ABSTRACT

CHANDRASEKARAN, SANDHYA. Ultrasound Imaging of Shear Shock Waves in the Brain: Application
to Traumatic Brain Injury. (Under the direction of Gianmarco Pinton)

The relationship between local brain motion and the resulting Traumatic Brain Injury (TBI)
remains poorly understood despite many decades of investigation. This is due to challenges associ-
ated with directly and quantitatively measuring the local brain biomechanics in living tissue during
the fast time scales occurring during an impact. Using high frame-rate ultrasound imaging and
< lum sensitive motion tracking algorithms our research group recently measured ex vivo brain
motion in the previously uncaptured high strain and strain-rate regime. The quantitative imaging
technique led to observing the development of shear waves into shear shock waves for the first
time in soft tissue i.e. shear waves propagated into the brain underwent a nonlinear distortion into
shock-fronts with destructive accelerations within a wavelength of propagation. We hypothesize that
the magnified shock accelerations and strain-rates forming deep inside the brain are an important
mechanism behind certain types of TBI. In this study we present ultrasound methods to image the
shear shock formation in the in vivo porcine brain and relate it to the etiology of deep brain injuries
by histological methods.

First we establish a custom imaging sequence with interleaved ultrasound emissions to image
shear shock waves in the acoustically reverberating environment of the in situ porcine brain post-
craniectomy. The sequence consisted of multiple transmissions to image different lateral sections
of the brain during a single-shot shear impact imparted by attaching a custom plate source with
a perforated mylar surface. For a uniform lateral illumination of the field, wide beam emissions
were designed using time-reversal ultrasound simulations and no compounding was used to avoid
motion blurring. These methods were subsequently translated to the in vivo setting where shear
shock waves were propagated and imaged within the live porcine head under anesthesia. Post
euthanasia, histological analysis of the impacted brain showed clear structural changes in the local
axonal pathology at the location where shear shocks were imaged. This validation is the first evidence
of a potential link between TBI and the shear shock wave mechanism which is practically unstudied
as compared to the vastly explored acoustical shock waves.

In a subsequent experiment we demonstrate the focusing of shear shock waves due to the
spherical morphology of a human head phantom to a tiny super-resolved region (i.e. much smaller
than the shear wavelength) with highly amplified accelerations. The experimentally tracked motion
in the brain and head phantom are shown to be in excellent agreement with theoretical predictions
from a custom higher-order finite volume method that models the nonlinear propagation of shear
waves in relaxing soft solids.

Further, we show that even under a uniaxial excitation, large amplitude shear wave motion



in a soft solid medium does not remain uniaxial. By applying a custom 2D Normalized Cross
Correlation (NCC)-based algorithm, we show that it is possible detect shear waves propagating
along the direction of excitation as well as orthogonally, just using 1D ultrasound data from a brain
phantom.

Lastly, using Finite Difference Time Domain (FDTD)-based ultrasound simulations we present
an approach to model displacements smaller than the spatial grid-size (subresolution) by varying
the impedance values in the finite difference grid. This impedance flow method was then applied to
represent the displacements of a brain medium that is undergoing shear shock wave motion in the

ultrasound imaging framework.
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CHAPTER

1

INTRODUCTION

Traumatic Brain Injuries (TBIs) are a globally leading cause of death and disability. About 1.1 million
emergency cases of TBI are treated each year in the United States, out of which 50,000 deaths are
estimated to occur and 235,000 are treated for non-fatal TBI  [Cor10; Gus0(]. Brain injuries have been
reported to constitute 12% of all hospital admissions in the United States ~ [San93 although, this may
be only be a small fraction of the total cases of TBI. Vehicular accidents, falls and assaults are known
to be responsible for 51% of brain injuries  [Mey01; Tag06], in agreement with the global occurrence
of TBI increasing rapidly with rising motor-vehicle use  [Maa08]. In children and young adults, TBI
results in long-term disability in 25% of the cases [Cla01], making it responsible for longer durations
of disability than any other cause [Maa08]. Abusive head trauma or the shaken baby syndrome is a
leading cause of infant mortality where the victim is subjected to repetitive head acceleration and
deceleration [Bru89; Kee04]. In the US there are 30 cases resulting in infant fatality /morbidity per
100,000 children under the age of 1 [Kee04].

A predominant type of TBI occurring in 40-50% of the cases is Diffuse Axonal Injuries (DAIS)
which is believed to occur in almost all vehicular accidents entailing loss of consciousness  [Why98;
Mey01]. Recently, it has become increasingly clear that even mild traumatic brain injuries (mTBI)
[Deal3] often result in DAIs that are responsible for about 26,000 deaths and >20,000 cases of
functional loss annually [Ale95; Ing05; Joh13; Skal9; Hea84. Moreover, DAIs have been linked to
the widespread disruption of brain networks [Gen82; Meal4] and the incidence of progressive
neurodegenerative diseases including the Parksinon's and Alzheimers [Che04; McK09; Joh1(Q.



Despite TBI-related research prevailing for several decades, the relationship between local brain
motion and injury is still not well understood, due to challenges of directly and quantitatively
measuring brain motion in the large strain and high rate regime as occurs during injurious im-
pacts [Mac18]. The key to understanding TBIs lies in the relationship between brain biomechanics
and neuropathology.

1.1 Measurements of head motion are poor indicators of brain motion

Since injurious experiments on the living brain are infeasible due to ethical reasons and since tissue
degrades rapidly post mortem, TBI studies rely extensively on simulations  [Mil19; Zha04; Ji14; Kle07].
Finite element-based models for instance, use material properties of brain samples where the elastic
constants vary by 2-3 orders of magnitude [Gorl5]. Experimentally, the severity of brain injury is
commonly measured based on head acceleration measurements using sensors attached to skin,
ears or mouth or by using videographic data [Bec12; Cam13; Sal08; Kim93. However, global head
motion is a poor predictor of injury since the skull is hard and the brain is soft and the biomechanical
relationship between the two types of motion is extremely complex. Commonly adopted metrics of
head injury such as the Head Impact Criterion (HIC) which rely on head translational / rotational
acceleration [Rim81; Gre08] are associated with errors as high as 500% [Wul6a] and their link to
injury are not well established [Gus07].

1.2 Biomechanical models of TBI

Small animal models have been widely used to reproduce the neuropathology and neurobehavioral
outcomes of TBI [Dix91; Mea94; Lig90; Chel2; Cer05. However the deformation in large gyren-
cephalic brains in humans is signi cantly higher than in the lissencephalic rodent brains. Hence
there is an increased interest in shifting to animal models  [Dutl16; Fin03; Kin10; Rag02] that have
a white matter volume and morphology that is closer to humans. The use of large animal models

is particularly relevant to diffuse axonal injuries, which form deep inside the brain, and therefore
require large volume models [Vin18].

Three primary clinically relevant models of head injury are uid percussion [MclI87], controlled
impacts [Lig88] and exposure to blasts [Tab06]. Fluid percussion injuries (FPI) have been applied to
the full spectrum of animal models including rats  [Tho05], mice [Car98], dogs, sheep[Mil85] and
pigs [ARM94], which involves rapid injection of a uid pulse to the exposed dura. It has been shown
that the location of craniectomy (midline versus lateral sites) produced unique histopathogical
responses [Mcl87; MclI89 ]. The injury parameters such as the peak uid pressure, rise time and
duration are accurately adjustable using computer-controlled pneumatic or hydraulic impactors
[Kab10; Wah15]. However FPI is not an ideal model for human DAIs and it more closely represents



other types of injuries namely contusion or hemorrage  [Mey01].

Controlled cortical impacts (CCI) use a pneumatically or electromagnetically driven rod to im-
pact the surgically exposed cortical dural surface with ne control over the velocity, depth, duration
and site of impact [Lig88; Dix91; Osil6]. The CCl model has been versatile with producing many
of the histopathological effects of TBI in human such as cortical contusion  [Atk13; Sin10], damage
to the blood-brain barrier [KOC95], axonal injury [Glul4] and in ammation [Gatl13]. However like
FPI, CCl is limited in its ability to model diffuse effects as it is a focal model of injury that occurs
near the surface, as a result of pushing into the brain  [Osi16]. Blast-TBI is a non-impact, closed skull
injury model with high relevance to military applications that has been used to observe a variety of
injury types including DAIs, contusion and hemorrhage arising from exposure to the acoustic shock
waves [Sch08; Arm06; Hic10].

Human DAIs have been closely replicated using angular head acceleration and deceleration in
primates [Gen82]. Along with longitudinal forces, shear strains resulting from rotational forces are
known to contribute to DAl  [XS00; Dav1]. In shaken baby syndrome, the injury is most commonly
produced by rotational movement of the brain in the cranial cavity, resulting in shearing forces
that cause disruption of axons [Cas0]]. In this study, we have developed the methods to impart
controlled shear excitation of the porcine brain to result in deep non-focal injuries as observed in
closed skull impacts.

1.3 Ultrasound imaging can measure brain motion directly with high
motion sensitivity

Injury is known to be rate-dependent [Ahm14; BK16]. It has been shown that at a strain-rate of
0.01s 1, axons can be stretched up to 100% whereas microtubules are seen to break when strains
exceed 65% at a loading strain-rate of 44s ! [Ahm14; TS10].

Impacts typically last <50 ms [Clo13] during which, the brain undergoes large, nonlinear strains
(0.07) at high rates (40s 1) [Sul15], which are challenging to sample adequately using conventional
imaging techniques. Previously high speed cameras have been used to image motion in transparent
brain phantoms with grid patterns  [Mar90; Mea95]. Direct measurement of brain motion has been
done using high speed X-ray imaging although the method relies on implanted markers to generate
contrast and is therefore limited in spatial resolution ~ [Har01]. Recently, high speed MRI has been
used to measure mild brain motion using gradient-echo sequences [Bay05; ClalZ. However the
frame-rates are still too low (167 images /s[Sab0§]) to sample brain motion at rapid time scales of
<50 ms due to the fundamental limit imposed by the spin relaxation physics. Soft solids like brain
and gelatin have a shear wave speed (ct =2 m/s) which is much smaller than the compressional
wave speed (c, = 1500 m/s). This difference in speed enables pressure waves from ultrasound to
image the shear elastic properties of soft tissue [Tan02; Oph91] with high depth penetration, spatial



resolution and high acquisition rates. Head impact frequencies lie in the range of 25-400 Hz [Brol7]
and the frequencies associated with the local nonlinear brain response are even higher.

1.4 Observation of shear shock wave formation in the brain using ultra-
sound

High frame-rate ultrasound (up to 10,000 frames /s) has the right combination of imaging frequency
and soft-tissue contrast to sample tissue motion in the nonlinear elastic regime  [Cat03; Esp174. In
combination with adaptive correlation-based tracking algorithms (displacement sensitivity <1l m)
[Pin14], it has been used to observe that, the shear waves generated by an impact to the brain can
develop into destructive shear shock waves [Espl7b].

The rst observation of shear shock waves was performed in 2003 by Catheline etal. [Cat03] using
high frame-rate ultrasound at 5000 images /s in an elastic gelatin medium. Recently, by developing
ultrasound sequences at frame-rates of 6000 images / s our research group measured rapid brain
motion in an ex vivo setting, during controlled shear impacts lasting <200 ms wherein, linear shear
wave displacements imparted at the brain surface developed into nonlinear shear shock wavefronts
deep inside the brain [Esp17b]. At the shock front the acceleration is ampli ed by a factor of up to
9.3, i.e. a45y wave developed into a 420 g wave 6.3 mm deep inside the brain. This exciting discovery
led us to hypothesize that the occurrence of these destructive shock accelerations over such short
spatio-temporal scales may drive neuronal damage deep inside the brain as occurs in certain types
of TBI namely DAl and chronic traumatic encephalopathy.

In this study we use an in vivo porcine brain model to propagate shear shock waves and analyze
the resulting cellular injury. Understanding the relationship between shear shocks and diffuse
injuries can open new possibilities to inform and calibrate the simulation tools prevalent in TBI
research as well as to develop impact models to aid the design of protective systems in automobiles,
sports and military equipment. Although the techniques developed in this study are focused on brain
injuries, the presented imaging sequences, simulation tools and motion tracking algorithms have
applications beyond TBIs. These methods can be used to model and image traumatic impacts to
other vulnerable organs such as liver or spleen for example, that are easily accessible by ultrasound.

1.5 Shear shocks are highly understudied unlike compressional shocks

Shear shocks are fundamentally unlike acoustical shocks which have been studied extensively in-
cluding within the context of TBI. Shocks in compressional mode have been extensively investigated

in the form of intracranial pressure in the brain during the incidence of a blast shock wave [Leoll;
Skol3; Bol11]. The soft tissue in the brain has nonlinear shear properties that are several orders

of magnitude larger than its compressional properties. Owing to the high bulk modulus the same



amount of energy results in shear displacements that are 3 orders of magnitude larger than in
compressional mode. A typical Mach number (particle-velocity /wave-speed) for compressional
waves in soft tissue is on the order of 10 4, and on the order of 1 for shear waves [Pin10; Esp17b]. This
is due to a very low shear wave speed (2 m/s) which in the case of a violentimpact is comparable to
the particle velocity (typically 2 m /s or higher). These extremely nonlinear shear waves can generate
shocks within a single propagation wavelength i.e. areas with smooth shear waves can be adjacent
to violent shear shocks. Outside of our group, there are no other known reports of observing shear
shock waves in tissue to the best of our knowledge.

1.6 Numerical simulation of shear shock wave physics

As large amplitude shear waves undergo nonlinear propagation through the brain, the wave speed
changes with the local instantaneous velocity [Cat03; Lan86], resulting in the sharp increase in the
slope at the peaks and troughs. This type of motion under a linearly-polarized plane wave excitation
can be described by a cubically nonlinear version of Burgers' equation  [Cat03; Esp17b] whose Fourier
spectrum has a unigue odd harmonic signature i.e. only the third, fth, seventh, etc. multiples of

the fundamental frequency are produced.

The recent discovery that shear shock waves can form in soft solids [Cat03] and the brain [Esp17b]
has generated interest in modeling and simulating this practically unstudied biomechanical be-
havior. Finite element methods are generally designed to model nonlinear elastic behavior  [ZieO05;
Yel7] however, there are no reports of nite element methods successfully modeling shear shocks.
Thus for transient waves in general, and especially shock waves, methods that are designed to be

ux conservative, such as nite volume methods seem to be more appropriate [LeV02]. In general,
shear wave deformations in soft solids have been studied using the stress-strain response based on
a strain-energy-density-function [Ogd97].

In this study, the experimental measurements of shear shock waves in the brain and brain
phantoms are validated using a higher-order nite volume method-based simulation tool developed
within our research group by Tripathi etal. [Tril9b; Tril9a]. Based on Landau's model [Lan86] which
consists of third- and fourth- order terms of Lagrangian strain tensor invariant, a nonlinear shear
wave equation was derived for linearly-polarized waves by Zabolotskaya etal [Zab04]. This nonlinear
model, originally developed for lossless media, was subsequently extended to model nonlinear
shear wave propagation in attenuating and dispersing soft solids  [Tri19b; Tril9al].

This simulation tool numerically solves a Burgers-like equation in 1D, with a cubic nonlinear
term instead of a quadratic term [Zab04], and is written as:
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where v is the particle velocity orthogonal to the direction of propagation z,and =t z=c isthe
retarded-time (where the time-axis t moves with the wave atthe linear shear speed c; ). The nonlinear
parameter = §— where and are the linear and nonlinear elastic constants, respectively. The
second and third terms respectively denote dispersion and attenuation which are imposed using an
operator splitting approach using the Fourier spectrum of v, as denoted by F (v).

The model is capable of imposing empirical attenuation power laws while preserving the
Kramers-Kronig causal dispersion relations.

1.7 Fullwave ultrasound imaging simulations

Finite difference simulations can model ultrasound propagation through the multi-scale hetero-
geous representation of human tissue [Mas97; Mas98; Mas02; Pin09]. Finite Difference Time Domain
(FDTD) methods can directly model wave propagation and hence, account for physical phenomena
such as single and multiple scattering, re ection and refraction. The backscattered energy received
at the transducer surface can then be beamformed into a highly realistic ultrasound image. Using
time domain equations, simulations of linear and lossless propagation of ultrasound in maps of
the human abdominal wall have been successful in visualizing the time-shift aberration in the
wavefront due to large-scale tissue inhomogeneities [Mas98].

A FDTD-based simulation tool (referred herein as “Fullwave”) that we have previously devel-
oped [Pin09], uses a second-order method to describe nonlinear propagation of acoustical waves
in heterogeneous, attenuating media, such as the soft tissue of the human body. The Fullwave
tool has been used to generate highly realistic ultrasound images, to study the sources of image
degradation [Pinl11; Pinlla] and to understand the principles behind new imaging methods, such as
short lag spatial coherence imaging [Dah12; Pinl14]. It has also been used to simulate how elements
that are blocked by ribs can degrade image quality [Jak17 and to describe multiple scattering due to
microbubble contrast agents [Jos17. This simulation approach has been used to successfully model
human transcranial focused ultrasound therapy of the brain. The direct propagation approach along
with the three dimensional nonlinear propagation wave physics has been used with time-reversal
acoustics to correct for individual skull morphology and to determine heat deposition [Fin92; Per07;
Pinlla; Soul9; Pinl12].

1.7.1 Implementing tissue motion in ultrasound simulations

Since brain motion measured experimentally is unknown  a priori , i.e. there is no ground truth, there
is a need for a simulation platform that can be used to validate our imaging sequences and tracking
algorithms.

Tissue displacements have been tracked using ultrasound to image the elastic properties of
tissue extensively in elastography and blood ow measurement applications  [Welll; Sarl1; Lou95a;



Kas85a; Emb9(. Finite-element method (FEM)-based simulations have been used to simulate tissue
motion due to acoustic radiation forces [Nig00; Pal05; PalO6a; Pal0g that are calculated indepen-
dently using other widely used linear acoustic eld simulation programs such as FIELD [Jen9q and
FIELD Il [Jen04 that use a convolution approach as opposed to modeling the acoustical wave prop-
agation. However by not directly modeling the wave propagation, effects such as backpropagation,
multiple re ections and multiple scattering cannot be modeled. Besides, in these previous works,

the implementation of tissue displacements relies on separate FEM platforms and is not integrated
into the ultrasound simulation framework.

To mimic the experimental scenario of imaging the brain undergoing shear shock wave motion,
the Fullwave tool has been used to simulate ultrasound propagation through a map of the human
brain that is moving due to a known shear shock wave motion. Generally, displacements of athe map
in a nite difference grid would be implemented by physically moving the scatterers pixel to pixel.
But this approach would require the grid pixel size to be as small as the lowest desired displacement,
which would magnify the computation cost of the ultrasound simulations by three orders of magni-
tude [Pin17; Cha20]. Alternatively we have previously described an approach by which sub-pixel
displacements can be implemented by " owing" i.e. varying the acoustical impedance values across
the scatterer pixels without reducing the grid size. The impedance ow method was previously
introduced for a simpli ed case of a hoomogenous eld of scatterers moving due to low amplitude
elastography forces [Pin09]. Here we propose a generalization of the impedance ow method that
describes the sub-resolution motion of structured acoustical maps, such as the map of the human
brain. The method is then validated by implementing subresolution displacements of the brain
map due to a a priori known shear shock wave motion. Unlike forced in shear wave elastography,
this shear shock wave motion can be quite complex, it has a clear odd harmonic signature in the
frequency spectrum, i.e. only the third, fth, seventh, etc. multiples of the fundamental frequency
are generated by the nonlinear propagation. In other words, to impose the nonlinear brain motion,
one must also accurately capture the odd harmonic spectrum. We expect that this approach will
lead to improvements in image sequence design that takes into account the aberration and multiple
re ections from the brain and in the design of tracking algorithms that can more accurately capture
the complex brain motion that occurs during a traumatic impact. These methods of modeling
ultrasound propagation in moving media can also be applied to other displacements, such as those
generated by shear wave elastography or blood ow.

1.8 Summary of chapters

In this dissertation, the methods developed to observe the formation of shear shock waves in the
in situ cadaver porcine brain along with the results are described in Chapter-2. The contents of
Chapter-2 have been published in [Cha22]. Chapter-3 includes the translation of these methods to



the in vivo porcine brain and the subsequent assessment of brain injury using histological methods.
Chapter-4 includes the work on the observation of focusing of shear shock waves within a human
head phantom to a small super-resolved shock-front. The experimental methods and partial results
described in this chapter have been published in  [Tri21]. Chapter-5 includes our work on the 2D
tracking of shear wave propagation using just 1D ultrasound data in brain and brain phantoms.
Chapter-6 includes the simulation approach developed to implement subresolution displacements

of tissue maps in nite difference based Fullwave ultrasound simulations. The contents of this
chapter have been published in  [ChaZ20].



CHAPTER

2

IN SITU IMAGING OF SHEAR SHOCK
WAVES IN THE PORCINE BRAIN

2.1 Introduction

The relationship between local brain motion and traumatic brain injury (TBI) remains poorly
understood in the large strain and high rate regime, due to challenges in measuring brain motion
directly and quantitatively during injurious impacts. TBI studies typically rely on head acceleration
measurements [Rim81; Gre08; Cam19; Her15a; Cril4; Dan12; Row13. However, local brain motion
under impact is far more complex than the rigid motion of the skull [Bay05; Sab0§.

Since injurious experiments on the living brain are infeasible due to ethical reasons and since
tissue degrades rapidly post mortem, TBI studies rely extensively on simulations  [Mil19; Zha04; Jil14;
Kle07]. Finite element-based models for instance, use material properties of brain samples where
the elastic constants vary by 2-3 orders of magnitude [Gorl5]. There is therefore a need to directly
measure local brain motion during impact to establish its link with injury and in order to validate
TBI simulations.

Shear shocks are fundamentally unlike acoustical shocks which are studied extensively including
within the context of TBI. Brain tissue has nonlinear shear properties that are several orders of
magnitude larger than its compressional properties. A typical Mach number (particle-velocity / wave-
speed) for compressional waves in soft tissue is on the order of 10 #, and on the order of 1 for



shear waves[Cat03; Pin10; Esp17l]. This is due to the very low value of the shear wave velocity (2
m/ s) which in the case of a violent impact is comparable to the particle velocity (typically 2m/s).
Consequently these extremely nonlinear shear waves can generate shock fronts within a wavelength
i.e. areas with smooth shear waves can be adjacent to areas with violent shear shocks.

Impacts typically last <50 ms [Clo13] during which, the brain undergoes large, nonlinear strains
(0.07) at high rates (40 s 1) [Sul15], which are challenging to sample adequately using conventional
imaging techniques. X-rays can image the human brain at high frame-rates of 10,000 images /s
[Har07], but are limited by poor soft tissue contrast. Although high speed MRI offers high resolution,
the frame-rates are too low (167 images /s [Sab0§) to sample motion within <50 ms. The high
compressional wave speed of soft tissue compared to the shear wave speed enables the use of
acoustics to measure shear wave dynamics in brain  [Cat03]. High frame-rate ultrasound methods
have been used to measure deformations in other in situ organs in the body [HD16]. Recently, using
high frame-rate ultrasound (at 6000 images /s) and high sensitivity displacement tracking( <1 m
), we showed that, large amplitude planar shear waves propagated in the ex vivo porcine brain
develop into destructive shear shock waves [Espl7b]. The 35g excitation wave developed into a
300g shock-front deep inside the brain which we hypothesize, may be responsible for certain types
of TBI. Previously, the imaging was performed on ex vivo porcine brains embedded in gelatin, which
presented a) fewer sources of image degradation as compared to the re ective skull surfaces around
the in situ brain and b) an indirect mechanism of transmitting shear waves into the brain. In this
previous work, a ash focus imaging sequence was designed to generate more accurate estimates of
brain displacement as compared to plane-wave compounding which inherently blurs motion in
high signal-to-noise ratio (SNR) regions and generates discontinuous estimates from false-peak
errors in low SNR regions [Esp17b]. Therefore, multiple focused transmit events were used to image
partial sections of the ex vivo brain during each impact, to maintain a high frame-rate as well as
high SNR [Esp17b]. However, this approach required the brain to be impacted multiple times (i.e.
16), limiting our potential to investigate injury in the live brain in the realistic, single impact regime.

Here we develop an imaging method that a) measures shear shock wave formation in the
challenging in situ brain environment b) requires only one impact and c) uses a shear wave source
directly attached to the brain. A high frame-rate ultrasound sequence (2193 images /s) was designed
to interleave multiple transmit-receive events to image different sections of the brain but collectively
synchronize with a single mechanical shake i.e., only a single impact is necessary to quantitatively
image brain motion rather than multiple impacts. A wide-beam emission was adopted for along eld
of view and to optimize the number of trasnmits necessary to maintain a high SNR throughout the
image width. The wide beam was designed using a nite difference time domain-based ultrasound
simulation tool (referred to as “Fullwave") that we have previously developed  [Pin09; Pin11; Pinl14],
in conjunction with a time-reversal technique  [Pinlla; Fin92; Per07; Soul9; Pin13.

Brain displacements were measured from the beamformed radio-frequency (RF) data using an
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adaptive Normalized Cross Correlation (NCC)-based tracking algorithm that has been previously
validated for shear shock wave motion [Pin14]. Here sinusoidal impacts are used because they more
clearly illustrate the fundamental shear shock wave physics and haversine impacts are used because
they more closely model real-world impacts [Gab20; Sah1g. The experimentally detected shear
shock waves were characterized in terms of particle velocity, acceleration, strain-rate and compared

to theoretical predictions of nonlinear shear wave propagation in a viscoelastic brain medium, using

a Piecewise-Parabolic-Method based simulation tool  [Tri19a].

2.2 Methods

2.2.1 Experimental design

Porcine heads were extracted 20 minutes post-mortem from 4 month old Yorkshire pigs. A craniec-
tomy and durectomy was performed a) to directly attach the  in situ brain to an external excitation
source and b) to access the brain for ultrasound imaging. The head was secured in place using a
stereotactic frame. A 3D-printed plate conforming to the brain surface (circular arc cross section,

28 mm radius) was adhered with cyanoacrylate to one hemisphere of the brain (Fig.1) and vibrated
along the z axis by coupling to an electromechanical shaker (Vibration Test Systems, Aurora, Ohio,
USA) as done in [Cat03] and [Espl17b], to propagate shear waves in the brain along x. The ultra-
sound imaging was performed using a research scanner (Verasonics, Kirkland, Washington, USA) by
placing a 7.8 MHz ultrasound probe (ATL L11-5) 6 mm above the brain over a layer of ultrasound
gel, with its lateral axis oriented along  x.

Figure 2.1 In situ experimental design consisting of a fresh porcine head subjected to craniectomy. Shear
wave plate source was attached to the brain and oscillated along z by coupling to a shaker. Resulting shear
wave motion in brain was monitored by placing an ultrasound probe over the brain along the direction of

the wave (x).
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2.2.2 Shear wave propagation using mechanical excitation

In the rst part of the study, impacts to the brain were generated by a shaker transmitting a 10
cycle, 40 Hz sinusoidal train enveloped using a -80 dB Chebychev window. The shaker response was
recorded using a linear accelerometer (PCB Piezotronics, Inc., Depew, NY, USA) (Fig.2). This pulse
was chosen to have control over the spectral content and to understand the shock wave physics in a
more generalizable way, i.e. across a frequency range, rather than being restricted by the choice of a
speci c impact. Then in an independent experiment, the impact was a single cycle haversine pulse
centered at 50 Hz. The impact frequencies were chosen from the range (10-100 Hz) measured in
head impact responses using instrumented mouth-guards in various contact sports ~ [Lak15; Her15b].
Moreover at 40-50 Hz, the shear wavelength is 4-6 cm, allowing the shock formation distance to be
well within the brain for imaging access.

() (b)

Figure 2.2 Initial condition was a 10 cycle, 40Hz pulse enveloped using a -80dB Chebychev window with a)
an acceleration amplitude was 25 g and b) a velocity amplitude of Im =s.

2.2.3 Custom interleaved ultrasound sequence design and motion tracking

Brain motion was captured using an imaging sequence with 8 transmit-receive events focused at
different lateral locations (Fig.3(a)). The 8 events were interleaved to obtain one image of the brain
in motion, i.e. ring ordering was at locations 1,5,2,6,3,7,4,8. Subsequently, the next set of 8 events
generated the next image of the moving brain and in this manner, 4560 transmit events generated
570 images at 2193 imaged s (movie included as supplementary material). Each frame of the RF
data was beamformed using a conventional delay-sum algorithm (Fig.3(a)), producing 256 B-mode
lines (i.e. 32 lines were beamformed in a parallel-receive fashion per emission) [Espl7a; Sha84.
Interframe displacements were tracked using an adaptive algorithm validated to accurately track
the nearly discontinuous shear shock-front [Pin14; Esp17b].

As opposed to using a focused emission, a custom wide-beam was designed with a consistent
width of 5mm throughout its axial propagation (Fig.3(b)), to maintain a high SNR near the beam
edges. The beam was designed using Fullwave simulations by placing a 5mm wide, thin scatterer in
the simulation eld. The scattered RF was collected by placing a receiver at the top of the eld and
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Figure 2.3 a) Custom imaging sequence consisting of 8 transmit-receive events with parallel-recieve beam-
forming, to image different lateral sections of the in situ brain. Images of the moving brain were acquired
at 2193 images/ s for the motion tracking.b) A wide emission beam was designed using Fullwave simula-
tions, to maintain a constant 5mm width throughout a large depth of the eld. ¢) Hydrophone-measured
pressure eld due to the 8 interleaved emissions.

then time-reversed to obtain the wide emission pulse (Fig.3). The acoustical pressure eld of the
wide beam was measured in water at a transmit voltage of 4V, using a needle hydrophone with a
frequency range of 1-10 MHz (HNA-0400, ONDA, Sunnyvale, California, USA), over a depth range of
5-30 mm using a sampling step-size of 500 m laterally and axially. Fig.3(b) shows a single "pencil"
beam (grid-size interpolated by a factor of 25) uniformly illuminating the area within its lateral
extent, providing a long depth of eld. Together, the eight beams illuminate the whole eld of view

(Fig.3(c)).

2.2.4 Validation with numerical simulations of shear shock waves in brain

Experimental results for the sinusoidal excitation were compared to theoretical predictions based

on the formulation and numerical methods proposed by  [Tril9a]. Brie y, a system of nine rst-order
balance laws was proposed to describe the nonlinear propagation of linearly-polarized shear waves

in a plane orthogonal to the axis of particle displacement in a homogeneous, isotropic, relaxing
soft solid. The nonlinearity is governed by a cubic term resulting from a fourth-order expansion

of the strain energy density function, with a nonlinear parameter =3( +A=2+D)=2 where A
and D are third and fourth order elastic constants, respectively [Lan86; Zab04]. The brain being
highly attenuating and dispersing, a three-body generalized Maxwell body was used to model the
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relaxing media i.e. the attenuation power lawwas (! )=a! ° and the dispersion was given by the
Kramers-Kronig causality conditions (details in  [Tri19b; Tril9a]).

The simulations were performedina 95 75mm 2 domain, using a circular arc (radius 26 mm, arc
length 35 mm) as the source. Experimental data recorded near the plate was used as the excitation
pulse for the simulation, with an amplitude of 1 m /s at a frequency of 40 Hz. The spatial domain was
discretizedwith x= y =130 mand t =23 s.Thelinearshearspeed inthe brain medium
was de ned as ¢y = 2.10m/s at 75 Hz, with a density of 1000 kg / m?, attenuation 0.06! 1% Np/m
and nonlinear parameter = 44.24 (estimated from experimental data published in  [Esp17bh])
[Tri20; Tri21].The attenuation / dispersion mechanism counters the nonlinear effect and delays the
formation of sharp shock fronts. The quantitative analysis of the effect of attenuation  / dispersion on
shear shock formation distance will be pursued in a separate future work  [Tri20].

2.3 Results

By dividing the tracked brain displacements by the sampling period the local particle velocity was
calculated. Acceleration being a more relevant metric for injury, was calculated using a frequency-
based derivative [Opp97] as,
a(t)=F 1 if F (v(t))), where a(t)is the acceleration time signal, i = P "1, f is the spectral fre-
guency and v (t) is the velocity time signal. Numerical differentiation methods can be noise-sensitive
and it is critical that our acceleration estimates are accurate at the shear shock-front. Noise in the
experimental velocity was reduced prior to the derivative calculation using a low-pass Butterworth
lter, with a cut-off frequency atthe 13 ™" harmonic (520 Hz for the shear wave central frequency
of 40 Hz). This differentiation method was previously validated using a simulated velocity signal
with a similar noise level and sampling rate as experimental velocity  [Esp17b]. It was shown that
the method preserved the shock-front acceleration peaks and underestimated their magnitude by
15%.

The rightward propagation of the sinusoidal shear wave into the brain is shown as snapshots of
velocity and acceleration (Fig.4). The acceleration amplitude reachesto >110g itis clear that the
development and decay of the shock-front is a rapid event lasting <5ms and <15mm of propagation
(movie included as supplementary material).

The average velocity over a depth range of 13 to 15mm is shown as a spatio-temporal map in
Fig.5(a). The shock-front is evident as the sharp phase-change in the velocity pro le at the two
central positive cycles, upto >10mm from the plate source. From the velocity waveforms in Fig.5(b),
the development of the shock-front is evident at 7.1 mm from the plate (orange plot, corresponding
to orange marker location in Fig.3(a)) from the sudden rise in slope at 0.11 s. In contrast, the shear
wave at 3.3 mm from the source (blue plot, Fig.5(b)) has distorted much lesser from the smooth
sinusoidal source excitation. Beyond 7.1 mm of propagation, the velocity amplitude decreases due
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Figure 2.4 Snapshots of a) particle velocity showing inward propagation of shear wave-front in the in situ
brain, b) particle acceleration of >110g at the highly localized shock-front as the wave-front reaches 7.1
mm within the brain.

to the frequency-dependent attenuation resulting in the waning of the shock-front slope (yellow
and purple plots, Fig.5(b)).

The spatio-temporal map of the particle acceleration (Fig.6(a), shows the nely localized peak
in-between the peaks and troughs, i.e. at the shock-front. Positive acceleration at the shock-front
grows and reaches a peak of 102g at 7.1mm from the plate (Fig.6(b)), ampli ed by a factor of 4.0
with respect to the surface excitation of 25 g. This shock wave formation distance is signi cantly
smaller than the shear wavelength (5.4 cm) and the shock-front is highly localized in time, and
also spatially because the peak acceleration diminishes by a factor of 2.4 between propagation
distances of 7.1 mm and 17.1 mm from the source (Fig.6(b)), which is consistent with the strong
shear attenuation measured in brain  [Esp17b].

Theoretical predictions were compared to experimental results at 5.2, 7.8, 10.4, 13.0 mm from
the plate. An excellent match was seen in the velocity at all the four locations (Fig.7(a)). The shark-

n shape of the cubically nonlinear waveform  [Cat03] and the overall amplitude tracked closely.
Correspondingly, the comparison between the experimental and simulated acceleration and strain-
rate (Fig.7(b,c))are shown. Both acceleration and strain-rate being rate-dependent metrics, show
that the wave shape is far from monochromatic hence, demonstrating the physics of the nonlinear
wave model and the simulations preserve the localized peaks at the rise and fall of the shock-front.
The peak strain-rate reaches up to 250 s ! and exceeds by far previously reported brain strain-rates
in concussed football players ( <100s 1) [Kle07].

For haversine excitations, the imaging depth was 30 mm and 750 images were collected at 2604
images/ s. The fully developed shock-front was observed 3.0 mm from the plate (blue plot, Fig.8(a)),
with a peak acceleration of 113 g (Fig.8(b)), ampli ed by a factor of 3.4 with respectto the 33 g impact.
The shock-front was formed instantaneously near the plate and the peak positive acceleration was
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Figure 2.5 a) Shear wave propagation in the in situ brain is shown in the time domain for an excitation of
amplitude 25 g in terms of the spatio-temporal map of the particle shear velocity. b) Velocity waveforms
are shown at different distances from the plate source, suggesting the nonlinear distortion of the initially
smooth wave into a fully developed shear shock wave at a distance of 7.1mm (orange plot).

dissipated by a factor of 2.6 within 6.2 mm of propagation (Fig.8(c-d)). In the frequency domain, the
development of the odd harmonic spectrum at 3 mm is evident as the peaks at the third, fth and
seventh harmonics (150 Hz, 250 Hz and 350 Hz respectively), indicated by arrows in Fig.8(e), which

is consistent with theoretical predictions that the nonlinearity is governed by cubic terms [Cat0s3;
Espl7h).

2.4 Discussion

The shock wave formation in the brain is driven by high Mach numbers of M = cy=vy = 0.47 where,
¢t = 2.14 m/ s[Espl7h] is the shear wave speed and vg = 1m/ sis the particle shear velocity amplitude.
The simplest nonlinear viscoelastic representation of brain motion during a linearly-polarized plane
wave shear excitation can be described by a cubically nonlinear version of Burgers' equation  [Cat03;
Espl7b]. This type of motion has a characteristic odd harmonic signature wherein only the third, fth,
seventh, etc. multiples of the fundamental frequency are produced by the nonlinear propagation.

As the wave propagates, due to the nonlinearity of the brain, the shear wave speed changes as a
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Figure 2.6 a) Shear wave propagation in the brain is shown in terms of the particle acceleration. The devel-
opment of a thin shear shock-front is evident. b) Acceleration waveforms are shown at different distances
from the plate source. Maximum shear shock acceleration of 102 g at 7.1mm from the plate (orange plot).

function of the local velocity amplitude  [Cat03; Lan86; Zab04], resulting in an abrupt increase in
slope at the peaks and troughs.

The acceleration ampli cation of the shear wave due to nonlinearity, is almost instantaneous in
the braini.e., at 3.3 mm (blue plot, Fig.6(b)), a peak acceleration of 65 g was measured, while the
excitation was just 25 g (Fig.6(b)). Similarly under the haversine impact, the nonlinear steepening of
velocity (Fig.8(c)) and the resulting thinning of the shock-front (Fig.8(d)) is evident starting at the
brain surface. Experimentally the linear acceleration at the surface is not well captured owing to
the noise in the displacement estimates at the plate boundary. Also, the acceleration ampli cation
factors measured in this study (4.0 and 3.4) are lower as compared to a factor of 8.1 inthe  exvivo
brain. This disparity may be attributed to the difference in the input energy at the plate source
between the two experimental scenarios. The attachment area between the plate and the  in situ
brainwas 6cm?incontrastto 150 cm? of embedded area of the plate inside the ex vivo brain-
gelatin medium. Besides larger contact area, anatomically, the spherical geometry of the skull is
likely to have a strong focusing effect on the propagating shear shock waves in brain, investigated
using a human head gelatin phantom in a separate study [Tri21].
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Figure 2.7 Comparison of the simulated and the experimental a)particle velocity, b) particle acceleration
and c) rate of strain waveforms at different distances from the plate source.

In Fig.7(b) it is seen that there is an asymmetry between the positive and negative cycles of
the experimental acceleration waveform, possibly due to the shear wave re ections from the bone
boundary underneath the brain. Furthermore, the particle motion is not strictly vertically polarized
due to re ections from the boundaries of the small volume of the brain, which are unaccounted for
in the shear shock wave simulations.

One of the principal guiding parameters for the designing the custom imaging sequence was
measuring displacements at the highest frequency contained in shear shock waves. The number of
transmit events was chosen maintain a high frame-rate of 2193 images /s. Based on our previous ex
vivo brain experiments [Espl7b], shear wave frequencies of 1000 Hz are very rapidly attenuated
and quickly fall below the sub-micron displacement sensitivity of ultrasound-based tracking algo-
rithms [Pin14]. For the proposed impact velocity and acceleration the chosen imaging frequency is
conservatively high. Nevertheless, at larger impact magnitudes, higher sampling frequencies may be
necessary to measure shock waves. Injurious impacts in the National Football League, for example,
are inthe 98  28g range with impact velocities in the 9.3 1.9 m/ s range [Pel03]. The average
Olympic boxing hit to the head generates accelerations that are 58 13g [Wal05]. In vehicular
impact tests, translational head accelerations of 29 to 120 g have been measured [Zha06]. The 25¢g
brain surface accelerations used here are thus comparatively low. However, even in this moderate to
mild regime, the accelerations deep inside the in situ porcine brain grow rapidly beyond 100 g. The
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Figure 2.8 a) A simpli ed haversine function at a central frequency of 50 Hz was imparted (black). The
nonlinearly distorted shear shock waveform was observed 3.0 mm from the plate (blue). b) Acceleration
at the shock-front was measured to be 113 g, at an impact amplitude of 33 g. c-d) Spatio-temporal maps
of particle velocity and acceleration showing the sharp gradient at the shock-front. €) Odd harmonic
development at the shock evident in the frequency domain.

shock-front accelerations are expected to be higher for the realistic, stronger impacts, as driven by
the Mach numbers which are orders of magnitude larger than in uids or in classical solids. This
behavior was also previously observed inthe ex vivo porcine brain which demonstrates that the skull,
which supports the brain, does not signi cantly alter this type of nonlinear viscoelastodynamic
behavior occurring on short and rapid spatio-temporal scales. The anatomical features of the shock
formation location may be identi ed using a histological analysis of a brain impacted under an in
vivo scenario in future studies. We would expect uid-solid interfaces to have a strong effect since
uids do not support shear waves and should therefore be totally re ecting.
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2.5 Conclusion

It was shown that shear shock wave formation and propagation can be imaged in situ in the porcine
brain. Ultrasound imaging sequences were designed to reduce off-axis clutter and to record brain
motion from a single impact. Time-reversed acoustical simulations using the Fullwave tool, were
used to generate transmit pro les that were optimized to insonify a beamwidth of 1 / 8 of the imaging
eld of view. Compared to previous shock wave imaging sequences, which were designed for a
less challenging imaging environment, the proposed technique is better suited for  in vivo imaging
because it only requires a single injurious impact, which is a more realistic model for TBI. Using
guantitative motion estimation it was shown that an initially smooth monochromatic impact of

40 Hz frequency and amplitude of 25 g was ampli ed into a 102 g shear shock wave within 8 mm
of propagation. Furthermore, a 33 g simpli ed haversine impact centered at 50 Hz, was shown
to amplify into a 113 g shock-front 3 mm inside the brain. Inthe invivo brain, the availability of
biological response markers to axonal injury from the high accelerations at the shock-front, can
establish the link between brain injury and the shear shock waves. These ultrasound displacement
imaging methods can also be used to measure shear wave propagation from traumatic impacts in
other vulnerable organs in the body.

The methods described in this chapter have been translated to an  in vivo setting to propagate
and observe shear shock waves in the live porcine brain, following which a histological analysis of
the excised brain was performed to investigate the resulting axonal injury. The  invivo experiments
are described in Chapter 3.
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CHAPTER

3

SHEAR SHOCK WAVE INJURYN VIVO:
HIGH FRAME-RATE ULTRASOUND
OBSERVATION AND HISTOLOGICAL
ASSESSMENT

3.1 Introduction

It is estimated that as a result of sport-related activities alone, up to 3.8 million TBIs may occur
each year [Gus00] and in children and young adults TBI result in long-term disability in 25% of
cases[Cla01] hence in more years of disability than any other cause [Maa08].

Diffuse axonal injury (DAI) is one of the most common neuropathological consequences of TBI
[Ada89; Joh13; Ing05 and is associated with a later development of neurofunctional and psychologi-
cal disorders includiing the Alzheimer's disease [Deal3; Che04; Joh1qQ. Inicted TBI as in the shaken
baby syndrome constitutes 24% of the head injuries among children under 2 years of age where is
subjected to rapid rotational forces [Duh98; Duh92; Bru89; Kee04]. The key to understanding TBI lies
in understanding the relationship between injurious brain motion and the resulting neuropathology.

Since brain injury in humans can not be in icted but only measured, TBI studies have usually
be observational where head acceleration is measured by attaching sensors to the head, mouth or
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ears and by using videographic data [Her15b; Cam13; Sal08; Bec12; Pel03. However some of these
wearable sensors are associated with acceleration errors of up to 500% [Wul16b] and moreover do
not provide an understanding of the the underlying complex deformation of the brain. Direct in vivo
measurement of brain motion during impacts has been a persistent challenge due to occurrence of
high strain-rates (40 s * [Sul15]) over extremely short time scales ( < 50 ms [Clo13]).

Small animals such as rodent models have been widely used in studies to reproduce morpholog-
ical and neurobehavioral outcomes of TBIlin humans  [Dix91; Mea94; Lig90; Mon13; Chel2; Cer05].
However the deformation in large gyrencephalic brains as in humans is signi cantly higher than in
the lissencephalic rodent brains hence motivating the shift to animal models [Dutl16; Fin03; Kin10;
Rag04 with larger white matter volume that would have implications on diffuse axonal injuries
[Vin18]. As opposed to measuring head accelerations during intact skull injuries, large animals TBI
studies have majorly used direct brain deformation models involving a craniectomy to reproduce
clinical TBI. Fluid percussion injuries (FPI) use rapid injection of a uid pulse to the brain surface
[Mcl87; Lyel6] and controlled cortical impacts (CCI) use a pneumatic or electromagnetic device to
controllably drive into the exposed dura [Man06; Dix91]. However both FPI and CCI produce focal
injuries close to the surface Here we present a biomechanical model based on transmitting large
amplitude shear energy at the exposed brain surface that results in deep non-focal injuries as DAIs.

Injury is dependent on strain-rate which can be measured only using modalities that offer high
imaging frame-rates as well as high sensitivity to motion. Brain phantom gels with grid patterns have
been Imed using a high speed camera [Mea95; Mar90] and human cadaver heads have been imaged
using X-rays by implanting tissue markers [Har01]. Non-invasive measurement of brain motion
using MRI [Bay05; ClalZ] in limited to very low frame-rates (167 frames /s) by the spin relaxation
physics. Here we establish ultrasound-based methods to directly image in vivo brain motion at high
frame-rates of 2500 images/ s during injurious impacts and relate it to the etiology of the resulting
deep brain injuries.

Previously we have observed that shear wave impacts sent to the ex vivo porcine brain surface
[Espl7b], on undergoing nonlinear propagation in the brain developed into high gradient shear
shock waves deep inside the brain with destructive peak accelerations (> 300g). These measure-
ments were done using ultrasound sequences with 16 focused transmits, each red during an
independent shear impact hence needing multiple impacts to be sent to the brain. More recently
we developed an interleaved sequence with 8 custom wide beam emissions which are synchronized
during a single-shot impact [Cha22]. Using this sequence we measured the formation of shear shock
waves deep in the acoustically reverberating environment of the  in situ porcine brain in a realistic
single-impact scenario [Cha22].

Here we use the interleaved imaging sequence to propagate and ultrasonically measure shear
shock waves deep inside the in vivo porcine during controlled sinusoidal shear impacts imparted
to the brain by attaching a custom plate source conformal to the brain surface. Subsequently we
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present the structural changes in the axonal pathology using a histological assessment of the excised
brain tissue and compare the shock metrics i.e. the peak acceleration / strain-rate with the location
of the detected neuronal damage.

Figure 3.1 a) In situ porcine head post-craniectomy. b) A shear wave plate source attached to the brain and
oscillated along z using a shaker and the resulting shear wave motion in the brain along  x was monitored
using an ultrasound probe over the brain.

3.2 Methods

A craniectomy was performed on A 29 kg female Yorkshire pig under anesthesia and the head
was held secure using a stereotactic frame. The dura was removed on the left side of the brain
where a custom 3D-printed plate ( 3cm 1 cm) with a mylar surface was adhered using ethyl
2-cyanoacrylate-based glue. By coupling the plate to an electromechanical shaker (Vibration Test
Systems, Aurora, Ohio, USA) as done in [Cat03; Espl7b; Cha23, the brain was vibrated vertically
along z (Fig. 1(a)), hence propagating shear waves along x. Ultrasound images were collected using
a Verasonics Vanatage 128-channel scanner (Verasonics, Kirkland, Washington, USA) with an ATL
L11-5 probe placed over the brain, with the lateral axis oriented along  x. A layer of ultrasound gel
was used for the acoustical coupling between the brain and the transducer.

Sinusoidal pulses were imparted to the shaker by transmitting a 10 cycle 40 Hz train and en-
veloping using a -80 dB Chebychev window (using PicoScope 3000, Pico Technology) and the shaker
acceleration was measured by attaching a linear accelerometer (PCB Piezotronics, Inc., Depew, NY,
USA). The sinusoidal pulse was chosen to be consistent with the impacts used previously the  in situ
formation of shear shock waves and to simplify the spectral analysis of the resulting shock waves.
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The pulse frequency of 40 Hz lies within the range of frequencies (10-100 Hz) measured during head
impacts in various contact sports [Lak15; Her15b]. Although more realistic, haversine impacts have
additionally been used previously, to demonstrate the shock wave physicsinthe in situ brain using
a more realistic excitation, here the invivo brain was only subjected to a simpli ed monochromatic
pulse.

3.2.1 Ultrasound imaging and motion tracking

The ultrasound imaging sequence as designed for the insitu brain experiments [Cha22] consisted of
8 interleaved transmit-receive events focusing at different lateral locations and the ring order was
staggered to be 1,5,2,6,3,7,4,8 to minimize reverberation clutter (Fig. 2(b)). Using 6720 ultrasound
events, 840 images of the brain were collected up to a depth of 28 mm at a frame-rate of 2900images /s
(B-mode movie included as supplementary material). The emissions were custom designed wide
beams whose delays were computed using time-reversal ultrasound simulations using the Fullwave
tool, to maintain a uniform beam width of 5 mm throughout the axial propagation and to ensure
suf cient overlap between adjacent beams [Cha22]. For each emission, the receive RF collected at
all the 128 elements was reconstructed using parallel-receive delay-and-sum beamforming  [Sha84;
Cha22] to generate a partial section of the brain image consisting of 16 B-mode lines (128 B-mode
lines totally). To minimize lateral discontinuities between adjacent emissions, each set of the 16
B-model lines were obtained by applying gaussian weights to an image constructed using 128
lines for each emission and subsequently, the weighted images from the 8 transmit events were
compounded to generate the nal B-mode image (Fig.2(b)). The vertical shear wave displacements
between the frames were calculated using an adaptive 1D NCC-based tracking algorithm  [Pin14].
The tracking was performed over 5 iterations starting with a large initial kernel length of 12 and
progressively reducing to 3 in the last iteration where the acoustical wavelength = 8 pixels. A3D
median lter sized 3 spatial pixelsin x and z and 2 pixels in time was applied in between the NCC
iterations to replace poorly correlated displacement estimates with the surrounding high quality
estimates.

Post the mechanical impact and ultrasound imaging, the pig was euthanized and the brain was
removed post euthanasia, xed (10% formalin), sectioned, and stained with amyloid-beta precursor
protein (  APP) to analyze the axonal pathology.

3.3 Results

Shear wave particle velocity along y was calculated by multiplying the tracked vertical displacements
by the sampling frequency. The average velocity over depth 25-28 mm is shown as a map in Fig.3(a),
as a function of time and propagation distance in the brain from the plate source. The shear shock

wave-front is manifested as a sharp gradient between the positive and the negative wave cycles.
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Figure 3.2 Imaging sequence with 8 interleaved transmit-receive events with custom wide emissions
designed using Fullwave time reversal simulations.

Plate excitation acceleration as measured using the accelerometer was integrated in time to obtain
the plate velocity waveform (black, Fig.3(b)). Alongside, shear wave velocity time signals in the
brain at different distances from the plate (markers in Fig.2 are shown (orange and yellow, Fig.3(b)).
The initially smooth monochromatic excitation distorted instantaneously into a highly nonlinear
shock waveform at 6.7 mm within the brain (orange, Fig.3(b))). On the contralateral side of the brain
at 21.7 mm from the plate (yellow, Fig.3(b))), the shear wave was attenuated to an amplitude of
< 0.5m=s, with a wave shape resembling the initial excitation.

The strength of the shock-front and the resulting injury was characterized by acceleration since
it is a rate-dependent metric. Acceleration was calculated as a spectral derivative of velocity as,
a(t)=F 12 if F (v(t))), where a(t)is the acceleration time signal, i = P "1, f is the spectral fre-
guency and v (t ) is the velocity time signal [Opp97; Espl17b; Cha22]. Prior to deriving the acceleration,
a low-pass Butterworth Iter with a cut-off frequency at 12 ™ harmonic (480 Hz for the excitation
frequency of 40 Hz) was applied to the tracked velocity data. The average acceleration over depth
25-28 mm is shown as a function of time and propagation distance from the plate source in Fig.4(a)).
The thin shock-front with a peak acceleration of > 115gis evident between a propagation distance
of 3-9 mm from the plate. Accelerometer measurement of the plate excitation (black, Fig.4(b))) and
brain acceleration time signals at different distances from the plate (orange and yellow, Fig.4(b)))
are shown. At the shock-front at 6.7 mm from the plate a peak acceleration of 95 g was measured
(orange, Fig.4(b))), ampli ed by a factor of 2.9 with respect to the surface excitation amplitude
(black, Fig.4(b))). The acceleration amplitude attenuates rapidlyto < 20g in the contra-lateral side
of the brain.

Histological analysis of APP-stained sections of the brain from the impacted (left) and the
control (right) hemispheres are shown alongside a B-mode image for spatial reference (arrows,
Fig.6(a,b,d)). The microscopic image on the impacted side showed localized injury characterized by
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a)

b)

Figure 3.3 Spatio-temporal map of velocity showing shear shock wave-front onthe  invivo brain. b) Ve-
locity waveforms of the excitation pulse, shock wave inside the brain at 6.7 mm from the source and the
attenuated wave at 21.7 mm in the control side of the brain.

the build-up of  APP in bulbs inside damaged axons within a small region lying 6-11 mm from the
source plate (Fig.6(a-c)). The axonal damage was absent on the control contra-lateral side (Fig.6(d,e))
where the shear wave was measured to be signi cantly attenuated (Fig.4).

3.4 Discussion and conclusion

The recently discovered phenomenon of shear shock waves [Cat03; Espl7b; Cha23 was for the

rst time observed in the live brain and the resulting changes in the axonal pathology was imaged
histologically, hence providing the rst evidence of a potential link between TBI and the shear shock
wave mechanism. Compared to acoustical shocks which are vastly investigated including within
the context of blast-TBI, shock waves in shear mode are practically unstudied.

The nonlinear shear properties in the brain are several orders of magnitude larger than compres-
sional properties. Given a very low shear wave speed (2m /s), Mach numbers (particle-velocity /wave-
speed) in shear mode are as high as 1 during impacts in the brain whereas the acoustical Mach
numbers are in the order of 10 #. As a consequence, large amplitude shear waves propagating in
the highly nonlinear medium of the brain tissue quickly develop into shock-fronts with destructive
gradients at the peaks and troughs, within a sub-wavelength propagation distance from the source.
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a)

b)

Figure 3.4 Spatio-temporal map of acceleration showing the thin shear shock wave-front in the in vivo
brain. b) Acceleration waveforms of the excitation pulse, shock wave inside the brain at 6.7 mm from the
source and the attenuated wave at 21.7 mm in the control side of the brain.

Linearly-polarized shear shock wave motion in soft solids has a unique odd-harmonic spectrum
that manifests only the third, fth, seventh etc harmonic peaks, which can be theoretically described
by a cubically nonlinear version of Burgers' equation  [Cat03; Esp17b].

As opposed to imparting a realistic closed-head impact as done in the de facto TBI models that
result in focal injuries near the surface, here the cranium and dura were removed prior to sending
shear wave impacts that result in deep non-focal injuries. By using a custom source plate with
a perforated mylar surface the input shear energy was imparted over a small 3 1cm surface
of the brain unlike in real life impacts where the brain-skull attachment surface is much higher
resulting in multiple re ections of the shear waves at the boundaries. Moreover surface penetration
of the cyanoacrylate used to attach the plate to the brain is not investigated here. In the future octyl
cyanoacrylate with improved exibility and less tissue toxicity and better bonding strength than
n-butyl-2-cyanoacrylate [Bru00] will be used and histology with ether solvents will be used to verify
the surface penetration of the glue to be within <300 m [Gal84]. Moreover, to isolate tissue damage
resulting from the craniectomy, a control brain would have to be analyzed histologically without
being subjected to shear impacts.

Ultrasound RF measurements at the brain surface close to the plate are seen to be noisy possibly
due to reverberations from the surrounding bone, the plastic surface of the plate or the layer of
cyanoacrylate. For this reason the initially linear velocity waveforms at the brain surface are not
well captured. Instead the surface excitation is sown in terms of accelerometer measurements of
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Figure 3.5 Histology with  APP stain showing a) axonal damage 6-11 mm from the plate source in the
injured side of the brain, consistent with the shock location. b) No injury was seen on the contra-lateral
side.

the shaker motion.

The brain slice chosen for histology is matched with ultrasound measurements based on the
spatial features on the B-mode image although it is not registered precisely with the transducer
location in the elevationally or rotationally about the depth axis.

Previous in situ brain experiments [Cha22] showed that the shock wave mechanics and shock
formation for non-repetitive haversine impacts remained comparable to oscillatory impacts as used
in this study. Direct measurements of brain motion under blunt impact in immediate post mortem
porcine and human cadaveric brains [Har01; Als20] were approximated by a haversine input [Sah16;
Gab20]. A 33g haversine input at the brain surface using developed into a 113 g shear shock 3 mm
into the brain before dissipating [Cha22].

As done previously in the porcine cadaver brain the shear shock formation was imaged using a
single-shot mechanical impact using high frame-rate ultrasound sequences with custom wide beam
emissions. Using high sensitivity motion estimation an initially smooth monochromatic impact of
40 Hz frequency and amplitude of 38 g was ampli ed into a 95 g shear shock wave within 7 mm of
propagation. Further, a post mortem histological assessment of the excised brain showed localized
axonal injury evident as the build-up of the stain as bulbs inside damaged axons 6-11 mm from the
brain surface. The location of structural changes in the axonal pathology were consistent with the
ultrasonically measured shock formation location deep inside the brain, hence providing the rst
evidence of a potential link between TBI and the shear shock wave mechanics in the brain.

In Chapter 4, by fabricating a human head phantom, we investigate the effect of the spherical
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