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Effect of Direction and Frequency
of Skull Motion on Mechanical
Vulnerability of the Human Brain
Strain energy and kinetic energy in the human brain were estimated by magnetic resonance
elastography (MRE) during harmonic excitation of the head, and compared to characterize
the effect of loading direction and frequency on brain deformation. In brain MRE, shear
waves are induced by external vibration of the skull and imaged by a modified MR imaging
sequence; the resulting harmonic displacement fields are typically “inverted” to estimate
mechanical properties, like stiffness or damping. However, measurements of tissue motion
from MRE also illuminate key features of the response of the brain to skull loading. In this
study, harmonic excitation was applied in two different directions and at five different
frequencies from 20 to 90Hz. Lateral loading induced primarily left-right head motion and
rotation in the axial plane; occipital loading induced anterior-posterior head motion and
rotation in the sagittal plane. The ratio of strain energy to kinetic energy (SE/KE) depended
strongly on both direction and frequency. The ratio of SE/KE was approximately four times
larger for lateral excitation than for occipital excitation and was largest at the lowest
excitation frequencies studied. These results are consistent with clinical observations that
suggest lateral impacts are more likely to cause injury than occipital or frontal impacts, and
also with observations that the brain has low-frequency (�10Hz) natural modes of
oscillation. The SE/KE ratio from brain MRE is potentially a simple and powerful
dimensionless metric of brain vulnerability to deformation and injury.
[DOI: 10.1115/1.4062937]

Introduction

Traumatic brain injury (TBI) is widespread and important, but
incompletely understood. In particular, despite a number of

computational modeling studies that suggest that some people are
more vulnerable to TBI than others [1–3] and that the direction of
head motion and the nature of the impact affects the likelihood of
injury [4–6], these predictions have not yet been confirmed by
experimental observations of human brain motion in vivo. Previous
studies using computational models of head impacts have identified
rotation in the transverse (axial) plane as inducing higher maximum
principal strains [7–10]. Using human cadaver heads, Alshareef
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et al. [11] used sonomicrometers to investigate the relation between
impact angular velocity, impact duration, and brain displacement
finding that angular rotation about the transverse plane resulted in
the largest amplitude of brain displacement. However, experimental
data directly assessing the effect of skull motion direction on in vivo
human brain deformation remains lacking.
Magnetic resonance elastography (MRE) is a type of magnetic

resonance imaging (MRI) that provides a noninvasive way to
measure dynamic deformation of soft tissue in the living human
brain caused by controlled, external motion of the skull [12]. In
MRE, images encode harmonic displacement by phase-contrast.
MRE displacement images are typically used to estimate tissue
mechanical properties [13–15] but they can also be analyzed to
determine patterns of brain motion and interactions between non-
neural structures and the brain [15–17].
Head injury is typically associated with skull impact and MRE

involves harmonic skullmotion. In any dynamic system, the impulse
response (in the time domain) and the response to harmonic motion
(in the frequency domain) are directly related mathematically. Like
other such systems, the brain exhibits dominant frequencies and
oscillatorymodes [18,19]. Recentwork has shown that the dominant
oscillatory mode occurs at a lower frequency when the head motion
consists of rotation of the neck (i.e., signaling “no”; rotation in the
axial plane) rather than extension of the neck (i.e., nodding “yes”;
rotation in the sagittal plane) [19].
In this study, we analyze and compare strain energy and kinetic

energy in the brain from MRE displacement data obtained by
harmonic excitation of the head at five frequencies and in two
different directions. The two directions are: (i) occipital excitation
applied to the back of the skull, which produces anterior-posterior
skull displacement and rotation in the sagittal plane (“yes” nodding
motion); and (ii) lateral excitation applied to the right temple which
produces left-right skull displacement and rotation in the axial plane
(“no” neck rotation). The kinetic energy of the brain closely reflects
the amplitude of loading, while strain energy is a global measure of
brain deformation with the same units. When SE and KE are
computed using the same harmonic displacement data, the SE/KE
ratio serves as a nondimensional “transfer function” between
excitation and deformation. While both SE and KE depend on
loading amplitude, their ratio is expected to be relatively insensitive
to differences in the amplitude of excitation between frequencies
and between participants, and is applicable to both linear and

angular excitation. In this study, the SE/KE ratio is a potentially
simple and powerful dimensionless metric that can be used to
compare the brain’s response to different types of loading.

Methods

Thirty-two healthy participants without self-reported neurolog-
ical conditions (16F, 16M; 20–68 years old) provided written
informed consent approved by the Institutional Review Board at
Washington University in St. Louis. Each participant completed an
imaging session on a Siemens 3T Prisma MRI scanner while laying
supine with the head positioned in a 20-channel head coil. Skull
vibrations were induced with a deformable actuator placed in either
the lateral or occipital position, as described in the following section,
with equal numbers of male and female participants for each
excitation direction (see Table 1). The total scan time, including
anatomical imaging, was 45–50min.

Image Acquisition. Structural images were acquired prior to
application of skull vibrations. T1-weighted images were acquired
using a magnetization-prepared rapid acquisition gradient echo
(MPRAGE) sequence. The echo time, inversion time, and repetition
time were 2.22ms, 1000ms, and 2400ms, respectively. The image
volume was 166� 240� 256mm3 with 0.8mm isotropic voxels.
T2-weighted images were acquired using a spin echo sequence
(TE¼ 563ms, TR¼ 3200ms)with the same imaging resolution and
image volume, and with fat saturation on.
Skull vibrations were induced at 20, 30, 50, 70, and 90Hz by

acoustic pressure waves (ResoundantTM, Rochester, MN) trans-
mitted by a deformable actuator placed either at the back of the skull
(occipital excitation, see Fig. 1(a)) [17] or at the right temple (lateral
excitation, see Fig. 1(b)) [20]. Phase-contrast andmagnitude images
of the harmonically-varying displacement field were obtained at
each frequency using an echo-planar imaging (EPI) sequence [12]
with motion encoding gradients (MEG). Imaging parameters
included 3.0 � 3.0 � 3.0 mm3 isotropic resolution; field-of-
view¼ 240� 240mm2; 44 slices and 4 temporal samples acquired
per period of harmonic motion. Image volumes were acquired with
transverse slices relative to the MRI scanner bore and without in-
plane rotation about that axis. Differences in head and neck anatomy
caused slight differences in the position and orientation of the
actuator relative to each participant’s head. The positions and extent

Table 1 Participant characteristics grouped by excitation direction and sex. Mean61 standard deviation with range given in
parentheses

Excitation direction Sex N Age (year) Heighta (m) Weighta (kg)

Occipital F 8 346 16 (21–65) 1.646 0.08 (1.52–1.80) 726 22 (48–116)
Occipital M 8 376 16 (21–59) 1.786 0.05 (1.70–1.85) 756 9 (64–88)
Lateral F 8 276 12 (20–57) 1.666 0.07 (1.52–1.73) 696 11 (59–91)
Lateral M 8 436 15 (26–68) 1.776 0.07 (1.70–1.90) 826 10 (72–98)

aSelf-reported.

Fig. 1 Positionsof the occipital actuator (a) and lateral actuator (b) are shown in the 20 channel headcoil. (c,d): T1-weighted
images inmidsagittal planeshowingapproximate locationofoccipital actuator (OA)or lateral actuator (LA), respectively. The
extent of theMRE imaging volume is denotedby solid lines and the locations of reducedMEGstrength image planes used to
temporally unwrap MRE phase data are denoted by dashed lines.
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of theMRE imaging volumes for two representative participants are
shown in Figs. 1(c) and 1(d).
Immediately following this acquisition, we used the same EPI

sequence to acquire MRE displacement data with reduced MEG
strength on six slices within the same volume (3mm isotropic
voxels, 18mm slice spacing, shown as dashed lines in Figs. 1(c) and
1(d) and 8 temporal samples per period. These lower-sensitivity
images have minimal or no phase wrapping and were used to
temporally unwrap full MEG-strength images [21]. MEG strength
was adjusted at each frequency to provide appropriate motion
sensitivity (lm/rad). Sensitivity values are provided in Table S2
available in the Supplemental Materials on the ASME Digital
Collection. MRE acquisition time decreased with frequency:
5.25min. for 20Hz or 30Hz to �2.75min. at 90Hz. Total MRE
acquisition time for the five frequencies was approximately 25min.

Image Data Processing. Phase-contrast and magnitude MRE
image sets were processed using custom Matlab code (MATLAB

v2020a, Mathworks, Natick, MA) to provide displacement fields
throughout the brain.
First, the reducedMEG strength MRE image sets were processed

to estimate rigid-body motion. The brain region was isolated by
applying a threshold to the voxels of MRE magnitude images to
obtain a brain “mask”. The mask was applied to the corresponding
MRE phase images, which were spatially unwrapped using
PRELUDE [22] from FMRIB’s Software Library (FSL) [23] if
required. Example MRE magnitude and phase images are included
in Fig. S1 available in the Supplemental Materials. The mean phase
of the masked image volume was computed for each temporal
sample and direction.
Next, the full MEG strength image sets were processed similarly.

The brain region was identified from the MRE magnitude images
obtained at 50Hz for each participant and manually corrected using
ITK-SNAP [24]. The voxels in the corresponding MRE phase
images were spatially unwrapped using FSL PRELUDE for each
temporal sample and direction. Full MEG strength image data was
temporally unwrapped [21]. The mean phase of the masked image
volume was plotted and compared to the mean phase obtained from
the reduced MEG strength data. When phase differences close to
multiples of 2p were observed, the phase of the entire full MEG
strength image volume for that temporal sample and direction was
adjusted by the appropriatemultiple of 2p. This process is illustrated
in Fig. S2 available in the Supplemental Materials.
After temporal unwrapping, the total displacement fields, u,

(80� 80� 44� 3 arrays, corresponding to the complex vector u xð Þ
at each voxel) were obtained by converting MRE phase to
displacement using the motion sensitivity an extracting the first

harmonic using a temporal Fourier transform. Total displacement
was separated into rigid-body (bulk) displacement (�u) and wave
displacement (~u) fields following Badachhape et al. [21]. The rigid-
body motion was characterized by three components of rigid-body
translation of a selected reference point �uoj and three components of
angular displacement �hj, where the subscript j denotes x, y, or z
directions—these correspond to anatomical right-left (RL),
anterior-posterior (AP), and inferior-superior (IS) directions of the
human head, respectively.
Wave displacement fields were smoothed using a Gaussian filter

with a filter size of 3� 3� 3 voxels and a standard deviation of 1
voxel. Examples of total displacement andwave displacement fields
are shown in Fig. 2 for representative participants undergoing
occipital or lateral excitation at 50Hz.
Strain (e) was calculated from the spatial derivatives of the

smoothed wave displacement field, using a quadratic polynomial fit
over a 3� 3� 3 voxel fitting region [17]. Time-averaged octahedral
shear strain (OSS) and octahedral normal strain (ONS) were
calculated following McGarry et al. [25], as standard scalar
measures of the magnitude of the deviatoric and volumetric strains.
The components of the deviatoric shear strain tensor, edev, were
calculated by subtracting 1/3 of the trace of e, i.e.

edev ¼ e � 1

3
tr e (1)

T1-weighted and T2-weighted images were intensity normalized
[26], rigidly aligned to a standardized space (MNI-152) [27], skull-
stripped [28], and processed with a deep learning-based segmenta-
tion algorithm (Spatially Localized Atlas Network Tile (SLANT))
to generate 132 brain labels, followed by a multi-atlas cortical
reconstruction algorithm to refine the cortical labels [29]. These
images and the brain segmentation labels were used to reconstruct the
falx and tentorium [30] creating high-resolution (0.8mm isotropic
voxels) image volumes (T1-weighted, T2-weighted, and segmented) of
each participant’s brain, rigidly aligned to the standardized space, as
shown inFigs. 3(a)–3(c).Ahigh-resolutionbrainmaskwascreated from
the combined brain, falx, and tentorium image volumes. We estimated
brain volume by summing the number of voxels in this high-resolution
mask and multiplying by the voxel volume of 5.12� 10�10 m3/voxel.
The T2-weighted images in the standardized space (Fig. 3(b))

were then rigidly registered to the corresponding 50Hz magnitude
images using Advanced Normalization Tools (ANTs, version
2.4.0)2. The rigid registration was applied to the segmented image
volume (Fig. 3(c)) with multilabel interpolation, providing a

Fig. 2 Relationships between totalmotion, rigid-bodymotion andwavemotion. Schematics show trends in rigid- bodymotion
for occipital excitation (a) and lateral excitation (b). Images show T1-weighted axial slices at the level of the corpus callosum,
three components of total displacementu at 50Hz, and three componentsofwavemotion (~u) after removal of rigid-bodymotion
for two representative participants. Note different values for totalmotion of occipital and lateral excitation. Directions ofmotion
are denotedby x (RL: right-left), y (AP: anterior-posterior), and z (IS: inferior-superior), computedwith respect to theMRE image
volume. “Head anatomy anterior lateral views” by Patrick Lynch, used under CC BY 2.5/ modified from original.

2http://stnava.github.io/ANTs/
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segmented image that labeled voxels in the MRE image volume. A
mask was created from the registered segmented images that removed
voxels identified as cerebro-spinal fluid (CSF), including the ventricles,
as well as voxels identified as falx or tentorium. The intersection of this
mask with the MRE mask generated a brain tissue mask (BTM) as
shown in Fig. 3(d).
We applied the BTM to displacement and strain fields prior to

computing energy quantities. Representative images of masked
shear strain components and OSS for participants undergoing
occipital or lateral excitation are shown in Fig. 4. Mean OSS was
computed for each participant at each frequency and used to
normalize the amplitudes of the shear strain components.

Energy Quantities. In a previous study [17], we observed a
linear relation between the median amplitude of AP rigid-body
motion and themedian amplitude of OSS in participants undergoing
occipital excitation at 50Hz. We also observed that OSS decreased
with frequency in four participants undergoing occipital excitation
at 30, 50, and 70Hz. We hypothesized that deviatoric strain energy,
which is proportional to the square of OSS, would also be
proportional to kinetic energy, which is proportional to the squared

amplitude of total velocity. Both energy measures are relevant to
brain injury; strain energy is a global measurement of brain
deformation and thus a feature of the response associated with
injury, and kinetic energy reflects the amplitude of external loading
(the magnitude of the insult).
Time-averaged kinetic energy density [31], Wk (J/m3), was

computed at each voxel within the BTM, from the tensor inner
product (denoted by: ) of the complex-valued harmonic velocity, v
and its complex conjugate, v�

Wk ¼ 1

2

1

2
q v : v�

� �
, where v ¼ ixu ¼ i 2pfð Þu (2)

and f (Hz) is the actuation frequency and the tissue density
q¼ 1000 kg/m3.
The total kinetic energy, KE (J), was computed bymultiplyingWk

by the voxel volume, V (2.7� 10�8 m3) and summing over the n
voxels in the BTM

KE ¼
Xn
i¼1

VWk (3)

Fig. 3 High resolution imagesof a representative participant’s brain, rigidly registered toMNI-
152 space. (a) T1-weighted, (b) T2-weighted, and (c) labeled brain, all with 0.8mm isotropic
voxels. (d) The labeled brain is rigidly registered to the MRE magnitude image volume and
labels are used to create the brain tissuemask (redoverlay)with 3mm isotropic voxels.Dashed
lines in (a) and (d) denote the locationof thesagittal andaxial slices.Sliceplanes inpanel (d) are
defined with respect to the scanner coordinate system in which images were acquired. Slice
planes approximate anatomical planes but differ in each scan due to slight differences in head
orientation. “Head anatomy anterior lateral views” by Patrick Lynch, used under CC BY 2.5/
modified from original.

Fig. 4 Strain components for (a) occipital and (b) lateral excitation computed from ~u shown in Fig. 2. Images showT1-
weighted axial slices at the level of the corpus callosum, three components of shear strain and time-averaged
octahedral shear strain (OSS) at 50Hz. The brain tissuemask (BTM) for eachparticipant has been applied to the strain
images.
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The time-averaged deviatoric strain energy density [31],Ws (J/m
3),

is the real portion of the tensor inner product of the complex-valued
deviatoric stress, rdev, and the complex conjugate of deviatoric
strain, e�dev, where rdev ¼ 2 G0 þ iG00ð Þedev and G0 and G00 are the
shear storage modulus and shear loss modulus respectively

Ws ¼ 1

2
Re

1

2
rdev : e�dev

� �
¼ 1

2
G0 edev : e�dev
� �

(4)

Since the displacement data in this study were not optimized for
determining individual brain tissue properties, we used brain
mechanical property data collected at the University of Delaware

[12] to estimate amean value forG0 at 30, 50, and 70Hz as described
in the Supplemental Materials on the ASME Digital Collection. A
linear fit of these mean values as a function of frequency was used to
extrapolate values for G0 at 20 and 90Hz (Fig. S3 available in the
SupplementalMaterials). ThemeanG0 value for each frequencywas
used to estimateWs, at each brain voxel in all participants. The total
deviatoric strain energy, SE, was computed by multiplyingWs, by V
and summing over the n voxels in the BTM

SE ¼
Xn
i¼1

VWs (5)

Fig. 5 Mean amplitudes of bulk translation components j �u o
j j and bulk rotation components

j�hj j for occipital excitation (a,b) and lateral excitation (c,d). Error bars indicate one standard
deviation in all panels. N516 participants for each excitation direction.

Fig. 6 Mean amplitudes of wave displacement components ~uj

�� �� and shear strains eijj j for
occipital excitation (a,b) and lateral excitation (c,d). Error bars indicate one standard deviation.
N516 participants for each excitation direction.
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To investigate how SE and KE were related as a function of
frequency and excitation direction, the dimensionless ratio of strain
energy to kinetic energy, SE=KE,was computed for each participant
at each frequency. We used a linear mixed effects model (LMEM)

[32] to analyze the effect of frequency and actuator type on SE=KE.
The LMEMwas selected because we had repeatedmeasurements of
SE=KE at different frequencies in each participant. Since SE=KE is
a ratio greater than 0 and because calculated SE/KE values spanned

Fig. 7 (a) Mean octahedral shear strain (OSS) for occipital excitation and lateral excitation at each frequency. Mean
amplitudes of each shear strain component, eijj j normalized by mean OSS for occipital excitation (b) and lateral excitation
(c). Error bars indicate one standard deviation. N516 participants for each excitation direction.

Fig. 8 (a) Mean kinetic energy density, Wk, for each frequency and excitation direction. Error
bars represent one standard deviation. A log scale is used in (a) for clarity. Symbols represent
the mean Wk for the participant data shown in (b) and (c). Spatial distribution of Wk for
representative participants due to (B) occipital excitation and (c) lateral excitation shown on
three orthogonal slice planes. Note that the color scale decreases from 30mJ/m3 at 20Hz to
3.75mJ/m3 at 90Hz. Scale bar applies to all images. Locations of axial slice, coronal slice and
sagittal slice are denoted by blue, red, and green line, respectively, in the corresponding
T1-weighted images. Participant IDs are U01_WUSTL_0015_01 (b) and U01_WUSTL_0014_01 (c).

111005-6 / Vol. 145, NOVEMBER 2023 Transactions of the ASME



over an order ofmagnitude, we applied a logarithmic transformation
to SE/KE. We also found that logarithmic transformation of
frequency provided an approximately linear relationship between
SE=KE and f , so we used a regression equation with log10SE=KE as
the dependent variable and log10f and excitation direction as
independent fixed variables. The model is described by the
following equation

log10 SE=KEð Þ r ¼ bq r½ � þ m log10fs þ �rs (6)

where the subscript r refers to the rth participant, and subscript
q r½ � refers to the excitation direction used for participant r. The fitted
parameters are bq, the intercepts for excitation direction q andm, the
slope with respect to frequency. The error term �rs represents the
residual error when fitting data from participant r at the frequency s.
In our study, there were only two excitation directions, so this model
fits the data to three parameters bOcc, bLat, and m (m assumed to be
the same for both actuators). Coefficients and statistics for this
LMEM were determined using the fitlme function in the MATLAB

Statistics Toolbox in MATLAB (v. 2020a, Mathworks, Natick, MA).

Results

Rigid-Body Displacements. The amplitude of the AP compo-

nent of rigid-body translation, �uo ð�u0yÞ was largest for occipital

excitation (Fig. 5(a)) at all frequencies, while amplitudes of the RL

component of �uo �u0x
� �

were largest for lateral excitation (Fig. 5(c)).

Rigid-body rotation of the brain about theRLaxis �hx
� �

was largest for
occipital excitation (Fig. 5(b)) while itwas larger about theAP (y) and
IS (z) axes for lateral excitation (Fig. 5(d)). Components of rigid-body
displacement decreasedwith frequency. This is a consequenceof both
the frequency-dependenceof the force producedbyeach actuator, and
the direct relationship between harmonic force and acceleration,
which leads to displacement amplitudes that decrease with the square
of the frequency for a given acceleration.

Wave Displacements and Strains. The amplitudes of mean
wave displacement components were approximately 10–50% of the
amplitudes of bulk translation at corresponding frequencies. For
occipital excitation (Fig. 6(a)), the mean amplitudes j~uyj and j~uzj
were comparable, and both were larger than j~uxj. In contrast, for
lateral excitation (Fig. 6(c)), themean amplitude j~uxjwas larger than
j~uyj and j~uzj. The amplitudes of all components of wave displace-
ment decreased with frequency, as did the amplitudes of strains. The
mean values of shear strain components also differedwith excitation
direction. The component jeyzj was largest for occipital excitation
(Fig. 6(b)) but smallest for lateral excitation (Fig. 6(d)), where jexzj
then jexyj were the largest.
We compared mean OSS for each participant and frequency,

grouped by excitation direction (Fig. 7(a)). Since there were

Fig. 9 (a) Mean deviatoric strain energy density (Ws ), for each frequency and excitation
direction. Error bars represent one standard deviation. A log scale is used in (a) for clarity.
Symbols represent the mean Ws for the participant data shown in (b) and (c). Spatial
distribution of Ws for representative participants due to (B) occipital excitation and (c) lateral
excitation shownon three orthogonal slice planes. Note scale decreases from2.0mJ/m3 at 20Hz
to 0.25mJ/m3 at 90Hz. Scale bar applies to all images. Participant IDs are the same as Fig. 8.
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substantial differences in OSS between participants and between
frequencies, we normalized the shear strain components computed
for each participant at each frequency by the respective mean OSS
(Figs. 7(b) and 7(c)). While mean shear strain amplitudes decrease
markedly with frequency for both excitation directions, the
normalized amplitudes of the shear strain components are consistent
across the frequencies studied but are markedly different between
the two excitation directions.

Energy Quantities. Kinetic energy (KE) of the brain was 4 to 5
times larger for occipital excitation than for lateral excitation
(Fig. 8(a)) and decreased with frequency. The distribution of kinetic
energy density, Wk, is also more uniform within the brain for
occipital excitation due to the larger values of �uo

y (Fig. 8(b)),
compared to lateral excitation (Fig. 8(c)). Strikingly, and in contrast,
deviatoric strain energy (SE) values are higher for lateral excitation
than for occipital excitation at 20Hz, 30Hz, and 70Hz (Figs. 9(a)
and 10(b)). The magnitude ofWs, decreases toward the center of the
cerebrum; this decrease is more apparent at high frequencies,
consistent with viscous damping leading to wave attenuation [16],
for both types of excitation (Figs. 9(b) and 9(c)).
SE decreases faster than KE with frequency for both excitation

directions (Figs. 10(a) and 10(b)), so the SE/KE ratio decreases with
frequency (Fig. 10(c)). When plotted on a log–log scale, the
difference in SE/KE ratio between lateral excitation and occipital
excitation is even more apparent (Fig. 10(d)). The parameters of the
LMEM model are shown; bOcc ¼ �0:309, bLat ¼ 0:295, and
m ¼ �1:079 . The values of b and m give the power law relation
between SE/KE and frequency for each actuator type, i.e.,
SE=KEÞLat ¼ 1:972f�1:079
�

and SE=KEÞOcc ¼ 0:491f�1:079
�

. The
difference bLat�bOcc ¼ 0:604 corresponds to a ratio of
100.604¼ 4.02, so the SE/KE ratio for lateral excitation is about
four times the SE/KE ratio for occipital excitation. The values
bLat�bOcc and the slope m were both significantly different from 0
(p< 0.0001) based on the F-statistic. Patterns of the SE/KE ratio for
each voxel (i.e., Ws/Wk), shown in Fig. 11, illustrate how
deformations in different brain regions are affected by the direction
and frequency of skull motion (images are plotted on a log scale due
to the large range of values).
The range of estimated brain volumes for the participants in this

study was 1004–1531 cm3 and the mean brain volume was

significantly lower for females than males (p< 0.05) but was not
significantly different between excitation directions (see Table S1
available in the Supplemental Materials on the ASME Digital
Collection). The ratio of BTM volume to estimated brain volume
was 94–98%, due to removal of voxels segmented as ventricular
CSF, falx, and tentorium. We tested LMEMs that included brain
volume, BTM volume, and other participant-level parameters
shown in Table 1 (age, sex, height, weight); these parameters were
found to be nonsignificant (p> 0.2) based on the F-statistic, as
described which is available in the Supplemental Materials.

Discussion

The SE/KE ratio is a simple but revealing index of the brain’s
mechanical vulnerability to skull motion. This ratio indicates that
brain deformation is larger in response to lateral skull motion (“no”
neck rotation) compared to occipital excitation (“yes” nodding).
This observation implies that the brain may be more vulnerable to
lateral impacts that include rotation about the IS (z) axis, as
suggested by Zhang et al. [10] and Wu et al. [2].
Most computational models of TBI are time-domain simulations

of skull impacts. Model predictions are typically compared to
specific impacts where brainmotion is recorded by imaging [33,34],
high-speed biplanar X-ray of implanted markers [35], or sono-
micrometers [11], and scored based on similarity to measured
displacements or strains [36–41]. A similar approach should be
useful in the frequency domain, as computationalmodels of TBI can
be subjected to low-amplitude vibrations over a range of frequencies
and excitation directions. Strain and energy quantities such as SE,
KE, and the SE/KE ratio can be compared to values observed in this
study. While the current measurements (and MRE generally) are
limited to very small harmonic displacements, we recently observed
that such low-amplitude, harmonic displacement fields recapitulate
patterns observed in impacts with much higher deformation levels
[42].
The higher values of the SE/KE ratio at lower frequencies suggest

that eliminating high-frequency components of impact (which are
represented in peak acceleration) may be less important than
reducing low-frequency components in the impulse. The decrease in
SE/KE ratio with increasing frequency reflects the distribution of
strain energy density. Inwardly propagating shear waves dissipate

Fig. 10 (a) Kinetic energy (KE) and (b) strain energy (SE) computed for each participant for occipital
excitation and lateral excitation. (c) SE=KE ratio on a linear scale and (d) SE=KE ratio on a log–log scale.
Dashed lines show predicted SE=KE with best-fit model parameters:bLat50:295, bOcc520:309, and
m521:08. In all panels, values are mean for 16 participants and error bars indicate plus or minus one
standard deviation.
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over shorter distances at higher frequencies due to the viscoelastic
properties of brain tissue. Thus, shear strain amplitudes and strain
energy also decrease toward the center of the brain. At low
frequencies, longer shear waves propagate to the center of the brain,
suggesting that injuries to interior regions of the brain [43] are more
likely when impacts are of longer duration. Also noteworthy are
regions of higher strain energy neighboring the stiff interior
membranes, the falx cerebri and tentorium cerebelli, indicating
their important role in mediating deformation.
We acknowledge some limitations. While KE is computed

directly from measured displacements, SE is estimated from
numerically-computed quantities. The numerical differentiation of
the displacement field can introduce noise in the strain field; this
noise is reduced by spatial smoothing, which may reduce computed
strain energy, depending on smoothing parameters. In this study, all
data were smoothed using the same smoothing kernel. We also
assumed that the shear storage modulus of brain tissue is isotropic
and a function of frequency only; i.e., we used the same modulus
values for all participants and at all voxels. Hiscox et al. [44]
developed a standard-space atlas of the viscoelastic brain tissue
properties using high-resolution MRE at 50Hz and found cortical
gray matter to be less stiff than white matter or subcortical gray
matter. Incorporating a heterogeneous spatial distribution of G’
would alter the spatial distribution of Ws shown in Fig. 9. Thus,
specific values of SE/KE may depend on smoothing parameters,

voxel size, the spatial distribution of shear storage moduli, or image
contrast-to-noise characteristics. SinceMR image datawas acquired
and processed similarly for both excitation directions,we expect that
the difference in SE/KE ratio between excitation directions would
remain significant.
The SE/KE ratio clearly illustrates how brain deformation (strain

energy, relative to the total energy transmitted to the brain) depends
on the direction of excitation and on the frequency of excitation.
This ratio thus has intriguing potential as a metric of vulnerability to
brain injury. In this study, with a limited number of participants,
brain volume, age, and sex were not identified as significant factors
affecting the SE/KE ratio. Some of these parameters, such as brain
volume, a surrogate measure of head size, have been predicted by
computer models to affect brain deformation [1–3]. Future work,
with larger cohorts specifically chosen to address the effects of head
size or head shape parameters, would be warranted to further
investigate the effects of these variables on the SE/KE ratio.
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Fig. 11 (a) Strain energy/kinetic energy ratio (SE/KE) for each frequency and excitation
direction. Error bars represent one standard deviation. A log scale is used in (a) for clarity.
Symbols represent the SE/KE values for the participant data shown in (b) and (c). Spatial
distribution of Ws/Wk due to (b) occipital excitation and (c) lateral excitation shown on three
orthogonal slice planes. Due to the large range of values, a log scale is used for image color
values. Participant IDs are the same as Figs. 8 and 9.
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Data Availability Statement

The image data used in this study are available for download from
the Brain Biomechanics Imaging Resource website3 [12]. A
complete list of participant demographics, including participant
age, sex, height, weight, brain volume, and excitation direction is
given in the Table S1 available in the Supplemental Materials on the
ASME Digital Collection. In addition to imaging data described in
this paper, diffusion-weighted images were acquired on each
participant during the same imaging session. Details on the
acquisition and processing of the diffusion-weighted images are
provided in the Supplemental Materials.
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