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Figure 5: 2D finite-difference wave simulation and reconstruction results. A Top row
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Abstract

Magnetic resonance elastography (MRE) is an emerging technique for the
guantitative imaging of the biophysical properties of soft tissues in humans. Following its
successful clinical application in detecting and characterizing liver fibrosis, the scientific
community is investigating the use of viscoelasticity as a biomarker for neurological
diseases. Clinical implementation requires a thorough understanding of brain tissue
mechanics in conjunction with innovative techniques in new research areas. Therefore,
three in vivo studies were conducted to analyze the inherent stiffness dispersion of brain
tissue over a wide frequency range, to investigate real-time MRE in monitoring the
viscoelastic response of brain tissue during the Valsalva maneuver (VM), and to study
mechanical alterations of small lesions in multiple sclerosis (MS).

Ultra-low frequency MRE with profile-based wave analysis was developed in 14
healthy subjects to determine large-scale brain stiffness, from pulsation-induced shear
waves (1 Hz) to ultra-low frequencies (57 10 Hz) to the conventional range (201 40 Hz).
Furthermore, multifrequency real-time MRE with a frame rate of 5.4 Hz was introduced to
analyze stiffness and fluidity changes in response to respiratory challenges and cerebral
autoregulation in 17 healthy subjects. 2D and 3D wavenumber-based stiffness
reconstruction of the brain was established for conventional MRE in 12 MS patients. MS
lesions were analyzed in terms of mechanical contrast with surrounding tissue in relation
to white matter (WM) heterogeneity.

We found superviscous properties of brain tissue at large scales with a strong
stiffness dispersion and a relatively high model-based viscosityofd= 6. 6 N The

3

brainés viscoelasticity wa s duang fvdc whehd wag y

associated with an increase in brain stiffness of 6.7% *+ 4.1% (p<.001), whereas fluidity
decreased by -2.1 + 1.4% (p<.001). In the diseased brain, the analysis of 147 MS lesions
revealed 46% of lesions to be softer and 54% of lesions to be stiffer than surrounding
tissue. However, due to the heterogeneity of WM stiffness, the results provide no
significant evidence for a systematic pattern of mechanical variations in MS.
Nevertheless, the results may explain, for the first time, the gap between static ex vivo
and dynamic in vivo methods. Fluidity-induced dispersion provides rich information on the
structure of tissue compartments. Moreover, viscoelasticity is affected by perfusion during
cerebral autoregulation and thus may be sensitive to intracranial pressure modulation.
The overall heterogeneity of stiffness obscures changes in MS lesions, and MS may not
exhibit sclerosis as a mechanical signature.

In summary, this thesis contributes to the field of human brain MRE by presenting
new methods developed in studies conducted in new research areas using state-of-the-
art technology. The results advance clinical applications and open exciting possibilities
for future in vivo studies of human brain tissue.

P a
pe



Zusammenfassung 2

Zusammenfassung

Die Magnetresonanz-Elastographie (MRE) ist ein Verfahren zur quantitativen
Darstellung der viskoelastischen Eigenschaften von Weichgewebe. Nach der
erfolgreichen klinischen Anwendung in der Leberdiagnostik wird versucht, Viskoelastizitat
als Biomarker fur neurologische Krankheiten zu nutzen. Hierzu bedarf es einer genauen
Analyse der Gewebemechanik und innovativen Anwendungsgebieten. Daher, wurden
drei Studien durchgefiihrt, um die Steifigkeitsdispersion von Hirngewebe zu analysieren,
das viskoelastische Verhalten wahrend des Valsalva Manoévers (VM) abzubilden, und die
mechanischen Veranderungen in Lasionen bei Multipler Sklerose (MS) zu untersuchen.

Niedrigfrequenz-MRE mit profilbasierter Wellenanalyse wurde in 14 Probanden
entwickelt, um die Steifigkeit des Gesamthirns von pulsationsinduzierten Scherwellen
(1 Hz) Uber ultraniedrige Frequenzen (51 10 Hz) bis hin zum konventionellen Bereich
(207 40 Hz) zu bestimmen. Aul3erdem wurde die multifrequente Echtzeit-MRE mit einer
Bildfrequenz von 6.4 Hz eingefuhrt, um die viskoelastische Antwort des Gehirns auf
respiratorische Herausforderungen bei 17 gesunden Probanden zu untersuchen. Neue
2D- und 3D-Wellenzahl-basierte Steifigkeitsrekonstruktionen fur das Gehirn wurden in 12
MS Patienten und konventioneller MRE entwickelt. Die Steifigkeitsdnderungen in MS-
Lasionen wurden mit umliegender weil3er Substanz und dessen Heterogenitat verglichen.

Wir fanden superviskose Eigenschaften des Hirngewebes mit einer starken
Dispersion und relativ hohen, modellbasierten Viskositat von d = 6,6 + 0, 3 .MieAs
mechanischen Gewebeeigenschaften wurden durch Perfusionsdnderungen wahrend VM
beeinflusst und die Hirnsteifigkeit erhohte sich um 6,7 + 4,1% (p<.001) wobei sich die
Fluiditat um -2,1 + 1,4% (p<.001) verringerte. Die Analyse von 147 MS-Lasionen ergab,
dass 54% bzw. 46% der Lasionen steifer bzw. weicher sind als das umgebende Gewebe.
Aufgrund der Heterogenitdt der WM-Steifigkeit konnte jedoch kein Hinweis auf ein
systematisches Muster mechanischer Veréanderungen in MS-Lasionen gefunden werden.

Die Ergebnisse kdnnen zum ersten Mal die Licke zwischen statischen ex vivo und
dynamischen in vivo Methoden erklaren. Die fluiditdtsinduzierte Dispersion liefert
interessante Informationen dber die zugrundeliegende Gewebestruktur. Dariiber hinaus
wird die Viskoelastizitdt durch die Perfusion wahrend der zerebralen Autoregulation
beeinflusst und kann daher empfindlich auf intrakranielle Druckschwankungen reagieren.
Die allgemeine Heterogenitat der Steifigkeit Uberschattet die Veranderungen in MS-
Lasionen, und somit ist Sklerose moglicherweise kein prominentes Merkmal von MS.
Zusammenfassend l&sst sich festhalten, dass diese Dissertation einen Beitrag zum
Gebiet der MRE leistet, indem neue Methoden und Anwendungen in neuen
Forschungsgebieten mit modernster Technologie dargestellt werden. Hierdurch wird die
klinische Translation geférdert und spannende Mdglichkeiten fir zukinftige Studien
eroffnet.
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1 Introduction

1.1 Why soft tissue mechanics matters

The in vivo mechanical properties of biological soft tissues are defined by their
basic structure. Physical quantification has long been of interest to the scientific
community. The complex architecture of soft tissues determines the environment in
which cells live, and as such influences their proliferation and homeostasis as studied in
the field of mechanobiology.?® The theory of biomechanics describes, among other
things, how living tissue reacts and deforms when exposed to forces. In general,
biological tissues are characterized by viscoelastic behavior, meaning that they have
properties of an elastic solid and a viscous fluid.*# Both normal tissue function and
disease progression are affected by biophysical parameters, and pathological processes
often alter the mechanical properties of a soft tissue.*

Manual palpation is a well-known diagnostic procedure that uses tissue elasticity
(resistance to deformation) to diagnose many superficially located diseases, thus
illustrating the long clinical history of exploiting mechanical parameters for diagnostic
purposes.® Prominent applications, to name just a few, include examination of the breast
or prostate to detect cancer.® However, accurate diagnosis is only possible with many
years of experience, as the mechanical clues need to be identified in relation to healthy
reference tissue, making the assessment subjective and qualitative in nature. Further
limitations arise when the region of interest is not easily palpable, such as the brain or
liver tissue. In the liver, tissue mechanics is important for the diagnosis and staging of
fibrosis.® Progressive scarring of liver tissue in response to inflammatory injury leads to
tissue stiffening® and correlates with disease severity. Therefore, an early diagnose may
have a positive impact on the outcome of treatment with anti-inflammatory medication.”

These examples illustrate that the viscoelastic properties of various soft tissues
are of great clinical relevance. Current research aims at quantitatively measuring such
physical properties.* Various imaging modalities are being developed that allow
viscoelastic parameter mapping of non-palpable organs, replacing otherwise invasive
approaches.* Further research is needed to establish mechanical parameters as
biomarkers in other clinical areas for accurate diagnosis, outcome prediction, and

treatment monitoring.*28
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1.2 Magnetic resonance elastography

As emerging technologies, ultrasound elastography and magnetic resonance
elastography (MRE) seek to overcome the limitations of palpation by providing
qguantitative i mag e snodulfisandhiscosityi*Fhisallevissfor the fiests t i ¢
time, the noninvasive assessment of in vivo tissue mechanical parameters of previously
inaccessible organs.* Elastography is based on the principle that the speed of mechanical
wave propagation increases with the stiffness of the material and that the damping of the
waves or the lag between the applied strain and resultant stress relates to viscosity.*
Wave speed and viscosity are measured by imaging the deformation of tissue under load
in time and space using clinical imaging modalities such as ultrasound and magnetic
resonance imaging (MRI).# In MRE, time-harmonic vibrations are introduced into the
tissue to be examined using external actuators.* The response of the tissue is recorded
using appropriate MRI sequences that employ motion-sensitive magnetic gradient fields
to encode the displacement in the phase of the complex MRI signal, similar to diffusion
imaging.* The viscoelastic properties of the biological tissue can then be reconstructed in
a voxel-wise fashion from the encoded deformations using mathematical algorithms,
normally based on physical models.* To date, several techniques have been developed
that differ in the three main steps of an MRE examination: (i) mechanical excitation of
harmonic deformations in the region of interest (e.g., driver arrangement and vibration
frequencies), (ii) the imaging of the tissue response (type and parameters of the pulse
sequence), and (iii) reconstruction of the viscoelastic properties (mathematical

algorithms).*
1.3 Current state of research

The principles of MRE were first formulated by Muthupillai et al.® in 1995 and have
been continuously developed over the last three decades. The greatest advances in
human studies were achieved in the liver, as reflected by the approval of a commercial
MRE device by the US Food and Drug Administration as early as 2009.1° Many studies
have demonstrated the reliability of MRE in noninvasively assessing the stiffness of the
fibrotic liver compared with the highly invasive 'gold standard' of liver biopsy.*! Not being
amenable to manual palpation, the human brain is of particular interest to the MRE
research community.3812-14 Apart from its paramount importance to human life, invasive

techniques for mechanical testing carry significant risks.* One focus of recent research
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has been on the healthy and unaltered mechanical properties of in vivo human brain
tissue with the aim of establishing mechanical atlases for reference.®15-20 Another focus
has been on the in vivo viscoelastic changes caused by various physiological effects and
diseases in humans.*81314 Softening of the brain occurs during normal aging?*->® and has
been observed in pathological processes associated with neuronal disorders such as
Parkinson's disease®*?>, Al z hei me r 8% niltipte esaesosis?®3°, and normal
pressure hydrocephalus3'-33, Stiffening of brain tissue is seen in the presence of
increased intracranial pressure (ICP)3435, perfusion pressure®$, and neuronal activity3’
while brain tumors can show either higher or lower stiffness, depending on their entity38:3°,
Further studies reported in the literature investigated various aspects of neuronal tissue
in animal models including demyelination4%-42, Al zhei me #%,sneumbrials e a s e
activity*®, aging*®, physiology*’, and death*8. Fast MRE sequences, which have become
available recently, allow the observation of mechanical alterations on short time scales*®
51 such as those that occur during functional activation.?” Fast MRE sequences are
particularly useful for capturing nonperiodic modulations that cannot be synchronized with
a slow acquisition scheme, such as occur upon physiological challenges.*

A majorchall enge is the | ack of 6ground truth
tissue.* Accordingly, phantom experiments that mimic the in vivo scenario are very
valuable for comparing different methods.5? Preclinical research in animal models is also
useful as reference values are more readily available.*”535* An important step towards
clinical application of brain MRE is to assess its consistency in terms of both between-
subject and within-subject variability, which can occur over time for both technical and
biological reasons.525% Although a relatively wide range of values has been reported for
brain tissue viscoelasticity®13, variation should be minimal when the same MRE technique
is used repeatedly. Efforts have been made to provide reference values in atlases of brain
mechanics®>'® and to test the reliability (or reproducibility, precision) and accuracy (or
validity) of brain MRE.1":55-58 |n general, MRE can be easily integrated into routine clinical
workflow as it is performed as an additional sequence during an MRI examination and is
therefore well suited for clinical implementation. However, the MRE method requires the
use of a mechanical actuation system, which can be perceived as uncomfortable by

certain patient groups.*
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1.4 Objective of this work

The aim of this scientific project is to further develop and apply brain MRE to
answer new research questions on the mechanical properties of the in vivo human brain.
The project has resulted in improvements to the actuation system, imaging sequence,
and reconstruction algorithm, and three studies®®%! of in vivo brain MRE have been
successfully conducted. The improved actuation system allows conducting highly
reproducible brain MRE studies. For this purpose, the actuators were embedded in a
custom-made holder with a transmission plate and a fixed position in the head coil.5%:6
Optimal frequencies and corresponding driving pressures were defined to achieve very
good repeatability between serial experiments and experiments conducted by different
users. Subsequently, MRE studies of the brain were successfully performed on three
different MRI scanners with consistent results. Moreover, previously published imaging
sequences of steady-state MRE (ssMRE)?*°, real-time MRE (rtMRE)®°, and single-shot,
spin-echo MRE®? were adapted and customized to improve performance and image
quality in the individual studies. This new acquisition scheme was combined with
developments in wavenumber-based parameter reconstruction® for the human brain.
Reconstruction from brain MRE data used to suffer from numerous heterogeneities and
solid-fluid interfaces, which was overcome by the development of brain-specific data
processing prior to reconstruction.>® The novel algorithm was developed for both slice-
wise two-dimensional (2D) and fully three-dimensional (3D) reconstruction.’? These
technical improvements were important for the studies®®-6. The studies further addressed
research questions of great interest to the scientific community. The viscoelasticity of
healthy brain tissue® in response to physiological challenges®® was studied, as well as
abnormally altered brain tissue stiffness induced by multiple sclerosis (MS)®L. In

summary, the following studies were conducted:

x Study 1: Superviscous properties of the in vivo brain at large scales®®

x Study 2: Real-time multifrequency MR elastography of the human brain
reveals rapid changes in viscoelasticity in response to the Valsalva

maneuvers®

x Study 3: In vivo stiffness of multiple sclerosis lesions is similar to that of

normal-appearing white matters:
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Simulations and phantom experiments were an integral part of study 1°° and 3.

In the first study®®, the ssSMRE sequence was used to encode harmonic tissue
motion ranging from ultra-low stimulation frequencies induced by arterial pulsation at
heart rate (~ 1 Hz, intrinsic activated MRE [IA MRE]) to externally induced frequencies (5
i 10 Hz) to the classical range of MRE frequencies (20 i 40 Hz).* It was thus possible for
the first time to study cerebral viscoelastic dispersion of in vivo brain tissue over a wide
range of frequencies in 14 healthy volunteers.%® Covering such an unprecedented wide
range of frequencies, sSMRE can be used to measure and analyze the transition of in
vivo brain tissue from its fluid-driven poroelastic tissue response to viscoelastic-
dominated material properties typically measured by MRE*.5° Superviscous properties of
brain tissue on large scales were observed, resulting in a sharp increase in stiffness
between quasi-static and high-frequency measurements.>® The results may provide a first
explanation for the fundamental discrepancy between stiffness derived from static
mechanical tests and in vivo MRE, which differ by orders of magnitude.>® This transition
regime of brain mechanical properties might be particularly sensitive to neurovascular
integrity and vascular neurological dysfunction.®® Ultra-low frequencies in MRE could be
sensitive to tissue fluidity and viscous dispersion, opening the door to imaging
inflammatory processes involving the extracellular matrix (ECM).%® These findings were
preliminarily presented at the International Society for Magnetic Resonance in Medicine
(ISMRM) Virtual Conference & Exhibition 2020 and awarded with the Summa Cum Laude
Merit Award.

After this study of healthy brain tissue at rest, the recently introduced rtMRE®°
sequence was used to investigate healthy brain tissue in response to physiological
challenges in study 2%°. The rtMRE sequence allowed us to overcome the usual temporal
limitations of conventional MRE, which prevent the detection of short-term processes
such as brain autoregulatory functions®4. The experimental setup was extended to allow
simultaneous excitation of three different narrowband driving frequencies using multiple
actuators, and the sequence parameters were adjusted accordingly.®° This increased the
robustness of the reconstruction algorithm and enabled quantification of in vivo human
brain viscoelasticity during cerebral autoregulation associated with the Valsalva
maneuver (VM) in 17 subjects.?° VM was induced by the use of voluntary abdominal force
during breath-holding at inspiration, which occurs naturally by attempting to exhale
against a closed airway.%®> The induced physiological modulations also affect the

viscoelastic properties of brain tissue, as shown by MRE.®® Sampling rates for generation
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of viscoelastic parameter maps of approximately 5.4 Hz without gating were achieved.®°
The data were analyzed over the course of the experiment and revealed, for the first time,
the perfusion-dependent viscoelasticity changes of in vivo brain tissue on small time
scales.’% This could provide a quantitative imaging marker of impaired cerebral
autoregulation in different clinical applications and may be sensitive to ICP variations.°
Finally, in study 3%, brain MRE was used to investigate the viscoelastic properties
of brain tissue under pathological conditions in twelve patients with multiple sclerosis
(encephalomyelitis disseminata). MS is a disease of the central nervous system featuring
inflammation and demyelination, by which the myelin sheaths of nerve cells in the spinal
cord and brain are damaged.®’ Earlier investigators found whole brain stiffness to be
reduced in MS patients, concluding that inflammation and demyelination compromise
tissue integrity in the brain.2%3040.68 However, little is known about the stiffness of MS
lesions. Neuropathologists have characterized MS lesions by manual palpation and
report that acute active lesions have soft properties while chronic inactive lesions have
firm properties®, but this observation has never be confirmed in vivo. The aim of study 3
was to investigate the possibility of distinguishing MS lesions from surrounding tissue by
MRE.®! Therefore, the stiffness contrast of MS lesions was analyzed in MRE images of a
total of 147 lesions.®! The analysis included a comparison of the heterogeneous tissue
properties of MS lesions with normal-appearing white matter (NAWM) heterogeneity in
the contralateral hemisphere.®! In vivo results were further compared with data acquired
in phantom experiments and simulations.®! This study received the QUEST Null Results
Award from the Berlin Institute of Health at Charité to oppose negative publication bias
and honor well-conducted studies in which the initial hypothesis is not confirmed.
Collectively, all three studies aimed at gaining new insights into the mechanical
properties of human brain tissue in health and disease. The methodological and technical
advances accomplished in these studies provide new research tools, which can be used

to address new questions in the realm of brain mechanical properties.
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2 Theory

2.1 Viscoelastic theory

Elasticity and viscosity are two physical concepts which describe the behavior e.g.
the deformation (strain) of a solid in response to external forces (stress). In elastic
materials, the deformation is stored as potential energy and can be released without loss
of energy. The object returns to its original shape when forces are no longer acting. A
common example is the ideal spring.* In viscous materials, the deformation is irreversibly
converted to heat due to internal friction and the object is permanently deformed. Honey
is a practical example of a highly viscous fluid. Materials that share both properties are
described by viscoelastic concepts.*

Elasticity is denoted inH o 0 k e Owhere itdivearly relates to the rank-two tensors
of stress,, and strain - in case of small deformations.# The proportionality is given by

a 3D elasticity tensor with 81 elements 6  which defines the resistance to deformation.*

, 6 - e

Given a symmetric strain tensor (no rotations, - - ) the elasticity tensor reduces to 21
independent parameters 6 which ultimately reduce to two parameters (Lamé

parameters a-and &) under the assumption of isotropy.* The stress-strain equation is then

given by*

, _= q- &

1 is the Kronecker delta and —the cubic dilation (— - - - ), which defines the
volume change relative to the undeformed volume. In general, incompressibility (—

mh_© Hb) can be assumed for human soft tissues. Therefore, eq. ¢& can be expressed
using only the second Lamé parameter for the shear modulus ¢ in case of shear
deformations. This gives the stress-strain equation for an isotropic and incompressible

linearly elastic material*
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" ¢- QQ &

A high shear modulus indicates that large shear forces induce small shear deformations.
The material exhibits a high shear resistance and is generally considered stiff.#
Viscosity d is defined in a similar fashion. Nevertheless, the stress is not

proportional to strain but the strain rate £ - (change 'Q -over time ‘Q gor rate of change

of deformation).* Viscosity does not resist deformation, but rather the process of being
deformed and it is related to the absorption of mechanical energy. In case of time-

harmonic stresses and resulting deformations £ & JQ  (static strain - , angular
frequency ¥, imaginary unit p’Q W p), the strain rate becomes & -t ‘Qk and is

frequency dependent.* A dashpot represents a purely viscous medium in theory.*
Altogether, the stress-strain rate equation for shear stress for an isotropic and

incompressible linearly viscous material is given by#
” c_- p!’m_w - ca

Soft biological tissues typically share properties of a purely elastic and purely viscous
material and are thus called viscoelastic.* A single viscoelastic stress-strain equation can

be derived by introducing the complex shear modulus G*, defined as*
O O ™ * qQ - [¢:))

The real part G Gs the storage modulus while the imaginary part G 6ithe loss modulus.
They reflect elastic and viscous properties, respectively and are non-negative quantities.
The viscous properties are responsible for the frequency dependency of G*, also called
dispersion.* Now, G* is equivalent to the second Lamé parameter for viscoelastic
materials subjected to time-harmonic stresses. The stress-strain equation for shear

deformation reads*
" ¢O- Q0 c8p

As any complex number, G* can be written in polar form using its absolute value |G*| and

its argument ¢ . |G*| and « are also named shear modulus magnitude and shear modulus
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phase angle. The argument is restricted to the closed interval 1 j ¢ , where 0 holds for
"O mand“¥¢ holds for'O m*

0 ¢0s C&
s O O cap
A - Q@@

For a purely elastic material, G* is real-valued ('O ‘) and » equals zero. For a purely
viscous material G* is imaginary (O "Q )-and « equals “ ¥¢.*

In the presence of time-harmonic mechanical shear waves, propagating trough an
infinite, homogeneous, isotropic, viscoelastic and incompressible material, G* can be
linked to the respective shear wave speed (SWS) using the algebraic Helmholtz
equation.* The relation can be derived by insertingt he gener al Hemp k@ 0 s
i n Newtonds second | aw, whi (fulli waya egeason torh e
homogeneous, isotropic material). The Helmholtz decomposition can be further used to
decouple compression (longitudinally polarized) and shear (transversely polarized) wave

components.* The resulting wave equation is called Helmholtz equation and reads*

1o
1o

on ¢ P m

" is the density, ¢ the displacement vector of the curl field and t is time.* In comparison
to the general wave equation*
0

T—‘ O o ¢ p

—a

with wave speed ¢ and wave displacement vector u, G* can be linked to SWS for shear

waves by*

P ¢sOs

Yoy "Dp AT © & ¢

YQﬁ

| a
N a



Theory 12

Moreover, complex harmonic waves (in space »and time t) with angular frequency v,

complex wavenumber {_ (L g @nd amplitude uo can be described as follows*

oMo o n B ¢®o

They present a general solution to the wave equation and describe propagating waves in

time and space. Inserting eq. ¢® oineqg. ¢® p and solving the differentiations relates

the wave speed to the wave length (_  pF@eand the frequency ('Q —). This also holds
for SWS.4

YO Y _ 00 P T

Commonly, |G*| and SWS are used as a surrogate marker for shear stiffness and « for
fluidity. The units are pascal, m/s and radian, respectively.*

The general dispersion of G* in viscoelastic materials makes it necessary to study
soft biological tissue at the same frequency to ensure comparability. However, when an
object is studied at different frequencies, viscoelastic models can be used to derive
frequency independent parameters for better characterization.#* The model from eq. ¢&
is called Kelvin-Voigt model. A limitation of this model is that it does not predict a
frequency dependence of G Gas observed in biological tissue.* Another example is the
Maxwell model, which has a higher viscosity (G § at low frequencies and resembles a
viscous fluid rather than a solid.* Models can also vary in the number of parameters or
complexity, but fewer parameters are generally preferred. An overview of some

viscoelastic models is given in Table 1.

Table 1: Viscoelastic models and equations. (edited table from Herthum et al., 202159)

Model Formula

Kelvin-Voigt 0o Q- No dispersionin
Viscous O qQ - Purely viscous

Maxwell o) “ 352] - Dispersion in * and —
Spring-Pot g Q]Q] __ 3 Parameters, Power-law

dispersion in ‘' and —
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2.2 Magnetic resonance elastography

MRE can be used to noninvasively image the viscoelastic properties of soft
biological tissues in humans.* Shear waves, imaging sequence and parameter
reconstruction form the three basic elements for any MRE technique and are discussed
in more detail in this section.

Harmonic shear waves are mostly generated by external actuation systems.
However, the beating heart also resembles a harmonic actuation system, emitting pulse
waves through the arterial tree and causing shear deformations in brain tissue.* The
waves propagate through the tissue of interest and their respective SWS and its
frequency dependency are related to the materials mechanical properties.* An illustration
of the experimental setup for brain MRE is given in Figure 1. A common problem are
frequency-matched compression wave components which must be suppressed to
account for the assumptions leading to eq. ¢& and the Helmholtz decomposition leading
to eq. ¢® m* In recent years, various actuation systems have been developed and a
comprehensive review can be found in Hirsch et al.*. Nowadays pneumatic actuators are
commonly used for clinical studies as they are suitable for various tissues and organs.
Common frequencies range from 20 to 100 Hz, and the induced displacements are
typically on the order of a few micrometers.# Lower frequencies generally yield good wave
amplitudes with low attenuation, making them advantageous for deeper organs. Higher
frequencies suffer from stronger damping but the shorter wavelength results in a good
spatial support (depending on image resolution and pixel size) even in smaller regions of
interest. Naturally, multifrequency MRE can be applied at multiple frequencies to either
determine dispersion curves or to account for standing wave and low wave amplitude

issues for single frequencies.*

Excitation of harmonic waves

Figure 1: lllustration of the experimental setup for brain MRE examinations. The subject

lays in the MRI scanner in supine position. Two actuators are positioned underneath the
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head inside the head coil. Harmonic waves are induced into the brain tissue with

prescribed pressure and frequency. (own figure)

MRE displacement encoding is generally performed with dedicated phase-contrast
MRI sequences. The 2D displacement field is encoded slice-wise in the phase of the
complex MRI signal using motion-sensitive, motion-encoding magnetic field gradients
(MEGSs) superimposed on the static magnetic field.# The phase of the MRI signal is limited
to the half-open interval (1", "] and phase wraps (discontinuities) occur when the
encoded phase exceeds these limits.* Various unwrapping algorithms exist to correct
phase wraps and to resolve the discontinuities. The MEGs are shaped sinusoidal or
approximately rectangular and alternate at a given frequency, duration and amplitude.
Specific gradient patterns are used to suppress phase contributions from static spins (0%
order moment nulling), static and constant-velocity spins (1t order moment nulling) or
even higher order moments.* 15t moment nulling is typically used to suppress laminar flow
artifacts and rigid body motion.* Each MEG has a corresponding encoding efficiency 3;
given in em/rad, which depends on the MEG parameters and the frequency of the imaged
harmonic displacement.* In general, a good efficiency can be achieved if the frequency
and duration of the MEG are within the range of the induced harmonic vibrations. If the
efficiency is too high, signal dropouts may occur due to intravoxel phase dispersion. Only
motion in the direction of the MEG can be encoded and encoding has to be repeated to
cover a set of three orthogonal directions.* Typically, the encoding directions correspond
to the imaging gradients in slice-selection, phase-encoding and readout directions. Since
the induced deformations are time-harmonic, the fast Fourier transformation (FFT) can
be used to separate unwanted signal and noise from the measurement. Therefore, the
oscillation must be sampled with at least three or more equidistant sampling points.
Normally, the sampling rate of the MRI is much smaller than the oscillation period and the
data acquisition must be synchronized with the actuation system to sample the
equidistant time points over an oscillation period.* Figure 2 illustrates the equidistant
sampling of one wave period (Tvis) over multiple sampling periods (Tswp) with Tswp >>

Tvis.
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Figure 2: lllustration of the sampling pattern with six sampling points for one wave period
of duration Tvis. Top row shows an axial brain slice with wave deflection in y-direction and
wave propagation in x-direction at 40 Hz vibration frequency. Sampling is done over
multiple sampling periods with duration Tswp. Since Tswp >> Tvis, the data acquisition
needs to be synchronized with the wave period to combine the data points in such a way

that one wave period is sampled with equidistant points. (own figure)

After the raw MRI/MRE data has been collected, further data processing is
essential prior to the reconstruction of viscoelastic parameter maps. An illustration of MRE
data processing is shown in Figure 3. As mentioned, phase wraps must be solved by
dedicated unwrapping algorithms to remove phase discontinuities. Furthermore, the FFT
is used to extract the signal at the induced vibration frequency and separate unrelated
noise.* In addition, the encoded compression wave components should be removed by
calculating the curl field, or at least be suppressed by any spatial highpass filter.* The
resulting shear wavefield can be used to reconstruct the mechanical parameters of
interest from the object under investigation. Hence, physical models of varying complexity
exist (depending theoretical assumptions).* Common algorithms like multi-frequency dual

elasto-visco inversion (MDEV?>70%) and wavenumber-based MDEV (k-MDEV®3) are based
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on the physical model of the simplified Helmholtz equation given by eq. ¢® 1 MDEV is
a direct inversion algorithm, which inverts the Helmholtz equation to solve for |G*| and U

separately.”

$0s = P

c ®1Q o1 1 P o

J is the number of frequencies, M is the number of MEG components, 6 1  denotes
the complex-valued curl component (m = 1...M) at vibration frequency] (= 1Jpand
6 denotes the complex conjugate. ¥ is the 2D or 3D Laplace operator. Here several
frequencies are averaged to increase robustness, however the frequency dispersion is
neglected, which strictly only holds for pure elastic materials.* k-MDEV is an approach
that determines wavenumbers based on the phase gradient of propagating plane waves
described by eq. ¢® o, including amplitude-weighting before averaging of components
and frequencies.®® The shear wavefield needs to be decomposed into N plane waves
using directional filters7 f or n = 1 é NK° For eacleptaneiwave somponent 6
the vector norm ('Q ) of the real part of the complex wavenumber is given by®3
0

n——
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The gradientn can be in 2D or 3D. Eq. ¢&® T can be used to determine the SWS by
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with j the frequency index, m the MEG component index and n the direction index.%® The

empirical weight function 0 »h 1 6 »h 0 favors high amplitude signals to

the power of p (p = 4 was proposed by Tzschatzsch et al.53). k-MDEV employs first-order
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finite difference operators (FDOs) which have been widely used in abdominal MRE and
were recently applied to mouse brain MRE.” In the human brain, however, inversion
techniques such as MDEV are normally used, which invokes second-order FDOs.46:62.72
FDO-based stiffness estimates are susceptible to underestimation due to noise and
overestimation due to discretization.”® Both over- and underestimation is more
pronounced in second-order FDOs than in first-order FDOs, making k-MDEV more robust
against noise than MDEV inversion.®3’1 However, k-MDEV has never been used for the

human brain since heterogeneities and abundant solid-fluid interfaces degraded the

results.
MRI raw data —> Wavefield —> Shear wave field —> k-MDEV
inversion
20 0.01
=2 °
£ o
C C
20 c 0
3 T
@ n
O o0 -0.01
Magnitude Phase Unwrapping and FFT Curl operator 0 swsinmi/s 2

Figure 3: lllustration of MRE data processing for reconstruction of SWS map as a
surrogate marker for tissue shear stiffness using the k-MDEYV algorithm. The phase of the
complex MRI signal is subjected to phase unwrapping (the red arrow indicates an area of
high wave amplitude where the phase is wrapped from -~ to + “and a phase discontinuity
arises). The wavefield at the induced vibration frequency is extracted using the FFT. The
shear wavefield is determined from the curl operator and the phase gradient from
directionally filtered plane waves allows for reconstructing SWS. A brain adapted k-MDEV

based inversion pipeline will be proposed in the following. (own figure)
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3 Methods

3.1 Subjects

All studies®®%! were approved by the ethics committee of the Charité 1
Universitatsmedizin Berlin in accordance with the World Medical Association Declaration
of Helsinki, which defines the Ethical Principles for Medical Research Involving Human
Subjects (study 1%° and study 3% EA1/085/17, study 26°: EA1/004/19). All participants
were older than 18 years and had no risk factors related to the performed experiments.>°-
61 Participants provided written informed consent.>%-61 Healthy volunteers had no history
of neurological diseases and patients were stable relapsing-remitting multiple sclerosis
(RRMS) patients receiving standard immunomodulatory treatment.>®-¢1 Age and sex of all
participants were documented.5%-61

In study 259, the body mass index of each participant was documented.®® Blood
pressure was recorded at rest (left arm, lying supine) and fingertip pulse was recorded
throughout the experiment using an oximeter.® In study 35%, months since disease onset
and since last relapse were documented. Participant characteristics are given in Table 2.

Table 2: Participant characteristics for each study (data given in mean * standard
deviation).5%-%1 (own table)

Study 1 Study 2 Study 3
Number of participants 14 (3women) 17 (5women) 12 (5 women)
Age, 305, 36 + 13, 45 + 14,
range (years) 247 44 257 81 257 64
Body mass index (kg/m?) 23+3
Systolic blood pressure (mmHg) 122 £ 16
Diastolic blood pressure (mmHg) 74 + 10
Heart rate (resting state; bpm) 71+ 10
Month since disease onset, 175 (134),
range 57 469
Month since last relapse, 56 (78),

range 271 289




Methods 19

3.2 Non-human experiments and simulations

In study 1%° and 3%, non-human experiments and simulations were used to test
and validate data analysis strategies for the in vivo experiments. However, due to space
limitations only a brief summary of the employed methods and results is given here.
Further information can be found in the respective publications. In study 159, three ex vivo
bovine brain experiments and finite element method (FEM) based simulations were used
to investigate the shear modulus of brain tissue under static deformation. Deformation
was induced by bending over an edge by gravity®® The br ainds shear m
estimated by using 2D FEM simulations with varying initial shear modulus.>® Good
agreement between simulation and experiment was achieved for a bending shear
modulus of 133 + 29 Pa.>® Figure 4 shows the bovine brain in its deformed state with
various FEM simulations superimposed on the anatomical MRI image.

Furthermore, phantom tests in heparin-sodium gel were used to validate the in vivo
MRE data analysis through profile-based SWS estimation.>® Oscillatory shear rheometry
was used to measure reference values for the gel at different frequencies.>® However

these experiments will not be part of this dissertation.
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Figure 4: Bending experiments and FEM simulations illustrate super soft properties of ex
vivo bovine brain tissue.>® A Photograph of fresh brain bent by gravity over an edge.>® B
Anatomical MRI image of deformed and undeformed brain.>® C FEM simulation results
with varying initial shear modulus overlaid on sagittal MRI image.>° (figure from Herthum
et al., 2021%9)

In study 3%, finite-difference wave simulations were performed to estimate the
resolution-dependent sensitivity boundaries of two inversion algorithms, MDEV and k-
MDEYV, as described below.5! This involved simulating circular inclusions with a Gaussian
shaped stiffness profile within a 1.5 kPa background.®! Lesion size and stiffness contrast
were varied (size: 5 mm 17 38 mm, contrast: -75 % i 200%).5! Both inversions were used
for stiffness reconstruction and the difference to the true stiffness contrast was
determined.®* Figure 5 shows the simulation results. The first row shows that both
pipelines underestimated the true stiffness contrast of -80% for a 1 cm wide inclusion.®!
However, MDEV performed better with smaller errors.?? The simulated wavefields are

shown in the second row. Figure 5B shows the contrast estimation error in % as a function
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of width and true contrast. Negative contrasts were recovered better, while positive
contrasts were severely underestimation in both pipelines.5* The error increased with
decreasing inclusion size.%* These findings were compared with data acquired from
phantom experiments and the respective details can be found in Herthum et al.™.
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Figure 5: 2D finite-difference wave simulation and reconstruction results. A Top row
shows an example for an inclusion of 1 cm width, Gaussian shape and -80% contrast
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relative to the background (1.5 kPa) together with the reconstruction results for |G*| based
on MDEV and k-MDEV. The second row shows the simulated input wavefields in three
deflection directions (8 , «, ! denote deflections through-plane, left-right, and up-down,
respectively) B Error map for contrast reconstruction for |G*| from MDEV and k-MDEV.
The x-axis shows the true contrast and the y-axis the width of the inclusion. The error is

coded in color corresponding to the colorbar. (edited figure from Herthum et al., 202261)
3.3 MRE experimental setup

In all studies®®5%, continuous harmonic vibrations were induced int he s u
brain tissue using two (single frequency, study 1% and 3%!) or four (narrowband
frequencies, study 2%°) pneumatic air drivers (thickness: 1 cm, length: 8 cm, width: 4 cm)
as illustrated in Figure 6A. Each driver was supplied by a compressed air tube. The
drivers operated either in phase (study 1°°) or with a phase delay of 180° (study 2¢° and
3%1, Figure 6B). The drivers were placed in a standard 32-channel head coil at a fixed
positionundert he s ubj ect Gennehtierapthte in betwieen grigure 6C).>° The
applied air pressure of the drivers was varied depending on the actuation frequency.>®
Steady state of harmonic vibrations was ensured by a 2 s forerun prior to data
acquisition.®® The air drivers were operated using a stand-alone control unit, which was
synchronized with the MRI using optical trigger signals.>°

Transversal slice positioning for single-slice (study 1%° and 2%°) and multi-slice
MRE acquisitions (study 3%') and other anatomical sequences was automatically
assigned by the auto align function of the scanner. This ensured optimal left-right laterality
of brain hemispheres and optimal comparability between subjects. Figure 6D illustrates
the automatic slice positioning in sagittal view as it was done in study 2%°. For the multi-
slice acquisition in study 362, the central slice would align with the one presented here. In
addition, the manually delineated region of interest (ROI) for further parameter analysis

from study 290 is shown. MRE imaging parameters are summarized in Table 3.

bj ect
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Alternating phases
180° 180°

Figure 6: Experimental setup and automatic slice positioning from study 2%° as it was
also applied in study 1°° and 3%. A Flask shaped air drivers attached to the connection
plate (bottom view). B lllustration of driver placement, actuation frequencies and phase
offsets between drivers. In study 15° and 35! only the two innermost drivers were used. C
Placement of driver setup in a head coil with 32-channels (top view). D Automatic slice
positioning (yellow line) in sagittal view of anatomic image from study 2%°. Insert illustrates
manual ROI delineation based on anatomical images from study 2%° in transversal view.
(edited figure from Herthum et al., 202159)
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Table 3: MRE imaging parameters for each study. For study 1%°, imaging parameters

slightly differed for acquisition of intrinsic activated ssSMRE (lA), low frequencies between

5 and 20 Hz and the conventional range between 20 and 40 Hz. (own table)

Study 1

Study 2

Study 3

Scanner model

Static magnetic
field strength of the
scanner (T)

Sequence type

Echo time (ms)
Repetition time
(ms)

Flip angle

Field of view (mm?)

Voxel size (mm?3)

Matrix size

Number of images
Sampling rate (Hz)
MEG amplitude
(mT/m)

MEG duration (ms)
MEG moment

nulling

Siemens
Magnetom Sonata
15

Gradient echo with
spiral readout

20
60, 45, 40

20°

220x220
1.7x1.7x5 (I1A),
1.1x1.1x5 (5 i
23.4375 Hz),
1.1x1.1x5 (2071 40
Hz)

128x128
200x200
200x200

334, 222, 222
16.7,22.2, 25

Encoding directions 3

Siemens
Magnetom Prisma
3.0

Gradient echo with
spiral readout

20
62

20°
192x192
2X2x5

96x96

1458
5.4
40

17.5
oth

Siemens
Magnetom Prisma
3.0

Spin echo with
cartesian EPI
readout

78

4680

90°

200x200
2X2x2

100x100

96

34

32.5
1st
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Encoding efficiency 353.2, 71.47 19.2, 8.1 8.6,6.4,5.4,5.3
(em/rad) 19.27 10.9
Frequencies (Hz) IA, 5, 6.25, 7.8125, 30.03,30.91,31.8 20, 25, 30, 40
10, 12.5, 15.625,
20, 23.4375, 30,

31.25, 40
Total scan time 2.1,4.6,2.1 1.5 8
(min)
3.3.1 Study1

In study 1%°, all experiments were conducted in a 1.5T MRI scanner (Siemens
Magnetom Sonata, Erlangen, Germany) using MEGs with 30 mT/m amplitude. First,
intrinsically activated ssMRE*° (single-slice, single-shot) was performed in each volunteer
without external wave stimulation. 334 consecutive motion-sensitive images were
acquired with a frame rate of 16.7 Hz.>° The experiment was followed by ssMRE (single
slice, multi-shot [9 interleaves]) and external wave stimulations at ultra-low frequencies
(5, 6.25, 7.8125, and 10 Hz) to capture 222 images at a frame rate of 22.2 Hz.5° Higher
frequencies in the conventional range (20, 31.25, and 40 Hz) were acquired with 100
images at a frame rate of 25 Hz.5° Data acquisition was started by a cardiac trigger in
each case and repeated for the three orthogonal components of the wavefield.>® The
nonlinear motion of the drivers induced additional higher harmonic frequency components
that were additionally evaluated.>® Specifically the second harmonic of 6.25 Hz (12.5 Hz)
and of 7.8125 Hz (15.625 Hz) and the third harmonic of 7.8125 Hz (23.4375 Hz) and of
10 Hz (30 Hz).5° Others were skipped because of low wave amplitudes or redundancy.>®
The real part of the complex wave images at the specific harmonic frequency in one
volunteer is illustrated in Figure 7. Wavefields induced by the intrinsically activated pulse
wave were extracted using the FFT at the mean heart rate of the subject during the
experiment.>® The pulse wave traveled outwards from a point-source at the circle of
Willis”.5° The anterior-posterior encoding direction is displayed for the externally induced

waves.
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Figure 7: Example wave deflection images after temporal Fourier transformation from
intrinsic actuation (IA) MRE to ultra-low frequencies between 51 10 Hz with their higher
harmonics (12.5 and 15.625 Hz) up to conventional MRE (20 i 40 Hz) from study 1%°. For
IA MRE the through-plane component (head-to-feet, 8 ) is shown, otherwise the anterior-
posterior encoding direction (up-down, 1) is shown. The green arrow indicates the
position where the data for the bi-directional fit was extracted. Wave images at 23.4375
and 30 Hz images were left out due to reasons of space. (edited figure from Herthum et
al., 2021%9)

3.3.2 Study 2

All experiments in study 2%° were performed in a 3T MRI scanner (Siemens
MAGNETOM Prisma, Erlangen, Siemens) using MEGs with 40 mT/m amplitude. A single-
slice, single-shot, gradient-echo rtMRE sequence was optimized for brain examinations
to sample the induced vibrations in a predetermined fashion with a spiral readout
trajectory.®® The sequence was originally developed to study dynamic muscle function at
high frame rates.>° The three orthogonal displacement components were captured in an
interleaved fashion, which allowed to sample the full 3D displacement vector with a frame

rate of — 08 04
Each volunteer performed three physiological challenges during data acquisition

(with 30 s break between each challenge).®° First, 5 s breath-hold in inspiration followed

by 20 s Valsalva maneuver.®® Second, breath-hold at deep inspiration (BH-in, 25 s) and



Methods

third expiration and breath-hold (BH-ex, 25 s).5° The total acquisition time was 90 s per

experiment, including a 30 s baseline prior to the challenge and a 35 s recovery phase

afterwards.%°

Four air drivers were used to continuously induce three narrowband frequencies
(30.03, 30.91 and 31.8 Hz).%° The encoding efficiency was approximately 8 um/rad.®° The
two inner drivers operated out of phase at 30.03 Hz.®° The higher frequencies were
applied laterally and out of phase to each other, as illustrated in Figure 8.%° Figure 9

illustrates the recorded wave deflections for one representative volunteer. A T1-weighted,

turbo-spin echo sequence was used to collect anatomical images.®°

Experimental
design

Simultaneous harmonic
vibrations at 30.03,
30.91and 31.8Hz
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Interleaved wavefield
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e Slice select
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Figure 8: Timing diagram for experimental design (top row) and the single-shot
multifrequency real-time MRE sequence (bottom row). A steady-state gradient echo

sequence with spiral readout trajectory is used. Synchronized image acquisition for
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harmonic vibrations at three frequencies over the period of 9 x 3 repetition times (TR) is
shown in the second row. The interleaved wavefield encoding is illustrated in the third row
for a period of 2 x 3 TRs. The simplified sequence diagram consists of fat saturation (Fat
sat.), radiofrequency (RF) excitation, motion-encoding gradient (MEG) and spiral readout.
(edited figure from Herthum et al., 20215°)
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Figure 9: Example wave deflection images at each actuation frequency after temporal
Fourier transformation in one volunteer for all encoding directions in study 2 (8 , «~, !
represent displacements in head-to-feet [through-plane], left-right, and anterior-posterior

[up-down] direction, respectively). (edited figure from Herthum et al., 20215°)

3.3.3 Study 3

All experiments of study 3% were conducted in a 3T MRI scanner (Siemens
MAGNETOM Prisma, Erlangen, Siemens) using MEGs with 34 mT/m amplitude.
Multifrequency MRE was performed with two pressurized air drivers and recorded with a

spin-echo echo-planar imaging sequence.®* Harmonic vibrations (20, 25, 30 and 40 Hz)
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were continuously sampled at eight equidistant time points over one vibration period in
36 axial slices and three orthogonal encoding directions.’* The frequency-averaged
encoding efficiency was 6.4 um/rad.®* Example wave deflection images in one subject
are shown in Figure 10. The total acquisition time was approximately 8 min.5* Anatomical
T2-weighted images were recorded using a 3D sequence with turbo-spin-echo and fluid

attenuation inversion recovery (FLAIR).!
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Figure 10: Representative wave deflection images at each actuation frequency after
temporal Fourier transformation in one volunteer for all encoding directions in study 362
8, ~, ! represent displacements in head-to-feet [through-plane], left-right, and anterior-

posterior [up-down] direction, respectively). (edited figure from Herthum et al., 20225%)
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3.4 Registration and segmentation

In study 3%, slice-wise 2D motion correction was performed for the complex-
valued MRE images prior to further data processing. Head motion was corrected using
SPM1275.61 SPM12 was also used to co-register the anatomical FLAIR images with the
averaged MRE magnitude images.% Averaging was done over time steps, encoding
directions and oscillation frequencies.®* Co-registered FLAIR images were further used
as a visual guidance to identify and manually delineate 3D lesions based on averaged
MRE magnitude images using ITK-SNAP76.%1 Lesions smaller than 32 mm?3 were
automatically excluded from further analysis. An experienced neuroradiologist in MS
lesion identification performed the segmenation.?® SPM12 was used to automatically
generate tissue probability masks for cerebrospinal fluid (CSF), grey matter, and white
matter (WM). Logical masks for further use were generated by thresholding the probability

masks at 0.5.61

3.5 Viscoelastic parameter reconstruction

All data processing was done with MATLAB’” (R2018b and R2020a, toolboxes:
Signal Processing, Image Processing, Wavelet, Statistics, Global Optimization) unless

otherwise stated.

3.5.1 Study 1

In vivo wideband reference values for SWS

In study 15°, experimental data were modelled along one-dimensional (1D) profiles
for all excitation frequencies using complex harmonic functions to generate reference
SWS values. The profiles were manually drawn perpendicular to the main propagation
direction of the imaged waves for the anterior-posterior encoding direction.5
Wavenumbers were obtained by least-squares fitting of the data and the model using the
function fminsearch in MATLAB.>° The model consisted of two damped waves with same
complex wavenumber Q@ Q "Q3ef opposite propagation directions (bi-directional),

different amplitudes © and 6 and different initial phases « ands .%°



Methods 31

The performance of the model was compared in numerical simulations with a
simplified model of a uni-directional wave by setting © = 0.°° The increased complexity
of a bi-directional model allowed analyzing the data without directional filtering in the
Fourier domain in order to separate opposite travelling waves.>® At low wavenumbers and
few sample points,t he Fouri er decomposi ti o whichkBiasgsr one
further data analysis and was not needed in the bi-directional fitting approach.>® Examples
of the profile-based analysis of the experimental data along 1D lines (green arrow Figure
7) in one subject is shown in Figure 11. The bi-directional fit of the complex data is shown
by dotted lines. It is visible that the wavelength of the induced waves mostly exceeds the
spatial extent of the profile.>® However, the curvature and phase shift between the real
and imaginary part are well visible.>° The bi-directional fit sufficiently modelled the data in
order to estimate the underlying wavelength.5® At last, SWS values were obtained from

profile-based wavenumbers using eq. ¢& T1.5°
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Figure 11: 1D profile-based analysis of wave deflections in one subject as shown in
Figure 7. Imaginary part (red) and real part (blue) of the complex wave were fitted using
the bi-directional model (dotted line) as described in eq. o& . The phase (black) with its
corresponding fit (dotted black line) is shown as well. (edited figure from Herthum et al.,

20215
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Adaption of k-MDEYV to brain MRE data

The SWS values from the profile fits in study 1°° were used as a reference for in
vivo MRE data to adapt the data processing of wavenumber (k-) based multi-component,
elastic-viscous (k-MDEV) inversion® to brain MRE images. As detailed in the theory
section, k-MDEV provides SWS maps, which are a surrogate marker of tissue stiffness.
The inversion avoids excessive noise enhancement, which is caused by the Laplacian
operator used in direct inversion techniques*73. Higher signal-to-noise ratio (SNR) and
better resolution compared to abdominal MRE data allowed for a substantial reduction in
smoothing without compromising reproducibility and data consistency.>® This effectively
reduced the point spread function of the inversion algorithm, which is beneficial for detail
and edge resolution.®® The novel pipeline can be used for automatic 2D data processing,
which is indispensable for further applications and clinical translation.

Prior to unwrapping the phase images of the complex MRI signal, the Gaussian
smoothing kernel (& = 2.75 mm, full width at half maximum (FWHM) & 6. 5 wasm
replaced by a Butterworth lowpass filter of 3" order with threshold 250 m* (F WH M 2.8
mm).5° As originally proposed by Dittmann et al.??, the phase images were unwrapped
with a 2D Laplacian-based phase unwrapping method. The FFT was subsequently used
to extract harmonic component of the complex-valued wavefield at the actuation
frequency. Since plane wave propagation is assumed for phase gradient methods,
directional filters were applied as explained in Tzschatzsch et al.®3. However, the radial
filter in the spatial frequency domain (linear cone) was replaced by a Butterworth
bandpass filter of 3@ order with a lowpass and highpass threshold of 200 m* and 15 m™,
respectively, to suppress compression waves.>® The filtered wavefields were finally
processed by the k-MDEYV inversion.%® No frequency component weighting was used in
the inversion.>® The individual wave components were weighted with their respective
squared amplitudes.>®

It should be noted that the strength of smoothing, which is controlled by the
lowpass filters, is a tradeoff between noise reduction and detail resolution and can be
adjusted individually. In general, the strength of the smoothing depends on the data
guality, i.e., the resolution and the noise in the phase images, which is proportional to the
magnitude SNR and the encoded wave amplitude. Moreover, a full 3D inversion based
on the k-MDEV algorithm was developed and presented at the ISMRM 202178, For this
purpose, slice phase offsets and inter-slice phase discontinuities were removed after the

temporal Fourier transformation according to Barnhill et al.”® and the radial bandpass
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Butterworth filter was applied in three dimensions.”® The slice-wise 2D directional filter
with eight uniformly distributed segments was extended to 3D by a dodecahedron with
20 corners, dividing the wavefield into 20 propagation directions.’® Finally, the 3D phase
gradient was computed to reconstruct SWS maps.”® This approach could be beneficial if
a sufficiently large number of slices are recorded to incorporate through-slice wave
propagation patterns. Further details and results can be found in Herthum et al.”®. 2D and
3D data processing followed by the k-MDEYV inversion was also used to generate maps
of SWS in study 362,

3.5.2 Study 2

Time-resolved viscoelastic parameter reconstruction

In study 259, the MDEYV inversion, as described in the theory section, was employed
to reconstruct time-resolved viscoelasticity parameters. The temporal Fourier
transformation of the data processing was adjusted as introduced and outlined in Schrank
et al.*. Typically, one complex wavefield is recovered from the frequency spectrum of the
temporal Fourier transformation at a single frequency (corresponding to the induced
harmonic vibration), collapsing all measured time points. To generate a series of time-
resolved wavefields, the spectrum is instead multiplied with a Gaussian bandpass filter of
a given width 0 centered at the frequency of the induced harmonic vibration f5.5° This
effectively nulls one side of the spectrum, which makes the inverse transformation a
Hilbert transformation. The Gaussian bandpass filter in the frequency domain translates

into a weighted average of the inverse width — in the time domain and the multiplication

becomes a convolution. The more frequencies included (large (), the fewer measured
time points needed to reconstruct a single parameter map. This allows faster tracking of
viscoelastic changes, but introduces more noise and ringing artifacts. Consequently, the
width of the Gaussian bandpass filter was chosen according to the expected temporal
dynamics of the experiments and set to (0 = 0.1 Hz.% All other parts of the data processing
and the inversion were the same as described next.

The time-resolved complex-valued wavefields for each of the three excitation
frequencies and encoding directions were recovered from the bandpass filtered Fourier
spectrum centered at the aliased frequencies with subsequent inverse Hilbert
transformations.®® Aliasing occurred due to undersampling of higher frequencies at the

sampling rate of approximately 5.4 Hz.%° Nevertheless, the experimental design ensured
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a good separation of the aliased excitation frequencies, as shown in Figure 12.%° At each
time point, the wavefields at the three excitation frequencies and encoding components
were used to reconstruct a single 2D map of the shear modulus magnitude |G*| and phase
angle @, resulting in 486 consecutive parameter maps over the entire examination time
for |G*| and @.%° The nonperiodicity of the discrete time series led to edge artifacts of the
Hilbert transformation, which were discarded by removing a 5 s interval at the beginning
and end of the reconstructed time series of the parameter maps.®® Consequently, further

data analysis was restricted to an 80 s time window.®°
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Figure 12: Power spectrum of simultaneously excited vibration frequencies (30.03 Hz,
3091 Hzand31.80Hz)aver aged over the ROI covering th
a single slice. The frequencies appear at their aliased positions in the spectrum, which
only extends to the Nyquist frequency of approximately 2.7 Hz. 30.03 Hz shows the
highest power, as it is also visible in Figure 9. The individual Gaussian shaped filter
functions (width & = 0.1 Hz) are shown in color. (edited figure from Herthum et al., 20215°)

3.5.3 Study 3

MDEYV inversion
Conventional MRE reconstruction of brain viscoelastic parameters was performed

using the 2D MDEV inversion!®>8%8l to generate maps of |G*| and (i based on
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multifrequency wave images’®. 2D image processing prior to the inversion followed the
strategy outlined in Jiang et al.8? and previously applied to brain MRE data by Streitberger
et al.83.61 The complex MRI images were smoothed using a Gaussian filter (width (0 = 0.65
voxel).6? The phase images were then subjected to gradient-based unwrapping, resulting
in two in-plane phase gradient images for each encoding direction as described by
Papazoglou et al.84.51 The spatial derivatives additionally suppress compression waves
due to their highpass filter properties.®* As in the k-MDEV processing, the FFT was used
to provide wave images at each driving frequency.®® The respective complex-valued
images were further subjected to a Butterworth lowpass filter of 15t order with a threshold
of 100 m™! to reduce noise and finally invoked by the reconstruction algorithm.%t

In study 3%, MDEV is solely used to reconstruct maps of the shear modulus magnitude
|G*| in parallel to the k-MDEYV inversion.

k-MDEYV inversion

The adapted data processing and 2D k-MDEV inversion for brain MRE data as
developed in study 1%° was utilized in study 3% to calculate maps of SWS from
reconstructed wavenumbers based on the phase gradient method. In addition, the 3D k-
MDEV pipeline was used to incorporate the full 3D wave propagation and 3D phase
gradient including through-slice components. However, in contrast to Herthum et al.”®,
the curl field was calculated as a substitute to the highpass filter to suppress longitudinal
(compression) waves.®? The shear modulus magnitude |G*| was derived from SWS
values to compare the results with the MDEV inversion. The model equation |G*|sws =
SWS?.), with density } = 1000 kg/m?® was applied under the assumption of an elastic

material 5!
3.6 Parameter analysis

3.6.1 Study 1

In study 1%°, the SWS dispersion was modelled over the entire frequency range for
in vivo data using the Kelvin-Voigt, Maxwell, spring-pot and viscous model. The model
parameters were determined by a least-squares algorithm similar to the bi-directional fit
described previously.>® The standard deviations of SWS at each frequency was included
as weighting factor for the least-squares fit®>.5 The viscoelastic models for the complex

shear modulus 'O "O DO are given in Table 1. The complex shear modulus was
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converted into SWS using its magnitude |G*| and phase angle (i together with eq. ¢® ¢
with density } = 1000 kg/m?3.5°

3.6.2 Study 2

Parameter analysis in study 2%° was performed by averaging maps of |G*| and G
over the brain parenchyma. The same ROI was used for each time point, converting the
2D parameter maps into a time series of discrete values for each volunteer.®® The
anatomical T1-weighted images were used to manually delineate ROIs for each subject.®°
Larger sulci and ventricles were removed using thresholds for a minimum time-averaged
MRE signal magnitude of 10 and a minimum time-averaged |G*| value of 950 Pa, as it
was done previously in the literature®.6° Additionally, single frequency reconstruction of
the viscoelastic parameters was performed to test whether simultaneous actuation and
evaluation of multiple narrowband frequencies actually increased the stability of the
reconstruction.’® The single frequency inversion was based on the same raw data, but
only one frequency was extracted from the discrete Fourier spectrum and used for the
inversion.®® Then the coefficient of variation, CV = (standard deviation / mean), was
determined for the baseline phase for each volunteer and experiment for the multi- and
single frequency inversion.%°

For further statistical analysis, the absolute viscoelastic values were averaged over

the different experimental phases, given by:

Baseline: 2571 225s

Established maneuver: 3257 47.5s
Late response maneuver: 52.57 57.5 s
Recovery: 707 80 s®°

S

The evaluated phases are visualized in Figure 16. These time intervals were
selected based on the study design minus transition phases of 2.5 s at the beginning and
end of each phase.®® An additional late-response phase immediately after the maneuver
was included.®® The breath-hold phase between 257 30 s and the transition from VM to
recovery (607 70 s) were excluded.®® The average lateral ventricle volume in each phase
was also determined.®° A significant deformation during VM, as it was reported earlier®”,
could potentially affect the 2D viscoelastic parameter reconstruction.®® Hence, automatic

segmentations of CSF based on the time averaged MRE magnitude images in each
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phase was done with SPM127°.60 The number of CSF-associated voxels were calculated
by thresholding the probability maps at 0.5.6°

Moreover, individual viscoelastic differences a&dG*|( t )  @(thvdere guantified by
subtracting the averaged values of the baseline phase |G*|baseline and Ubaseline from the
time courses |G*|(t) and (i(t).%° Peak changes and temporal delays relative to the onset

and end of the VM were determined.®°

3.6.3 Study 3

In study 3%%, parameter maps of MDEV |G*|, k-MDEV |G*|sws and T2-weigthed
FLAIR intensity (T2int) were analyzed for image contrast at different locations with and
without focal disease expression. Disease expression (MS lesion) is marked by T2int
hyperintensity.5* Areas without disease expression in NAWM (control regions) were
analyzed to better differentiate possible lesion induced tissue alterations from otherwise

reconstructed brain heterogeneities.® In general, the contrast was determined as:
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Signal intensities and both stiffness parameters were averaged within ROIs at the
site of interest (MS lesion or control region) and at a reference site (surrounding tissue or
control region).5* ROIs at lesion sites were manually drawn.®* To create ROIs for the
control regions, all MS lesions were mirrored to the contralateral hemisphere of the
centered parameter maps.®! Surrounding tissue ROIs were automatically generated as a
ring around the central ROI spaced two voxels apart with a thickness of one voxel.®* CSF,
other lesions and solid-fluid interfaces between tissue and CSF (identified by |G*| values
less than 550 Pa®086:88) were excluded from all automatically generated ROIs.5! Figure
13 illustrates representative masks for MS lesions (red), control regions (blue) and
surrounding tissue areas (green and yellow) displayed on an anatomical image slice

(FLAIR image). In total, three contrasts were investigated:

1 C1. Manually delineated MS lesion tissue versus automatically selected
surrounding NAWM.61
1 C2: Control lesions, i.e., MS lesions mirrored to the contralateral side: NAWM

control lesion versus automatically selected surrounding NAWM.62
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1 C3: Manually delineated MS lesions versus control lesions in the contralateral

hemisphere.!

As MS lesions regularly occur at periventricular locations, where tissue-fluid
interfaces could confound the results, the proximity of each lesion to CSF was determined
to test as a confounding factor.®! Therefore, the CSF mask was successively enlarged by
one, two, three, four, five and more than five pixels and lesions that matched with the
enlarged CSF masks more than 30% were assigned the specific proximity value of one,

two, three, four, five or more than five pixels.5?

Figure 13: lllustration of possible tissue masks displayed on an anatomical image slice
after removing CSF. MS lesions are colored red, automatically assigned surrounding
tissue masks are shown in green. Mirrored control regions are shown in blue and their
surrounding tissue masks in yellow. The black arrow points to a control region which
overlapped by chance with a MS lesion and was therefore reduced in size. The white
arrow points to a control region which overlapped by chance with CSF and was

consequently reduced in size. (figure from Herthum et al., 202251)
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3.7 Signal-to-noise ratio of wave images

In all three studies®®%!, the displacement SNR (dSNR) of the wave images was
determined. Therefore, the blind noise estimation method of Donoho et al.®® was used to
estimate the noise of the complex-valued wavefields based on the wavelet
decomposition. Wavelet analysis is well suited to discriminate periodic patterns (spatial
frequencies of harmonic waves) in wave images from edges and noise®-%°. The method
has been previously applied to MRE data in the literature*®’t. Together with the signal
magnitude (L2-norm of the wavefield), the dSNR was calculated as follows Q"YU 'Y¢ 10
17 G

but calculated separately for each frequency. Unless otherwise stated, dSNR was

5961 Signal and noise were summed over all encoding directions and slices,

estimated using the same ROI as for the viscoelastic parameter analysis. Moreover,

dSNR was evaluated in each MS lesion in study 3.
3.8 Statistical tests

All statistical analysis was done in R (version 3.6.2 or higher). P-values less than
0.05 were considered statistically significant.

3.8.1 Study 1

In nine volunteers the experiments were repeated the next day to determine
measures of repeatability for in vivo sSMRE.®® The relative absolute difference (RADj)
between the two measurements and the coefficient of repeatability (Cr)°* were calculated

based on SWS values, which were derived from profile-based wave speed analysis ®j

and op. %
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3.8.2 Study 2

First, atwo-sidedp ai r e d Vst washpériormed to compare the CV during
the baseline phase of the multifrequency inversion with the single frequency inversion.°
Second, the averaged absolute viscoelastic values and the CSF volume were analyzed
by group statistics to test for significant changes between the phases 1 i 4.%° A linear
mixed-effects model (LMM) with varying intercepts was used.®° Viscoelastic parameters
and CSF volume were assigned as dependent variables, the individual phases as
independent variables and subjects as random effect®* Tuk ey 6 s post hoc te
to calculate P-values with Bonferroni correction for multiple comparisons.®® Third,
correlation analysis between the viscoelastic parameters and dSNR was performed using
a LMM with |G*| and G as dependent variables, dSNR as fixed effect and subjects as
random effect.’° At last, a correlation analysis of baseline values of |G*| and { with
individual peak responses and subject data were performedusi ng Pearsonds ¢

coefficient.60

3.8.3 Study 3
First, a correlation analysis of stiffness contrast C1 and lesion dSNR, CSF
proximity and size was done usi ng Pearsonds correlation ¢
correction.?! Second, aone-s a mp | e Wt wds pesfornied for each contrast C1,
C2, and C3 and for each parameter |G*|, |G*|sws and TZ2int to determine if the mean of the
specific distribution is different from zero.5* Third, a test for significant differences in |G*|,
|G*|sws and T2int contrasts was done using a LMM with varying intercepts.5? Contrasts
were used as dependent variables and the tissue type (MS lesion or control region) were

assigned independent variable.®* Random effects were lesion numbers and subjects.!
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4 Results
4.1 Study 1: Human brain wave speed dispersion

The results of the large-scale wavelength analysis for the in vivo data in terms of
SWS dispersion over frequency are shown in Figure 14. In addition, values from the
literature are displayed. The data was acquired and published by Dittmann et al.52, who
used a 3D MDEV inversion on sets of three frequencies. |G*| results were converted to
SWS using the equation SG T , assuming a density } = 1000 kg/m3and a purely
elastic material.>® The same data was used to recover single-frequency results by Testu
et al.?2 based on nonlinear inversion met hods, yielding sto
G066, which we$8WSusigeygy ed esdant @@ ¢.>°

Both the spring-pot and Maxwell model converged to the model resembling a
purely viscous material when fitted to the profile-based SWS dispersion curve.>®
Therefore € was undetermined, with d = 6.23 + 0.22 Pa-s based on the viscous model.%®
The two-parameters solid Kelvin-Voigt model also reflected super viscous properties of
brain tissue with very low & (42 + 13 Pa) and relatively high d (6.57 + 0.30 Pa-s).>® The
results for the model parameters are summarized in Table 4.

Data consistency for ssMRE was analyzed at 5 and 10 Hz vibration frequency.>®
The relative absolute difference RAD; between repeated measurements was on average
6.6% with a maximum change of 8.9% in one subject for 5 Hz.5° At 10 Hz the average
RAD; was 2.8%, with a maximum of 7.8%.5° The coefficient of repeatability Cr was 0.07
m/s at 5 Hz (mean: 0.52 + 0.06 m/s) and 0.06 m/s at 10 Hz (mean: 0.79 + 0.03 m/s).%°
Frequency averaged dSNR was 22 + 2 dB, which is higher than values from the
literature*®4°.59 No significant correlation with vibration frequency was found (r=.27,
p=.45).59

rage



Results 42

SWSin m/s

® Wave Fit i
- = =Viscous model
—— Kelvin-Voigt model

= Dittmann et al. 2016 | |
Testu et al. 2017

o N B~ O 0 = N B~ O 00 P
T

0 5 10 15 20 25 30 35 40 45 50
Vibration frequency in Hz

Figure 14: SWS dispersion curve over frequency. Wave-fit based SWS estimation from
intrinsic activated waves to externally induced waves up to 40 Hz. SWS dispersion fits
using the viscous model (dashed line) and the Kelvin-Voigt model (black thick line) are
shown as well. Moreover, data from Dittmann et al.5? and Testu et al.®2 were converted
to SWS and added. (edited figure from Herthum et al., 20215°)

Table 4: Rheological model parameters (uncertainties given in brackets) based on SWS

dispersion of profile-based MRE in human brain. (edited table from Herthum et al., 20215°)

Model Formula -i P aX ‘i Ra |

Kelvin-Voigt "0 * "Q - 6.57 (0.30) 42 (13) -
Viscous 0O Q - 6.23 (0.22) - -
Maxwell "0 “ j% __ converges to viscous -

Spring-Pot 0 Q - converges to viscous 0.20 (0.02)
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4.2 Study 2: Viscoelasticity changes during Valsalva and breath-hold

CV during the baseline phase, averaged over each experiment and subject, was
smaller for multifrequency inversion (CV|ey = 0.74 £ 0.36%, CV¢ = 0.51 * 0.26%) than for
single frequency inversion (CV|cy = 0.99 + 0.50%, CV4 = 0.77 + 0.41%, p<.001).° The
heart rate increased steadily in all subjects throughout the VM. This indicated the correct
performance of the maneuver. Figure 15 shows representative images of the MRE
magnitude, CSF segmentation, |G*| and 4 maps in a single subject averaged over the
different time windows. The ROI is indicated by yellow lines. A visible difference from
baseline was only evident for |G*| during the late response phase, which was
characterized by slightly increased values.®® No significant change in CSF-associated
voxels was observed.®° Time courses of the group-averaged relative changes in |G*| and
4 during the three experiments are shown in Figure 16. |G*| increased by 6.7 £ 4.1%
(p<.001) at 2.4 + 1.2 s after beginning of the VM.® The biggest difference was 69 + 50
Pa.%0 A brief drop in stiffness was followed by a steady increase up to 7.4 + 2.8% (p<.001)
approximately 5.5 + 2.0 s after the exercise.®° The largest change to baseline values was
82 + 42 Pa.®0 During the established maneuver, (i decreased significantly by -2.1 + 1.4%
(p<.001) within an average reduction of -0.018 + 0.012 rad.®®© Both viscoelastic
parameters recovered to baseline values with return to normal breathing.® During the
BH-in experiment, |G*| showed two local maxima, the first at 3.0 + 1.0s after the onset of
the VM with an average value of 18 + 16 Pa (p<.001) and the second at 17.0 £ 2.0 s with
32 + 29 Pa (p<.001).%° (i was slightly decreased (-0.006 + 0.004 rad, p<.001) during the
BH-in experiment. During the BH-ex experiment, |G*| slowly increased with breath
holding, reaching its maximum 2.5 £ 1.5 s after finishing the maneuver (26 + 23 Pa,
p<.001).5° dSNR was on group-average 36 + 2 dB and changed only slightly during each
experiment (+1 dB).%° No correlations were found between viscoelastic parameters and

participant characteristics or dSNR during the experiments.®°
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Figure 15: Maps of MRE magnitude, CSF segmentation, |G*| and (i averaged over each
experimental phase in one volunteer. White lines indicate the ROI for further data
analysis. |G*| shows a slight increase during the late response maneuver. (edited figure
from Herthum et al., 2021%0)
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4.3 Study 3: Stiffness contrast of multiple sclerosis lesions in humans

In study 3%, an average of 12 + 5 (range 7 - 22) lesions per patient were manually
delineated. The analysis included in total 147 MS lesions. An average 3D lesion size of
0.38 £ 40 cm? (range 0.03 7 2.6 cm?3) was found, corresponding to an idealized spherical
lesion with a diameter of 9 mm.%! Average dSNR in NAWM was 29 + 3 dB.%! Figure 17
shows the results in a representative slice in one patient. Masks of the lesion (red) and
masks of surrounding tissue (green) are displayed on the co-registered FLAIR-MRI image
and MRE magnitude image. MS lesions were hyperintense in both T2-weighted
anatomical image contrasts.® Control regions (blue) and their respective surrounding
tissue (yellow) are visualized on the second MRE magnitude image.®* The bottom row
shows reconstructed parameter maps based on MDEV and k-MDEV, showing the
contrasts for |G*|, SWS and |G*|sws. MS lesions are not visible in terms of stiffness
contrast.5!

Figure 18 shows the histograms for the three analyzed contrasts for the
parameters |G*| (Figure 18A), |G*|sws (Figure 18B) and FLAIR intensity (Figure 18C). The
red arrow indicates a registration mismatch between averaged MRE magnitude and
FLAIR images. The first contrast (C1) compared MS lesions to surrounding tissue, the
second contrast (C2) compared control regions (contralateral NAWM) to surrounding
tissue and the third contrast (C3) compared MS lesions to control regions.®! Descriptive
statistics are given in Table 5. The contrast of interest C1 was on average 2.1 + 11.2%,
80 MS lesions showed higher and 67 lesions showed lower stiffness values than the
surrounding tissue.®* However, similar results (statistically not different, p=.86) were
obtained for the control contrast C2 (1.8 = 11.6%, 76 stiffer and 71 softer), which hindered
a differentiation between lesion pathology-induced stiffness alterations and normal WM
heterogeneity.5* Comparison of the MS lesions with the control regions (C3) or analysis
of the contrasts in |G*|sws yielded similar results.®! In addition, none of the MS lesions
were discernible in the reconstructed |G*| and |G*|sws maps.®! Delineation of MS lesions
by T2-weighted intensities of the FLAIR images showed that MS lesions (C1) yielded
significantly higher average contrasts of 30.6 = 12.1% than the control regions (C2) with
1.8 + 6.0% (p<.001).%*
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Figure 17: Representative images of T2-weighted FLAIR, MRE magnitude, MDEV based
|G*| and k-MDEV based SWS and |G*|sws for a single subject in the same slice. Manually

delineated MS lesion (red) are shown together with automatically generated surrounding

tissue masks (green). Control regions (blue) are shown with their respective surrounding

tissue (yellow). The red arrow indicates registration mismatch between MRE magnitude

and FLAIR images. (edited figure from Herthum et al., 202151)
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Figure 18: Histograms for different contrasts and parameters. Contrast C1 compares MS

lesions with surrounding tissue. Contrast C2 compares control regions in contralateral

NAWM with surrounding tissue and contrast C3 compares MS lesions with control
regions. A Contrasts from MDEV based |G*|. B Contrasts from k-MDEV based |G*|sws.
C Contrasts from T2-weighted intensity of FLAIR images. (edited figure from Herthum et

al., 202161
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Table 5: Descriptive statistics for Figure 18 from study 3%!. Mean values + standard
deviations for different parameters and contrasts are given. In brackets test decision

against Ho = 0 and number of positive/negative contrasts. (own table)

MS lesion vs Control region vs MS lesion vs
surrounding tissue  surrounding tissue control region
|G*| contrast (%) 21+11.2 (p=.020, 1.8+11.6 (p=.060, 1.3+ 18.4 (p=.130,

80/67) 76/71) 78/69)
|G*|sws contrast ~ -2.2 + 10.4 -0.8+9.1(p=.170, -1.8+16.0
(%) (p=.004, 56/91) 60/87) (p=.700, 64/83)
T2w-intensity 30.6 + 12.1 1.8 + 6.0 (p=.240, 30.7 + 15.0

contrast (%) (p<.001, 146/1) 86/61) (p<.001, 145/2)
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5 Discussion

5.1 Summary of results

The methods presented here are the foundation of the conducted studies and contribute
to the further development of brain MRE. Exploiting the previously developed ssMRE
sequence*® made it possible for the first time to capture the viscoelastic dispersion of
brain tissue from ultra-low frequencies to the conventional range including 1 Hz excitation
by intrinsic pulsation.>® Superviscous brain properties with strong dispersion were found.
Combining the rtMRE sequence® with multifrequency actuation and adapted data
processing improved the robustness of the inversion algorithm.° This enabled us to study
the previously unknown time-resolved viscoelastic response of in vivo human brain during
the Valsalva maneuver and different breath-hold challenges.®® A perfusion-induced
increase in stiffness and decrease in fluidity were observed during VM. Finally, MRE data
was acquired with an optimized imaging sequence in a group of RRMS patients to study
MS-related mechanical alterations in small lesions.®! Therefore, k-MDEV data processing
and stiffness reconstruction in 2D and 3D was redeveloped. No pronounced mechanical
differences were detected between MS lesions and surrounding brain tissue beyond
NAWM heterogeneity.

5.2 Interpretation of results

Study 1%° is the first MRE study that used shear waves generated in a wide
spectrum of frequencies from heart rate to 40 Hz external actuation in the human brain.
Such a wide frequency range has never been used for in vivo brain MR elastography
before and revealed a steady increase in SWS from 0.14 to 1.9 m/s.5° Only superviscous
tissue properties can explain this large dispersion of stiffness values.>® Careful analysis
of the slope of the propagating intrinsic shear wave that originated from the circle of Willis
and traveled through the brain revealed very soft properties in these near-static
deformations using intrinsic activation, which was supported by the ex vivo experiments.5°
These results may explain the large gap generally seen between shear stiffness
estimates obtained with static and dynamic methods.®® The viscous model-based
viscosity of — @& T®0 ¢I is larger than previously reported values of — ¢®
@ U ¢ derived from higher frequencies between 25 to 62.5 Hz.5° However, the results

are consistent if we assume brain properties similar to fluids, as reported by Bilston et
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al.®3.5° The values thus highlight the importance of fluid-filled spaces such as vessels and
pores for whole brain mechanical properties® that cannot be accounted for by local
indentation methods or shear rheometry.>® Sample preparation for ex vivo methods
typically involves some type of fixation, which drains the tissue and leaves clogged blood
in the vessels.>® Therefore, ex vivo methods tend to predominantly capture the
contribution of solid compartments, which explains the higher values of 1 7 2 kPa%
reported in the literature. This is also theoretically predicted by the biphasic tissue model
with a varying liquid phase.®’ The large-scale solid-fluid interactions captured by ssMRE
at low and ultra-low frequencies may thus have the potential to serve as a future
biomarker in clinical practice.>® The tissue viscosity determined by dispersion analysis,
including ultra-low frequencies, might reveal viscoelastic network modulations of brain
tissue in inflammation and ECM remodeling.>®

In study 2%, the novel tMRE technique® was used to image fast changes in
human brain viscoelasticity in response to the VM and various breath-hold challenges.®°
Multifrequency actuation increased the consistency of mechanical parameter
reconstruction without additional scan time, and all subjects consistently showed an
increase in |G*| and a decrease in fluidity-related G during VM.®® The observed
mechanical alterations may be attributable to brain perfusion and physiological processes
induced by VM.®9 Figure 19 shows representative time courses of the heart rate and mean
arterial blood pressure with additional plots for stiffness-related |G*| and fluidity-related
loss angle (. Subjects initiated the VM by abdominal muscle contraction to compress the
lung volume against a closed mouth during breath-hold at deep inspiration.®°6% In general,
if the maneuver is performed correctly, intrathoracic pressure increases immediately and
venous return to the heart is impeded.°9.%° The pressure rise is transmitted to the brain
cavity through the vascular tree and elevates ICP.%1% Simultaneously, arterial blood
pressure (ABP) and cerebral blood flow (CBF) are reduced and blood accumulates in the
brain.®%191 This in turn activates cerebral autoregulation, which aims to normalize CBF by
dilating the cerebral arteries and reducing vascular resistance.%101.102 A|| subjects in the
experiment showed a steady increase in heart rate to normalize ABP, which is commonly

mediated by the baroreflex.60.101.102
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Figure 19: Schematic time courses of average stiffness and loss angle before, meanwhile
and past the Valsalva maneuver inspiration as conducted and quantified in this study. In
addition, mean arterial pressure variations as reported by Pstras et al.1%% and group mean
heart rate changes measured in this study are given. (figure from Herthum et al., 2021°°)

Interestingly, stiffness correlated with the increase in ICP and rose steadily
throughout the VM.® This relationship is an intriguing finding because the observed
changes may be indirectly linked to tissue stiffness, and ICP could be monitored with
rtMRE.®® Direct noninvasive ICP measurement is not yet possible, and understanding
how a pathologically elevated ICP is related to whole brain stiffness is of interest for
clinical purposes in patients with brain tumors or hematomas, hydrocephalus, and other
conditions.®® Fluidity followed the reduced cerebral perfusion, as viscous damping
decreased with the drop in perfusion.®® Physiologically driven alterations in (i have been
previously studied by our group, and an increase of 2% was observed with hypercapnia®*
and of 0.5% with arterial pulsation*®.6® In both cases, perfusion pressure and CBF were
increased, supporting the findings of reduced fluidity with unchanged CBF and lowered
perfusion pressure.®® The baseline values measured in this study agree well with
previously reported results obtained at similar frequencies.364%1% The findings were
corroborated by control experiments investigating breath-holds without VM.®° Slight
modulations similar to those induced by VM were observed for the BH-in control
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experiment, as intrathoracic pressure is also likely to be elevated during full inspiration.®°
The least effect on brain viscoelasticity was observed during the BH-ex maneuver.°
Analysis of CSF volume and ventricle size revealed no significant correlations with VM.®°
Therefore, the previously reported changes in ventricle volume in the range of 20%87:106
were successfully avoided by instructing subjects to perform a moderate maneuver with
minimization of muscle strain and head motion.®® The reported time course of brain
viscoelasticity in healthy subjects may serve as a baseline for the VM response.®® This
may be valuable for studying neurological dysfunction of autoregulation.®®

To my knowledge, study 3% is the first analysis that relates the stiffness contrast
of MS lesions derived from MRE to NAWM heterogeneity. The high complexity of brain
tissue results in a wide variety of reported stiffness estimates, and MRE parameter maps
of human brain tissue regularly appear very heterogeneous.®® Thus, it is generally
challenging to discriminate effects of small features.®! To address this issue, the following

measures were determined:

i. relative difference between lesion and surrounding tissue (lesion contrast)®!
ii. relative difference between contralateral control regions and surrounding tissue
(control tissue or MRE heterogeneity)®*

ii. relative difference between lesion tissue and control regions®!

MDEV reconstruction showed 54% and 46% lesions to exhibit higher and lower
stiffness values than surrounding tissue, respectively.®' However, control tissue analysis
revealed a similar pattern of mechanical contrasts.®? While the first finding alone might
suggest that there is a lesion-dependent alteration in stiffness due to varying lesion status
or pathology, the fact that similar contrasts occurred in control tissue indicates that the
findings fall within the observed NAWM heterogeneity and thus, there is no evidence for
a systematic pattern.t* No lesion was visually apparent compared to the contralateral
side.! Hotspots, or high-intensity areas, occur regularly in MRE maps due to wave
reflections at tissue boundaries, which presents a further obstacle for mechanical
delineation of MS lesions using MRE.®? Still, the NAWM values are within the range of
those reported in the literature.®* The quantity of viscoelastic parameters obtained by
MDEV direct inversion were lower than those obtained with k-MDEV, as first-order FDO
inversions are less biased by noise effects..73 Yet, MDEV is more firmly established for

brain MRE, so both approaches were analyzed here. In simulations, both methods
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performed better in resolving soft inclusions.®* As described by Mura et al.”3, SNR and
spatial support are the driving factors that seem to be better matched in larger and softer
areas.®! Stiffer and smaller inclusions showed severe inversion bias.®!

As the mechanical environment of demyelinated lesions appears to be important
for the remyelination process?’, existing ex vivo studies used atomic force and scanning
force microscopy to examine microscopic stiffness alterations associated with MS lesions
in tissue samples.1%81%° Mechanical alterations in MS have been attributed to glial cells
and ECM composition, as myelin content may not be the sole cause.?” ECM remodeling
in chronic lesions has been found to be driven by reactive astrocytes and fibronectin
accumulation, which has been associated with sclerosis or stiffening.°8119 Conversely,
demyelination with inflammation and gliosis has been associated with lesion softening,
as glial cells were measured to be softer than neurons.®”1'1 The study presented here
did not reveal that these microscopic findings are expressed as marked macroscopic
stiffness changes for in vivo lesions.®* Overall, only relatively small contrasts were
observed, compared with an overall brain stiffness reduction of about 1517 20% in MS
patients or compared with findings in prostate tumors with stiffness contrasts of up to
140%.58112 All patients were on immunomodulatory treatment, with the last relapse
months or years before the study.®* Accordingly, it was hypothesized that most lesions
were chronic and possibly stiffer.6* However, this group of lesions is very difficult to detect
because stiffer contrasts are largely underestimated, as shown in the simulations,
although it is theoretically possible to resolve small inclusions with different contrasts.®!
Moreover, most lesions were small and periventricular in location, where tissue-fluid
boundaries present an additional hurdle.* Still, proximity to CSF was ruled out as a
confounding factor, and also larger lesions did not show consistent contrast patterns.®:
Additional analysis using full 3D k-MDEV inversion, which accounts for complex wave
patterns, did not yield results different from those discussed earlier.?! In light of these
findings, it can be concluded fi éthat marked tissue sclerosis may not be a mechanical

signaturf% of MS. o0
5.3 Limitations

Although all three studies®®-%! were conducted with great care, there are limitations
that need to be mentioned. First, thereareno 6 g r o u n daluésifoubram Giscoelasticity

in humans.>® Second, a relatively small number of participants was included, in part
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because of the exploratory nature of the studies. Nevertheless, 147 lesion were
delineated for study 3%, which provided sufficient statistical power, assuming that
different lesion types may be present in a single subject. Third, the single-slice
reconstructions generated in study 1%° and study 2%° are possibly biased because
obliquely travelling shear waves and compression wave components cannot be
accounted for in 1D and 2D data analysis.>>° In general, shear wave propagation is
heterogeneous and dispersive due to anisotropic and nonlinear tissue properties, and
even 3D techniques, as employed in study 3% or other studies, cannot fully address these
issues.®%-61 Another limitation for study 3% was that lesion activity could not be assessed
with gadolinium-based contrast agent-enhanced MRI because this was not approved by
the local ethics committee. Technical advancements with regard to actuation systems,
imaging sequences!'®115 and inversion algorithms?88116.117 may address these interesting
challenges and will probably contribute significantly to the future developments in MRE

and its clinical implementation.
5.4 Future research topics

The work presented here shows a high degree of novelty in all three studies
performed®®6!, as each study sheds light on a research question that has not been
addressed before. Consequently, there exist no comparable studies, and it is important
that the findings are replicated and confirmed to provide reliable scientific evidence. Since
study 15° and study 2%° were performed in healthy participants, it would be interesting to
conduct similar studies in patients and compare the findings with the healthy references
presented here. As mentioned earlier, ultra-low frequencies might be suitable for studying
matrix and fluid accumulation, which can be a sensitive marker in inflammation and ECM
remodeling. Similarly, the viscoelastic response to the Valsalva maneuver could be
sensitive to pathologies related to increased ICP or cerebral autoregulation. A highly
interesting continuation of study 3% would be to evaluate mechanical alterations in
relation to MS lesion activity. In particular, acute and active MS lesions are worth studying,
as it has recently been shown that acute inflammation reduces tissue stiffness in an EAE
mouse model.'!8 Incorporating the MRE experiment into a clinical routine protocol for the
initial diagnosis of MS in subjects with a clinically isolated syndrome would have several
advantages. The routine protocol includes contrast-enhanced MRI, which is required for

differentiation of active lesions. In addition, once the diagnosis has been established,
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patients regularly return for follow-up examinations, allowing serial investigation of
stiffness changes over time and correlation with treatment outcome.

Moreover, the methods developed can be used to answer other research
questions of interest to the scientific community. Multifrequency rtMRE is a robust
technique for mapping rapid mechanical variations. In a future study, this method could
be used to image viscoelastic alterations in the brain induced by functional processes, as
proposed by Lan et al.?’. In contrast to their study, tMRE allows higher frame rates, which
are required to distinguish the potentially rapid mechanical response from a slower
contrast dependent on blood oxygenation.®® The developed technique of MRE at ultra-
low frequencies opens many doors for future work, including artificial intelligence based
wave image analysis. It is important to overcome profile-based, large scale stiffness
estimation and to generate high-resolution maps of tissue stiffness and fluidity at ultra-
low frequencies instead. Al-based viscoelastic dispersion analysis for tissue fluidity in
disease-related ECM modulation is an exciting new research area that complements the
initial findings presented here. This may help us to understand the role of brain structure

in inflammatory and regenerative processes.
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6 Conclusion

The in vivo viscoelastic properties of human brain tissue play a crucial role in health
and disease and contribute to both tissue structure and function.# Human brain tissue is
inherently inaccessible to surface-based mechanical testing methods such as palpation
or local indentation techniques.* Any invasive approach bears risks for patients, and their
use should be reduced as much as possible in clinical routine. Allowing quantification of
viscoelastic tissue properties, brain MRE has a great potential to replace invasive
procedures. Furthermore, viscoelasticity can be explored as a potential biomarker for
pathologies, such as tumors, that affect the brair
of brain mechanical measurement to solid-fluid interactions (CSF, blood), viscoelastic
network interactions (neurons, oligodendrocytes, astrocytes), and viscoelastic damping
(ECM remodeling) can be exploited for a variety of diagnostic and therapeutic
applications. Nevertheless, as an emerging imaging modality, brain MRE also presents
many challenges that need to be addressed by the scientific community to move the
technique towards clinical application. All three studies presented here contribute to this
task by exploring frequency regimes outside the conventional range®®, by applying
recently developed rtMRE to test brain function in terms of viscoelasticity at high temporal
resolution®, and by investigating the limitations of spatial resolution and contrasts of brain
MRE in detecting possible focal stiffness alterations in MS lesions®?.

The first study®® explored frequencies outside the conventional range and
successfully introduced intrinsically activated MRE using the pulse wave as the source of
shear wave propagation. Probing brain tissue at such ultra-low frequencies revealed the
superviscous properties of brain tissue at large scales, bridging the gap between static
and dynamic measurement modalities.®® The extended dispersion range may be sensitive
to altered tissue fluidity, which affects the viscoelastic dispersion studied here.>°

The second study®® investigated healthy brain tissue under physiological
challenges induced by the Valsalva maneuver and linked the observed brain stiffening to
cardiovascular mechanisms. Quantification of viscoelastic changes at high temporal
resolution without gating is an emerging branch within brain MRE and was first made
possible by the previously developed imaging sequences of tMRE®.%° The sequence
was tailored to simultaneous multifrequency wave excitation, which increased the
robustness of the inversion algorithm and allowed us to consistently observe relatively

small viscoelasticity changes on short time scales in a group of healthy subjects.°
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The third study®! aimed at resolving small focal viscoelastic alterations possibly
induced by MS lesions while taking NAWM heterogeneity into account. However, no such
variations could be detected as the contralateral side exhibited local stiffness contrasts of
the same magnitude.®! Therefore, it was not possible to distinguish the observed stiffness
changes in MS lesions from NAWM heterogeneity.®* Though, simulations and phantom
experiments allowed to set detection limits for small stiffness contrasts and constrained
the mechanical modulations that might be induced in MS lesions.5! This rigorous analysis
suggests that tissue sclerosis is not a marked feature of MS lesions in RRMS patients
and also points to the current challenges of brain MRE in terms of spatial resolution and
detectability of stiffness contrasts.®!

In summary, this dissertation contributes to the field of brain MRE by developing
and validating new methods and by exploring unanswered research questions with state-
of-the-art technology. This opens new possibilities for future studies. Each study was
accompanied by technical and methodological advances in each major component of
MRE examinations: actuation, imaging, and reconstruction. The limits of MRE have been
pushed and the challenges of ultra-low frequency MRE®®, high temporal resolution®®, and
high spatial resolution®® have been tested. Each of the three studies contributes to the
clinical translation of human brain MRE as a new imaging modality for assessing
viscoelasticity as a quantitative biomarker in the in vivo examination of biological soft

tissues.
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Real-Time Multifrequency MR
Elastography of the Human Brain
Reveals Rapid Changes in
Viscoelasticity in Response to the
Valsalva Maneuver

Helge Herthum', Mehrgan Shahryari?, Heiko Tzschétzsch?, Felix Schrank?,
Carsten Warmuth?, Steffen Gérner?, Stefan Hetzer3, Hennes Neubauer?, Josef Pfeuffer?,
Jiirgen Braun' and Ingolf Sack?*

" Institute of Medical Informatics, Charité — Universitdtsmedizin Berlin, Corporate Member of Freie Universitét Berlin,
Humboldt-Universitét zu Berlin, and Berlin Institute of Health, Berlin, Germany, * Department of Radiology, Charité —
Universitdtsmedizin Berlin, Corporate Member of Freie Universitét Berlin, Humboldt-Universitat zu Berlin, and Berlin Institute
of Health, Berlin, Germany, * Berlin Center for Advanced Neuroimaging (BCAN), Beriin, Germany, * Application Development,
Siemens Healthcare GmbH, Erlangen, Germany

Modulation of cerebral blood flow and vascular compliance plays an important role in
the regulation of intracranial pressure (ICP) and also influences the viscoelastic properties
of brain tissue. Therefore, magnetic resonance elastography (MRE), the gold standard
for measuring in vivo viscoelasticity of brain tissue, is potentially sensitive to cerebral
autoregulation. In this study, we developed a multifrequency MMRE technique that
provides serial maps of viscoelasticity at a frame rate of nearly 6 Hz without gating, i.e., in
quasi-real time (rt-MMRE). This novel method was used to monitor rapid changes in the
viscoelastic properties of the brains of 17 volunteers performing the Valsalva maneuver
(VM). rt-MMRE continuously sampled externally induced vibrations comprising three
frequencies of 30.03, 30.91, and 31.8 Hz were over 90 s using a steady-state,
spiral-readout gradient-echo sequence. Data were processed by multifrequency dual
elasto-visco (MDEV) inversion to generate maps of magnitude shear modulus | G*|
(stiffness) and loss angle ¢ at a frame rate of 5.4 Hz. As controls, the volunteers were
examined to study the effects of breath-hold following deep inspiration and breath-hold
following expiration. We observed that | G*| increased while ¢ decreased due to VM
and, less markedly, due to breath-hold in inspiration. Group mean VM values showed
an early overshoot of | G*| 2.4 + 1.2 s after the onset of the maneuver with peak values
of 6.7 & 4.1% above baseline, followed by a continuous increase in stiffness during VM.
A second overshoot of | G*| occurred 5.5 + 2.0 s after the end of VM with peak values
of 7.4 £ 2.8% above baseline, followed by 25-s sustained recovery until the end of
image acquisition. ¢ was constantly reduced by approximately 2% during the entire VM
without noticeable peak values. This is the first report of viscoelasticity changes in brain
tissue induced by physiological maneuvers known to alter ICP and detected by clinically
applicable rt-MMRE. Our results show that apnea and VM slightly alter brain properties
toward a more rigid-solid behavior. Overshooting stiffening reactions seconds after onset
and end of VM reveal rapid autoregulatory processes of brain tissue viscoelasticity.

Keywords: real-time multifrequency MRE, cerebral autoregulation, Valsalva maneuver, stiffness, viscoelasticity
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INTRODUCTION

A balance of intracranial mechanical properties is of crucial
importance for normal brain function (Linninger et al., 2005;
Guyton and Hall, 2006; Wagshul et al., 2006; Schmid Daners et al.,
2012). Shear modulus and bulk modulus of brain tissue influence
cerebrovascular compliance and pulsatility as well as intracranial
pressure (ICP) (Giulioni et al, 1988; Greitz et al., 1992;
Wagshul et al.,, 2011; Parker, 2017). While shear modulus can
be measured non-invasively by magnetic resonance elastography
(MRE) (Hirsch et al.,, 2017), there is currently no method for
direct ICP measurement without an intervention or without
making model assumptions (Guyton and Hall, 2006). In complex
multiphasic mechanical systems such as the brain, shear modulus
and pressure are linked through poroelastic interactions between
the fluid and solid spaces (Bilston, 2002; Tully and Ventikos,
2011; Parker, 2014). Thus, it is likely that regulation of ICP,
which is one of the most important vital functions of intracranial
mechanics, also affects shear viscoelasticity (Perrinez et al., 2009;
McGarry et al., 2015; Lilaj et al., 2020). However, this mechanical
component of cerebral autoregulation is largely unstudied due
to a lack of imaging techniques that can measure cerebral shear
modulus in vivo with high spatial and temporal resolution.

In the past, cerebral MRE was used to study a wide
variety of physiological effects or diseases which affect the
in vivo shear modulus of brain tissue (Hiscox et al., 2016; Yin
et al.,, 2018). It has been shown that the brain becomes softer
during normal aging (Sack et al., 2009; Arani et al.,, 2015) or
pathophysiological processes such as neuroinflammation (Riek
et al., 2012; Wang et al., 2019), demyelination (Schregel et al.,
2012), or neurodegeneration (Murphy et al, 2012; Munder
et al., 2018). In patients, brain softening has been observed in
a wide set of neuronal disorders including multiple sclerosis
(Wuerfel et al., 2010; Fehlner et al., 2016), Alzheimer’s disease
(Murphy et al., 2011; Murphy et al., 2016; Gerischer et al.,
2018), Parkinson’s disease (Lipp et al., 2013, 2018) and normal
pressure hydrocephalus (Streitberger et al., 2011; Juge et al,
2016; Murphy et al.,, 2020). Brain tumors can be either softer
or stiffer than normal tissue (Simon et al., 2013; Jamin et al,,
2015; Reiss-Zimmermann et al., 2015), while malignant tumors
have reduced viscosity (Streitberger et al., 2014; Schregel et al.,
2018; Streitberger et al, 2020). A higher stiffness of neural
tissue has been associated with increased perfusion pressure
(Chatelin et al., 2015; Hetzer et al., 2018, 2019; Bertalan et al.,
2019a), ICP (Hatt et al., 2015; Arani et al., 2018), formation of
cytotoxic edema in dying animals (Weickenmeier et al., 2018;
Bertalan et al., 2020), proliferation of neurons (Klein et al., 2014),
neuronal activity (Patz et al., 2019; Lan et al., 2020), and brain
maturation (Guo et al.,, 2019). All of these studies have revealed
that brain viscoelasticity can change within minutes (perfusion
alterations), weeks (brain maturation in mice), or years (aging,
disease progression). However, requiring several minutes of
data acquisition, conventional MRE is limited in resolving non-
periodic rapid processes such as cerebral autoregulation and ICP
alterations which cannot be consistently repeated in volunteers.

Faster techniques including time-harmonic ultrasound
elastography (Tzschatzsch et al., 2018; Kreft et al., 2020) and
real-time MRE (rt-MRE) (Schrank et al., 2020a) have been
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introduced recently. While cerebral ultrasound elastography is
limited by acoustic windows and cannot generate detailed maps,
rt-MRE has the potential to map viscoelasticity with both high
spatial resolution and high frame rates. However, feasibility of
rt-MRE has as yet only been demonstrated with a small field
of view in the lower extremities (Schrank et al., 2020a) and has
never been tested in the brain.

Therefore, we here introduce real-time multifrequency MRE
(rt-MMRE) for applications in the human brain. Multifrequency
extension of rt-MRE was motivated by previous work on
multifrequency wavefield inversion promising higher stability
and consistency of parameter maps than single-frequency direct
inversion (Papazoglou et al., 2012; Hirsch et al., 2014). Moreover,
rt-MRE builds on continuous stroboscopic sampling of harmonic
vibrations (Schrank et al., 2020b), which can be spectrally
decomposed into multifrequency vibrations without extra scan
time. As such, rt-MMRE is a natural extension of rt-MRE that
yields, at no extra cost, consistent viscoelasticity maps at relatively
high frame rates in the order of 6 Hz depending on the repetition
time (TR). Since rt-MRE does not require gating and provides
multiple viscoelasticity maps per second, we consider this method
as a real-time imaging technique.

Using rt-MMRE, we investigate rapid viscoelastic changes
during cerebral autoregulation associated with the Valsalva
maneuver (VM). The VM is a standard maneuver to voluntarily
increase ICP by forceful breathing against the closed airway with
abdominal muscle contraction at the same time. VM will be
compared with normal breath-holds in inspiration (BH-in) and
expiration (BH-ex). To address frequency dispersion and to test
the overall consistency of the values measured in association
with the VM, the experiment is repeated with a second set of
drive frequencies.

Overall, this study has two aims: first, we introduce rt-
MMRE based on three simultaneous excitation frequencies
to acquire hundreds of viscoelasticity maps within less than 1
min of scan time. Second, we explore cerebral autoregulation
with the unprecedentedly high spatiotemporal resolution
offered by rt-MMRE.

MATERIALS AND METHODS

Subjects

rt-MMRE was performed in 17 healthy volunteers without a
history of neurological diseases (5 females, 36 + 13 years, age
range: 25-81 years, randomly selected). The study was approved
by the ethics committee of Charité — Universititsmedizin Berlin
in accordance with the Ethical Principles for Medical Research
Involving Human Subjects of the World Medical Association
Declaration of Helsinki. Every participant gave written informed
consent. Participant characteristics are summarized in Table 1.
Group mean time curves of heart rate are given in Inline
Supplementary Figure 1.

Experimental Setup

All experiments were performed in a 3T MRI scanner (Siemens
MAGNETOM Prisma, Erlangen) using a 32-channel head coil.
Triple-harmonic vibrations in a narrowband frequency regimen
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TABLE 1 | Participant characteristics with abbreviations: body mass index (BMI),
systolic blood pressure (BPsys), diastolic blood pressure (BPdis), and
heart rate (HR).

(hereinafter referred to as 31-Hz regimen). The two outmost
drivers were operated at the highest frequencies with alternated
phases relative to each other. The two inner drivers were operated

D Sex Agein BMiin BPsysin BPdiain HRinbpm  with the same frequency, again with alternated phases. This way
years kg/m? mmHg mmHg each frequency induced mainly lateral-rotational head motion

; . - 75 o7 5 - x‘,vith‘ minimized compression components. The setup is shown

2 m 29 24.2 130 77 80 in Figarel.

" " a5 ohe 758 5 a8 Vibrations and radiofrequency (RF) excitation started 5 s

i " 5 554 150 . & before data acquisition to ensure establishment of steady states

- m 5 5 B &5 28 of time-harmonic oscillations and magnetization before start

g " 52 SRR 55 75 20 of each experiment. The following rt-MMRE experiments were

7 m 27 21.6 118 70 64 performed:

8 m 0 263 126 ® [t i Valsalva maneuver (VM)

9 f 28 207 131 85 62 ii deep inspiration and breath-hold (BH-in)

10 m 86 19.9 7 50 54 iii expiration and breath-hold (BH-ex)

1 m 26 20.2 121 75 80

12 f 26 20.5 113 60 55 The VM experiment included four consecutive phases: 30 s

13 f 29 257 114 2 73 baseline, 5 s breath-hold in inspiration, 20 s VM and 35 s recovery

14 m 51 20.7 130 85 62 (total scan time: 90 s). Prior to the experiment, subjects were

15 m 37 26.2 122 72 70 trained to perform a moderate Valsalva maneuver that could be

16 f 27 31.6 140 8 90 easily sustained for 20 s to prevent involuntary movement after

17 m 81 22.5 125 80 70 deep breathing. This experiment was repeated with a second

Mean (SD) - 36(13) 2303 122(16)  74(10  71(10) narrowband frequency regimen comprising 40.77, 41.67, and

were synchronously induced by four pressurized air drivers
attached to a transmission plate and placed underneath the
head. The applied frequencies were: 30.03, 30.91, and 31.8 Hz

42.55 Hz (hereinafter referred to as 42-Hz regimen) in order to
check the overall consistency of MRE during VM and if there is a
noticeable influence of frequency.

BH-in and BH-ex experiments consisted of 30-s baseline
acquisition with the volunteer breathing normally, followed by

FIGURE 1 | Experimental setup. (A) Image slice position (dashed yellow line) and region of interest (ROI) based on anatomical image (yellow solid line in the insert) for
t-MMRE of the brain. (B) Diagram of the four flask drivers with vibration frequencies and 180°-phase alterations between the drivers. (C) Top view of positioning of

actuator setup in the 32-channel head coil. (D) Bottom view of driver setup.

Alternating phases
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a 25-s breath-hold in inspiration or expiration, and a final 35 s
recovery phase (total scan time: 90 s).

A resting period of at least 30 s was observed between the
experiments. Start and stop commands were given as visual
signals to the volunteers. The finger pulse was continuously
recorded to track changes in heart rate.

Additionally, anatomical images were acquired using a T1-
weighted, turbo-spin echo (TSE) sequence.

rt-MMRE Pulse Sequence

Single-frequency rt-MRE using a 2D single-shot gradient echo
MRE pulse sequence with spiral readout was recently introduced
for directly mapping skeletal muscle function (Schrank et al.,
2020a). For rt-MMRE we used a similar prototype—a single-shot,
gradient-echo sequence with dual-density spiral readout, which
samples multifrequency vibrations in a stroboscopic fashion as
illustrated in Figure 2. TR was 62 ms including RF excitation with
20° flip angle, 20 ms TE, 28 ms readout length, signal spoiling
and fat suppression. For motion encoding, a single-cycle, bipolar
motion-encoding gradient of 17.5-ms duration (57 Hz) and 40-
mT/m amplitude was deployed within each TR according to
the principle of fractional encoding (Rump et al., 2007). Images

were reconstructed using the SPIRiT non-Cartesian parallel
imaging technique (Lustig and Pauly, 2010). Three Cartesian
motion components were encoded in an interleaved fashion
within the series of consecutive TRs, yielding a sequence of 1,458
wave images. Collapsing these three components into a single
viscoelasticity map resulted in a total MRE frame rate of 3 x
TR = 186 ms, or approximately 5.4 Hz.

Data were acquired in a single transverse image slice with a
field of view (FoV) of 192 x 192 mm? and 2 x 2 x 5 mm? voxel
size. The slice was automatically positioned using the localizer-
based auto-align function at the level of the basal nuclei along the
largest diameter of the lateral ventricles in the sagittal plane as
shown in Figure 1.

Parameter Reconstruction

The 1,458 raw, complex-valued MR images were smoothed with
a Gaussian filter (0 = 0.65 px) and subsequently unwrapped
using gradient unwrapping (Hirsch et al, 2017). The three
vibration frequencies were decomposed by temporal Fourier
transformation. Due to stroboscopic undersampling of vibrations
in rt-MMRE, the frequencies appeared at aliased positions in
the spectrum (see Figure 3A). The frequencies were selected

Forerun Baseline

BH Exercise Recovery

Experimental
design

Harmonic vibrations
at 30.03, 30.91 and
31.8 Hz simultaneously

5s

Image acquisition

0 186 372

Interleaved wavefield
encoding

e Comp. 1: Slice select
e Comp. 2: Read out
o Comp. 3: Phase encoding

744 930 1116 1302 1488 1674
Time in ms

558

{
I
'

'
\

/)

0 124 186 248 310
' . Time in ms
_ Fatsat. RF MEG,'— Readout, 4
0 10 20 30 40 50 60
Time in ms

FIGURE 2 | Steady-state gradient echo timing diagram with spiral readout trajectory for single-shot multifrequency real-time MRE. From top to bottom: Experimental
design with timing, harmonic vibrations at three frequencies over a period of 9 x 3 TRs with stroboscopic image acquisition below, interleaved wavefield encoding
over 2 x 3 TRs, simplified sequence diagram with combined RF and x-gradients to illustrate fat saturation, RF excitation, motion encoding and spiral readout by
x-gradients over a single TR period.
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by three Gaussian bandpass filters (o = 0.1 Hz) each of which
centered at the expected (aliased) frequency of the fundamental
drive frequency. These filters were used for inverse Hilbert
transformation to compute complex-valued wave fields (wave
images) for each vibration frequency, separately yielding 4,374
(1,458 x 3 vibration frequencies) time-resolved wave images
(Schrank et al., 2020b). Nine wave images of three Cartesian field
components and three vibration frequencies (see Figure 3B) were
fed into multifrequency dual elasto-visco inversion (Papazoglou
et al, 2012), yielding 486 (4,374/3 encoding components/3
vibration frequencies) consecutive maps of stiffness (| G*|) and

loss angle (¢) with 5.4-Hz frame rate over the entire examination
time. While | G*| is a measure of stiffness, ¢ describes the ratio
of elastic to viscous tissue properties indicating fluid properties
as explained in Streitberger et al. (2020) | G*| and ¢ maps from
the beginning and end of the series were discarded within 5-
s margins to minimize transient effects introduced by periodic
boundary conditions of the Hilbert transform. Consequently,
the final observation window was 80 s. All data processing
was done in MATLAB (version 2020a). The inversion pipeline
is publicly available at https://bioqic$-$apps.charite.de (Meyer
et al., 2019). Main results are given in Table 1, Table 2 and in
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FIGURE 3 | Representative Fourier power spectra with three aliased excitation frequencies for one motion-encoding component above and wave deflections for
three encoding components and three vibration frequencies below. (A) Power spectra for vibrations at 31-Hz regimen. Color coding indicates the respective
vibration frequency with Gaussian bandpass filter used for Hilbert transformation. The frequency axis is scaled from O to the Nyquist frequency in Hz, which is
determined by the sampling rate of 5.4 Hz. Stroboscopic sampling of multiharmonic vibrations causes all frequencies to be aliased within this limited frequency
window. (B) Representative wave images after frequency decomposition for the three encoding components using the 31-Hz regimen (30.03, 30.91, 31.8 Hz).
[©,<,¢ denote deflections through-plane (head-to-feet), left-right, and up-down (anterior-posterior), respectively].

TABLE 2 | Mean | G*| (SD) in Pa and mean ¢ (SD) in rad for each phase and participant in the Valsalva maneuver experiments using the 31-Hz regimen (30.03,
30.91, 31.8 Hz).

ID Mean | G*| (SD) in Pa Mean ¢ (SD) in rad

BSL ESM LRM REC BSL ESM LRM REC
1 1290(6) 1323(17) 1313(5) 12902 (8) 0.841(0.001) 0.831(0.001) 0.849(0.001) 0.840(0.001)
2 1243(16) 1340(17) 1327(10) 1237(11) 0.816(0.007) 0.798(0.003) 0.799(0.003) 0.817(0.001)
3 1351(11) 1415(14) 1409(5) 1336(9) 0.783(0.001) 0.769(0.008) 0.791(0.005) 0.783(0.002)
4 1490(12) 1530(29) 1525(6) 1495(8) 0.87(0.002) 0.853(0.001) 0.87(0.003) 0.868(0.004)
5 1441(8) 1484(24) 1566(14) 1456(10) 0.799(0.003) 0.777(0.005) 0.811(0.009) 0.794(0.004)
6 1502(4) 1536(7) 1609(3) 1511(7) 0.795(0.001) 0.789(0.004) 0.799(0.002) 0.795(0.002)
7 1321(8) 1363(17) 1395(14) 1301(11) 0.818(0.004) 0.815(0.006) 0.83(0.002) 0.829(0.002)
8 1495(6) 1519(20) 1655(8) 1534(16) 0.791(0.002) 0.763(0.004) 0.796(0.008) 0.79(0.004)
9 1515(7) 1620(9) 1617(6) 1549(1) 0.809(0.003) 0.765(0.008) 0.778(0.006) 0.792(0.001)
10 1395(4) 1431(8) 1473(8) 1401(8) 0.78(0.002) 0.776(0.004) 0.779(0.003) 0.778(0.001)
11 1237(12) 1238(11) 1312(15) 1242(9) 0.807(0.004) 0.806(0.003) 0.81(0.005) 0.804(0.001)
12 1312(11) 1350(7) 1416(11) 1310(11) 0.758(0.003) 0.742(0.004) 0.755(0.001) 0.754(0.003)
13 1509(4) 1510(15) 1572(2) 1509(5) 0.809(0.001) 0.807(0.001) 0.804(0.001) 0.8(0.001)
14 1373(8) 1407(14) 1392(3) 1353(4) 0.792(0.002) 0.777(0.002) 0.787(0.002) 0.786(0)
15 1295(8) 1421(35) 1407(13) 1325(15) 0.784(0.005) 0.741(0.018) 0.796(0.002) 0.781(0.003)
16 1356(7) 1391(19) 1422(2) 1330(18) 0.813(0.003) 0.795(0.004) 0.805(0.002) 0.805(0.003)
17 1157(3) 1192(9) 1175(12) 1212(6) 0.733(0.003) 0.725(0.002) 0.722(0.002) 0.728(0.001)
Mean(SD) 1370(106) 1416(108) 1446(126) 1376(108) 0.800(0.030) 0.784(0.032) 0.799(0.032) 0.797(0.031)

BSL, Baseline; ESM, established maneuver; LRM, late response maneuver; REC, recovery.
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Supplementary Tables la-c. Raw data can be made available
upon request without restrictions.

Parameter Analysis and Statistical Tests

For every time frame, | G*| and ¢ were quantified by averaging
values over the same region of interest (ROI). ROIs were
manually drawn based on anatomical T1-weighted images, as
shown in Figure 1A. Furthermore, these ROIs were refined
by empirical thresholds of 10 (time-averaged MRE signal
magnitude) and of 950 Pa (time-averaged | G*| map) to remove
ventricles and larger sulci similar to Shahryari et al. (2020) (see
Figure 4).

The same ROI was also used to determine magnetization
signal-to-noise ratio (SNR) and wave displacement SNR (WSNR)
for every time frame. WSNR was derived using the blind noise
estimation method proposed by Donoho et al. (1995) as outlined
and previously applied to MRE data in Bertalan et al. (2019b) and
Schrank et al. (2020a) This noise estimation method is suited for
wave image analysis since the spatial frequencies of MRE waves
and noise are well separated in the wavelet domain (Selesnick
et al., 2005; Barnhill et al., 2017).

To test if multifrequency inversion yields more stable values
than single-frequency inversion we determined the coefficient of

Established
maneuver

Baseline

Late response
maneuver

Recovery

|G*| in kPa CSF MRE
segmentation magnitude

@inrad

FIGURE 4 | Representative rt-MMRE MRE magnitude, CSF masks, | G*| and
¢ maps of the in vivo human brain. Time-averaged MRE magnitude, derived
CSF masks, | G*| and ¢ maps of one volunteer over the four phases [baseline
(BSL), established maneuver (ESM), late response maneuver (LRM) and
recovery (REC)] of the VM experiment using the 31-Hz regimen (30.083, 30.91,
31.8 Hz). The number of CSF associated voxels for each phase was BSL:
1079, ESM: 1128, LRM: 1069, REC: 1074. The | G*| maps show slightly
elevated values throughout the slice. The region of interest (ROI) is indicated
by white lines. The same ROl was used for all phases and for the ¢ maps as
well.
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variation (CV) during the baseline phase prior to VM, BH-in
and BH-ex for both | G*| and ¢ in all volunteers. The same raw
data was used, but for the single-frequency inversion only one
frequency from the temporal Fourier spectrum was selected.

We further analyzed difference | G*| and ¢ values relative
to mean baseline values given as A| G*| =| G*| ) — | G|
(baseline) (correspondingly for A¢) in order to quantify individual
parameter changes. In addition, peak viscoelasticity values and
their temporal delays relative to the onset and end of VM were
identified and tabulated for each volunteer.

Finally, group statistics was applied to the absolute values
of | G*| and ¢, after temporal averaging over the following
experimental phases for each participant:

(1) Baseline (BSL): 2.5-22.5 s

(2) Established maneuver (ESM): 32.5-47.5 s
(3) Late response maneuver (LRM): 52.5-57.5 s
(4) Recovery (REC): 70-80 s.

Of note, these time intervals were given by the aforementioned
study design (30-25-35 s. for baseline-breathold/VM-recovery)
minus 2.5 s transition phases at the beginnings and ends of
these phases including an additional late-response phase. The
transition phases were discarded from our analysis in order to
minimize transients resulted by the frequency bandpass filter.
Also, 5 s BH (25-30 s) and 10 s of post-VM (60-70 s) were
considered as transition phases and henceforth not included
in our group statistical analysis. All phases are demarcated in
Figure 5.

To test possible deformations of lateral ventricles due to VM
as reported previously (Ertl-Wagner et al., 2001), we applied
automatic segmentation of cerebral spinal fluid (CSF) to the
temporal averaged MRE magnitude images of the different
experimental phases using SPM12 (Penny et al, 2011; see
Figure 4). CSF probability maps were thresholded at 0.5 to
generate logical CSF-associated voxel masks. A linear mixed-
effects model with varying intercept was employed. CSF volume
was used as dependent variable and the individual phases as
independent variables. Participants were assigned as random
effect, and P-values were calculated using Tukey’s post hoc
test with Bonferroni correction for multiple comparisons. To
test for significant changes in | G*| and ¢ between phases
(1)-(4), a linear mixed-effects model with varying intercept was
employed. | G*| and ¢ were used as dependent variables and
the individual phases as independent variables. Participants were
assigned as random effect, and P-values were calculated using
Tukey’s post hoc test with Bonferroni correction for multiple
comparisons. This test does not account for inter-individual
slope variations of | G*| and ¢ but analyzes the significance
of temporal changes of these parameters. SNR and viscoelastic
parameters were correlated using a linear mixed model with
| G*| and ¢ as dependent variables and SNR or WSNR as fixed
effects with subjects as random factor. All statistical analysis
was done in R (version 3.6.2). Unless otherwise stated, errors
are given as standard deviation (SD). Correlations between
viscoelastic baseline values as well as individual peak responses
and participant characteristics (see Table 1) were analyzed
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