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Abstract

Traumatic brain injuries (TBI) are one of the least understood injuries to the body. Finite element (FE) models of the brain
have been crucial for understanding concussion and for developing injury mitigation systems; however, the experimental
brain deformation data currently used to validate these models are limited. The objective of this study was to develop a
methodology for the investigation of in situ three-dimensional brain deformation during pure rotational loading of the head,
using sonomicrometry. Sonomicrometry uses ultrasonic pulses to measure the dynamic distances between piezoelectric
crystals implanted in any sound-transmitting media. A human cadaveric head-neck specimen was acquired 14 h postmortem
and was instrumented with an array of 32 small sonomicrometry crystals embedded in the head: 24 crystals were implanted
in the brain, and 8 were fixed to the inner skull. A dynamic rotation was then applied to the head using a closed-loop
controlled test device. Four pulses with different severity levels were applied around three orthogonal anatomical axes of
rotation. A repeated test of the highest severity rotation was conducted in each axis to assess repeatability. All tests were
completed within 56 h postmortem. Overall, the combined experimental and sonomicrometry methods were demonstrated to
reliably and repeatedly capture three-dimensional dynamic deformation of an intact human brain. These methods provide a
framework for using sonomicrometry to acquire multidimensional experimental data required for FE model development and

validation, and will lend insight into the deformations sustained by the brain during impact.
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Introduction

RAUMATIC BRAIN INJURIES (TBI) are one of the most common
but least understood injuries to the body. It is estimated that
1,700,000 TBIs occur in the United States annually from impacts
during competitive sports, motor vehicle crashes, and falls.! Var-
ious mechanisms for TBI have been studied for decades in an at-
tempt to link external head kinematics (linear and rotational
motion) to the macroscopic and microscopic deformations of brain
tissue that leads to injury. The focus on correlating external head
kinematics to brain injury risk has been motivated in part by the
goal of developing TBI risk functions for assessing the efficacy of
helmets and automotive countermeasures.”~
Although controversy regarding the mechanism of TBI still
exists, recent studies have suggested that rotational, not linear head
motion, is the primary cause of brain deformation, and leads to
diffuse injuries ranging from mild concussion to diffuse axonal
injury (DAI). This theory was originally hypothesized by Holbourn
(in 1943) using fundamental mechanics to describe the motion of
the brain relative to the skull.’ The significance of axis-dependent

rotational motion has been corroborated through numerous exper-
imental’"" and computational studies.>*!*!3

Finite element (FE) models have been vital to investigating TBI
mechanisms, assessing injury risk and safety gear, and developing
brain injury criteria based on external head kinematics. Various FE
models of the head have been created to predict injury using strain-
based injury metrics such as maximum principal strain (MPS) and
the cumulative strain damage measurement (CSDM).4’12’14 These
models allow for the in-depth investigation of the brain response
under various loading conditions at a level that is not possible using
cadaveric or human experiments. Because brain strain is the primary
outcome measure typically used to predict brain injury, it is essential
to validate the brain deformation predicted by these models using
human brain motion observed in laboratory experiments.

Various techniques have been utilized to study in vivo, in situ,
and in vitro human brain motion in response to motion of the
head.'>™"” One approach for investigating in situ brain motion has
been high speed radiographic imaging of radio opaque objects
implanted in the brains of postmortem human surrogates (PMHS).
Stalnaker and colleagues'® used lead markers to quantify brain

Center for Applied Biomechanics, University of Virginia, Charlottesville, Virginia.

780



Downloaded by Univ Of Western Ontario from www.liebertpub.com at 04/11/18. For personal use only.

QUANTIFYING BRAIN DEFORMATION USING SONOMICROMETRY 781

motion during the repressurization of the vasculature and ventri-
cles. Nusholtz and colleagues'® injected a neutral-density radio
opaque gel into the brain to measure brain motion in PMHS using
high-speed cineradiography. Frontal impacts using a padded linear
impactor on the specimen resulted in head linear accelerations
ranging from 25 to 450g, head rotational velocities ranging from 18
to 52 rad/sec, and durations ranging from 8 to 50 ms. During these
tests, minimal brain distortion was observed, except for displace-
ments of 6 mm in a specimen that also sustained skull fracture.

Hardy and colleagues'>'® used high-speed biplanar radiography
to track the three-dimensional (3D) motion of neutrally dense tar-
gets (NDT), made from tin granulas embedded in polystyrene
tubing, implanted in columnar and cluster arrays in the brains of
PMHS head-neck specimens. The head-neck specimens were in-
verted and subjected to frontal, occipital, and coronal impacts.
Impacts were imparted on the head using a padded linear impactor,
which resulted in head linear accelerations ranging from 38 to
291g, rotational velocities ranging from 4 to 30rad/sec, and head
rotational accelerations ranging from 2370 to 24,206 rad/sec?. The
markers in the brain were observed to follow figure-eight patterns
with peak to peak excursions as high as 13.4 mm. The results ob-
tained from this study provided a valuable validation data set for FE
model development, but included several limitations. Bi-planar
radiography requires that each implanted NDT be continuously
viewable in each frame, and each must be consistently distin-
guishable and identifiable from the other surrounding NDTs. This
limits the number of NDTs that may be used in a given test, as too
high of a concentration of markers in any area would confound
distinct, consistent identification of the NDTs.'® This continuous
viewing requirement also limits the pattern of NDT placement that
may be used. Targets cannot be placed in overlapping visual planes
(i.e., at multiple depths), as this would result in visual interference
of the NDT sets, restricting the placement of NDTs to planar col-
umns or regional clusters. These limitations also required that
different NDT patterns be used for tests in different rotation axes,
meaning that most instrumented heads could only be tested in one
direction. As a result, the brain displacement mappings available
from those tests are limited to relatively small regions of the brain,
with the locations of those mapped regions inconsistent across test
types. High speed radiography also has a discretization limitation in
tracking the positions of the NDTs, providing an inherent error of
0.24mm on all measurements.'>** The method also limits test
fixture design to prevent interference with X-ray videos, and con-
strains loading conditions such that the head trajectory is confined
within the field of view of the X-ray system.

Other imaging modalities have also been used to characterize
brain motion. Mallory and colleagues>' conducted low-severity
sagittal head rotations (2 rad/sec, 120-140 rad/sec®) on repressur-
ized cadavers, and measured brain deformation using B-mode ul-
trasound at the surface of the dura. The study was useful in
identifying relative motion between the brain and surrounding
anatomical structures. Bayly and colleagues,'” Feng and col-
leagues,?” Sabet and colleagues,” and Knutsen and colleagues®*
used tagged MRI to quantify in vivo brain deformation in human
volunteers during low-severity, repeated sagittal head accelerations
(2-3g, 40ms) and coronal rotations (300 rad/sec?, 40 ms). These
studies provided valuable information on in vivo brain deformation,
but were limited to low-speed head motions.

Many of the limitations of the existing methodologies for mea-
suring brain deformation can be remedied using sonomicrometry.
Sonomicrometry utilizes an array of small, implantable piezo-
electric crystals to dynamically measure distances between points

in the tissue by recording ultrasound time of flight between crystal
pairs. This is a proven technology that has been extensively used for
various in vivo and in situ biomedical research applications for the
last 30 years, and has largely replaced biplanar radiography as the
method of choice for high-rate internal motion tracking in cardiac
mechanics. 2078

In a study of direct comparisons, 3D digital sonomicrometry was
shown to have a high degree of agreement with measures derived
from a materials testing machine (displacement difference of
0.037£0.0137 mm),> a KUKA robot (displacement difference of
0.04£0.001 mm),*® single-plane fluoroscopy (absolute difference
of 1.06+0.27mm),*" and biplanar radiography (absolute differ-
ence of 0.63+0.46 mm).>* The study comparing sonomicrometry
to biplanar radiography found an order of magnitude improvement
in displacement accuracy, with spatial resolutions of 0.024 mm for
sonomicrometry versus 0.24 mm for high speed radiography.'>*
Further, sonomicrometry crystals do not have line-of-sight imaging
requirements, which allows for a larger array of crystals that can be
distributed throughout all regions of the brain, and allows each
specimen to be tested in multiple loading conditions and directions.

The objective of this study was to develop and test a method-
ology for the investigation of 3D brain deformation during pure
rotational loading of the head. The first goal was to demonstrate
sonomicrometry as a tool for quantifying brain deformation. The
second aim was to devise a well-defined test method to measure in
situ whole brain deformation. The contributions of this study will
provide a novel framework for quantifying brain deformation for
generating biofidelity targets for FE model development.

Methods
Specimen acquisition and information

All tissue donation, testing, and handling procedures were ap-
proved by the University of Virginia Institutional Review Board—
Human Surrogate Use (IRB-HSU) Committee. Exclusion criteria
for the acquisition of the specimens included any factors that could
compromise the anatomy or material properties of the skull and/or
brain tissue, and included diagnosed skull lesions or trauma, neu-
rological disease, or neurological lesions. All specimens were also
screened for bloodborne pathogens (HIV, hepatitis A and B). The
donated PMHS for this pilot study was a fresh, never frozen, 53-
year-old male head-neck specimen acquired 14h postmortem.
Cause of death was congestive heart failure. The specimen was
disarticulated at the first thoracic vertebra by the tissue supplier.

TABLE 1. SPECIMEN ANTHROPOMETRY
AND MASS MEASUREMENTS

Component Anthropometric measurement Outcome
Whole body Stature 173 cm
Mass 116kg
BMI 38.8
Skull Circumference 510 mm
Length (ant.—post.) 172 mm
Breadth (lat.—med.) 144 mm
Height (vertex—mentum) 240 mm
Brow-to-occiput arc length 315mm
Mass Head-neck 7.785kg
Brain® 1.265kg

“Brain mass measured post-test during specimen dissection.
BMI, body mass index; ant., anterior; post., posterior; lat., lateral; med.,
medial.
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Pre-test radiographs of the specimen confirmed no abnormalities of
the skull. Specimen anthropometry and mass measurements are
shown in Table 1.

Specimen preparation

All instrumentation and hardware installation were performed
relative to the head center of gravity (CG), which was estimated
based on anatomical landmarks according to the protocol outlined
by Robbins and coworkers.> First, the Frankfort plane was iden-
tified by marking a line between the inferior margin of the orbit and
the notch above the tragus. Lateral CG markings were drawn 8§ mm
anterior to the tragus on the Frankfort plane and 25% of the distance
vertically from the Frankfort plane to the vertex of the skull. A
posterior CG marking was defined at the midpoint of the circum-
ferential line connecting the lateral markings, parallel to the
Frankfort plane. The local head coordinate system was then defined
in accordance with the Society of Automotive Engineers (SAE)
J211 standards with the origin located at the head CG (at the
midpoint of the line connecting the left and right lateral CG
markings). Following identification of the CG, the skull was de-
nuded and secured to the head rotation fixture by plates that were
attached to the superior, lateral, and posterior surfaces of the skull.
A custom-built jig was designed to ensure that all fixation plates
were orthogonal to each other and centered on the desired axes of
rotation (through the CG). Three mounting pins were used to align
the skull CG within the jig at each CG marking, and a combination
of wood screws and Bondo resin (3M, St. Paul, MN) were used to
rigidly couple the fixation plates to the skull.
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Sonomicrometry crystals (Sonometrics Corporation, London,
Ontario, Canada) were employed to quantify brain deformation in
response to the dynamic rotation pulses. The crystals are capable of
transmitting and/or receiving ultrasound pulses to calculate dis-
tance using the speed of sound of the tissue. With the inclusion of at
least three crystal pairs, trilateration can be used to determine the
three dimensional coordinates of each receiving crystal. Initial
testing of the crystals was performed in situ using porcine brain
tissue, to confirm that the crystals could be easily inserted, func-
tioned properly, recorded accurate data, and caused no gross dis-
ruption of the brain tissue.

A total of 32 crystals were utilized in this study, with transmit-
ting crystals affixed to the inner skull and receiving crystals inserted
in the brain tissue. An array of 24 crystals was inserted into the
brain using a stereotactic cannulation system. A guide plate was
fixed to the posterior surface of the skull to aid in the drilling of the
ports. To introduce a crystal, a needle was first inserted into the
4.6 mm cannula and both were pushed to the desired depth within
the brain. A needle was included in the cannula to prevent any
coring of brain tissue. The needle was then removed and a small rod
was used to push the crystal down the length of the cannula. The
cannula was slotted to facilitate the removal of the cannula from
around the crystal wires. In cases in which more than one crystal
was passed through a single port, the cannula was retracted to the
next insertion depth and the procedure repeated for the subsequent
crystals (Fig. 1). Once all crystals were inserted, the ports were
sealed using cord grips (Sealcon, Centennial, CO). The crystals
inserted into the brain parenchyma were 2 mm in diameter, and
were barbed with thin pieces of monofilament wire to anchor the

Cannula Retracted

Sealed Cord Grip

FIG. 1. Summary of crystal insertion procedure. (A) The cannula was inserted to the required depth and the crystal was pushed down
the length using a rod. (B) The cannula was retracted and the next crystal was placed. The ports were sealed using cord grips. (C) During
the test, the transmitters sequentially sent ultrasound pulses, while the receivers recorded the signals. (D) A minimum of three crystal
pairs were necessary to find three-dimensional (3D) coordinates using trilateration.
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crystals within the local brain tissue. Henceforth, all crystals in-
serted into the brain are designated as ‘‘receivers,” as their primary
role was to act as passive receivers of the ultrasound pulses. The
receiver array was designed to maximize the coverage of recorded
brain deformation throughout the brain volume while avoiding the
ventricles and the boundaries of the brain.

An array of 8 sonomicrometry crystals was fixed to the inner
surface of the skull with a primary function of transmitting ultra-
sound pulses. Henceforth, these crystals will be referred to as
“transmitters.” Larger 3 mm diameter crystals were used as trans-
mitters for their increased transmission power. The position of the
transmitter array was dictated by the maximum ultrasound trans-
mission distance of the sonomicrometry crystals through the brain.
Preliminary experiments using in vitro fresh porcine brain tissue
determined this distance to be ~ 100 mm. The transmitters were then
fixed to the skull in locations that were determined to maximize
transmission overlap throughout the brain. Following installation of
the sonomicrometry instrumentation, CT images were acquired at a
resolution of 0.625 mm, to determine the exact coordinates of each
receiver and transmitter relative to the head CG.

Artificial cerebrospinal fluid (aCSF) was used to provide con-
stant perfusion® throughout testing. The perfusion system applied
a static pressure head of ~78mm Hg.'® In addition to providing
constant hydration and a consistent fluid boundary to the brain
tissue, the perfusion eliminated any air pockets within the cranial
cavity that could have interfered with ultrasound transmission.
Perfusion was applied through vascular ports in the carotid arteries
and transcranial ports located at the sagittal sinus and occiput. Fluid
was allowed to drain through the jugular veins and the spinal cord.
Perfusion fluid was constantly collected and recirculated to the
static pressure reservoir during testing. Light perfusion was also
applied during specimen preparation with refrigerated aCSF, to
keep the specimen cool and hydrated to slow tissue degradation.

Test fixture and matrix

The target test condition was a pure rotation of the head around
the head CG. A rotational test device (RTD) was designed to de-
liver repeatable and controlled rotations to the head about all three
axes of rotation of the head (Fig. 2). The RTD was driven by a
pneumatically driven linear actuator that was servo-hydraulically
controlled with active feedback (DSD, Linz, Austria). The RTD
used a cable-drive system to translate the linear output of the ac-
tuator into a rotational pulse. The drive drum was connected to a
multi-directional bevel gear box to allow for applied rotations

Axial Mount

Head Fixture
(Saggital/Coronal Mount)

around the three axes of rotation of the head, while maintaining a
consistent initial position of the head relative to gravity. In all cases,
the head was inverted prior to the initiation of the test and returned
to this position immediately following each test. For the sagittal and
coronal pulses, the head fixture was mounted to the through-shaft of
the gear box. For axial rotations, the head fixture was mounted to
the perpendicular output shaft.

The test matrix included four haversine angular velocity pulses
with calibrated maximum magnitude and duration. The pulses were
chosen to represent a spectrum of severities relevant to automotive
and sports impacts.'® Four difference pulses were used, consisting
of two rotational velocity magnitudes (20 rad/sec and 40 rad/sec)
and two durations (30 and 60 ms). These were applied in each of the
three rotation directions. A repeated test of the most severe loading
case (40rad/sec, 30 ms) was performed for each rotation direction,
for a total of 15 tests on the same PMHS.

Instrumentation and data acquisition

Six degree-of-freedom (DOF) head kinematic measurements
were acquired using a sensor array consisting of three Endevco
7264B-500 linear accelerometers (Meggit Sensing Systems, Irvine,
CA) and three ARS PRO-8k angular rate sensors (Diversified
Technical Systems Inc., Seal Beach, CA), which was rigidly
mounted to the head. All data were transformed to the local head
coordinate system as defined by SAE J211 standards.>> A TDAS
PRO data acquisition system (Diversified Technical Systems Inc.,
Seal Beach, CA) was used to acquire the data at a sampling rate of
10kHz with an anti-aliasing filter of 2900 Hz. The linear acceler-
ation data were filtered with a Channel Frequency Class (CFC)
1000 filter and the angular velocity were filtered with a CFC 60
filter. Angular acceleration was calculated by differentiating the
filtered angular velocity data.

Sonomicrometry data was recorded using a 32 channel TRX-
USB Acquisition System (Sonometrics Corporation, London, On-
tario, Canada). Data were collected at a sampling rate of 560 Hz for
the sagittal and coronal rotations, and at a rate of 709 Hz for the
axial rotations. There were a total of 192 transmitter-receiver dis-
tance traces for each test. Before and after each test, static sono-
micrometry data were collected to confirm that all receivers
returned to their original position and that the crystals did not
damage the brain tissue during testing or slip out of position.

Trilateration was utilized to determine the 3D coordinate time-
history of each receiver crystal relative to the reference frame de-
fined by the fixed transmitting crystals. This method uses the

Linear Actuator

FIG. 2. Rotational test device with head fixture mounted.
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FIG. 3. Applied angular velocities and angular accelerations for all coronal tests.

geometry of spheres to determine the absolute location of a point
based on multiple distance measurements. Trilateration calcula-
tions were performed using a multidimensional scaling algorithm
to optimize the computed receiver coordinates based on the mea-
sured distances (SonoXYZ, Sonometrics Corporation, London,
Ontario, Canada). The speed of sound was defined as 1550 m/sec
for all computations. This value was found by optimizing the static
sonomicrometry distances measured at the beginning of testing to
those observed from CT images. This value is consistent with speed
of sound values reported in the literature for brain tissue.*®>’ As
sonomicrometry is inherently more accurate in capturing change in
distance as opposed to absolute distance (errors of 24 ym in change
of distance vs. 1.5mm in absolute distance over a range of 10—
120 mm), each distance trace was shifted so that the initial position
of the trace matched the corresponding distance measured in the CT
images. Following trilateration, all receiver coordinate time-
histories were transformed to the head coordinate system.

Repeatability was assessed using a cross-correlation analysis
tool (CORA)*® which scores the similarity of two signals based on
phase, shape, and magnitude (equally weighted). A perfect corre-
lation (i.e., two equal signals) results in a score of 1. A root mean
squared difference was also calculated for the repeatability of the
applied head kinematics.

Results

All preparation and testing of the PMHS specimen was com-
pleted within 56 h postmortem. The static sonomicrometry data

were used to calculate the difference in transmitter-receiver pair
distances before and after every test to ensure that the crystals
returned to their initial state following each test. On average, all
crystal pairs returned to a position measuring 0.075 £ 0.032 mm of
the pre-test distance. For brevity, the following results include data
from only the coronal plane rotations. All other data and analyses
will be presented in a future publication.

Head kinematics

There was minimal linear acceleration and off-axis rotation of
the head for all loading severities. The angular velocity and angular
acceleration traces for all coronal pulses are also shown in Figure 3.
The average CORA score for the repeated tests was 0.93, with a
standard deviation of 0.05. The root mean squared differences for
those applied angular velocities was 1.3 rad/sec +0.68 rad/sec for
the 40 rad/sec (nominal) tests.

Sonomicrometry

The initial coordinates for each receiver and transmitter were
obtained from the CT images and transformed to the head coordi-
nate system following sonomicrometry instrumentation. During
insertion, receivers 19, 21,22, 26, and 32 were damaged and signals
obtained from these receivers were unusable, yielding a total of 19
usable receivers. Figure 4 shows the positions of each receiver
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FIG. 5. Select distance traces for the repeated coronal 40 rad/
sec, 30 m/sec pulses.

projected to the three anatomical planes. Select processed distance-
time histories are shown for illustration in Figure 5 for the repeated
coronal 40rad/sec, 30 ms tests. The average CORA score for the
repeatability of the crystal responses was 0.999 +0.001.

Trilateration was used to calculate the 3D displacement-time
histories for each receiver. Trilaterated displacement plots for re-
ceivers 9, 16, and 13 in Figure 6 for each coronal test. Crystal
trajectories in the coronal plane during each coronal test are shown
in Figure 7. (Supplementary videos of receiver motion for the
coronal—40 rad/sec—60 ms may be found at www.liebertpub
.com/neu.)

Discussion

Finite element models of the brain are necessary for investi-
gating brain mechanics during head motion. These models provide
insight into brain injury mechanisms and also help establish brain
injury risk functions. As such, it is imperative that the FE brain
models are sufficiently validated for brain deformation using ex-
perimental data with well-defined boundary conditions and re-
peatable loading conditions that are consistent with those that cause
TBI In this study, a new methodology using sonomicrometry has
been developed for quantifying dynamic, 3D brain deformation
during rotational loading of the head. To our knowledge, this is the
first published application of sonomicrometry in the brain and the first
study to capture whole brain deformation fields caused by controlled,
pure rotational loading in multiple directions using a human PMHS
specimen. Although brain deformations at injurious levels have been
quantified in the past using biplanar, radiography the method using
sonomicrometry presents substantial improvements.

The primary disadvantage of biplanar radiography is the re-
quirement for constant line of sight of the embedded NDTs. This
has implications not only for mounting hardware and test fixture
design, but also for the number and placement of the NDTs
throughout the brain. As such, only a planar alignment or regional
cluster of all NDTs can be used in biplanar radiographic tests, and
specific NDT configurations are required for each direction of ro-
tation or impact. Therefore, the utility of each specimen is limited.
Sonomicrometry is capable of measuring brain deformation with-
out these line-of-sight limitations. Provided that the sonomicro-
metry crystals can communicate with one another, a large number
of them can be distributed in multiple, overlapping planes

throughout the brain volume facilitating the mapping of 3D whole
brain deformation. There is no line-of-sight limitation with the
fixation hardware. The use of sonomicrometry does not impose
constraints on the loading conditions and ensuing head trajectories,
as long as there is enough slack in the crystal wires to remain
plugged into the data acquisition system. The ability to test in all
directions greatly increases the utility of each specimen, reducing
the cost and time needed to obtain the 3D experimental data re-
quired to develop model validation targets. Further, sonomicro-
metry is an improvement on the spatial accuracy of the
displacement measurements, and is not subject to limitations with
camera resolution, image distortion, parallax, and errors encoun-
tered in coordinate system transformation.

In this study, a total of 15 tests in three directions were per-
formed on a single specimen, spanning a range of angular velocities
and durations. The rotational pulses applied to the head-neck
specimen were informed by work done by Gabler and colleagues in
2017 that examined brain deformation from nearly 1000 re-
constructed sled and crash tests using a human finite element brain
model.** The reconstructed cases span a range of plausible head
kinematics, from non-injury to concussion to moderate and severe
TBI, based on injury criteria.**'*3%® The Gabler study found that
in most real-world impact environments, maximum brain defor-
mation depends on the magnitude of angular velocity and angular
acceleration (or rotation duration). From the deformation profiles,
two peak angular velocities (20 and 40rad/sec) and two impact
durations (30 and 60 ms) were chosen to cover loading conditions
observed in automotive and sports impacts associated with mild-to-
moderate risk of injury.

Experiments seeking to produce reference data for FE model
validation should use well-controlled, repeatable input conditions
that are readily implementable in FE models. Results from incon-
sistent loading conditions (e.g., impactor tests in which the pulse is
dependent on the mechanical behavior of the specimen) using
multiple specimens cannot be readily combined into a common
data set. In this study, the RTD was designed to apply pure, con-
trolled, and repeatable rotational motion directly to the skull with
the intent of comparing the biomechanics across different PMHS.
An cross-correlation analysis of the repeat kinematic traces using
CORA found a score of 0.93+0.05, showing excellent repeat-
ability of the RTD input kinematics. A root mean squared differ-
ence across time for the repeated pulses in all directions yielded an
average of 1.3rad/sec +0.68 rad/sec for the 40rad/sec tests. Al-
though the motion was constrained to rotation in one direction, the
system is a physical one with eccentricities, including the neck
mass and an estimated axis of rotation of the head-neck specimen,
which lead to off-axis loads and small linear accelerations. The off-
axis rotations were found to be 3-12% of the maximum angular
velocity in the primary loading directions (an average of 6.75%).
Linear acceleration time-histories contained noise spikes reaching
up to 100g. However, because these linear accelerations occurred
over small durations (1-2ms), when filtered at an appropriate fre-
quency (300 Hz), the magnitude of linear accelerations was <15g
for all tests.

For all static data acquired before and after tests, the receivers
returned to within 0.075+0.032 mm of their original location. This
result indicates two key findings. First, the sonomicrometry crystals
did not slip relative to the surrounding tissue they were embedded
in, and, therefore, were representative of the displacement of the
surrounding tissue. Second, the loading conditions applied to the
PMHS head, although at potentially injurious levels, did not result
in gross structural damage to the parenchyma or supporting tissues.
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FIG. 7. Trilaterated receiver trajectories in the coronal plane for the coronal tests. Dots indicate the initial receiver and transmitter
positions. A detailed view of receivers 9 and 31 is shown on the top.

This confirms that the cadaveric tissue integrity remained intact
over the duration of testing, and that the techniques used to embed
the crystals did not result in a loss of brain elasticity. It is important
to clarify that the lack of structural damage does not necessarily mean
that these loading conditions would not result in physiological brain
injury in a living human. Mild TBI injuries typically present without
observable physical damage or gross tissue disruption.®

The return of the crystals to their original position allowed for
the testing of multiple rotation severities in all three planes. A
second 40 rad/sec, 30 ms test was conducted for each axis of rota-
tion to assess the repeatability of the proposed test conditions and
sonomicrometry methods. Excellent repeatability, with an average
CORA cross-correlation score of 0.999+0.001, was observed in
the distance measurements, and both sets of results were nearly
identical in shape, phase, and magnitude (Fig. 5). This repeatability
also translated to the trilaterated displacements and receiver tra-
jectories (Fig. 6).

Trilateration was used to determine 3D displacement time his-
tories for each receiver. Although the algorithm provided excellent
results for most tests (Figs. 6 and 7), there were one or two cases in
which the trilateration solution failed to converge properly despite
the availability of good distance traces for that receiver. This was

evident when the final trilaterated displacement did not return to
its original position (~ 0 mm) despite that the individual distance
traces between pairs of sensors returned to zero. These errors are
likely indicative of a limitation in the trilateration algorithms uti-
lized in the SonoXYZ software for this particular application of the
sonomicrometry instrumentation. Future work should include de-
veloping a more robust algorithm for trilateration that is tailored for
the sensor setup described in this study.

Three dimensional whole brain deformation data are critical for
understanding the fundamental mechanical response of the brain. A
diffuse array of crystals in the brain allows for the quantification of
parameters describing the motion of individual crystals, such as
peak-to-peak displacement, duration and frequency of the transient
motion, and the lag time between the head and brain motions, as
well as regionally dependent trends. The ability to test one head in
all directions and loading severities also allows for comparisons of
these parameters for the same crystals across head angular velocity
magnitude, duration, and direction of head motion without prepa-
ration or specimen variability. For example, peak-to-peak dis-
placements, defined as the maximum point-to-point displacement
during the trajectory of each crystal, as large as 11, 12, and 23 mm
were observed in the coronal, sagittal, and axial tests, respectively.
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The transient response of the brain was observed to last between 100
and 200 ms after the initiation of rotation, suggesting a mechanical
vulnerability of the brain during this time. The frequency response of
the brain motion was found to be ~ 12-20 Hz, which is within the
range of automotive crash and sports impacts to the head. The crystal
trajectories typically formed an arcing path in the plane of rotation
(Fig. 7). Although some regions experienced high deformations,
others saw little to no motion of the brain crystals, which suggests
that the brain deforms around an axis that is not coincident with the
axis of rotation applied to the head. These observations suggest the
potential for regions of vulnerability of the brain, which may be
sensitive to direction, magnitude, and duration of loading.
Although Hardy and colleagues'>'® were able to quantify brain
deformation, it is difficult to conduct any comparison of the two
data sets. The applied head kinematics in this study were purely
rotational, whereas Hardy and colleagues conducted a series of
impacts with resulting linear and rotational head kinematics. This
study also utilized a single specimen to test all head directions,
whereas Hardy and colleagues needed multiple specimens to test in
different directions. The brain markers in the Hardy tests were at
different locations compared with those in this study, and they were
clustered within limited volumes of the brain. Additionally, the
neck was constrained in the Hardy studies while the head was
impacted, whereas this study allowed the neck to move with the
head. A constrained boundary condition at the neck could poten-
tially influence the deformation of the inferior regions of the brain
caused by pulling through the cervical spine and spinal cord.

Conclusion

The availability of accurate, 3D deformation data of the human
brain will help improve the biofidelity of FE brain models and will
lead to better techniques for predicting and mitigating concussion
risk. This study provides a novel, comprehensive methodology
utilizing controlled mechanical input and sonomicrometry to
measure 3D whole brain motion in dynamic head rotation tests.
This methodology provides significant advantages over previous
experiments, including:

e 3D motion capture of up to 24 sonomicrometry crystals
within the brain without the need for biplanar radiography

e Ability to prepare and test a PMHS specimen rapidly post-
mortem, preserving tissue integrity

e Ability to test all three planes of rotation with no sensor
adjustment, and minimal mechanical adjustments

e Repeatable, pure rotational inputs to vary the magnitude and
duration of the head kinematics

e Repeatable brain motion measurements, as evidenced by the
return of the crystals to their initial position and matching
responses in the repeated test case.
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