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Long-Term In Vivo Imaging of Viscoelastic Properties
of the Mouse Brain after Controlled Cortical Impact
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Abstract

Traumatic brain injury (TBI) presents a variety of causes and symptoms, thus making the development of reliable
diagnostic methods and therapeutic treatments challenging. Magnetic resonance elastography (MRE) is a technique that
allows for a noninvasive assessment of the mechanical properties of soft biological tissue, such as tissue stiffness, storage
modulus, and loss modulus. Importantly, by quantifying the changes in the stiffness of tissue that is often associated with
disease, MRE is able to detect tissue pathologies at early stages. Recent improvements in instrumentation have allowed for
the investigation of small samples with microscopic resolution (WMRE). We hypothesize that yMRE can sensitively detect
variations in micromechanical properties in the brain caused by the compressive and shearing forces sustained during TBI.
To test this hypothesis, we randomized 13 C57BL mice to receive a controlled cortical impact at a 0.5 mm or 0.75 mm
depth, with both sham and naive mice as controls. Our objective was to propagate mechanical shear waves throughout the
brain for in vivo TBI uMRE imaging. The mechanical properties of the injured brain tissue were determined at days 0, 1,
7, and 28 post-injury. For both groups, we observed a significant drop in the stiffness of the impacted region immediately
following the injury; the 0.75 mm animals experienced increased tissue softness that lasted longer than that for the 0.5 mm
group. Although the shear stiffness, storage modulus, and loss modulus parameters all followed the same trend, the tissue
stiffness yielded the most statistically significant results. Overall, this article introduces a transformative technique for

mechanically mapping the brain and detecting brain diseases and injury.
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Introduction

TRAUMATIC BRAIN INJURY (TBI) is a diverse and complex injury
affecting 1,700,000 Americans annually.' Although most
people with TBI survive the injury, they often have permanent
cognitive loss, behavioral issues, and emotional disturbances.? The
mechanisms responsible for these functional losses remain unclear.
Additionally, the behavioral effects of TBI remain difficult to
predict, given that similar injuries can induce diverse symptoms.
Magnetic resonance imaging (MRI) techniques, which utilize
different mechanisms to provide a visual contrast between tissues,
significantly contribute to understanding TBI. For example,
T2-weighted imaging, a type of MRI utilizing relaxation time, has
been shown to be effective in imaging edema. Similarly, T2-weigted
imaging has revealed areas of T2 hypointensity in both the thalamus
and internal capsule of the brain after inducing TBI in mice in the
laboratory.** Another type of MRI is diffusion tensor imaging,
which measures microstructural tissue abnormalities that correlate
pathologically with damaged white and gray matter. Furthermore,
the diffusion tensor technique has shown reduced axial diffusivity

and relative anisotropy in animal models of TBL> Alternatively,
iron oxide-enhanced MRI and arterial spin-labeling MRI have been
used to monitor cerebral blood flow following TBI in mice by
measuring changes in T1 relaxation times between selective and
nonselective scans.®’

A clinical MRI technique called magnetic resonance elasto-
graphy (MRE) was developed to gauge the mechanical tissue
stiffness of whole organs with MR spatial resolution (e.g.,
1 mm X 1 mm X5 mm). Mechanical stiffness is well known to be
important for load-bearing tissues such as the musculoskeletal
structures, but mechanical stiffness has also been shown to be an
indicator of the structural health of non-load-bearing tissues such as
neural, dermal, and vascular tissues.®° As a diagnostic tool, MRE
combined with proper excitation methods allows for quantitative
and noninvasive palpation of remote soft tissues in the body. To
accomplish this, MRE measures motions in soft biological tissues
induced by the vibrations of a mechanical actuator. In turn, algo-
rithms are applied to the motions induced by the vibrations in order
to estimate local values of the mechanical properties of the tissue.'”
Importantly, MRE is able to detect tissue pathology stages earlier
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than conventional MRI, ultrasound, or X-ray/computed tomogra-
phy (CT), and is currently used to study the pathologies of various
organs, including the liver in patients with hepatic fibrosis.'""'?

Continuous advancements have been made in MR hardware to
improve the sensitivity and resolution of images. These hardware
improvements include stronger magnets and gradients, and more
sensitive radiofrequency (RF) imaging coils. Such advancements
allow for the investigation of small samples with microscopic
resolution. This has been accomplished through the creation of a
technique termed microscopic MRE, or uMRE.'*!*

We hypothesize that yMRE can detect subtle variations in mi-
cromechanical properties of tissues caused by the compressive and
shearing forces sustained by the brain during TBI. Thus, informa-
tion provided on the micromechanical properties of the brain after
TBI is expected to help evaluate the health of brain tissue. Pre-
viously, we tested this hypothesis using a rat model in which the
brain had been excised following controlled cortical impact (CCI)
over a 28-day period. The mechanical properties represented by
stiffness — a parameter equivalent to the elastic shear modulus —
were estimated at 370 Hz. The stiffness of the somatosensory cortex
of the impacted hemisphere decreased by 25% following TBL'
Such strong results prompted an in vivo study.

Performing uMRE of the brain in vivo is challenging, given that
it is necessary to propagate mechanical waves through the skull. In
the study discussed herein, the uMRE technique was used after CCI
was administered to a live mouse brain at different impact depths
(0.5mm and 0.75 mm). In the present study’s design, a vibrating
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bite bar setup was designed for the tMRE to propagate sinusoidal
shear waves at 877.5 Hz from a piezoelectric bending element into
the mouse brain. The displacement field created by these cyclic
perturbations was then captured using a phase-contrast MR imag-
ing pulse sequence and analyzed by a direct inversion algorithm to
estimate local values of viscoelastic properties in different regions
of interest (ROIs). The experimental design is further described in
Figure 1.

Methods
Animal handling

This study utilized 13 C57BL/6 adult male mice (Jackson La-
boratory, Bar Harbor, ME). The animals were housed in individual
cages in a climate-controlled room and kept on a 12 h light/dark
cycle. Continual access to food and water was provided throughout
the duration of the study. All procedures and protocols were ap-
proved by the Institutional Animal Care and Use Committee of the
University of Nebraska-Lincoln and conducted in accordance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

All mice were 3 months old at the start of the study. The mice
were selected at random to be exposed to CCI injury, sham injury,
and no injury, as previously described.'®!” Following the induction
of anesthesia with 5% inhaled isoflurane, the heads of the mice
were shaved and positioned in a Kopf stereotaxic head frame
(David Kopf Instruments, Tujunga, CA). Anesthesia was main-
tained with 2% inhaled isoflurane, which was delivered through a
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Timetable of the magnetic resonance elastography (MRE) experiments used for each mouse in the study. MRE was performed

at five different time points within a 29 day time frame. (a) Animals were divided into different groups: 0.75 mm controlled cortical
impact (CCI) injury, 0.5mm CCI injury, craniotomy without injury (sham), and naive. (b) Typical MRE experiment performed at

900 Hz on a healthy mouse brain.
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nose cone. A midline incision was completed, and a 4 mm crani-
otomy was performed lateral to the midline and midway between
bregma and lambda to expose the underlying somatosensory cor-
tex, taking care not to disturb the dura. The head frame was then
positioned beneath a Precision Systems and Instrumentation TBI-
0310 (Fairfax Station, VA) that administered a 0.5mm or a
0.75 mm cortical compression (3 mm impactor diameter, 3.5 m/sec
velocity, 500 msec dwell time). Following injury, Surgicel (John-
son & Johnson, Dallas, TX) was placed over the injury site. Next,
the skull cap was put back in place and sealed using dental acrylic.
The skin incision was closed with sutures, and the incision was
infused with 0.5% bupivacaine with 1:200000 epinephrine as a
topical analgesia. Conversely, animals receiving a sham injury
underwent an identical surgical procedure, with the exception of
the impact. Control animals were left intact. Following closure, the
animals were placed in their home cage and imaged on 0, 1, 7, and
28 days post-injury.

MRI system and uMRE parameters

MR experiments were conducted at 9.4 T (400 MHz for protons)
using an 89 mm vertical bore magnet (Agilent Technologies, Santa
Clara, CA). MRE measurements were acquired using a 4 cm Mil-
lipede RF imaging probe with triple axis gradients (maximum
strength 100 G/cm).

A custom-phase, contrast-based uMRE pulse sequence was in-
tegrated into the Vnmr] 2.3A imaging software. The pulse se-
quence enables the user to select parameters such as the gradient
amplitude, actuator frequency, delay between the mechanical ac-
tuator and the bipolar gradient, motion sensitizing gradient direc-
tion, and number of bipolar pairs. The uMRE system was designed
so that the modified pulse sequence controls the oscillator, which is
synchronized to the motion sensitizing gradient. The design and
implementation of this system has been previously described.'*

The uMRE experiments were conducted using a gradient echo-
based phase contrast sequence, which offers improved signal-
to-noise ratio compared with a spin echo-based sequence. The
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following parameters were used: repetition time (TR)=1 sec, echo
time (TE)=6ms, field of view (FOV)=20mmXx20mm, slice
thickness = 1 mm, matrix dimension=128 x 128, mechanical fre-
quency =877.5 Hz, gradient amplitude =100 G/cm, number of ex-
citations (NEX) =2, motion sensitizing gradient direction=slice,
number of bipolar pairs=3, and total acquisition time per ani-
mal ~ 2h.

Experimental design

Of the 13 animals used in this study, the procedures were divided
among them into the following four categories: 1) five mice were
subjected to a 0.5 mm depth CCI; 2) five mice were subjected to a
0.75 mm depth CCI, 3) one mouse underwent a craniotomy without
injury (sham), and 4) two mice were left intact (control). Anesthesia
was maintained with 1.5-2% inhaled isoflurane throughout all
imaging experiments, and respiration rate was continually moni-
tored (Small Animal Instruments, Inc., Stony Brook, NY). The
body temperature was traced using a temperature probe and auto-
matically adjusted by a controller unit via an air heater.

The propagation of mechanical shear waves throughout the brain
is required for in vivo tMRE imaging of a mouse brain. To achieve
this, an animal holder featuring a vibrating bite bar was designed
(Fig. 2). After being placed under anesthesia (2% inhaled isoflurane)
in a closed chamber, the top front teeth of the mouse were placed in a
hole at the end of the bite bar, which was then pulled back to position
the head of the mouse into a nose cone delivering the isoflurane/
oxygen mixture. The shape of the nose cone ensured that the ani-
mal’s jaw remained closed, thus securing the jaw and the bite bar. An
L-shaped connector was utilized to bind the other end of the bite bar
to a piezoelectric bending element transducer (model T234-H4CL-
303X, Piezo system, Woburn, MA). The bite bar was made of copper
in order to be rigid enough to propagate the vibrations from the
actuator through the mouse head, while at the same time being
nonmagnetic to avoid creating artifacts. The actuator was driven by a
signal generator (Tektronix, Beaverton, OR) followed by an am-
plifier (Piezo system, Woburn, MA), delivering a 200 V signal.

FIG. 2. Experimental setup for conducting in vivo experiments. For imaging, a coronal slice including the injury site was selected,
exposing regions such as the somatosensory cortex, the hippocampus, and the thalamus. Regions for which results were reported are
defined as the region of impact (surrounded by dotted line at upper right, consisting of the somatosensory cortex and part of the
hippocampus of the injured hemisphere) and the region away from impact (surrounded by dotted line, consisting of the rest of the brain).
These two regions of interest (ROIs) were selected for every mouse, whether it was injured or not.
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After the mouse was properly connected to the bite bar, the
mechanical vibrations of the system were characterized using a
laser Doppler vibrometer (Polytec, Dexter, MI). The vibrometer
was able to measure the oscillations of the bite bar by pointing a
laser beam on its surface and analyzing the reflected signal. The
goal of this procedure was to identify the resonance frequencies, in
order to conduct experiments at these specific frequencies, and,
hence, optimize the amplitude of the generated waves. The trans-
ducer behavior was first characterized by sending a white noise
(signal composed by all frequencies in the 10 Hz-2kHz range)
from the signal generator to the actuator and recording the mea-
sured displacement.

The spectrum of this measured displacement was computed to
reveal the resonance frequencies of the system, which are the fre-
quencies for which the output displacement is magnified. A signal
generator was then used to deliver signals at these specific fre-
quencies, and the output displacement was measured. It is impor-
tant to note that we did not observe any damage to the teeth as a
result of this procedure over the 1 month study. For imaging pur-
poses, a slice was selected to be imaged in the coronal plane, ap-
proximately halfway through the brain, to include the injury site/
ROI, as well as the region outside the ROI (outside ROI) that
included the rest of the somatosensory cortex, hippocampus, and
thalamus of both hemispheres (Fig. 2). Areas for similar regions
were selected as ROIs for the control mice.

An experiment was conducted on a 1% wt agarose gel phantom
to investigate the range of frequencies provided using our in-
strumentation. This range is presented in Figure 3, where dis-
placement maps are displayed at 400 Hz and 1 kHz. At such high
frequencies, wavelengths become much shorter, thus improving
the accuracy of the estimated mechanical properties. Using the
described setup, the amplitude of vibrations reached ~ 300 yum at
877.5Hz, and, therefore, this was the frequency selected for this
study.

Inversion algorithm

To calculate local values of the mechanical properties of tissues
from the measured displacement field, we utilized a custom-written
algorithm based on a previously developed spatiotemporal filtering
approach,'®2% which has been thoroughly described in an earlier
study.'® This algorithm can be executed in<1min using a con-
ventional desktop to calculate the mechanical properties.

Shear wave (um) at 400 Hz

30mm

30mm

%
>
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The algorithm assumed planar shear waves propagation in iso-
tropic and unbounded media. A linear viscoelastic material model
was selected, and a multidirectional filter was used to identify
waves propagating at a single frequency and in specific directions.
Mechanical properties were averaged from data sets that were fil-
tered in eight different directions in order to improve the faithful-
ness of the recovery of data when studying complex wave patterns.
The algorithm also allowed for the selection of the ROI. For each
region, the mean and standard deviation were calculated for each
parameter. The parameters included, as defined subsequently, the
storage (G’) and loss (G’’) moduli, which are the real and imagi-
nary parts of the complex-valued shear modulus, as well as the
overall shear stiffness p:

w(a,f) = p(a)c(a,f)’ (1)

In this equation, a is the position, f is the frequency; p is the
density of the material (assumed to be uniformly 1,000 kg/m®); and
¢, s the speed of a hypothetical plane-wave propagating through an
infinite medium composed of the same material.

Statistical analysis

The selection of the ROI was based on the location of the impact
as seen on MR images, as well as on stiffness maps.

The severity of each injury was analyzed using a two way
analysis, repeated measures of variance (ANOVA) to determine the
change in tissue stiffness, storage moduli, and loss moduli between
the ROI and the region outside the ROI over the 28 day study. A
Bonferroni procedure was used for post-hoc comparisons. The data
were analyzed using GraphPad Prism 5 (La Jolla, CA). The sig-
nificance was defined as «=0.05. All data are presented as
mean * standard deviation.

Results

Estimations of tissue stiffness, in addition to storage and loss
moduli, for each injury severity at different time points (before in-
jury, immediate, 24 h, 7 days, and 28 days) are presented in Table 1.
For the immediate measurements, all mice were imaged within 6 h of
injury. Values of stiffness for the sham and control mice were con-
sistently ~ 9 kPa in every ROI at each time point. More specifically,

Shear wave (um) at 1 kHz
-14

14

FIG. 3. Shear waves measured at 400 Hz and 1kHz in a 1% wt agarose gel. The MR sequence used was a gradient echo based
elastography sequence with the following imaging parameters: repetition time (TR)=1 sec, echo time (TE)=8 ms at 400 Hz and 5.6 ms
at 1kHz, field of view (FOV)=30mm X 30 mm, slice thickness=1mm, matrix dimension=128 X 128 pixels, number of excitations
(NEX) =2, gradient amplitude =100 G/cm, and number of bipolar pairs=two at 400 Hz and three at 1kHz. This demonstrates the
feasibility of propagating measurable shear waves at frequencies up to 1 kHz where wavelengths are much smaller, thus improving the

faithfulness of the recovery.
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TABLE 1. MEAN VALUES OF MECHANICAL PARAMETERS ESTIMATED AT 877.5 Hz FOR EACH INJURY SEVERITY IN DIFFERENT
REGIONS OF THE BRAIN AND AT DIFFERENT TIME POINTS FOLLOWING THE INJURY

Before injury  Immediate 24 h 7 days 28 days

TBI 0.5mm (n=5) Region of impact Stiffness (kPa) 9.0 7.1 7.5 8.8 9.0
Storage modulus (kPa) 5.6 4.1 4.7 5.7 5.5

Loss modulus (kPa) 4.5 3.6 3.8 4.4 4.5

Away from impact  Stiffness (kPa) 9.0 9.3 9.7 9.6 9.3

Storage modulus (kPa) 5.8 5.8 6.4 6.2 5.8

Loss modulus (kPa) 4.4 4.7 4.7 4.6 4.6

TBI 0.75mm (n=5) Region of impact Stiffness (kPa) 9.4 6.8 7.9 8.2 8.9
Storage modulus (kPa) 5.8 4.1 5.0 5.1 5.3

Loss modulus (kPa) 4.6 34 4.0 4.1 4.6

Away from impact  Stiffness (kPa) 9.5 9.5 10.2 10.0 9.6

Storage modulus (kPa) 6.2 5.9 6.6 6.6 6.1

Loss modulus (kPa) 4.6 4.7 5.0 4.9 4.7

The standard deviation values, not depicted here, were all ranging from 10% to 22%.

TBI, traumatic brain injury.

values of stiffness, storage modulus, and loss modulus averaged
9.2+ 1.1kPa, 5.7+0.9kPa, and 4.5+0.6 kPa, respectively, for the
sham and control mice over each time point.

Representative images of a mouse subjected to a CCI injury at a
0.75 mm indentation depth are shown in Figure 4. In the magnitude
image, one of the eight shear waves resulting from the directional
filtering and the estimated stiffness are displayed for each time
point; the injury site is highlighted. It is clear from these data that
the impacted region experienced a decrease in stiffness immedi-
ately following TBI compared with statistically insignificant
changes in the rest of the brain. The waves measured in the brain
had amplitudes of ~40 um, which allowed for motion to register
with an appropriate signal-to-noise ratio. Furthermore, the soften-
ing of the brain observed in the stiffness maps was confirmed by a
shorter wavelength in the region of impact following injury. This
phenomenon is particularly noticeable in the shear wave image of
the 24 h time point, as shown in Figure 4.

Immediately following injury, the stiffness in the ROI decreased
~24% in the 0.5 mm group and 29% in the 0.75 mm group com-
pared with the area outside the ROI (Fig. 5). By day 7, the stiffness
in the ROI of the 0.5 mm group had recovered to near control levels,
whereas the ROI of animals impacted by a 0.75 mm hit was still
~ 18% less stiff than the rest of the brain. Statistical analysis found
a significant interaction between region and time for both the
0.5mm and 0.75mm groups (F[4,32]=4.84, p<0.01 and
F[4,32]1=5.13, p<0.01, respectively). Bonferroni post-hoc analy-
sis confirmed that the stiffness of the ROI significantly decreased
compared with the rest of the brain immediately following injury
for both groups, and recovered by 7 days for the 0.5 mm group and
by 28 days for the 0.75 mm group. A similar finding was observed
for the loss moduli in both groups, with decreases of ~23% and
28% immediately following injury for the 0.5 mm and 0.75 mm
groups, respectively. As with the stiffness measurements, by day 7,
the loss moduli had recovered for the 0.5 mm group, whereas the
loss moduli for 0.75 mm group still decreased by 15%. The storage
moduli measurement appeared to be a less sensitive measure than
either the stiffness or loss moduli. Immediately following injury,
there was a 28% decrease in the storage moduli at the ROI of
animals injured with a 0.5 mm injury versus a 30% decrease in the
storage moduli for the 0.75 mm group. Although the storage moduli
for the ROI in the 0.75 mm group still decreased by ~13% at 28
days, it was not significant. Statistical analyses revealed a signifi-

cant interaction between the two terms (F[4,32]=3.32, p <0.05) for
the 0.75 mm group. However, the interaction was not significant for
the 0.5mm group, although the main effect of the region
(F[1,8]=29.77, p<0.001) and recovery time (F[4,32]=2.77,
p<0.05] did achieve significance.

Discussion

The mechanical properties of brain tissue, as measured in vivo
using the uMRE technique, were found to be affected by TBI in
mice. More specifically, a major decrease in the shear stiffness of
the impacted region occurred immediately following injury. This
was found to be the result of a combined decrease of both storage
moduli and loss moduli. The extent and significance of this drop
increased with the injury severity. The most statistically significant
results occurred in the somatosensory cortex and part of the hip-
pocampus within 24 h after TBI. Still, some differences were still
observed after 1 week, particularly in the case of an injury at an
indentation depth of 0.75 mm. No difference was observed between
the sham and the control group, indicating that craniotomy alone
does not affect brain mechanical properties.

This study demonstrated the potential of uMRE to improve di-
agnosis of TBI by noninvasively assessing brain viscoelastic
properties. Periodic monitoring of mice allowed us to obtain sta-
tistically significant results using a relatively low number of ani-
mals. In future studies, it will be important to correlate the uyMRE
findings with th pathophysiology of the injury. A likely patho-
physiological mechanism is the formation of edema following in-
jury.?" Previous work found an inverse correlation between the
formation of edema and tissue stiffness following experimental
ischemia and cryolesioning.?*** Our study revealed a decrease in
the tissue stiffness of the injured brain region immediately fol-
lowing injury. This stiffness persisted for ~ 7 days, suggesting the
presence of edema. This time frame is generally accepted as the
time when the damaged cerebrovasculature is most permeable and
allows for the passage of water and serum proteins to the paren-
chyma.?*2°

Another potential cause of the reduced tissue stiffness is the
reduction in cerebral blood flow accompanying CCI. A recent
study to determine the effect of blood flow on the shear stiffness
of pig kidneys using MRE found that an increase in tissue stiff-
ness correlated with a reduction in blood flow.?” Another recent
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FIG. 4. Magnitude images, filtered shear wave, and stiffness estimations of a mouse brain at different time points: before injury,
immediately, and 24 h, 7 days, and 28 days following controlled cortical impact (CCI) injury with a 0.75 mm indentation depth. The
injury site was located on one hemisphere, highlighted on the magnitude images. This reduction pattern can also be noticed by shorter

wavelength in the shear wave images in the injured regions.

study suggested that cerebral blood flow may decrease as much
as 90% in the contusion area following a CCI in mice;28 how-
ever, this decrease was not associated with expansion of the
contusion volume. Interestingly, previous reports show an ~50%
reduction in the cerebral blood flow throughout the brain following
ccr?

Additional work is necessary to determine the role of different
pathologies, such as edema and cerebral blood flow, in the reduc-
tion of tissue stiffness. Future studies can correlate tMRE findings
with additional MR measurements such as T2-relaxation time and
diffusion tensor imaging, as well as histological markers, by eu-
thanizing the animal immediately following imaging and at-
tempting to correlate uMRE findings with other MR measurements
and histology, which was not permitted using our experimental
design. These additional studies are also expected to help determine
the cause of the large variance at the early time points following
injury, when hemorrhage, edema, and alterations in cerebral blood
flow most likely occur,?+25:8:22

In our current study, the mice were injured and studied over a
period of 28 days before being euthanized. Previous work has
shown that following a CCI, wet-dry methods for assessing edema
show that the water content in the brain returns to baseline levels at
~7 days,>** as do histological markers such as horseradish per-
oxidase®' and measurements of specific gravity.” Likewise,
Aquaporin-4, a protein involved in the homeostasis of water, has
recently been shown to normalize by 30 days following CCI.*?

The values of the material parameters measured in this study are
on the same order of magnitude as those reported in the literature
for mice measured at similar frequencies.”> > Table 2 shows the
results from these different studies.**~° In comparison to uMRE,
nano-indentation and atomic force microscopy exhibited regional
variations of < 100% in rat and porcine brains.**~*" Disparities in
mechanical properties from one study to another could be explained
by differences in experimental protocols, such as the animal strain,
age, and/or the operating frequency. Similarly, regional variations
would more likely originate from low signal-to-noise ratios or from
disparities in the inversion methods utilized. As pointed out by
Atay et al.,>* some regions of the brain can experience destructive
wave interference and low signal-to-noise ratios, resulting in sig-
nificant errors in the recovery. In highly viscoelastic materials,
large wave attenuation coefficients could also be responsible for
poorly resolved wave distributions. Therefore, it is critical to ensure
that the shear waves are propagated with a measurable amplitude
throughout the entire tissue of interest.

In this study, the operating frequency was carefully selected to
maximize the amplitude of the imparted motion, as described in
the Methods section. MRE experiments were performed at a res-
onance frequency of the mechanical system that allowed for wave
propagation to occur throughout the brain. The code developed
for this study featured a multidirectional, spatiotemporal filter
designed to separate waves propagating in different directions, thus
avoiding destructive interferences. The mechanical properties were
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FIG. 5. Brain stiffness measured with magnetic resonance elastography (MRE) at different time points for control animals and those
with each injury severity. Analysis of the graphs reveals a drop in stiffness values in the impacted region immediately following injury,
while values in the rest of the brain remain unchanged. The statistical significance of this drop increases with injury severity and
decreases with time as mechanical properties of the injured tissue progressively rise to match their primary values. There were no
differences between the two regions of control animals. ****p<0.0001; ***p<0.001; **p<0.01. All values are reported as the

mean + standard deviation of the groups.

estimated from eight different angles of propagation (every 45
degrees) and averaged pixel by pixel, with a weight depending
upon the relative intensity of each filtered data set at this location.
Consequently, the properties estimated from low-amplitude waves
were poorly determined, and carried a lower weight than those
estimated with better accuracy, hence minimizing errors in the
recovery of data.

The algorithm utilized assumes infinite media for the calculation
of the mechanical properties. For imaging a small organ such as the

mouse brain, this assumption can be used by increasing the oper-
ating frequency, thereby reducing the wavelength. At a higher
frequency, the wavelength becomes shorter than the width of the
mouse brain, thus the error generated by this assumption is reduced.
The experiment presented in Figure 3 allowed us to explore the
potential of uMRE at a higher frequency. The increase in operating
frequencies compared with our previous study improved the ac-
curacy of the estimates. However, the tissues imaged became
smaller (mouse brain vs. rat brain), resulting in similar ratios

TABLE 2. EXPERIMENTAL PARAMETERS AND MAIN OUTCOMES OF PREVIOUS MRE STUDIES PERFORMED
ON HEALTHY MOUSE BRAINS IN VIVOo

Atay et al. 2008

Clayton et al. 2011

Murphy et al. 2012

Present study

Mouse strain and age

MR field

Gradient strength
Spatial resolution
Actuation mechanism

Inversion algorithm

Frequency
Mean properties
Typical elastogram

and variations
within a brain

C57BL/6
12—-15 weeks

117T
10 G/em
0.25%x0.25x0.4 mm
Electromagnetic actuator

Helmholtz decomposition +
elastic model

1200 Hz

1=12.6-18.7kPa

SkPa<u<25kPa

BALB/c
9-10 weeks

47T
60 G/cm
0.25%0.25x0.25 mm
Amplified piezoceramic
actuator
Least square fitting of
a viscoelastic model

600-1800 Hz
(shown at 800 Hz)
G’ =2-8kPa
G’ =1-3kPa

OkPa<G’<10kPa

WT (euthanized prior
to imaging)
73-96 weeks
3T
2.73 G/em
0.46x0.46 X3 mm
Electromechanical
actuator
Spatio-temporal directional
filtering + elastic model

1500 Hz

11=22-28kPa

'Sn
m IH
0

SkPa<u<50kPa

C57BL/6
12-16 weeks

94T
100 G/cm
0.15x0.15x 1 mm
Piezoelectric
bending actuator
Spatio-temporal
directional filtering +

viscoelastic model

877.5Hz
1n=9.2t1.1kPa
G’ =5.7£0.9kPa

G’ =4.5+0.6kPa

6kPa<u<12kPa

u is the shear stiffness, G’ the storage modulus, and G’ the loss modulus.
MRE, magnetic resonance elastography.
Figures reproduced with permissions of the publishers: ASME for Atay et al. 2008 (DOI: 10.1115/1.2899575), IOP for Clayton et al. 2011 (DOI:
10.1088/0031-9155/56/8/005), and Elsevier for Murphy et al. 2012 (DOI: 10.1016/j.mri.2011.12.019).
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between wavelengths and the size of the samples. More powerful
stack actuators and high-voltage amplifiers were implemented in
the original design, generating measurable waves at frequencies up
to 2.5 kHz in agarose gels, thus further reducing the wavelength and
approaching the conditions of propagation in an infinite medium.
However, issues of inefficient mechanical coupling and large wave
attenuation prevented the implementation of such a system in mice.
Solutions for delivering motion with increased amplitude are cur-
rently under investigation.

Our studies measuring the mechanical properties of brain tissue
following CCI introduce a transformative method for mechanically
mapping the brain. The simplicity of our design provides a pathway
to clinical translation. Currently, several groups have attempted to
perform MRE on human brains using fast multishot spiral readouts*'
or high field clinical scanners.** Both of these studies used a
~40 Hz shaker connected to the cranium. We expect that adaptation of
this design can be translated to clinical settings by augmenting the
waves through different acoustic windows connected to the human
brain (e.g., inducing vibration in the neck to propagate waves to the
brain through the carotid artery). Multiple actuators can be synchro-
nized simultaneously to generate stronger waves at higher frequencies.

Conclusion

In conclusion, elastography imaging techniques have the poten-
tial to address the understudied area of noninvasive mechanical as-
sessment of TBI, because of their excellent penetration depth, even
in the deep brain tissue encased by the skull. We have shown the
potential for uMRE to provide noninvasive in vivo imaging markers
using an animal model, which could, in turn, be used to examine the
neuropathology and pathogenesis of brain diseases in humans.
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