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The Networking Brain: How Extracellular Matrix, Cellular
Networks, and Vasculature Shape the In Vivo Mechanical

Properties of the Brain

Judith Bergs, Anna S. Morr, Rafaela V. Silva, Carmen Infante-Duarte, and Ingolf Sack*

1. Introduction

Mechanically, the brain is characterized by both solid and fluid properties. The

resulting unique material behavior fosters proliferation, differentiation, and
repair of cellular and vascular networks, and optimally protects them from
damaging shear forces. Magnetic resonance elastography (MRE) is a
noninvasive imaging technique that maps the mechanical properties of the
brain in vivo. MRE studies have shown that abnormal processes such as
neuronal degeneration, demyelination, inflammation, and vascular leakage
lead to tissue softening. In contrast, neuronal proliferation, cellular network
formation, and higher vascular pressure result in brain stiffening. In addition,
brain viscosity has been reported to change with normal blood perfusion
variability and brain maturation as well as disease conditions such as tumor
invasion. In this article, the contributions of the neuronal, glial, extracellular,
and vascular networks are discussed to the coarse-grained parameters
determined by MRE. This reductionist multi-network model of brain
mechanics helps to explain many MRE observations in terms of
microanatomical changes and suggests that cerebral viscoelasticity is a

suitable imaging marker for brain disease.
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Organ function is tightly linked to tissue
microstructure. In the brain, myriads of
neurons continuously receive and transmit
signals for processing the information ar-
riving from within the body or taken up
by our senses. To accomplish this task, the
neural network acts in concert with glial
cells, blood vessels, and extracellular com-
ponents. These four components form an
intricate functional network that collectively
determines the shape, consistency, and thus
the mechanical properties of the brain.!!"?]
Consequently, the material properties of the
brain — among the softest and most viscous
in the human body — emerge from all the
structures that maintain neuronal function
and integrity.>#

Neurons unceasingly monitor their
microenvironment through their growth
cones and adapt to new information or
environmental influences. This unique
feature of neuroplasticity, which underlies learning and memory,
requires flexible cellular networks with optimized pathways for
signal transduction and nutrient provision across multiple scales.
Nature efficiently forms such networks by providing them with a
hierarchically ordered topology,®! which, to a certain extent, is
scale-free.[l To ensure their flexibility, cellular networks must
be sparsely embedded in a mechanically compliant matrix.[”]
Blood vessels and perivascular spaces give the brain a porous
character!® for optimal provision of nutrients and drainage of
metabolites. Overall, these features of hierarchy, sparsity, com-
pliance, and flexibility contribute to the unique combination of
fluid-like viscous and solid-elastic properties. Which of these
traits predominates depends on the observer, as the time scale
and amplitude of the mechanical test determine the brain’s me-
chanical response.[*1]

Under normal circumstances, the brain cannot be palpated,
which in part explains why only little information is available on
either physiological or pathological changes of its mechanical
properties in vivo. However, elastography, an emerging medical
imaging technique, depicts viscoelastic parameters in soft tis-
sues in vivo, using shear waves, and has the potential for clinical
diagnosis of central nervous system (CNS) diseases.['"!?] Elas-
tography permits quantification of parameters such as complex
shear modulus, shear wave speed, viscosity, shear strain, and vol-
umetric strain.['*] Most in vivo elastography studies in the brain
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Figure 1. Sketch of the reductionist model of the basic multiscale, multi-element networks that shape the composite mechanical properties of the
brain. Schematic illustration of the brain’s structural arrangement of vessels with fluid transport, glial cells, neurons, and the extracellular matrix (ECM),
including perineuronal nets (PNNs) and various cell adhesion molecules (CAMs) such as integrins or proteoglycans. The four essential networks that
we consider to be relevant for the overall mechanical response of the brain are shown. The two cellular networks are made up of neurons and glial
cells. The latter establishes the mechanical links between neurons (oligodendrocytes) and between neurons and the vascular network (astrocytes). The
cellular networks are anchored to the ECM via PNNs[3l and CAMs.[3% Softening of brain tissue can be attributed either to the loss of integrity within
one of these four networks or to a loss of crosslinking between them. Conversely, the addition of new elements or reinforcement of individual elements
including crosslinks or an increase in vascular pressure will result in an overall strengthening of brain networks and cause brain stiffening. Changes in

the tissue’s solid-fluid behavior are mainly related to ECM-water interactions, fluid content, cell motility, and friction.[31:32]

have been performed using magnetic resonance elastography
(MRE).1] In addition, ultrasound elastography (USE)20-2%]
has been introduced for measuring brain stiffness. Unlike MRE,
cerebral USE cannot (yet) resolve in detail the anatomical dis-
tribution of brain stiffness but provides instantaneous feedback
on short time scales.[?®) Invasive methods such as atomic force
microscopy (AFM) and shear rheometry have been established
to investigate brain mechanical properties from the surface.?’]
Studies performed with these techniques have linked mechani-
cal parameters with microstructures and provide evidence of the
relevance of mechanobiology for proper brain physiology.1%%]
Combining these insights with noninvasive in vivo MRE and
USE in a variety of neurological conditions reported in the
literature may provide unprecedented insights into the interplay
between microanatomy and macroscopic material properties of
the brain. Consequently, this article complements the large body
of literature in this areal*16192] by discussing the key structural
components of the brain from the perspective of in vivo brain
mechanics. We aim to understand how different elements of
brain structure act in concert in forming the mechanical back-
bone of the brain and how this mechanical signature changes
in disease. Ultimately, a mechanistic understanding of the
interplay between tissue mechanics and brain processes may be
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transformed into novel biomarkers or therapeutic approaches
for neurological disorders.

2. Brain Mechanical Elements

In a reductionist view of brain anatomy, we have identified four
basic networks that play a major role in shaping the viscoelastic
properties of the brain: neurons, glial cells, the extracellular ma-
trix (ECM), and the vasculature (Figure 1). Although this catego-
rization oversimplifies brain anatomy from the perspective of bi-
ological processes, the mechanical model of four dynamically in-
terconnected networks, all ordered in a hierarchy of geometries,
and responding to deformation in a nonlinear fashion over a wide
range of lengths and time scales, is overwhelmingly complex.

The two cellular networks are made up of neurons and glial
cells (astrocytes, oligodendrocytes, and microglia). From a me-
chanical perspective, the glial network crosslinks neurons and
establishes mechanical bridges with all other brain components
including neurons and the vascular network (Figure 2). For ex-
ample, beyond the classical view on connections between neu-
rons and astrocyte and neurons and oligodendrocytes, it has been
shown that astrocyte-oligodendrocyte interactions regulate CNS
regeneration.!*’]
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Figure 2. Components of CNS tissue. Schematic representation of the intricate cellular architecture that maintains the structure and function of the
brain. Cerebrospinal fluid (CSF), a colorless fluid, circulates from the lateral ventricles to the third and fourth ventricles, providing essential nutrients to
support brain homeostasis and growth factors during brain development.[¢] Motile cilia, which line the apical surfaces of ependymal cells, stimulate CSF
circulation by cilia beating. The blood-brain barrier, formed by interconnected cerebral capillary endothelial cells with tight junctions and the glia limitans,
acts as a protective barrier,[4%°0 preventing the free transport of potentially harmful substances into the brain while facilitating the provision of nutrients
and removal of metabolites.I>'] Neurons, the primary cell type in the brain, form a network through synaptic connections.[>2] Other nonneuronal brain
cells include glial cells, endothelial cells lining the blood vessels, and ependymal cells lining the ventricles. Glial cells, the second most common cell
type in the brain, can be further categorized into oligodendrocytes (responsible for myelin formation around neuronal axons),!*4l microglia (immune
cells of the brain),[33] and astrocytes (forming borders along all blood vessels and meningeal surfaces).[**] Myelin, which wraps around some axons in
the CNS, serves as an electrical insulator for efficient signal propagation and provides structural support and protection.?83°] The high lipid content
of myelin gives white matter its characteristic bright appearance, as it consists mainly of myelinated axons. Gray matter, on the other hand, contains
neuronal somas, unmyelinated axons, and dendrites.[>3] The CNS transmits signals to the peripheral nervous system (PNS) through descending nerve
tracts. Cells are anchored to the extracellular space (ECS) via perineuronal nets (PNN) and adhesion molecules).
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Figure 3. Neuron and myelin distribution and interaction between astrocytes and endothelial cells in the mouse brain. A) Immunofluorescence staining
of the murine brain in a sagittal view, showing cell nuclei in blue (DAPI), neurons in green (NeuN), and myelin in red (MBP). Neuron density varies
among the different brain regions. In the human brain, most neurons are located within the cerebellum (in the granular cell layer), while the cerebral
cortex contains relatively fewer neurons,[34] as is also seen here in the mouse brain. Scale bar: 500 um, magnification 10x. B) Immunofluorescence
staining of the murine brain in a coronal view, showing cell nuclei in blue (DAPI), neurons in green (NeuN), and myelin in red (MBP). Neuronal density
varies across different brain regions (cerebral cortex, hippocampus, thalamus, hypothalamus, and striatum). Scale bar: 500 um, magnification 10x.
C) Immunofluorescence staining of the cerebral cortex showing neurons in green (NeuN), myelin in red (MBP), and cell nuclei in blue (DAPI). Neuron
density varies across different layers[>*! and regions!>>! within the cerebral cortex, with the highest concentration observed in the primary visual cortical
area, V1, particularly at the site of central visual representation.’*] Neurons (NeuN — green), myelin (MBP — red), cell nuclei (DAPI — blue). Scale
bar: 100 um, magnification x20. D) Immunofluorescence staining of the cerebral cortex displaying astrocytes in green (GFAP), endothelial cells in red
(CD31), and cell nuclei in blue (DAPI). Image shows astrocytes wrapped around small arterioles and capillaries,[*] which are formed by endothelial
cells (white arrows). Scale bar: 20 um, magnification 40x. E) Imaging mass cytometry image of brain tissue from an EAE mouse showing astrocytes in
green (GFAP), endothelial cells in yellow (CD31), neurons in pink (NeuN), and cell nuclei in blue (Histone-H3). There is detachment of glial network
elements, shown here as degraded astrocyte-vessel connections, due to neuroinflammation (white arrowhead).[¢] Scale bar: 50 mm. Image adapted
with permission from.37] F-I) Immunofluorescence staining displaying astrocytes in green (GFAP), endothelial cells in red (CD31), and cell nuclei in
blue (DAPI). Astrocytes are densely present at the interfaces between brain parenchyma and nonneuronal cells, forming boundaries along all blood
vessels and meningeal surfaces.[*?] ¢) Scale bar: 50 um, magnification 20x, d-e) Scale bar: 20 um, magnification 40x. a & c-f) Astrocytes (GFAP — green),
endothelial cells (CD31 - red), cell nuclei (DAPI - blue). b) Astrocytes (GFAP — green), endothelial cells (CD31 - yellow), neurons (NeuN — purple), cell
nuclei (Histone H3 — blue).

In general, an adult human brain is estimated to contain about
171 billion cells: approximately half of those are neurons.>*! The
rodent brain approximately contains 109 million cells, of which
two thirds, or 70 million, are neurons.**] Neuron density varies
widely across the different brain regions (Table S1, Supporting
Information; Figure 3), with most neurons located within the
cerebellum, while the cerebral cortex contains relatively fewer
neurons (Table S1, Supporting Information; Figure 3).343¢] The
largest part of the cortex consists of gray matter (GM), which
contains mostly somas, some unmyelinated axons as well as
dendrites of neurons.’” Some of the axons in the CNS are
enwrapped by myelin in a discontinuous layer-like fashion,
making up the white matter (WM).[*®8] Tt has been discussed
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that myelin, besides being an electrical insulator, acts as a mi-
crostructural scaffold®®) and protector against physical forces.!!
WM is found mostly at the surface of the spinal cord and in
deeper brain regions!*”l and constitutes about half of the to-
tal brain volume.[*"*?) The majority of nonneuronal cells in the
brain are glial cells.?>] Gilal cells can be subdivided into mi-
croglia and macroglia. Microglia account for ~10% of the CNS
cell population.¥] Astrocytes are the most abundant type of
macroglial*! and are present throughout the brain, particularly
at the interfaces between CNS parenchyma and nonneuronal
cells, where the perivascular astrocyte endfeet ensheath blood
vessels and meningeal surfaces!*®! (Figure 3D-I) and provide wa-
ter, ions, and energy to the neurons.l**! Another important type
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of macroglia is oligodendrocytes, the myelinating cells of the
CNS.[#7]

Cellular networks are embedded in the ECM, which itself is a
macromolecular network immersed in extracellular fluid (ECF).
The brain’s ECF consists of interstitial fluid (ISF) and CSF and
accounts for 15 to 30% of the extracellular volume fraction (ECV)
of the normal adult brain.®® This is markedly higher than in
other organs such as healthy human liver, which has an ECV of
only 0.5%.1°1 ISF and CSF have important roles for cell function
by providing nutrients and removing waste products in addition
to their mechanical function of cushion and support.[*®®] Further-
more, CSF in ventricles and subarachnoid spaces provides buoy-
ancy and shock absorbance to the entire brain.[®"] CSF circulation
is stimulated by the beating of motile cilia lining the apical sur-
faces of ependymal cells. The colorless CSF is separated from the
blood pool by the blood-CSF barrier (BCB). The highly compliant
and pronounced viscous-fluid material properties of brain ECM,
supported by ISF and CSF infiltration, provide neurons with the
flexibility to remodel synapses and connections.[®! These dis-
tinctly soft and viscous-fluid properties of brain ECM compared
with other organs are likely attributable to its unique compo-
sition of glycosaminoglycans (GAGs), glycoproteins (GPs), and
proteoglycans (PGs), while fibrillar collagens and fibronectin are
sparse (except in the meninges and blood vessels).l%?] Neurons
are anchored to the ECM by cell adhesion molecules (CAMs)
such as integrins.[**] Another brain-specific crosslink between
cells and ECM is provided by perineuronal nets (PNNs) — lattice-
like structures made up of PGs and GAGs that intertwine neu-
ronal cell bodies, dendrites, and parts of axons of specific subsets
of neurons.[®2631 PNNsl®l and cell adhesion molecules®® trans-
mit mechanosensory signals into the cytoskeleton of neurons
and, thus, convert mechanical forces into biochemical or electri-
cal signals.3% PNNs also form channel-like structures for extra-
cellular fluid transport and drainage, which makes them impor-
tant for the microporous properties of brain tissue.[6-6]

Another major contributor to the poroelastic nature of brain
tissue is blood. Brain mechanical properties are affected by fluid
pressure in the blood vessels, the blood perfusion rate, and the
geometry of the intricate vascular neuroanatomy contributes to
brain mechanical properties. While vascular networks are often
depicted as tree-like structures, cerebral vessels have a very spe-
cific topology that leads to obvious redundancies.[®”] As early as
1872, Heubner recognized that the cerebrovascular system is full
of anastomoses (shortcuts) both within the arterial and venous
systems and between arteries and veins at all levels.[®] Hence-
forth, we refer to the vasculature as the fourth network in our
model. Human brain tissue has a high metabolic demand, ac-
counting for ~20% of total body oxygen consumption.[*”) The ma-
jor site of blood-CNS exchange is the blood-brain barrier (BBB),
which is primarily made up of tightly interconnected cerebral
capillary endothelial cells.***°] Microvessels, including capillar-
ies, arterioles, and venules, maintain the BBB with continuous
tight junctions, whereas blood vessels near the ventricular system
and in the choroid plexus do not.”?! Detailed information on the
volumes, diameters, amounts of endothelial cells, and densities
of the brain’s vascular components is compiled in Table S1 (Sup-
porting Information). Cerebral blood flow (CBF) is tightly au-
toregulated to ensure a constant blood flow under normal physi-
ological variations such as changes in heart rate and blood pres-
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sure, blood oxygenation, CO,, and nutrient supply.l’!! Alterations
in CBF have been observed in many neurological disorders in-
cluding schizophrenia and Alzheimer’s disease.’!! As the den-
sity of microvessels in brain tissue correlates with metabolic ac-
tivity, vascular supply varies between the different regions of the
brain, most markedly between GM and WM.!”2] Microvessel den-
sity is higher in GM than in WM due to the higher synaptic
activity and metabolic demand of neurons.[*!! Arterioles, capil-
laries, and venules in the brain are enveloped by the endfeet
processes of astrocytes.[”>74l These endfeet form the outer wall
of a perivascular space that surrounds the vasculature in differ-
ent brain regions.”*7¢ Immunostainings presented in Figure 3
show the spatial proximity of blood vessels and astrocytes and
therewith the interconnectedness of the different networks that
form the brain’s mechanical scaffold. The interconnectivity of
this multi-element neural network, as illustrated in Figure 1, ex-
plains why brain tissue softens when the crosslinks between dif-
ferent network elements are weakened and why their reinforce-
ment or the formation of new links leads to overall stiffening.

3. A Brief Summary of Elastography Techniques
Suitable for In Vivo Studies of Brain Mechanics

Elastography uses medical imaging techniques to encode me-
chanical strain.[3] If the stress causing the deformation is well
known, the elastic modulus can be inferred from strain images.
Static mechanical stresses are difficult to measure noninvasively
in biological tissue. Oscillatory stresses, on the other hand, prop-
agate through bulk tissue at a speed that depends on tissue stiff-
ness. Most elastography techniques therefore capture tissue vi-
brations induced by external vibration or acoustic pressure pulses
to determine mechanical parameters.””] Cerebral elastography
requires robust wave excitation to penetrate the skull and in-
duce strain fields in the brain. Typically, this is achieved by time-
harmonic vibrations of the head with frequencies in the range of
10 to 80 Hz in humans and up to 2 kHz in mice. The resulting
strain fields are encoded by phase-contrast magnetic resonance
imaging (MRI)!”%] or medical ultrasound (US)!?*! (Figure 4). Wave
inversion algorithms are then applied to convert the shear wave
fields into property maps. Sets of mechanical parameters mea-
sured by elastography include storage modulus, shear wave veloc-
ity, and Young’s modulus as stiffness-related parameters.[**! Vis-
cosity can be parameterized by elastography based on loss modu-
lus, wave attenuation, penetration rate, dispersion, loss angle, or
fluidity."*! Although slower than USE, MRE provides more de-
tailed maps of stiffness and viscosity-related parameters of brain
tissue. Today, cerebral MRE is a versatile technique on the verge
of clinical translation. Brain USE is still more experimental and
requires further validation in clinical trials.

4. Mechanical Properties of the Brain In Vivo

What would the brain feel like in an intact skull if we could pal-
pate it? Any type of mechanical test exerts a stress on the inves-
tigated material that induces deformation and thus allows mea-
surement of the material’s intrinsic resistance to that strain.®!]
Since the bones that form the skull prevent manual palpation of
the brain, we can only resort to the following gedankenexperiment
of palpating a brain confined in its normal environment.
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Figure 4. Technical setup, image acquisition, and postprocessing of brain elastography based on magnetic resonance imaging and medical ultrasound.
A) Typical setup of cerebral magnetic resonance elastography (MRE). Mechanical vibration frequencies are set at the MRI console. A pressure control
unit is used to transmit vibrations into the head through two actuators integrated into the radiofrequency (RF) head coil. Shear wave speed maps (SWS,
in ms™"), a surrogate for tissue stiffness, are reconstructed using wavenumber-based (k-yMDEV inversion!”®] with brain-adapted preprocessing.[®] In
short, phase images are acquired by multifrequency MRE and wave images are processed using wave number reconstruction at the different frequencies,
which is followed by amplitude-weighted averaging. Next, Fourier decomposition over time is performed, and directional spatial filters are applied. B)
Technical setup and image acquisition using cerebral ultrasound elastography (USE). The ultrasound probe is positioned over the temporal bone window
for transcranial ultrasound. Multifrequency vibrations are transmitted into the head via a vibration plate integrated into the patient bed.[?!! Wave image
acquisition and postprocessing, as described in (A), are integrated into the elastography computer, which automatically generates stiffness maps in

real-time.

Palpation induces shear strain that probes shear modulus.
Note that palpation, even with axial displacement, gently shifts
layers of tissue against each other, i.e., causing shearing rather
than compression, which would be felt as pain. If the material is a
monophasic solid and in the regime of small deformations, shear
modulus is independent of compression modulus since shear
strain is volume-conservative. The situation is different for a
sponge-like material, where liquid is displaced by shear deforma-
tion, resulting in local volumetric strain.[®2#3] The intrinsic resis-
tance to this type of deformation is the effective shear modulus of
a poroelastic medium.®" In such a scenario, the shear modulus
of the solid phase is related to hydraulic conductivity, that is, the
ease with which the liquid phase can be squeezed through chan-
nels and pores.[®>8] The poroelastic model applies here because
brain tissue consists of several fluid phases that permeate the tis-
sue matrix. In addition to blood and ISF, the brain comprises
CSF, which lubricates abundant sulci and ventricles, making the
brain slippery and soft at larger scales.[®”] Thus, the slip bound-
aries contribute to the extremely soft properties of the brain as
sensed by our fingers.['1%%] Conversely, the effective shear mod-
ulus increases with perfusion pressure in cerebral arteries and
arterioles.[®”] Moreover, pressurized vessel walls can contribute
to an overall increase in brain shear modulus due to hyperelas-
tic (nonlinear) expansion.[*! Similarly, brain tumors that grow
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in a displacing manner or accumulation of encapsulated fluids in
edema exert solid stress on the surrounding tissue, stretching tis-
sue fibers and, due to nonlinear effects such as strain stiffening,
increasing the effective shear modulus.®V In general, compres-
sive stress in the brain causes an increase in intracranial pressure
(ICP) since brain volume cannot expand much within the cra-
nial cavity, as stated by the Monro-Kellie doctrine.*?] This pres-
sure increase translates into an increase in the effective shear
modulus by altered boundary conditions at numerous fluid-to-
solid interfaces in the brain, which are related to changes in pore
size and pore pressure including hyperelastic responses of vessel
walls.[93:94]

Pressure-related effects that lead to a rise in apparent brain
stiffness disappear when the brain is removed from the skull
and disconnected from arterial perfusion.!®! Fresh, ex vivo brain
is so soft that it deforms by gravity alone and cannot hold its own
shape, even if the surrounding connective tissue of the pia mater
is intact.® This ultrasoft behavior is related in part to the pres-
ence of fluid compartments at the macroscopic level, such as CSF
in sulci, fluid blood in vessels, and ISF in tissue channels and
pores. The dissection of tissue and disintegration of vessels allow
fluids to move freely on the time scales of testing.[**) Mechanical
test methods typically select bulky brain tissue excluding fluid
areas in sulci and larger vessels.”7®] This is one reason why
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http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

AFM

Shear wave speed in m/s

Ex vivo mouse (AFM)

B\ 4

SWS0..0.4 m/s

Clincial MRE (3T)

www.advancedscience.com

Mouse MRE (7T)

SWS0..5m/s

SWS 0..2 m/s

0.1 i

10 100

Frequency in Hz

Figure 5. Mechanical response of brain tissue to quasi-static, low-frequency stimulation, and high-frequency stimulation. Differences in the mechanical
response of the hippocampus (orange arrow) and the corpus callosum (blue arrow) to stimulation at different frequencies ranging from quasi-static
methods such as atomic force microscopy (AFM) to low-frequency stimulation using clinical 3-Tesla magnetic resonance elastography (MRE), to high-
frequency stimulation as performed with preclinical 7-Tesla MRE. Shear wave speed as a proxy of stiffness was measured by MRE while AFM measured
Young's modulus which was converted to SWS based on the assumption of incompressible tissue properties. The disparity between low-frequency data
(in the range of 30 Hz) showing corpus callosum to be stiffer than hippocampus and high-frequency data (in the range of 1000 Hz) showing the opposite
can be reconciled by a standard three-parameter material model that combines two elastic elements with one viscous element.['1% Figure adapted with

permission from.[11°]

investigators have reported solid tissue values in the range of
hundreds of Pascals up to several Kilopascals,!?2%%] which is
higher than what we would expect from palpation.®¥] Another
reason for disparate stiffness values is the dynamic range of the
test method, as mentioned above, which is between 10 Hz in
humans and 2 kHz in mice.['%] The faster the tissue is deformed
(i-e., the higher the frequency with which shear resistance of the
tissue is measured), the higher the apparent stiffness (Figure
5). The reason for this dispersion of stiffness is viscosity.[101-103]
Besides stiffness dispersion, viscosity also causes damping of
rapid deformation and attenuation of strain waves, which, un-
damped, would damage the tissue.®! Viscosity conveys useful
information on the intrinsic structure of a material.[}** This is
illustrated in our gedankenexperiment by comparing the palpa-
tion of brain tissue with that of jelly. Both materials can have
the same soft elasticity properties, but they feel very different,
mainly because they have different viscosity properties. While
brain tissue has pronounced viscous properties, jelly is almost
perfectly elastic.'%! On a frequency axis, jelly shows a constant
stiffness, corresponding to solid behavior, whereas brain stiff-
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ness increases with a slope, the angle of which is known as the
loss angle ¢ (of the complex shear modulus) or the powerlaw
exponent a of the spring-pot model.[1%] The maximum loss an-
gle of ¢ = 7/2 (a = 1) indicates fluid behavior, meaning that the
tissue cannot store elastic energy. Thus, stiffness dispersion in
the range of ¢ = 0to z/2 (@ = 0 to 1) indicates whether a material
tends toward solid-elastic or fluid-viscous behavior and is there-
fore referred to as tissue fluidity in the literature.[171%8] Since
tissue fluidity is determined by the ratio of loss to storage prop-
erties, a more fluid-like tissue can have a high storage modulus
as long as viscous loss, i.e., the attenuation of shear waves, dom-
inates. An example of such counterintuitive behavior is tumors:
glioblastomas have been classified as soft-solid,[1%”! while cancers
in collagen-rich organs typically exhibit stiff-fluid properties.l'%!

Collectively, the wealth of information that would be acces-
sible by simple manual palpation of brain tissue motivates the
development and application of in vivo cerebral elastography.
Most elastography studies in the brain have been performed with
MRE based on external harmonic frequencies in a range of 10 to
80 Hz in humans and 200 to 2000 Hz in small animals.[1#1619.29]
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Because of differences in the mechanical response of biological
tissues between low-frequency stimulation and high-frequency
stimulation, values measured by MRE are difficult to compare
across species and length scales (Figure 5).111% As a result, and
as shown in many excellent reviews of brain MRE, published
values vary widely and may not always be comparable.l'*1]
Henceforth, we will focus on relative differences and relative pa-
rameter changes by using colloquial terms such as “stift”, “soft”,
“elastic-solid”, and “viscous-fluid”, with the latter two categories
referring to tissue fluidity. It should be noted, however, that
even relative stiffness ratios can be reversed when measured in
different dynamic ranges, as shown in Figure 5.

5. In Vivo Viscoelasticity Changes in Health and
Disease

The four interrelated networks of brain mechanics, neurons, glial
cells, vasculature, and ECM illustrated in Figure 1 contribute dif-
ferently to tissue mechanics under normal and abnormal condi-
tions. In the following sections, we review in vivo cerebral MRE
and USE data reported in the literature in light of our multi-
network model.

5.1. Neural Network

Brain viscoelastic properties are known to be affected by both
physiological processes such as aging and the presence of CNS
pathology. Brain maturation correlates with an increase in stiff-
ness, for which various factors have been proposed including
changes in myelination, astrocyte distribution, and ECM, though
the exact underlying mechanism remains to be elucidated. One
study found accumulation of microtubular structures, myelina-
tion, cytoskeleton linkage, and cell-matrix attachment in the ma-
turing mouse brain to be correlated with higher stiffness values
while protein expression profiles, associated with axonal organi-
zation, cell adhesion. and loss of synaptic plasticity, correlated
with lower tissue fluidity (decrease in viscosity).['!!] The notion
that biological soft tissues behave like elastic-solid materials im-
plies lower tissue fluidity when viscosity or mechanical friction
within the tissue decreases, which is contrary to the behavior of
fluids, where higher liquid fluidity is associated with lower vis-
cosity and reduced friction among fluid particles. This again em-
phasizes that MRE is a solid tissue technique that measures tis-
sue fluidity as a shear-wave-based property that does not hold for
fluid mechanics because shear waves are not supported in lig-
uids. Therefore, the observed reduction in tissue fluidity of the
maturing brain appears to be related to a general property shift
of the juvenile brain toward a more solid-like behavior associated
with the establishment of larger networks due to cellular adhe-
sion along with a simultaneous loss of synaptic plasticity.

With regard to stiffness, these MRE findings were confirmed
by the observation of stiffer properties in the adult than in the
juvenile brain in a micro-indentation study of the murine hip-
pocampus and cerebellum.[''?] In the same line, an increase in
stiffness, measured by transient shear wave elastography and
AFM, was found in the granule cell layer and in the hilus dur-
ing hippocampal maturation in mice.['’®] Findings in children
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and adolescents indicate that higher brain stiffness and lower
tissue fluidity (based on the damping ratio) in certain brain ar-
eas are associated with stronger performance on specific func-
tional tasks.''*116] For example, a stiff-elastic hippocampal be-
havior was found to be associated with greater aerobic fitness
and was a predictor of better relational memory recall.''®! This
difference might be attributed to increased neurogenesis in the
hippocampus as a result of higher aerobic fitness, as has been ob-
served in mice.l''”] However, neurogenesis and synaptic plasticity
are controlled by ECM properties, while perfusion effects associ-
ated with brain function also influence cerebral mechanical prop-
erties. Therefore, the effects of fitness and memory function on
brain viscoelastic parameters appear to result from overlapping
and emergent effects, as discussed further in a separate chapter
below.

Myelin provides mechanical support in brain tissue as re-
ported by different studies across species and regions.[383%111]
However, at higher frequencies in the mouse brain, the myelin-
rich corpus callosum was shown to be softer than the cell-body-
rich and highly vascularized hippocampus both in vivo and ex
vivo.[110118] The observation that the corpus callosum is stiffer
than the hippocampus at low frequency (in the range of 30 Hz)
while the opposite occurs at high frequency (in the range of
1000 Hz) can be modeled using a standard three-parameter ma-
terial model that combines two elastic elements with one vis-
cous element (Figure 5).'% By surrounding axons, myelin re-
inforces network fibers, which likely explains why, in the dy-
namic range of human MRE, WM stiffness increases and fluid-
ity decreases in correlation with myelin content.[''3%11%] In addi-
tion, myelination in healthy brain tissue contributes to axonal in-
tegrity and axonal crosslinking by oligodendrocytes which appar-
ently further contributes to overall brain stiffness. Thick bundles
of myelinated axonal fibers, as in the corticospinal tract (CST),
may reinforce brain tissue by their relatively high bending mod-
ulus and resistance to stretch. Such neural bundles act as waveg-
uides to shear waves, giving rise to anisotropy of shear modu-
lus, as suggested by findings obtained using dedicated MRE or
USE techniques tailored to anisotropic wave analysis in differ-
ent species including humans.[120-123] Taken together, it remains
open if myelin by itself reinforces neurons or if healthy axons,
which have more myelin, are stiffer due to their network in-
tegration. For example, the presence of neural progenitor cells
and newly emerging neurons that are not yet fully integrated
into brain networks has been observed to correlate with softer
properties in the murine brain.['?*125] However, overabundance
of new neurons in the hippocampal area following neurodegen-
eration induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridin
hydrochloride (MPTP) treatment, a neurotoxic drug used in a
model of Parkinson’s disease in mice, causes a transient rise in
brain stiffness likely due to the temporary increase in the num-
ber of new neurons and their stiffer properties compared with
background ECM.['2%126] Moreover, in a mouse model of stroke,
neuronal density correlated positively with stiffness values.[!?”]
Higher neuron density as a contributor to elevated brain stiff-
ness can help to explain various experimental findings including
higher stiffness of younger brains versus old brains,[2128-131] fe-
male brains versus male brains,['?#131] better or worse relational
memory recall™®l and healthy brains versus brains with neu-
rodegenerative diseases.['321%] Indeed, all of these effects have
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also been observed in human brains, although the large num-
ber of possible confounding factors prevents causal conclusions
to be drawn. In better controlled mouse models, brain soften-
ing correlated with a reduction in the number of neurons in
Alzheimer’s diseasel'3®! and with demyelination in a cuprizone
mouse model.['¥”] In patients with amyotrophic lateral sclerosis
(ALS), a disease that specifically affects the motor neurons within
the CST, brain softening was observed based on anisotropic pa-
rameters measured by waveguide MRE.['?%] Ultimately, brain me-
chanics changes postmortem,[!38] which is potentially, at least in
part, related to changes in the mechanics of the neural network.
Continuous MRE scans of the mouse brain during the process
of dying revealed a cascade of pathophysiological events leading
to marked brain stiffening within a few minutes after respiratory
arrest.3%] The results showed that hyperperfusion through va-
sodilation following hypoxia-induced acidosis caused extracellu-
lar water to be shifted into intracellular, neuronal compartments
and resulted in the formation of cytotoxic edema, ultimately lead-
ing to postmortem brain stiffening.['*! Although overlapping ef-
fects prevent a causal interpretation of many in vivo MRE find-
ings, the neural network seems to establish an elastic-solid scaf-
fold to the brain. Table 1 summarizes the in vivo studies men-
tioned herein.

5.2. Glial Network

Given that individual glial cells are softer than neurons,*l it is
plausible that the accumulation of glial cells in glial scars leads
to softer tissue properties, as observed with AFM in rodents.[1#!]
In contrast to stiff scars in collagen-1-rich tissues, the soft behav-
ior of glial scars is potentially related to glial cell responses as-
sociated with demyelination of neuronal axons and disintegrated
neural network connections in the injured tissue as well as ECM
alterations. Conversely, one can speculate that the proliferation
of oligodendrocytes and the formation of glial networks might
increase brain stiffness by crosslinking cellular networks and
vascular elements, thus reinforcing the brain’s mechanical scaf-
fold. This is suggested by studies in mouse brain slices showing
that hippocampal and cerebellar stiffness increases with astro-
cyte number.'!?] Furthermore, gap junctions coupling astrocytes,
oligodendrocytes, and neurons are rich in mechanoresponsive
connexins, suggesting that glial networks respond to mechanical
forces and actively contribute to brain stiffness.!'*?! This hypoth-
esis is supported by MRE studies in the maturing mouse brain
showing that upregulation of proteins expressed by oligoden-
drocytes correlates with higher stiffness, which, however, may
not be decoupled from an increase in neuronal density.[!!!] Con-
versely, loss of connectivity between networks would lead to soft-
ening, similar to observations made in glial scars.['*!] Some pro-
cesses involved in neuroinflammation have been shown to be
associated with the detachment of glial network elements such
as degraded astrocyte-vessel connections in the rodent brain!*¢!
(Figure 3E), which might explain the softening of the brain ob-
served in patients with MS[*3-1%] and in experimental autoim-
mune encephalomyelitis (EAE) mice.['*61%7] However, the patho-
physiology behind neuroinflammation is very complex and in-
volves multiple events that alter ECM structures, as will be dis-
cussed in the following section.
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5.3. Extracellular Matrix

Specific influences of brain ECM on in vivo viscoelastic prop-
erties of the CNS cannot be disentangled from cell mechanical
properties because mechanosensitive cell surface receptors in-
teract with ECM proteins and mediate cell stiffness through the
cytoskeleton.[*148-150] Many studies have shown that the mechan-
ical properties of neurons, astrocytes, and microglia are modu-
lated by extracellular mechanics.[*15171%4] [n vitro AFMI[*®] and
in vivo USE in micel'3] have revealed ECM stiffness to regulate
the proliferation, differentiation, and aging of CNS progenitor
cells.'36-158] Neurogenesis in the hippocampal dentate gyrus is
observed throughout the lifespan of mammals, and stiffness gra-
dients guide the differentiation and migration of CNS progenitor
cells.!139160] The regulatory function of ECM stiffness in neuro-
genesis was demonstrated by enzymatic digestion of chondroitin
sulfate proteoglycans — one of the major ECM components in
the premature brain.'®!l The fact that hippocampal stiffness
increases during maturation while neurogenesis is progressively
downregulated suggests that softness of the neurogenic niche is
a fundamental guiding principle of neurogenesis.['>”"16!] Proba-
bly for this reason, in vivo MRE of the mouse detects the dentate
gyrus as a soft niche with softness that correlates with neuro-
genic activity (Figure 6).12*] Also, sex-specific ECM differences
in basement membrane components were found to correlate
with softer properties in the healthy male versus female murine
cortex.[162] Here, lower expression of laminin and collagen IV but
higher expression of fibronectin in male versus female brains
correlated with softer properties.['] Similarly, the underlying
mechanisms of in vivo brain softening in neuroinflammation
seem to be associated with ECM remodeling, as mentioned
above, but also with altered endothelial matrix components and
local inflammatory processes.l’’] Specifically, MRE detected soft-
ening in areas where accumulation of magnetic nanoparticles
administered as MRI contrast agent indicated typical hallmarks
of neuroinflammation such as gliosis, leukocyte extravasation,
and reduced GAG sulfation.l””] Also, the magnitude of tissue
remodeling at sites of BBB breakdown, as indicated by the over-
expression of fibronectin in acute EAE lesions, correlated with
the degree of tissue softening in the mouse cerebellum.*®! In this
setting, fibronectin reflects the detachment of astrocytic endfeet
from blood vessels with weakening of glial-vascular mechanical
crosslinks and, thus, tissue softening. This mechanism might
explain in part why the brain softens during the acute phase of
EAE and why it stiffens during EAE remission.[*®1*’] This mech-
anism is a good example for the combined effects of different
substructures as it implies that fibronectin (network #3, ECM)
is overexpressed as a consequence of astrocytic endfeet (network
#2) detachment from blood vessels (network #4). Fibronectin,
more than other components of the basement membrane, has
been shown to critically influence the viscoelastic response of
brain tissue to shear oscillatory forces in ex vivo human brain
specimens.[”) While EAE-related remodeling of the basement
membrane, characterized by increased fibronectin and reduced
laminin and collagen IV, mainly reduces brain stiffness, 281621631
changes in ECM GAGs also influence tissue fluidity. Specifically,
reduction in chondroitin sulfate and upregulation of hyaluronic
acid (HA) have been found to reduce both brain stiffness and
tissue fluidity, probably through the establishment of large
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Figure 6. In vivo stiffness of the subregions of the murine hippocampus. Immunofluorescence staining of the murine hippocampus showing nestin, a
neuronal progenitor cell marker, in green and cell bodies with DAPI in blue. Atomic force microscopy (AFM) shows softer mechanical properties close
to the subgranular zone (SGZ), the neurogenic niche of the hippocampus. Magnetic resonance elastography (MRE) reveals heterogeneity in mechanical
properties of the hippocampus, with softer and less fluid properties of the dentate gyrus, comprising the SGZ, compared with Ammon ’s horn.['?4] Note
that AFM and MRE were operated at different dynamic regimes and measured different mechanical parameters (Young’s modulus E in AFM and shear
wave speed SWS / fluidity @ in MRE). In contrast to the stiffness differences between hippocampus and corpus callosum measured by AFM and MRE
(Figure 5), both methods provide the same relative changes in mechanical parameters when considering similar tissue regions (n = 15 [AFM], n = 10
[MRE], *p = 0.0102, **p = 0.0069, ***p = 0.0005, ****p < 0.0001). Figure adapted with permission from.[1%4]

networks and reduced polar water ECM interactions (friction),  the reason why average stiffness values reported in the MRE
respectively.1*1%] Importantly, by their amounts and sulfation literature vary largely and there is only a tendency toward lower
patterns, chondroitin sulfates can indicate the degradation of  values than found in normal-appearing tissue with large overlap
PNNs in a way that follows the remitting-relapsing disease path ~ between entities.['>7#] Tissue fluidity seems to have a higher
of EAE.'%] This loss of PNN integrity in cortical brain regions  discriminative power between benign and malignant neoplasms
is specific to inflammation and is associated with marked tissue  than stiffness. Fluidity is reduced in glioblastomas compared
softening, which is why it has been proposed as a potential MRE ~ with other, less invasive, brain tumors, suggesting that it has
marker of cortical tissue involvement in MS patients.[1%] a critical role in a tumor’s infiltrative behavior.'”?! It has been

ECM alterations also play a critical role in the mechanical  speculated that the excess of sulfated GAGs in glioblastomas!'7!
behavior of brain tumors in terms of aggressiveness and invasive ~ may contribute to gel-like confined water molecules and overall
growth.!17.167] AFM-based studies of patient tissue showed that  soft-solid material behavior that promotes invasive and irregular
glioma aggressiveness, from gliosis to low-grade gliomas to grade ~ boundaries!'’”) according to the viscous fingering theory.['”>] This
IV gliomas, progressively increased with HA and tenascin-C ex-  theory states that, in an expanding medium, which has lower vis-
pression levels, which in turn correlated with ECM stiffness.l'®®]  cosity and surface tension than its environment, viscous fingers
This may explain the progressive tumor softening shown by  form and penetrate the surrounding matrix.['”®! In this simpli-
in vivo MRE during radiation therapy in a murine model of fied, physics-based picture, brain tumors with soft-elastic (low
glioblastoma.['®] However, an inverse correlation between tu-  fluidity) behavior grow infiltratively while stiff-viscous properties
mor aggressiveness and tumor stiffness was suggested by MRE  (high fluidity) favor displacing tumor expansion. This pattern
in glioma, showing that tumors with isocitrate dehydrogenase  has been observed in patients and agrees with results obtained in
1 (IDH1) mutation were significantly stiffer than those with  a xenograft mouse model, in which angiogenic treatment atten-
the wild-type form of the IDH1 gene — a diagnostic marker for  uated the decrease in stiffness and fluidity of glioblastomas.['”")
poorer prognosis.['7%l The establishment of clinical thresholds =~ However, the observed treatment effects could have resulted
for a stiffness-based classification of brain tumors is hampered  from a variety of overlapping mechanisms, including ECM
by significant intratumoral heterogeneity. Areas of higher cel- changes, vascular normalization, myelin preservation, and
lularity and perfused (pressurized) microvessels coincide with ~ changes in cell motility.['”%) Particularly in tumors, tissue fluidity
higher stiffness values while necrotic and fluid areas have lower  appears to be sensitive to jamming-unjamming transitions,'8]
stiffness.['’!] As heterogeneity increases with tumor progres-  which translate single-cell mechanical properties into the macro-
sion, it has been proposed to leverage stiffness heterogeneity as  scopic contrast of in vivo MRE through emergent multicellular
a clinical MRE tumor marker.['”?] Tumor heterogeneity is also  behavior.[32181]
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Along with CSF spaces and ISF, the ECM contributes to the
poroelastic properties of the brain.['82183] As discussed above,
GAGs bind large amounts of water!’® and are important for the
elastic-solid tissue response by reducing viscosity in nonpolar,
unsulfated GAGs such as HA while increasing viscosity / fluid-
ity through polar ECM-water interactions.!'*®! Unlike water re-
tained within ECM networks through the interactions with po-
lar GAGs,['%®) water in pores such as those formed by the glym-
phatic system!'®] can move relatively freely, giving rise to long
MRI relaxation times on the order of CSF relaxation times. The
differences in T1 relaxation times between CSF and parenchyma
have been used to quantify porosity in the human brain, which
is approximately 14% in GM and 5% in WM.[*¥¢] Optical co-
herence elastography revealed marked softening of the mouse
cortex during anesthesia-induced sleep, likely related to changes
in glymphatic extracellular fluid channels during the sleep-wake
cycle.'®] In contrast, tumor-related increases in ECM water con-
tent, as manifest in perifocal edema, slightly increase the shear
stiffness of human brain matter!'”*] while edema developing in
response to brain injury in the mouse was reported to soften
brain tissue.['®8] The disparate behavior of viscoelastic properties
in brain edematous tissue might be related to the time of injury.
While edema and tissue necrosis that occur early after contu-
sion make the brain softer and less viscous, later changes includ-
ing reactive astroglial alterations tend to make the brain stiffer
than normal.l'®¥) Also, the tissue pressure exerted by a growing
mass might play a role in tissue stiffening!'”°! due to compres-
sive strain(®"l whereas subsequent softening could be the result
of degraded neural networks and increased extracellular water
content.’1191 The effects of lesion-induced edema can be de-
tected even in the ipsilateral hemisphere because static pressure

and compression affect large areas of the brain in a virtually un-
damped fashion.[2>17]

5.4. Vasculature

The brain is a tightly perfusion-regulated, pulsating organ.!**?]
With each heartbeat, an ICP pulse wave is generated when the
ascending arterial pulse from the heart arrives at the midbrain
through the large cerebral arteries.'**] That pressure wave tra-
verses brain hemispheres within ~2 ms (50 ms™' compression
wave speed at 50 Hz as estimated in('*)). Thus, compression
wave speed in the brain is much slower than in free water (1500
ms~!) because it is decelerated by poroelastic fluid-solid interac-
tions. Furthermore, the ability of the brain to expand in volume
is highly dependent on the rate of deformation. During arterial
pulsation, brain volume expands by ~0.5 mL'*! and by up to
3 mL during a static increase in ICP induced by the Valsalva
maneuver.1%]

The arterial pulse wave is a shear wave spreading throughout
the brain along the vascular tree from the arteries into the capil-
lary bed, which drives pulsatile fluid flow in the brain. Unlike a
compression wave, the arterial pulse wave is a vascular distensi-
bility wave whose amplitude and propagation speed depend on
the shear modulus of the vessel walls. As a result, this vascular
pulse wave travels at slower velocities from 0.4 ms™' (in prox-
imal segments of the middle cerebral artery!'’l) down to only
0.3 mms™~! in the neocortical capillaries of the mouse brain.['8!
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The passage of the fluid pulse wave during cranial systole is asso-
ciated with a transient increase in the brain’s fluid fraction, which
could explain why the brain becomes softer and more fluid-like
during cranial systole as measured by MRE.["Yl However, tissue
softening due to increased fluid content (fluid fraction) depends
on compliant tissue expansion, i.e., expansion without the gen-
eration of stresses that may cause compression stiffening or hy-
perelastic vascular stiffening. Such a scenario of compliant vas-
cular expansion is unlikely to occur during the passage of the
pressure-driven arterial pulse wave in the brain. Probably for this
reason, a recent in vivo USE study with higher temporal reso-
lution than MRE found that brain tissue stiffens in synchrony
with cerebral arterial pulsation.l®?] Conversely, softening due to
higher fluid content is consistent with contemporary reports of
a reduction in brain stiffness upon functional activation!?*] that
correlates with tissue water!'®”] as well as with predictions of the
stress relaxation model!®! of decreased shear stress after vasodi-
lation. The increase in fluid volume might also explain the ob-
servation that mouse brain softened after middle cerebral arte-
rial occlusion and formation of neovessels.[?*!] However, beyond
fluid volume, there are several other perfusion-related effects that
potentially influence effective-medium brain properties. The fol-
lowing, partially counteracting, effects resulting from changes in
vessel diameter need to be considered:

1) Fluid fraction changes (e.g., stiffness is reduced by compliant
expansion and increase in fluid content).[87:194200]

2) Vascular wall stiffening through hyperelastic expansion or
smooth muscle contraction causing an increase in brain
stiffness(2124202203] or softening upon relaxation.?!]

3) Regional effects on perfusion pressure due to differences
in vascular anatomy or aberrant tumor vessels (smaller ves-
sels with higher perfusion pressure are associated with higher
stiffness).[204)

4) Blood viscosity changes (blood viscosity increases with vasodi-
lation through the Fahraeus-Lindgvist effect).l2]

Consequently, different effects of CBF on brain viscoelasticity
values have been reported (see references in the list above). As a
baseline, regional differences in CBF-stiffness interactions were
observed in deep GM of healthy subjects (#3 in the list above).[2*]
In these subjects, stiffness correlated with CBF normalized by
vascular area (A), which is proportional to the flux rate or perfu-
sion pressure gradient. Of note, CBF/A is higher in the striatum
than in the hippocampus, thalamus, or globus pallidus and is as-
sociated with higher stiffness values in that region. The markedly
higher stiffness of the putamen and nucleus accumbens com-
pared with other deep GM regions may indicate the sensitivity
of brain stiffness to perfusion pressure and thus may also corre-
late with the known vulnerability of striatal regions to stroke.[204]
In contrast to pressure-driven stiffness increases, the formation
of neovessels in neurotumors!?%! causes a decline of stiffness, as
observed in stroke,?”] probably due to a compliant, stress-free,
increase in the fluid tissue fraction while anti-angiogenic treat-
ment has been found to positively influence stiffness and fluidity
in glioblastoma.[2%8]

In general, CBF is autoregulated within a narrow range ac-
cording to the brain tissue’s demand for nutrients and oxy-
gen, as under functional activation,!20020921% hypoxia,!!3%] or
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Figure 7. In vivo changes in brain stiffness and tissue fluidity observed in published studies using in vivo MRE. Brain development has been shown to be
associated with an increase in stiffness and a decrease in fluidity, leading to more pronounced elastic-solid properties,!'""l which, after the maturation
phase, progress toward softening due to aging.[?*'] Multiple sclerosis (MS),[222] Alzheimer’s disease (AD),[24?] Parkinson’s disease (PD),[?%] and normal
pressure hydrocephalus (NPH)[2%] are all associated with local softening and a shift in brain tissue fluidity toward elastic-solid behavior. Treatment
effects (dashed lines) in NPH have been shown to restore fluidity,[?**] whereas in the mouse model of MS, disease remission restored stiffness and
fluidity, highlighting the transient nature of MS-related mechanical tissue remodeling.['%] In contrast to other diseases and tumors outside the CNS,
brain tumors such as glioblastoma (GBM) and meningioma (MEN) primarily affect tissue fluidity with only marginal changes in stiffness toward softer
properties.31l Changes in blood flow and pressure, resulting, for example, from the Valsalva maneuver (VM)[?%%] or inhalation of CO,-enriched air
(hypercapnia, HCap),[2%] cause brain stiffening, but with variable effects on tissue fluidity, which in turn depend on the changes induced in vessel
diameter, perfusion pressure, and fluid fraction. Based on the studies shown here and discussed in the text, we have identified emergent patterns of
tissue architectural changes that lead to the observed characteristic changes within the 2D stiffness-fluidity space as illustrated by the cartoons in orange

for stiffness and blue for fluidity.

hypercapnia.2>211] Physiological changes in CBF were ob-

served in response to the Valsalva maneuver,??%! low body
temperature,l?'? and dehydration.?!l All of these different con-
ditions have been studied with MRE and USE, and the results
consistently suggest that increased blood perfusion is associated
with stiffening of brain tissue. Remarkably, all neurological con-
ditions associated with a higher ICP have been reported as states
of elevated brain stiffness, motivating the use of brain stiffness as
a noninvasive marker of ICP.[ First encouraging studies were
performed using USE in a mouse model of ischemic strokel?]
and in patients with idiopathic intracranial hypertension before
and after lumbar puncture.?!3] In patients, abnormally high stiff-
ness values dropped after brain decompression with excellent di-
agnostic accuracy.?3] In addition to stiffness, viscosity seems to
be sensitive to cerebral blood perfusion. Studies indicate that vis-
cosity is affected by changes in vascular diameter. While dilation
of vessels due to arterial pulsation or hypercapnia led to increased
fluidity,[1*+2%] constriction of cerebral vessels, particularly in the
venous bed, during the Valsalva maneuver (hindering the out-
flow of blood from the brain) led to significantly lower viscosity in
humans.[2%] A possible explanation is provided by the Fahraeus-
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Lindqvist effect, which states that blood viscosity increases upon
vascular dilation. Blood viscosity is minimal in vessels with diam-
eters ~4—5 um.[214] In this relatively simple explanation, viscosity
changes mirror the apparent viscosity of blood and its relation-
ship to vessel size. Finally, it should be noted that the mechanical
vibrations induced in the brain at the frequency range used in
MRE modulate CBF and blood pressure, which in turn may af-
fect the measured stiffness values.[?!>21¢] [t seems that, even in
the brain, there is no observation without interaction.

6. Emergent Patterns

Asnoted above, in vivo brain viscoelastic properties on the macro-
scopic scale are the result of many overlapping interactions and
should be considered as effective-medium properties reflecting
the emergence of all four networks and their components dis-
cussed in this article. Therefore, many studies in the literature re-
port interesting and diagnostically relevant mechanical property
changes, which, however, cannot be attributed to specific mech-
anisms or still have unknown origins within the hierarchy of vis-
coelastic elements in the brain. Given our hypothesis of the four
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intertwined mechanical networks that make up the brain’s scaf-
fold, any weakening of one or more of these elements —neuronal,
glial, or vascular dysfunction — as well as alterations of the ECM
including loss of connectivity between these networks would ulti-
mately lead to softening of brain tissue on a coarse-grained scale.
Consequently, almost all brain pathologies studied so far us-
ing MRE showed brain softening, including MS,[143-1%217] pey-
romyelitis optica,[?!®] Parkinson’s disease,?!*?2%] and Alzheimer’s
diseasel’33-135] while stiffening was only reported for the hip-
pocampus of patients with temporal lobe epilepsy.?2!] Interest-
ingly, as in most brain diseases, when stiffness decreased, tissue
fluidity was also reduced.!'%?22-227] Digparate results have been
reported for pressure-related conditions such as normal pres-
sure hydrocephalus!??’-233] and intracranial hypertension, 213234
for which a tendency toward tissue stiffening was observed as
long as ICP was elevated?!*23*] while softening was found at
the stage of chronic pressure-related tissue degeneration.!?*
Different regional patterns of softening have been identified
and shown to correlate with the degree of tissue involve-
ment in dementia, gait disorders, and inflammation.[134218.219.228]
These studies, along with reports of physiological softening with
age,80128.131236] gofter properties in association with reduced
memory performancel?®’] as well as softer striatal reward sys-
tems in overweight individuals,[?*] provide overwhelming evi-
dence that reduced stiffness is a common signature of impaired
brain tissue integrity. Exceptions are hippocampal sclerosis,!?2!]
elevated ICP,23] and tumors.[173174:239.240]

Table 1 summarizes the discussed effects of the four brain net-
works on in vivo mechanical parameters reported in the litera-
ture. Figure 7 shows emergent patterns of brain stiffness and tis-
sue fluidity as detected by in vivo MRE. Based on the results sum-
marized in Table 1 and the discussion in the text, we identified
four basic physical processes that affect brain stiffness and tissue
fluidity. As illustrated in Figure 7, large networks, fiber reinforce-
ment, crosslinking, and vascular pressure, have been identified
as the physical interactions that support stiffness, independent
of the contributors to tissue fluidity, which are polar tissue-water
interactions, fluid fraction, friction, and cell motility.

7. Summary and Conclusion

This article provides an overview of the different structural com-
ponents of the brain and their contributions to the mechanical
parameters that are measured by MRE. The brain contains two
major cellular networks, the neuronal and glial networks, which
cooperate and support each other’s functions. The extracellular
compartment of the brain consists of ECM and extracellular flu-
ids, including ISF, CSF, and blood. All of these components and
their distribution collectively shape the brain’s coarse-grained
mechanical properties, including stiffness and viscosity, as mea-
sured by MRE. Consequently, MRE has been proven sensitive to
pathophysiological processes that affect the mechanical concert
of the four basic interconnected networks in the brain: neurons,
glial cells, ECM, and vasculature. Tissue alterations due to neu-
ronal degeneration, demyelination, inflammation, or vascular
leakage have been associated with tissue softening. In contrast,
neuronal proliferation, cellular network formation, accumulation
of certain matrix components, and higher vascular pressure have
been shown to result in brain stiffening. In addition, brain viscos-
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ity has been reported to change with blood perfusion, tumor inva-
sion, and brain maturation. All of these processes are highly rel-
evant to the detection and assessment of neurological disorders,
suggesting that elastography bears great potential for improving
the detection and monitoring of neurological diseases.
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