hyperplasia (FNH) and a hepatic adenoma (HCA) and the other had a 

hemangioma (HEM) and a FNH. HCC; hepatocellular carcinoma; CCA, 

cholangiocarcinoma; MET, metastasis. Modified from Shahryari et al., 201987.  

Study 2 - Participant study: Eleven healthy male participants with no history of pulmonary 

or abdominal disease were acquired at Charité - Universitätsmedizin Berlin, Campus 

Mitte.88  

Study 3 – Animal study: Nineteen healthy female New Zealand white rabbits (Charles 

River Laboratories, Sulzfeld, Germany) were included.89 The local authority, Landesamt 

für Gesundheit und Soziales (LAGESO) Berlin, approved the study protocol (Reg. No. 

0178/17).89 All experimental procedures were in accordance with the Federation of 

Laboratory Animal Science Association (FELASA) and the Animal Research: Reporting 

of In Vivo Experiments (ARRIVE) guidelines and regulations.89 All rabbits were 

accommodated in a controlled laboratory setting, specifically in a pathogen-free animal 
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facility at the Charité Campus Virchow Klinikum with laminar airflow systems, where the 

rooms maintained a consistent temperature and humidity.89 The rabbits were between 11 

and 15 weeks old and had an average weight of 3.22 ± 0.27 kg on the day of 

measurement.89 

The descriptive characteristics of the subjects from Study 1, Study 2 and Study 3 are 

given in Table 1. 

 

Table 1: Characteristics of subjects investigated in Study 1, Study 2 and Study 3.  

The total number of subjects in each entity, along with their corresponding proportions, 

as well as the total number of female subjects and their proportion among the total 

subjects, are provided. Age is presented as the mean value and range, while BMI is given 

as the mean value ± standard deviation. Furthermore, the total number of tumor lesions 

and their proportion among the subjects are provided for Study 1. HCC, hepatocellular 

carcinoma; CCA, cholangiocarcinoma, MET, metastasis; HEM, hemangioma; FNH, focal 

nodular hyperplasia; HCA, hepatic adenoma; BG, blood glucose. Own table based on 

data from Shahryari et al., 201987, 202188, 202389. 

S
tu

d
y
 1

 

Entity 

Subject 

numbers 

(%) 

Woman 

(%) 

Age in 

years 

(range) 

BMI 

(kg/m²) 

Number of 

tumors (%) 

HCC 17 (24.3) 4 (5.7) 67 (43-81) 26.1±3.4 22 (15.6) 

CCA 10 (18.6) 5 (7.1) 70 (56-76) 25.9±4.1 12 (8.5) 

MET 27 (38.6) 10 (14.3) 61 (30-85) 25.2±4.0 71 (50.4) 

HEM 5 (7.1) 5 (7.1) 52 (38-74) 24.0±4.2 11 (7.8) 

FNH 5 (7.1) 3 (4.3) 38 (29-66) 25.2±5.2 10 (7.1) 

HCA 6 (8.6) 8 (11.4) 39 (22-52) 25.0±5.0 15 (10.6) 

Total 70 (100) 35 (50%) 57 (22-81) 25.12±3.88 141 (100) 
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S
tu

d
y
 2

 
Healthy 11 (100) 0 (0) 28 (23-38) 23 ± 2 0 (0) 

              

S
tu

d
y
 3

 

Entity 

Subject 

numbers 

(%) 

Female 

(%) 

Age in 

weeks 

(range) 

Weight in 

kg 
BG in mg/dL 

Healthy 19 (100) 100 (100) 13 (11-15) 3.23±0.26 153.06±24.1 

 

3.2 Experimental procedure 

The novel small bottle-shaped 3D-printed actuators powered by pressurized air pulses 

were used for the three studies, as presented in 2.2.1.87-89 To generate and control the 

harmonic vibrations by pressurized air, a control unit was used.87-89 The control unit was 

synchronized with the internal clock of the MRI scanner.87-89 For Study 1 – Patient study 

and Study 2 – Participant study two drivers were placed bilateral ventrally on the 

midclavicular line and two drivers were attached dorsally on the scapular line.87,88 The 

ventral and dorsal actuators were running with 0.4 and 0.6 mbar, respectively.87,88 Shear 

waves were induced in the abdominal organs using the attached actuators, which were 

powered by mechanical frequencies of 30, 40, 50, and 60 Hz generated by the control 

unit and transmitted through tubes (Figure 1).87,88 For Study 3 – Animal study two drivers 

were attached laterally on the upper abdomen of the rabbits and frequencies of 40, 50, 

60, 70 and 80 Hz were applied at 0.2 mBar.89 A belt around the transpyloric plane 

containing the drivers was fastened to increase a better coupling of the harmonic 

vibrations.87-89 A frequency forerun of 3 seconds prior to image acquisition (see 2.2.3) 

was conducted, to achieve harmonic oscillation of the abdominal organs.87-89 In Study 1 

- Patient Study and Study 2 – Participant study volunteers were lying supine on the 

examination table,87,88 whereas in Study 3 – Animal study rabbits were in prone position.89 

Figure 4 illustrates the setup for three studies. 
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Figure 4: Experimental setup for abdominal MRE for humans and rabbits. 

A Volunteer lying supine head-first on the MRI scanner table. Four actuators, consisting 

of two located dorsally and two ventrally, are affixed to the upper abdominal area and 

secured with a cloth strap that is obscured from view by the body coil. Pressurized air 

with a specific frequency and amplitude generated by the control unit flows via the tubes 

to the actuators and transduces shear waves into the abdominal region. Own figure. B 

Rabbit lying prone head-first on the PET/MRI scanner table. Two actuators are placed 

laterally on the upper abdominal region. A head coil is used for imaging. Modified from 

Shahryari et al., 201989. 

A single-shot, spin-echo (SE) echo planar imaging (EPI) multi-slice sequence with flow-

compensated (1th moment nulling) MEGs (see 2.2.3 Image acquisition) was used in all 

studies.87-89 Eight equidistant phase steps over a whole vibration period were acquired 

for each vibration frequency for all three Cartesian motion field directions.87-89 Further 

MRE imaging parameters for all three studies are shown in Table 2. 

 

Table 2: MRE sequence parameters for Study 1, Study 2 and Study 3.  

A spin-echo, echo planar imaging sequence with integrated motion encoding gradient 

(MEG) was used for all studies. It is noteworthy that the measurement time for Study 2 

was solely listed for free-breathing MRE. Own table based on data from Shahryari et al., 

201987, 202188 and 202389.  

  Study 1 Study 2 Study 3 
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Scanner 

Magnetom Aera, 

Siemens 

Healthineers 

Magnetom Sonata, 

Siemens 

Healthineers 

Magnetom Biograph 

mMR, Siemens 

Healthineers 

Magnetic field 

strength (T) 
1.5 1.5 3 

Time of echo 

(ms) 
59 55 40 

Time of 

repetition (ms) 
2050 1200 1000 

Matrix size 128 × 104 104 × 128 104 × 60 

Field of view 

(mm²) 
384 × 312 284 × 350 161.2 × 93 

Voxel size 

(mm³) 
3 × 3 × 5 2.7 × 2.7 × 5 1.55 × 1.55 × 5 

Number of 

slices 
15 9 6 

Slice 

orientation 
transversal coronal transversal 

Mechanical 

frequencies 

(Hz) 

30, 40, 50, 60 30, 40, 50, 60 40, 50, 60, 70, 80 

MEG 

frequencies 

(Hz) 

43.48 for 30, 40, and 

50 Hz and 44.88 Hz 

for 60 Hz 

43.48 for 30, 40, and 

50 Hz and 44.88 Hz 

for 60 Hz 

78.61 

MEG amplitude 

(mT/m) 
30 30 42 

Acquisition 

time (minutes) 
3.5 2 for free-breathing 8 

 

Study 1 - Patient study: MRI and MRE acquisitions were conducted in a 1.5 T clinical MRI 

scanner (Magnetom Aera, Siemens Healthineers, Erlangen, Germany) at the Charité – 

Campus Virchow Klinikum, using the spine-array coils, which are integrated into the 

examination table and a 12-channel phased-array surface body coil.87 For anatomical 
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lesion localization, localizer, transversal T2-weighted and T1-weighted sequences were 

conducted prior to MRE. Multifrequency MRE was conducted in a transversal slice 

orientation and the center of the slice block was placed on the center of the liver lesion.87 

MRE was conducted in free breathing of the patient.87 Figure 5 shows wave fields of a 40 

Hz frequency for all three MEG directions, as well as a clinical T2-weighted sequence as 

anatomical reference of a patient with a liver tumor.87 

 

 

Figure 5: Wave fields of 40 Hz frequency in a patient with a liver tumor.  

Shown are an anatomic T2-weighted image and the MRE wave field for the three motion 

encoding gradients (MEGs) with a vibration frequency of 40 Hz in a patient diagnosed 

with hepatocellular carcinoma (HCC). The arrow points to the liver tumor. Own figure 

based on data from Shahryari et al., 201987.  

Study 2 - Participant study: Multifrequency MRE and MRI was performed at the Charité 

– Campus Mitte in a 1.5 T clinical Scanner (Magnetom Sonata, Siemens Healthineers, 

Erlangen, Germany) using the spine-array coils and a 12-channel phased-array surface 

body coil.88 For anatomical localization of organs, a localizer, transversal T2-weighted and 

T1-weighted sequences, as well as a coronal T2-weighted sequence were acquired prior 

to MRE.88 Multifrequency MRE was performed in a coronal slice orientation to cover 

multiple abdominal organs. Four different multifrequency MRE acquisitions paradigms 
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were conducted to investigate motion reduction strategies related to respiratory during 

abdominal MRE in each participant:88 

(i) Acquisition of repeated breath-holds (BH-MRE): Each MEG component and frequency 

was acquired with separate breath-holds, resulting in 12 acquisitions (3 MEG components 

× 4 frequencies) of approximately 10 seconds each. This imaging protocol can therefore 

be regarded as a block acquisition. The 12 acquisition blocks were merged afterwards to 

a full dataset of 96 consecutive images consisting of 8 time steps × 3 components × 4 

frequencies. 

(ii) Free-breathing (FB-MRE) of the participant: Image acquisition was performed 

continuously during free-breathing of the participant without accounting for respiratory 

motion artifacts.  

For the (iii) and (iv) protocol a pencil beam navigator echo was integrated into the EPI 

sequence of the MRE prior to slice block acquisition.158 The navigator consists of a 30° 

flip angle radio frequency (RF) pulse of 20 mm diameter, which was placed craniocaudally 

through the center of the right diaphragm. The readout axis was parallel along the RF 

pulse. Real time Fourier transformation of pencil beam navigator signal yielded a one-

dimensional (1D) line, illustrating respiratory motion based on the position of the right 

diaphragm. Based on this 1D signal an acceptance window was determined. Image slice 

blocks were continuously excited by RF pulses. However, if the position of the diaphragm 

was outside of the acceptance window, no images were acquired. 

(iii) Gated (G-MRE) MRE with an acceptance window of 5 mm. Data outside of the 

acceptance window due to respiratory motion led to interruption of the image acquisition. 

(iv) Gated MRE with an acceptance window of 20 mm and a slice block position 

adjustment according to the depicted navigator signal (GF-MRE). The slice block was 

moved craniocaudally according to the position of the right diaphragm. Only if respiratory 

motion led to data outside of the acceptance window image acquisition was interrupted 

similar to G-MRE. Figure 6 illustrates a scheme of the different multifrequency MRE 

protocols conducted in this study. 
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Figure 6: Simplified scheme of image acquisition timing of the four multifrequency MRE 

protocols conducted in Study 2 - Participant study. 

A shows block acquisition of breath-hold MRE protocol. B shows continuously acquired 

free-breathing (FB), gated based on navigator signal of the diaphragm (G) and gated and 

automated slice block adjustment based on navigator signal of the diaphragm (GF) MRE 

paradigms. Mechanical vibration is shown as black sine wave. Respiratory motion 

indicated by the navigator signal is shown as blue line on the relative (rel.) position axis. 

Vibration frequency forerun of 3 seconds was performed prior to image acquisition to 

achieve steady state harmonic oscillation of the abdominal organs. MRE slice blocks 

consists of 9 slices, which are shown by colored circle within the different repetition times 

(e.g., TR1, TR2, etc.). Slices are acquired in an interleaved manner, 1,3,5,7,9,2,4,6,8 as 

indicated by the different colors. Relative position and automated adjustment of slice 

blocks are shown by the relative position of TRs on the rel. position axis. For G and GF, 

image acquisition interruption caused by navigator signal outside of the acceptance 

window due to respiratory motion is shown as grey TR0. Of note, RF excitation was 

performed continuously. From Shahryari et al., 202188. 

Study 3 – Animal study: Prior to imaging, blood glucose level and animal weight were 

measured. MRI, MRE and PET were conducted in a 3 T clinical hybrid PET/MRI scanner 

(Magnetom Biograph mMR, Siemens Healthineers, Erlangen, Germany) at the Charité – 
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Campus Virchow Klinikum using the 20-channel head coil.89 The rabbits were deeply 

sedated during the experiments with subcutaneously administered medetomidin 

hydrochlorid (Cepetor, 200 mg/kg body weight).89 For anatomical reference, transversal 

T1-weighted fat-saturated Dixon sequence was acquired.89,159,160 In a subgroup of 12 

rabbits, PET using intravenously injected 18F-FDG as radiotracer was performed.89 PET 

covered the entire thorax and abdomen after an acquisition time of 60 minutes.89 Ordered-

subset expectation maximization with 3 iterations and 21 subsets was used for 

reconstruction of PET images.89,161,162 An image matrix of 512 × 512 with 127 slices and 

an image resolution of 1 × 1 × 2 mm³ was calculated.89 Attenuation and scatter correction 

(AC) was performed by a vendor implemented ultrashort echo-time sequence.89,163 

Immediately after imaging experiments, euthanasia was performed using intravenously 

injected phentobarbital sodium (Narcoren, 300 mg/kg body weight) and liver tissue 

samples were dissected and immediately frozen with liquid nitrogen and stored at -80° 

for proteomics analysis by liquid chromatography–mass spectrometry (LC-MS).89,164 

Further information about proteomics analysis can be found in Shahryari et al., 202389.  

 

3.3 Data processing 

Data processing was conducted in MATLAB versions: 9.5.0 (R2018a) and 9.8.0 

(R2020a).165 A mean magnitude image 𝑀 was computed from the individual images 𝑚𝑖 

obtained from a MRE scan, and was averaged across the number 𝑛 of frequencies, 

components, and time steps:87-89  

𝑀 =
1

𝑛
 ∑ 𝑚𝑖

𝑛
𝑖=1  . (15) 

In Study 1 and Study 2, a total of 𝑛 = 96 images were averaged (obtained from 8 time 

steps × 3 components × 4 frequencies).87,88 In Study 3, 𝑛 = 104 images were averaged 

(obtained from 8 time steps × 3 components × 5 frequencies).89 

Study 1 - Patient study: MDEV and k-MDEV were used and maps of 𝑆𝑊𝑆 in m/s as 

surrogate for stiffness and the phase angle of the complex shear modulus 𝜑 in rad as 

surrogate for fluidity were generated.87,90,105 Using information from clinical MRI 

examination, as well as anatomical T2-weighted sequence, volumes of interests (VOIs) 

covering tumor and non-tumorous liver were drawn manually on MRE mean magnitude 

(M) slices.87 Large blood vessels were excluded from the VOIs.87  
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Study 2 - participant study: Multifrequency data processing consisted of 3 steps:88 i) 

motion estimation and correction of tissue displacement by image registration, ii) 

inversion of motion corrected and uncorrected MRE data, iii) tissue stiffness and image 

sharpness quantification of motion corrected and uncorrected MRE. 

i) The open-source Elastix toolbox was used to perform two-dimensional (2D) rigid body 

image registration.166 Separate region of interests (ROI) defining liver, kidneys, spleen 

and pancreas were manually delineated on 𝑀.88 ROIs covered the whole organ, as well 

as a tolerance area of ca. 5 pixels for possible displacement due to respiratory motion.88 

For each slice, 95 of the overall 96 images (8 time steps × 3 components × 4 frequencies) 

were registered to the first acquired image, which served as reference.88 Advanced 

Mattes mutual information with 32 histogram bins and stochastic gradient descent were 

used as similarity and optimizer metric, respectively.88 A pyramid scheme with 3 different 

resolutions and a maximum 100 iterations was performed.88 For each iteration 200 

random coordinates were sampled to calculate the similarity metric.88 Consequently, for 

each organ 𝑛 = 95 matrices with relative 𝑥 and 𝑦 displacement to the reference image 

were generated.88 The mean displacement 𝑈 was calculated by the magnitude of 𝑥 and 

𝑦 displacement:88 

𝑈 =
1

𝑛
 ∑ √(�̅� − �⃗�)2 + (�̅� − �⃗�)2𝑛

𝑖=1  . (16) 

ii) k-MDEV was used to generate maps of 𝑆𝑊𝑆 in m/s of motion corrected and 

uncorrected MRE. ROIs of liver, kidneys, spleen and pancreas were drawn on 𝑀.88 Large 

blood vessels were excluded from the ROIs.88 

iii) By applying a 3×3 Laplacian derivate Kernel ∆ maps of image sharpness for motion 

corrected and uncorrected 𝑀 were generated.88,167 Image sharpness 𝜉 of organs was 

calculated using the variance of the Laplacian ∆ maps and organ ROIs for image 

registration, which included the tolerance margin of organ boundaries.88  

Study 3 – Animal study: k-MDEV was adapted to account for the applied higher 

frequencies and reduced liver size in rabbits.89 A third order Butterworth low-pass filter 

with 250 m-1 for noise suppression was implemented.89 A spatial third order Bandpass 

filter with a threshold of 15 and 300 m-1, respectively, for directional filtering was used.89 

All frequencies were weighted equally for calculating maps of 𝑆𝑊𝑆 in m/s and 𝑃𝑅 in m/s.89 

Maps of 𝑀, 𝑆𝑊𝑆, 𝑃𝑅 and AC PET images were converted to NIFTI file format.89 Liver 
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VOIs were manually drawn in ITK-SNAP on 𝑀 and AC PET, respectively.89,168 

Standardized uptake values (𝑆𝑈𝑉) were calculated for liver VOI for each rabbit.89 Shotgun 

proteome profiling was conducted on LC-MS data.89,164 HEPATOKIN1 was used on 

proteomics data to calculate metabolic liver capacities of central metabolic liver functions, 

such a lipid, amino acid, and carbohydrate metabolisms.89,169 A range of physiological 

states by changes of particular plasma metabolites (e.g. plasma glucose between 3-12 

mM) was used to assess maximum capacities of physiological functions by personalized 

kinetic modelling.89,169-173 Further information about the metabolic modelling can be found 

in Shahryari et al., 202389.  

 

3.4 Statistical analysis 

All statistical analyses were performed in R versions 3.4.3, 3.6.2 and 4.0.2 using 

"lme4”,"lsmeans”, "pROC," and "ggplot2" packages.87-89,174 Unless stated otherwise, P < 

0.05 was considered statistically significant. 

Study 1 - Patient study: Mean 𝑆𝑊𝑆 and 𝜑 values were calculated for tumor and liver tissue 

VOIs. Data were grouped by tumor entity and means ± standard deviations (SD) are 

given.87 The two different tumor entities in two patients were regarded as independent 

samples.87 Nonparametric Kruskal-Wallis test with a Bonferroni corrected Tukey’s post-

hoc test was performed to identify differences of 𝑆𝑊𝑆 and 𝜑 between tumor entities.87 To 

account for the dependency of multiple lesions within a subject, a random intercept 

general linear mixed-effect models (GLMM) was used with the categorical outcome 

variable “tumor” or “liver”, the fixed effect 𝑆𝑊𝑆 and 𝜑, respectively.87 Patients were treated 

as a random effect.87 Receiver operating characteristic curves based on the predicted 

probabilities of the GLMMs were used to estimate the separability of tumor and liver.87,175 

DeLongs methods were used to compare ROCs.87,176 ROC was also performed for 

separation of malignant and benign liver lesions based on 𝑆𝑊𝑆 and 𝜑.87 For this purpose, 

values of multiple lesions of the same entity within a subject were averaged.87 ROC 

analysis was repeated excluding hepatic hemangioma due to their uncomplicated 

diagnostic in clinical MRI by strong T2-hyperintesity.87,177 Sensitivity, specificity and area 

under the receiver operating characteristics curve (AUC) are provided.87 Youden index 

was used to derive cutoff values for 𝑆𝑊𝑆 and 𝜑.87,178 95% confidence intervals (CI) are 

given for the statistical tests. 
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Study 2 - Participant study: Total image acquisition time was calculated for each MRE 

acquisition paradigms. 𝑈 of liver, kidneys, spleen and pancreas was calculated for all four 

acquisition paradigms.88 Mean 𝑆𝑊𝑆 and 𝜎 was computed for all four MRE acquisition 

paradigms with and without motion correction.88 To estimate differences in 𝑈 and 𝑆𝑊𝑆 of 

organs between the different acquisition paradigms random intercept linear mixed effect 

models (LMMs) were performed.88 𝑈 and 𝑆𝑊𝑆 were set as numerical outcome variables, 

the different acquisition paradigms and abdominal organs, as well as their interaction 

were set as fixed effects.88 Participants were defined as a random effect.88 Statistical 

significant differences of the fixed effects on the outcome variables were analyzed by 

Bonferroni corrected Tukey’s post-hoc test.88 Differences in 𝑆𝑊𝑆 and 𝜉 between motion 

corrected and uncorrected MRE for all organs and acquisition paradigms was tested by 

paired two-sided Student’s t-test or Wilcoxon signed-rank test, respectively.88 

Additionally, difference in motion uncorrected BH-MRE were tested against motion-

corrected FB-MRE in all organs.88 

Study 3 – Animal study: Mean liver 𝑆𝑊𝑆, PR and 𝑆𝑈𝑉 were calculated for each rabbit.89 

Rabbits were grouped in two groups based on unbiased cluster analysis by the 

clustergram function in MATLAB version 9.10.0 (R2021a)165 using the bioinformatics 

toolbox.89  In addition to metabolic clustering, livers were divided into a “soft” and “stiff” 

according to their mechanical properties, with a 𝑆𝑊𝑆 cutoff value of 1.6 m/s.89  Statistical 

differences between the two metabolic cluster groups, as well as stiffness group were 

analyzed by unpaired two-sided Student’s t-test or paired Wilcoxon signed-rank test, 

depending on whether normality assumption was met.89 Correlation of parameters was 

analyzed by linear regression models.89  
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4 Results 

4.1 Study 1 - Patient study 

The proposed tomoelastography, based on multifrequency MRE, was successfully 

performed in all patients without any dropout or technical failure.87 Viscoelastic maps of 

𝑆𝑊𝑆 and 𝜑 were generated, enabling quantification of both tumor and liver tissue.87 

Representative maps of malignant liver tumors are shown in Figure 7 (HCC, CCA and 

MET). Figure 8 displays representative maps of benign liver tumors (HCA, FNH and 

HEM). The smallest tumor had a diameter of 9 mm (Figure 7A).87 Quantitative values of 

tissue parameters are given in Table 3. 
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Figure 7: Quantitative tomoelastography maps of stiffness, based on shear wave speed 

(𝑆𝑊𝑆), and fluidity, derived from the phase of the complex shear modulus 𝜑, for four 

patients with malignant liver tumors.  

An anatomical reference T2-weighted image is provided, with the tumor indicated by a 

white arrow. A A 66-year-old male patient with a 9-mm diameter urothelial metastasis 

(MET) was found to have higher shear wave speed (𝑆𝑊𝑆) and complex shear modulus 

phase (𝜑) values in the tumor compared to non-tumorous liver tissue. B In a 78-year-old 

male patient with hepatocellular carcinoma (HCC) surrounded by fibrotic liver, elevated 

𝑆𝑊𝑆 was observed in the fibrotic liver. The tumor showed higher 𝑆𝑊𝑆 and 𝜑 values than 

the fibrotic liver. C Cholangiocarcinoma (CCA) was detected in a 72-year-old male patient 
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with cirrhotic liver. 𝑆𝑊𝑆 and 𝜑 values of CCA were higher than those of the surrounding 

non-tumorous liver, although the liver exhibited increased 𝑆𝑊𝑆 due to cirrhosis. D In a 

50-year-old male patient post hemihepatectomy, neuroendocrine tumor metastasis had 

elevated 𝑆𝑊𝑆 and 𝜑 values compared to surrounding liver tissue. Edited from Shahryari 

et al., 201987. 

 

 

Figure 8: Quantitative tomoelastography maps of stiffness, based on shear wave speed 

(𝑆𝑊𝑆), and fluidity, derived from the phase of the complex shear modulus 𝜑, for four 

patients with benign liver tumors. 
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An anatomical reference T2-weighted image is provided, with the tumor indicated by a 

white arrow. A A 40-year-old woman presented with benign hepatocellular carcinoma 

(HCA), which showed similar 𝑆𝑊𝑆 and 𝜑 values as the surrounding non-tumorous liver 

tissue. B In a 52-year-old woman who underwent partial hepatic resection, hepatic 

adenoma was observed with 𝑆𝑊𝑆 and 𝜑 comparable to those observed in non-tumorous 

liver tissue. C Focal nodular hyperplasia (FNH) was detected in the liver of a 22-year-old 

man, where 𝜑 was slightly elevated compared to surrounding liver tissue, while 𝑆𝑊𝑆 

showed similar properties. D A 42-year-old woman with two hepatic hemangiomas (HEM) 

presented with elevated T2-weighted intensity, as well as elevated 𝑆𝑊𝑆 and 𝜑 values 

compared to surrounding liver tissue. Edited from Shahryari et al., 201989. 

 

Table 3: Quantitative parameters of tumor and liver tissue of Study 1.  

Tumor diameter is reported as median with range, while tumor and liver volume of interest 

(VOI) are reported as median with interquartile range (IQR). Tumor and liver shear wave 

speed (𝑆𝑊𝑆) and phase angle of the complex shear modulus 𝜑 are reported as mean ± 

standard deviation. Edited from Shahryari et al., 201989. 

Tumor 

entities 

Tumor 

diameter 

in mm 

(range) 

Tumor 

VOI in 

cm³ 

(IQR) 

Tumor 

𝑺𝑾𝑺 in 

m/s  

Tumor 𝝋 

in rad  

Liver 

VOI in 

cm³ 

(IQR) 

Liver 

𝑺𝑾𝑺 in 

m/s  

Liver 𝝋 

in rad  

HCC 
30 (12-

150) 

9.0 

(1.7-

33.8) 

2.54±0.64 1.20±0.29 

180 

(100-

344) 

1.97±0.49 0.81±0.16 

CCA 
53 (16-

124) 

11.3 

(3.9-

164.4) 

2.57±0.90 1.24±0.25 

252 

(156-

453) 

1.72±0.29 0.66±0.10 

MET 
25 (9-

175) 

5.7 

(2.0-

12.1) 

2.34±0.48 1.14±0.28 

210 

(104-

308) 

1.61±0.23 0.65±0.08 
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HEM 
23 (12-

87) 

1.8 

(1.0-

3.6) 

1.97±0.45 0.95±0.30 

260 

(241-

329) 

1.37±0.13 0.60±0.03 

FNH 21 (9-95) 

2.9 

(1.5-

7.6) 

2.08±0.96 0.78±0.24 

372 

(329-

497) 

1.40±0.12 0.66±0.04 

HCA 
30 (14-

90) 

5.3 

(2.3-

22.8) 

1.41±0.21 0.66±0.12 

226 

(143-

316) 

1.38±0.12 0.66±0.06 

 

Delineation tumor vs. liver: GLMM showed that 𝑆𝑊𝑆 and 𝜑 could significantly 

predict malignant liver tumors and non-tumorous liver (𝑆𝑊𝑆 : β=3.62 [95% CI 2.42, 5.73], 

P<0.001; 𝜑: β=10.64 [95% CI 7.02, 16.35], P<0.001).87 ROC analysis revealed that 

malignant liver tumors could be delineated from liver tissue based on both 𝑆𝑊𝑆 and 𝜑, 

with a significantly higher AUC for 𝜑 than 𝑆𝑊𝑆 (0.95 [95% CI 0.92, 0.98] vs. 0.88 [95% 

CI 0.83, 0.94], P < 0.01).87 Regarding benign lesions, only 𝑆𝑊𝑆 predicted tumor and non-

tumorous liver (𝑆𝑊𝑆: β=3.2 [95% CI 0.8, 6.55], P<0.05; 𝜑: β=3.32 [95% CI 0.34, 7.14], 

P=0.051).87 No significant difference was observed between 𝑆𝑊𝑆 and 𝜑 in AUC for 

delineating benign tumors from liver tissue (0.71 [95% CI 0.57, 0.84] vs. 0.66 [95% CI 

0.51, 0.80], P=0.057).87 Results of GLMM based ROC analysis with AUC, sensitivity and 

specificity are provided in Figure 9A. 

Separation malignant vs. benign tumor: A significant difference between the tumor 

entities was observed for 𝑆𝑊𝑆 and 𝜑 (P<0.001).87 HCA showed reduced 𝑆𝑊𝑆 and 𝜑 

compared to all malignant tumor entities (𝑆𝑊𝑆: all P<0.001; 𝜑: P<0.001 for HCA vs. MET 

and P<0.01 for HCA vs. HCC and CCA), whereas no significant difference was observed 

to other benign tumor entities.87 Box plots of tumor entity grouped 𝑆𝑊𝑆 and 𝜑 of tumor 

and liver tissue are shown in Figure 9B. Separation of malignant from benign liver lesion 

based on 𝑆𝑊𝑆 and 𝜑 was excellent with an AUC of 0.85 (95% CI: 0.72, 0.98) and 0.86 

(95% CI: 0.77, 0.96), respectively, with no significant difference between the AUC.87 A 

𝑆𝑊𝑆 cutoff value of 1.75 m/s provided an outstanding sensitivity of 94% (95% CI: 87, 100) 

with an acceptable specificity of 78% (95% CI: 56, 94) for the separation of malignant and 

benign tumors.87 For 𝜑, a cutoff value of 0.91 rad provided and an excellent sensitivity of 

83% (95% CI: 72, 93), with an acceptable specificity of 78% (95% CI: 56, 94).87 By 
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excluding patients with hemangioma ROC analysis reveal higher AUC, sensitivity and 

specificity for both 𝑆𝑊𝑆 and 𝜑 (𝑆𝑊𝑆: AUC 0.88 [95% CI 0.73, 1.00], sensitivity 94% [95% 

CI 89, 100], specificity 85% [95% CI 62, 100] and 𝜑: AUC 0.92 [95% CI 0.85, 0.99], 

sensitivity 83% [95% CI 72, 93], specificity 92% [95% CI 77, 100]).87 A strong correlation 

between tumor and liver 𝑆𝑊𝑆 was observed (R=0.74, P<0.001), whereas tumor 𝑆𝑊𝑆 and 

liver 𝜑 were only weakly correlated (R=0.34, P<0.01).87 ROC curves with AUC, sensitivity 

and specificity are provided in Figure 9C. 

 

 

Figure 9: Box plot and ROC curves of 𝑆𝑊𝑆 and 𝜑 of tumor and liver tissue. 

A ROC analysis based on predicted probabilities of the generalized linear mixed models 

(GLMMs) delineating malignant and benign tumor, respectively, from non-tumorous 

tissue liver. B Box plots of tumor and non-tumorous liver tissue grouped by tumor entities. 

Asterisks denote the significant difference of Bonferroni corrected post-hoc test with ** 

P<0.01 and *** P<0.001. C ROC analyses separating patients with malignant from 

patients with benign liver tumors. The analyses were also performed excluding patients 

with hemangioma (HEM). HCC, hepatocellular carcinoma; CCA, cholangiocarcinoma; 

MET, metastasis; FNH, focal nodular hyperplasia; HCA, hepatic adenoma; 𝑆𝑊𝑆, spear 
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wave speed; 𝜑, phase of the complex shear modulus. Edited from Shahryari et al., 

201989. 

 

4.2 Study 2 - Participant study 

The examination time or MRE varied across different paradigms.88 The time required for 

acquiring a complete multifrequency magnetic resonance elastography (MRE) dataset 

was 376 ± 68 seconds for BH-MRE, 120 seconds for FB-MRE, 166 ± 117 seconds for G-

MRE, and 128 ± 17 seconds for GF-MRE.88 Furthermore, the mean time required for 

respiratory navigator adjustment prior to image acquisition in G- and GF-MRE was 168 

seconds (range 18 to 413 seconds).88 

Displacement 𝑈: Figure 10 presents representative images that demonstrate the impact 

of respiratory motion on liver and kidney measurements obtained through various MRE 

acquisition paradigms, both with and without motion correction.88 

 

 

Figure 10: Representative tomoelastography maps illustrating breathing artifacts and 

motion reduction strategies investigated in Study 2 – Participant study. 

Representative mean MRE magnitude (𝑀) and shear wave speed (𝑆𝑊𝑆) images of the 

liver A and kidneys B of a healthy participant measured using four acquisition paradigms 

with and without motion correction by 2D rigid body image registration. The white arrow 

indicates a blurred organ boundary, while the yellow arrow highlights an improvement in 
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image sharpness, as observed by the naked eye, due to the application of motion 

correction. Edited from Shahryari et al., 202188. 

Overall, due to breathing, abdominal organs varied significantly in 𝑈 (Figure 11).88 BH-

MRE revealed smallest 𝑈 without significant differences between the organs (liver: 0.7 ± 

0.2 mm, kidneys: 0.4 ± 0.2 mm, spleen: 0.5 ± 0.2 mm and pancreas 0.7 ± 0.5 mm, 

P>0.05).88 Liver yielded significant larger 𝑈 compared to kidneys in FB (P<0.01), whereas 

no statistical significance was observed between the other organs (liver: 4.7 ± 1.5 mm, 

kidneys: 2.4 ± 2.2 mm, spleen: 3.1 ± 2.4 mm, pancreas: 3.4 ± 1.4 mm, P>0.05).88 

Conducting MRE without a breath-hold paradigm led to larger 𝑈 for all organs (all P<0.05), 

except for kidneys measured in G (P>0.05, G-MRE liver: 3.5 ± 1.4 mm, kidneys: 2.0 ± 1.7 

mm, spleen: 3.0 ± 1.8 mm and pancreas 3.0 ± 1.3 mm).88 Liver measured in FB had a 

significantly larger 𝑈 in comparison to GF (P<0.5), whereas kidneys and spleen showed 

a significant smaller 𝑈 (P<0.001, GF-MRE liver: 2.6 ± 1.4 mm, kidneys: 5.6± 2.6 mm, 

spleen: 5.9 ± 3.8 mm and pancreas 5.0 ± 2.6 mm).88 Interestingly, GF had significant 

larger 𝑈 compared to G for kidneys and spleen (P<0.001), as well as pancreas (P<0.05).88 

Figure 11 shows box plots of 𝑈 grouped by acquisition paradigms for the abdominal 

organs.  
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Figure 11: Box plots of displacement 𝑈 (in mm and pixel) grouped by the different MRE 

acquisition paradigms. 

Asterisks denote statistical significance of Bonferroni corrected Tukey’s post hoc test of 

the linear mixed model (LMM) with * P<0.05, ** P<0.01 and *** P<0.001. From Shahryari 

et al., 202188. 

Stiffness 𝑆𝑊𝑆: There was no statistical difference in 𝑆𝑊𝑆 between the four acquisition 

paradigms for the organs.88 Figure 12 shows box plots of 𝑆𝑊𝑆 of the different organs 

grouped by acquisition paradigms. 
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Figure 12: Box plots of stiffness 𝑆𝑊𝑆 (in m/s) grouped by the different acquisition 

paradigms for the abdominal organs. From Shahryari et al., 202188. 

Image sharpness 𝜉: Motion correction by image registration led to noticeable 

improvement in image sharpness 𝜉 of 𝑀, which was already visible by the naked eye 

(Figure 10).88 Except for liver measured in BH and GF and spleen measured in BH, image 

sharpness 𝜉 was significantly higher for all abdominal organs and paradigms after motion 

correction (P<0.05).88 Figure 13 shows box plots of 𝜉 grouped by the different acquisition 

paradigms for the abdominal organs. 

Motion corrected FB-MRE showed no significant difference of 𝜉 in liver, spleen and 

pancreas compared to BH-MRE (P>0.05), whereas 𝜉 in kidneys of corrected FB-MRE 

was significantly lower compared to uncorrected BH.88 
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Figure 13: Box plots of relative improvement of image sharpness 𝜉 in percent due to 

motion correction by image registration. 

Sharpness improvement is quantified by the variance of the Laplacian ∆ of mean MRE 

magnitude image 𝑀 and calculated by 100 (
𝜉𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑−𝜉𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑

𝜉𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑
). Asterisks denote 

statistical significance of two-tailed paired student’s t-test with * P<0.05, ** P<0.01 and 

*** P<0.001. Edited from Shahryari et al., 202188. 

 

4.3 Study 3 – Animal study 

Multifrequency MRE in a clinical hybrid PET/MRI scanner was successfully performed in 

rabbits.89 Multifrequency MRE was simultaneously performed with PET imaging and 

viscoelastic liver maps of 𝑆𝑊𝑆 and 𝑃𝑅, as well as AC PET images were be obtained.89 

Figure 14 shows a representative case of rabbit liver maps in a PET/MRI scanner. 
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Figure 14: Representative rabbit liver images in a PET/MRI scanner. 

The upper row shows mean MRE magnitude image (𝑀) and a 60 Hz wave field in up-

down and left-right direction. The lower row shows shear wave speed (𝑆𝑊𝑆) and 

penetration rate (𝑃𝑅), as well as attenuation corrected positron emission tomography (AC 

PET) images. Green contour delineates liver region of interest. 𝑆𝑈𝑉, standardized uptake 

value. Edited from Shahryari et al., 202389. 

Proteomics-based computational modeling of central liver function revealed 

heterogeneous metabolic capabilities of healthy rabbit livers, which allowed clustering of 

the rabbit livers in two groups.89  Clustering based on metabolic capacities revealed 

significant metabolic difference in fatty acid uptake (P<0.01), very low densitiy (vldl) 

export (P<0.01), cholesterol synthesis (P<0.05), triacylglycerol (tag) synthesis (P<0.01) 

and content (P<0.05), ketone body production (P<0.01), acetylacetone (acac) production 

(P<0.001), ammonia uptake (P<0.05), glutamine exchange (P<0.01) and urea production 

(all P<0.01,Figure 15).89  Although the viscoelastic properties of the liver did not differ 

significantly between metabolic groups, a trend of higher 𝑃𝑅 was observed in metabolic 

cluster 1 (P=0.065).89 
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Figure 15: Box plots of metabolic capacities and imaging parameters of the two metabolic 

cluster. 

Asterisks denote statistical significance of two-tailed unpaired student’s t-test or Wilcoxon 

signed-ranked test, respectively with * P<0.05, ** P<0.01 and *** P<0.001. tag, 

triglyceride; vldl, very low-density lipoprotein; acac, acetylacetone. Edited from Shahryari 

et al., 202389. 

Classifying rabbit liver based on 𝑆𝑊𝑆 cutoff value of 1.6 m/s revealed significant 

difference in gluconeogenesis, cholesterol synthesis and tag content (all P<0.05).89 

Interestingly 𝑃𝑅 was significantly higher in the stiff liver cluster (P<0.01).89  Significant 

differences are presented as box plots in Figure 16. 
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Figure 16: Box plots of metabolic capacities and imaging parameters of stiff and soft 

livers (𝑆𝑊𝑆 cutoff 1.6 m/s). 

Asterisks denote statistical significance of two-tailed unpaired student’s t-test or Wilcoxon 

signed-ranked test, respectively with * P<0.05, ** P<0.01 and *** P<0.001. tag, 

triglyceride; 𝑃𝑅, penetration rate. Edited from Shahryari et al., 202389. 

Linear correlation revealed a negative association of correlation of 𝑆𝑊𝑆 with 

gluconeogenesis (R=-0.5, P<0.05), as well a negative association of 𝑃𝑅 with urea 

production (R=-0.5, P<0.05) and glutamine exchange (R=-0.47, P<0.05).89  A positive 

association of between 𝑆𝑊𝑆 and 𝑃𝑅 was observed (R=-0.59, P<0.01).89  Scatter plots of 

linear correlation analysis are given in Figure 17. 
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Figure 17: Linear correlation of imaging parameters and metabolic capacities.  

Solid line illustrates regression line; dashed line illustrates the 95% confidence interval. 

𝑃𝑅, penetration rate; 𝑆𝑊𝑆, shear wave speed. Edited from Shahryari et al., 202389. 
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5 Discussion 

Achieving reliable mechanical values with high spatial image resolution is challenging in 

abdominal MRI, but essential for its clinical applications. The novel 3D-printed bottle-

shaped actuators and the tomoelastography based on multifrequency MRE pipeline 

enabled generation of high-resolution quantitative viscoelastic maps in vivo in the three 

presented studies.87-89 This technique facilitated the first-ever delineation of liver tumors 

as small as 9 mm in diameter and differentiation between malignant and benign liver 

tumors based on tissue stiffness and fluidity.87 These technical advancements enabled 

imaging of small animals’ livers, such as rabbits, which do not fit in an animal MRI due to 

their size, using a human PET/MRI scanner.89 For the first time, it was demonstrated that 

metabolic liver capacities are correlated with liver stiffness and viscosity.89 Correction of 

respiratory motion by image registration improved image quality and robustness in 

abdominal MRE and therefore, is recommended for its use in clinical applications.88 

 

5.1 Interpretation of results 

Study 1 - Patient study: To the best of my knowledge, this is the first study using 

multifrequency MRE to investigate fluidity as a tumor marker for liver tumors.87 

Tomographic imaging of the stiffness and fluidity of the entire transverse slice of an 

abdomen to visualize multiple lesions in the same organ is of great clinical importance.87 

In this work, 27 out of 70 patients had more than one lesion within their livers including 

two patients with different entities.87 Furthermore, the high spatial resolution enabled the 

delineation of small lesions. In this study, 3 lesions were smaller than 10 millimeter in 

diameter which falls below the detection limit of previous MRE work.87,97,99,179 Although 

the detection of small lesions is not the primary task of MRE, characterization depends 

on the precise depiction of tumor boundaries.87 Therefore, tumor delineation is important 

for an accurate characterization of liver lesions by MRE.87 The fact that tumor stiffness 

strongly correlated with liver stiffness, indicates malignant liver tumors tend to grow in a 

stiff liver environment.54 However, due to the weak correlation of tumor and liver fluidity, 

delineation of tumor and liver was better with fluidity than stiffness for malignant tumors.87 

This study showed that malignant tumors can be distinguished with a high accuracy by 

an elevated of stiffness and fluidity with a 𝑆𝑊𝑆 cutoff value of 1.75 m/s and 𝜑 cutoff value 
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of 0.91 rad, respectively.87 Of note, as the cutoff value of 𝜑 of 0.91 rad is above 
π

4
 it 

indicates that malignant liver tumors are characterized predominantly by fluid than solid 

tissue properties.87 Considering previous work from Garteiser et al.97, which showed that 

malignant tumors have an elevated |𝐺∗| and 𝐺′′, whereas G′ was not different between 

the tumor entities, it is highly possible that the increase in stiffness 𝑆𝑊𝑆 and fluidity 𝜑 is 

predominantly determined by an increase of 𝐺′′ (see 2.1).87 𝐺′′ can be described as 

viscosity (see 2.1).87 In malignant tumors viscous dissipation is increased due to high 

interstitial pressure and fluid content, which might be caused by neovascularization with 

leaky blood vessels and necrosis with release of cytoplasm into the ECM forming 

debris.58,60,87,180,181 Additionally, cell proliferation, as well as abundant accumulation of 

proteins, such as collagen, and their mechanical interaction increase internal mechanical 

friction and bulk stiffness, leading to an increase of tissue stiffness and fluidity.10,56,87,182 

Interestingly, in colon and brain cancer, it has been shown that an increase in 

microvascular density leads to an increase in stiffness and viscosity.59,183  

In this work, hepatic hemangioma, which is a benign tumor originating from the vascular 

system, was characterized by an elevated fluidity 𝜑, supporting the hypothesis of the 

increase of viscous dissipation due to accumulation of blood vessels.87,184 As the 

diagnosis of HEM poses no challenge in radiology using contrast-enhanced MRI, HEM 

was excluded for the separation analysis of malignant and benign liver lesions.87,177 This 

increased the specificity of stiffness 𝑆𝑊𝑆 and fluidity 𝜑 to 85 % and 92 %, respectively.87 

The delineation of MET and their distinction from HCA and FNH based on mechanical 

properties as demonstrated Figure 7 could be of special clinical relevance towards an 

improved quantitative image-based diagnosis in radiology.87 Tumor stiffness showed high 

sensitivity, whereas tumor fluidity showed high specificity for distinguishing malignant 

from benign lesions, highlighting the complementary utility of the two parameters for 

diagnostic purposes.87 A meta-analysis of ultrasound-based shear-wave elastography in 

2017 reported mean sensitivity and specificity values for differentiating malignant and 

benign liver lesions of 0.82 (95% CI: 73.4–88.5) and 0.80 (95% CI: 73.3–85.7), 

respectively.61 In comparison tomoelastography outperforms current elastography 

methods for liver tumor characterization, most probably as result of full organ coverage 

with high spatial resolution and good image quality.87 Thus, tumor stiffness and fluidity 

pose promising non-invasive quantitative biomarker for liver tumor diagnosis based on 

imaging.87 
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Study 2 - Participant study: So far, this is the first study that quantitatively analyzed motion 

of abdominal organs in MRE.88 This work showed that the liver and pancreas are the 

abdominal organs most displaced by respiratory motion in MRE, whereas the kidneys are 

displaced the least.88 Unsurprisingly, breath-hold MRE resulted in the least abdominal 

organ displacement in participants compared with navigator-based and free-breathing 

MRE.88 A previous study analyzing the movement of a single participant's kidneys 

showed that the kidneys were displaced less when breathing was shallow and free in 

comparison to breath-hold MRE.108 In contrast, the systematic analysis on 12 subjects in 

this work showed that breath-hold MRE resulted in less renal displacement.88  

Performing MRE with an implemented respiratory navigator reduced the displacement of 

organs in the first acquired slices of the slice block, whereas organs acquired in slices at 

the end of the slice block acquisition showed increased displacement.88 This is due to the 

fact that only a single navigator signal is taken prior to the acquisition of each slice block, 

resulting in precise estimates of diaphragm position for the first acquired slices, but 

inaccurate estimates for slices acquired later (Figure 6).88 In this work, single slice 

analyses were performed.88 The liver, which was always analyzed in the first acquired 

slice, showed the least displacement in the navigator-based sequences G and GF.88 In 

contrast, the spleen and kidneys, which were evaluated in slices acquired later, showed 

the greatest displacement (Figure 11).88 To account for this latency, the first slice of the 

slice block should cover the tissue of interest when performing such a navigator-based 

MRE sequence.88  

Free-breathing MRE examination was on average 3 times faster than BH-MRE and twice 

as fast as navigator-based G- and GF-MRE, which can be attributed to the breathing 

commands and the preparation of the navigator signal, respectively.88 Therefore, breath-

hold examination poses a challenge in patients who cannot lie down for long periods of 

time or have difficulty following breathing commands.88 

Stiffness values of the different organs acquired by the different MRE paradigms are in 

agreement with previously published 𝑆𝑊𝑆 and |𝐺∗| values.76,88,108,185 Although the mean 

magnitude images acquired in free-breathing looked blurry to the naked eye and therefore 

indicated that 𝑆𝑊𝑆 of organs might be altered by breathing motion, stiffness values were 

not affected.88 This highlights the reproducibility and noise-robustness of 
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tomoelastography based on multifrequency MRE, since alterations in actuator position 

and wave amplitude caused by breathing did not seem to affect the mechanical values.88 

As the spatial wavelength is analyzed locally in the inversion algorithm, boundary artifacts 

caused by breathing might have a minor influence on the final mechanical parameter 

maps.22,88,90 Additionally, the eight acquired time points are Fourier transformed (see 

2.2.3) and only the fundamental frequency of the harmonic actuation frequency is used 

for further calculation in the inversion algorithm.22,88,90 Therefore, shear wave alterations 

caused by respiratory motion do not affect the inversion algorithm unless they overlap 

with the fundamental frequency.88 

Interestingly, previous studies using single-frequency gradient-echo MRE showed no 

statistical difference in liver stiffness between breath-hold, navigator and free-breathing 

MRE.86,88,186 In these studies breath-hold MRE had twice the measurement time, whereas 

navigator-based MRE had five times the measurement time.86,88,186 Free-breathing MRE 

reduced the measurable areas of the livers.86 Based on this work, this limitation could be 

overcome by retrospective motion correction.88 

Rigid body image registration after image acquisition could successfully correct motion of 

abdominal organs caused by breathing.88 The time-averaged mean magnitude and 

stiffness images were less blurred and had significantly higher image sharpness 

quantified by 𝜉 (Figure 13).88 In particular, organ boundaries are sharper to delineate and 

anatomical structures such as the renal cortex and medulla are more visible to the naked 

eye in stiffness maps (Figure 10).88 Remarkably, even MRE performed in participant’s 

breath-hold showed a significant increase in image sharpness.88  

Motion-corrected free-breathing MRE had comparable image sharpness to uncorrected 

breath-hold MRE, which is the recommended acquisition method according to QIBA, 

while having three times longer acquisition time.35,88 Therefore, based on this work, MRE 

under free breathing combined with motion correction based on rigid body image 

registration is recommended for multifrequency abdominal MRE because it provides the 

fastest acquisition time while ensuring high image quality and sharpness.88 

 

Study 3 – Animal study: This work was the first to demonstrate the feasibility of MRE in a 

clinical hybrid 3 T PET/MRI scanner.89 Tomoelastography based on multifrequency MRE 

allowed to successfully generate mechanical maps of stiffness and wave penetration with 
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high spatial resolution in rabbit livers, while 18F-FDG in PET could simultaneously be 

acquired.89 The relationship of mechanical liver properties to various metabolic liver 

functions assessed by computational modeling performed on proteomics data and 18F-

FDG uptake in PET was also investigated first-ever.89 

Interestingly, although the rabbits had the same genotype and were fed the same diet, 

they showed a wide variation in their different metabolic capacities.89 This allowed 

classifying the livers into two clusters, whereas cluster 1 was defined by decreased 

biosynthetic and increased fatty-acid metabolism capabilities.89 An ultrasound 

elastography study by Qiu et al.187 in rabbits examining liver function by an indocyanine 

green (ICG) elimination test in fibrotic liver showed a similarly high variation in liver 

stiffness (1.91-8.53 kPa) and metabolic functions (ICG retention after 15 minutes 4.8%-

15.6%) in the non-fibrotic (F0) control group.89 Although not statistical significant, a trend 

towards higher wave penetration indicating more viscous tissue properties was observed 

in cluster 1.89  

The 𝑆𝑊𝑆 cutoff value of 1.6 m/s for dividing rabbit livers into two groups is consistent with 

the stiffness of healthy human livers at 1.4 m/s, when the frequency dependency (see 

2.1) is taken into account.89,188 Multifrequency MRE in humans typically uses 30 to 60 Hz, 

similar to Study 1 and Study 2 in this work, whereas the frequencies for Study 3 were 

increased to 40 to 80 Hz to account for the smaller livers of rabbits.87-89 This highlights 

the comparability of abdominal tomoelastography based on multifrequency MRE across 

species, MRI scanners, as well as MRI field strengths.87-89  

Soft livers have decreased cholesterol synthesis, whereas gluconeogenesis and tag 

content are increased.89 This is in agreement with a study from Abuhattum et al.189, 

showing that excessive accumulation of lipids is associated with a stiffness decrease in 

adipocytes.89 Previous studies investigating liver functional reserve in cirrhotic and liver 

tumor patients showed a negative correlation of liver stiffness and function.190-193 This is 

mainly due to chronic liver injury, which induces fibrogenesis with the accumulation of 

ECM proteins, alteration of the vasculature and perfusion with the reduction of substrate 

availability and hepatocellular damage.89,194 A study by Berndt et al.141 that analyzed liver 

microperfusion and structure showed the alteration of glucose metabolism by changing 

structural components that affected substrate availability, thus indirectly built a link 

between liver mechanics and metabolism.89 However, in this work healthy livers were 
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studied and although it is tempting to discuss the relationship of metabolic function and 

liver mechanics, causality cannot be proven.89 To account for confounding physiological 

factors that may alter mechanical properties, such as liver perfusion and prandial state, 

animals were fasted for 2 hours before imaging.89 These physiological factors influence 

the mechanical properties within minutes and hours as shown in previous work, whereas 

metabolic capacity alterations occur within days or even longer.71,72,74,76,89 A direct 

association between gluconeogenesis and stiffness, as well as urea production and 

glutamine exchange and wave penetration was observed.89 Considering a study by 

Hudert et al.107 of pediatric NAFLD, which showed that fibrosis is associated with an 

increase in stiffness, whereas steatosis leads to a decrease in wave penetration, it could 

be hypothesized that an alteration in hepatic gluconeogenesis and urea production could 

serve as an early biomarker of NAFLD – especially considering that the effects are 

stronger in diseased livers than in healthy ones.89  

In summary, this study demonstrated that technical advancements have enabled the use 

of multifrequency MRE on small animals such as rabbits in a clinical PET/MRI scanner.89 

The study highlights the potential of MRE for non-invasively imaging metabolic liver 

functions by revealing correlations between liver mechanical properties and metabolic 

capabilities.89 

 

5.2 Limitations 

Although the presented studies are encouraging, they have limitations. First, only a few 

subjects were included in all studies.87-89 For example, Study 1 – Patient study measured 

only a few patients with benign tumors.87 This was because only patients with known liver 

lesions who were treated for further diagnosis and therapy were included in the study.87 

In most cases of benign liver tumors, further diagnosis or follow-up is usually not 

required.87 Therefore, the patient population is biased towards malignant liver tumors, 

which reflects the patient distribution in radiology of a tertiary care facility such as Charité 

– Universitätsmedizin Berlin.87 Possible solutions to overcome this include oversampling 

of patients with known benign liver tumors or performing MRE as an additional sequence 

on abdominal MRI examination in clinical routine measurements.87 This would prolong 

the overall measurement time by only a few minutes.87 In some patients with benign liver 

tumors, the diagnosis was not made by histopathology but by imaging findings based on 
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contrast-enhanced clinical MRI.87,156 Furthermore, histologic subtypes of the different 

tumor entities were not analyzed.87,195-197  

In Study 2 – Participant study, organ displacement caused by respiratory motion was 

analyzed and corrected only in 2D (craniocaudal and lateral) in a coronal MRE sequence 

because the craniocaudal direction is the main component in which displacement 

occurs.88,198 For through-plane displacement, a 3D rigid body motion correction must be 

performed.88 This would be of particular interest for a transversal MRE sequence.88 In 

addition, the navigator signal in G- and GF-MRE was analyzed only once before acquiring 

an entire slice block.88 The later the slice was acquired within the slice block, the greater 

was the latency between the navigator signal and the slice.88 Hence, motion correction 

by the navigator-based MRE sequences worked well for the first acquired slices and 

poorly for the slices acquired later.88 This limitation can be overcome by adjusting the 

position of the first slices of the slice block to the organ of interest.88 

In Study 3 – Animal study, not all rabbits received PET imaging due to the high financial 

cost of the examination.89 Unfortunately, the 𝑆𝑈𝑉 samples of metabolic cluster 1 

consisted of only 4 data points and statistical power was low.89 Proteomic analysis was 

performed on only a small piece of liver tissue, whereas MRE analyzed the entire liver in 

at least two slices.89 Although heterogeneous liver tissue could affect the proteomics data, 

no large heterogeneity of the liver tissue was assumed because the livers were healthy.89 

 

5.3 Future research 

Using the multifrequency MRE technique proposed in this work, future studies can answer 

novel research questions and fill research gaps based on the results of the three studies 

presented.  

Based on Study 1 - Patient Study, which demonstrated that liver tumors can be accurately 

differentiated from the liver and that patients with malignant liver tumors can be 

distinguished from benign ones by multifrequency MRE, it would be interesting to conduct 

a diagnostic accuracy study in the form of a prospective cohort study with randomized 

groups and in accordance with the STARD guidelines.87,199 To this end, the diagnostic 

accuracy of clinical contrast-enhanced MRI, which is commonly performed in radiology to 

diagnose liver tumors, can be compared in one group to the examination that includes 

MRE in the other group to demonstrate an improvement in the accuracy of liver tumor 
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diagnosis based on imaging. Ideally, such a study should be multicenter and use different 

MRI scanners or field strengths to ensure external generalizability and applicability.87,200 

The fluidity parameter 𝜑 seems promising as an indicator of malignancy, and its 

usefulness has already been demonstrated in studies on prostate and brain 

tumors.87,201,202 Further research could investigate individual tumor entities and analyze 

different histologic features in more detail, for example, in ADE or HCC, and correlate 

histopathologic features with mechanical properties. Interestingly, after the publication of 

Study 1, multifrequency MRE studies revealed that mechanical parameters improve the 

prediction of mitotic rate and proliferation classes in HCCs.148,203 

Based on Study 2 - Participant study, it is recommended to perform abdominal MRE in 

free-breathing subjects and then correct for respiratory motion in the images using image 

registration techniques.88 Because the analyses and motion correction strategies were 

only 2D, 3D rigid body correction should be performed in future studies to account for 

motion through the imaging plane.88 The findings of this study may also be applicable to 

other organs such as the uterus and could potentially be used to improve image quality 

and reproducibility in future applications.88 

Since Study 3 - Animal study investigated the association of mechanical properties with 

metabolic functions of a healthy liver in a PET/MRI scanner, it would be interesting to 

investigate these associations in liver disease such as NAFLD and liver fibrosis.89 

Differences in liver metabolism within each fibrosis grade should be analyzed separately 

and correlated with mechanical properties.89 Accurate determination of liver reserve 

function before liver resection in patients with cirrhosis and liver tumors is still a major 

problem in surgery.111,112,204 A recent study by Lin et al.191 showed that liver reserve 

capacity estimated based on the ICG clearance test was positively correlated with liver 

stiffness and fluidity in patients with HCC. A future study analyzing metabolic pathways 

and mechanics in cirrhotic livers prior to partial liver resection may shed further light on 

this issue. In addition, the multifrequency MRE method presented here can be used for 

preclinical studies of liver tumors in small animals in a clinical PET/MRI scanner so that 

MRI, PET, and MRE studies can be performed simultaneously to investigate the 

relationship between tumor imaging parameters, mechanical properties, and 

metabolism.89 Furthermore, the presented methods can be extended to human 

pathologies.89  
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6 Conclusion 

Assessment of tissue mechanical properties for detecting and characterizing disease is 

an important procedure in medicine.1 Quantitative mechanical parameters measured by 

MRE can be used as biomarkers to aid diagnosis and monitoring of diseases.45-48,87 

However, to date, MRE has only been approved for the diagnosis of liver fibrosis and has 

not been clinically established for other organs or diseases.34,35 To be approved for 

clinical use on other abdominal organs and in other diseases, the technology must be 

continuously improved and its utility for specific applications must be demonstrated.87-89 

The studies in this work improved the multifrequency MRE technique for clinical and 

preclinical use by producing highly resolved maps of reproducible biophysical parameters 

using novel actuators, motion correction techniques, and robust inversion algorithms.87-

89 The utility of MRE for liver tumor characterization, the stability against organ motion 

together with image registration and metabolic liver function in vivo has been 

demonstrated.87-89 

In the first study, tomoelastography based on multifrequency MRE was successfully 

applied to 70 patients with overall 141 liver tumors and provided high-resolution maps of 

stiffness and fluidity of the liver and embedded liver tumors.87 This allowed lesions to be 

delineated from liver tissue based on their mechanical properties, with the smallest 

lesions measuring approximately 9 mm in diameter.87 Due to their increased stiffness and 

fluidity, malignant liver tumors could be distinguished from benign ones with high 

sensitivity and specificity, respectively.87 Thus, tomoelastography provides noninvasive 

quantitative biomarkers for liver tumor characterization and lays a foundation for clinical 

diagnosis and therapy monitoring.87 

In the second study, the displacement of abdominal organs due to respiratory motion was 

investigated.88 The displacement of the organs was measured under different acquisition 

paradigms, and it was observed that the organs under breath-holding in expiration 

showed the least displacement. MRE under free-breathing had the shortest examination 

time.88 Stiffness of the liver, kidneys, pancreas, and spleen were independent of 

respiratory motion and acquisition paradigm.88 Rigid body image registration corrected 

organ displacement in all acquisition paradigms, which was already visible to the naked 

eye.88 Based on the fact that MRE under free-breathing is by far the fastest acquisition 

method and organ stiffness was not affected by breathing or acquisition paradigm, this 
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study recommends performing abdominal MRE under free breathing followed by motion 

correction by image registration.88 This procedure offers the best compromise between 

rapid MRE examination and good image quality for future studies.88 

The third study demonstrated the feasibility of multifrequency MRE in a clinical hybrid 

PET/MRI scanner in rabbits.89 This lays the foundation for future preclinical studies using 

a clinical scanner and demonstrates that PET measurements can be performed 

simultaneously with MRE measurements, allowing for the investigation of the relationship 

between metabolic functions and mechanical tissue properties.89 It has been shown that 

even healthy livers differ in their metabolic and viscoelastic properties and soft livers have 

decreased cholesterol synthesis, whereas tag content, gluconeogenesis, and cholesterol 

synthesis are increased.89 This study demonstrates relationships between the 

mechanical properties of the liver and its metabolic functions and highlights the possibility 

of noninvasive determination of liver metabolic capacity using multifrequency MRE.89 

Overall, technical improvements have been achieved in both clinical and preclinical 

applications of multifrequency MRE and reliable maps of biomechanical tissue 

parameters with high spatial resolution could be generated.87-89 The results of this work 

can be followed up in future studies to histologically investigate the relationship between 

tissue architecture and mechanical properties. For this purpose, clinical and preclinical 

studies can be performed in a clinical PET/MRI scanner. The usefulness of mechanical 

parameters measured by multifrequency MRE, such as tissue fluidity indicating solid-fluid 

tissue properties, has been demonstrated in liver tumors.87,89 Therefore, this work makes 

an important contribution to the application of multifrequency MRE as a noninvasive in 

vivo imaging method providing quantitative mechanical biomarkers for clinical use in 

abdominal tissues and pathologies.87-89 
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