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Motivation

Experimental test data to develop and validate human
computational models for blast and ballistic impacts is challenging
to collect due to:

- Rapid, large tissue deformations at high rates

- Complex internal tissue interfaces

- Tissue heterogeneity and accessibility _ 5_000505:
- Property dependence on rate and injury e s.ssseosl
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Research Goals & Progressive Approach

« Combine high-frame-rate ultrasound plane wave compounding techniques and impact
biomechanics

« Aim is to develop a novel method to characterize soft tissue deformation during military-
relevant high-rate loading

« Use this to understand the effect of displacement rates on thoracic organ soft-tissue
motion and material properties
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Research Goals & Progressive Approach

« Combine high-frame-rate ultrasound plane wave compounding techniques and impact
biomechanics

« Aim is to develop a novel method to characterize soft tissue deformation during military-
relevant high-rate loading

« Use this to understand the effect of displacement rates on thoracic organ soft-tissue
motion and material properties |

Validate with high-speed X-ray

Aim 1: Medium velocity impacts (up to
~125 m/s) on phantom materials

Aim 2: Medium velocity impacts on
cadaveric swine
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What is Ultrasound Elastography?

Non-invasive way to acoustically measure material stiffness (e.g., organs)
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shear waves propagate

Displacement estimation
via cross-correlation

(similar to DIC)

Frame 1-»

Displacement field

Uses high-frame-rate ultrasound to
track rapid tissue displacement

Displacement
through time
and space
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(e.g., if linear, elastic,
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Selecting
materials
for finite
element
model
(FEM)

Displacement data can be fit
to higher order models

* Viscoelastic

* Anisotropic

* Nonlinear
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What is Ultrasound Elastography?

Non-invasive way to acoustically measure material stiffness (e.g., organs)

Excite tissue
(acoustic radiation
force or mechanical
vibration)

B-mode images as Displacement estimation
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Novelty of Uses high-frame-rate ultrasound to
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Research Ultrasound

Research ultrasound has recently expanded to

high-rate imaging 10,000 fps starting in 2019

« Plane wave imaging allows for >10,000 fps
- Coherent compounding to preserve resolution

* Individual control of transmit and receive timing Conventionst btane Wave PlaneWave, /blane Wave

focused - langle 17 angles 40 angles

« Access to raw radiofrequency (RF) data allows for
post-processing

afas cm deep region of interest): (a)

conventional focused imaging (128 focused beams and 4 focal depths leading tao 25 tps), (b) plane-wave imaging {~13008) {ps). {¢) plane-wave com-
pounding with 17 angles (~1000 fps). and {d) plane-wave compounding with 40 angles (~350 fps). a

Tanter and Fink: Ultrafast Imaging in Biomedical Ultrasound
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6
689779&tag=1

Verasonics Vantage NXT
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High-Speed Instrumentation for Validation

High-speed X-ray
Up to 10,000 fps

REL Air Cannon
Up to 120 psi, ~85 Verasonics
m/s for 50 gram High-speed Ultrasound
projectile Up to 10,000 fps

w Johns Hopkins Applied Physics Laboratory
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HIgh-Speed X-ray




Ultrasound and High-Speed X-ray Validation
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Solid agreements between ultrasound (US) and

X-ray at lower impact speeds
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Ultrasound and High-Speed X-ray Validation
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US and X-ray tracked points diverged for higher velocity impacts as beads moved out of view with

greater displacement; but once back in US field of view agreed again
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Porcine Model Impact Test Setup

REL Air Cannon _ Verasonics
Up to 120 psi, ~85 High-speed Ultrasound

m/s for 50 gram Up to 10,000 fps
projectile
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Novel finding: Organ slip boundary observed during loading

Confirms the ability of ultrasound to track displacement and strain during behind
armor blunt trauma (BABT) relevant loadings
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Impact-induced Liver Laceration Observed

» Post-test observation of Porcine #1 revealed liver
laceration

« Specimen impacted multiple times, so injury timing
and impact severity to induce injury is unclear (may
be cumulative rather than single impact)

« Laceration appears similar to known BABT injuries,
indicating that we're likely in appropriate high-rate
Impact regime to study those dynamics

w Johns Hopkins Applied Physics Laboratory
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Impacts and Limitations @ DEVCOM

* Project end state: With thanks to our ARL

- New in situ high-rate acoustic tissue characterization methodology ggggg:i_“ve Agreement

- Ability to directly measure organ motion during impact events . Karin Rafaels

- Ability to measure organ material properties during dynamic injury biomechanic and ballistic - Kathryn Loftis

models - John Clayton
- Sikhanda Satapathy
 Limitations - Mike Kleinberger
: : : : : : : - Tim Baumer
- Only in 2 porcine specimen, 1 location (liver), ~5 cm from impact location to date - Andrew Brown
- At current velocity capacity of air cannon, but BABT rates can be higher - Tusit Weerisooriya

. - Denise Ford (ARO)
« Future research enabled by capability:

- Characterize organ tissue mechanics and injury during live fire blast and ballistic testing
- Improved human FEM model organ interfaces and mechanical properties at high-rate loading

Ultrasound as a monitoring platform for high-rate loading is applicable across

Injury biomechanics platforms (animal, PMHS, volunteers)
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