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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 MRl 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 ortlicher Bildauflésung,
Bewegungsempfindlichkeit und Insensitivitdt zu metabolischen Funktionen. Aufgrund
technischer Verbesserung in der Bildaufnahme und der Bildauswertung wurde daher
anhand von drei Studien zur abdominellen MRE die Bildqualitat 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 hochaufgeloste Karten der Steifigkeit (Scherwellengeschwindigkeit in m/s),
Wellenpenetration (Wellenpenetrationsrate in m/s) und Fluiditéat (Phase des komplexen
Schermoduls in rad) generiert. Die erste Studie charakterisierte die Steifigkeit und
Fluiditat 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 kénnen durch erhohte Steifigkeit und Fluiditat (Steifigkeit AUC:
0.88 und Fluiditdt AUC: 0.95) gut von gutartigen Tumoren (Steifigkeit AUC: 0.85 und
Fluiditdt AUC: 0.86) unterschieden werden. In der zweiten Studie wurden trotz
verschiedener Aufnahmeparadigmen und Unterschiede in Untersuchungsdauer,
Organbewegung und Bildqualitat keine signifikanten Unterschiede in der Organsteifigkeit
festgestellt. Die Bildregistrierung verbesserte die Bildscharfe, 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 Fluiditat, die mittels der Mehrfrequenz-MRE gemessen werden, stellen
vielversprechende quantitative Biomarker fur 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 Bildqualitat. Die Anwendbarkeit an Kleintieren
in einem Kklinischen MRT wurde gezeigt, inklusive Korrelationen zwischen mechanischen

Lebereigenschaften und metabolischen Funktionen.

Diese Arbeit konnte somit die Bildqualitat mechanischer Karten sowohl fir klinische als
auch praklinische 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.! 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.®# As the disease
advances, hepatic fibrosis increases, resulting in decreased liver function.*” This change
in tissue mechanics during disease progression can be used for diagnosis and
screening.8® Therefore, palpation of the liver margins to determine liver size and
induration is part of a clinical abdominal examination.”° Moreover, in cancer mechanical
properties have an important role.'® For example, bimanual breast palpation is the first
indication of a malignant breast tumor in most cases.!! 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.*? 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.'® A rough, asymmetric lump
can raise suspicion of prostate cancer even before the first symptoms appear.!4 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.'® Thus, the evaluation of suspicious nodules in the
context of cancer screening may vary between physicians.'®> 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.1® Typical elastography methods are ultrasound elastography (USE), and
magnetic resonance elastography (MRE).1-?! 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.???® For MRE, harmonic vibrations of a single or multiple frequencies
(multifrequency MRE) are applied to the region of interest.??* 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.???4 Image acquisition of the displacement fields requires
only a few minutes and can therefore be integrated into a clinically indicated MRI
examination.???4 The encoded displacement fields can be transformed into a complex
shear wave field using physical models.?>?* 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.???* 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
guantification 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.?>3! 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 methods3233
Based on these excellent results, MRE was approved by U.S. Food and Drug
Administration (FDA) for the diagnosis of liver fibrosis.®*2> The distribution pattern of liver
stiffness appears to differ between primary sclerosing cholangitis and viral hepatitis.3®
Increased liver stiffness in conjunction with increased splenic stiffness may provide
information about portal hypertension and esophageal varices.®’-*9 Pancreatitis increases

pancreatic stiffness.304143 |nitial studies have shown that renal stiffness is reduced in
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patients with chronic kidney disease.** Furthermore, as recent results show, MRE may
be useful for therapy monitoring and prediction of complications.*>8 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.'%19 For instance,
increased matrix deposition occurs in the tumor environment with increased protein fiber
linkage.>>>" Cancer induces neoangiogenesis, leading to the formation of perforated
blood vessels that increase fluid pressure within the tissue.>>% In addition, tumor cell
proliferation with cellular unjamming increases solid stress on the surrounding tissue.%%58-
60 Preliminary MRE studies in liver tumors have indicated that the stiffness of tumors is
increased, especially in malignant liver tumors.8? Renal and in pancreatic tumors have
also shown an elevated stiffness in preliminary studies.?6:4262:64 \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.?459.65-68 An increase in liver tumors stiffness after laser ablation
has been demonstrated in pigs.®® Human colon cancer cells subcutaneously transplanted

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

In addition to pathological alterations, MRE is also sensitive to physiological effects. An
increase in liver stiffness after food or water ingestion was reported.’”*"’6 In rats, liver
stiffness increased due to cell hypertrophy during pregnancy.’” 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.3>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.?328.3583 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.?®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.?3848 This can lead to image blurring and
reduce image quality.>®> 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.?88 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.®”8° 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.8”-8% The
use of multiple actuators was possible due to their small size.®”-#° In combination with
tomoelastography, a novel noise-robust inversion algorithm, maps with high spatial
resolution could be generated.®”®® 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.®” The benefit of using tomoelastography for the diagnosis of
liver tumors was investigated.®” 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.®® 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.®® This enabled the correlation of high-resolution maps of the viscoelastic
properties of the liver with metabolic liver functions.®” The three studies were conducted



Introduction 9

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”®’

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.® Liver tumors are the third most common cause of cancer deaths
as of 2020, with early diagnosis leading to improved survival.®*% An increase in liver
stiffness due to fibrosis increases the likelihood of HCC occurrence by approximately
4%.5 Preliminary single-frequency MRE studies in a small study population have
demonstrated that liver tumors are associated with increased elasticity and viscosity.?’-%°
However, these studies were limited in their spatial resolution and image quality.®” Data
on mechanical fluidity, which in MRE denotes the proportion of elastic-solid to viscous-
fluid material properties, are scarce.®” There is evidence that malignant tissue is
associated with higher fluidity®”:1%° 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.2” 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.8” To calculate the delineation
capability, the tumor’s mechanical properties were compared with those of the non-
tumorous liver.?” Differences in stiffness and fluidity between different tumor entities were
analyzed and the separability between benign and malignant liver tumors was
calculated.®” This study will be referred to as Study 1 - Patient study - in the rest of the

manuscript.



Introduction 10

1.4.2 Study 2: “Reduction of breathing artifacts in multifrequency magnetic resonance
elastography of the abdomen”®®

The second study focused on strategies to reduce breathing-induced motion in abdominal
organs of 12 healthy patrticipants.® The rising clinical application of MRE in abdominal
pathologies has prompted the development of numerous novel MRE techniques.??
However, one limitation that all existing MRE techniques have in common, is their
sensitivity to breathing motion causing to imaging artifacts.?®> The motion induced by
respiration during image acquisition can displace organs, resulting in blurred images and
image artifacts, such as "ghosting".19 “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.!°* This phenomenon is also
relevant for phase contrast imaging, such as MRE.1%? 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.1?:23358438588
Therefore, the Quantitative Imaging Biomarker Alliance (QIBA) of the Radiological
Society of North America (RSNA) recommends MRE examinations with breath hold at
end-expiration.®> However, there are reasons why image acquisition in breath-hold of the
subject is not always appropriate.® 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.?®35 |n pediatric and geriatric patients,
compliance with breathing commands may be challenging or not possible in all cases.
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.1931%4 Furthermore, breathing
commands prolong the overall examination time.®® 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 4.1% Therefore,
multifrequency MRE has been performed in free breathing mostly.441%-108 The aim of this
work was to provide guidance for handling breathing-induced motion in future abdominal
MRE applications.®8 To achieve this goal, reduction strategies were analyzed during both
the image acquisition and post-processing stages.®® The different image acquisitions
paradigms included MRE during breath-hold, during free-breathing, and during free-
breathing with respiratory navigators.®® Image registration on unprocessed data

quantified and corrected motion of liver, kidneys, spleen, and pancreas in the different
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acquisition paradigms.8 The different methods were compared in terms of the best
compromise between image quality and examination time.8 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 liver8®

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.8® 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.1%%117 Metabolic liver functions are also
altered in chronic progressive liver diseases such as NAFDL, the hepatic manifestation
of metabolic syndrome.'8122 However, noninvasive quantification of liver functions
remains a major clinical challenge.®® 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.'23-126
Dynamic labeling measurements such as the liver maximum function capacity test
(LIMAX) are time-consuming, expensive and only assess specific pathways.?"128 PET is
a functional imaging technique that uses radiotracer labeled metabolites, such as *8F-
fluorodeoxyglucose (FDG), which indicates glucose metabolism.'?® It can be used to
diagnoses various diseases with associated with high metabolic activity, such as tumors
and neurodegenerative processes.?°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.38-143 However, this requires the collection of liver tissue samples, which
cannot be routinely obtained from patients due to the invasiveness.'#4145 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.®® Additionally, to date, MRE has not been applied on a
PET/MRI scanner to allow simultaneous measurements of MRE and i.e., glucose
metabolism.® 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.?® 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.®° 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.®° This study serves as the first reference investigating mechanical liver properties
with metabolic capabilities.®® 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.®® 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 ¢ on a
biological tissue leads to strain &, whereas the material property that resists to the

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

8.146

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 u. 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:??

o=2u¢E. (1)

In purely viscous material (e.g. water), the stress is proportional to strain rate £.22 Instead
of a instant deformation as in a elastic material, a flow process is occuring.?? In case of
laminar flow the material can be described as a Newton fluid and is characterized by the

viscosity 7:2?

o=2né¢E. (2)

Biological tissue can be considered as viscoelastic material.1#® 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:??

G*=|G*|el?=G"+i1G", (3)
c=2G"¢, (4)

with |G*| being the magnitude of the complex valued shear modulus and ¢ the phase of

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

to g (pure viscous material).?? In the following, ¢ is termed fluidity. |G*| and ¢ can be
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expressed by the storage modulus G and loss modulus G” by |G*| = VG + G"?and ¢ =
G" .

arctan (?) 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:??

. G*

- Au=0, (5)

where u represents the shear wave displacement vector field, it represents the
corresponding second time derivative, p denotes the density of the material and A

represents the Laplace operator.

Comparing eq.5 with the wave equation it — ¢**> Au = 0, allows to determine the complex

wave speed c*:??

cr= [—. (6)

° |9

To quantitatively assess the viscoelastic properties of biological tissue, the real valued
shear wave speed (SWS) and penetration rate (PR) can be determined.®® Both can be

represented by c* or respectively by G*.%°

1 2167
SWS = Re{Z} \jp (1+cos @)’ ()
_ 1 _ 1 [ 267
PR = —2mIm{x} 2w \p (1-cos @)’ 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 ¢, also referred to as fluidity, the loss modulus G'' and the
wave penetration rate PR associated with inverse damping properties.?2% All parameters

are dependent on the frequency of vibration.?>%°
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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, humerous actuator systems have been designed, differing in
their principle of motion generation and transducing.?? 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.?223147.148 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.?2. 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.8":88
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A

Figure 1: lllustration 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.?? 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.?? 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.?? In addition, standing waves can be accounted for.?? Typically, frequencies
between 20 and 100 Hz are used for MRE in humans and small animals, leading to tissue

displacement usually in the um range. 14152

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.?224
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.?? The MEG has a fixed
amplitude and duration.?> The MEG frequency is in the range of the mechanical frequency
and displacement encoding occurs along the MEG direction.??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.?? Only moving spins accumulate a net phase
signal due to the shape of the MEG (0" gradient moment nulling).??> Motions with a
constant velocity such as rigid body motion or laminar blood flow, can be eliminated by a

1" gradient moment nulling approach adding extra gradient lobes.??

The displacement is encoded in the phase, which ranges from —m to .22 When the
accumulated phase signal exceeds these limits, phase discontinuities occur.'>® 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.?? There are several phase unwrapping algorithms for correcting phase
discontinuities.*®*1% Usually, MRE phase images are smoothed prior to phase

unwrapping to increase data stability.??
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To acquire a harmonic oscillating displacement, at least 3 different phases with
equidistant time steps (At) have to be acquired.?? Usually, six to eight time steps are
acquired.?? Therefore, the acquisition of the time steps by the MRE sequence has to be
synchronized with the driving frequency.?? Subsequently, the temporal Fourier
transformation allows the fundamental driving frequency to be extracted, neglecting
unwanted signals and noise occurring naturally during the measurement.?? 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.

Displacement in um

A
o

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

Shown is the transverse plane of time-harmonic displacement (in um) in the x-direction
of a 60 Hz frequency. The harmonic displacement is sampled at different phases with
equidistant time steps (At). Blue denotes values below and red values above 0 um. 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.?? In MRE, only the shear wave is relevant, necessitating the removal
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of the compression wave.?? 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.?? 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.?? The algorithms used in this work are
the multifrequency-dual elasto-visco (MDEV) and the wavenumber-based MDEV (k-

MDEYV) inversion methods, respectively.%0:105

MDEV is an inversion method that directly solves the Helmholtz equation (5) and
reconstructs |G*|, and ¢ independently.1% It omits the frequency dependency of |G*| and
¢ and therefore, simply averages over the MEG components of the shear wave
displacement u,, with 3 cartesian components h and N vibration frequencies f,,

respectively:19

N BN S Junl (Bl +lunsl” |Auh,n|”> 9
¢= a“’s( SN 23 un ] Al ! ©)
% Zg=1 Zi:l(z T[fn)z |uhn|))
G*| = : .
6" =p ( IN=1 251 1AuR D) (10)

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

susceptible to noise.1% The density p was defined as constant with 1 % which describes

31

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).°° One advantage of k-
MDEYV is its utilization of a first order spatial derivative inversion approach, which makes
it more resistant to noise when compared to MDEV. ° Unlike MDEV, k-MDEV
reconstructs primary the real and imaginary wave number k' and k'’, respectively, of the
complex wave number k*.°° For k-MDEV, plane waves are required, which are extracted

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

khan = ||Vargunan)| . (11)
" Viupanl
hdn — |uh”1: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 ky, ;,, and ky 4 ,, respectively:*

!

k
h,dn
1 Zndnggn i, Whan (13)
Sws Yhdn Whan
k”
h,dn
1 Yhdn “Fn Whdn (14)
PR Yhdn Whdn

A weighting factor based on the wave amplitude Wy, 4, = |upqn|* is utilized to prioritize

waves with high amplitude and thus improve the SNR.%°
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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.8’88 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 — Universitatsmedizin Berlin (EA1/261/12 and
EA1/076/17).8788 All study subjects were older than 18 years and had no contradiction to
MRI or risk factors related to the experimental study examination.8”: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 Universitatsmedizin Berlin, Campus
Virchow Klinikum. Inclusion criteria were patients with previously diagnosed focal liver
lesion and no tumor therapy prior to study participation.®” Between March 2015 and
August 2017, eligible patients were screened via the radiology and surgery electronic
scheduling system in a single-center study.®’ In a consecutive sampling scheme patients
were approached and informed about the content, form and aim of the study.®’” The study
sample consisted of 70 patients with focal liver lesions.®” A total of 105 malignant and 36
benign tumors of various entities were studied.?” 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.®” Tumor entity conformation was made by
histopathology in all patients with malignant and in 7 of the 16 patients with benign
tumors.?” 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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Participants with liver tumors undergoing
tomoelastography
n=70

Participants with malignant tumors Participants with benign tumors
n=54 n=16

A 4

A
Participants Participants Participants Participants Participants Participants
with HCC with CCA with MET with HEM with FNH with HCA
n=17 n=10 n=27 n=5* n=5* n=8*

A A 4 A A A A A

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 - Universitatsmedizin Berlin, Campus
Mitte.88

Study 3 — Animal study: Nineteen healthy female New Zealand white rabbits (Charles
River Laboratories, Sulzfeld, Germany) were included.® The local authority, Landesamt
fur Gesundheit und Soziales (LAGESO) Berlin, approved the study protocol (Reg. No.
0178/17).8° 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.®° 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.8° 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.8®

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,

Subject Agein
_ Woman BMI Number of
Entity numbers years
(%) (kg/m?) tumors (%)
(%) (range)

HCC 17 (24.3)  4(5.7) 67 (43-81) 26.13.4 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) 24.0t4.2 11 (7.8)
FNH 5 (7.1) 3(4.3) 38(29-66) 25.245.2 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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(qV
-§” Healthy 11 (100) 0 (0) 28 (23-38) 23+2 0 (0)
)
Subject Agein . _

_ Female Weight in _
™ Entity numbers weeks BG in mg/dL
2 (%) kg
3 (%) (range)
n

Healthy 19 (100) 100 (100) 13(11-15) 3.23t0.26 153.06+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 2.2.1.878% To generate and control the
harmonic vibrations by pressurized air, a control unit was used.®”-8° The control unit was
synchronized with the internal clock of the MRI scanner.87-%° 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.8”8 The
ventral and dorsal actuators were running with 0.4 and 0.6 mbar, respectively.8”.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.?® A belt around the transpyloric plane
containing the drivers was fastened to increase a better coupling of the harmonic
vibrations.8”-8° A frequency forerun of 3 seconds prior to image acquisition (see 2.2.3)
was conducted, to achieve harmonic oscillation of the abdominal organs.®”-8° In Study 1
- Patient Study and Study 2 — Participant study volunteers were lying supine on the
examination table,®”# whereas in Study 3 — Animal study rabbits were in prone position.8°

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 (1" moment nulling) MEGs (see 2.2.3 Image acquisition) was used in all
studies.?”8% Eight equidistant phase steps over a whole vibration period were acquired
for each vibration frequency for all three Cartesian motion field directions.8”8% 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

Magnetic field
strength (T)
Time of echo
(ms)

Time of

repetition (ms)
Matrix size

Field of view
(mm?)

Voxel size
(mm3)
Number of
slices

Slice
orientation
Mechanical
frequencies
(Hz)

MEG
frequencies
(Hz)

MEG amplitude
(mT/m)
Acquisition

time (minutes)

Magnetom Aera,

Siemens

Healthineers

15

59

2050

128 x 104

384 x 312

3x3x5

15

transversal

30, 40, 50, 60

Magnetom Sonata,

Siemens

Healthineers

15

55

1200

104 x 128

284 x 350

27 x27 x5

coronal

30, 40, 50, 60

43.48 for 30, 40, and 43.48 for 30, 40, and
50 Hz and 44.88 Hz 50 Hz and 44.88 Hz

for 60 Hz

30

3.5

for 60 Hz

30

2 for free-breathing

Magnetom Biograph
mMR, Siemens

Healthineers

3

40

1000

104 x 60

161.2 x 93

1.55x1.55 x5

transversal

40, 50, 60, 70, 80

78.61

42

Study 1 - Patient study: MRI and MRE acquisitions were conducted ina 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.8” For anatomical
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lesion localization, localizer, transversal T2-weighted and Ti-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.?’
MRE was conducted in free breathing of the patient.®” 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.8’

T,-weighted MRI T,-weighted MRI

Anatomical

Through-plane Left-right

=
2
(=
o
>
©
=

0
Displacement in ym

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 (MEGSs) 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.® 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:®®

(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
x 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 x 3 components x 4

frequencies.

(i) 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.®® 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.

(i) 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 TRO. 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 —



Methods 30

Campus Virchow Klinikum using the 20-channel head coil.®° The rabbits were deeply
sedated during the experiments with subcutaneously administered medetomidin
hydrochlorid (Cepetor, 200 mg/kg body weight).8° For anatomical reference, transversal
Ti-weighted fat-saturated Dixon sequence was acquired.8%159160 |n a subgroup of 12
rabbits, PET using intravenously injected '8F-FDG as radiotracer was performed.?® PET
covered the entire thorax and abdomen after an acquisition time of 60 minutes.8° Ordered-
subset expectation maximization with 3 iterations and 21 subsets was used for
reconstruction of PET images.8%161.162 An image matrix of 512 x 512 with 127 slices and
an image resolution of 1 x 1 x 2 mm? was calculated.?® Attenuation and scatter correction
(AC) was performed by a vendor implemented ultrashort echo-time sequence.8%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., 2023%°.

3.3 Data processing

Data processing was conducted in MATLAB versions: 9.5.0 (R2018a) and 9.8.0
(R2020a).1%°> A mean magnitude image M was computed from the individual images m;
obtained from a MRE scan, and was averaged across the number n of frequencies,

components, and time steps:87-89

1
M=23mm,. (15)

n

In Study 1 and Study 2, a total of n = 96 images were averaged (obtained from 8 time
steps x 3 components x 4 frequencies).8”:88 In Study 3, n = 104 images were averaged

(obtained from 8 time steps x 3 components x 5 frequencies).8?

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 ¢ in rad as
surrogate for fluidity were generated.8”:°019 Using information from clinical MRI
examination, as well as anatomical Tz-weighted sequence, volumes of interests (VOISs)
covering tumor and non-tumorous liver were drawn manually on MRE mean magnitude

(M) slices.?” Large blood vessels were excluded from the VOIs.8’
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Study 2 - participant study: Multifrequency data processing consisted of 3 steps:®8 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.'%6 Separate region of interests (ROI) defining liver, kidneys, spleen
and pancreas were manually delineated on M.8 ROIs covered the whole organ, as well
as a tolerance area of ca. 5 pixels for possible displacement due to respiratory motion.
For each slice, 95 of the overall 96 images (8 time steps x 3 components x 4 frequencies)
were registered to the first acquired image, which served as reference.®8 Advanced
Mattes mutual information with 32 histogram bins and stochastic gradient descent were
used as similarity and optimizer metric, respectively.® A pyramid scheme with 3 different
resolutions and a maximum 100 iterations was performed.®® For each iteration 200
random coordinates were sampled to calculate the similarity metric.2® Consequently, for
each organ n = 95 matrices with relative x and y displacement to the reference image
were generated.®® The mean displacement U was calculated by the magnitude of x and

y displacement:88

U= S G-+ G- 02 (16)

i) 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 3x3 Laplacian derivate Kernel A maps of image sharpness for motion
corrected and uncorrected M were generated.®1%’ Image sharpness ¢ of organs was
calculated using the variance of the Laplacian A maps and organ ROIs for image

registration, which included the tolerance margin of organ boundaries.

Study 3 — Animal study: k-MDEV was adapted to account for the applied higher
frequencies and reduced liver size in rabbits.8 A third order Butterworth low-pass filter
with 250 m™* for noise suppression was implemented.?® A spatial third order Bandpass
filter with a threshold of 15 and 300 m%, respectively, for directional filtering was used.®°
All frequencies were weighted equally for calculating maps of SWS in m/s and PR in m/s.8°
Maps of M, SWS, PR and AC PET images were converted to NIFTI file format.8® 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.8? Shotgun
proteome profiling was conducted on LC-MS data.?®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.8%16% 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.8%:16%-173 Fyrther 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
"Ime4”,"Ismeans”, "pROC," and "ggplot2" packages.?’-8%174 Unless stated otherwise, P <

0.05 was considered statistically significant.

Study 1 - Patient study: Mean SWS and ¢ values were calculated for tumor and liver tissue
VOls. Data were grouped by tumor entity and means + standard deviations (SD) are
given.®” The two different tumor entities in two patients were regarded as independent
samples.®’” Nonparametric Kruskal-Wallis test with a Bonferroni corrected Tukey’s post-
hoc test was performed to identify differences of SWS and ¢ between tumor entities.8” 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 ¢, respectively.8” Patients were treated
as a random effect.8” Receiver operating characteristic curves based on the predicted
probabilities of the GLMMs were used to estimate the separability of tumor and liver.87.175
DelLongs methods were used to compare ROCs.8”176 ROC was also performed for
separation of malignant and benign liver lesions based on SWS and ¢.87 For this purpose,
values of multiple lesions of the same entity within a subject were averaged.®” ROC
analysis was repeated excluding hepatic hemangioma due to their uncomplicated
diagnostic in clinical MRI by strong T2-hyperintesity.8”17” Sensitivity, specificity and area
under the receiver operating characteristics curve (AUC) are provided.®” Youden index
was used to derive cutoff values for SWS and ¢.8"17® 95% confidence intervals (Cl) 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.®® Mean SWS and o was computed for all four MRE acquisition
paradigms with and without motion correction.®® To estimate differences in U and SWS of
organs between the different acquisition paradigms random intercept linear mixed effect
models (LMMs) were performed.® 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.®® Participants were defined as a random effect.®® Statistical
significant differences of the fixed effects on the outcome variables were analyzed by
Bonferroni corrected Tukey’s post-hoc test.®8 Differences in SWS and ¢ 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.®®
Additionally, difference in motion uncorrected BH-MRE were tested against motion-
corrected FB-MRE in all organs.®8

Study 3 — Animal study: Mean liver SWS, PR and SUV were calculated for each rabbit.8°
Rabbits were grouped in two groups based on unbiased cluster analysis by the
clustergram function in MATLAB version 9.10.0 (R2021a)!%° using the bioinformatics
toolbox.8? 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.8° 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.?° Correlation of parameters was

analyzed by linear regression models.8°
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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.8” Viscoelastic maps of
SWS and ¢ were generated, enabling quantification of both tumor and liver tissue.?’
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).8” Quantitative values of

tissue parameters are given in Table 3.
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T,-weighted MRI Stiffness Fluidity

Figure 7: Quantitative tomoelastography maps of stiffness, based on shear wave speed
(SWS), and fluidity, derived from the phase of the complex shear modulus ¢, for four

patients with malignant liver tumors.

An anatomical reference T»-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 (¢) 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 ¢ 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 ¢ 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 ¢ values compared to surrounding liver tissue. Edited from Shahryari
et al., 2019%7.

T,-weighted MRI Stiffness Fluidity

Figure 8: Quantitative tomoelastography maps of stiffness, based on shear wave speed
(SWS), and fluidity, derived from the phase of the complex shear modulus ¢, for four

patients with benign liver tumors.
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An anatomical reference T»-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 ¢ 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 ¢ 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 ¢ 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 T>-weighted intensity, as well as elevated SWS and ¢ values

compared to surrounding liver tissue. Edited from Shahryari et al., 20198°.

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 ¢ are reported as mean *

standard deviation. Edited from Shahryari et al., 2019%°.

Tumor Tumor Liver .
) ) Tumor . Liver i
Tumor diameter VOIin ) Tumor ¢ VOIIn ) Liver ¢
- _ SWS in . SWS in _
entities in mm cms3 in rad cms3 in rad
m/s m/s
(range)  (IQR) (IQR)
9.0 180
30 (12-
150) (1.7- 2.54+0.64 1.20+0.29 (100- 1.97+0.49 0.81+0.16
33.8) 344)
11.3 252
53 (16-
CCA 124) (3.9- 2.57+£0.90 1.24+0.25 (156- 1.72+0.29 0.66+0.10
164.4) 453)
5.7 210
25 (9-
MET 175) (2.0- 2.34+0.48 1.14+0.28 (104- 1.61+0.23 0.65+0.08

12.1) 308)
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1.8 260
HEM 238(71)2' (1.0- 1.97+0.45 0.95+0.30 (241- 1.37+0.13 0.60+0.03
3.6) 329)

29 372
FNH 21(9-95) (1.5- 2.08+0.96 0.78+0.24 (329- 1.40+0.12 0.66+0.04
7.6) 497)

5.3 226
HCA 30 (14- (2.3- 1.41+0.21 0.66+0.12 (143- 1.38+0.12 0.66+0.06

%0) 22.8) 316)

Delineation tumor vs. liver: GLMM showed that SWS and ¢ could significantly
predict malignant liver tumors and non-tumorous liver (SWS : 8=3.62 [95% Cl 2.42, 5.73],
P<0.001; ¢: B=10.64 [95% CI 7.02, 16.35], P<0.001).8” ROC analysis revealed that
malignant liver tumors could be delineated from liver tissue based on both SWS and ¢,
with a significantly higher AUC for ¢ than SWS (0.95 [95% CI 0.92, 0.98] vs. 0.88 [95%
C10.83, 0.94], P <0.01).8” Regarding benign lesions, only SWS predicted tumor and non-
tumorous liver (SWS: =3.2 [95% CI 0.8, 6.55], P<0.05; ¢: p=3.32 [95% CI 0.34, 7.14],
P=0.051).%" No significant difference was observed between SWS and ¢ 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).8” 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 ¢ (P<0.001).8” HCA showed reduced SWS and ¢
compared to all malignant tumor entities (SWS: all P<0.001; ¢: 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.®” Box plots of tumor entity grouped SWS and ¢ of tumor
and liver tissue are shown in Figure 9B. Separation of malignant from benign liver lesion
based on SWS and ¢ 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.8" 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.®’ For ¢, 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 ¢ (SWS: AUC 0.88 [95% CI 0.73, 1.00], sensitivity 94% [95%
Cl 89, 100], specificity 85% [95% CI 62, 100] and ¢: AUC 0.92 [95% CI 0.85, 0.99],
sensitivity 83% [95% CI 72, 93], specificity 92% [95% CI 77, 100]).8” A strong correlation
between tumor and liver SWS was observed (R=0.74, P<0.001), whereas tumor SWS and
liver ¢ were only weakly correlated (R=0.34, P<0.01).8” ROC curves with AUC, sensitivity

and specificity are provided in Figure 9C.

Malignant tumor vs surrounding liver Shear wave speed of tumor and liver Malignant vs benign tumors
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Figure 9: Box plot and ROC curves of SWS and ¢ 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; ¢, phase of the complex shear modulus. Edited from Shahryari et al.,
20198°.

4.2 Study 2 - Participant study

The examination time or MRE varied across different paradigms.® 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.# 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).8®

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

BH-MRE FB-MRE G-MRE GF-MRE

Stiffness M Stiffness L Stiffness M Stiffness

"

PN

O/

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).%8
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).# 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 Shabhryari
et al., 202188,

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

paradigms for the organs.® 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 ¢: Motion correction by image registration led to noticeable

improvement in image sharpness ¢ 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 ¢ was significantly higher for all abdominal organs and paradigms after motion

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

paradigms for the abdominal organs.

Motion corrected FB-MRE showed no significant difference of ¢ in liver, spleen and

pancreas compared to BH-MRE (P>0.05), whereas ¢ 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 ¢ in percent due to

motion correction by image registration.

Sharpness improvement is quantified by the variance of the Laplacian A of mean MRE

magnitude image M and calculated by 100 (5“’”“”‘1_5“”“’”3“"‘1). Asterisks denote

funcorrected

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.®® 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.®

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.?® Clustering based on metabolic capacities revealed
significant metabolic difference in fatty acid uptake (P<0.01), very low densitiy (vidl)
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).8% 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).8°
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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; vidl, 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).%°

Interestingly PR was significantly higher in the stiff liver cluster (P<0.01).8° Significant
differences are presented as box plots in Figure 16.



Results 48

Gluconeogenesis Cholesterol synthesis tag content PR
* * * &%
+
40.0 7 + 1.2 7 +
-60 +
0.25 ~ 37.5 A 1.1 4
- : =
(=] o
= - = = @
g 50 g £35.0 - e 1.0 1
o =2
0.20 1
40 4 325 1 0.9 1
T T T B 30.0 1 T T 08 7 T T
ot WO g e gtff WET g ive giff Ve g et ot W' g ivet

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).8% A positive
association of between SWS and PR was observed (R=-0.59, P<0.01).8° 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., 2023%°,
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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.8-8 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.8” 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.® For the first time, it was demonstrated that
metabolic liver capacities are correlated with liver stiffness and viscosity.®® 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.®8

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.®’
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.®’
In this work, 27 out of 70 patients had more than one lesion within their livers including
two patients with different entities.8” 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.®” Therefore, tumor delineation is important
for an accurate characterization of liver lesions by MRE.®” The fact that tumor stiffness
strongly correlated with liver stiffness, indicates malignant liver tumors tend to grow in a
stiff liver environment.>* 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.2’

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 ¢ cutoff value



Discussion 52

of 0.91 rad, respectively.8” Of note, as the cutoff value of ¢ of 0.91 rad is above E it

indicates that malignant liver tumors are characterized predominantly by fluid than solid
tissue properties.®” Considering previous work from Garteiser et al.®’, 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 ¢ is
predominantly determined by an increase of G (see 2.1).8” ¢"" 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.5860.87.180.181 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.19.56.87.182
Interestingly, in colon and brain cancer, it has been shown that an increase in

microvascular density leads to an increase in stiffness and viscosity.>%183

In this work, hepatic hemangioma, which is a benign tumor originating from the vascular
system, was characterized by an elevated fluidity ¢, supporting the hypothesis of the
increase of viscous dissipation due to accumulation of blood vessels.?’18 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.8”:177 This
increased the specificity of stiffness SWS and fluidity ¢ to 85 % and 92 %, respectively.?’
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.” 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.” 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.5? 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.8” Thus, tumor stiffness and fluidity
pose promising non-invasive quantitative biomarker for liver tumor diagnosis based on

imaging.®’
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Study 2 - Participant study: So far, this is the first study that quantitatively analyzed motion
of abdominal organs in MRE. 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.8 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. 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.®® 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).288 In this work, single slice
analyses were performed.® The liver, which was always analyzed in the first acquired
slice, showed the least displacement in the navigator-based sequences G and GF.28 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.®8 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.’6.88108.185 AlJthough 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.® 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.
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.??8890 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.?2889 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 |n 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.® Based on this work, this limitation could be

overcome by retrospective motion correction.2

Rigid body image registration after image acquisition could successfully correct motion of
abdominal organs caused by breathing.8® The time-averaged mean magnitude and
stiffness images were less blurred and had significantly higher image sharpness
quantified by & (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.358 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.®® 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 F-FDG in PET could simultaneously be
acquired.®? The relationship of mechanical liver properties to various metabolic liver
functions assessed by computational modeling performed on proteomics data and 8F-
FDG uptake in PET was also investigated first-ever.8?

Interestingly, although the rabbits had the same genotype and were fed the same diet,
they showed a wide variation in their different metabolic capacities.®® This allowed
classifying the livers into two clusters, whereas cluster 1 was defined by decreased
biosynthetic and increased fatty-acid metabolism capabilities.8® An ultrasound
elastography study by Qiu et al.*®’ 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 (FO) control group.®® Although not statistical significant, a trend
towards higher wave penetration indicating more viscous tissue properties was observed

in cluster 1.8°

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.®%18 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.8”-8% This highlights
the comparability of abdominal tomoelastography based on multifrequency MRE across

species, MRI scanners, as well as MR field strengths.87-89

Soft livers have decreased cholesterol synthesis, whereas gluconeogenesis and tag
content are increased.?® This is in agreement with a study from Abuhattum et al.'®,
showing that excessive accumulation of lipids is associated with a stiffness decrease in
adipocytes.®® Previous studies investigating liver functional reserve in cirrhotic and liver
tumor patients showed a negative correlation of liver stiffness and function.%-1%3 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.8%1%4 A study by Berndt et al.'#! 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.®® 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.® 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.2® 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.’%7274.76.89 A direct
association between gluconeogenesis and stiffness, as well as urea production and
glutamine exchange and wave penetration was observed.®® Considering a study by
Hudert et al.1%” 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.#°

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.
The study highlights the potential of MRE for non-invasively imaging metabolic liver
functions by revealing correlations between liver mechanical properties and metabolic

capabilities.8?

5.2 Limitations

Although the presented studies are encouraging, they have limitations. First, only a few
subjects were included in all studies.?”° For example, Study 1 — Patient study measured
only a few patients with benign tumors.8” This was because only patients with known liver
lesions who were treated for further diagnosis and therapy were included in the study.?’
In most cases of benign liver tumors, further diagnosis or follow-up is usually not
required.®’” 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
— Universitatsmedizin Berlin.8” 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.?” This would prolong
the overall measurement time by only a few minutes.?” 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%%¢ Furthermore, histologic subtypes of the different

tumor entities were not analyzed.8”.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.®1% For through-plane displacement, a 3D rigid body motion correction must be
performed.8 This would be of particular interest for a transversal MRE sequence.®8 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.®® 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.®8

In Study 3 — Animal study, not all rabbits received PET imaging due to the high financial
cost of the examination.®® Unfortunately, the SUV samples of metabolic cluster 1
consisted of only 4 data points and statistical power was low.8° Proteomic analysis was
performed on only a small piece of liver tissue, whereas MRE analyzed the entire liver in
at least two slices.?° Although heterogeneous liver tissue could affect the proteomics data,
no large heterogeneity of the liver tissue was assumed because the livers were healthy.

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.8”:1%° 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 ¢ seems promising as an indicator of malignancy, and its
usefulness has already been demonstrated in studies on prostate and brain
tumors.87.201.202 Eyrther 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.® 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.® 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.28

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.®
Differences in liver metabolism within each fibrosis grade should be analyzed separately
and correlated with mechanical properties.8® Accurate determination of liver reserve
function before liver resection in patients with cirrhosis and liver tumors is still a major
problem in surgery.111112.204 A recent study by Lin et al.1% 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.®® Furthermore, the presented methods can be extended to human

pathologies.®°
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6 Conclusion

Assessment of tissue mechanical properties for detecting and characterizing disease is
an important procedure in medicine.! Quantitative mechanical parameters measured by
MRE can be used as biomarkers to aid diagnosis and monitoring of diseases.4>-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.*3°> 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.87-8°
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.8”
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.87-8°

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.8” This allowed lesions to be
delineated from liver tissue based on their mechanical properties, with the smallest
lesions measuring approximately 9 mm in diameter.8’ Due to their increased stiffness and
fluidity, malignant liver tumors could be distinguished from benign ones with high
sensitivity and specificity, respectively.®” Thus, tomoelastography provides noninvasive
quantitative biomarkers for liver tumor characterization and lays a foundation for clinical

diagnosis and therapy monitoring.8”

In the second study, the displacement of abdominal organs due to respiratory motion was
investigated.® 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.®® Stiffness of the liver, kidneys, pancreas, and spleen were independent of
respiratory motion and acquisition paradigm.® 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.®® This procedure offers the best compromise between

rapid MRE examination and good image quality for future studies.2®

The third study demonstrated the feasibility of multifrequency MRE in a clinical hybrid
PET/MRI scanner in rabbits.®° 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.? 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.®® 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.#°

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.?”-8° 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.87:8° 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.8”-8°
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Abstract

Patients with increased liver stiffness have a higher risk of
developing cancer, however, the role of fluid-solid tissue
interactions and their contribution to liver tumor malignancy
remains elusive. Tomoelastography is a novel imaging meth-
od for mapping quantitatively the solid-fluid tissue properties
of soft tissues in vivo. It provides high resolution and thus has
clear clinical applications. In this work we used tomoelasto-
graphy in 77 participants, with a total of 141 focal liver lesions
of different etiologies, to investigate the contributions of
tissue stiffness and fluidity to the malignancy of liver
tumors. Shear-wave speed (c) as surrogate for tissue stiffness
and phase-angle (9) of the complex shear modulus reflect-
ing tissue fluidity were abnormally high in malignant
tumors and allowed them to be distinguished from non-
tumorous liver tissue with high accuracy [c: AUC = 0.88
with 95% confidence interval (Cl) = 0.83-0.94; @: AUC =
0.95, 95% CI = 0.92-0.98]. Benign focal nodular hyper-
plasia and hepatocellular adenoma could be distinguished
from malignant lesions on the basis of tumor stiffness

Introduction

Liver mechanical properties affect mass formation and treat-
ment outcome (1-3). Specifically, each 1-kilopascal increase in
liver stiffness increases the probability of hepatocellular carcino-
ma (HCC) by 4% (2) and the risk of tumor recurrence after
hepatic resection by 16.3% (3). This is the rationale for using
elastography to measure mechanical tissue properties of the liver
as predictive markers of tumor progression (4).
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(AUC = 0.85, 95% CI = 0.72-0.98; sensitivity = 94%,
95% CI = 89-100; and specificity = 85%, 95% CI = 62—
100), tumor fluidity (AUC = 0.86, 95% CI = 0.77-0.96;
sensitivity = 83%, 95% CI = 72-93; and specificity = 92%,
95% CI = 77-100) and liver stiffness (AUC = 0.84, 95%
CI = 0.74-0.94; sensitivity = 72%, 95% CI = 59-83; and
specificity = 88%, 95% CI = 69-100), but not on the basis
of liver fluidity. Together, hepatic malignancies are charac-
terized by stiff, yet fluid tissue properties, whereas surround-
ing nontumorous tissue is dominated by solid properties.
Tomoelastography can inform noninvasively on the malig-
nancy of suspicious liver lesions by differentiating between
benign and malignant lesions with high sensitivity based on
stiffness and with high specificity based on fluidity.

Significance: Solid-fluid tissue properties measured by
tomoelastography can distinguish malignant from benign
masses with high accuracy and provide quantitative nonin-
vasive imaging biomarkers for liver tumors.

Complex shear modulus G* measured by magnetic reso-
nance elastography (MRE) provides a basic description of
mechanical tissue properties. Stiffness is usually characterized
by magnitude modulus (|G*|), while elasticity and viscosity are
quantified by storage (real part of G*) and loss modulus
(imaginary part of G*), respectively. Phase angle ¢ of the
complex modulus indicates fluidity, equaling zero for pure
solids and m/2 radians (rad) for pure fluids. Thus, fluidity is
conceptually signifying the conversion of a solid into a fluid
over a continuous range from 0 to ©/2. Materials with ¢ < /4
have predominantly solid and materials with ¢ > ©/4 have
predominantly fluid properties (5).

Fluidity is currently under investigation as a mechanical prop-
erty defining the metastatic potential and aggressiveness of
tumors (6). Despite many reports on the stiffness of liver
tumors (4), little is known about how disease alters the solid-
fluid properties of liver tissue. Multifrequency MRE shows that a
power-law coefficient related to ¢ does not change with progres-
sion of hepatic fibrosis, while tissue stiffness increases (7). Inter-
estingly, Garteiser and colleagues reported a changed ratio of loss-
to-storage properties for liver tumors, suggesting increased fluid-
ity due to carcinogenesis (8). MRE without considering solid-
fluid tissue properties is moderately sensitive to malignancy in the
liver (8, 9). Given (i) the altered loss modulus in liver tumors (8),
(ii) the insensitivity of fluidity to liver fibrosis (7), and (iii) a
moderate diagnostic performance of stiffness in identifying liver
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tumors (9), we hypothesize that fluidity may be a promising
imaging biomarker unaffected by the stiffness of nontumor-
ous liver tissue, which is normally altered by fibrosis. How-
ever, fluidity has never been explored in liver tumors; spe-
cifically, novel high-resolution multifrequency MRE with
tomoelastographic data processing (10, 11) has never been
used for this.

Here we use tomoelastography to investigate whether solid—
fluid properties can differentiate hepatic tumors from nontumor-
ous liver tissue and malignant from benign lesions. This study was
performed to quantify the solid-fluid properties of both tumor
and nontumorous liver by tomoelastography.

Patients and Methods

Study design and patients

The study protocol conforms with the Declaration of Helsinki
and was approved by the institutional ethics review board (EA1/
261/12 and EA1/076/17). All patients gave written informed
consent.

From March 2015 to August 2017, the electronic scheduling
systems of the departments of liver surgery and radiology were
screened for patients with focal liver lesions detected by pre-
vious imaging and without contraindications to MRI. Patients
with prior treatment of the respective lesion were excluded. The
final study cohort included 70 patients with a total of 105
malignant and 36 benign lesions, and 7 healthy volunteers.
Diagnoses were 22 HCC, 12 cholangiocarcinoma, 71 metasta-
sis, 11 hemangioma, 10 focal nodular hyperplasia (FNH), and
15 hepatic adenoma. Details are provided in Table 1 and
Supplementary Fig. S1.

MRI and MRE

MRI was performed on a 1.5-Tesla Clinical Scanner (Mag-
netom Aera, Siemens) with a 12-channel phased-array surface
coil and the spine-array coils integrated into the table. The
MRE sequence and set-up are described in detail else-
where (11). In brief, mechanical vibrations of 30, 40, 50, and
60 Hz harmonic frequency were induced with two posterior
(0.6 bar) and two anterior-pneumatic actuators (0.4 bar)
near the liver region (Supplementary Fig. S2). The three-
dimensional wave field was acquired by using a single-
shot, spin-echo echo-planar imaging sequence with flow-
compensated motion-encoding gradients (MEG). Eight phase
offsets over a full vibration period were recorded for all three
Cartesian-motion field directions. Fifteen consecutive trans-
verse slices with a field-of-view of 384 x 312 mm? (matrix size
128 x 104) and 3 x 3 x 5 mm’ resolution were acquired
during free breathing. Further imaging parameters: echo time
= 59 ms; repetition time = 2,050 ms; parallel imaging with
GRAPPA-factor 2; MEG frequency of 43.48 Hz for 30, 40, and
50 Hz vibration frequencies and 44.88 Hz for 60 Hz vibration
frequency; and MEG amplitude of 30 mT/m. Total MRE
measurement time was approximately 3.5 minutes. More
details about the tomoelastography setup are provided in
Supplementary Fig. S2.

MRE data processing

MRE data were processed with the tomoelastography pipeline
based on multifrequency wavenumber recovery providing
maps of shear-wave speed ¢ (in m/s; ref. 10). Because c is deduced

www.aacrjournals.org

Table 1. Participant characteristics and viscoelastic parameters of tumor and liver

Tumor

Liver ¢
in rad

Liver VOI Liver ¢

Tumor ¢
inrad

Tumor ¢

Tumor VOI
in m/s

Tumor diameter
in mm (range)

30 (12-150)
53 (16-124)

Number of

tumors

Age in years
(range)

Sex

Participant
numbers

inm/s

in cm® (IQR)
180 (100-344)
252 (156-453)

in cm? (1GR)
9.0 (1.7-33.8)

BMI (kg/m?)
261+ 3.4
259 + 41

female

entities
HCC
CCA

0.81+ 016

197 + 0.49

120 + 0.29
124 £ 0.25

254 + 064
257 + 090

22

67 (43-81)

17
10

0.66 = 0.10

172 £ 029

1.3 (3.9-164.4)

70 (56-76)

Solid-Fluid Properties of Liver Tumors
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from the real part of wave numbers, it can be considered a
surrogate of stiffness. Furthermore, we recovered the phase angle
of the complex shear modulus, ¢ (range: 0-7/2). ¢ > 1/4 indicates
that loss modulus dominates over storage modulus (12). Both
parameters, c and ¢, were retrieved by multifrequency dual elasto-
visco inversion programs publicly available at https://bioqic-
apps.charite.de/downloads. Volumes of interest (VOI), drawn
manually, were based on all MRE magnitude images covering
tumor or liver and using the information of the lesion's anatomic
location obtained by routine MRI. For nontumorous liver tissue
VOlIs were drawn excluding visible blood vessels.

Statistical analysis

Means were calculated for tumor and liver tissue. Group
values were reported as mean =+ SD. Different tumor entities
in two subjects were considered as independent lesions.
Statistical differences between tumor entities were analyzed
by the Kruskal-Wallis test. A post hoc test with Bonferroni
correction for multiple testing was performed. For separation
of lesions and nontumorous liver tissue, ROCs were calculated
from probabilities predicted by a general linear mixed-effect
model (GLMM; ref. 13). The outcome variable was labeled
as "liver” or "tumor." We accounted for fixed effects (B) for
either ¢ or ¢ and for nonindependence of multiple tumors
within one subject. ROC measures were compared by DeLong
method (14).

Stiffness (c)

T2-weighted MRI
A g

~,
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ROC analysis was performed for characterization (distinguish-
ing malignant from benign lesions). Youden index was calculated
to derive optimal cut-off values of ¢ or c. Sensitivity, specificity,
positive predictive value, and negative predictive value were
calculated. ROC analysis was repeated without hemangioma
because this is easily detected by its strong 12-hyperintensity in
MRI (15). Correlation of mechanical properties of tumor and liver
was analyzed by Spearman rank correlation coefficient. Statistical
analysis was performed in R (version 3.4.3; R-Foundation) using
"Ime4," "pROC," and "ggplot2" packages. P < 0.05 was consid-
ered statistically significant. All confidence intervals (CI) stated
are for 95%.

Results

Tomoelastography was successful in all participants, that
is, there was no drop out due to technical failure. Participant
characteristics and group-mean values of ¢ and ¢ of tumors
and liver tissue are summarized in Table 1. MRE maps of
four representative cases of malignant lesions including two
metastasis, one HCC, and one cholangiocarcinoma are
shown in Tig. 1A-D. Figure 2A-D shows four representative
cases of benign lesions including two hepatic adenoma, one
INH, and one hemangioma. More cases and additional imag-
ing data are presented in Supplementary Figs. S3A-S3D and
S4A and S4B.

Fluidity (@)

Figure 1.

Tomoelastography results in four
representative cases of malignant
liver tumors. Shown are maps of
shear-wave speed c (stiffness) and
phase angle ¢ (fluidity) along with T2-
weighted MR images for anatomic
orientation. A, Malignant urothelial
metastasis (arrow) with 9-mm
diameter in a 66-year-old man
showing higher c and ¢ than
nontumorous liver tissue. B, Fifty-
year-old man with hepatic metastasis
(MET) of a neuroendocrine tumor
(arrow) in the left liver lobe after right
hemihepatectomy. The tumor shows
high cand ¢ compared with
surrounding liver tissue. C, HCC
(arrow) in liver segment Vlina
78-year-old man showing high cand
¢ surrounded by liver tissue stiffened
by fibrosis. D, Seventy-two-year-old
man with a cholangiocarcinoma (CCA;
arrow) with larger c than
nontumorous liver tissue, although
stiffness is increased by fibrosis. ¢ in
cholangiocarcinoma is larger thanin
nontumorous liver tissue.
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T2-weighted MRI

Figure 2.

Tomoelastography results in four
representative cases of benign liver
tumors. Maps of shear wave speed ¢
(stiffness) and phase angle ¢ (fluidity)
are shown, along with T2-weighted
MR images for anatomic orientation.
A, Benign hepatocellular adenoma
(HCA; arrow) in a 40-year-old woman
shows similar cand ¢ to normal,
nontumorous liver tissue, making it
difficult to separate hepatic adenoma
from surrounding liver tissue in
tomoelastography maps. B, Fifty-
two-year-old woman after right
partial hepatic resection with hepatic
adenoma (arrow), which shows a
shear-wave speed and phase angle of
the complex shear modulus similar to
those in nontumorous liver. C,
Twenty-two-year-old man with FNH.
While FNH (arrow) shows a ¢ similar
to that of the surrounding liver, its ¢
value is slightly above that of the liver.
D, Two hepatic hemangiomas (HEM)
inoneslicein a 42-year-old woman.
Both hemangioma (arrows) have high
T2 signal intensity as well as a high
shear-wave speed (c) compared with
surrounding liver tissue.
Hemangiomas have rather high
heterogeneous ¢ values.

Separation of malignant and benign tumors

Overall, ¢ and ¢ were significantly larger in malignant
lesions (including metastasis, HCC, and cholangiocarcinoma)
than in nontumorous liver tissue (respectively, p = 3.62, 95%
Cl = 2.41-5.73, P < 0.001 and B = 10.64, 95% CI = 7.02-
16.35, P < 0.001). GLIMM-based ROC analysis showed a
significantly larger area under the ROC curve (AUC) of
0.95 (95% CI = 0.92-0.98) for ¢, compared with 0.88
(95% CI = 0.83-0.94) for ¢ (P < 0.01). Separation of malig-
nant lesions and liver by ¢ was feasible, with a sensitivity of
91% (95% CI = 86-96) and specificity of 70% (95% CI =
59-81), while separation of malignant lesions and liver by
¢ revealed 92% sensitivity (95% CI = 87-97) and 85%
specificity (95% CI = 76-93). Detailed GLMM results for
tumor and liver separation based on ¢ and ¢ are shown in
Supplementary Table S1.

Benign lesions (including hemangioma, FNH, and hepatic
adenoma) separated from nontumorous liver based on ¢ (P =
0.03), while ¢ was not significantly different (P = 0.051).
Corresponding AUC values were 0.71 (95% CI = 0.57-0.84)
and 0.66 (95% Cl = 0.51-0.80) for ¢ and @, respectively.
However, ROC curves of ¢ and ¢ did not differ statistically
(P = 0.57).

Results of GLMM-based ROC analysis for separation are shown
in Fig. 3A and Supplementary Table S2.

www.aacrjournals.org
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Stiffness (c) Fluidity (¢)

Characterization based on tumor properties

‘Tumor entities varied significantly in their ¢ and @ properties
(both P<0.001). Post hoc tests revealed smaller c values for hepatic
adenoma than for all malignant tumor entities (P < 0.001), but
not compared with other benign entities (Fig. 3B). In addition,
hepaticadenoma showed smaller ¢ values than malignant tumors
did (P < 0.01 vs. HCC and cholangiocarcinoma, I> < 0.001 vs.
metastasis). Two patients with large FNH showed high c and ¢
values. Additional information can be found in Supplementary
Fig. S4A and S4B. Statistical plots of group mean ¢ and ¢ are
shown in Fig. 3B.

A lesion-c threshold of 1.75 m/s allowed distinction between
benign and malignant lesions with a very good sensitivity of
94% (95% CI = 87-100) and moderate specificity of 78%
(95% CI = 56-94; AUC = 0.85, 95% CI = 0.72-0.98). Sim-
ilarly, lesion-@ of 0.91 rad, which indicates fluid tissue prop-
erties, distinguished benign from malignant lesions with a
good sensitivity of 83% (95% CI = 72-93) and moderate
specificity of 78% (95% CI = 56-94; AUC = 0.86, 95% CI
= 0.77-0.96).

In a total of 13 patients, excluding patients with hemangioma
of vascular origin (n = 5) from our analysis, diagnostic accuracy
increased when the same lesion thresholds of ¢ = 1.75 m/s and
@ = 0.91 rad were used. Without hemangioma, sensitivity and
specificity of ¢ were very good, at 94% (95% CI = 89-100), and

Cancer Res; 79(22) November 15, 2019
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Figure 3.

A, ROC curves based on predictions of GLMM. Left, AUC ROC curve based on model ¢ and ¢ for separation of malignant lesions and normal liver. Significance for
differentiating between the ROC curves was P< 0.01 according to DelLong test. Right, ROC based on model ¢ and ¢ values for separating benign lesions and liver.
Here, the two ROC curves are not statistically significantly different (P = 0.057). B, Boxplot of group shear-wave speed c (top) and fluidity ¢ (bottom) of tumor
and nontumorous liver tissue, for 70 patients and 7 healthy volunteers. P values were obtained by the Kruskal-Wallis test, followed by Bonferroni corrected post
hoc test for comparison between different tumor entities. Bonferroni, *, P< 0.05; **, P< 0.01; ***, P< 0.001. Means and SDs are given in Table 1. C, Left, ROC
based on tumor-c and tumor-¢ for distinguishing patients with malignant from patients with benign tumors. Right, ROC based on tumor-c and tumor-¢ for
distinguishing malignant and benign tumors, excluding participants with hepatic hemangioma. Detailed information is provided in Supplementary Tables S3 and

S4. Sens, sensitivity; spec, specificity.

good, at 85% (95% CI = 62-100; AUC = 0.88, 95% CI = 0.73-
1.00), respectively, while those of ¢ were good, at 83% (95% CI =
72-93) and very good, at 92% (95% CI = 77-100; AUC = 0.88,
95% CI = 0.73-1.00). These results show that diagnostic perfor-
mance increases when benign tumors of vascular origin are
excluded from the characterization of hepatic lesions based on
their mechanical properties.

Characterization based on liver properties

We also characterized liver lesions on the basis of nontu-
morous liver tissue. Liver properties in patients with benign
lesions were not different from those of healthy volunteers
(all > 0.05). Optimum cutoffs for discrimination of embed-
ded benign tumors from embedded malignant tumors
were ¢ = 1.5 m/s and ¢ = 0.60 rad, the latter being in the
range indicating solid tissue properties. Sensitivity and speci-
ficity for liver-c were, respectively, moderate, 72% (95% CI =
59-83), and good, at 88% (95% CI = 71-100; AUC = 0.84,
95% Cl = 0.75-0.94), while results for liver-¢ were poor, at

5708 Cancer Res; 79(22) November 15, 2019

46% (95% CI = 33-59) and moderate, at 82% (95% CI = 65-
100; AUC = 0.60, 95% CI = 0.47-0.73). The inferior diagnostic
power of liver-¢ compared with tumor-¢ indicates noncorre-
lated fluid properties of liver and embedded lesions. Liver-c of
the healthy volunteers showed a stiffness below the cut-off
value (1.39 + 0.04 m/s). Results of ROC analysis for charac-
terization with ¢ and ¢ are shown in Fig. 3C and Supplementary
Table $3.

Liver-c correlated with tumor-c (P<0.001; 7 = 0.74), indicating
that tumors preferentially grow in stiff livers, while liver-¢ corre-
lated only moderately with tumor-¢ (P < 0.01; r = 0.34) in
agreement with the aforementioned insensitivity of liver fluidity
to fibrosis.

Discussion

To the best of our knowledge, this is the first study generating
fluidity maps for the characterization of liver tumors. We
believe that whole-organ tomographic mapping of stiffness
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and fluidity with high spatial resolution to depict multiple
lesions in the same liver, including lesions smaller than 10
millimeters, is important for quantitative biomechanics-based
diagnosis of liver tumors.

Factors contributing to stiffness and fluidity

For further discussion, it is important to note the contributions
of elasticity (the tissue's ability to store mechanical energy)
and viscosity (its ability to convert mechanical energy into heat)
to our parameters. Because c¢ is related to magnitude shear
modulus |G*| by @ = 2:|G* |/(p-[1-+cos ¢]), it mixes contributions
from elasticity and viscosity. Garteiser and colleagues found the
loss modulus to be significantly larger in HCCs than in benign
hepatocellular tumors, while storage modulus did not differ
between these lesion entities (8). Those authors also reported
larger |G* | values for malignant than for benign tumors, probably
caused by an increase in loss properties. The sensitivity of the loss
modulus to tumor malignancy might be explained by an increase
in fluidity due to vascularization or the presence of necrotic tissue.
Furthermore, malignant tumors can accumulate hydrophobic,
disorganized proteins, which increase tissue stiffness and
mechanical friction. This could explain why malignant lesions
present as stiff, yet fluid, masses with ¢ values above the limit of
solid-fluid transitions (m/4 = 0.78 rad). Other mechanisms
potentially decrease ¢ as sketched in Supplementary Fig. S5A-
S5C. For example, large organized networks such as portal-to-
portal bridges in liver fibrosis or polar water-binding ECM
components could reduce ¢. In liver fibrosis, the mechanisms
that either drive or inhibit fluidity seem to be balanced, rendering
the overall fluid-solid behavior of liver tissue insensitive to the
progression of fibrosis (7). Similarly, our parameter ¢ in tumor
surrounding liver tissue was not sensitive to malignancy. The
apparent insensitivity of ¢ to liver fibrosis makes fluidity a
promising biomechanical marker, with a large difference between
tumors and surrounding collagen-rich liver tissues regardless of
present fibrosis. Furthermore, in our cohort, abnormal fluidity
was specific for malignancy (ruling out solid, benign lesions)
while tumor stiffness was sensitive to malignancy (detecting stiff,
malignant lesions), thus rendering the combination of the two
MRE-based parameters useful for tumor characterization.

Solid-fluid properties in hemangioma

Although fluidity was greater in malignant than benign tumors,
we observed high ¢ values in hemangioma, which can be
explained by their vascularity and fluid structure. Vascularity has
been reported to increase liver stiffness and viscosity (16). The
diagnosis of hemangioma is well established through the Euro-
pean Association for the Study of the Liver guidelines (17). In
contrast, hepatic adenoma and FNH can be misinterpreted as
malignant tumors when classified by contrast-enhanced MRI
alone (18). To address this radiological ambiguity, we performed
a second analysis without hemangioma and identified hepatic
adenoma and FNH versus malignant masses. In this analysis,
overall diagnostic power further increased to 94% sensitivity for ¢
and 92% specificity for ¢. It should be noted thatin 2 patients with
large F'NH we observed stiffer and more fluid mechanical prop-
erties, similar to those of malignant masses. In those cases,
presented in Supplementary Fig. S4A and S4B, hypervasculariza-
tion due to hyperplastic response to portal tract injury (19, 20)
may have been responsible for elevated ¢ values, while collagen
deposition due to scaring could explain higher c values.

www.aacrjournals.org

Solid-Fluid Properties of Liver Tumors

Although encouraging, our study has limitations. First of all,
by nature of its design, only patients with known liver lesions
who needed further diagnostic MRI workup or treatment were
enrolled. On the one hand, the distribution of tumor entities in
our cohort is typical for a tertiary-care liver center. On the other
hand, patient selection is therefore biased toward malignant
lesions, as individuals with benign liver tumors (except hepatic
adenoma) rarely undergo treatment. For this reason, our study
cohort includes a relatively small number of patients with benign
liver tumors. Second, not all patients with benign lesions
had histopathologic confirmation, but were diagnosed by estab-
lished imaging criteria in contrast-enhanced MRI. Similarly, not
all patients with stiff livers obtained biopsy for confirmation of
liver fibrosis or cirrhosis, precluding a correlation analysis of
tomoelastography and fibrosis grade. Finally, tomoelastography
requires specialized hardware, making set-up and clinical dissem-
ination of the method more difficult than for other innovative
MRI methods. Nevertheless, prospective multicenter studies in
larger cohorts are planned.

In conclusion, solid-fluid parameters measured by tomoe-
lastography are a promising source of additional diagnostic
information in patients with liver tumors including small
lesions below 10 mm in diameter. Our results indicate that
changes in liver stiffness are related to changes in solid-tissue
properties, while changes in tumor stiffness are related to fluid-
tissue properties. We propose fluidity as a new imaging marker
that holds great promise for tumor detection, irrespective of the
stage of liver fibrosis; in conjunction with tissue stiffness, it may
allow highly sensitive and specific characterization of liver
tumors.
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Purpose: With abdominal magnetic resonance elastography (MRE) often suffering from
breathing artifacts, it is recommended to perform MRE during breath-hold. However,
breath-hold acquisition prohibits extended multifrequency MRE examinations and yields
inconsistent results when patients cannot hold their breath. The purpose of this work was
to analyze free-breathing strategies in multifrequency MRE of abdominal organs.
Methods: Abdominal MRE with 30, 40, 50, and 60 Hz vibration frequencies and
single-shot, multislice, full wave-field acquisition was performed four times in 11
healthy volunteers: once with multiple breath-holds and three times during free
breathing with ungated, gated, and navigated slice adjustment. Shear wave speed
maps were generated by tomoelastography inversion. Image registration was applied
for correction of intrascan misregistration of image slices. Sharpness of features was
quantified by the variance of the Laplacian.

Results: Total scan times ranged from 120 seconds for ungated free-breathing MRE
to 376 seconds for breath-hold examinations. As expected, free-breathing MRE re-
sulted in larger organ displacements (liver, 4.7 + 1.5 mm; kidneys, 2.4 + 2.2 mm;
spleen, 3.1 + 2.4 mm; pancreas, 3.4 + 1.4 mm) than breath-hold MRE (liver, 0.7
+ (0.2 mm; kidneys, 0.4 + 0.2 mm; spleen, 0.5 + 0.2 mm; pancreas, 0.7 + 0.5 mm).
Nonetheless, breathing-related displacement did not affect mean shear wave speed,
which was consistent across all protocols (liver, 1.43 + 0.07 m/s; kidneys, 2.35 + 0.21
m/s; spleen, 2.02 + 0.15 m/s; pancreas, 1.39 + 0.15 m/s). Image registration before in-
version improved the quality of free-breathing examinations, yielding no differences
in image sharpness to uncorrected breath-hold MRE in most organs (P > .05).
Conclusion: Overall, multifrequency MRE is robust to breathing when consider-
ing whole-organ values. Respiration-related blurring can readily be corrected using
image registration. Consequently, ungated free-breathing MRE combined with
image registration is reccommended for multifrequency MRE of abdominal organs.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use. distribution and reproduction in any medium, provided the original

work is properly cited.
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1 | INTRODUCTION

Abdominal magnetic resonance elastography (MRE) is
gaining in importance for the clinical diagnosis of a large
variety of diseases that alter the mechanical properties
of tissues such as liver fibrosis,'™ portal hypertension,®’
renal dysfunction,*'* and tumors.''""* Since the introduc-
tion of MRE in 1995 by Muthupillai et al,'® various MRE
methods tailored for clinical examinations of the abdomen
have been proposedl'(’ A general challenge for abdominal
MRE is to cope with respiratory motion during data ac-
quisition, which potentially degrades the consistency of
MRE-encoded vibration data.'” Therefore, the Quantitative
Imaging Biomarkers Alliance of RSNA (Radiological
Society of North America) recommends MRE of the liver
to be performed during breath-holds after expiration.'®
Standard MRE of the liver consists of acquisitions of four
slices squeezed into multiple breath-holds of 12 to 20 sec-
onds? or into a single breath-hold using rapid single-shot
sequences or simultaneous multislice MRE.'>?° However,
there are several reasons to avoid breath-holds in abdom-
inal MRE. First, patients with chronic liver diseases often
suffer from comorbidities that limit their ability to hold
their breath after expiration during the acquisition of MRE
data.'” Second, patients cannot always follow breathing
commands, resulting in motion during scans or inconsis-
tent organ positions.21 Furthermore, breath-holds might
alter abdominal pressure and hepatic perfusion, which in
turn affect liver stiffness.””** Finally, paused data acqui-
sition to permit intermittent respiration prolongs total ac-
quisition time beyond the clinically acceptable limit if rich
data are acquired as in multifrequency, 3D MRE.
Published studies report multifrequency 3D MRE of ab-
dominal organs with up to eight wave dynamics consecu-
tively acquired at up to seven frequencies, resulting in total
acquisition times exceeding 5 minutes, during which patients
are allowed to breathe freely.*'**** The same protocol
with breath-hold acquisition would exceed 20 minutes.”®
Nevertheless, there are good reasons for multifrequency
MRE of abdominal organs, including measurement of visco-
elastic dispersion or improved detail resolution.”>*”** For ex-
ample, tomoelastography, a multifrequency MRE technique
for abdominal organs, was applied during free breathing for
detecting small hepatic lesions'* or fine renal structures,”
despite the risk of breathing artifacts. Although individual
images from rapid single-shot MRE scans may have minimal
motion artifacts in the organs of interest, intrascan misreg-
istration may degrade the resulting elastograms. This study

addresses strategies to avoid and correct intrascan misreg-
istration in single-shot MRE of abdominal organs. Our hy-
pothesis is that detail resolution in multifrequency MRE can
be further improved by suppression of motion artifacts either
during image acquisition using respiratory navigators or with
postprocessing using image registration before MRE wave
inversion.

Experimental strategies include one-dimensional breath-
ing navigators for either defining acquisition windows or for
adapting slice positions following inspiration and expiration.
Additionally, motion is corrected in raw MRI signals during
postprocessing. These strategies will be compared with the
current gold standard, which is breath-hold MRE. The over-
all aim of our study is to recommend strategies for efficiently
suppressing breathing artifacts in abdominal multifrequency
MRE toward time-efficient, highly resolved stiffness map-
ping of the liver, spleen, pancreas, and kidneys without the
need for restricting breathing during the examination.

2 | METHODS

2.1 | Subjects and paradigms

Eleven healthy male participants (age, 28 + 4 years; range,
23-38 years; body mass index, 23 + 2 kg/mz) were included
after approval by the institutional ethics review board of the
Charité-Universitdtsmedizin Berlin in accordance with the
World Medical Association Declaration of Helsinki (Ethical
Principles for Medical Research Involving Human Subjects).
Written, informed consent was obtained. Volunteers reported
no history of abdominal or respiratory diseases. Multifrequency
MRE was conducted four times in each volunteer to investigate
and compare the displacement of the liver, kidneys, spleen, and
pancreas with use of different MRE protocols:

(i)  Block acquisitions during repeat breath-holds in expira-
tion (BH-MRE);

(ii) Continuous acquisitions
(FB-MRE);

(iii) Continuous RF excitation (to maintain a steady state of
magnetization) and gated block acquisition within an
acquisition window (defined by the navigator signals
through the diaphragm, G-MRE); and

(iv) Continuous acquisitions during automated adjust-
ments of image slice positions using a respiratory
navigator within an acquisition window (gating and
following, GF-MRE).

during free breathing
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2.2 | Magnetic resonance imaging and MRE
acquisition techniques

All MRI and MRE acquisitions were performed on a 1.5T
clinical MRI scanner (Magnetom Sonata; Siemens, Erlangen,
Germany) using a 12-channel phased-array surface coil and
the spine-array coils integrated into the examination table.
For anatomical orientation, localizer, T,-weighted and
T,-weighted axial, as well as T,-weighted coronal MRI
sequences were acquired before MRE. The MRE sequences
and driver setups were similar to Shahryari et al."* In brief,
the driver setups consisted of four pressurized air drivers that
were attached to the body surface with a Velcro belt at the
position of the transpyloric plane. Two of the drivers were at-
tached ventrally on the midclavicular line, while the remain-
ing two were placed dorsally on the scapular line. Mechanical
vibrations of 30, 40, 50, and 60 Hz frequency were induced in
the abdomen with 0.4 bar air pressure for the ventral drivers
and 0.6 bar air pressure for the dorsal drivers. Neither posi-
tion nor air pressure of the actuators was individually adapted
to the body shape of the volunteer. A single-shot spin-echo
EPI sequence with flow-compensated motion-encoding gra-
dients was used to acquire the 3D wave field.*” Eight phase
offsets over a full vibration period were recorded for all three
Cartesian motion field directions. Nine contiguous slices of
5 mm thickness and placed in a coronal view through the
liver, spleen, pancreas, and both kidneys were acquired, cov-
ering a FOV of 284 x 350 mm®. Further imaging parameters
were as follows: matrix size = 104 x 128, pixel resolution
=27 x2.7 x5mm’, TR = 1200 ms, TE = 55 ms, parallel
imaging with GRAPPA factor 2, motion-encoding gradient
frequency = 43.48 Hz for 30, 40, and 50 Hz vibration
frequencies and 44.88 Hz for 60 Hz vibration frequency, and
motion-encoding gradient amplitude = 30 mT/m.

For BH-MRE (i), single-component, single-frequency
MRE data of each of the three Cartesian wave field compo-
nents and four drive frequencies were acquired block-wise.
Therefore, separate scans were performed during 12 single
breath-holds in expiration of approximately 10 seconds dura-
tion. Data were merged afterward to full six-dimensional data
arrays of sizes 104 x 128 x 9 x 8 x 3 x 4, depicting 3D spa-
tial-resolved displacement data (104 x 128 x 9) at multiple
time steps (8), components (3), and frequencies (4) resulting
in N = 96 consecutively acquired slice blocks. The magnitude
images of the 96 acquired slice blocks were averaged to a
mean magnitude image (M). For FB-MRE (ii), all data were
continuously acquired without account of respiratory motion.

For G-MRE (iii) and GF-MRE (iv), we integrated a nav-
igator echo into the EPI-MRE sequence before slice block
acquisition, to monitor the respiratory position based on the
method described in Henningsson and Botnar.* In brief, a
pencil beam RF pulse with 30° flip angle and 20 mm di-
ameter was positioned craniocaudally through the right

diaphragm with the readout axis parallel to the long axis of
the beam. The acquired navigator data were then Fourier-
transformed in real time, generating a one-dimensional line
image illustrating respiratory motion. An acceptance win-
dow of 5 mm has been defined for G-MRE to interrupt the
acquisition of data outside this window. In GF-MRE, the
acceptance window was 20 mm, within which the position
of the full image slice block was continuously moved along
the head-to-foot axis, to follow the position of the right di-
aphragm depicted by the navigator signal. As in G-MRE,
data acquisition was interrupted if a very deep breathing
motion exceeded the 20 mm window detected by the nav-
igator. Of note, image slices were continuously excited in
G-MRE and GF-MRE, similar to FB-MRE but with paused
data acquisition whenever the navigator signal was out-
side the acceptance window. Because TR in all protocols
was identical (1.2 seconds), a similar steady state of mag-
netization was established during FB-MRE, G-MRE, and
GF-MRE. Only in BH-MRE did the steady-state magneti-
zation have to be re-established for each single breath-hold,
potentially inducing MRI intensity fluctuations. However,
as analyzed later, these fluctuations did not affect the sharp-
ness of averaged magnitude images M. All protocols are
illustrated in Figure 1.

2.3 | Magnetic resonance elastography
data processing

Organ displacement and motion artifacts were quantified
by 2D rigid-body image registration using the open-source
Elastix toolbox.”" Therefore, a presegmentation region of in-
terest (ROI) was manually delineated for each organ, cover-
ing the full organ with a tolerance margin of approximately
5 pixels that covers organ displacements caused by motion.
Presegmentation ROIs for image registration are demarcated
in Supporting Information Figure S1. The mean MRE mag-
nitude images (M) displaying a mixed T, and T contrast
were registered to the first of 8 X 3 x 4 = 96 slice blocks
acquired during a multifrequency MRE scan using (1) ad-
vanced Mattes mutual information with 32 histogram bins
as a similarity metric*> and (2) stochastic gradient descent
as an optimizer implemented in Elastix. The registration was
performed with a pyramid resampling scheme at three differ-
ent resolutions. The optimizer was set to a maximum of 100
iterations, and at each iteration, 2000 random coordinates
were sampled for the computation of the similarity metric.
As a result, N = 95 in-plane relative displacements x (hori-
zontally) and y (vertically) were generated for each organ.
Mean displacement U was then calculated by taking the mean
of the magnitude displacements u, = (i—x,,)2+ (?—yn)z,
with the bar denoting time-averaged displacements x and y.
For motion correction, third-order B-spline interpolation was
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FIGURE 1 Schematic timing of magnetic resonance elastography (MRE) protocols tested in this study. A, Breath-hold MRE (BH) with
acquisition of slice blocks during repeat breath-holds in expiration. B, Continuous free-breathing MRE: ungated (FB), gated by respiratory
navigator signals (G), and with automated adjustment of image slice positions according to the navigator signal (GF). Shown is the relative
timing of vibration along with the relative position (rel. position) of navigator signals along the craniocaudal axis through the diaphragm. The
timing of slice acquisition and slice positions (on rel. position axis) are indicated by colored circles. Vibrations were induced 3 seconds before
data acquisition, to establish a steady-state flux of shear waves throughout the abdomen. Note that slices are acquired in an interleaved manner in
the following order: 1, 3. 5,7, 9, 2, 4, 6. 8. TR1, TR2, and so on, denote the TRs of each block of nine image slices. The gray circles during TRO
indicate that the data acquisition was interrupted (due to the respiration detected by the navigator), whereas the RF stimulation was performed
continuously. After measuring TR1-TR8 with the first motion-encoding gradient (MEG) component, the following 16 TRs are measured with the
second and third MEG, respectively

BH-MRE FB-MRE G-MRE GF-MRE

FIGURE 2 Wave images acquired in a volunteer in a coronal view through the liver, pancreas, spleen, and kidneys with 40 Hz excitation

uncorrected

corrected

frequency (left-right deflection component) after unwrapping and temporal Fourier transformation, uncorrected and corrected for motion using
image registration. Blue to yellow colors scale the deflections from left to right with amplitudes of 20 pm. A magnitude image (gray scale) from
breath-hold MRE (BH-MRE) is shown for anatomical orientation and display of organ-specific regions of interest (green lines). Abbreviations: FB-
MRE, ungated free-breathing MRE; G-MRE, gated free-breathing MRE; GF-MRE, gated, slice-following, free-breathing MRE
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uncorrected

corrected

0 m/i

GF-MRE

FIGURE 3 Representative magnitude MRE images (magnitude [M], T, and T; weighted) and stiffness maps (shear wave speed [SWS]) of the
liver of a healthy subject obtained with different MRE protocols. Shown are averaged images with and without correction for breathing artifact by

2D in-plane rigid registration. Open arrow indicates blurred features, and yellow arrow indicates improved anatomical representations

used to apply the transformations to the real and imaginary
parts of the complex MRI data, the phases of which were
further processed for MRE parameter recovery. Although no
explicit smoothing step was implemented in the registration
process, a slight smoothing may have occurred due to the
B-spline interpolation.

Figure 2 shows representative 40 Hz waves (left-to-
right component) in a slice covering the liver, kidneys,
spleen, and pancreas acquired with all MRE protocols,
uncorrected and corrected. More material on animated
waves is presented in Supporting Information Video S1.
All MRE wave data were processed using wave num-
ber-based multifrequency dual elasto-visco inversion
(k-MDEV), which provides maps of the shear wave speed
(SWS) in meters per second).*® Because SWS is derived
from the real part of wave numbers, it is virtually not in-
fluenced by viscosity and can be considered a surrogate
of stiffness. The inversion pipeline is publicly available at
https://biogic-apps.charite.de.** For parameter quantifica-
tion, organ-specific ROIs were manually drawn based on
time-averaged magnitude MRE (M) images and account-
ing for whole-organ boundaries, as illustrated in Figure
2. Furthermore, these ROIs were refined by empirical
thresholds of 1 m/s for softer organs (liver and pancreas)
and 1.5 m/s for stiffer organs (spleen and kidneys), to re-
move blood vessels that appear enlarged in SWS maps.>**
Without motion, both M (MRE magnitude averaged over
96 consecutively acquired image slice blocks) and SWS
maps are expected to display sharp edges at tissue inter-
faces, which is reflected in the Laplacian A of the images.
Therefore, image sharpness was quantified by computing
the variance (o) of the Laplacian A of MRE images as
described in Pech-Pacheco et al.*® A Laplacian derivative
kernel of size 3 x 3 was applied to both the mean mag-
nitude M (averaged over 96 image slice blocks) and SWS
maps. The value of ¢ was then derived by computing the
variance of AM and ASWS within presegmented ROIs of
each organ and protocol.

2.4 | Statistical analysis
The mean U, SWS, and sharpness (¢) were calculated for
all four breathing paradigms and organs. All values are tabu-
lated as mean + SD, unless otherwise stated. Statistical sig-
nificance of differences in displacement and stiffness across
all abdominal organs and motion-reduction strategies (proto-
cols) were analyzed using linear mixed-effect models. Linear
mixed-effect models accounted for U and SWS as depend-
ent variables, whereas organs and protocols, as well as their
interactions, were taken as independent variables. Statistical
differences of the dependent variables were tested by Tukey’s
post hoc test with Bonferroni correction for multiple compar-
isons. A paired Student t-test was used to test for differences
between uncorrected and motion-corrected MRE data based
on SWS values. A Wilcoxon signed-rank test was used to test
for differences between uncorrected and motion-corrected ¢
in all organs and protocols. Furthermore, the same test was
applied to test for differences between uncorrected BH-MRE
and motion-corrected FB-MRE, as well as motion-corrected
BH-MRE and motion-corrected FB-MRE in all organs.

The significance level was set to 5%. Statistical analysis
was performed in R (version 3.6.2; R-Foundation, Vienne,
Austria) using “Ime4,” “Ismeans,” and *“ggplot2” packages.

3 | RESULTS

Figures 3-6 illustrate the effects of breathing motion and ar-
tifact-reduction strategies in different organs of 1 represent-
ative volunteer. Participant characteristics and group mean
values of U, SWS, and ¢ of AM and SWS of all abdomi-
nal organs and protocols are summarized in Table 1. Scan
times were 376 + 68 seconds for BH-MRE, 120 seconds
for FB-MRE, 166 + 117 seconds for G-MRE, and 128 + 17
seconds for GF-MRE. In addition to total acquisition time,
it took 168 seconds on average (range, 18-413 seconds) to
set up the respiratory navigators for G-MRE and GF-MRE.
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G-MRE

GF-MRE

FIGURE 4 Representative magnitude MRE images (M, T,, and T; weighted) and stiffness maps (SWS) of the kidneys of a healthy subject
obtained with different MRE protocols. Shown are averaged images with and without correction for breathing artifact by 2D in-plane rigid

registration. Open arrow indicates blurred [eatures, and yellow arrow indicates improved anatomical representations

BH-MRE FB-MRE

uncorrected

corrected

G-MRE

GF-MRE

M SWS
m -

FIGURE 5 Representative magnitude MRE images (M, T,, and T; weighted) and stiffness maps (SWS) of the spleen of a healthy subject

obtained with different MRE protocols. Shown are averaged images with and without correction for breathing artifact by 2D in-plane rigid

registration. Open arrow indicates blurred features. and yellow arrow indicates improved anatomical representations

uncorrected

corrected

./2

FIGURE 6 Representative magnitude MRE images (M, T,, and T; weighted) and stiffness maps (SWS) of the pancreas of a healthy subject

obtained with different MRE protocols. Shown are averaged images with and without correction for breathing artifact by 2D in-plane rigid

registration. Open arrow indicates blurred features, and yellow arrow indicates improved anatomical representations

3.1 | Displacement

The BH-MRE protocol was used as reference standard for
the four abdominal organs investigated by multifrequency
MRE. There were only minor displacements of these or-
gans (liver, 0.7 + 0.2 mm; kidneys, 0.4 + 0.2 mm; spleen,

0.5 + 0.2 mm; pancreas, 0.7 + 0.5 mm) without significant
differences among them (all P > .05). In FB-MRE, the liver
was most severely affected by displacement (liver, 4.7 +
1.5 mm; kidneys, 2.4 + 2.2 mm; spleen, 3.1 + 2.4 mm; pan-
creas, 3.4 + 1.4 mm) with significantly larger displacement
amplitudes than the kidneys (P < .01). Navigated GF-MRE
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reduced liver displacement relative to FB-MRE to 2.6 + 1.4
mm (P = .011), while displacement of the other organs re-
mained unchanged or even increased (kidneys, 5.6 + 2.6 mm,
P < .001; spleen, 5.9 + 3.8 mm, P < .001; pancreas, 5.0 +
2.6 mm, P =.063; P-values relative to FB-MRE). Larger dis-
placement amplitudes in these organs compared with the liver
were consistent with an increased latency between navigator
scans and more posterior slices (eg, slice 7, 400 ms; slice 9,
533 ms; slice 6, 933 ms; and slice 8, 1067 ms, in the inter-
leaved multislice acquisition scheme illustrated in Figure 1).
Displacement was slightly better for G-MRE, which acquired
data during relatively quiet phases of breathing only. Here,
displacement improved relative to GF-MRE for three organs
(kidneys, 2.0 + 1.7 mm, P < .001; spleen, 3.0 mm + 1.8,
P < .001; pancreas, 3.0 + 1.3 mm, P = .013), whereas liver
displacement did not significantly change (3.5 + 1.4 mm,
P = .538) despite significantly longer acquisition. The results
are summarized in Table 1. Statistical plots of U for all or-
gans and protocols are shown in Figure 7.

3.2 | Stiffness

Figure 8 presents organ-specific differences in SWS with
mean values of 1.43 + 0.07 m/s (liver), 2.35 + 0.21 m/s
(kidneys), 2.02 + 0.15 m/s (spleen), and 1.39 + 0.15 m/s

Liver Kidneys
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(pancreas) obtained during free breathing (all P < .001, ex-
cept for liver vs. pancreas: P > .05). Interestingly, SWS did
not differ across protocols despite the aforementioned differ-
ences in U (all P > .05).

3.3 | Sharpness

Sharpness was improved by image registration as revealed
to the naked eye when looking at both MRE magnitude im-
ages (M) and SWS maps (Figure 3-6). Accordingly, ¢ of
AM showed a significant reduction of blurring after registra-
tion in all organs investigated for FB-MRE and G-MRE (all
P < .05). Registration improved the GF-MRE data obtained
in the kidneys, spleen, and pancreas (all P < .05), whereas
the liver, analyzed based on the first slice, had lower dis-
placement amplitudes in GF-MRE and did not benefit from
registration. Interestingly, sharpness even improved in BH-
MRE examinations for the kidneys and pancreas, indicating
the susceptibility of these organs to unconscious motion dur-
ing breath-holds (Figure 9). After motion correction of FB-
MRE, ¢ was indistinguishable from uncorrected BH-MRE in
the liver, spleen, and pancreas (all P > .05), while corrected
FB-MRE in the kidneys had still lower c-values than un-
corrected BH-MRE (P < .01) despite visual improvements.
Motion-corrected BH-MRE shows significantly higher
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FIGURE 7 Group statistical plots of displacement amplitudes U (in millimeters and in pixels) of the liver, kidneys, spleen, and pancreas for

different MRE protocols (*P < .05, **P < .01, ***P < .001)
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FIGURE 8 Group statistical plots of stiffness SWS (in meters per second) of the liver, kidneys, spleen, and pancreas for different MRE

protocols
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FIGURE 9 Box plot of relative changes of image sharpness (in percentages) indicated by the sharpness variance o ([o(corrected) —
o(uncorrected)]/oluncorrected] - 100) of the Laplacian A of MRE magnitude (*P < .05, ##P < .01, ***P < .001)

o values compared with motion-corrected FB-MRE in the
liver, kidneys, and pancreas (all P < .05), whereas no such
difference to the spleen was observed. Representative AM
and ASWS images are shown in Supporting Information
Figure S1. It is apparent from the examples shown that
ASWS improved primarily at organ boundaries, indicating
sharper edges while within organs, and higher-frequency
ASWS patterns are seemingly unaffected by the image
registration.
All relevant parameters are summarized in Table 1.

4 | DISCUSSION AND
CONCLUSIONS

This study of breathing-induced artifacts in multifrequency
MRE presents three key findings. First, this is the first
study providing systematic quantitative motion data for
different abdominal organs when asymptomatic subjects
freely breathe during MRE data acquisition with different
protocols. Second, our results demonstrate that averaged
MRE values are surprisingly stable, regardless of whether
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MRE is performed during free breathing or breath-holds.
Finally, we show that unnavigated free-breathing MRE
combined with motion correction by image registration
represents the optimal trade-off in terms of scan time and
detail resolution. In the following, we will briefly discuss
each of these three points.

(i) Breath-hold MRE results in the smallest displace-
ment amplitudes of abdominal organs compared with
free-breathing MRE and navigator-triggered gating
MRE techniques. The liver and pancreas are the ab-
dominal organs most severely affected by breathing,
whereas the kidneys show the smallest displacement
amplitudes. An earlier study of our group shows that
multifrequency MRE of the kidneys is improved
when omitting any breathing command compared
with breath-hold MRE.?® However, this case-specific
finding from a single subject was never reproduced
or compared with other abdominal organs, as done in
the present study.

(i1) All protocols provided values in the range of pub-
lished values of abdominal MRE (converting SWS
to shear modulus by p = SWS? - 1000 kg/m*)*"* or
directly agreed with reported SWS values in that re-
gion.”>* The visible blurring of the magnitude images
in free-breathing MRE (see Figures 3-6) suggests that
stiffness values are strongly affected by breathing mo-
tion, which, however, is not the case. This observation
is remarkable because it indicates the intrinsic stability
of MRE to respiration.**> We attribute this stability to
two main effects. First, MRE analyzes parameters that
refer to local wavelengths, which in turn are unaffected
by boundary conditions to a certain extent. Although
actuator position, wave amplitudes, and wave patterns
can change with breathing, the resulting parameter
maps do not necessarily reflect these changes. Second,
local wavelengths are calculated from time-harmonic
tissue displacements selected from the fundamental
frequency in the Fourier spcctrum.'6 This is tempo-
ral filtering, which efficiently suppresses breathing-
related signals as long as they do not overlap with the
timing of the fundamental oscillation. For these rea-
sons, MRE might be more robust to breathing-induced
artifact than other MRI techniques. Because the MRE
magnitude signals presented in Figures 3-6 are time-
averaged across 96 consecutive acquisitions, similar
blurring would occur in any MRI data acquired over
the same time during free breathing.

(iii) Nonetheless, blurring can sufficiently be corrected
by image registration. The resulting improvement in
sharpness o was seen primarily in magnitude images,
and to a lesser extent in stiffness maps. The SWS maps
predominantly suffered from distorted boundaries,

Magnetic Resonance in Medicine—]ﬂ

which became sharper after correction, although
without significant changes in . Therefore, we may
conclude that ¢ of SWS maps tends to exaggerate deg-
radation of images by possible artifacts. For example,
breathing-related organ displacement causes high-
frequency SWS changes, which are spuriously inter-
preted by o as sharpness. Despite the inappropriateness
of o to reflect improvements in stiffness maps, the facts
that MRE magnitude images are significantly improved
(as correctly quantified by o) and that anatomical organ
boundaries are more conspicuous in SWS maps after
image registration (as revealed to the eye when looking
at the SWS maps in Figures 3-6) suggest image regis-
tration to be a feasible way of reducing motion artifacts
in multifrequency MRE.

In essence, we recommend free-breathing multifre-
quency MRE in conjunction with retrospective rigid-body
image registration for abdominal tomoelastography, as it
combines the shortest acquisition times with preserved
sharpness of organ boundaries and tissue interfaces.

Our study has limitations. First, our displacement anal-
ysis was essentially 2D. Given that major breathing motion
occurred along the craniocaudal axis,*® which is covered by
coronal view, our 2D in-plane motion correction was effec-
tive. However, through-plane motion occurring in transverse
orientation needs to be addressed by rigid 3D image reg-
istration. Second, our navigator-based motion-correction
technique uses single navigators in conjunction with sub-
sequent full-slice block acquisition. For that reason, carly
slices acquired immediately after the navigators are more
reliable than late slices due to the latency between navigator
signal and slice acquisition. In our setup, liver motion was
evaluated in the first slice, which was well addressed by GF-
MRE. However, GF-MRE was less efficient in organs other
than the liver, which were covered by images slices acquired
at later time points. Although adaptation of slice positions
is possible to focus on other organs, we do not recommend
GF-MRE but rather FB-MRE combined with image regis-
tration. Third, as mentioned previously, Laplacian A and
variance ¢ are limited in assessing sharpness of stiffness
(SWS) maps. A suitable parameter for the future assessment
of detail resolution in MRE should quantify the sharpness
of tissue boundaries rather than higher frequency features in
SWS maps. Future research in MRE is warranted to identify
such a measure of sharpness of elastograms. Ideally, such
a measure should afford quantitative assessment of image
quality in MRE and ultimately allow automated detection of
reliable malps44 and reduction of technical failures.* Finally,
we focused here on SWS as a surrogate of stiffness but did
not analyze viscosity-related parameters such as wave pene-
tration,* damping ratio,*® loss modulus,'" and loss angle or
fluidity."* However, we assume that our analysis of breathing
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artifacts can also be applied to other mechanical parameters
attainable by MRE.

In summary, we have introduced and compared different
motion-artifact reduction strategies in multifrequency MRE
with the aims of testing the susceptibility of MRE to breath-
ing motion and proposing a time-efficient multifrequency
MRE protocol that generates reliable stiffness maps. Our
findings indicate that larger displacement amplitudes due to
respiratory motion do not significantly atfect averaged MRE
values and that breathing motion can readily be corrected by
image registration, which improves both the sharpness and
detail resolution of MRE magnitude images and parameter
maps. Consequently, the shortest free-breathing protocol is
recommended for 3D multifrequency MRE of the abdomen
and allows stiffness mapping without breathing commands in
approximately 2 minutes.
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SUPPORTING INFORMATION
Additional supporting information may be found online in
the Supporting Information section.

FIGURE S1 Representative Laplacian images of magnetic
resonance elastography (MRE) magnitude (AM) and shear
wave speed (ASWS) of the liver, kidneys, spleen, and pan-
creas of a healthy subject obtained with different MRE pro-
tocols. Shown are images with and without correction for
breathing artifacts by 2D in-plane rigid registration. Green
contours show the presegmented region of interest used for
image registration. Arrows indicate blurred features (open
arrows) and improved anatomical representations (yellow
arrows) in each organ. Note that improved feature sharp-
ness is better seen in AM than in ASWS. The ASWS maps
reveal high-frequency patterns (eg, red arrows) that do not
change with correction and therefore hinder quantification
of sharpness by c. Abbreviations: BH-MRE, breath-hold
MRE; FB-MRE, ungated free-breathing MRE; G-MRE,
gated free-breathing MRE; GF-MRE, gated, slice-following,
free-breathing MRE

VIDEO S1 Animated wave images acquired in a volunteer in
a coronal view through the liver, pancreas, spleen, and kid-
neys for all excitation frequencies (30-60 Hz) and deflection
components (left-right, head—feet, through-plane) after un-
wrapping and temporal Fourier transformation, uncorrected
and corrected for motion using image registration. Blue to
yellow colors scale deflections with amplitudes of 30 and
20 um for 30 and 40 Hz, respectively, and 15 um for 50 and
60 Hz. Mean magnitude images (M) in gray scale of the
respective mechanical frequency are shown for anatomical
orientation and display of organ-specific regions of interest
(green lines). In the shown cases, image registration for mo-
tion correction was applied to the spleen
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The liver is the central metabolic organ. It constantly adapts its metabolic capacity to
current physiological requirements. However, the relationship between tissue
structure and hepatic function is incompletely understood; this results in a lack of
diagnostic markers in medical imaging that can provide information about the liver's
metabolic capacity. Therefore, using normal rabbit livers, we combined magnetic
resonance elastography (MRE) with proteomics-based kinetic modeling of central
liver metabolism to investigate the potential role of MRE for predicting the liver's
metabolic function in vivo. Nineteen New Zealand white rabbits were investigated by
multifrequency MRE and positron emission tomography (PET). This yielded maps of
shear wave speed (SWS), penetration rate (PR) and standardized uptake value (SUV).
Proteomic analysis was performed after the scans. Hepatic metabolic functions were
assessed on the basis of the HEPATOKIN1 model in combination with a model of
hepatic lipid-droplet metabolism using liquid chromatography—mass spectrometry.
Our results showed marked differences between individual livers in both metabolic
functions and stiffness properties, though not in SUV. When livers were divided into
‘stiff’ and ‘soft’ subgroups (cutoff SWS = 1.6 m/s), stiff livers showed a lower capacity
for triacylglycerol storage, while at the same time showing an increased capacity for
gluconeogenesis and cholesterol synthesis. Furthermore, SWS was correlated with
gluconeogenesis and PR with urea production and glutamine exchange. In
conclusion, our study indicates a close relationship between the viscoelastic
properties of the liver and metabolic function. This could be used in future
studies to predict non-invasively the functional reserve capacity of the liver in
patients.

KEYWORDS

viscoelasticity, MRE, PET, stiffness, liver metabolism, proteomics, reserve capacity, hepatic
function model
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1 Introduction

The liver is the key metabolic organ of the human body. It has a
wide range of metabolic functions including homeostatic regulation of
numerous plasma metabolites (glucose, amino acids and lipoproteins),
detoxification of endogenously formed metabolic end products (e.g.,
ammonia, urea), and storage of nutrients in the form of glycogen or
triacylglycerol. It continuously adapts its metabolic capacities to the
current physiological status of the individual. For example, after a
carbohydrate-rich meal, the liver takes up a substantial amount of
glucose from the plasma; this is then transiently converted into
glycogen and triacylglycerol. Conversely, under fasting conditions
the liver produces glucose by phosphorolysis of glycogen and
synthesis de novo from amino acids, lactate and glycerol to prevent
a potentially life-threatening drop in plasma glucose below 55 mg/dl
(Mathew et al., 2022). Metabolic alterations become permanent as a
result of long-term life habits such as overnutrition, as in metabolic
syndrome (MetS). MetS-with its hallmarks of obesity, insulin
resistance and dyslipidaemia (Bussler et al, 2017)—is an epidemic
disease that is often triggered by childhood overnutrition. Non-
alcoholic fatty liver disease (NAFLD) is recognized as the hepatic
manifestation of MetS (Lonardo et al., 2015) and can progress silently
into liver fibrosis and cirrhosis without apparent clinical symptoms
(Sivell, 2019). Today, non-alcoholic steatohepatitis is the most
etiology among waiting-list candidates for liver
transplantation (Wong and Singal, 2020). Nevertheless, early

common

diagnosis and differentiation of liver diseases remains a major
challenge. While cirrhosis and liver tumors represent the end-stage
of liver pathology, with life-threatening complications and clear
clinical manifestation, most patients with NAFLD have a stable
and relatively benign fatty liver for a long time (Caldwell and
Argo, 2010).

Evaluation of liver function is a diagnostic challenge because there
are only few techniques that can directly quantify metabolic functions
in vivo. Quantitative liver function test, which use specific metabolites,
such as indocyanine green clearance test or methacetin breath-test are
complex and costly, and they entail considerable discomfort for the
subject (Lalazar et al., 2008; Seyama and Kokudo, 2009). Furthermore,
they assess only very specific pathways under very restricted
conditions and cannot be used for a general evaluation of
metabolic capacities (Vos et al, 2014; De Gasperi et al, 2016;
Gorowska-Kowolik et al., 2017). New computational methods such
as proteomics-based evaluation of metabolic liver function by large-
scale kinetic modelling allows the assessment of metabolic capacities
under a wide range of physiological and pathological conditions
(Berndt et al, 2018a; Berndt et al., 2019; Berndt et al., 2020;
Kespohl et al., 2020; Berndt et al., 2021a; Berndt et al., 2021b).
However, these require biopsies, which are limited in follow-up
examinations owing to pain, risk of bleeding and sampling errors
(Ratziu et al.,, 2005; Boyd et al., 2020). Despite advances in quantitative
medical imaging, there is still no reliable non-invasive imaging marker
that can detect metabolic changes occurring in seemingly healthy
livers during the ‘silent progression’ phase of NAFLD (Chalasani et al.,
2018). Positron emission tomography (PET) is a versatile technique
for the assessment of glucose metabolism in lesions or
neurodegenerative diseases, where it can be used to investigate
changes in various neurotransmitter systems, neuroinflammation,
and protein aggregates that characterize the disease. However, PET
scans are expensive, they result in exposure of the patient to ionizing
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radiation and they address only specific metabolic pathways that are
not necessarily fully suited for assessment of the liver's metabolic
capacity. Ultrasound-based elastography and magnetic resonance
elastography (MRE) have become successful in addressing
structural changes such as like degree of fibrosis and steatosis, and
they therefore have the potential to replace biopsy-based histological
evaluation of structural alteration (Singh et al., 2015; Castera et al.,
2019; Hudert et al., 2021; Qu et al., 2021; Selvaraj et al., 2021). Liver
fibrosis increases liver stiffness through accumulation and cross-
linking of matrix proteins (Huwart et al., 2008; Singh et al., 2015;
Reiter et al., 2020). However, beyond fibrosis, the liver’s biomechanical
properties are also affected by non-fibrotic alterations such as prandial
states (Yin et al., 2011; Jajamovich et al., 2014; Petzold et al.,, 2019;
Obrzut et al., 2021), hydration (Ipek-Ugay et al., 2016; Dittmann et al.,
2017), blood perfusion (Ipek-Ugay et al., 2016; Meyer et al., 2022a),
cell hypertrophy (Garczyniska et al., 2020), fat accumulation (Hudert
et al., 2019) or inflammation (Qu et al., 2021; Selvaraj et al., 2021),
making elastography unspecifically sensitive to a variety of
pathophysiological processes that occur in the course of NAFLD.
Only little is known about the correlation between liver biomechanical
parameters and liver metabolism. In cancer patients, liver function has
been correlated with stiffness measured by ultrasound-based
elastography (Heucke et al., 2019) and with viscoelastic parameters
measured by MRE (Lin et al, 2022). However, it remains unclear
which specific metabolic function may influence viscoelastic
parameters in the liver and whether apparently normal livers
display a range of biomechanical properties that are correlated with
the variability of metabolic functions.

Therefore, in this study we used a comprehensive kinetic model of
central liver metabolism (Berndt et al, 2018a) to characterize
metabolic states and capacities of healthy rabbit livers on the basis
of proteomic data. We performed in vivo MRE in a clinical hybrid
PET/MRI relationship  between
viscoelasticity and liver metabolism. In addition, we analyzed the in
vivo glucose metabolism using '*F-fluorodesoxyglucose (FDG)-based
PET to test the sensitivity of this imaging marker toward small
variations in liver metabolism in correlation with MRE.

scanner to investigate the

2 Materials and methods
2.1 Animal model

This study and all procedures involving animals were approved by
the local authority (Landesamt fiir Gesundheit und Soziales Berlin,
Reg. No. 0178/17). The experimental protocols were performed in
accordance with the regulations and guidelines of the Federation of
Laboratory Animal Science Association (FELASA) as well as our
institutional guidelines.

Nineteen female New Zealand white rabbits (Charles River
Laboratories, Sulzfeld, Germany) at the age of 11-15 weeks with a
mean weight 3.22 + .27 kg were used for this study. All rabbits were
housed in a pathogen-free animal facility, in rooms with laminar flow,
constant temperature and constant humidity. Food and water were
provided ad libitum. However, the rabbits were fasted 2 h before the
measurements and blood glucose (BG) level, as well as animal weight
was measured prior to MRI scans (Table 1). Imaging was performed at
the same daytime under deep-sedation of rabbits by subcutaneous
injections of medetomidin hydrochlorid (Cepetor, 200 mg/kg body
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TABLE 1 Descriptive data of rabbits. Parameters with group mean values given as mean * standard deviation for all 19 rabbits, including weight, BG, SWS, PR, SUV. BG,
blood glucose; SWS, shear wave speed; PR, penetration rate; SUV, standardized uptake value.

ID Weight in kg BG in mg/d|
3 36 107
1 26 178
15 35 168
4 30 139
9 35 154
16 33 187
4 34 140
5 34 158
2 &l 184
2 32 7 132
13 36 191
% 32 150
6 35 135
14 29 159
12 3.1 123
8 29 144
18 32

17 32

19 7 32

Mean 323426 153.06 + 24.1

weight) and Ketamin (Anesketin, 300 mg/kg body weight).
Immediately after experimental imaging, euthanasia was performed
by intravenous injection of pentobarbital sodium (Narcoren,
300 mg/kg body weight) and liver explantation was conducted.
Tissues were dissected and snap frozen in liquid nitrogen for
further proteomics analysis.

2.2 Imaging

2.2.1 MRI

All experiments were performed on a clinical 3-Tesla hybrid PET/
MR scanner (Magnetom Biograph mMR, Siemens Healthineers,
Erlangen, Germany) with a 20-channel head coil. Rabbits were
positioned head first in prone position. For anatomic orientation, a
transversal T1-weighted fat-saturated Dixon sequence (repetition time
[TR] 4.76, echo time [TE] 1.49 ms, matrix 512 x 512 mm, voxel size
.5 x.5 % 2.0 mm® and coverage of the complete liver) was performed in
the abdominal region of the rabbits before MRE and PET scans.

2.2.2 Multifrequency MRE

The used multifrequency MRE setup was similar to previous in vivo
studies in patients with driver fixation adapted to rabbits (Shahryari et al,,
2019; Shahryari et al., 2021). 8 phase offsets equally distributed over full
vibration cycle of 40 Hz, 50 Hz, 60 Hz, 70 Hz and 80 Hz mechanical

Frontiers in Bioengineering and Biotechnology

SWS in m/s PR in m/s Suv

145 + .11 1.04 + 33 2,50 + .21
1.65 + .16 ‘ 1.16 + 26 2.26 £ .36
160 + .15 99 + .31 3.06 + .28
1.51 + .14 96 + 23 234 +.37
170 + .17 1.01 + 35 3.00 + .36
1.56 + .13 87+ 24 2.88 + .21
1.39 + .10 84+ .22 273 +.18
141 + .13 ' 88+ .28 274 + .16
1.70 + .12 1.21 + .39 2.82 +.10
1.65 + .14 1.06 + 29 7 2.89 .18
1.64 £ .16 1.03 + 28

1.69 + .12 1.03 + 30

1.57 + .15 1.09 + 44

1.56 + .11 1.03 £ 38

1.64 £ .12 1.02 £ 29

1.55 + .16 83+ .29

1.68 + .11 99 + 35

171 £ .16 1.00 + 44

1.51 + .14 80 + .18

1.59 + .1 99 £ .11 272 +.27

vibrations were recorded for all three Cartesian-motion field directions ina
transversal plane using a single-shot spin-echo echo-planar-imaging (EPI)
sequence (Tzschitzsch et al,, 2016; Dittmann et al., 2017). Oscillations were
induced by two pressurized air drivers attached onto the upper abdominal
region of the rabbits. The drivers were powered by air pulses of .2 bar
maximum amplitude. A cloth belt around the abdomen was used to
improve the contact of the drivers to the rabbits and the efficiency of shear
wave excitation. Vibrations were started 2 s prior to image acquisition to
ensure a steady-state flux of harmonic shear wave energy. Imaging
parameters were: TE 40 ms, TR 1000 ms, matrix 104 x 60, voxel size
1.55 x 1.55 x 5 mm?, 6 contiguous slices in a transversal view, 4 averages,
parallel imaging with GRAPPA-factor 2, motion encoding gradient (MEG)
frequency 78.61 Hz for all vibration frequencies, MEG amplitude 42 mT/
m with first order moment nulling. Total MRE acquisition time was
approximately 8 min. Cloth belt and actuators were removed prior to PET
image acquisition. Figures 1A, B show the experimental MRE setup along
with wave field components at 60 Hz vibration frequency.

223 PET

PET measurement was conducted in a subgroup of 10 rabbits injecting
"E-FDG as radiotracer intravenously (mean 75.88 + 14.35 MBq, min
38.59 MBq, max 91.42 MBq). The PET scan was performed, covering the
entire thorax and abdomen. PET image reconstruction was conducted by
ordered-subset expectation maximization (OSEM) algorithm with
3 iterations and 21 subsets, 512 x 512 127 image matrix and 1 x 1 x
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FIGURE 1

Experimental setup. (A) Multif setup for abdc
Ha Nic 0S¢ ‘ns are ger

abdominal region of the rabbits

at 60 H ration frequency 3

ventral-dorsal and left-right, deflections, r

2 mm? voxel size. Ultrashort echo-time sequence (UTE) implemented by
the vendor was used for attenuation and scatter correction (AC).

2.2.4 Image processing

MRE data were processed in MATLAB Release 2021a (The Mathworks
Inc. Natick, MN, United States) using wavenumber-based inversion method
(k-MDEV) (Tzschitzsch et al., 2016) publicly available at https://biogic-apps.
charite.de (Meyer et al., 2022b). A Butterworth low-pass filter of order 3 with
a threshold of 250 m ™ was used to suppress noise prior to image unwrapping
(Herthum et al, 2022) while a spatial bandpass Butterworth filter of order
3 with thresholds of 15 m™ and 300 m™" was used for directional filtering
(Herthum et al., 2022). Frequency-compound maps of shear wave speed
(SWS in m/s) and penetration rate (PR in m/s) were computed as surrogates
for tissue stiffness and inverse viscosity (Reiter et al., 2020). MRE magnitude
images, SWS-, PR- and attenuation-corrected PET maps were further
analyzed and used for manually drawing 3D regions of interest (ROIs)
covering the liver. Mean liver SWS and PR values were calculated for each
rabbit. Mean standardized uptake values (SUV) was calculated for 10 rabbits
based on activity concentration (A(t)) in kBq/mL, body weight (W) in kg,
injected dose (ID) in MBg, dose and decay correction factor d derived by the
half-life of the radiotracer "*F-FDG and the time delay between injection and
start of the measurement:

A(t)-W

Vo= 55

2.3 Shotgun proteome profiling and data
analysis

2.3.1 Proteomics sample preparation with label-free
quantification (LFQ)

Between 11 and 100 mg of each liver tissue were homogenized
under denaturing conditions with a FastPrep (two times for 60 s, 6.5 m
x s7') in 1 mL of a fresh buffer containing 3 M guanidinium chloride
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g comp:

), « illustrate head-feet

10mM  Tris

(GdmCl),
chloroacetamide and 100 mM Tris-HCI pH 8.5. Lysates were boiled
at 95°C for 10 min in a thermal shaker, followed by sonication for

(2-carboxyethyl)phosphine, 20 mM

10 min and centrifuged at 10,000 rcf for 5 min at 4°C. The supernatant
was transferred into new protein low binding tubes (Eppendurf,
Germany). 30°ug protein per sample were diluted to 1 M GdmCl
by adding 10% acetonitrile and 25 mM Tris, 8.5°pH, followed by a Lys
C digestion (Roche, Basel, Switzerland; enzyme to protein ratio 1:50,
MS-grade) at 37°C for 2 h. This was followed by another dilution to
.5 M GdmCl and a tryptic digestion (Roche, 1:50) at 37°C, at 800 rpm,
and overnight. Subsequently, peptides were desalted with
C18 columns and reconstituted in 2% formic acid in water and
further separated into five fractions by strong cation exchange
chromatography (SCX, 3M Purification, Meriden, CT). Eluates
were first dried in a SpeedVac, then dissolved in 5% acetonitrile
and 2% formic acid in water, briefly vortexed, and sonicated in a
water bath for 30s prior to

injection to nano-Liquid

chromatography-mass spectrometry (LC-MS).

2.3.2 LC-MS/MS instrument settings for shotgun
proteome profiling and data analysis

LC-MS/MS was carried out by nanoflow reverse-phase liquid
chromatography 3000, Thermo Scientific)
coupled online to a Q-Exactive HF Orbitrap mass spectrometer
(Thermo  Scientific), as reported previously
Meierhofer, 2015). Briefly, the LC separation was performed using
a PicoFrit analytical column (75 pm ID x 50 cm long, 15 um Tip ID;
New Objectives, Woburn, MA) in-house packed with 3 pm C18 resin

(Dionex Ultimate

(Gielisch  and

(Reprosil-AQ Pur, Dr. Maisch, Ammerbuch, Germany). Peptides were
eluted using a gradient from 3.8% to 38% solvent B in solvent A over
120 min at a 266 nL per minute flow rate. Solvent A was .1% formic
acid and solvent B was 79.9% acetonitrile, 20% H,O, and .1% formic
acid. For the IP samples, a 1-h gradient was used. Nanoelectrospray
was generated by applying 3.5kV. A cycle of one full Fourier
transformation scan mass spectrum (300-1750 m/z, resolution of
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FIGURE 2

Scheme of liver metabolism model adapted from Bernd et al. (Berndt et al., 2018a). 16. Reactions and transport processes between compartments are
symbolized by arrows. Single pathways are numbered in blue: (Mathew et al., 2022) glycogen metabolism (Bussler et al., 2017), fructose metabolism (Lonardo
etal, 2015), galactose metabolism (Sivell, 2019), glycolysis (Wong and Singal, 2020), gluconeogenesis (Caldwell and Argo, 2010), oxidative pentose phosphate
pathway (Seyama and Kokudo, 2009), non-oxidative pentose phosphate pathway (Lalazar et al., 2008), fatty acid synthesis (Vos et al., 2014), triglyceride
synthesis (De Gasperi et al., 2016), synthesis and degradation of lipid droplets (Gorowska-Kowolik et al., 2017), synthesis of very low density lipoprotein (vidl)
(Berndt et al, 2021a), tricarbonic acid cycle (Berndt et al., 2021b), respiratory chain and oxidative phosphorylation (Berndt et al., 2020), p-oxidation of fatty
acids (Berndt et al,, 2019), urea cycle (Berndt et al,, 2018a), ethanol metabolism (Kespohl et al., 2020), ketone body synthesis (Boyd et al., 2020), glutamate and
glutamine metabolism (Ratziu et al., 2005); serine and alanine utilization (Chalasani et al., 2018), cholesterol synthesis. Lipid droplet synthesis and degradation
pathway include de novo synthesis of lipid droplets, lipid droplet filling, lipid droplet growth and fusion as well as lipid droplet degradation in dependence of
regulatory surface proteins 45. Small cylinders and cubes symbolize ion channels and ion transporters. Double arrows indicate reversible reactions, which may
proceed in both directions according to the value of the thermodynamic equilibrium constant and cellular concentrations of their reactants. Reactions are
labeled by the short names of the catalyzing enzyme or membrane transporter given in the small boxes attached to the reactions arrow. Highlighted metabolic
pathways show association with MRE imaging parameters: gluconeogenesis (red); triacylglycerol (tag) synthesis (blue); tag storage (yellow); fatty acid uptake
(green); very low density lipoprotein (vldl) export (grey); ammonia uptake (purple). Metabolites are denoted by their short names. Full names of metabolites and
kinetic rate laws of reaction rates are outlined in Berndt et al. (2018a) and Wallstab et al. (2017).

10.3389/fbioe.2022.1042711

60,000 at m/z 200, automatic gain control (AGC) target 1 x 10°) was
followed by 12 data-dependent MS/MS scans (resolution of 30,000,
AGC target 5 x 10°) with a normalized collision energy of 25 eV.
Raw MS data were processed with MaxQuant software (v 1.6.1.43)
and searched against the Oryctolagus cuniculus (rabbit) proteome
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database UniProtKB (UP000001811) with 21,178 entries, released
in September 2019. Parameters of MaxQuant database searching
were a false discovery rate (FDR) of .01 for proteins and peptides,
cysteine carbamidomethylation was set as fixed modification, while
N-terminal acetylation and methionine oxidation were set as variable
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modifications. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE (Perez-
Riverol et al, 2022) partner repository with the dataset identifier
PXD036659.

2.4 Assessment of metabolic capacities

Hepatic metabolic  capacities were assessed using
HEPATOKIN1 (Berndt et al., 2018a) in combination with a
molecular-resolution  model of hepatic lipid droplet
metabolism (Wallstab et al., 2017). It comprises the major
metabolic pathways of carbohydrate, lipid and amino-acid
metabolism in hepatocytes (see Figure 2). Electrophysiological
processes at the inner mitochondrial membrane describing the
generation and utilization of the proton motive force were
modelled by kinetic equations of the Goldman-Hodgkin-Katz
type (Berndt et al, 2015). Hormone-dependent regulation of
the liver metabolism by reversible enzyme phosphorylation was
taken into account by a phenomenological transfer function
(Bulik et al., 2016). Individual
generated based on proteomic profiles as described in Berndt
et al. (2019).

Physiological metabolic functions were defined as maximal
fluxes obtained under a wide range of physiological conditions
(3-12mM  plasma  glucose),
concentrations are not independent from each other. The
interdependence between plasma glucose, plasma hormone and

model instantiations were

where plasma  metabolite

plasma fatty acid concentration was taken into account by using
experimentally determined transfer functions (Bulik et al., 2016;
Berndt et al., 2018a).

2.5 Statistical analysis

Statistical analysis and cluster analysis were done MATLAB
Release 2021a (The MathWorks, Inc., Natick, MA, United States)
with the bioinformatics toolbox. Group values were checked for
normality based on quantile-quantile plots (qqPlots) with a 95%
confidence interval margins. For normal distributed grouped
values, unpaired two-sided students’ t-test was used to calculate
group differences. Otherwise, Wilcoxon signed-ranked test was
used. Statistical analysis was performed using R version 4.0.2
(R-Foundation, Vienna, Austria). The level of significance was
p < .05. Cluster analysis was performed using clustergram
function. Row-wise normalization was used transforming values
so that the mean of each metabolic function is 0 and the standard
deviation is 1.

3 Results
3.1 Metabolic modelling

For the assessment of metabolic capabilities, we used personalized
kinetic models to compute steady-state load characteristics describing
the metabolic functions under a wide range of physiological conditions
ranging from fasted state (low glucose, high fatty acids, low insulin and
high glucagon) to a fed state (high glucose, low fatty acids, high insulin,
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low glucagon). The remaining plasma nutrients (e.g., lactate, amino
acids, ketone bodies, ammonia) were kept fixed at mean diurnal values
(see Section 2.4 for more details).

Figure 3A shows the panel of investigated metabolic capacities.
Our analysis revealed strong metabolic differences among the
individual livers. Individual livers differed in metabolic
regarding carbohydrate metabolism, including
glycolysis and gluconeogenesis, ketone body synthesis and fatty
acid metabolism such as fatty acid uptake, lipoproteins
production, triacylglycerol (tag) storage and fatty acid
synthesis. We performed an unbiased cluster analysis to group
the livers according to similarities in their metabolic functions.
The cluster analysis depicted in Figure 3B shows that two main
groups could be identified. Compared with the mean of all livers,
metabolic cluster 2 is characterized by a less active metabolism of
fatty acids, including reduced fatty acid uptake, reduced tag
synthesis and storage as well as reduced ketone body synthesis.
Instead, it has a higher synthetic capacity for glucose, fatty acids
and cholesterol. Complementary, the metabolic cluster 1 has a
more pronounced fatty acid metabolism and reduced biosynthetic
activity than the mean of all livers.

We used the two metabolic clusters to define subgroups and
investigated whether metabolic functions differ significantly
between the two clusters. Cluster 1 consisted of 9 samples,
whereas cluster 2 consisted of 10 samples. Figure 4 shows that
the two groups differed significantly with respect to fatty acid
uptake (34.7 + 1.54 vs. 31.51 + 3.1 umol/g/h, p = .001), very low
density lipoprotein (vldl) export (5.22 + 0.42 vs. 4.56 + .54 pmol/g/
h, p=.002), cholesterol synthesis (.22 + 0.03 vs. .25 + .02 umol/g/h,
p =.01), tag synthesis (16.32 + 1.35 vs. 14.15 + 1.67 umol/g/h, p =
.001), ketone body production (32.91 + 4.04 vs. 23.23 + 6.31 pmol/
g/h, p = .001), acetylacetone (acac) production (21.95 + 3.6 vs.
12.53 + 4.28, p < .001 pmol/g/h), tag content (37.48 + 1.24 vs.
35.31 + 2.24 mM, p = .01), ammonia uptake (16.49 +.73 vs. 17.3
.46 umol/g/h, p = .013), glutamine exchange (-7.54 =+
2.94 vs. =12.98 + 3.12 umol/g/h, p = .001), and urea production
(20.96 + 3.93 vs. 14.26 + 3.88 umol/g/h, p = .002).

We also checked whether the metabolic subgroups are
characterized by significant differences in imaging markers.
Figure 5 shows a representative slice of MRE and PET imaging
parameters of rabbit’s liver. SWS, PR and SUV values are given in
Table 1. While no significant differences could be detected, PR
shows a tendency to be lower in the livers with increased fatty acid
metabolism and decreased biosynthetic capacities, hinting at a
connection between non-invasive imaging markers and metabolic
functionality.

Another approach to investigate the association of liver
metabolism to liver mechanics was the clustering based on liver
mechanics. Therefore, we divided the livers into two groups
according to liver stiffness. Stiff livers were defined by
SWS >1.6m/s (n = 10), while soft livers were defined by a
SWS <1.6 m/s (n = 9), corresponding to the median of all SWS
values of the rabbits. Using this classification, we again compared

functions

metabolic functions and non-invasive imaging markers between these
two groups to see, whether liver stiffness can be used to differentiate
hepatic metabolic functionality.

Figure 6 shows that stiff livers had a significantly higher capacity
for gluconeogenesis (~52.81 + 9.48 vs. —42.55 + 6.17 umol/g/h, p =
.016), cholesterol synthesis (.25 + .04 vs. .23 + .01 pmol/g/h, p = .035),
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FIGURE 3

(A) Selected metabolic capacities. Each plot consists of 19 samples. (B) Hierarchical cluster analysis of the assessed 16 metabolic capacities. Values are
normalized so that for each function the mean is 0 and the standard deviation is 1. Red and blue colors indicate increased and decreased metabolic function
for each sample compared to the overall mean. acac, acetylacetone; tag, triacylglycerol; vldl, very low density lipoprotein, bhb; p-hydroxybutyrate

and tag content (35.32 + 2.45 vs. 37.26 + 1.25 mM, p = .043). Besides 3.2 Correlations of metabolic functions with
increased SWS, the parameter PR was also significantly higher in stiff MRE parameters

livers than in soft livers (1.06 + .08 vs. .93 + .1 m/s, p =.02) and a linear

correlation between SWS and PR was observed (r = .59, p = .008, So far, we have shown, that metabolic functionality can be used to
Figure 7A). define metabolic subclasses in healthy livers and that these subclasses
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st

can be detected by MRE based on liver viscosity. Vice versa we showed,  answer this question, we correlated individual metabolic liver

that differentiating between stiff and soft livers allows classification of ~ functions with liver SWS and PR. SWS was significantly correlated

metabolic functionality.

While subgroups enable the metabolic and ~ with gluconeogenesis (r = —

p = 028, Figure 7B), while PR was

biomechanical classification of livers, the question remains, whether  correlated with urea production (r = -.5, p = .029, Figure 7C) and

individual metabolic functions can possibly be assessed by MRE. To  glutamine exchange (r = —.47, p = .042, Figure 7D). Interestingly, SUV
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Correlation analyses of metabolic capabilities and MRE: (A) Correlation between SWS and PR; (B) SWS and gluconeogenesis; (C) PR and urea production;
(D) PR and glutamine exchange and (E) SUV and gluconeogenesis. p- and r-values according to the linear regression model with n = 19 given in each panel.

Red dotted lines indicate 95% confidence intervals of the linear model

was correlated with gluconeogenesis (r = —.72, p = .02, Figure 7E),
although not with glucose uptake.

4 Discussion

In this study, we demonstrated for the first time the feasibility
of MRE in small animals using a clinical hybrid PET/MRI
scanner. This PET/MRE system allowed us to generate maps
related to stiffness and viscosity, as well as '*F-FDG uptake
simultaneously; this allowed the first-ever investigation of the
correlation metabolism  and  viscoelasticity.
Furthermore, we harvested liver tissue after euthanasia for

between
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modeling liver metabolism of key metabolic markers for each
individual rabbit.

The first important finding of our study was a surprisingly large
heterogeneity in metabolic capacities among the healthy rabbit livers.
Although all the rabbits were genetically identical and received the
same nutrition, there were clear differences in fatty-acid metabolism,
ketone-body synthesis and urea metabolism. While this is the first time
we studied rabbit liver, variability in metabolic capacities were also
shown in healthy mouse liver as well as human pediatric patients with
moderate liver fibrosis (Berndt et al., 2021b; Berndt et al., 2022).

Direct evaluation of metabolic fluxes in vivo remains an expensive
experimental challenge. Estimation of in vivo fluxes by measuring time
series of labelled nutrients (Hasenour et al., 2015; Hui et al., 2020;
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Rahim et al., 2021) is restricted to the analysis of very few pathways
and gives the average flux rate during the time of measurement, but it
is not suited for monitoring metabolic fluxes over a longer period of
varying physical activity and plasma profiles of nutrients.
Furthermore, metabolic flux rates depend not only on the
availability of the substrate of interest but also on the overall
plasma nutrient and hormone composition making it hard to
assess all the information necessary to define the observed
metabolic state.

In our approach we assessed metabolic capacities rather than
actual fluxes. We evaluated 16 different metabolic capacities under a
wide range of physiological conditions ranging from fasted state (low
glucose, high fatty acids, low insulin, and high glucagon) to a fed state
(high glucose, low fatty acids, high insulin, low glucagon). The
remaining plasma nutrients (e.g, lactate, amino acids, ketone
bodies, ammonia) were kept fixed at mean diurnal values (see
Berndt et al., 2018a for more details).

In this study, we circumvented these problems by evaluation of
metabolic capacities based on protein abundances under pre-
described conditions rather than actual fluxes. This allowed us to
robustly assess the metabolic differences which are not prone to short-
term variations due to varying metabolic conditions because metabolic
enzymes are stable for hours (see Berndt and Holzhutter, 2018 and
references within). It is important to note that the metabolic capacities
assessed in this way do not themselves form a consistent metabolic
state, since conditions under which they are realized are not the same.
For example, maximal gluconeogenesis is reached under low glucose
conditions, while maximal glycolysis is reached under high glucose
conditions.

The differences in metabolic capacities allowed a rough
classification of the livers into two clusters. Cluster 2 was
characterized by reduced fatty-acid metabolism and increased
biosynthetic capacity, while cluster 1 displayed the opposite
metabolic  characteristics. While statistically not significant,
probably owing to the low sample number, a similar trend was
seen in '“F-FDG uptake as measured by PET (p = .11).
Importantly, the two metabolic clusters showed a clear distinction
in mechanical properties: cluster 1 was more viscous (lower PR) than
cluster 2, albeit again without statistical significance (p = .065).

Alternatively, classification of livers according to their
biomechanical properties
metabolic functions. Therefore, we classified livers according to
their mechanical properties. The clustering in two groups based on
the cutoff value of 1.6 m/s for the liver SWS agrees with SWS
values of a healthy human liver, ie., approximately 1.4 m/s for
30-60 Hz when considering the dispersion of SWS in the liver as
analyzed by Morr et al. (2022). This biomechanical classification
revealed that stiff livers differ significantly from soft livers in their
metabolic capacities. Specifically, stiff livers have a markedly
reduced tag content, while showing increased capacity for
gluconeogenesis and cholesterol synthesis. This observation
agrees with recent findings in adipose tissue, where a decrease

may provide an indication of

in stiffness was associated with excessive accumulation of lipids
(Abuhattum et al., 2022). In future studies, it would be interesting
to investigate whether increased glucogenesis activity associated
with increased liver stiffness is an early marker of pathologically
altered metabolism toward NAFLD.

We also studied which liver functions are directly associated
with mechanical parameters. Figure 7 shows that PR is
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significantly correlated with hepatic capacities of urea
production and glutamine exchange. It is noteworthy that these
metabolic capacities are not independent of one another, as
ammonia detoxification can take place either by urea
production or by glutamine synthesis.

One may speculate whether the observed correlations indicate a
causal relationship between liver biomechanics and metabolic
function. However, it is important to note that short-term
physiological changes such as prandial state or perfusion rate
induce acute changes in the liver’s mechanical properties within
seconds or minutes (Yin et al, 2011; Jajamovich et al, 2014;
Dittmann et al., 2017; Manduca et al., 2021; Obrzut et al.,
2021). In contrast, alterations in metabolic capacities due to
variable protein abundance represent long-term adaptations
taking place over hours or days (Berndt and Holzhutter, 2018).
To reduce the confounding influence of physiological fluctuations
on the mechanical properties of the liver, rabbits were fasted before
the measurements. Sedation of rabbits reduced heart rate and
breathing frequency while physiological
should have averaged out during the 8 min MRE examination
time. Overall, the coefficient of variation of liver stiffness was
6% which is lower than in other MRE studies in healthy rabbit
livers (14%-42%, [Zou et al., 2016; Zou et al., 2020; Zou et al.,
2022]), suggesting a minor effect of physiological fluctuations on
the measured mechanical properties.

Long-term architectural changes related to metabolism are
conceivable when one considers ultrastructural liver properties such
as extracellular collagen deposition or cellular fat accumulation. As

short-term effects

discussed earlier, these structural changes directly affect mechanical
properties but could also be associated with metabolic capacities
(Sasso et al,, 2016; Hudert et al, 2019). For example, excessive
storage of tag might indicate an increased capacity for fatty-acid
uptake and concomitant production of lipoproteins from these
fatty acids. Collagen deposition and liver fibrosis, on the other
hand, might alter substrate availability by alterations in hepatic
blood flow and perfusion pressure, and thereby alter the capacities
of glucose metabolism that respond directly to glucose availability
(Berndt et al, 2018b). Hence, a close interaction between liver
structure and metabolism would result in a correlation between
viscoelastic properties and clusters of metabolic markers, as indeed
observed in this study.

It should be emphasized that our results were obtained from
healthy rabbit livers. We anticipate larger effects in livers with diseases
such as NAFLD, and would expect such diseases to be readily
detectable by in vivo MRE. For example, PR was shown by MRE to
correlate negatively with the degree of hepatic steatosis in children
with NAFLD at the same time that liver stiffness increased (Hudert
etal, 2019). This is consistent with our analysis, in which stiffer livers
were associated with reduced fatty-acid metabolism and increased
biosynthetic capacity. Hence, the results of our study may explain
findings in the literature, and they put MRE forward as a potentially
sensitive tool for further studies on the relationship between liver
function and viscoelastic properties.

Although encouraging, our study has limitations. First, only a
small portion of the liver was used for proteomic analysis, whereas
the MRE investigation covered most of the liver. Regional
heterogeneity or different fractions of portal and central liver
regions could affect proteomics-based metabolic capacities
(Berndt et al., 2021b). Because healthy livers were used, we
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assume no regional heterogeneity. Secondly, MRE measurements
were performed under free breathing, which could have led to
respiratory artifacts. However, the rabbits in our study were
under deep sedation to minimize any respiration-induced
distortions. Furthermore, in earlier work we showed that MRE
performed under free breathing yields values similar to those
obtained by MRE under breath hold (Shahryari et al., 2021).
Thirdly, this pilot study included only 19 healthy rabbits. Future
studies with more animals and disease models such as NASH are
needed to further investigate the association of liver mechanical
parameters with metabolism. Furthermore, PET measurements
were performed only in a subset of rabbits for cost reasons.
Therefore, metabolic cluster group 1 consists of only four data
points, which does not allow statistical conclusions.

In summary, this study has revealed the relationship between
liver metabolism analyzed by proteomics-based modeling and
viscoelastic parameters measured with MRE in vivo. We
demonstrate for the first time the feasibility of MRE in small
animals using a clinical hybrid PET/MRI scanner. A surprisingly
large heterogeneity of metabolic capacities was found in healthy
rabbit livers, manifested by marked differences in carbohydrate
metabolism, ketone body synthesis and fatty-acid metabolism.
Biomechanical classification revealed that stiff livers are
distinctly different from soft livers in that they have a lower
capacity for triacylglycerol storage, while at the same time
showing an increased capacity for gluconeogenesis and
cholesterol synthesis. The sensitivity of MRE parameters to
key metabolic functions in the liver suggests that MRE holds
promise as a potentially useful noninvasive method for the
assessment of liver function capacity in the future.

Data availability statement

The mass spectrometry proteomics dataset presented in this
study can be found in an online repository. The name of the
repository and accession number can be found below: https://
PXD036659. The raw imaging
dataset presented in this study will be made available by the
authors upon reasonable request.

www.ebi.ac.uk/pride/archive/,

References

Abuhattum, S., Kotzbeck, P., Schliifiler, R., Harger, A., Ariza de Schellenberger, A., Kim,
K, et al. (2022). Adipose cells and tissues soften with lipid accumulation while in diabetes
adipose tissue stiffens. Sci. Rep. 12 (1), 10325. doi:10.1038/s41598-022-13324-9

Berndt, N., and Holzhutter, H G (2018) Dynamlc metabolic zonation of the hepatic
glucose bolism is acc | plasma gradients of nutrients and

hormones. Front. Physiol. 9, 1786. doi:10. 3389/fphys.2018.01786

Berndt, N, Kann, O,, and Holzhutter, H. G. (2015). Physiology-based kinetic modeling
of neuronal energy metabolism unravels the molecular basis of NAD(P)H fluorescence
transients. J. Cereb. Blood Flow. Metab. 35 (9), 1494-1506. doi:10.1038/jcbfm.2015.70

Berndt, N, Bulik, S., Wallach, I, Wiinsch, T., Konig, M., Stockmann, M., et al. (2018a).
HEPATOKINT is a biochemistry-based model of liver metabolism for applications in
medicine and pharmacology. Nat. Commun. 9 (1), 2386. doi:10.1038/s41467-018-04720-9

Berndt, N., Horger, M. S., Bulik, S., and Holzhiitter, H G. (2018b). A multiscale
modelling approach to assess the impact of boli and microperfusion on the
hepatic carbohydrate metabolism. PLoS Comput. Biol. 14 (2), e1006005. doi:10.1371/
journal.pcbi.1006005

Berndt, N., Eckstein, J., Heucke, N., Gajowski, R., Stockmann, M., Meierhofer, D., et al.
(2019). Characterization of lipid and lipid droplet metabolism in human HCC. Cells 8 (5),
512. doi:10.3390/cells8050512

Frontiers in Bioengineering and Biotechnology

10.3389/fbice.2022.1042711

Ethics statement

The animal study was reviewed and approved by Landesamt fiir
Gesundheit und Soziales Berlin (Reg. No. 0178/17).

Author contributions

Conceptualization: MS, SK, MM, IS and NB; methodology: MS,
SK, DM, IW, JB, NB and IS; software: MS, IW and NB; validation: MS,
IW and NB; formal analysis: MS, IW and NB; investigation: MS, SK,
DM, IW, NB and IS; resources: MS, SK, DM, IW, JB, MM, IS and NB;
data curation: MS, IW, DM and NB; writing—original draft: MS, IS
and NB; writing—review and editing: MS, SK, DM, IW, YS, ]G, SRMG,
JB, MM, IS and NB; visualization: MS, NB; supervision: MM, IS and
NB; funding acquisition: JB, MM and IS.

Acknowledgments

We acknowledge financial support from the Open Access
Publication Fund of Charité—Universititsmedizin Berlin and the
German Research Foundation (DFG, SFB1340 Matrix in Vision,
GRK2260 BIOQIC).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Berndt, N, Egners, A., Mastrobuoni, G., Vvedenskaya, O., Fragoulis, A., Dugourd, A.,
et al. (2020). Kinetic modelling of quantitative proteome data predicts metabolic
reprogramming of liver cancer. Br. J. Cancer 122 (2), 233-244. doi:10.1038/541416-
019-0659-3

Berndt, N, Kolbe, E., Gajowskl R Eckstein, J., Ott, F., Meierhofer, D., et al. (2021a).
Functional ¢ es of ion in murine livers: Insights for an old story.
Hepatology 73 (2) 795-810. doi:10.1002/hep.31274

Berndt, N., Eckstein, J., Heucke, N., Wuensch, T., Gajowski, R., Stockmann, M., et al. (2021b).
Metabolic heterogeneity of human hepatocellular carcinoma: implications for personalized
pharmacological treatment. FEBS J. 288 (7), 2332-2346. doi:10.1111/febs.15587

Berndt, N., Hudert, C. A, Eckstein, J., Loddenkemper, C., Henning, S., Bufler, P, et al.
(2022). Alterations of central liver metabolism of pediatric patients with non-alcoholic
fatty liver disease. Int. J. Mol. Sci. 23 (19), 11072. doi:10.3390/ijms231911072

Boyd, A, Cain, O, Chauhan, A, and Webb, G J. (2020). Medical liver biopsy:
Background, indications, procedure and hi logy. Frontline G L 11
(1), 40-47. doi:10.1136/flgastro-2018-101139

Bulik, S., Holzhiitter, H-G., and Berndt, N. (2016). The relative importance of kinetic
mechanisms and variable enzyme abundances for the regulation of hepatic glucose
metabolism - insights from mathematical modeling. BMC Biol. 14 (1), 15. doi:10.
1186/512915-016-0237-6

frontiersin.org



117

Shahryari et al.

Bussler, S., Penke, M., Flemming, G Elhassan, Y. S, Kratzsch, ], Sergeyev, E,, et al.
(2017). Novel insights in the b in childhood and adolescence. Horm.
Res. Paediatr. 88 (3-4), 181-193. doi:10. 1159/000479510

Caldwell, S., and Argo, C. (2010). The natural history of non-alcoholic fatty liver disease.
Dig. Dis. 28 (1), 162-168. doi:10.1159/000282081

Castera, L., Friedrich-Rust, M., and Loomba, R. (2019). Noninvasive assessment of liver
disease in patients with nonalcoholic fatty liver disease. Gastroenterology 156 (5),
1264-1281.e4. doi:10.1053/j.gastro.2018.12.036

Chalasani, N., Younossi, Z, Lavine, ]. E, Charlton, M,, Cusi, K., Rinella, M., et al. (2018). The
diagnosis and management of nonalcoholic fatty liver disease: Practice guidance from the American
Association for the Study of Liver Diseases. Hepatology 67 (1), 328-357. doi:10.1002/hep.29367

De Gasperi, A., Mazza, E., and Prosperi, M. (2016). Indocyanine green kinetics to assess
liver function: Ready for a clinical dynamic assessment in major liver surgery? World
J. Hepatol. 8, 355. doi:10.4254/wjh.v8.i7.355

Dmmann, F., Tzschitzsch, H., Hirsch, S., Barnhill, E., Braun, J., Sack, L., et al. (2017).
T graphy of the abd Tissue mechanical properties of the liver, spleen,
kidney, and pancreas from single MR el phy scans at diff
Magnetic Reson. Med. 78 (3), 976-983. doi: 10 1002/mrm.26484

Garczynska, K., Tzschitzsch, H., Kiihl, A. A, Morr, A. S., Lilaj, L., Hackel, A., et al. (2020).
Changes in liver mechanical properties and water diffusivity during normal pregnancy are
driven by cellular hypenrophy. Front. Physiol. 11, 605205. doi:10.3389/fphys.2020.605205

Gielisch, I, ang ierhofer, D. (2015). Metabolome and p profiling of complex
deficiency mduced by rotenone. J. Proteome Res. 14 (1), 224 235. doi:10.1021/pr500894v

Gorowska-Kowolik, K., Chobot, A., and Kwiecien, J. (2017). "*C methacetin breath test
for assessment of microsomal liver function: Methodology and clinical application.
Gastroenterol. Res. Pract. 2017, 1-5. doi:10.1155/2017/7397840<

Hasenour, C. M., Wall, M. L,, Ridley, D. E., Hughey, C. C., James, F. D., Wasserman, D.
H., et al. (2015). Mass spectrometry-based microassay of 2H and 13C plasma glucose
labeling to quantify liver metabolic fluxes in vivo. Am. J. Physiol.-Endocrinol. Metab. 309
(2), E191-E203. doi:10.1152/ajpendo0.00003.2015

Herthum, H., Hetzer, S., Scheel, M., Shahryari, M., Braun, J., Paul, F., et al. (2022). In vivo
stiffness of multiple sclerosis lesions is similar to that of normal-appearing white matter.
Acta Biomater. 138, 410-421. doi:10.1016/j.actbio.2021.10.038

Heucke.N Wauensch, T., Mohr.l Kaffarnik, M., Arsenic, R., Sinn, B, et al. (2019).
Ni sive  structure—fi of the liver by 2D time-harmonic
and the d ic Liver MAximum capacity (LiMAx) test.

] Gastroenlerol Hepatol. 34 (9), 1611-1619. doi:10.1111/jgh.14629

Hudert, C. A., Tzschitzsch, H Rudolph, B., Bliker, H., Loddenkemper, C., Miiller, H-P.,
et al. (2019). T I; for the eval of pediatric nonalcoholic fatty liver
disease. Investig. Radiol. 54 (4), 198-203. doi:10.1097/111.0000000000000529

Hudert, C. A, Tzschitzsch, H,, Rudolph, B., Loddenkemper, C., Holzhiitter, H-G., Kalveram,
L, et al. (2021). How histopathologic changes in pediatric nonalcoholic fatty liver disease
influence in vivo liver stiffness. Acta Biomater. 123, 178-186. doi:10.1016/j.actbio.2021.01.019

Hui, S., Cowan, A. J., Zeng, X, Yang, L, TeSlaa, T., Li, X, et al. (2020). Quantitative fluxomics
of circulating metabolites. Cell Metab. 32 (4), 676-688.e4. doi:10.1016/j.cmet.2020.07.013

Huwan. Ly Sempoux. C., Vicaut, E,, Salameh, N., Annet, L., Danse, E., et al. (2008).
M hy for the staging of liver fibrosis.
Gas!roenteralogy l3§ (1), 32— 40 doi:10.1053/j.gastro.2008.03.076

Ipek-Ugay, S, Tzschitzsch, H., Hudert, C., Marticorena Garcia, S. R, Fischer, T, Braun, J.,
et al. (2016). Time harmonic elastography reveals sensitivity of liver stiffness to water
ingestion. Ultrasound Med. Biol. 42 (6), 1289-1294. doi:10.1016/j.ultrasmedbi0.2015.12.026

Jajamovich, G. H., Dyvome.H Donnerhack, C.,and Taouli, B. (2014). Quantitative liver MRI
combining phase contrast im: ! hy, and DWI: A of reproducibility and
postprandial effect at 3.0 T. PLOS ONE 9 (5), €97355. doi:10.1371/journal.pone.0097355

Kespohl, M., Bredow, C., Klingel, K., Voss, M., Paeschke, A., Zickler, M., et al. (2020).
Protein modification with ISG15 blocks coxsackievirus pathology by antiviral and
metabolic reprogramming. Sci. Adv. 6 (11), eaay1109. doi:10.1126/sciadv.aay1109

Lalazar, G., Pappo, O., Hershcovici, T., Hadjaj, T., Shubi, M., Ohana, H,, et al. (2008). A
continuous 13C methacetin breath test for noninvasive assessment of intrahepatic
inflammation and fibrosis in patients with chronic HCV infection and normal ALT.
J. Viral Hepat. 15 (10), 716-728. doi:10.1111/j.1365-2893.2008.01007 x

Lin, H., Wang, Y., Zhou, ], Yang, Y., Xu, X,, Ma, D,, et al. (2022). Tomoelastography
bascd on mulufrcquency MR cl.lslography predicts liver function reserve in patients with
prosp study. Insights into Imaging 13 (1), 95. doi:10.

hyd states.

1186/5[3244 022-01232- 5

Lonardo, A., Ballestri, S., Marchesini, G., Angulo, P., and Loria, P. (2015). Nonalcoholic
fatty liver disease: a precursor of the metabolic syndrome. Dig. Liver Dis. 47 (3), 181-190.
doi:10.1016/j.d1d.2014.09.020

Manduca, A, Bayly, P. J., Ehman, R. L., Kolipaka, A., Royslon,T ] Sack, I, etal. (2021).
MR elastography: Principles, guideli and ter Reson. Med. 85 (5),
2377-2390. doi:10.1002/mrm. 28627

Mathew, P., and Thoppil, D.Hypoglycemia (2022). StatPearls. Treasure Island (FL):
StatPearls Publishing LLC. StatPearls Publishing Copyright @ 2022.

Meyer, T., Tzschitzsch, H., Wellge, B, Sack, L, Kroncke.T and Mard A. (20223) Valsalva

maneuver decreases liver and spleen stiffness d by i
elastography. Front. Bioeng. Biotechnol. 10, 886363. doi:10.3389/fbioe.2022.886363

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2022.1042711

Meyer, T., Marticorena Garcia, S., Tzschitzsch, H., Herthum, H., Shahryari, M., Stencel,
L., et al. (2022b). Comparison of inversion methods in MR elastography: An open-access
pipeline for processing multifrequency shear-wave data and demonstration in a phantom,
human kidneys, and brain. Magn Reson. Med. 88, 1840-1850. doi:10.1002/mrm.29320

Mo, A. S, Herthum, H,, Schrank, F,, Gomer, S., Anders, M. S, Lerchbaumer, M, et al. (2022).
Liquid-liver phantom: Mimicking the viscoelastic dispersion of human liver for ultrasound- and
MRI-based elastography. Investig. Radiol. 57 (8), 502-509. doi10.1097/rl0000000000000862

Obrzut, M., Atamaniuk, V., Chen, J., Obrzut, B., hhman R.L, Cholewa,M etal. (2021).
Postprandial hepatic stiffness changes on graphy in healthy
volunteers. Sci. Rep. 11 (1), 19786. doi:10.1038/541598-021-99243-7

Perez-Riverol, Y., Bai, ]., Bandla, C., Garcia-Seisdedos, D., H thi S., Kamatchinatk
S, et al. (2022). The PRIDE database resources in 2022: a hub for mass s metry-based
proteomics evidences. Nucleic Acids Res. 50 (D1), D543-D552. doi:10.1093/nar/gkab1038

Petzold, G., Porsche, M., Ellenrieder, V., Kunsch, S., and Neesse, A. (2019). Impact of
food intake on liver stiffness determined by 2-D shear wave elastography: Prospective
interventional study in 100 healthy patients. Ultrasound Med. Biol. 45 (2), 402-410. doi:10.
1016/j.ultrasmedbio.2018.09.021

Qu,Y Middleton, M. S., Loomba, R., Glaser, K. J., Chen, ., Hooker, J. C,, et al. (2021).

gnetic resonance elastography biomarkers for detection of histologic alterations in
nonalcoholic fatty liver disease in the absence of fibrosis. Eur. Radiol. 31 (11), 8408-8419.
doi:10.1007/s00330-021-07988-6

Rahim, M,, Hasenour, C. M., Bednarski, T. K., Hughey, C. C,Wmnwn,D H, andYoung.I D
(2021). Multitissue 2H/13C flux analysis reveals reciprocal gul of renal gl
hepatic PEPCK-C-knockout mice. JCI Insight 6 (12), cl4927& daLlOll72fycunsly1Ll49278

Ratziu, V., Charlotte, F., Heurtier, A., Gombert, S., Giral, P., Bruckert, E., et al. (2005).
Sampling variability of liver biopsy in nonalcoholic fatty liver disease. Gastroenterology 128
(7), 1898-1906. doi:10.1053/j.gastro.2005.03.084

Reiter, R., Tzschitzsch, H., Schwahofer, F., Haas, M., Bayerl, C., Muche, M., etal. (2020).
Diagnostic performance of tomoelastography of the liver and spleen for staging hepatic
fibrosis. Eur. Radiol. 30 (3), 1719-1729. doi:10.1007/500330-019-06471-7

Sasso, M., Audiére, S., Kemgang, A., Gaouar, F., Corpechot, C., Chazouilléres, O., et al.
(2016). Liver steatosis assessed by controlled attenuation parameter (CAP) measured with
the XL probe of the FibroScan: A pilot study assessing diagnostic accuracy. Ultrasound
Med. Biol. 42 (1), 92-103. doi:10.1016/j.ultrasmedbio.2015.08.008

Selvaraj, E. A, Mozes, F. E, Jayaswal, A. N. A, Zafarmand, M. H,, Vali, Y., Lee, J. A,, et al. (2021).

Dlagnosbc accuracy of elastogrdphy and magnetic resonance imaging in patients with NAFLD: A
¥ review and met . J. Hepatol. 75 (4), 770-785. doi10.1016/jjhep.2021.04.044

Seyama, Y., and Kokudo, N. (2009). Assessment of liver function for safe hepatic
resection. Hepatol. Res. 39 (2), 107-116. doi:10.1111/j.1872-034x.2008.00441.x

Shahryari, M., Tzschitzsch, H., Guo,] Mamcorena Garcna.S R., Boning, G., Fehrenbach,
U, et al (2019). T I ively between benign and
malignant liver lesions. Cancer Re& 79 (22), 5704-5710. doi:10.1158/0008-5472.can-19-2150

Shahryari, M., Meyer, T., Warmuth, C, Herthum, H,, Bertalan, G., Turhalzsch H, et aL
(2021). Reduction of breathing artifacts in multi y magnetic r
of the abdomen. Magn. Reson Med. 85 (4), 1962- 1973 doi:10.1002/mrm.28558

Singh, S., Venkatesh, S.K., Wang,Z Mlller.F H Motosugi, U., Low, R. N, etal. (2015).
Diagnostic performance of mag graphy in staging liver fibrosis: A
systematic review and meta-analysis of mdmdual participant data. Clin. Gastroenterol.
Hepatol. 13 (3), 440-451.¢6. doi:10.1016/j.cgh.2014.09.046

Sivell, C. (2019). Nonalcoholic fatty liver disease: A silent epidemic. Gastroenterol. Nurs.
42 (5), 428-434. doi:10.1097/5ga.0000000000000443

Taschitzsch, H., Guo, J., l F., Hirsch, S., Barnhill, E., Jéhrens, K., et al. (2016).
T lastography by mul y wave number recovery from time-harmonic

propagating shear waves. Med. Image Anal. 30, 1-10. doi:10.1016/j.media.2016.01.001
Vos, J. ], Wietasch, J. K. G., Absalom, A. R, Hendriks, H. G. D., and Scheeren, T. W. L.

(2014). Green light for liver function monitoring using indocyanine green? An overview of
current clinical applications. Anaesthesia 69 (12), 1364-1376. doi:10.1111/anae.12755

Wallstab, C,, Eleftheriadou, D., Schulz, T., Damm, G., Sechofer, D., Borlak, J., et al. (2017). A
unifying mathematical model of lipid droplet metabolism reveals key molecular players in the
development of hepatic steatosis. FEBS J. 284, 3245-3261. doi:10.1111/febs.14189

Wong, R. J., and Singal, A. K. (2020). Trends in liver disease etiology among adults
awaiting liver transplantation in the United States, 2014-2019. JAMA Netw. Open 3 (2),
€1920294-¢. doi:10.1001/jamanetworkopen.2019.20294

Yin, M., Talwalkar, J. A., Glaser, K. ]., Venkatesh, S. K., Chen, J., Manduca, A., et al. (2011).
Dynamic postprandial hepatic stiffness augmentation assessed with MR elastography in
patients with chronic liver disease. Am. J. Roentgenol. 197 (1), 64-70. doi:10.2214/ajr.10.5989

Zou, L., Jiang, J., Zhong, W., Wang, C., Xing, W., and Zhang, Z. (2016). Magnetic
resonance elastography in a rabbit model of liver fibrosis: a 3-T longitudinal validation for
clinical translation. Am. J. Transl. Res. 8 (11), 4922-4931.

Zou, L-Q, Zhao, F., Zhang, H., Zhang, K, and Xmg, w. (2020) Stagmg ||ver fibrosis on
multiparametric MRI in a rabbit model with el d imaging and
T1p imaging a preliminary study. Acta Radiol. 62 (2), 155-163. dm 10.1 l77/0284)851209171 17

Zou, L., Jiang, ., Zhang, H., Zhong, W., Xiao, M., Xin, ., et al. (2022). Comparing and
combining MRE, T1p, SWI, IVIM, and DCE-MRI for the staging of liver fibrosis in rabbits:
Assessment of a predictive model based on multiparametric MRI. Magn. Reson. Med. 87
(5), 2424-2435. doi:10.1002/mrm.29126

frontiersin.org



118




119

Curriculum vitae

My curriculum vitae does not appear in the electronic version of my thesis for reasons of

data protection.



120

My curriculum vitae does not appear in the electronic version of my thesis for reasons of

data protection.



121

Publication list

Shahryari, M., Tzschatzsch, H., Guo, J., Marticorena Garcia, S. R., Boning, G.,
Fehrenbach, U., Stencel, L., Asbach, P., Hamm, B., Kas, J. A., Braun, J., Denecke, T., &
Sack, I. (2019). Tomoelastography Distinguishes Noninvasively between Benign and
Malignant Liver Lesions. Cancer Res, 79(22), 5704-5710. https://doi.org/10.1158/0008-
5472.CAN-19-2150

Journal impact factor: 9.727 (JCR 2019)

Marticorena Garcia, S. R., Zhu, L., Gultekin, E., Schmuck, R., Burkhardt, C., Bahra, M.,
Geisel, D., Shahryari, M., Braun, J., Hamm, B., Jin, Z. Y., Sack, I., & Guo, J. (2020).
Tomoelastography for Measurement of Tumor Volume Related to Tissue Stiffness in
Pancreatic  Ductal = Adenocarcinomas. Invest Radiol, 55(12), 769-774.
https://doi.org/10.1097/RLI.0000000000000704

Journal impact factor: 6.016 (JCR 2020)

Reiter, R., Shahryari, M., Tzschatzsch, H., Klatt, D., Siegmund, B., Hamm, B., Braun, J.,
Sack, I., & Asbach, P. (2021). Spatial heterogeneity of hepatic fibrosis in primary
sclerosing cholangitis vs. viral hepatitis assessed by MR elastography. Sci Rep, 11(1),
9820. https://doi.org/10.1038/s41598-021-89372-4

Journal impact factor: 4.997 (JCR 2021)

Herthum, H., Shahryari, M., Tzschatzsch, H., Schrank, F., Warmuth, C., Gorner, S.,
Hetzer, S., Neubauer, H., Pfeuffer, J., Braun, J., & Sack, I. (2021). Real-Time
Multifrequency MR Elastography of the Human Brain Reveals Rapid Changes in
Viscoelasticity in Response to the Valsalva Maneuver. Front Bioeng Biotechnol, 9,
666456. https://doi.org/10.3389/fbioe.2021.666456

Journal impact factor: 6.064 (JCR 2021)


https://doi.org/10.1158/0008-5472.CAN-19-2150
https://doi.org/10.1158/0008-5472.CAN-19-2150
https://doi.org/10.1097/RLI.0000000000000704
https://doi.org/10.1038/s41598-021-89372-4
https://doi.org/10.3389/fbioe.2021.666456

122

Lilaj, L., Herthum, H., Meyer, T., Shahryari, M., Bertalan, G., Caiazzo, A., Braun, J.,
Fischer, T., Hirsch, S., & Sack, I. (2021). Inversion-recovery MR elastography of the
human brain for improved stiffness quantification near fluid-solid boundaries. Magn
Reson Med, 86(5), 2552-2561. https://doi.org/10.1002/mrm.28898

Journal impact factor: 3.737 (JCR 2021)

Shahryari, M., Meyer, T., Warmuth, C., Herthum, H., Bertalan, G., Tzschatzsch, H.,
Stencel, L., Lukas, S., Lilaj, L., Braun, J., & Sack, I. (2021). Reduction of breathing
artifacts in multifrequency magnetic resonance elastography of the abdomen. Magn
Reson Med, 85(4), 1962-1973. https://doi.org/10.1002/mrm.28558

Journal impact factor: 3.737 (JCR 2021)

Kreft, B., Bergs, J., Shahryari, M., Danyel, L. A., Hetzer, S., Braun, J., Sack, |., &
Tzschéatzsch, H. (2021). Cerebral Ultrasound Time-Harmonic Elastography Reveals
Softening of the Human Brain Due to Dehydration. Frontiers in Physiology, 11.
https://www.frontiersin.org/articles/10.3389/fphys.2020.616984

Journal impact factor: 4.755 (2021)

Sauer, F., Fritsch, A., Grosser, S., Pawlizak, S., Kiessling, T., Reiss-Zimmermann, M.,
Shahryari, M., Muller, W. C., Hoffmann, K. T., Kas, J. A., & Sack, I. (2021). Whole tissue
and single cell mechanics are correlated in human brain tumors. Soft Matter, 17(47),
10744-10752. https://doi.org/10.1039/d1sm01291f

Journal impact factor: 4.046 (JCR 2021)

Herthum, H., Dempsey, S. C. H., Samani, A., Schrank, F., Shahryari, M., Warmuth, C.,
Tzschatzsch, H., Braun, J., & Sack, I. (2021). Superviscous properties of the in vivo brain
at large scales. Acta Biomater, 121, 393-404.
https://doi.org/10.1016/j.actbio.2020.12.027

Journal impact factor: 10.633 (JCR 2021)


https://doi.org/10.1002/mrm.28898
https://doi.org/10.1002/mrm.28558
https://www.frontiersin.org/articles/10.3389/fphys.2020.616984
https://doi.org/10.1039/d1sm01291f
https://doi.org/10.1016/j.actbio.2020.12.027

123

Reiter, R., Shahryari, M., Tzschatzsch, H., Haas, M., Bayerl, C., Siegmund, B., Hamm,
B., Asbach, P., Braun, J., & Sack, I. (2021). Influence of fibrosis progression on the
viscous properties of in vivo liver tissue elucidated by shear wave dispersion in
multifrequency MR elastography. J Mech Behav Biomed Mater, 121, 104645.
https://doi.org/10.1016/].jmbbm.2021.104645

Journal impact factor: 4.042 (JCR 2021)

Herthum, H., Hetzer, S., Scheel, M., Shahryari, M., Braun, J., Paul, F., & Sack, I. (2022).
In vivo stiffness of multiple sclerosis lesions is similar to that of normal-appearing white
matter. Acta Biomater, 138, 410-421. https://doi.org/10.1016/j.actbio.2021.10.038

Journal impact factor: 10.633 (JCR 2021)

Herthum, H., Hetzer, S., Kreft, B., Tzschatzsch, H., Shahryari, M., Meyer, T., Gorner, S.,
Neubauer, H., Guo, J., Braun, J., & Sack, I. (2022). Cerebral tomoelastography based on
multifrequency MR elastography in two and three dimensions. Front Bioeng Biotechnol,
10, 1056131. https://doi.org/10.3389/fbioe.2022.1056131

Journal impact factor: 6.064 (JCR 2021)

Kreft, B., Tzschatzsch, H., Shahryari, M., Haffner, P., Braun, J., Sack, I., & Streitberger,
K. J. (2022). Noninvasive Detection of Intracranial Hypertension by Novel Ultrasound
Time-Harmonic Elastography. Invest Radiol, 57(2), 77-84.
https://doi.org/10.1097/RL1.0000000000000817

Journal impact factor: 10.065 (JCR 2021)

Meyer, T., Marticorena Garcia, S., Tzschatzsch, H., Herthum, H., Shahryari, M., Stencel,
L., Braun, J., Kalra, P., Kolipaka, A., & Sack, I. (2022). Comparison of inversion methods
in MR elastography: An open-access pipeline for processing multifrequency shear-wave
data and demonstration in a phantom, human kidneys, and brain. Magn Reson Med,
88(4), 1840-1850. https://doi.org/10.1002/mrm.29320#



https://doi.org/10.1016/j.jmbbm.2021.104645
https://doi.org/10.1016/j.actbio.2021.10.038
https://doi.org/10.3389/fbioe.2022.1056131
https://doi.org/10.1097/RLI.0000000000000817
https://doi.org/10.1002/mrm.29320

124

Journal impact factor: 3.737 (JCR 2021)

Shahryari, M., Keller, S., Meierhofer, D., Wallach, 1., Safraou, Y., Guo, J., Garcia, S. M.,
Braun, J., Makowski, M. R., Sack, I., & Berndt, N. (2023). On the relationship between
metabolic capacities and in vivo viscoelastic properties of the liver. Frontiers in
Bioengineering and Biotechnology, 10. https://doi.org/10.3389/fbioe.2022.1042711

Journal impact factor: 6.064 (JCR 2021)

Bertalan, G., Becker, J., Tzschatzsch, H., Morr, A., Herthum, H., Shahryari, M.,
Greenhalgh, R. D., Guo, J., Schroder, L., Alzheimer, C., Budday, S., Franze, K., Braun,
J., & Sack, I. (2023). Mechanical behavior of the hippocampus and corpus callosum: An
attempt to reconcile ex vivo with in vivo and micro with macro properties. J Mech Behav
Biomed Mater, 138, 105613. https://doi.org/10.1016/].jmbbm.2022.105613

Journal impact factor: 4.042 (JCR 2021)


https://doi.org/10.3389/fbioe.2022.1042711
https://doi.org/10.1016/j.jmbbm.2022.105613

125

Acknowledgment

First of all, | would like to thank my doctoral advisors Prof. Dr. Ingolf Sack and PD Dr.
Jirgen Braun for the time | spent in the Elastography research group. The extensive
discussions, joint experiments, and critical feedback motivated me as a young student to
pursue scientific work and provided me with deep insights into magnetic resonance
imaging. | am sincerely grateful for the privilege of pursuing my PhD as part of the BioQic
graduate program and the CRC "Matrix in Vision,” as well as for the exceptional

supervision | received throughout this period.

| am sincerely grateful to Dr. Carsten Warmuth, Dr. Helge Herthum, Dr. Jing Guo, Dr.
Heiko Tzschatzsch, and Tom Meyer for their invaluable collaboration and expert guidance
in the fields of magnetic resonance imaging, biophysics and medical informatics. Their
expertise has enabled me to gain valuable knowledge that | have effectively applied in

my professional endeavors.

Furthermore, | would like to convey my appreciation to the dedicated colleagues of the
Elastography research group and our external partners for their exceptional teamwork,

which has significantly contributed to our collective achievements.

| am also deeply grateful for the unwavering support and motivation provided by my

friends and family throughout this journey.

Lastly, I would like to express my sincere thanks to Lisa for her unwavering technical and

emotional support.

I am genuinely thankful for the remarkable years we have shared together, filled with

growth, collaboration, and memorable experiences.



