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Abstract—The Veterans Health Administration determined
that over 250,000 U.S. service members were diagnosed with
a traumatic brain injury (TBI) between 2008 and 2018, of
which a great proportion were due to blast exposure.
Although the penetrating (secondary) and inertia-driven
(tertiary) phases of blast-induced TBI (bTBI) have been
studied thoroughly and are known to be injurious, primary
blast brain injury has been less studied. We investigated the
biomechanics of primary bTBI in our previously developed
in vitro shock tube model with a fluid-filled sample receiver.
Using stereoscopic, high-speed cameras and digital image
correlation (DIC), we mapped the deformation of organ-
otypic hippocampal slice cultures (OHSCs) following a range
of blast exposures to characterize the induced strains. As
blast exposure increased, tissue strain increased, although the
levels remained relatively low (maximum < 9%), with
strains rates between 25 and 85 s~!. Both strain magnitude
and rate were highly correlated with the in-air blast impulse
and in-fluid peak pressure parameters. Comparing biome-
chanical parameters to previously reported blast-induced
electrophysiological dysfunction, a threshold for deficits in
long-term potentiation (LTP) was observed for strains
between 3.7 and 6.7% and strain rates between 25 and
33 s~ !. This is the first study to experimentally determine
primary blast-induced strain and strain rates in hippocampal
tissue.
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INTRODUCTION

Blast-induced traumatic brain injury (bTBI) is a
serious health concern for military personnel and
civilians in areas of conflict around the world. Between
2008 and 2018, the Department of Defense determined
that nearly 250,000 US service personnel were diag-
nosed with combat TBI, mainly mild TBI (mTBI)
caused by blast.” The more frequent use of improvised
explosive devices (IEDs) coupled with greater surveil-
lance by medical professionals for brain injuries have
increased the incidence of bTBI. The biomechanics of
blast-induced TBI are complex and multi-phasic.?
Primary blast injury is initiated by the interaction of
the shock wave with the skull and the brain as the
shock wave transits the head. Secondary blast injury is
defined as both blunt and penetrating injury, caused by
ejecta launched from the blast origin. Tertiary blast
injury is driven by inertial forces loading the biological
tissue through rapid acceleration/deceleration of the
body due to blast. Although secondary and tertiary
blast exposures are known to be injurious, the effect of
primary blast in isolation is still debated.

Research into bTBI has increased over the last
20 years with studies using a variety of methods to
model blast exposure. Previous bTBI studies using
in vivo animal models have reported altered memory
and cognition following injury.>%!"1%-3537 Some of
these studies assert that motion of the head, and hence
inertial loading, was eliminated, thereby providing a
model of pure primary blast loading, i.e., the shock
wave only.>®171935 However, it is extremely difficult
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to completely fix the head during blast exposure. Even
when extra steps were taken to secure the head, sig-
nificant head accelerations remained as revealed by
analysis of high-speed video.>!”'® Therefore, it re-
mains a considerable challenge to investigate pure
primary blast in animal models. We expressly designed
our in vitro injury model to eliminate inertia-driven
acceleration, thus isolating primary blast exposure.'%*°
In a previous study using high-speed video analysis, we
observed no bulk motion of the tissue within the re-
ceiver, confirming an absence of inertia-driven forces
on the tissue sample.'” However, hippocampal elec-
trophysiological function (including long-term poten-
tiation [LTP]), protein expression, and blood-brain
barrier integrity were all negatively affected in this
model.'>!3:20-21:3839 Y have undertaken this study in
order to better understand the tissue biomechanics that
drove the biological deficits.

Contemporary in vitro models of non-blast TBI in-
jure cultures with deformations in the range of 20-50%
strain applied at strain rates < 50 s~ '.”*° Computa-
tional models of inertia-driven TBI have predicted
deformations of similar strain magnitudes and rates.”
Conversely, computational simulations of the head
under shock wave loading have predicted that brain
tissue deformation is < 10%, but applied at higher
rates from 12 to 960 s~ '.3*3* Modeling of our in vitro
receiver under shock tube loading predicted tissue
strains of < 8% at high-strain rates (80 s~ '); however,
these biomechanics have not been confirmed experi-
mentally.*® The purpose of this study was to experi-
mentally characterize the tissue biomechanics for
correlation with electrophysiological function within
organotypic hippocampal slice cultures (OHSCs) dur-
ing shock wave loading in our in vitro blast injury
model. We utilized a stercoscopic high-speed camera
system, in combination with digital image correlation
(DIC) to quantify strain histories for a range of shock
exposures. We found that primary blast exposure in-
duced low strains (< 9%) at high-strain rates (25—
85 s~ ') in OHSCs in vitro, with peak tissue strain and
rate occurring after the pressure wave had passed the
sample in the fluid filled receiver. Blast-induced strains
and rates were highly correlated with in-air blast im-
pulse and in-fluid peak pressure parameters. We
observed thresholds for electrophysiological dysfunc-
tion, defined by deficits in LTP, between 3.7-6.7%
strain and 25-33 s~ ' rate. This study experimentally
confirmed computationally predicted strain magni-
tudes and rates using our in vitro blast model. Our
findings provide biomechanical injury thresholds for
future computational models of primary bTBI that will
contribute to the design of protective equipment and
diagnostic capabilities.
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MATERIALS AND METHODS

Organotypic Hippocampal Slice Culture

All animal procedures were approved by the Co-
lumbia University Institutional Animal Care and Use
Committee (IACUC). Organotypic hippocampal slice
cultures were generated from P8-P10 Sprague Dawley
rats as previously described.'®!%**3 In brief, the hip-
pocampus was excised, cut into 400 um thick sections
on a Mcllwain tissue chopper (Ted Pella Inc., Redding,
CA), and plated onto Millicell inserts (EMD Millipore,
Billerica, MA) in Neurobasal medium supplemented
with 2mM  GlutaMAX™, 1X B27 supplement,
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), and 25 mM b-glucose (Thermo Fisher,
Waltham, MA). Cultures were fed every 2-3 days after
plating with full serum medium, containing 50%
Minimum Essential Medium, 25% Hank’s Balanced
Salt Solution, 25% heat inactivated horse serum,
2 mM GlutaMAX, 25 mM D-glucose, and 10 mM
HEPES (Sigma-Aldrich). Cultures were maintained for
10-14 days prior to blast exposure.

Cell Death Measurement

Propidium iodide (PI) fluorescence was used to as-
sess tissue health prior to blast exposure, applying
2.5 uM PI (Life Technologies) in serum-free medium
to cultures immediately before blast exposure. Cell
death was determined using MetaMorph (Molecular
Devices, Downingtown, PA) according to published
methods.”'*!%3 Cultures that exhibited greater than
5% cell death before blast-exposure were eliminated.
Previous studies with this injury model have reported
that blast injury at the levels used in this study caused
minimal cell death.'*-*®

Primary Blast Exposure

Blast injury methods have been described previously
in detail.'%-13-20-21-3038:39 Eor this study, we modified
our previously described cylindrical fluid filled receiver
with a transparent box; this transparent box was then
also filled with water to minimize image distortion
(during high-speed videography) caused by the fluid
filled cylindrical column. Cultures were first lightly
spray painted to create a stochastic fiducial pattern for
strain analysis and then placed into sterile bags filled
with serum-free medium that was pre-equilibrated with
5% CO, at 37 °C. Any air bubbles were fastidiously
removed from the bag, which was sealed and placed
into the receiver column. The receiver column was fil-
led with pre-warmed water (37 °C), sealed with a sili-
cone membrane, and the shock tube was fired. Blast
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exposure levels were chosen so that in-fluid peak pres-
sure and duration parameters were minimally correlated
(*= 0.04), to reduce the contribution of these variables
to correlations of biomechanical parameters and bio-
logical deficits.'®'* Piezoresistive pressure transducers
(Endevco 8530B-500, San Juan Capistrano, CA, USA)
recorded incident pressure at the shock tube exit. For the
blast levels tested in this study (Levels 1-4), peak over-
pressure, duration, and impulse were recorded, pro-
cessed, and quantified as previously described.'%!3-21-3%
As a real world comparison, according to the Conven-
tional Weapons Effect Program (ConWEP), the char-
acteristics of our Level 1 blast is comparable to that of a
M49A4 60-mm mortar round at a standoff distance of
0.25-2 m, and a Level 4 blast is comparable to that of a
M117 bomb at a standoff distance of 10-15 m. For each
blast level, a representative in-fluid pressure trace is
presented in Fig. 1.

High-Speed Videography and Digital Image Correlation
(DIC)

A pair of Fastcam SA-X2 charge-coupled device
(CCD) cameras (Photron USA, San Diego, CA) cap-
tured stereophotogrammetric videos of OHSCs during
blast exposure. A calibration cube (15 mm x 12 mm)
established a global coordinate system to orient the
cameras in 3D space. The two cameras simultaneously
recorded the culture during blast exposure at 5000
frames per second (FPS) with a resolution of
896 x 896 (20 um pixel size).

Digital image correlation (DIC) was used to map
unique correlation areas, or sub-image, of the surface
pattern on the hippocampal slices to identify the same
location in the images from the left and right cameras
(GOM, Brunswick, Germany). At each time step, the
algorithm successively identified the location of the
center of each sub-image in the left and right image.
Knowing the global positions of the cameras relative to
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the sample, the sub-image’s location within both
images was converted into a single set of 3D coordi-
nates in real space. To calculate sub-image deforma-
tions, the 3D coordinates were transformed onto the
surface of the culture using the assumption that the
local neighborhood of a point can be well approxi-
mated by a tangential plane. The tangential plane was
calculated separately for both the undeformed and
deformed states, and then the points in the local
neighborhood were projected perpendicularly onto the
tangential plane. This transformation resulted in two
sets of points on the tangential plane for the unde-
formed and deformed state.

Sub-image coordinates were tracked between the
reference frame and the deformed frame; however, it
was necessary to adjust the coordinate system between
the reference and the deformed frame. The sub-image’s
deformed coordinate system was determined using a
local neighborhood of measurement points around the
sub-image center. At this point, the deformation gra-
dient tensor (F) can be constructed for each sub-image
at each time step. Each deformation gradient was
decomposed into the product of two tensors using the
polar decomposition theorem (Eq. 1): a pure stretch
tensor (U) and a pure rotation matrix (R).

F=R-U (1)
The stretch tensor was computed from the Cauchy—

Strain tensor (C) and the orthogonal rotation matrix
(Egs. 2-4).

C=F"-F=U"-R".R-U (2)
RT-R=1 (3)
U=v<¢ (4)

The first eigenvalue of the stretch tensor yielded the
maximum principal strain (MPS) within each sub-image
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FIGURE 1.

Representative in-fluid pressure profiles for blast exposures used in this study. The traces represent the in-fluid

pressure profiles at the level of the sample for each of the blast levels tested in this study (Levels 1-4). Note that the duration of the

pressure pulse is less than 5 ms.
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plane at each time step. For all sub-images across the
sample at each time, the MPS was averaged. Strain rate
was calculated from the average MPS history. Both
strain and strain rate across the range of blast intensities
were analyzed by ANOVA, followed by Bonferroni post
hoc tests with statistical significance setasp < 0.05. The
Pearson correlation coefficient was calculated to deter-
mine with which blast parameters strain and rate were
most highly correlated (duration, peak overpressure,
and impulse measured in-air and in-fluid).

Finite Element Simulation

We leveraged previously developed axisymmetric
FE models of both the 1240 mm shock tube and the
receiver to validate the mechanics of the system and
the experienced tissue-level strains. The pressure time-
histories at the exit of the shock tube and at the sample
level were validated using the open-tube and in-re-
ceiver pressure time-histories from three levels of blast
severity (Level 1, Level 3, and Level 4)."* Following
validation, the receiver FE model was used to investi-
gate the strain response of a representative OHSC
plated onto a Millicell insert.*

The mesh resolutions of both the shock tube and
receiver were 1 mm, selected based on a previous mesh
convergence study for shock tube modeling.>' All ele-
ment formulations and material constants were mod-
eled after similar previously published finite element
simulations of this shock tube, receiver, and OHSC.
All FE analyses were performed using LS-DYNA hy-
drocode (v971.R5.1.1; Livermore Software Technolo-
gies Corp., Livermore, CA, USA). The accuracy of the
modeled blast history to experimental data was
assessed using the cross-correlation methods of corre-
lation and analysis (CORA). For extracted strain data,
mean individual integration points (IPT) MPS was
calculated across three elements of the slice model and
graphed for the first 5 ms of exposure.

RESULTS

Primary Blast Exposure Induced Low Strains

The initial rise in strain occurred over the first 2 ms
of pressure loading; however, strain did not reach
maximum magnitudes until the pressure pulse had
transited the sample (> 3 ms). After this point, strains
were induced by deformation of the Millipore mem-
brane as it vibrated like a drum head with limited bulk
motion of the sample. We provided a time history of
induced strains (Fig. 2) and footage of the first 30 ms
following Level 4 blast exposure (Video 1) to visualize
slice deformation during blast.
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FIGURE 2. Time history of tissue strains induced by Level 4
blast exposure. (a) The trace represents the average maximum
principal strain (MPS) on the tissue sample surface (= SEM,
N = 3) over the first 150 ms following Level 4 blast exposure.
The black bar marks 30 ms after blast, which is expanded in
(b). (b) The trace represents the MPS on the tissue sample
surface (= SEM, N = 3) over the first 30 ms following Level 4
blast exposure. The dotted vertical line indicates the time
point when the in-fluid pressure transient passes the sample.

We observed that blast exposure induced strains of
low magnitude (< 9%) (Fig. 3a). Level 1 blast expo-
sure induced average maximum principal strains of
3.7+ 0.4%. Level 2 blast exposure significantly
(p < 0.05) increased strains to (6.7 £ 0.6%), as com-
pared to Level 1 blast. Level 3 (8.2 £ 0.8%) and Level
4 (8.2 £ 0.6%) blast exposures induced significantly
(p < 0.05) higher strains than Level 1 blast, but not
Level 2 blast.

When compared to blast input parameters (Fig. 3b:
duration, Fig. 3c: peak pressure, and Fig. 3d: impulse),
strain best correlated with in-air impulse (R*> = 0.91)
and in-fluid peak pressure (R*> = 0.86). Strain was
somewhat correlated to in-fluid impulse (R* = 0.71),
but only weakly correlated to in-air pressure
(R* = 0.44), in-air duration (R* = 0.52), and in-fluid
duration (R*> = 0.00).

Primary Blast Exposure Induced High-Strain Rates

Blast exposure above Level 2 significantly elevated
maximum strain rate (Fig. 4a). Level 1 and Level 2
blast exposure induced average maximum strain rates



Low-Strain High-Strain Rate Tissue Deformation in Blast

(a)10 (b) "
7 * *
94 8 Level 1 18 ® In-Fluid In-Fluid Correlation
3 Level 2 ] 1 . .
8 O Level 3 1 I 16 X In-Air m |n-Air Correlation
71 O Level4 ="
X 64 X
51 10 2=,
4 2 Ri=052 R? = 0.00
s 4 4 s 8 X
3 6 X o
24 4 X [ ]
1 2
04 0 . . . . . ,
0.0 0.5 1.0 15 2.0 25 3.0
Duration (ms)
(€) 20, (d) 20
18 18 1
16 16 1
14 141
é 12 4 &\i 12 4
o 10 2=0.44 v 101 R?=0.91
e, X o ;. [ )
= )/X =
6 R?=0.86 61 R?=0.71
41 X® 41X ®
2 4 2 4
0 0 T T T T 3
0 100 200 300 400 500 600 700 0 100 200 300 400 500

Pressure (kPa)

Impulse (kPa*ms)

FIGURE 3. Primary blast exposure induced strains of low magnitudes. (a) Increasing blast exposure increased the average
maximum principal strain (MPS) in OHSCs, but remained below 9% (mean = SEM; n = 3, *p < 0.05, as compared to Level 1 blast).
(b) Linear correlation between MPS and blast duration in-air and in-fluid, indicating a weak association with R?> = 0.00 and

= 0.52, respectively. (c) Linear correlation between MPS and blast peak pressure, indicating a strong association with in-fluid

(R? = 0.86) and a weak association with in-air (R

= 0.44) peak pressure. (d) Linear correlation between MPS and blast impulse

indicating a strong association with in-air (R? = 0.91) and a moderate association with in-fluid (R? = 0.71) impulse.

of 252 4+ 6.6 and 32.9 & 2.4 s~ !, respectively. Level 3
blast exposure significantly increased strain rate
(76.5 £ 4.6 s~ ") as compared to Level 1 (p < 0.05)
and Level 2 (p < 0.05) blast. Level 4 blast exposure
induced significantly (p < 0.05) higher strain rates
(85.6 + 15.3 s~ ") than Level 1 (p < 0.05) and Level 2
(» < 0.05) blast.

When compared to blast input parameters (Fig. 4b:
duration, Fig. 4c: peak pressure, and Fig. 4d: impulse),
blast-induced strain rates best correlated with in-fluid
pressure (R> = 0.97) and in-air impulse (R* = 0.93).
Strain rate was somewhat correlated to in-air pressure
(R* = 0.80) but only weakly correlated with in-fluid
impulse (R? = 0.54), in-air duration (R*> = 0.08), and
in-fluid duration (R*> = 0.12).

Strain and Rate Thresholds for Blast-Induced LTP
Deficits

We then compared the measured strain and strain
rates at these blast levels to potentiation at the same
blast intensities measured previously.*® After a Level 1
blast (applied strain of 3.7% at 252s”'), LTP

(46.9 £+ 10.5%) was not different from sham cultures
(Fig. 5); however, after a Level 2 blast (applied strain
of 6.7% at 32.9 s "), LTP (17.6 & 8.8%) was signifi-
cantly reduced. As the blast severity increased, LTP
was further reduced. After a Level 3 blast (applied
strain of 8.2% at 76.5s™ "), LTP (12.6 & 3.1%) was
significantly reduced. After a Level 4 blast (applied
strain of 8.2% at 85.6s™ "), LTP (3.4 + 13.1%) was
significantly reduced. Potentiation was strongly and
negatively correlated with strain (R = 0.88) and was
moderately and negatively correlated with strain rate
(R* = 0.81).

Additionally, we compared the measured in-air and
in-fluid pressures, durations, and impulses at these
blast levels to potentiation at the same blast intensities
measured previously.”® Potentiation was strongly and
negatively correlated with both in-air (R*> = 0.93) and
in-fluid impulse (R*> = 0.93). Potentiation was mod-
erately and negatively correlated with both in-air
(R*> = 0.68) and in-fluid peak pressure (R* = 0.89)
and in-air duration (R*> = 0.69). Potentiation was
weakly and negatively correlated with in-fluid duration

(R* = 0.41).
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FIGURE 4. Primary blast exposure induced deformations with strain rates in excess of 80 s™'. (a) Increasing blast exposure
increased the average peak strain rate in OHSCs. Both Level 3 and Level 4 blast exposures induced significantly greater strain
rates over both Level 1 and Level 2 blast. (mean = SEM; n = 3, *p < 0.05, as compared to Level 1 blast, *p < 0.05 as compared to
Level 2 blast). (b) Linear correlation between strain rate and blast duration in-air and in-fluid, indicating a weak association with
R? = 0.08 and = 0.12, respectively. (c) Linear correlation between strain rate and blast peak pressure indicating a strong
association with in-fluid (R? = 0.97) and a moderate association with in-air (R? = 0.80) pressure. (d) Linear correlation between
strain rate and blast impulse indicating a strong association with in-air (R* = 0.93) and a weak association with in-fluid (R? = 0.54)
impulse.
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FIGURE 5. Increased strain magnitude and rate reduced
long-term potentiation (LTP). We observed a threshold for

significant LTP deficits between 3.7 and 6.7% MPS. We
observed a threshold for LTP deficits for strain rates
between 25 and 33 s~ .

Finite Element Modeling Matched Observed Pressure
Time-Histories and Induced Strains

The shock tube FE model produced responses that
were strong predictions of the experimental results,
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for Level 1 (Fig. 6a), Level 3 (Fig. 6b) and Level 4
(Fig. 6¢) blast were corroborated with CORA scores of
0.69, 0.86, and 0.83, respectively. Although the mod-
eled pressure time-histories over the first 5 ms of
exposure correlated strongly with experimental results,
the maximum average strain (Fig. 6d) in the modeled
OHSC remained lower than experimental results for all
three tested blast exposures (Level 1: 0.7%, Level 3:



Low-Strain High-Strain Rate Tissue Deformation in Blast

a
( )800
= Receiver
700
Model
® 600
o
= 500
® 400
?
£ 300
= 200
o
100 ,v\'\
0 = VM[;,—
0.0 1.0 2.0 3.0 4.0 5.0
Time (ms)
(c)
800
700 - Receiver
Model

a
o
o

—Receiver
Model

Pressure (kPa)

N
o
o

1004
N A -
0.0 ¥ 1.0 2.0 3.0 4.0 5.0

Time (ms)

(b)

800

- Receiver
700
Model

a
o
o
)

500
400 (]
300

200 \‘

100 \~
0 \ L}”\_\/_\*‘v 5

0.0 1.0 2.0 3.0 4.0 0]
Time (ms)

(d) 5.0, ==Level 1 - Model )
—Level 1 - Experiment Maximum
or

Pressure (kPa)

4.5 Level 3 - Model Standard Err
Level 3 - Experiment
4.0/~ Level 4 - Model

35 «— Level 4 - Experiment

<

S 30
.% 25
s 20
N 15
1.0
05
0

0.0 1.0 2.0 30 40 5.0
Time (ms)

FIGURE 6. Comparison of experimental data with simulation results. The modeled pressure wave was an excellent fit to the
experimental data, validating the fluid—structure interaction between the shock tube model and the receiver model. The in-fluid
pressure time-histories over the first 5 ms of exposure for (a) Level 1, (b) Level 3, and (c) Level 4 are presented; the CORA score for
the Level 1, Level 3, and Level 4 simulations were 0.69, 0.86, and 0.83, respectively, indicating excellent agreement. (d) The
predicted strain histories in an OHSC over the first 5 ms of exposure are presented with experimentally measured strains.
Predicted maximum average strains were 0.7, 1.7, and 2.3% with experimentally measured maximum average strains of 0.9, 3.9, and
4.6% for Level 1, Level 3, and Level 4, respectively. Error bars are not included here for the sake of clarity, and maximum standard

error is shown instead.

1.7%, Level 4: 2.3%); however, there was a similar,
large increase in modeled strain from Level 1 to Level 3
(Level 3: 142% higher than Level 1) and a similar,
modest increase from Level 3 to Level 4 (Level 4: 35%
higher than Level 3), as also measured in the experi-
mental measurements.

DISCUSSION

This is the first study to experimentally measure
primary blast-induced strain and strain rates in hip-
pocampal tissue. We observed a strain threshold for
LTP deficits between 3.7 and 6.7% and a strain rate
threshold between 25 and 33 s~'. The observed tissue
strain and rate were well predicted computationally for
this injury model by Panzer and colleagues
(< 8%, ~80s™ "), similarly observing maximum
strains after the pressure wave had passed the sample.
Our experimental validation improves our under-
standing of tolerance criteria for neurological deficits
in response to primary blast exposure. Ultimately, an

understanding of these tolerance criteria can lead to
the development of improved armor and helmets for
military personnel in theater.

Although no other study has experimentally quan-
tified strain fields in brain tissue following blast expo-
sure, one study found that shock loading of a poly-
(methyl methacrylate)/Perma-Gel model of a human
skull/brain induced 4.5% strain or less within the
Perma-Gel." Although strain rates were not explicitly
reported, the study reported that loading occurred at
high-strain rates. Peak pressures in the gel were
350 kPa, which is slightly greater than our Level 2
blast that induced 6% strain. Another study employed
a split-Hopkinson bar to induce strain rates of over
8000 s~ !, across a range of strains (3-42%), in acute
coronal brain slices embedded in gelatin blocks.>® Al-
though the pressure transient at the tissue level
exhibited a similar rise-time (~ 300 us) and duration
(~ 1 ms) applied in our study, the peak pressures
within the aCSF greatly exceeded those within the re-
ceiver from our study (11 MPa vs. 0.6 MPa). Average
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maximum principal strains in that study were 28%,
which subsequently damaged neurons in CAl when
observed 6 h post-injury. Although that study cor-
roborates our finding that increased fluid pressures
caused elevated strains and strain rates, the strain and
rates greatly exceeded those in our study, which could
explain the differences in observed cell death between
the models."

Multiple studies have computationally modeled
blast exposure for both in vitro and in vivo loading
scenarios.**>2%32 The experimental blast pressure
time-histories utilized in this study were compared to
finite element modeling. Modeled average strain levels
in the tissue were aligned with experimental data
(Fig. 6d) in that they remained low (< 3%); however,
it is important to note that modeled strains were all
lower than strains measured experimentally (< 5%).
Panzer and colleagues predicted that shock loading of
tissues in our in vitro receiver would induce MPS less
than 8% and maximum strain rates of 80 s~ ' or less,
which aligns closely with our findings.*® Computa-
tional models of the human head under shock loading
corroborated the biomechanical loading observed with
our injury model.'***** Those studies predicted max-
imum strains below 10% and maximum strain rates to
reach between 10 and 570 s~ ', depending on loading
conditions. The same study predicted that strain was
mainly dependent on the impulse of the blast, which
was corroborated with our experimental findings
(Fig. 3d).* We have previously reported that biologi-
cal outcomes such as LTP and blood-brain barrier
disruption were also dependent on the impulse of the
blast wave.'>?! In the aforementioned computational
studies, maximum strains were observed after the
pressure pulse had passed through the in vitro sample
or the skull/brain model. Although our study corrob-
orated this result, video analysis suggested that blast-
induced deformation was driven by vibration of the
Millipore membrane, on which the culture was ad-
hered, within the test apparatus. This result may have
been driven by bulk fluid motion within the column,
which was observed in computational models of the
receiver, as well.*®

Comparing the strain field induced by primary blast
vs. tertiary blast, in vitro and in vivo studies have
reported that inertial-driven TBI leads to higher strain
magnitudes, but lower strain rates than what we report
for primary blast. One common methodology for
mimicking inertial-driven strains is stretching of cul-
tured cells or tissue by deformation of the culture
substrate. In these studies, applied strains range from 1
to 140% whereas strain rates remained below
50 s~ 19272 Alternatively, shearing devices have been
developed for 3D cell cultures, capable of inducing up
to 50% shear strain at rates from 1 to 30 s~'.?® An-
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other study utilized magnetic resonance imaging
(MRI) to quantify the strain field applied using an
in vivo brain impact device.* In this study, MPS ranged
from 20 to 40% in certain regions, applied at rates
between 10 and 40 s~'. Most computational simula-
tions predicted that impact or accelerative forces on
human head models induced high-strain magnitudes
(6-96%) and low strain rates (< 80 s ').%% Interest-
ingly, computational models of controlled cortical
impact (CCI), a commonly used blunt-impact injury
model, predicted high-strain magnitudes (5-60%) and
strain rates (> 400 s~ ').%?® Since the strain rate differs
greatly from other experimental and computational
models of inertial TBI, injury biomechanics should be
considered when comparing CCl-induced pathobiol-
ogy to other TBI models and when interpreting
pathobiological or behavioral outcomes following
exposure to brain injury, like primary blast.

In this study, we correlated our previously reported
levels of LTP following in vitro blast to the induced
strain magnitudes and strain rates at the same levels.®
From the correlations, blast-induced LTP deficits were
dependent on both strain and strain rate, with strains
above 3.7% and strain rates above 25s” ' inducing
significant LTP deficits. Although no other study has
investigated LTP deficits at high-strain rates, our
group has previously observed that a single mild
stretch injury (12%, 5-6 s~ ') did not affect LTP;
however, a subsequent mild stretch delivered 24 h after
the first significantly reduced LTP without altering
other evoked response measures.'' It is possible that
the observed strain threshold for LTP deficits in our
study, the result of bulk fluid motion causing
mechanical deformations of the Millipore membrane
substrate, is lower since the primary blast injury model
deforms tissue at higher rates than the stretch injury
model. In other words, the overarching contribution to
the observed LTP deficits may be due to the higher
strain rate induced by blast injury. Although LTP was
not investigated, another stretch injury study found
that the strain threshold for electrophysiological dys-
function was potentially as low as 5% when stretched
at 5s '* Upon mathematically fitting functional
changes to applied strain/rate injury parameters, Kang
and colleagues found that most changes to basal hip-
pocampal and cortical electrophysiological dysfunc-
tion were dependent on both strain magnitude and
rate, even at low strain magnitudes.”>* Another study
observed that changing the rate of stretching hip-
pocampal cultures, increasing from 1 to 5 to 50 s~ ',
while maintaining low strain magnitudes (< 6%)
increased cytosolic [Ca® '], an important parameter for
LTP induction.?” Previous studies hypothesized that
macro- and micro-interfaces between cellular struc-
tures with disparate properties, e.g., the dendritic
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spines and transmembrane structures critical to LTP
induction, could be particularly vulnerable to damage
from high-strain rate loading.'*

It has been shown that electrophysiological dys-
function can occur even in the absence of cell death;
however, multiple experimental studies have similarly
investigated strain thresholds for cell death.>’-'*2®
Biomechanical thresholds for electrophysiological dys-
function and cellular death are critical to the advance-
ment of computational TBI models. Current finite
element models of the human head can incorporate a
neural tract structure, identified by diffusion tensor
imaging, to predict the effect of injury on neural con-
nections.?**® For example, Kraft and colleagues found
that 20% of the neural connectome links between brain
regions were fully degraded by 96 h after a frontal TBI,
when using an axonal strain threshold (18%) for func-
tional deficits identified in vitro.>** Our study connects
blast parameters (peak pressure, duration, impulse) to
biomechanical deformation (strain magnitude, rate) and
provides computational studies with additional thresh-
old information to better inform their models.

Although our study provided insights into the
biomechanics of primary blast injury, there are several
limitations that should be considered. The DIC soft-
ware required that a fiducial pattern be applied to the
OHSC:s so that sub-images can be assigned for subse-
quent deformation tracking. It is possible that the
spray paint used to make that pattern altered the
physical properties of the OHSC and, thus, the strain
response. Additionally, the use of spray paint pre-
vented subsequent electrophysiological recording and
imaging of the patterned slices. In the future, different
biological dyes or staining could be implemented to
determine whether the induced strains were altered by
the paint and to determine electrophysiological activity
and image slices after blast injury. For the construction
of the fluid-filled receiver, a square box was built to
surround the receiver and filled with water, to prevent
image distortion that accompanies recording a sample
through a cylindrical PVC receiver. This structure
served to better match the refractive indices of the
intervening media, PVC (n = 1.5390) and water
(m = 1.33) and present a flat surface through which to
image, minimizing image-distortion and allowing for
proper calibration of the system. A more ideal setup
would be to redesign the fluid-filled receiver with a
square column. An inherent limitation of any
stereophotogrammetric technique is that only strains
on visible surfaces were measured, although, this may
not be a significant limitation because the OHSCs are a
few hundred microns thick. Recording speed was lim-
ited by lighting conditions, which were somewhat
limited by space constraints around the receiver. The
onset time of the in-fluid pressure transient at the level

of the sample was approximately 500 ps, which allows
capture of this onset in only two frames. Although the
maximum strain magnitudes and rates were observed
after pressure loading had subsided, a higher frame
rate would be desirable in future studies.

In summary, we report that in vitro primary blast
exposure induced low strain magnitudes and high-strain
rates in OHSCs with strain magnitudes between 3-9%
and rates between 25-86 s~ ' for Level 1-4 blasts. Both
strain magnitude and rate were highly correlated with
in-air blast impulse and in-fluid peak pressure. Peak
tissue strains and rates were observed after the pressure
wave had passed the sample, suggesting that this mode
of strain was driven by either bulk fluid motion or
vibration of the culture substrate like a drum head. Our
results aligned closely with computational simulations
of our blast injury device under shock loading.*® When
comparing biomechanical parameters to blast-induced
LTP deficits, we observed that a strain magnitude and
rate threshold for LTP-loss was found between 3.7—
6.7% and 25-33 s~ ', respectively. The reported findings
will advance computational modeling of the brain under
shock loading by providing tissue-level tolerance crite-
ria for neuronal dysfunction.
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