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(57) ABSTRACT

Methods, systems, and devices for mechanically disturbing
tissues of the central nervous system including a brain of a
subject are provided. An elastogram of brain tissue may be
generated using mesoscopic wavelength ultrasound com-
posed of longitudinal waves in brain tissues to produce
micromechanical disturbances of brain nuclei and circuits
for characterization of their mechanical properties (e.g.,
stiffness, elasticity, rigidity, viscoelasticity). A magnetic
resonance elastography (MRE) system includes an MRE
engine in electronic communication with at least one trans-
ducer and with a magnetic resonance imaging (MRI) device.
The MRE engine is configured to electronically control
operation of the at least one transducer to emit ultrasound,
to electronically receive, from the MRI device, at least one
signal indicative of measurements of displacement of the
brain tissue by the ultrasound, and to electronically generate
an elastogram of the brain tissue based on the at least one
signal.
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SYSTEMS AND METHODS FOR
GENERATING AN ELASTOGRAM OF BRAIN
TISSUE USING MESOSCOPIC
WAVELENGTH ULTRASOUND

STATEMENT OF RELATED APPLICATION(S)

[0001] This application claims priority to U.S. Provisional
Patent Application No. 62/516,834 filed Jun. 8, 2017 and
entitled “Systems and Methods For Providing Mesoscopic
Mechanical Disturbances To The Central Nervous System,”
the entire contents of which is hereby incorporated by
reference herein.

TECHNICAL FIELD

[0002] This disclosure relates to delivery of mechanical
waves in the form of ultrasound to the central nervous
system of a subject for the purpose of generating mesoscopic
mechanical disturbances in tissues and cells to characterize
and interrogate the mechanical properties (e.g., rigidity,
stiffness, elasticity, viscoelasticity, etc.) of neural circuits
and tissues. In particular, the disclosure related to systems
and methods for generating an elastogram of brain tissue
using mesoscopic wavelength ultrasound.

BACKGROUND

[0003] Data from studies characterizing the macroscopic
physical characteristics of the brain indicates that the brain
is a viscoelastic material and is one of the softest tissues in
the body. Many values describing the elastic properties of
the brain have been estimated by converting the shear
modulus (G) of brain to the elastic modulus (E) where the
brain is assumed to have Poisson’s ratio (v)=0.5 and E=2G
(14v). In particular, the elastic modulus (E) of an isotropic
solid is defined as a constant describing a stress/strain ratio.
Rodent and human brains have been described as having an
estimated E ranging from 0.1 to 16 kPa (1 nN/um?=1000
Pa). The ratio of transverse strain to axial strain in the
direction of the stretching force defines the Poisson’s ratio
(v) of a material.

[0004] Moduli that are generally useful for describing the
elasticity of a solid include the elastic modulus (E), the shear
modulus (G), the bulk modulus (K), and the complex
modulus. The elastic modulus (i.e., longitudinal elasticity)
of a solid, also known as the Young’s modulus (E) is defined
as E=stress/strain. The shear modulus (G) of a material can
be described by G=F/(2(1+v)), where v is Poisson’s ratio.
The bulk modulus (K) of a material can be described as
K=E/(3(1-2v)). The complex modulus (i.¢., dynamic modu-
lus) is the ratio of stress to strain under vibratory conditions.
[0005] The elastic modulus, shear modulus, bulk modulus,
and/or complex modulus can be used for describing the
mechanical properties of the brain in terms of rigidity,
stiffness, elasticity, viscoelasticity, etc. These properties can
be estimated by using inversion and imaging approaches
useful for characterizing motion, the displacement of tissues
by longitudinal waves, and the propagation speed or wave-
length of shear waves introduced to the body by mechanical
waves. For example, elastography uses magnetic resonance
(MR) or ultrasound imaging to estimate the stiffness of
tissues by imaging their responses to sound (shear) waves
propagated through the body.

[0006] FIG. 1 is a diagram illustrating properties of a
mechanical wave in both spatial and time scales. In particu-
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lar, the mechanical wave 100 includes a velocity 102, a pulse
duration 104, a pulse length 106, a period 108, and a
wavelength 110.

[0007] FIG. 2 is a diagram illustrating longitudinal waves
200 (i.e., primary wave, P wave, compressional wave, etc.)
and shear waves 202 (i.e., secondary wave, S wave). With a
longitudinal wave 200, particles in a medium 204 move in
the same direction that the longitudinal wave 200 is moving
(i.e., direction of wave propagation 206). In this manner, the
longitudinal wave 200 travels through the medium 204 by
means of compression 208 and dilation 210. Comparatively,
shear waves 202 move slower than longitudinal waves 200.
Shear waves 202 move particles of the medium 204 in a
direction generally perpendicular to the direction of wave
propagation 206, thereby providing a wavelength and ampli-
tude for the medium 204.

[0008] Referring to FIGS. 3A-4D, magnetic resonance
elastography (MRE) is useful for characterizing and map-
ping the nonlinear viscoelastic properties of the intact
human brain. Stiffness of brain regions significantly vary in
normal humans and these mechanical properties change
across age and disease states. MRE is conducted by gener-
ating a strain elastogram from MR-imaging data of tissue
responses to externally applied quasi-static compression or
harmonic shear waves. FIGS. 3A-3C graphically illustrate
phantom tissue displacements driven by mechanical waves
having a frequency of 100 Hz. In particular, FIG. 3A is an
amplitude diagram 300 illustrating amplitude of phantom
tissue as a mechanical wave propagates through the phantom
tissue. Concentric rings of low amplitude 302 and high
amplitude 304 sections of the mechanical wave are formed
as the mechanical wave moves through the phantom tissue.
FIG. 3B is a diagram 306 illustrating an echo planar image,
which does not include any contrast without applying math-
ematical processes to the image. FIG. 3C is a diagram 308
illustrating shear stiffness of the phantom tissue as the
mechanical wave propagates through the phantom tissue. As
shown, there are generally concentric sections of low shear
stiffness 310, medium shear stiffness 312, and high shear
stiffness 314.

[0009] FIGS. 4A-4D graphically illustrate brain tissue
displacements driven by mechanical waves having a fre-
quency of 100 Hz. In particular, FIG. 4A is an echo planar
image 400. FIG. 4B is an amplitude diagram 402 illustrating
amplitude of brain tissue as a mechanical wave propagates
through the brain tissue. As shown, there are areas of low
amplitude 404 and areas of high amplitude 406. FIGS. 4C
and 4D are elastograms 408 illustrating shear stiffness of the
brain tissue as the mechanical wave propagates through the
brain tissue. As shown, there are areas of low shear stiffness
410, medium shear stiffness 412, and high shear stiffness
414.

[0010] Elastograms may be used in clinical diagnostics,
since many diseases are associated with changes in cellular
elasticity. MRE has been used to map and characterize the
viscoelastic properties of normal, aged, and diseased human
brains. MRE has also been shown to be useful in charac-
terizing traumatic brain injury (TBI) in rodent models. An
increase in the number and breadth of observations from
neuroimaging studies employing MRE indicates a strong
and growing interest in determining how the mechanical
properties of a brain relate to its function and dysfuntion.
However, there is a need to improve the spatial resolution of
current elastographic imaging methods including MRE.
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[0011] Current methods of elastographic imaging do not
implement mechanical waves adequately matched to func-
tional brain nuclei or circuits. For example, many commonly
applied systems and methods for introducing mechanical
waves to brain tissue rely on passive drivers remotely
actuated by pressure displacements driven by an acoustic
speaker, active transducer, or other piezoelectric element to
mechanically displace the head of a subject. For example,
FIG. 5A illustrates a head actuator 500 configured to move
the entire head 502 of a subject. Similarly, FIG. 5B also
illustrates an actuator 504 configured to move the entire
head 502 of a subject when the head 502 of the subject is
placed on the actuator 504, with the actuator being arranged
proximate to a MRI head coil 503. As an alternative, FIG. 5B
illustrates an actuator 506 configured to be received in the
mouth and clenched by jaws 508 of a subject to move the
entire head 502 of the subject by being clenched in the jaws
508. These coarse mechanical approaches can cause poor
spatial resolution conferred by the longitudinal wavelengths
used to displace the body or head and subsequently generate
shear waves in the body’s tissues or brain. In other words,
the brain tissue displacement is generalized, not localized.

[0012] Some ultrasound imaging-based approaches to
elastography not only use ultrasound for imaging, but also
rely on ultrasound to displace tissue. Acoustic radiation
force imaging (ARFI), shear wave elasticity imaging
(SWEI), and supersonic shear imaging or shear wave imag-
ing (SWI) methods often rely on ultrasound-mediated tissue
displacements produced by ultrasound having an acoustic
frequency typically greater than 2 MHz, or similar to that
used in ultrasound diagnostic imaging. Transient magnetic
resonance elastography (tMRE) also relies on temporally
specific ultrasound waveforms typically using an acoustic
frequency >2 MHz to displace soft tissues, such as the liver,
for mechanical characterization. These approaches, how-
ever, provide short longitudinal wavelengths having micro-
scopic, longitudinal spatial length scales approximately 0.77
millimeters or shorter in brain at an acoustic frequency (f) of
about 2 MHz or greater.

[0013] On the other hand, mechanical displacement of the
head and the brain for conventional magnetic resonance
elastography (MRE) typically uses audible acoustic frequen-
cies ranging from about 50 Hz to about 2000 Hz. These
approaches confer longitudinal mechanical waves having
macroscopic spatial lengths ranging from approximately
0.77 meters or 770 millimeters for 2000 Hz to 30.8 meters
for 50 Hz in the brain.

[0014] The conversion of longitudinal pressure waves to
shear waves in different tissues is complex and dependent on
many factors including the shear modulus (G), the elastic
modulus (E), the complex modulus, the geometry and
mechanical properties of the surrounding cellular environ-
ment, and temperature of the tissue, etc. Differences in tissue
mechanical properties at boundary sites, such as the skull
and cerebrospinal fluid interface, the cerebrospinal fluid and
grey matter interface, or grey matter and white matter
interfaces further complicate wave mode conversions in
tissues. Irrespective of these complexities however, target-
ing distinct brain circuits with mechanical waves having
either short (microscopic) or long (macroscopic) longitudi-
nal spatial quantities is difficult, and mechanical properties
derived therefrom are prone to instability and error. Accord-
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ingly, there is a need for improved methods and systems for
providing displacement of brain tissues using mechanical
waves.

[0015] Cells in the brain including glial cells, neurons,
stem cells, neural progenitors, and cells comprising vascu-
lature have variable diameters ranging from about 5 to 40
micrometers. Neurons and other cells in the brain can
possess neuronal processes extending from tens of microns
to several millimeters. Groups of cells approximately tens to
tens of thousands or hundreds of thousands in number
communicate with one another to form functional brain
circuits or nuclei. These circuits form spatially discrete brain
nuclei having mesoscopic spatial length scales of about 1 to
20 millimeters and are devoted to regulating various aspects
of executive function, motor function, visual function, audi-
tory function, somatosensory function, physiological
arousal, and conscious binding of experience.

[0016] Referring to FIGS. 6A-6D, spatially discrete brain
circuits having mesoscopic or millimeter length scales can
serve unique functions. FIG. 6A is a side view of a brain 600.
FIG. 6B is a cross-sectional top view of the brain of FIG. 6 A
taken along section line 601 in FIG. 6A. The brain 600
includes the lateral ventricle, frontal horn 602, the fornix,
column 604, the frontal operculum 606, the internal capsule,
genu 608, the Thalamus, VA 610, the internal capsule,
posterior limb 612, the velum interpositum and internal
cerebral vein 614, the calcarine fissure 616, the corpus
callosum, splenium 618, the lateral ventricle, trigone 620,
the thalamus, pul 622, the thalamus, LP 624, the parietal
operculum 626, the putamen 628, the interventricular fora-
men 630, the internal capsule, anterior limb 632, the caudate
nucleus, head 634. FIG. 6C is a top view illustrating
thalamic nuclei and connections. The brain includes the
anterior 636, ventral anterior 638, reticular 640, lateral
dorsal 642, ventral lateral 644, interlaminar 646, ventral
posterior 648, lateral posterior 650, mediodorsal 652, pulvi-
nar 654, lateral geniculate 656, medial geniculate 658. The
ventral anterior 636 communicates to the prefrontal cortex
660 and from the globus pallidus 662. The ventral lateral 644
communicates to the supplementary motor area 664, from
the globus pallidus 666, to the motor cortex 668, and from
the cerebellum 670. The ventral posterior 648 communicates
to the somatic sensory cortex 672 from medial, spinal, and
trigeminal lemnisci 674. The lateral geniculate 656 commu-
nicates from the optic track 676 and to the primary visual
cortex 678. The medial geniculate 658 communicates to the
primary auditory cortex 680 and from the inferior brachium
682.

[0017] Due to differences in the sizes, shapes, and physi-
cal, biochemical or molecular composition of cells compris-
ing different functional nuclei in the brain, it should be
expected that brain circuits serving different functional roles
will have different mechanical properties, such as stiffness,
rigidity, elasticity, and viscoelasticity. For example, as
shown in FIG. 6D, the ventral lateral and ventral posterior
nuclei of the thalamus are located approximately 1 millime-
ter adjacent to one another and serve different roles in
somatosensory and motor processing. It is possible the
ventral lateral and ventral posterior regions of the thalamus
possess distinct mechanical properties, which may differ
from one another. Current systems and methods cannot
reliably determine this however, due in part to the use of
inappropriately scaled longitudinal wavelengths for
mechanically displacing tissues to characterize that tissue’s
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mechanical properties. Restated, current systems and meth-
ods do not have a longitudinal wavelength resolution appro-
priate for targeting discrete functional brain circuits or
nuclei.

[0018] FIGS. 7A-7B are elevation views of the medial
surface 700 and the lateral surface 702 of the brain, respec-
tively, including brain regions 1-47. Other functionally
discrete brain circuits recognized wholly or in part by
standard nomenclature, for example, Broadmann’s areas,
have length scales on the order of millimeters to tens of
millimeters, which is similar to the thalamus and its nuclei
(see FIG. 4). Thus, without appropriately scaled longitudinal
waves used for displacing tissues, it would be difficult to
understand how distinct mechanical tissue properties vary
across functional brain circuits. In addition, using current
methods known in the art, it would be difficult to adequately
or reliably characterize diseased or injury-mediated changes
in the mechanical properties of cells belonging to a particu-
lar brain nucleus or circuit. What is needed is a solution for
mechanically disturbing targeted brain circuits for the pur-
poses of characterizing the mechanobiological properties of
the tissue composing the targeted brain circuit or brain
circuits.

SUMMARY

[0019] Disclosed are systems, methods, and devices to
actuate displacement of tissues by disturbing them on meso-
scopic length scales using ultrasound. In particular, dis-
closed is a system and method for generating an elastogram
of brain tissue using mesoscopic wavelength ultrasound.
Systems and methods provided herein induce physical
motion or displacement of tissues, evaluation of their
mechanical properties with increased resolution of the tissue
being evaluated. Such systems and methods provide nonin-
vasive, mesoscopic length scale mechanical disturbance of
brain tissue in a spatially and temporally precise manner
using ultrasound or Mesoscopic Wavelength Ultrasound. In
some embodiments, mesoscopic tissue disturbances induced
by Long-period Ultrasound are used for the evaluation of
brain mechanical properties using elastographic approaches,
such as magnetic resonance elastography (MRE), shear
wave elasticity imaging (SWEI), vibroacoustography, etc.

[0020] In an exemplary aspect, the present disclosure
relates to a magnetic resonance elastography (MRE) system
for generating an elastogram of at least a portion of a brain
of a subject. The MRE system includes a computing device
in electronic communication with at least one transducer and
with a magnetic resonance imaging (MRI) device. The
computing device includes at least one processor and a
memory coupled to the at least one processor. The MRE
system further includes an MRE engine electronically stored
in the memory of the computing device and executable by
the at least one processor. The MRE engine is configured to
electronically control operation of the at least one transducer
to emit ultrasound at a frequency from 0.1 MHz to 1 MHz
and with a longitudinal wavelength from 1.54 to 15.4
millimeters to locally displace brain tissue of the subject.
The MRE engine is further configured to electronically
receive, from the MRI device, at least one signal indicative
of measurements of displacement of the brain tissue by the
ultrasound. The MRE engine is further configured to elec-
tronically generate an elastogram of the brain tissue based
on the at least one signal.
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[0021] In certain embodiments, the MRE system includes
a single-element ultrasonic transducer. In certain embodi-
ments, the MRE system includes a plurality of ultrasonic
transducers. In certain embodiments, the plurality of trans-
ducers are configured to concentrate strain resolution at a
specific target within the brain tissue.

[0022] In certain embodiments, the ultrasound includes
focused ultrasound. In certain embodiments, the ultrasound
includes planar ultrasound. In certain embodiments, the
ultrasound has a cycle time period from 0.5 to 10 millisec-
onds in brain tissue. In certain embodiments, the at least one
transducer 1is configured to emit the ultrasound for at least
one burst having a duration of less than about 500 millisec-
onds.

[0023] In certain embodiments, the MRE engine is further
configured to control operation of the at least one transducer
to coordinate emission of ultrasound with one or more
biological cycles of the subject. In certain embodiments, the
MRE engine is further configured to derive at least one of
shear moduli, elastic moduli, or bulk moduli of a brain
circuit of the brain tissue.

[0024] In another exemplary aspect, the present disclosure
relates to a method for generating an elastogram of at least
a portion of a brain of a subject. The method includes
electronically controlling, by an MRE engine executed by at
least one processor of a computing device, operation of at
least one transducer to emit ultrasound at a frequency from
0.1 MHz to 1 MHz and with a longitudinal wavelength from
1.54 to 15.4 millimeters to mechanically displace brain
tissue of the subject, the MRE engine electronically stored
in memory associated with the computing device and being
coupled to the at least one processor. The method further
includes electronically receiving, at the MRE engine from a
magnetic resonance imaging (MRI) device, at least one
signal indicative of measurements of mechanical displace-
ment of the brain tissue by the ultrasound. The method
further includes electronically generating, by the MRE
engine, an elastogram of the brain tissue based on the at least
one signal.

[0025] In certain embodiments, the at least one transducer
includes a single-element ultrasonic transducer. In certain
embodiments, the at least one transducer comprises a plu-
rality of ultrasonic transducers. In certain embodiments, the
plurality of transducers are configured to concentrate strain
resolution at a specific target within the brain tissue.
[0026] In certain embodiments, the ultrasound includes
focused ultrasound. In certain embodiments, the ultrasound
includes planar ultrasound. In certain embodiments, the
ultrasound has a cycle time period from 0.5 to 10 millisec-
onds in brain tissue.

[0027] In certain embodiments, the method further
includes emitting, from the at least one transducer, the
ultrasound for at least one burst having a duration of less
than about 500 milliseconds. In certain embodiments, the
method further includes controlling, by the MRE engine,
operation of the at least one transducer to coordinate emis-
sion of ultrasound with one or more biological cycles of the
subject. In certain embodiments, the method further includes
deriving, by the MRE engine, at least one of shear moduli,
elastic moduli, or bulk moduli of a brain circuit of the brain
tissue.

[0028] In another exemplary aspect, the present disclosure
relates to a non-transitory computer readable medium com-
prising program instructions for generating an elastogram of
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at least a portion of a brain of a subject. The program
instructions are configured for electronically controlling, by
an MRE engine executed by at least one processor of a
computing device, operation of the at least one transducer to
emit ultrasound at a frequency from 0.1 MHz to 1 MHz and
with a longitudinal wavelength from 1.54 to 15.4 millime-
ters to mechanically displace brain tissue of a subject, the
MRE engine electronically stored in memory of a computing
device coupled to the at least one processor. The program
instructions are further configured for electronically receiv-
ing, at the MRE engine from an MRI device, measurements
of mechanical displacement of the brain tissue by the
ultrasound. The program instructions are further configured
for electronically generating, by the MRE engine, an elas-
togram of the brain tissue based on the measurements.
[0029] In certain embodiments, the program instructions
are further configured for emitting, from the at least one
transducer, the ultrasound for at least one burst having a
duration of less than about 500 milliseconds. In certain
embodiments, the program instructions are further config-
ured for controlling, by the MRE engine, operation of the at
least one transducer to coordinate emission of ultrasound
with one or more biological cycles of the subject. In certain
embodiments, the program instructions are further config-
ured for deriving, by the MRE engine, at least one of shear
moduli, elastic moduli, or bulk moduli of a brain circuit of
the brain tissue.

[0030] Other aspects and embodiments will be apparent
from the detailed description and accompanying drawings.
[0031] Those skilled in the art will appreciate the scope of
the present disclosure and realize additional aspects thereof
after reading the following detailed description of the certain
exemplary embodiments in association with the accompa-
nying drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0032] FIG.11is a schematic diagram illustrating mechani-
cal wave qualities on both spatial and time scales;

[0033] FIG. 2 is a schematic diagram illustrating longitu-
dinal waves and shear waves;

[0034] FIG. 3A is an amplitude diagram using 100 Hz
mechanical waves and illustrating amplitude of phantom
tissue;

[0035] FIG. 3B is an echo planar image using 100 Hz
mechanical waves;

[0036] FIG. 3C is an elastogram using 100 Hz mechanical
waves and illustrating shear stiffness;

[0037] FIG. 4A is an echo planar image of a brain using
100 Hz mechanical waves;

[0038] FIG. 4B is an amplitude diagram of a brain using
100 Hz mechanical waves and illustrating amplitude;
[0039] FIG. 4C is an elastogram of a brain using 100 Hz
mechanical waves and illustrating shear stiffness;

[0040] FIG. 4D is the elastogram of FIG. 4C with
increased contrast;

[0041] FIG. 5A is a side view of a head actuator for
cerebral magnetic resonance elastography subject to being
driven by pneumatic devices to displace the entire head of a
subject at a frequency range of from about 50 to 2000 Hz,
with the actuator being proximate to a MRI head coil;
[0042] FIG. 5B is a cross-sectional schematic diagram
illustrating two different head actuators for cerebral mag-
netic resonance elastography subject to being driven by
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pneumatic devices to displace the entire head of a subject at
a frequency range of from about 50 to 2000 Hz,

[0043] FIG. 6A is a side view of a brain;

[0044] FIG. 6B is a top cross-sectional view of the brain
of FIG. 6A taken along a section line shown in FIG. 6A;
[0045] FIG. 6C is a top view of a brain illustrating
thalamic nuclei and connections;

[0046] FIG. 6D is a schematic diagram of a portion of a
brain illustrating proximity of the ventral lateral and ventral
posterior nuclei of the thalamus;

[0047] FIG. 7A s a schematic diagram of a medial surface
of a brain and subdivision of the brain into anatomically
specialized regions using Broadmann’s areas;

[0048] FIG. 7B is a schematic diagram of a lateral surface
of a brain and subdivision of the brain into anatomically
specialized regions using Broadmann’s areas;

[0049] FIG. 8Ais a schematic diagram of a cylindrical 2D
finite element model approximating the head and brain to
model mechanical wave properties and pressure displace-
ment as a function of wave frequency;

[0050] FIG. 8B is a schematic diagram of the model of
FIG. 8A with a finely resolved area to extract the pressure
profile within the brain along a centerline perpendicular to
the incident pressure waves;

[0051] FIG. 8C is a schematic diagram of the model of
FIG. 8A illustrating planar mechanical waves constructively
and deconstructively interacting with nearby distorted
waves;

[0052] FIG. 8D is a graph of pressure field versus X
coordinate illustrating a mechanical wave applied to the
model of FIG. 8 A propagating across the skull layer and into
the brain tissue;

[0053] FIG. 9A is a schematic diagram of a 3D finite
element model of the skin, skull, cerebrospinal fluid, and
brain generated from data obtained from a human volunteer
to model mechanical wave properties in the head of a
human;

[0054] FIG. 9B is an elastogram of the 3D finite element
model of FIG. 9A with an applied frequency of 0.5 MHz;
[0055] FIG. 9C is an elastogram of the 3D finite element
model of FIG. 9A with an applied frequency of 0.25 MHz;
[0056] FIG. 9D is an elastogram of the 3D finite element
model of FIG. 9A with an applied frequency of 1.0 MHz;
[0057] FIG. 9E is an elastogram of the 3D finite element
model of FIG. 9A with an applied frequency of 2.0 MHz;
[0058] FIG. 9F is an elastogram of the 3D finite element
model of FIG. 9A with an applied frequency of 1.5 MHz;
[0059] FIG. 10A is a graph of pressure field versus X
coordinate illustrating spatial resolution of mechanical
waves at ultrasonic frequencies 50 kHz as a lateral pressure
displacement profile simulated using a FEM of brain tissue;
[0060] FIG. 10B is a graph of pressure field versus X
coordinate illustrating spatial resolution of mechanical
waves at ultrasonic frequencies 250 kHz as a lateral pressure
displacement profile simulated using a FEM of brain tissue;
[0061] FIG. 10C is a graph of wavelength versus fre-
quency illustrating brain resolution for the model of FIGS.
9A-9F;

[0062] FIG. 10D is a graph of wavelength versus fre-
quency illustrating brain resolution for the model of FIGS.
8A-8D, including modeled and theoretical values;

[0063] FIG. 11A is a graph of pressure field versus X
coordinate illustrating a head pressure profile for a pressure
field of between 98 and 100 Pa;
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[0064] FIG. 11B is a graph of pressure field versus X
coordinate illustrating a head pressure profile for a pressure
field between 65 and 100 Pa;

[0065] FIG. 11C is a graph of pressure field versus X
coordinate illustrating a head pressure profile for a pressure
field between —-100 and 100 Pa;

[0066] FIG.12 is a schematic diagram illustrating an MRE
system for applying mesoscopic wavelength and long-pe-
riod ultrasound for brain tissue disturbance;

[0067] FIG. 13A is a schematic diagram illustrating an
MRE system with a single ultrasonic transducer;

[0068] FIG. 13B is a schematic diagram illustrating an
MRE system with multiple ultrasonic transducers;

[0069] FIG. 14 is a flow chart illustrating synchronization
of ultrasound-mediated brain tissue displacement during the
acquisition of MRI data;

[0070] FIG.15is a flow chart illustrating collection of data
to develop an elastogram from tissue disturbances intro-
duced by ultrasound,

[0071] FIG. 16 is a flowchart identifying steps and
selected elements of a system and method for mesomechani-
cally disturbing brain circuits during MRI;

[0072] FIG. 17A is an MRI image acquired with ultra-
sound transducer targeting the primary motor cortex gener-
ated from a volume rendered series of MR1 scans of the head
of a human subject;

[0073] FIG. 17B is a color inverted version of the MRI
image of FIG. 17B;

[0074] FIG. 18 is a flow chart illustrating image acquisi-
tion and MRI pulse sequence synchronization with motion
encoding gradients to trigger the delivery of ultrasound for
tissue displacement during magnetic resonance elastography
procedures, as well as a general approach for generating
elastograms from wave images through MRI scan process-
ing and post-processing;

[0075] FIG. 19 is a schematic diagram illustrating a mag-
netic resonance elastography (MRE) system for generating
an elastogram of at least a portion of a brain of a subject;
[0076] FIG. 20 is a flow chart illustrating steps for gen-
erating an elastogram of at least a portion of a brain of a
subject; and

[0077] FIG. 21 is a schematic diagram of a generalized
representation of a computer system that can be included in
any component according to one embodiment.

DETAILED DESCRIPTION

[0078] The exemplary embodiments set forth below rep-
resent the necessary information to enable those skilled in
the art to practice the embodiments and illustrate the best
mode of practicing the embodiments. Upon reading the
following description in light of the accompanying drawing
figures, those skilled in the art will understand the concepts
of the disclosure and will recognize applications of these
concepts not particularly addressed herein. It should be
understood that these concepts and applications fall within
the scope of the disclosure and the accompanying claims.

[0079] It will be understood that, although the terms first,
second, etc. may be used herein to describe various ele-
ments, these elements should not be limited by these terms.
These terms are only used to distinguish one element from
another. For example, a first element could be termed a
second element, and, similarly, a second element could be
termed a first element, without departing from the scope of
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the present disclosure. As used herein, the term “and/or
includes any and all combinations of one or more of the
associated listed items.

[0080] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended
to be limiting of the disclosure. As used herein, the singular
forms “a,” “an,” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises,”
“comprising,” “includes,” and/or “including” when used
herein specify the presence of stated features, integers, steps,
operations, elements, and/or components, but do not pre-
clude the presence or addition of one or more other features,
integers, steps, operations, elements, components, and/or
groups thereof.

[0081] Unless otherwise defined, all terms (including tech-
nical and scientific terms) used herein have the same mean-
ing as commonly understood by one of ordinary skill in the
art to which this disclosure belongs. It will be further
understood that terms used herein should be interpreted as
having a meaning that is consistent with their meaning in the
context of this specification and the relevant art and will not
be interpreted in an idealized or overly formal sense unless
expressly so defined herein.

[0082] Disclosed herein is a magnetic resonance elastog-
raphy (MRE) system and method for generating an elasto-
gram of at least a portion of a brain of a subject. The MRE
system includes a computing device in electronic commu-
nication with at least one transducer and with a magnetic
resonance imaging (MRI) device. In certain embodiments,
the at least one transducer includes a single-element ultra-
sonic transducer or a plurality of transducers. In certain
embodiments, a plurality of transducers are configured to
concentrate strain resolution at a specific target within the
brain tissue. The computing device includes at least one
processor and a memory coupled to the at least one proces-
sor. The MRE system further includes an MRE engine
electronically stored in the memory of the computing device
and executable by the at least one processor. The MRE
engine is configured to electronically control operation of
the at least one transducer to emit ultrasound at a frequency
from 0.1 MHz to 1 MHz and with a longitudinal wavelength
from 1.54 to 15.4 millimeters to locally displace brain tissue
of the subject. In certain embodiments, the ultrasound
includes focused ultrasound or planar ultrasound. In certain
embodiments, the ultrasound has a cycle time period from
0.5 to 10 milliseconds in brain tissue. In certain embodi-
ments, the at least one transducer is configured to emit the
ultrasound for at least one burst having a duration of less
than about 500 milliseconds. In certain embodiments, the
MRE engine is configured to control operation of the at least
one transducer to coordinate emission of ultrasound with
one or more biological cycles of the subject. The MRE
engine is configured to electronically receive, from the MRI
device, at least one signal indicative of measurements of
displacement of the brain tissue by the ultrasound. The MRE
engine is configured to electronically generate an elastogram
of the brain tissue based on the at least one signal. In certain
embodiments, the MRE engine is further configured to
derive at least one of shear moduli, elastic moduli, or bulk
moduli of a brain circuit of the brain tissue.

[0083] The spatial wavelength (A) of an acoustic wave
(see FIG. 1) in a medium is defined as c/f where c is the
speed of sound in the medium and f is the acoustic frequency
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of the sound. As mentioned previously, the speed of sound
(c) can be approximated to be about 1540 meters per second
in the brain. Thus, for an ultrasound frequency of 100 kHz,
the approximate longitudinal wavelength (A) will be about
15.4 millimeters and the longitudinal A for ultrasound hav-
ing an acoustic frequency of 2 MHz will be approximately
0.77 millimeters. Wavelength scales along this range are
well suited for modulating mechanical waves in the brain
since they approximate the size of many brain nuclei and
circuits. Therefore, the present disclosure describes systems
and methods for delivering Mesoscopic Wavelength Ultra-
sound (MWU) having longitudinal waves ranging from
approximately 0.77 to 15.4 millimeters in brain tissues to
produce micromechanical disturbances of brain nuclei and
circuits for characterization of their mechanical properties,
such as stiffness, elasticity, rigidity, and viscoelasticity.

[0084] The acoustic frequency (f) of ultrasound is defined
as the number of ultrasound cycles per second. The period
(D) of ultrasound is defined as the time in seconds or
milliseconds or microseconds it takes for an ultrasound
wave to complete one cycle. The period (T) is defined in
time as 1/f. In the present disclosure, systems and methods
are described for mechanically disturbing brain tissues using
Long-period Ultrasound (LPU) defined as having a T
between 0.5 microseconds and about 10 microseconds given
an estimation of the speed of sound (c) in brain being
roughly 1540 meters per second.

[0085] Referring to FIG. 8A, to evaluate the spatial reso-
lution attainable in brain tissue perturbed by mechanical
pressure waves, a simplified finite element model (FEM)
800 approximating the head as a circle was developed. This
FEM had three tissue layers with a skin layer 802, a skull
layer 804 (3 millimeters in thickness), and a brain 806 (18
centimeters across). The FEM was exposed to planar (lon-
gitudinal) pressure waves 8§08 having an amplitude of 100
Pascals (Pa) at various acoustic and ultrasonic frequencies.

[0086] Referring to FIG. 8B, within the FEM 800, a finely
resolved area was used to extract the pressure profile within
the brain along the centerline 810 perpendicular to the
incident pressure waves 812.

[0087] Referring to FIG. 8C, data from this FEM clearly
show how incident pressure waves at an acoustic frequency
of 250 kHz entering the brain through the skull are distorted
by changes in the physical properties of materials and
tissues. These planar mechanical waves will constructively
and deconstructively interact with nearby distorted waves
(see FIG. 8C) (with low sound pressure level (SPL) 814,
medium SPL 816, and high SPL 818) as the mechanical
wave 820 propagates across the skull layer and into the brain
tissue (FIG. 8D).

[0088] Referring to FIG. 9A, illustrated is a complex
three-dimensional, realistic FEM 900 of the human head 901
including skin 902, skull 904, grey matter 906, cerebrospinal
fluid 908, and brain layers. The FEM 900 demonstrates the
relationship between the frequency of the incident pressure
waves 910 and their mechanical resolution in brain tissue
912. The simple cylindrical models of FIGS. 8A-8D can
enable observations with respect to the behavior of mechani-
cal waves having mesoscopic wavelengths originating from
ultrasound. The realistic FEM 900 can substantiate obser-
vations made using the simpler FEMs of FIGS. 8A-8D. In
particular, the mechanical resolution properties of brain
tissue disturbance waves were found to vary as a function of
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the longitudinal wavelength () of the incident mechanical
waves delivered by Mesoscopic Wavelength Ultrasound
MWU).

[0089] Asillustrated in FIGS. 9B-9F, simulations were run
by transmitting MWU having a A in brain tissue 912 ranging
from about 0.77 and 6.16 millimeters at acoustic frequencies
from about 2.0 MHz to 0.25 MHz, respectively. Each of
FIGS. 9B-9F has areas of low SPL 914, medium SPL 916,
and high SPL 918. FIG. 9B had a f of 0.5 MHz, T of 2 usec,
and A of 3.08 mm in brain tissue. FIG. 9C had a f of 0.25
MHz, T of 4 usec, and A of 6.16 mm in brain. FIG. 9D had
afof 1.0 MHz, a T of usec, and a A of 1.54 mm in brain
tissue. FIG. 9E had a f of 2.0 MHz, a T of psec, and a & of
0.77 mm in brain tissue. FIG. 9F hada fof 1.5 MHz, a T of
0.67 psec, and a A of 1.03 mm in brain tissue.

[0090] Referring to FIG. 9B, data from these simulations
show how MWU having a longitudinal A of about 6.16
millimeters in brain tissue can generate structured patterns
of mechanical pressure nodes. Comparatively, referring to
FIG. 7F, shorter wavelength MWU having a A of about 0.77
millimeters in brain tissue is rapidly attenuated as a function
of depth in the brain, as well as becomes predominately lost
in the skin, skull, and superficial brain layers. Data from
studies performed by the inventor(s) indicate the mean
optimal A for mechanically disturbing brain circuits with
transcranial MWU is on a range from about 1.54 to 15.4
millimeters, corresponding to acoustic frequencies of about
1 to 0.1 MHz respectively.

[0091] Referring to FIGS. 10A-10C, this is further sup-
ported by the data obtained using the cylindrical FEM of
FIGS. 8A-8D. In this cylindrical model, isolating the pres-
sure profile along the centerline readily allows the determi-
nation of the wavelength within the tissue. Shown are the
pressure profiles for 50 kHz (FIG. 10A) and 250 kHz (FIG.
10B) and their corresponding measurements of wavelength
by identifying the peaks 1000 of the pressure profiles. The
resultant wavelength of the pressure wave in tissue at a range
of frequencies between 50 Hz and 2 MHz is shown in FIG.
10C with the head diameter 1002 and radius 1004 (note the
use of logarithmic scales). FIG. 10D includes the theoretical
values 1006 and the model values 1008. As can be observed
from these modeling studies, there may be a need for
relatively high frequencies of actuation (as compared to the
typical 60 to 100 Hz used for cerebral magnetic resonance
elastography (MRE)) to achieve a resolution of mechanical
deformation smaller than the dimensions of the head and
encapsulated brain nuclei and circuits. Therefore, the present
disclosure describes the use of MWU for mechanically
disturbing brain circuits to characterize mechanical propet-
ties of their tissues using various elastographic imaging
approaches.

[0092] Referring to FIGS. 11A-11C, typical actuating or
tissue displacement frequencies used in conventional cere-
bral MRE include 60 Hz 1100, 100 Hz 1102, and 1800 Hz
1104. The pressure profiles for these frequencies, in addition
to 10 kHz 1106, are shown in FIG. 9A, where an incident
pressure wave of 100 Pa is utilized for all frequencies. The
wavelength of conventional MRE actuating frequencies may
be larger than the dimensions of the head, which can be
indicated in FIG. 9A by the vertical dashed lines 1108. In
addition, the amplitude of these lower frequency pressure
waves can attenuate with increasing frequency (take note of
the differences in y-scales in A, for example). For conven-
tional cerebral MRE actuators, there may be a limited range
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of power available to comfortably actuate the cerebral tissue,
as well as to reliably drive the actuator. The trade-off
between delivering mechanical energy to the brain needs to
be balanced along with the attenuation through tissue. In the
case of ultrasound and in particular MWU, this may be less
of a concern, due to the use of power electronics and the
physics underlying interaction of pressure waves within the
tissue made possible by their shorter wavelengths. As the
wavelengths for conventional lower frequencies of actuation
that were not determined within the computational model,
they were calculated for an infinite medium having the same
gross mechanical properties of brain using ¢/f, where c is the
speed of sound in the brain (about 1540 meters per second)
and f is the frequency of actuation. These results are
included with the observed wavelengths in the computa-
tional model in FIG. 9B. Again, take note of the logarithmic
axes in FIG. 9B and how the spatial resolution of deforma-
tions are larger than the dimensions of the head for frequen-
cies below approximately 10 kHz, for example.

[0093] As explained above, low-frequency mechanical
waves (50 to 2000 Hz) may not be suited for achieving
appropriate spatial resolutions in brain circuit elastography,
but high acoustic frequencies (>2 MHz) can also suffer
limitations. The attenuation of mechanical pressure deliv-
ered by ultrasound can vary across distance as a function of
frequency and tissue or media density, where intensity loss
is about 0.2 to 0.5 dB/c/MHz. In soft tissues, therefore, an
attenuation factor of 0.5 dB/c/MHz can be used to estimate
the loss of an ultrasound pressure to be 0.05 dB/cm at 0.1
MHz, 0.5 dB/cm at 1 MHz, 1 dB/cm at 2 MHz, and 5 dB/cm
at 10 MHz. Deep-brain circuits such as the thalamus and
other subcortical nuclei reside about 5 to 10 centimeters
(cm) beneath the brain surface. One could expect an attenu-
ation of about 5 to 10 dB (not considering loss due to skull
bone or other tissue interfaces) when targeting deep-brain
circuits located 5 to 10 cm deep using 2 MHz ultrasound, but
only 0.625 to 1.25 dB attenuation when targeting the same
circuits with 0.25 MHz ultrasound. Similar attenuation
behaviors can be observed in data obtained from FEM
simulations using 0.25 MHz (FIG. 9B) and 2 MHz ultra-
sound (FIG. 9F).

[0094] As previously described, acoustic radiation force
imaging (ARFI), shear wave elasticity imaging (SWEI),
supersonic shear imaging or shear wave imaging (SWI), and
other ultrasound imaging-based approaches to elastography
rely on ultrasound to displace tissues at acoustic frequencies
typically 2 MHz or higher. For displacements and elasto-
graphic imaging of soft tissues, such as the breast or liver,
such approaches are not problematic and represent some
advantages in terms of the ability to image at high frame
rates. However, in cases where soft tissues are protected by
bone, such as the case of the brain, one must consider the
ability of ultrasound to be transmitted through bone. In fact,
the mean optimal gain for the transcranial transmission and
brain absorption of ultrasound has been shown to occur at
acoustic frequencies <0.65 MHz, as demonstrated by the
FEM data in FIGS. 9A-9F. Thus, for conducting tissue
displacements of brain tissues using transcranially delivered
ultrasound, one should implement acoustic frequencies less
than 1 MHz, and even more preferably <0.65 MHz. How-
ever, acoustic frequencies up to 2 MHz may be appropriate
for superficial targeting. One must keep in mind the attenu-
ation of ultrasound increases as acoustic frequency increases
as discussed above. Therefore, when considering the attenu-
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ation properties, transmission characteristics, and mechani-
cal wavelengths of ultrasound, it appears that acoustic
frequencies between 0.1 MHz and 2 MHz are nearly ideal
for tissue actuation or displacement used in estimating the
shear, elastic, and bulk moduli of brain circuits and nuclei
when combined with elastographic imaging methods.

[0095] Systems, methods, and devices of the present
invention utilize mesoscopic wavelength ultrasound com-
posed of longitudinal waves ranging from approximately
0.77 to 15.4 millimeters in brain tissues to produce micro-
mechanical disturbances of brain nuclei and circuits for
characterization of their mechanical properties, such as
stiffness, elasticity, rigidity, and viscoelasticity. Systems,
methods, and devices are described for mechanically dis-
turbing or displacing brain tissues using Long-period Ultra-
sound (LPU) defined as having a period (T; 1/f) between 0.5
microseconds and about 10 microseconds given an estima-
tion of the speed of sound (c) in brain being roughly 1540
meters per second.

[0096] Systems, methods, and devices comprise an ultra-
sound device operably attached or associated to the a body
part, wherein the ultrasound device may comprise one or
more components for generating ultrasound waves (such as
ultrasonic emitters, transducers, piezoelectric transducers,
piezopolymer transducers, composite transducers, CMUTs
(capacitive micromachined ultrasound transducers), and
may be provided as single or multiple transducers (option-
ally in an array configuration). Ultrasound transducer ele-
ments may use focusing lenses such as simple lenses, lens
arrays, acoustic hyperlenses or metamaterials in order to
localize the disturbance or displacement of central nervous
system tissues including the brain. Optionally, the ultra-
sound device or system may comprise power sources, com-
ponents for transmitting or receiving data, components for
remote activation of the ultrasound generators, body posi-
tioning components, and/or other location or tracking
devices. The ultrasound waves provided may be of any
amplitude or shape, and may be focused or unfocused,
depending on the region of the central nervous system or
brain being targeted. Mesoscopic wavelength ultrasound or
LPU may be delivered to disturb central nervous system
tissues in waveforms having peak pressures at the site of
tissue being targeted ranging from about 10 kiloPascals
(kPa) to about 5 MegaPascals (MPa). Such MWU or LPU
waveforms may have spatial-peak pulse-average intensities
of about 100 mW/cm? to about 1000 W/em>.

[0097] Systems, devices, and methods according to certain
embodiments involve mechanically disturbing, displacing,
or compressing central nervous system tissues including the
brain by providing ultrasound waves to the body, or par-
ticular regions of the body (such as the head), at an effective
intensity and for an effective time range so that the neural or
brain tissue is displaced sufficiently to generate shear waves.
It is contemplated that an ultrasound device or system that
is operably attached to the subject (such as an ultrasound
device comprising a helmet, cap, or other head mounted
device, or translational mechanical device comprising at
least ultrasound generating components), may be used to
provide the MWU or LPU exposures described herein. Such
ultrasound methods and treatments described herein may
also be provided to a subject using ultrasound components
that are not incorporated into a wearable device, but are
attached directly to the subject or are at some physical
distance from the subject.
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[0098] Methods of the present disclosure may comprise
disturbing, displacing, or compressing central nervous sys-
tem or brain tissues in a subject by providing an effective
amount of at least ultrasound waves to one or more body
structures, for example, by using an ultrasound device
coupled to the head, a system for characterizing neuronal
viscoelasticity, disclosed herein. An exemplary method may
comptise estimating the shear modulus, elastic modulus, or
complex modulus of brain circuits or brain nuclei affected by
trauma or disease. Methods of the present invention may
include providing an effective amount of MWU or LPU to
the brain of a subject or subject that is diseased or has
received trauma or to a surrounding brain regions. Methods
of the present invention may comprise combinations of steps
of the methods taught herein, and wherein ultrasound is
provided by an ultrasound device disclosed herein. Methods
may be accomplished utilizing ultrasound devices.

[0099] FIG. 12 is a diagram illustrating use of at least a
portion of an MRE system. The MRE system 1200 includes
at least one transducer 1202 attached to a head of a subject
to deliver MWU 1204 to a target region 1206 of a brain 1208
of a subject to cause local tissue disturbance, tissue strain,
and/or shear waves. In certain embodiments, devices for and
methods of delivering LPU or MWU include at least one
ultrasound transducer, a power amplifier, a function genera-
tor or digitized stimulus waveform, a synchronizing trigger-
ing circuit, and an imaging array for encoding tissue strain,
displacement, or deformation or for detecting shear wave
propagation speeds.

[0100] In certain embodiments, the ultrasound emitted by
the transducer has a power limit of a maximum of 100 watts,
and in certain embodiments, in a range of from 100 to 500
milliwatts. In certain embodiments, a gel (e.g., silicone
and/or hydrogel, etc.) may be applied to the transducer, such
that it is placed between the transducer and the subject.

[0101] Systems for and methods of delivering LPU or
MWU for mechanical displacement of brain tissues them
rely on one or more ultrasound transducers. Referring to
FIG. 134, in some embodiments, a single-element planar or
focused ultrasound transducer 1300 having a diameter of
about 20 to 50 millimeters and a center frequency of 0.5
MHz is used to provide MWU having a longitudinal 2 in
brain of about 3.08 millimeters to regions of the motor or
somatosensory cortex for locally displacing the targeted
brain tissue for characterizing its shear modulus (G), elastic
modulus (E), or bulk modulus (K). In related embodiments,
specific nuclei or regions of the prefrontal cortex, motor
cortex, hippocampus, cerebellum, thalamus, basal ganglia,
somatosensory cortex, visual cortex, and other brain regions
can similarly be targeted and displaced with ultrasound to
estimate their mechanical properties using known elasto-
graphic imaging approaches.

[0102] Referring to FIG. 13B, in other embodiments, two
single-element planar transducers 1302(1), 1302(2) can be
positioned on and acoustically coupled to the head to
bilaterally target two different brain regions simultaneously
(in parallel) or serially (in sequence). In such an example,
the right primary motor cortex may be targeted for mechani-
cal disturbance using MWU at the same time the left
dorsolateral prefrontal cortex is being targeted and affected
by MWU. The use of multiple transducers to deliver MWU
to discrete brain regions simultaneously may enable the
rapid and discretized characterization of the mechanobio-
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logical properties of distributed brain regions with appro-
priate scaled spatial resolutions with respect to the local
generation of tissue strain.

[0103] Systems, devices, and methods of the present
invention may comprise mechanically disturbing central
nervous system tissues including the brain by providing
ultrasound during MRI or NMR imaging sessions to conduct
magnetic resonance elastography (MRE). MRE can be
treated as a special case of flow encoding by defining the
motion of the spins monitored by MR, due to the external
displacement, as a traveling wave.

[0104] The speeds at which longitudinal (compression)
mechanical waves propagate in tissues can be described by
¢~(K/p)"? where c, is the longitudinal wave speed and p is
the mass density of the tissue. The speed at which shear
waves propagate in tissues can be described by c.=(G/p)™**
where ¢, is the shear wave speed.

[0105] The displacement vector of a wave traveling in an
isotropic homogenous elastic medium may be given by the
wave equation and is shown here accounting for both
longitudinal and transverse motion:

2—

u . 2
pﬁ = A+ 2V (V1) —uVu

where U is the displacement vector, A the bulk modulus, p
the shear modulus, and p the density of the material. The
general solution of this equation yields the 3D displacement
vector in the medium:

u(7 ty=u, cos(R - F-0r+0)

where T is the position vector, w the angular frequency in
rad/sec, 0 is a phase offset, u,, is the displacement amplitude,

and K is the wave vector. Thus, the displacement of the

. . . . . —>
spins in a single direction X (t) can be expressed as:

* () =rg+ug cos(k - 7 —0or+6)

where X, 1s the initial displacement,  is the frequency of the
tissue displacement, and 0 is the phase offset between the
tissue displacement and the motion encoding gradients.

[0106] The utility of elastography derives from the fact
that the pathological and/or physiological conditions of the
tissue are reflected in its mechanical properties. Tissue
deformation is one response to applied strain, and depending
on the material properties, can be either elastic, viscous, or
both. Hooke’s law is used to relate the stress tensor and
strain tensor when the deformation is small: 0=C_ where o
is the stress tensor, € is the strain tensor, and C is the elastic
modulus tensor. The two components of C considered for
isotropic materials are the Lame constants A and p where p
is the shear modulus, which relates shear stress and strain
and A relates the transverse strain to the longitudinal stress.

[0107] Other parameters used to mechanically character-
ize materials as previously described include the bulk elastic
modulus (K, material change in volume due to stress),
Young’s modulus (E, ratio of longitudinal deformation due
to longitudinal stress), and Poisson’s ratio (v, describes
material compressibility). For isotropic and Hookean mate-
rials, these parameters are all related with only two inde-
pendent constants:
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[0108] Soft tissues exhibit properties of both solids (re-
tains shape) and fluids (incompressible) and are neither
isotropic nor Hookean. Their mechanical properties how-
ever can be approximated using the above parameters. The
shear modulus of tissues has a wide dynamic range, varying
by over five orders of magnitude among, various tissues,
providing a good contrast in elasticity imaging.

[0109] The Elastogram is a map of the shear modulus p
and is calculated from the signal phase acquired using MRE.
Various techniques have been implemented for the recon-
struction of the elasticity map from measured displacement
data (may also be referred to as a wave image). These
techniques include Algebraic Inversion of the Differential
Equation (AIDE), Local Frequency Estimation (LFE), and
subzone based reconstruction.

[0110] In some embodiments, mechanical waves through
ultrasound are delivered to targeted brain regions to monitor
functionalized changes in the viscoelastic properties of brain
circuits. As an example of this particular embodiment,
ultrasound is targeted to the primary motor cortex to locally
displace or disturb this region of brain tissue. Using ultra-
sound to displace tissues and generate shear waves within
the targeted brain circuit, the shear modulus and elastic
modulus may be derived using magnetic resonance elastog-
raphy through the generation of an elastogram. Following
baseline measurements of the shear and elastic moduli, the
motor cortex may be activated through volitional and rhyth-
mic finger tapping or other fine voluntary movements.
During the activation of motor cortex, the tissue of the
primary motor cortex may be displaced with ultrasound
again and another series of shear and elastic measurements
are made using MRE methods to generate an elastogram.
The changes between the baseline shear and elastic moduli
and those measured during activation will yield a signature
of how mechanical properties change across levels of neural
activity for which there is currently no precedence. This
approach is hereby defined as functional magnetic resonance
elastography (fMRE). Due to the ability to target discrete
brain regions and brain circuits using single-element focused
transducers or phased arrays, it is anticipated {MRE can be
conducted on nearly any brain region of interest by applying
methods and systems as those described above.

[0111] Methods, systems, and devices described by the
present invention do not necessarily need to be limited to
tissues of the central nervous system or brain. In fact, many
of the advantages described for the use of MWU and LPU
in brain displacement (such as enhanced targeting) can be
applied to other soft tissues of the body, for example muscle,
liver, breast, and others.

[0112] In certain embodiments, systems and methods dis-
closed herein include using a transducer to emit (i.e., deliver,
transmit, etc.) ultrasound residing in a time varying mag-
netic field to mechanically disturb (e.g., mechanically dis-
place, induce mechanical motion, etc.) soft biological tissue
(e.g., central nervous system tissue, brain tissue, etc.) to
measure or otherwise acquire functionalized changes in the
local shear, elastic, or bulk moduli of the soft biological
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tissue (e.g., in response to changes in neural activity). The
systems and methods use these measurements to generate an
elastogram of the soft biological tissue, such as for charac-
terizing the mechanical properties of a normal, diseased, or
traumatically injured brain.

[0113] In certain embodiments, systems and methods dis-
closed herein include conducting functional magnetic reso-
nance elastography (fMRE) relying on tissue displacement
(e.g., brain tissue displacement) achieved by emission of
ultrasound from a transducer. In certain embodiments, the at
least one transducer is single-element transducer, a plurality
of single-element transducers, ten single-element transduc-
ers, or less than 100 single-element transducers, etc. In
certain embodiments, a single-element transducer has a
fixed focal length in a range of from about 20 to 200
millimeters.

[0114] In certain embodiments, multiple transducers are
located at varied spatial positions positioned on the body or
the head. In certain embodiments, increasing the number of
ultrasound transducers increases the resolution of mechani-
cal displacement in the target tissue. In certain embodi-
ments, multiple transducers are used to concentrate strain
resolution at a specific target within the tissue. In certain
embodiments, systems and methods provide comparable
tissue strains in multiple directions within the target tissue
(as opposed to one principle direction using one transducer).
In certain embodiments, multiple transducers are used to
either serially or in parallel disturb targeted brain regions. In
certain embodiments, the systems and methods include
modulating and integrating strain information acquired
through serial or parallel tissue displacements achieved
using ultrasound. In certain embodiments, ultrasound trans-
ducers and their acoustic fields are localized for mechani-
cally disrupting, compressing, or displacing central nervous
system tissues, such as for directing localized peripheral
ultrasonic neurostimulation. In certain embodiments, the
systems and methods include tracking the position of an
ultrasound transducer in relation to the head or body.
[0115] In certain embodiments, systems and methods
include inducing mechanical motion in brain circuits using
ultrasound composed of any single or multiple of acoustic
frequencies ranging from about 0.1 to 2.0 MHz delivered
from linear, annular, circular, or two-dimensional phased
arrays. In certain embodiments, systems and methods
include coupling an ultrasound transducer to the head to
facilitate the transmission of ultrasound through the skin and
skull into the brain to achieve local tissue displacement in
the brain.

[0116] In certain embodiments, the ultrasound (e.g,
focused ultrasound, planar ultrasound) comprises meso-
scopic wavelength ultrasound (MWU) with an acoustic
frequency from about 0.1 MHz to about 2 MHz and/or
longitudinal wavelengths in brain tissues having a single or
combination of spatial lengths ranging from about 0.3 to 16
millimeters (e.g., at variable acoustic frequencies). In certain
embodiments, a single mesoscopic wavelength ultrasound
waveform disturbs or otherwise imparts mechanical pres-
sure on the brain, brain tissues, circuits, and/or nuclei for
less than about 1, 10, 20, 25, 50, 100, 125, 250, 330, or 500
milliseconds when delivery is triggered. In certain embodi-
ments, a single-element transducer transcranially transmits
long-period ultrasound (LPU) having a single cycle time
period ranging from about 0.5 to 10 microseconds in brain
tissues. In certain embodiments, waveforms are constructed
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by one of more of convolution, addition, subtraction, mul-
tiplication, phase shifting, concatenation, stricking, modu-
lation of amplitude, triggering, or any combination thereof.

[0117] In certain embodiments, the system and method
includes a laser range finder; an ultrasonic range finder, an
accelerometer, a gyroscope, a tilt sensor, a photodiode, a
light-emitting diode, and/or an infrared emitting source and
sensor, etc. In certain embodiments, systems and methods
include hardware-timed synchronization or triggering. For
example, in certain embodiments, systems and methods
include TTL, CMOS, ECL, LVITL, LVCMOS, LVPECL or
other logic levels for the triggering and synchronization of
ultrasound waveforms for mechanically disturbing central
nervous system tissues during imaging methods (e.g., MRI,
NMR, and/or ultrasound imaging). In certain embodiments,
synchronization is achieved and ultrasound waveforms
delivered at specific phases of respiration or cardiac cycles.
In certain embodiments, systems and methods include soft-
ware to gate triggering in the context of sham control,
interleaving, randomization, and/or event-related or block-
design. In certain embodiments, systems and methods
include a delay block integrated circuit to allow control of
consistent timing offsets between displacement and imaging
modalities.

[0118] In certain embodiments, systems and methods
enable an operator to modulate ultrasound parameters for
disturbing, compressing, or displacing central nervous sys-
tem tissues. In certain embodiments, the operator can change
the ultrasound pulse duration, pulse repetition frequency,
acoustic frequency, acoustic intensity, peak displacement
pressure, ultrasound period, and/or longitudinal wavelength,
etc.

[0119] In certain embodiments, systems and methods
include monitoring changes in the mechanical properties of
brain tissues (e.g., brain circuits) across time for an indi-
vidual, where ultrasound is used to displace brain circuits or
nuclei to generate an elastogram or derive the shear or elastic
moduli of local brain circuits. In certain embodiments, the
monitoring is in response to disease states, such as Alzheim-
er’s disease, Parkinson’s disease, essential tremor, epilepsy
and other neurological disorders. In certain embodiments,
the monitoring is in response to a head injury, concussion, or
traumatic brain injury.

[0120] Incertain embodiments, brain targets of interest are
functionally localized using electroencephalography, func-
tional magnetic resonance imaging, MRI, or transcranial
cranial magnetic stimulation prior to displacement of that
brain circuit in a targeted manner using ultrasound. In
certain embodiments, the systems and methods include a
mechanical translation system for positioning ultrasound
transducers to target and locally displace tissues within an
identified brain circuit. In certain embodiments, systems and
methods include mechanical positioning of transducers,
which is composed of MR-compatible materials, such as
Teflon®, Delrin®, or other plastics or polymers or other
MR-compatible materials (e.g., titanium or aluminum
alloys).

[0121] In certain embodiments, systems and methods
include computer devices executing software and/or algo-
rithms for processing, post-processing, and/or inversion
procedures to generate an elastogram from wave or MRI
images acquired during the interleaved, asynchronous, or
synchronous displacement of brain tissues using ultrasound.
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[0122] FIGS. 14 and 15 illustrate approaches to conduct-
ing elastographic imaging combined with brain disturbance
using ultrasound. In particular, FIGS. 14 and 15 are flow
charts illustrating the basic strategy for synchronizing ultra-
sound-mediated brain tissue displacement during the acqui-
sition of MRI data.

[0123] FIG. 14 is a flowchart 1400 illustrating trigger
pulses 1401 and motion encoding gradient 1402 are elec-
tronically transmitted to a function generator 1404, which
then electronically transmits to a transducer 1406, which
electronically transmits to a pulse train 1408. Meanwhile,
mechanical/shear waves 1410 are registered 1412.

[0124] FIG. 15 is a flow chart 1500 illustrating in greater
detail the basic approach to collecting data needed to
develop an elastogram from tissue disturbances introduced
by ultrasound. In particular, a control and synchronization
engine 1502 electronically controls an ultrasound driver
1504 which controls an ultrasound transducer 1506. The
control and synchronization engine 1502 also controls an
imaging array 1508, which generates and transmits displace-
ment or motion data 1510. The system then applies inversion
calculations 1512 to the displacement or motion data 1510
to generate the elastogram.

[0125] FIG. 16 is a flowchart 1600 illustrating steps and
selected elements of a system and method for mesomechani-
cally disturbing brain circuits during MRI. Step 1602
involves triggering of a synchronization panel used for
timing the delivery of MWU or LPU waveforms with MRI
and motion encoding gradients. In step 1604, a computer
(e.g., PC), function generator, and oscilloscope are used for
generating and monitoring LPU or MWU waveforms. In
step 1606, waveforms generated in step 1604 are amplified
with a RF power amplifier, and in step 1608, a 0.5 MHz
single-element transducer converts the amplified waveforms
to mechanical (vibratory) motion. In step 1610, the trans-
ducer is applied to the head of a subject, and the subject’s
head is placed in a MRI device having a proximate RF coil.
In step 1612, inversion, image processing, and derivation of
G, E, or other tissue mechanical properties are performed.

[0126] FIGS.17A and 17B are MRI images 1700 acquired
with an ultrasound transducer targeting the primary motor
cortex. A volume-rendered series of MRI scans 1700 illus-
trates the placement of a 0.5 MHz single-element focused
ultrasound transducer 1702 having a fixed focal length of
about 35 mm. The positioning of the transducer 1702 may be
made following functional location of the hand knob of the
motor cortex using brain stimulation with transcranial mag-
netic stimulation.

[0127] FIG. 18 is a flow chart 1800 illustrating the image
acquisition and MRI pulse sequence synchronization with
motion encoding gradients to trigger the delivery of ultra-
sound for tissue displacement during magnetic resonance
elastography procedures. The flow chart 1800 also illustrates
a general approach for generating elastograms from wave
images through MRI scan processing and post-processing.
In particular, in step 1802, a synchronous trigger is operated.
In step 1804, phase and magnitude maps of tissue strain are
generated. Within step 1804, ultrasound 1806 is emitted,
MRI imaging 1808 is conducted, and signal processing 1810
is conducted. Step 1812 involves post-processing. Within
post-processing 1812, a wave image 1814 is generated, and
from that an elastogram 1816 is generated. FIG. 18 illus-
trates systems and methods for conducting magnetic reso-
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nance elastography or elastographic imaging combined with
mesomechanical brain disturbance by transcranial ultra-
sound.

[0128] FIG. 19 is a schematic diagram of an MRE system
according to one embodiment of the present disclosure. The
MRE system 1900 generates an elastogram of at least a
portion of a target tissue 1902 (e.g., brain of a subject). The
MRE system 1900 includes a computing device 1904 in
electronic communication with at least one transducer 1906
and with a magnetic resonance imaging (MRI) device 1908
(e.g., over a network 1910). The computing device 1904
includes at least one processor and a memory coupled to the
at least one processor. An MRE engine 1912 electronically
is stored in the memory of the computing device and
executable by the at least one processor. The MRE engine
1912 is configured to electronically control operation of the
at least one transducer 1906 to emit ultrasound 1914 at a
frequency from 0.1 MHz to 1 MHz and with a longitudinal
wavelength from 1.54 to 15.4 millimeters to locally displace
target tissue 1902 (e.g., brain tissue of the subject). The
MRE engine 1912 is further configured to electronically
receive, from the MRI device 1908, at least one signal
indicative of measurements 1916 of displacement of the
target tissue 1902 (e.g.. brain tissue) by the ultrasound 1914.
The MRE engine 1912 is further configured to electronically
generate an elastogram 1918 of the brain tissue based on the
at least one signal.

[0129] FIG. 20 is a flowchart illustrating steps 2000 of a
method for generating an elastogram of at least a portion of
a brain of a subject that may be implemented using the
system of FIG. 19. In particular, in step 2002, an MRE
engine executed by at least one processor of a computing
device electronically controls operation of at least one
transducer to emit ultrasound at a frequency from 0.1 MHz
to 1 MHz and with a longitudinal wavelength from 1.54 to
15.4 millimeters to mechanically displace brain tissue of the
subject. The MRE engine is electronically stored in memory
associated with the computing device and being coupled to
the at least one processor. In step 2004, the MRE engine
electronically receives from a magnetic resonance imaging
(MRI) device at least one signal indicative of measurements
of mechanical displacement of the brain tissue by the
ultrasound. In step 2006, the MRE engine electronically
generates an elastogram of the target tissue (e.g., brain
tissue) based on the at least one signal.

[0130] FIG. 21 is a schematic diagram of a generalized
representation of a computer system 2100 that can be
included in any component of the systems or methods
disclosed herein. In this regard, the computer system 2100 is
adapted to execute instructions from a computer-readable
medium to perform these and/or any of the functions or
processing described herein.

[0131] Inthis regard, the computer system 2100 in FIG. 21
may include a set of instructions that may be executed to
program and configure programmable digital signal process-
ing circuits for supporting scaling of supported communi-
cations services. The computer system 2100 may be con-
nected (e.g., networked) to other machines in a LAN, an
intranet, an extranet, or the Internet. While only a single
device is illustrated, the term “device” shall also be taken to
include any collection of devices that individually or jointly
execute a set (or multiple sets) of instructions to perform any
one or more of the methodologies discussed herein. The
computer system 2100 may be a circuit or circuits included
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in an electronic board card, such as a printed circuit board
(PCB), a server, a personal computer, a desktop computer, a
laptop computer, a personal digital assistant (PDA), a com-
puting pad, a mobile device, or any other device, and may
represent, for example, a server or a user’s computer.

[0132] The computer system 2100 in this embodiment
includes a processing device or processor 2102, a main
memory 2104 (e.g., read-only memory (ROM), flash
memory, dynamic random access memory (DRAM), such as
synchronous DRAM (SDRAM), etc.), and a static memory
2106 (e.g., flash memory, static random access memory
(SRAM), etc.), which may communicate with each other via
a data bus 2108. Alternatively, the processing device 2102
may be connected to the main memory 2104 and/or static
memory 2106 directly or via some other connectivity means.
The processing device 2102 may be a controller, and the
main memory 2104 or static memory 2106 may be any type
of memory.

[0133] The processing device 2102 represents one or more
general-purpose processing devices, such as a microproces-
sor, central processing unit, or the like. More particularly,
the processing device 2102 may be a complex instruction set
computing (CISC) microprocessor, a reduced instruction set
computing (RISC) microprocessor, a very long instruction
word (VLIW) microprocessor, a processor implementing
other instruction sets, or other processors implementing a
combination of instruction sets. The processing device 2102
is configured to execute processing logic in instructions for
performing the operations and steps discussed herein.

[0134] The computer system 2100 may further include a
network interface device 2110. The computer system 2100
also may or may not include an input 2112, configured to
receive input and selections to be communicated to the
computer system 2100 when executing instructions. The
computer system 2100 also may or may not include an
output 2114, including but not limited to a display, a video
display unit (e.g., a liquid crystal display (LLCD) or a cathode
ray tube (CRT)), an alphanumeric input device (e.g., a
keyboard), and/or a cursor control device (e.g., a mouse).

[0135] The computer system 2100 may or may not include
a data storage device that includes instructions 2116 stored
in a computer readable medium 2118. The instructions 2116
may also reside, completely or at least partially, within the
main memory 2104 and/or within the processing device
2102 during execution thereof by the computer system 2100,
the main memory 2104 and the processing device 2102 also
constituting computer readable medium. The instructions
2116 may further be transmitted or received over a network
2120 via the network interface device 2110.

[0136] While the computer readable medium 2118 is
shown in an embodiment to be a single medium, the term
“computer-readable medium” should be taken to include a
single medium or multiple media (e.g., a centralized or
distributed database, and/or associated caches and servers)
that store the one or more sets of instructions. The term
“computer readable medium” shall also be taken to include
any medium that is capable of storing, encoding, or carrying
a set of instructions for execution by the processing device
and that cause the processing device to perform any one or
more of the methodologies of the embodiments disclosed
herein. The term “computer readable medium” shall accord-
ingly be taken to include, but not be limited to, solid-state
memories, optical medium, and magnetic medium.
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[0137] The embodiments disclosed herein include various
steps. The steps of the embodiments disclosed herein may be
formed by hardware components or may be embodied in
machine-executable instructions, which may be used to
cause a general-purpose or special-purpose processor pro-
grammed with the instructions to perform the steps. Alter-
natively, the steps may be performed by a combination of
hardware and software.

[0138] The embodiments disclosed herein may be pro-
vided as a computer program product, or software, that may
include a machine-readable medium (or computer readable
medium) having stored thereon instructions which may be
used to program a computer system (or other electronic
devices) to perform a process according to the embodiments
disclosed herein. A machine-readable medium includes any
mechanism for storing or transmitting information in a form
readable by a machine (e.g., a computer). For example, a
machine-readable medium includes: a machine-readable
storage medium (e.g., ROM, random access memory
(“RAM™), a magnetic disk storage medium, an optical
storage medium, flash memory devices, etc.); and the like.
[0139] Unless specifically stated otherwise and as appar-
ent from the previous discussion, it is appreciated that
throughout the description, discussions utilizing terms such
as “processing,” “computing,” “determining,” “displaying,”
or the like, refer to the action and processes of a computer
system, or a similar electronic computing device, that
manipulates and transforms data and memories represented
as physical (electronic) quantities within the computer sys-
tem’s registers into other data similarly represented as
physical quantities within the computer system memories or
registers or other such information storage, transmission, or
display devices.

[0140] The algorithms and displays presented herein are
not inherently related to any particular computer or other
apparatus. Various systems may be used with programs in
accordance with the teachings herein, or it may prove
convenient to construct more specialized apparatuses to
perform the required method steps. The required structure
for a variety of these systems is disclosed in the description
above. In addition, the embodiments described herein are
not described with reference to any particular programming
language. It will be appreciated that a variety of program-
ming languages may be used to implement the teachings of
the embodiments as described herein.

[0141] Those of skill in the art will further appreciate that
the various illustrative logical blocks, modules, circuits, and
algorithms described in connection with the embodiments
disclosed herein may be implemented as electronic hard-
ware, instructions stored in memory or in another computer
readable medium and executed by a processor or other
processing device, or combinations of both. The components
of the system described herein may be employed in any
circuit, hardware component, integrated circuit (IC), or IC
chip, as examples. Memory disclosed herein may be any
type and size of memory and may be configured to store any
type of information desired. To clearly illustrate this inter-
changeability, various illustrative components, blocks, mod-
ules, circuits, and steps have been described above generally
in terms of their functionality. How such functionality is
implemented depends on the particular application, design
choices, and/or design constraints imposed on the overall
system. Skilled artisans may implement the described func-
tionality in varying ways for each particular application, but
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such implementation decisions should not be interpreted as
causing a departure from the scope of the present embodi-
ments.

[0142] The various illustrative logical blocks, modules,
and circuits described in connection with the embodiments
disclosed herein may be implemented or performed with a
processor, a Digital Signal Processor (DSP), an Application
Specific Integrated Circuit (ASIC), a Field Programmable
Gate Array (FPGA), or other programmable logic device, a
discrete gate or transistor logic, discrete hardware compo-
nents, or any combination thereof designed to perform the
functions described herein. Furthermore, a controller may be
a processor. A processor may be a microprocessor, but in the
alternative, the processor may be any conventional proces-
sor, controller, microcontroller, or state machine. A proces-
sor may also be implemented as a combination of computing
devices (e.g., a combination of a DSP and a microprocessor,
a plurality of microprocessors, one or more microprocessors
in conjunction with a DSP core, or any other such configu-
ration).

[0143] The embodiments disclosed herein may be embod-
ied in hardware and in instructions that are stored in hard-
ware, and may reside, for example, in RAM, flash memory,
ROM, Electrically Programmable ROM (EPROM), Electri-
cally Erasable Programmable ROM (EEPROM), registers, a
hard disk, a removable disk, a CD-ROM, or any other form
of computer readable medium known in the art. A storage
medium is coupled to the processor such that the processor
can read information from, and write information to, the
storage medium. In the alternative, the storage medium may
be integral to the processor. The processor and the storage
medium may reside in an ASIC. The ASIC may reside in a
remote station. In the alternative, the processor and the
storage medium may reside as discrete components in a
remote station, base station, or server.

[0144] Itis also noted that the operational steps described
in any of the embodiments herein are described to provide
examples and discussion. The operations described may be
performed in numerous different sequences other than the
illustrated sequences. Furthermore, operations described in a
single operational step may actually be performed in a
number of different steps. Additionally, one or more opera-
tional steps discussed in the embodiments may be combined.
Those of skill in the art will also understand that information
and signals may be represented using any of a variety of
technologies and techniques. For example, data, instruc-
tions, commands, information, signals, bits, symbols, and
chips, which may be referenced throughout the above
description, may be represented by voltages, currents, elec-
tromagnetic waves, magnetic fields, particles, optical fields,
or any combination thereof.

[0145] Unless otherwise expressly stated, it is in no way
intended that any method set forth herein be construed as
requiring that its steps be performed in a specific order.
Accordingly, where a method claim does not actually recite
an order to be followed by its steps, or it is not otherwise
specifically stated in the claims or descriptions that the steps
are to be limited to a specific order, it is in no way intended
that any particular order be inferred.

[0146] It is contemplated that any or more features or
characteristics of any one or more embodiments disclosed
herein may be combined with those of other embodiments,
unless specifically indicated to the contrary herein.
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[0147] Those skilled in the art will recognize improve-
ments and modifications to the exemplary embodiments of
the present disclosure. All such improvements and modifi-
cations are considered within the scope of the concepts
disclosed herein and the claims that follow.
1. A magnetic resonance elastography (MRE) system for
generating an elastogram of at least a portion of a brain of
a subject, comprising:
a plurality of ultrasonic transducers;
a computing device in electronic communication with the
plurality of transducers and with a magnetic resonance
imaging (MRI) device, the computing device compris-
ing at least one processor and a memory coupled to the
at least one processor;
an MRE engine electronically stored in the memory of the
computing device and executable by the at least one
processor, the MRE engine being configured to:
electronically control operation of the at least one
transducer to emit ultrasound at a frequency from 0.1
MHz to 1 MHz and with a longitudinal wavelength
from 1.54 to 15.4 millimeters to locally displace
brain tissue of the subject;

electronically receive, from the MRI device, at least
one signal indicative of measurements of displace-
ment of the brain tissue by the ultrasound; and

electronically generate an elastogram of the brain tissue
based on the at least one signal;

wherein the plurality of ultrasonic transducers is config-
ured to concentrate strain resolution at a specific target
within the brain tissue.

2.-4. (canceled)

5. The MRE system of claim 1, wherein the ultrasound

comprises focused ultrasound.

6. The MRE system of claim 1, wherein the ultrasound
comprises planar ultrasound.

7. The MRE system of claim 1, wherein the ultrasound
has a cycle time period from 0.5 to 10 milliseconds in the
brain tissue.

8. The MRE system of claim 1, wherein the plurality of
transducers is configured to emit the ultrasound for at least
one burst having a duration of less than about 500 millisec-
onds.

9. The MRE system of claim 1, wherein the MRE engine
is further configured to control operation of the plurality of
transducers to coordinate emission of ultrasound with one or
more biological cycles of the subject.

10. The MRE system of claim 1, wherein the MRE engine
is further configured to derive at least one of shear moduli,
elastic moduli, or bulk moduli of a brain circuit of the brain
tissue.

11. A method for generating an elastogram of at least a
portion of a brain of a subject, comprising:

electronically controlling, by an MRE engine executed by
at least one processor of a computing device, operation
of a plurality of transducers to emit ultrasound at a
frequency from 0.1 MHz to 1 MHz and with a longi-
tudinal wavelength from 1.54 to 15.4 millimeters to
mechanically displace brain tissue of the subject,
wherein the plurality of ultrasonic transducers is con-
figured to concentrate strain resolution at a specific
target within the brain tissue, and wherein the MRE
engine is electronically stored in memory associated
with the computing device and is coupled to the at least
one processor;
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electronically receiving, at the MRE engine from a mag-
netic resonance imaging (MRI) device, at least one
signal indicative of measurements of mechanical dis-
placement of the brain tissue by the ultrasound; and

electronically generating, by the MRE engine, an elasto-
gram of the brain tissue based on the at least one signal.
12.-14. (canceled)
15. The method of claim 11, wherein the ultrasound
comprises focused ultrasound.
16. The method of claim 11, wherein the ultrasound
comprises planar ultrasound.
17. The method of claim 11, further comprising emitting,
from the plurality of transducers, the ultrasound for at least
one burst having a duration of less than about 500 millisec-
onds.
18. The method of claim 11, wherein the ultrasound has
a cycle time period from 0.5 to 10 milliseconds in brain
tissue.
19. The method of claim 11, further comprising control-
ling, by the MRE engine, operation of the plurality of
transducers to coordinate emission of ultrasound with one or
more biological cycles of the subject.
20. The method of claim 11, further comprising deriving,
by the MRE engine, at least one of shear moduli, elastic
moduli, or bulk moduli of a brain circuit of the brain tissue.
21. A non-transitory computer readable medium compris-
ing program instructions for generating an elastogram of at
least a portion of a brain of a subject, wherein the program
instructions are configured for:
electronically controlling, by an MRE engine executed by
at least one processor of a computing device, operation
of at least one transducer to emit ultrasound at a
frequency from 0.1 MHz to 1 MHz and with a longi-
tudinal wavelength from 1.54 to 15.4 millimeters to
mechanically displace brain tissue of a subject, the
MRE engine electronically stored in memory of the
computing device coupled to the at least one processor;

electronically receiving, at the MRE engine from an MRI
device, measurements of mechanical displacement of
the brain tissue by the ultrasound;

electronically generating, by the MRE engine, an elasto-

gram of the brain tissue based on the measurements;
and

deriving, by the MRE engine, at least one of shear moduli,

elastic moduli, or bulk moduli of a brain circuit of the
brain tissue.

22. The non-transitory computer readable medium of
claim 21, wherein the program instructions are further
configured for emitting, from the at least one transducer, the
ultrasound for at least one burst having a duration of less
than about 500 milliseconds.

23. The non-transitory computer readable medium of
claim 21, wherein the program instructions are further
configured for controlling, by the MRE engine, operation of
the at least one transducer to coordinate emission of ultra-
sound with one or more biological cycles of the subject.

24. (canceled)

25. The non-transitory computer readable medium of
claim 21, wherein the at least one transducer comprises a
plurality of ultrasound transducers.

26. The non-transitory computer readable medium of
claim 25, wherein the plurality of ultrasound transducers is
configured to concentrate strain resolution at a specific target
within the brain tissue.
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27. The non-transitory computer readable medium of
claim 21, wherein the ultrasound has a cycle time period
from 0.5 to 10 milliseconds in the brain tissue.
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