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The loading conditions used in some current in vivo and in vitro blast-induced neurotrauma

models may not be representative of real-world blast conditions. To address these limi-

tations, we developed a compressed-gas driven shock tube with different driven lengths

that can generate Friedlander-type blasts. The shock tube can generate overpressures up

to 650 kPa with durations between 0.3 and 1.1 ms using compressed helium driver gas,

and peak overpressures up to 450 kPa with durations between 0.6 and 3 ms using com-

pressed nitrogen.This device is used for short-duration blast overpressure loading for small

animal in vivo injury models, and contrasts the more frequently used long duration/high

impulse blast overpressures in the literature. We also developed a new apparatus that is

used with the shock tube to recreate the in vivo intracranial overpressure response for load-

ing in vitro culture preparations. The receiver device surrounds the culture with materials

of similar impedance to facilitate the propagation of a single overpressure pulse through

the tissue. This method prevents pressure waves reflecting off the tissue that can cause

unrealistic deformation and injury. The receiver performance was characterized using the

longest helium-driven shock tube, and produced in-fluid overpressures up to 1500 kPa at

the location where a culture would be placed. This response was well correlated with the

overpressure conditions from the shock tube (R2 = 0.97). Finite element models of the

shock tube and receiver were developed and validated to better elucidate the mechanics

of this methodology. A demonstration exposing a culture to the loading conditions created

by this system suggest tissue strains less than 5% for all pressure levels simulated, which

was well below functional deficit thresholds for strain rates less than 50 s−1. This novel

system is not limited to a specific type of culture model and can be modified to reproduce

more complex pressure pulses.
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INTRODUCTION

Since 2004, U.S. military hospitals and Veterans Administration

(VA) medical centers have seen a substantial increase in the inci-

dence of traumatic brain injuries (TBI) in military personnel

(Warden, 2006). Initial reports have estimated that 13–22% of

returning combat veterans most likely experienced a TBI at some

point during their tour (Schneiderman et al., 2008; Terrio et al.,

2009). The source of this increase in TBI is largely attributed to the

high frequency of personnel exposure to blast. Improvised explo-

sive devices (IEDs) were the source of nearly 80% of the casualties

reported to the Joint Theater Trauma Registry (JTTR) from 2001

to 2005 (Owens et al., 2008).

The detailed etiology and pathology of blast-induced neu-

rotrauma (BINT) are not fully understood, and are a focus of

ongoing research and a source of debate within the blast neuro-

trauma community. Recent studies have better defined the levels

of exposure that solders are experiencing that cause these injuries.

Typical IED exposures resulting in blast injury were reported from

detonations of 105-mm and 155-mm artillery rounds (equivalent

to 2.4 and 7.3 kg TNT respectively) at standoff distances between 5

and 10 m (Nelson et al., 2008). The Conventional Weapons Effects

Program (CONWEP; Hyde, 2004) can calculate the blast exposures

produced from these charges and indicates that the real-world blast

threat ranges from 50 to 1000 kPa peak incident overpressure and

2–10 ms in duration. The real-world threat is an overarching con-

sideration for BINT research where the focus is to replicate the

clinical outcomes of blast victims using animal or in vitro injury

models (cf. Bass et al., 2012).

This is the first in a series of reports on the development of new

methodologies to identify and characterize the injury mechanisms

of BINT and its pathological effects over multiple biological scales.

This study describes the development of a novel methodology for

subjecting both in vivo and in vitro BINT models to overpres-

sures consistent with real-world exposures. The motivation for this
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development is to address limitations in the loading conditions of

current methodologies for BINT research, specifically avoidance

of excessively long duration and high impulse blast overpressures

used with scaled small animal in vivo models, and the non-realistic

loading and boundary conditions used with many in vitro models.

To rectify some of these limitations, we established a set of

devices and methodologies for exposing both animals and mam-

malian cell cultures to appropriately scaled blast overpressures. We

developed a compressed-gas driven shock tube for small animal

research that can generate blast peak overpressures up to 650 kPa

with positive-phase durations between 0.3 and 3 ms. If current pul-

monary blast injury-scaling methods are correct for BINT (Panzer

et al., 2012a), the exposures generated with this shock tube for

use with small animal models will be consistent with real-world

IED blast exposures experienced by soldiers in the battlefield. For

in vitro modeling, we have developed a new fluid-filled receiver

apparatus that is used with the shock tube. This apparatus can

recreate simple or complex in vivo intracranial overpressure waves

that propagate through the in vitro model, while preserving the

low tissue strains that are characteristic of blast loading. Finite ele-

ment (FE) models of the testing devices were developed to better

elucidate the biomechanics of the blast, especially those aspects

that are difficult to experimentally characterize.

METHODS

SHOCK TUBE

We designed and built a set of shock tubes (Figure 1) to provide

a range of blast conditions with realistic peak overpressure, scaled

duration, and impulse. Three shock tubes with driven sections

of 630, 935, and 1240 mm length (nominally 2, 3, and 4 feet)

were made from 78 mm diameter aluminum pipe (nominally 3′′

diameter). For initial characterization, the driver section was con-

stant for all three driven sections, and consisted of a 25-mm thick

spacer flange bolted together with a corresponding blind flange

and slip-on flange attached to the driven pipe. This driver section

profile can be varied to change the overpressure characteristics

of the tube. Full-faced gaskets (Graphite/Buna-N material) were

installed between each flange to prevent leakage. The diaphragm

was composed of a number of sheets of polyethylene terephtha-

late (PET) film installed between the driver spacer flange and the

flange attached to the driven section. The driver section was filled

with high-pressure helium or nitrogen gas through a fitting on the

back of the blind flange until the diaphragm ruptured, sending the

shock wave down the driven tube section.

The shock tube was mounted on an extruded aluminum frame

using three vibration-damping U-bolts. The frame allowed for

both vertical and horizontal shock tube operation. Three flush-

mounted piezoresistive pressure transducers (PT; Endevco8530B;

Endevco Corp., San Juan Capistrano, CA, USA) were spaced 120˚

around the diameter, offset 6 mm from the open end of the shock

tube. Because the wall thickness of the tube was less than the length

of the PT, a 6-mm thick collar (19 mm long) was fit over the end of

the tube and welded in place to provide additional PT mounting

support. An additional collar and three PTs were installed on the

1240 mm shock tube, 305 mm upwind from the end of the tube,

to provide the capability for measuring shock wave speed. Shock

wave speed was determined by the elapsed time between the arrival

of the shock wave at the upwind PTs and the end of the tube. A

single PT was installed in the driver section to measure the burst

pressure when the diaphragm ruptured.

The shock tube performance was characterized using the inci-

dent overpressure response at the end of the tube in the open-tube

FIGURE 1 | Schematic of the set of three shock tubes showing the details of the design and construction of the driver and driven sections.
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condition (i.e., no object impeding the blast wave). Peak incident

overpressure, positive-phase duration, and peak incident impulse

were recorded in the three end-tube PTs for each test. The level of

driver burst pressure was controlled using a range of diaphragm

thicknesses (0.254–1.524 mm), and the driver gas tank pressure

was regulated to 7.0 MPa. All three shock tube lengths were tested

using both helium and nitrogen as a driver gas. For a given shock

tube, each blast condition was repeated at least three times, and

over 150 open-tube tests were run. To confirm the planarity of the

shock wave, peak incident pressure was measured across the diag-

onal at the end of the shock tube using a PT flush-mounted to the

flat side of a 30˚ wedge (25 mm wide). Planarity tests were done

at six locations across the diagonal of the helium-driven 1240 mm

shock tube using three levels of blast pressure, and each test was

repeated three times (48 tests total).

Atmospheric conditions (temperature, barometric pressure,

humidity) were recorded prior to each test. All sensors were

sampled at 1 MHz with a 500 kHz anti-aliasing filter. Data was

post-processed using an eighth-order low-pass Butterworth filter

with a cutoff frequency of 40 kHz.

IN VITRO RECEIVER

A fluid-filled receiver was designed to work in conjunction with

the shock tube described above. The design process was based on

previous experiences with a fluid-filled in vitro receiver (unpub-

lished) and in silico prototyping with FE models (see Finite Ele-

ment Models). The receiver (Figure 2) consisted of an enclosed

57 L high-density polyethylene (HDPE) reservoir filled with water.

Extending from the top of the reservoir was a 152-mm long, 51 mm

diameter polycarbonate tube (6 mm wall thickness) attached to a

400-mm long, 8˚ diverging HDPE nozzle. The polycarbonate tube

was sealed and secured to the top of the reservoir, and was posi-

tioned so that the diverging nozzle was 48 mm from the bottom of

the reservoir. A 25-mm diameter open-tube (HDPE) was installed

in the reservoir to equalize the initial pressure in the receiver with

the atmosphere, and to adjust the internal fluid levels during setup.

The top portion of the polycarbonate tube (called the test col-

umn) was divided into two 76 mm long sections that were press-fit

with O-rings into aluminum flanges. The top surface of the test

column was positioned directly under the center of the open end

of the shock tube with a gap no more than 2 mm. Turnbuckles

were used to align the test column with the axis of the shock tube,

ensuring that the top surface of the test column was planar to the

oncoming shock wave.

During in vitro testing, cultures are positioned in the center of

the test column between the top set of aluminum flanges (approx-

imately 76 mm from the top surface of the fluid column). The

culture can be secured loosely in position by means appropriate

for how the culture is prepared. For example, a free-floating cell

culture that is enclosed in a small plastic bag can be secured using

a perforated membrane of polytetrafluoroethylene (PTFE).

The system works on principles similar to the transmission of

acoustic waves (Figure 3): compressed-gas fills the driver section

of the shock tube until the diaphragm bursts, sending a shock wave

down the shock tube. The planar shock wave eventually impinges

the top surface of the fluid-filled receiver positioned at the end

of the tube. Two waves are created during this interaction: (1) the

incident shock wave reflects off the surface of the receiver and back

toward the driver section, and (2) a pressure wave is transmitted

to the test column and propagates into the receiver.

FIGURE 2 | Schematic of the fluid-filled receiver and its placement relative to the shock tube. Section views show the design of the diverging nozzle

within the reservoir and the placement of the sample within the test column.
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FIGURE 3 | Illustration of the blast system during a test. A blast wave generated in the shock tube impacts the top surface of the receiver, sending a

pressure pulse down the fluid within the test column that passes through the in vitro sample and attenuates into the reservoir.

The pressure wave in the test column propagates through the

test sample (i.e., tissue culture) rather than reflecting off it because

materials with similar impedances were selected to surround the

sample. This aspect of the design was important because it mini-

mizes large strains in the sample. The pressure wave passes through

the diverging nozzle into the reservoir causing the wave to atten-

uate and disperse. This design feature limits large pressure waves

reflecting back through the test sample, which would effectively

load the sample more than once during each test.

All membrane materials used in the fluid-filled receiver (includ-

ing those containing the tissue samples) were tested for impedance

matching with water to ensure that they would not produce spu-

rious wave reflections during the test. The top surface of the test

section had a thin (0.254 mm) silicone rubber membrane stretched

over the surface and secured tightly using a hose clamp to prevent

fluid from leaking and/or splashing from the column during the

shock tube test. Between the bottom section of the test column and

the portion of the polycarbonate tube attached to the reservoir was

a thin membrane (0.254 mm) of PTFE. The purpose of this mem-

brane was to create a barrier between the water in the reservoir

and the fluid in the test column to reduce the bulk motion of the

fluid in the column.

Bubbles were evacuated from the receiver and test column

prior to each test to ensure that pockets of air did not affect the

pressure wave. A submersible fiber-optic PT (FOP-M-PK, FISO

Technologies Inc., Quebec, QC, Canada) were inserted through

ports on the top set of aluminum flanges to measure the overpres-

sure pulse at the sample location (76 mm from the top surface of

the fluid column). Initial receiver performance was characterized

by exposing the receiver to a range of blast conditions generated

by the helium-driven 1240 mm shock tube. Characterization tests

were performed without a sample present. Twenty tests were run

using blast inputs up to 500 kPa peak incident pressure, and sen-

sors were sampled at 1 MHz with 500 kHz anti-aliasing filter. Data

was post-processed using an eighth-order low-pass Butterworth

filter with a cutoff frequency of 40 kHz.

FINITE ELEMENT MODELS

We developed axisymmetric FE models of both the 1240 mm shock

tube and the receiver to study the mechanics of the system that are

difficult to evaluate experimentally. The FE model of the shock

tube was developed in parallel with the construction and char-

acterization of the shock tube. The FE model of the receiver was

developed before building the physical receiver, and the model

was used as an in silico prototype to determine many of the design

parameters.

The shock tube model was validated using the open-tube pres-

sure time-histories from five levels of blast severity (from 1520 to

6284 kPa absolute burst pressure). The location of the diaphragm

in the model was moved 20 mm toward the end of the shock

tube to compensate for the deformation of the diaphragm prior

to bursting. The FE receiver model was validated with pressure

time-histories recorded during the performance characterization

of the receiver without the presence of test samples. Following val-

idation, the receiver FE model was used to investigate the strain

response of one type of in vitro tissue culture currently tested in

the receiver system (organotypic hippocampal slice culture plated

onto a porous well; Effgen et al., 2012).
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The mesh resolutions of both the shock tube and receiver were

1 mm. This level of refinement was selected based on a previ-

ous mesh convergence study for shock tube modeling (Panzer

et al., 2011). The shock tube model was based on an Eulerian

element formulation, while the receiver model and fluid were

based on a Lagrangian element formulation (Hallquist, 2007).

Compressible gas dynamics were calculated based on the arbitrary

Lagrangian–Eulerian (ALE) formulation with a second order van

Leer advection scheme. Shock oscillations were handled using an

artificial bulk viscosity approach. Coupling between the receiver

and the shock tube gas was achieved using the fluid–structure

interaction algorithm.

The driver gas (helium) and driven/ambient gas (air) were

modeled using the ideal gas law equation of state. The fluid in the

receiver was modeled using the Mie–Gruneisen equation of state

for water (Boyd et al., 2000), with dynamic viscosity. The tissue

properties in the organotypic injury model were based on the lin-

ear viscoelastic properties of white matter (Nicolle et al., 2005). All

other materials used in the components of the receiver were mod-

eled using linear elastic constitutive properties (Table 1). All FE

analyses were performed using LS-DYNA hydrocode (v971.R5.1.1;

Livermore Software Technologies Corp., Livermore, CA, USA).

STATISTICAL METHODS

A univariate general linear model was used to assess the effect of the

shock tube design parameters (burst pressure, shock tube length,

driver gas) on the generated blast response (peak overpressure and

duration). Independent Student’s t -tests were used to assess the

differences in inter-test variation between blast conditions. Test

for significance was 5% (α = 0.05).

RESULTS

SHOCK TUBE PERFORMANCE CHARACTERISTICS

Blast waves produced by the shock tube were characteristic of

an ideal blast wave (Friedlander curve) denoted by the sharp ris-

ing, exponentially decaying overpressure pulse (Figure 4). Within

the conditions tested, blast overpressures ranged between 0.4 and

3.2 ms in duration, with peak incident pressures up to 650 kPa.

Diaphragm burst pressure increased linearly with diaphragm

thickness (R2
> 0.96) and was independent of driver gas or

stock tube length. Burst pressure, driven section length, and

driver gas were all significant factors affecting peak overpres-

sure (all p < 0.001, R2 = 0.92). Similarly, driver gas type, driven

section length, and burst pressure were significant factors for blast

duration (all p < 0.001, R2 = 0.83).

The effect of these shock tube design parameters created six dis-

tinct characteristic lines defined by the relationship between peak

pressure and duration generated with the shock tube (Figure 5).

Increasing the driven length produced blasts that were longer in

duration but lower in peak overpressure. The use of compressed

nitrogen as the driver gas produced overpressure durations (and

impulses) much longer than durations produced with compressed

helium at the same burst pressure. For shock tube blasts using

the 630-mm shock tube at burst pressures greater than 3000 kPa,

the measured overpressure duration did not increase like the

other tubes, appearing to saturate around 0.73 ms. This differ-

ence may indicate that the driven-to-driver length ratio in the

Table 1 | Summary of material properties used in the finite element

models.

Model Component Material properties

Shock

tube

Driver gas

(Helium)

γ = 1.6667

ρ = 5.99, 8.33, 10.78, 12.48, 14.03 mg cm−3

p = 1520, 2635, 4054, 5169, 6284 kPa

Driven gas (Air) γ = 1.4

ρ = 1.18 mg cm−3

p = 101 kPa

Receiver Polycarbonate E = 2.00 GPa

ν = 0.37

ρ = 1.22 g cm−3

Polyethylene E = 0.80 GPa

ν = 0.475

ρ = 0.96 g cm−3

Aluminum E = 70.0 GPa

ν = 0.35

ρ = 2.70 g cm−3

Silicone rubber E = 1.0 MPa

ν = 0.4999

ρ = 1.25 g cm−3

PTFE E = 0.50 GPa

ν = 0.40

ρ = 2.20 g cm−3

Water C = 1484 ms−1

S1 = 1.979

γ = 0.110

ρ = 1.00 g cm−3

µ = 0.001 Pa s

Pcav = −100 kPa

Injury

model

CNS tissue K = 2.19 GPa

G1 = 50 kPa β1 = 100 ms−1

G2 = 6.215 kPa β2 = 4.35 ms−1

G3 = 2.496 kPa β3 = 0.2 ms−1

G4 = 1.228 kPa β4 = 0.0053 ms−1

G5 = 1.618 kPa β5 = 5.1 × 10−6 ms−1

G∞ = 0.27 kPa

ρ = 1.06 g cm−3

630-mm design was not sufficiently long enough to fully develop

Friedlander-like blast profiles at higher burst pressures.

Peak incident pressures measured across the diagonal of the end

of the shock tube suggested the shock wave was well formed and

planar by the time it reached the end of the tube (Figure 6). Pres-

sures across the diagonal were typically within 5% of the averaged

wall pressure, and in only two tests were these pressures signifi-

cantly different from the wall pressures (p < 0.05 for significance).

Inter-test variability of peak pressure measured between the three

PTs was very low for most of the shock tube configurations and test

conditions (Figure 7). On average, the relative error of the peak

overpressure measured using all three PTs in the 935 and 1240 mm

shock tube was within 5% of the mean, and this variability was

improved with increased shock tube length. The inter-test vari-

ability of the 630 mm shock tube was significantly higher than for

the 935 and 1240 mm tubes (p < 0.05) at nearly 8% relative error.
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FIGURE 4 | Comparing incident pressure time-histories measured at

the end of the shock tube for three different shock tube configurations

with the same burst pressure (4200 kPa).

FIGURE 5 | Pressure–duration curves for the different shock tubes and

driver gas, demonstrating a wide range of short-duration blast

overpressures.

This difference was likely an effect of the shock wave not being

completely planar at the end of the shorter shock tube.

The calculated shock wave speed (Eq. 1) was based on 1D shock

tube theory (Anderson, 2003), and was calculated using the aver-

aged peak incident overpressure measured by the upwind and

end-tube PTs. The measured shock wave speed increased with

blast pressure, and was very close to the theoretical shock wave

speed based on the averaged shock overpressure (Figure 7). At the

lowest burst pressures, the measured shock speed was 3% less than

the calculated wave speed, and at the highest burst pressure the

measured shock speed was 3% greater.

MShock =

√

γ + 1

2γ

(

PShock

PAtm

)

+ 1 (1)

FIGURE 6 | Peak incident pressure measurements across the diagonal

of the shock tube (1240 mm helium-driven tube shown), showing

consistent pressure levels characteristic of a planar shock wave at the

end of the tube.

FIGURE 7 |Typical open-tube pressure time-histories measured with

three PTs at the end of the tube (red) and 305 mm upwind (blue;

1240 mm helium-driven tube, 5000 kPa burst). Measured shock wave

speed matches theoretical speeds for a fully developed shock wave (inset).

IN VITRO RECEIVER CHARACTERISTICS

Pressure pulses measured in the fluid-filled receiver at the loca-

tion of the test sample were characteristic of a fast-rising single

acoustic pressure pulse with durations approximately 1.0 ms for

all tested conditions (Figure 8). Initial rise-times of the receiver

pressure were between 0.15 and 0.20 ms, and were longer than

the rise-times of the air shock (approximately 10–20 µs). The

decrease in rise-time in the receiver was from the frequency

conversion from shock to acoustic loading typically found in

wave transmission from low to high speed of sound materi-

als, such as in free-field blast where waves are transmitted from

the air to the head (Clemedson and Pettersson, 1956). For the
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pressure levels tested, the shock impedance of air was approxi-

mately three orders of magnitude less than the acoustic impedance

of water, and the shock wave/particle velocity of the imping-

ing wave were also less than the speed of sound of water.

Thus, the air reflects off the water as a shock, but the trans-

mitted wave into the water was acoustic (cf. Henderson et al.,

1990).

Transient low-amplitude pulses follow the initial overpressure

pulse, and were likely caused the vibrational modes in the compli-

ant receiver structure. A secondary pressure pulse approximately

5 ms after the initial pulse was caused by the return of the reflected

shock wave in the shock tube, and was substantially lower in

amplitude than the initial pulse. The transient response of the

pressure pulse was highly reproducible among tests with similar

blast conditions (Figure 9).

FIGURE 8 |Typical pressure time-histories measured during a shock

tube test with the fluid-filled receiver (3800 kPa burst).

FIGURE 9 | Comparing peak pressure measured in the receiver with

the peak incident pressure of the applied blast wave. The transient

pressure pulse in the receiver was very reproducible (inset; 3800 burst).

The magnitude of the receiver pressure correlated with the peak

incident pressure of the applied blast wave (Figure 9). Peak receiver

pressure was greater than the peak incident pressure measured at

the end of the tube because the acting pressure on the top sur-

face of the receiver column was a reflected pressure of the shock

tube blast, not the unimpinged incident pressure. In the ideal case,

there is a direct relationship between the incident and reflected

shock pressure (Eq. 2), where shock waves will reflect with pressure

amplitudes two to eight times greater than the incident pressure

in air (Anderson, 2003).

PRef = 2PInc
7PAtm + 4PInc

7PAtm + PInc
(2)

The increase in pressure at the end of the shock tube from

the wave reflection off the receiver was pronounced in the pres-

sure traces (Figure 8). The peak pressure from the initial incident

shock wave was distinguishable from the larger reflected wave

coming off the receiver. The peak pressure caused by the reflecting

wave was 1.5–3 times higher than the incident pressure (this ratio

increased with blast severity). It should be noted that the reflect-

ing wave measured with the incident PTs in the shock tube was

not the ideal reflected pressure calculated by Eq. 2 since gas could

escape through the gaps between the shock tube and receiver. The

reflecting pressure was highly sensitive to the positioning between

the receiver and the shock tube. Therefore, the response of the

receiver to the loading conditions was best characterized by the

unimpinged incident pressure wave. Conversely, the ratio between

the peak receiver pressure and the ideal reflected pressure (cal-

culated using Eq. 2) was reasonably consistent for all levels tested

(0.60 ± 0.06). This ratio was less than 1 as expected, since the inter-

face was not perfectly rigid or closed (gaps lead to escaping gases)

and the receiver column was compliant.

FINITE ELEMENT MODEL

The open shock tube FE model produced responses that were

excellent predictions of the experimental results (Figure 10), and

over 90% of the model pressure time-history data for all blast lev-

els simulated fit within the experimental corridors. Shock wave

speeds in the FE models were nearly identical to the theoretical

shock wave velocities shown in Figure 7. The agreement between

the FE model with the experimental data was not surprising given

that LS-DYNA accurately reproduces theoretical shock tube flow

when using a sufficiently refined FE mesh (Panzer et al., 2011).

The receiver model also predicted the experimental response

of the receiver, but was slightly longer in duration of the initial

pressure pulse (Figure 11). The model was able to capture the fun-

damental design response of the receiver, namely the propagation

of the pressure pulse down the test column through the sample

and the attenuation and dispersion of the pressure through the

diverging nozzle. The pressure wave reflected back into the shock

tube in the model was also an excellent fit with the experimental

data, validating the fluid–structure interaction between the blast

model and the receiver model.

For all blast conditions simulated, the pressure responses mea-

sured at the depth of the sample location were uniform across the

diameter (±4% variation from the mean) up to 3 mm from the
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test column wall, where peak pressure was typically 15% lower

than in the center. The receiver simulations also predicted bulk

fluid motion through the test column, noticeable by up to 8.5 mm

of displacement at the top surface of the test column in the most

severe case. This bulk motion was confirmed experimentally via

high-speed video.

We investigated the potential for tissue culture strain using this

system by simulating a surrogate injury model in the FE receiver

model. For all blast levels simulated, the maximum principal strain

in the tissue did not exceed 5% and all measured strain rates were

less than 80 s−1. Maximum tissue strains did not develop during

the initial pressure pulse, but did develop later in the test when

FIGURE 10 | A comparison between typical the pressure time-histories

of the FE shock tube model and the experimental pressure traces at

the same blast condition (6200 kPa burst). Pressure contours show the

time-lapsed progression of the blast wave at the end of the tube (inset).

FIGURE 11 | A comparison between typical the pressure time-histories

of the FE shock tube and receiver model and the experimental

pressure traces at the same blast condition (3700 kPa burst). Pressure

contours show the time-lapsed progression of the pressure pulse traveling

down the test column and dispersing into the reservoir (inset).

the motion of the well within the test column caused the tissue to

stretch (Figure 12).

DISCUSSION

IN VIVO INJURY MODELS

A substantial amount of blast-related neurotrauma research has

focused on understanding the mechanisms and effects caused by

direct impingement of the blast wave on the body (known as a

primary blast injury). In vivo animal models are used to eluci-

date the pathological effects of BINT, with the most common

species being small rodents (mice or rat). Previous studies have

reported a wide array of histological and gross pathological per-

turbations following blast exposure to in vivo models. Structural

and/or morphological changes have been reported using a variety

of histochemical and microscopy techniques in neuronal and glial

cells following blast exposure (Kaur et al., 1995; Cernak et al., 2001;

Moochhala et al., 2004; Long et al., 2009; Garman et al., 2011; Pun

et al., 2011). Blood–brain barrier defects were found post-blast

resulting in increased permeability (Garman et al., 2011; Risling

et al., 2011). In more severe BINT, gross pathological findings were

typically present as mild or moderate subarachnoid and/or sub-

dural hemorrhaging (Kaur et al., 1995; Bauman et al., 1997; Säljö

et al., 2008; Long et al., 2009; Cheng et al., 2010; Rafaels et al.,

2011). More recently, the clinical manifestation of apnea imme-

diately following blast exposure were reported in many animal

models exposed to blast waves (Long et al., 2009; Cheng et al.,

2010; Garman et al., 2011; Rafaels et al., 2011).

Test methodologies and analyses are not thoroughly estab-

lished however, and it is difficult to compare results across studies

because of the vast differences in methods and resulting blast

exposures. One major limitation to current in vivo BINT mod-

els is the unknown scaling between the animal model and the

human response (Bass et al., 2012). A vital component in estab-

lishing a human blast injury criterion is the methodology of scaling

FIGURE 12 |Typical pressure and maximum principle strain traces of

tissue calculated by the FE shock tube and receiver model (1300 kPa

burst). Predicted strain levels were much lower than the low strain-rate

thresholds for function deficiency and axonal death (Bain and Meaney,

2000; Morrison III et al., 2003).
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the characteristics of a blast (pressure, duration, impulse) associ-

ated with an animal injury to the equivalent blast exposure for a

human. The scaling law widely used for pulmonary blast injury

models scales the blast overpressure duration by the cube root of

the ratio between body masses of species (Bowen et al., 1968). This

simplified dimensional procedure only considers the scaling of the

duration (and impulse) of the blast overpressure and not its ampli-

tude. Remarkably, the scaling law developed for pulmonary blast

injuries is identical to those developed independently for automo-

tive blunt impacts (Eppinger and Marcus, 1984) despite the vast

differences in the total momentum in each loading type. Injurious

short-duration blasts generally have lower total momentum.

Establishment of a definitive scaling law for BINT has been

hampered by the lack of test data across a wide range of species

and blast conditions (Bass et al., 2012). In studies that report

blast durations (an important parameter for blast loading), most

small rodent models have been exposed to overpressure durations

greater than 4 ms (e.g., Chavko et al., 2007; Svetlov et al., 2010; Säljö

et al., 2010; Bolander et al., 2011; Garman et al., 2011; Leonardi

et al., 2011), and some greater than 10 ms (e.g., Cernak et al., 2001;

Pun et al., 2011). Further, the applied overpressure time-histories

often have impulse values that are far larger than a typical ideal

free-field overpressure wave and are different in character than

typical complex blast waves (Bass et al., 2012).

If the scaling laws for BINT were based on the cubed-root of

the mass ratio (as in pulmonary blast), the corresponding scaled

blast duration for a human (70 kg) would be over 6 times that of a

rat (300 g) and over 13 times that of a mouse (30 g). For example, a

mouse exposed to a 200 kPa peak incident overpressure blast with

a duration of 5 ms would be equivalent to a human exposed to

200 kPa peak incident pressure and 65 ms duration, a surface blast

produced by the detonation of a 27,000- kg charge of TNT from

70 m away (Hyde, 2004). Long duration blast tests producing TBI

in small animal models may simulate TBI in humans exposed to

extremely large conventional high explosives or nuclear blasts, but

not the real-world blast threat from typical IEDs. Therefore, short-

duration blasts (particularly in small animal models) may more

accurately represent the exposures seen in BINT victims. More

research is required with these short-duration test conditions, and

using the shock tubes described in this manuscript will achieve

these types of loading conditions for in vivo injury models.

SHOCK TUBE DESIGN

A gas driven shock tube is the most common device used to gener-

ate blast overpressure conditions for neurotrauma research (e.g.,

Celander et al., 1955; Cernak et al., 2001; Chavko et al., 2007;

Rafaels et al., 2011) because of its ability to produce repeatable

blast waveforms that closely resemble free-field blast waves in

a controlled laboratory environment. As previously mentioned,

most methodologies expose small rodent models to blast overpres-

sures with long durations (>4 ms). Considering this, we designed

a set of shock tubes for generating short positive-phase durations

(0.3–3 ms) but relatively high peak incident overpressures (up to

650 kPa) for direct exposure to in vivo rodent injury models. The

capabilities of the designed shock tube allow for scaled equiva-

lent human durations to range from 1.8 to 18 ms for a rat injury

model and 3.9 to 39 ms for a mouse injury model, which are more

representative of real-world conditions than long duration shock

tube tests. However, if BINT scaling laws are different from pul-

monary injury scaling, then the designed shock tube fills a gap in

the range of blast conditions tested with current methodologies.

A number of factors are important for designing a shock tube

to produce the blast characteristics desired, the most critical being

driver gas type, diaphragm burst pressure, and the ratio between

driven length and driver length (Bass et al., 2012). For the current

shock tube design, the diameter also needed to be large enough

to expose a rodent head to a well-defined plane wave, but small

enough for bench-top application. The rule-of-thumb for shock

tube design is to use a driven length to diameter ratio greater than

10 to ensure the shock wave is planar (cf. Bass et al., 2012), and in

the case of the 630 mm design, this ratio is approximately 8. This

likely explains the significant increase in inter-test variability with

the 630 mm tube.

One of the issues we have experienced with using the shock tube

was the batch-to-batch variability of the PET membranes (both

thickness and failure stress). For instance, a 1.27-mm diaphragm

(5 × 0.254 mm sheets) test condition averaged burst pressures

of 4887 kPa (±62 kPa SD) for one batch of film and 6005 kPa

(±27 kPa SD) for another using the same test conditions. The

thickness of a batch of PET film has a variability of ±10% (per-

sonal communication; Grafix Plastics Inc., Cleveland, OH, USA),

and this variability can compound when multiple membranes are

used to build the diaphragm. While this issue did not affect the

response of the shock tube (peak pressure and duration were well

correlated with burst pressure), but it did affect our ability to pre-

cisely control the blast conditions during a large test series when

different batches of PET may be used. We are currently implement-

ing quality assurance protocols to assess individual diaphragm

batches and improve this precision.

IN VITRO INJURY MODELS

In vitro models are an important tool for elucidating the pathobi-

ology of TBI caused by mechanical disruption of central nervous

system (CNS) tissue by allowing researchers to reduce the com-

plexity of in vivo TBI models and improve access to the biological

and mechanical parameters associated with the tissue. However,

for in vitro models to be effective in improving our understanding

of the injury sequelae, they must accurately represent the in vivo

post-injury response to mechanical loading. Morrison III et al.

(2011) provides a comprehensive review on in vitro models for

TBI and their recapitulation of in vivo pathobiology.

A large number of in vitro TBI models were developed for

understanding the response of CNS tissue to mechanisms caused

by blunt head impact or inertial loading. Many of these models

focused on applying a disruption to the CNS tissue in shear (e.g.,

LaPlaca and Thibault, 1997; LaPlaca et al., 2005) or in stretch (e.g.,

Cargill and Thibault, 1996; Morrison III et al., 1998, 2003, 2006).

The fastest deformation capabilities of these in vitro models can

apply strains to tissue at rates up to 50 s−1(Morrison III et al., 2003;

Cater et al., 2006). However, these rates are too slow for replicat-

ing conditions caused by blast loading, where strains are typically

very low (less than 10%) but strain rates may be very high (100–

1000 s−1; Panzer et al., 2012b). Thus, new in vitro injury models

are needed to study the pathobiological effects of TBI caused by

blast exposure.
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Recently, in vitro BINT models were developed for blast load-

ing. Arun et al. (2011) studied the effects of blast overpressure

on two types of neuroblastoma cells and found significant neu-

robiological effects (Arun et al., 2011). They also report the

counter-intuitive result that repeated exposure from consecutive

blasts decreased injury. Their methodology consisted of expos-

ing a 96 well plate of cell cultures sealed with a gas permeable

membrane to air-driven shock tube blasts of 94, 125, and 145 kPa

peak incident overpressure (overpressure duration not provided),

although actual pressures exposed to the cell cultures inside the

blasted plate were not reported. Connell et al. (2011) developed

an in vitro model of the isolated guinea pig spinal cord exposed

to blast overpressures and found a reduction in the conduction of

action potentials and a decrease in membrane integrity (Connell

et al., 2011). Their test methodology consisted of exposing an iso-

lated spinal cord directly to a jet of gas produced by a blast tube

with overpressure levels of 23, 41, and 65 kPa peak incident pres-

sure (0.2 ms duration for all blasts). Using this methodology, they

reported tissue deformation as high as 60% compressive strain.

Injuries derived from this in vitro model were likely a result of the

tissue being crushed rather than a blast injury.

IN VITRO RECEIVER DESIGN

A fluid-filled receiver was designed to replicate the in vivo bound-

ary conditions for in vitro cellular and organotypic tissue samples

subjected to an overpressure pulse caused by a blast wave. The

initial geometry specifications were based on the receiver working

with the 78 mm diameter shock tube and incorporating existing

in vitro neurotrauma models. The initial performance specifica-

tion for the receiver was to achieve a range of single overpressure

pulses between 0.5 and 2 ms in duration, similar to those seen with

early cadaveric blast testing (Rafaels et al., 2010) and computa-

tional studies (Panzer et al., 2012b). The use of in silico prototyping

using FE models helped design the final geometry and determine

the materials for building the apparatus. In-fluid membrane mate-

rials were selected based on similar acoustic impedance with water

to reduce reflections and ensure smooth transmission of the pres-

sure pulse through the culture. Lastly, the receiver was designed to

be modifiable for future studies to produce more complex wave-

forms simulating blast overpressures in operational environments.

Compliance of the receiver structure plays an important role in the

characteristics of the pressure pulse at the culture, and altering the

structure can tune the receiver to desired pressure responses.

This in vitro test methodology was the first to replicate the

loading conditions and boundary conditions that are relevant for

studying BINT by not compressing the injury model against a

material with higher impedance. This methodology allows for the

direct measurement of the overpressure applied to the specimen

during the test, and this capability will allow for the future devel-

opment of injury criteria that can be applied to computational

models for injury risk assessment.

The rationale for this design was to surround the sample with

materials with similar bulk properties and impedance so that

the applied pressure wave propagated through the tissue rather

than reflected off the tissue. This was an important aspect of the

methodology because reflecting the applied wave off the sample

will have the unintended consequence of large tissue deformations

not associated with blast. Furthermore, the receiver was designed

to mitigate and attenuate possible pressure wave reflections that

may return to the tissue in an effort to reduce the possibility of

additional tissue disruption from repeated loading. Repeated load-

ing can increase the risk of injury in a blast environment (Panzer

et al., 2012a), so it is desirable to identify an injury tolerance based

on a single loading instance.

Bulk fluid motion was produced in the test column following

the application of the blast wave. However, bulk fluid motion was

not detrimental to maintaining low strain amplitudes in the test

sample since the sample was moving with the fluid. Tissue strains

were less than 5% for the conditions simulated, which is a level

of tissue strain well below the thresholds for functional deficiency

in CNS tissue (Bain and Meaney, 2000; Morrison III et al., 2003;

Cater et al., 2006; Elkin and Morrison III, 2007). This result gives

confidence that injuries modeled using this methodology are from

overpressure loading and not strain loading.

One of the advantages of the fluid-filled receiver is that it is

not limited to a specific in vitro culture model. Many types of

tissues, including organotypic slices and cell cultures, are being

tested using this methodology for in vitro blast injury modeling.

Furthermore, the dimensions of the receiver can be modified in

the future to tailor the applied overpressure pulse to match specific

intracranial pressure traces seen in animal or cadaveric blast mod-

els. This may be particularly important when considering more

complex intracranial pressure pulses caused by the interaction of

the blast with the head and its surroundings (including helmets

and other protective equipment).
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