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Biomechanical Responses of the Brain
in Swine Subject to Free-Field Blasts

Ke Feng*, Liying Zhang, Xin Jin, Chaoyang Chen, Srinivasu Kallakuri, Tal Saif,
John Cavanaugh and Albert King

Department of Biomedical Engineering, Wayne State University, Detroit, MI, USA

Blast-induced traumatic brain injury (bTBI) is a signature wound of modern warfare. The
current incomplete understanding of its injury mechanism impedes the development of
strategies for effective protection of bTBI. Despite a considerable amount of experimental
animal studies focused on the evaluation of brain neurotrauma caused by blast exposure,
there is very limited knowledge on the biomechanical responses of the gyrenecephalic
brain subjected to primary free-field blast waves imposed in vivo. This study aims to
evaluate the external and internal mechanical responses of the brain against different
levels of blast loading with Yucatan swine in free field. The incident overpressure (IOP)
was generated using 3.6 kg of C4 charge placed at three standoff distances from the
swine. Five swine were exposed to a total of 19 blasts. The three average peak IOP
pressure levels in this study were 148.8, 278.9, and 409.2 kPa as measured by a pencil
probe. The duration of the first positive wave was in the range of 2.1-3 ms. Pressure
changes in the brain and head kinematics were recorded with intracranial pressure (ICP)
sensors, linear accelerometers, and angular rate sensors. The corresponding average
peak ICPs were in the range of 79-143, 210-281, and 311-414 kPa designated as
low, medium, and high blast level, respectively. Peak head linear accelerations were
in the range of 120-412 g. A positive correlation between IOP and its corresponding
biomechanical responses of the brain was also observed. These experimental data can
be used to validate computer models of bTBI.

Keywords: free-field blast, head kinematics, traumatic brain injury, swine, intracranial pressure

INTRODUCTION

Exposure to blasts from improvised explosive devices has become the most common cause of injury
to our soldiers (1). The causes of blast-induced injury are usually complicated and can be due to one
or more mechanisms (2). Unlike the other well-studied categories of injury, the mechanisms and
injury criteria of primary blast injury that directly result from the transmission of shock waves to
the body are the least well known although the physics of blast waves are well characterized (3, 4).
In the past 70 years, researchers have performed substantial work in this field and have been able
to define the biological tolerance levels of the most vulnerable air-filled organs to primary blast,
such as the ears and lungs (5-7). These criteria were developed based on the peak overpressure and
duration. With the improved design and extensive use of personal protective equipment, mortality
rate, and severity of injuries level from blast explosives have significantly decreased in recent years
(8). However, there is an increase in mild to moderate closed-head traumatic brain injury (TBI) due
to blasts (9). Patients with this type of injury are often found without any physically visible defects or
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brain damage identifiable by imaging, but show persistent symp-
toms such as fatigue, headaches, and delayed recall of memory
(10-12). It is still not clear how a blast wave interacts with the
head and transfers energy through various parts of the cranium
to cause brain injury (13, 14). In order to develop better head pro-
tection from blast, the injury mechanisms and injury thresholds
related to primary blast-induced traumatic brain injury (bTBI)
need to be defined based on the characteristic parameters of the
blast wave, mechanical response of the brain, and the skull as well
as injury to the brain tissue.

Most studies have utilized shock tubes to produce overpres-
sure (15). The distinct advantages of shock tube are its economical
function for repeated tests in laboratories and repeatability of the
desired overpressure by using membranes of the same thick-
ness. Its ease of scheduling compared with field tests, including
severe restrictions of weather, explosives handling, and avail-
ability of personnel, make the shock tube tests a prevalent choice.
Additionally, shock tube tests have the ability to apply more
advanced instrumentation and diagnostics than feasible at field
trials. However, the overpressure generated in conventional shock
tubes is different from a free-field blast wave. Some shock tubes
generate shockwaves with prolonged positive duration outside
the realm of real world situations (16, 17). The test animal size
is limited by the shock tube test section and there could be non-
negligible complex reflections within the shock tube. These char-
acteristics would make the corresponding mechanical responses
different from those in free-field blasts, in which test subjects can
be exposed to a simple Friedlander wave without interference
from reflections. Additionally, blast testing in the open field with
proper settings can provide relevant physical parameters of blast
conditions similar to those in the battlefield. In the real world,
reflections of the shock wave from the ground are inevitable. Due
to the complexities of gas-dynamic shock reflection phenomena,
the reflected and incident waves merge into a new wave front
called the “Mach stem” (18). To minimize the effect of reflected
waves, it is necessary to locate the “triple point” within the “Mach
stem” region utilizing appropriate standoft distances and the
heights of burst.

The measurement of shock wave propagation patterns in an
in vivo brain remains a significant challenge. Much research has
been conducted with rats and swine to measure the intracranial
pressure (ICP) responses in the brain using shock tubes (19-23).
However, in most of the studies, only a few sensors were installed
(19, 20, 22). In some cases, there was no detailed description of
sensor locations (19, 22). This lack of accurate information con-
stitutes an impediment to a full understanding of how a pressure
wave interacts with various parts of the brain. In addition, the
brain structures and skull thickness vary widely between differ-
ent animals. Yucatan swine, 6-8 months in age, have a similar
body mass (50-60) and skull thickness (6-17 mm) as human.
Biomechanical responses of swine to blast overpressure are
expected to be closer to those of the human and, thus, it would
be more appropriate to study them instead of the small animals
like rodents.

Additionally, computational modeling can help elucidate the
comprehensive responses of the head and brain to blast (24-27).
One of the hypotheses is that the scalp may exacerbate the pressure

effects in the brain (24). Others have shown that the skull flexure
due to blast is a potential mechanism (25). The distribution of
ICP and the kinetics of the head have been simulated in several
models (26-28). However, experimental data are still needed to
validate these models.

In view of the limitations in bTBI research, there is a need to
develop reliable and more operationally relevant animal models.
To characterize the effects of free-field blast on the head, this
study exposed swine to free-field blasts generated by explosives
at different incident overpressure (IOP) levels. Thus, the aim of
this study was to provide data on the mechanical responses of
the swine in primary bTBI. To the best of our knowledge, this
would be the first set of published experimental biomechanical
data from swine subjected to free-field blast overpressure.

MATERIALS AND METHODS

Animal Preparation

The research protocol for this study was reviewed and approved
by the Institutional Animal Care and Use Committee and the
USAMRMC Animal Care and Use Research Office (ACURO).
Five instrumented Yucatan swine (age 6-8 months, weight
50-60 kg) were exposed to repeated frontal free-field blasts to col-
lect biomechanical data. Before instrumentation, all swine were
acclimated for 6-8 days before testing to their new housing condi-
tions. On the test date, the animal was transported ~145 km (90
miles) in an ambulance to the blast site (ARES, Port Clinton, OH,
USA) under anesthesia (ketamine 20 mg/kg intramuscular and
xylazine 2 mg/kg intramuscular). The ambulance was equipped
with an examination table and equipment for physiological
monitoring to ensure maintenance of the proper anesthetic level.
Once at the test site, a surgical procedure to install ICP sensors
was performed. Blood pressure, oxygen saturation, heart rate,
and respiratory rate were monitored before and in between blast
exposures. During the tests, the animal was maintained under
anesthesia (propofol 12-20 mg/kg/hr constant-rate infusion). To
expose the swine to open field blast, the animal was placed prone
in a specially designed canvas sling with holes for the extremities.
The sling was supported by a steel body frame that was suspended
from a metal I-beam that was 3.7 m off the ground. The I-beam
was supported by two steel A-frames, as shown in Figure 1. The
body frame was tied down to the A-frames with straps to prevent
excessive motion due to the blast wind. To prevent thoracic inju-
ries from primary blast, the torso was wrapped in a lead sheet
that had a density of 39 kg/m*. A piece of 0.3175-cm-thick foam
padding was placed between of the lead sheet and the animal. The
snout of the animals was secured by webbing material to support
the head during blast tests.

Free-Field Blast Procedure

C4, weighing 3.6 kg, was packed into a sphere and detonated to
generate the blast waves. The height of burst (HOB) was controlled
by suspending the C4 from a metal chain and a 5-cm-thick metal
plate was placed under the charge to eliminate debris and assure
consistency of the reflected wave. To generate different levels of
IOP, the explosive was placed at varying distances from the pig’s
head. Three levels of IOP were used in this study. Since the goal
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FIGURE 1 | Blast experiment test set-up. The photograph on the left shows the anesthetized swine placed in a lead-covered sling hanging from a metal beam
that is attached to two A-Frames. The arrow at “A” points to the C4 charge. Arrow B shows the pencil pressure sensor used to record the IOP. Arrow C shows the
head of the test animal facing in the direction of the oncoming blast wave front. Arrow D shows the location of high-speed cameras and their shielding. The right
photograph shows the swine in a sling anchored to the A-frames and covered with a foam-lined lead shield protecting the torso.

was to evaluate mechanical responses due to non-fatal primary
bTBI, the pressure levels were selected based on previous swine
studies that were tested using shock tubes (19, 23). These three
pre-determined peak IOP levels were nominally designated as
low (150 kPa), medium (300 kPa), and high (400 kPa). To attain
the best approximation of an ideal Friedlander waveform, the
height of the triple point as a function of the horizontal distance
from a given charge weight was calculated for a range of HOB (29,
30). The HOB of the charge was computed to be 0.8-0.91 m with
the height of the head of the test subject at or less than 0.91 m.
The estimated horizontal distances from the charge and the HOB
to produce the three different blast pressure levels were further
verified by a finite element simulation (ConWep card in LS-Dyna,
LSTC, Livermore, CA, USA).

To record the IOP profile during each test, a pencil pressure
sensor (137B24B, PCB Piezotronics, Depew, NY, USA) was
placed near the animal at the level of its eyes while two backup
pencil sensors were placed at the same height along a circular arc
with a radius equal to the desired standoff distance. Each sensor
was mounted on a metal frame that was bolted to the concrete
ground. A total of nine blast tests run at three standoft distances
were conducted to validate and finalize the calculated standoff
distances based on the IOP measured from pencil probes. Then
for each animal, a series of nine blast tests were conducted at three
pressure levels and in three orthogonal orientations — frontal,
lateral, and rear. The current communication reports the results
from frontal blast tests only. Lateral and rear blasts results will be
presented separately.

Instrumentation and Data Acquisition

Intracranial pressure transducers (XCL-072-100A, Kulite, CA,
USA) were installed in the frontal, occipital, left and right tem-
poral and parietal lobe, and at the center of the brain. Holes in
the skull were drilled using a drill bit with a stop collar and the
transducers were installed and secured with a 1/4-inch diameter
threaded copper hollow fitting, equipped with a threaded cap
(Dorman, Colmar, PA, USA). A 1/8-inch diameter cannula was

inserted into the brain through the copper fitting to guide the
pressure sensor into place and then withdrawn. A customized
rubber cap was applied to seal any possible gap between the cable
and the cannula. The vertical distance between the brain surface
and the tip of frontal, parietal, temporal, and occipital ICP trans-
ducers was 5-7 mm. The depth of the center ICP transducer was
10-12 mm. The diameter of the pressure transducers was 1.9 mm.
The three linear accelerometers (7264D-2KTZ-2-360, Meggitt’s
Endevco, CA, USA) and the three angular rate sensors (ARS-
50K-HG, DTS, CA, USA) were fastened to a single aluminum
block (ARS HG Triax block, DTS, CA, USA) and installed on top
of the skull to monitor the motion of the head. To ensure rigid
attachment of the accelerometer block, a 4 cm X 4 cm of scalp was
removed from the skull posterior to the lambda. Its location is
shown in Figure 2, which also shows the approximate locations of
the six ICP transducers. The X-axis was defined as the axial direc-
tion of the blast, the Y-axis was defined as being perpendicular
to the sagittal plane of swines head, and the Z-axis was normal
to the transverse surface of the swine’s head at the location of
the sensor block. The detailed sensor locations are presented in
Table 1. After all the tests were done, the instrumented animal
was euthanized at the blast site with an overdose of sodium
pentobarbital (120 mg/kg, intraperitoneally). A parallel group of
non-instrumented animals also underwent similar blast tests for
histological and biomarker studies. Results of these studies are
reported separately.

The IOP and the biomechanical responses of the head, includ-
ing the ICP, head linear acceleration, and head angular velocity
were acquired at a sampling rate of 1 MHz using the DeweSoft
(SIRUS, Dewe Soft LLC., OH, USA) and DEWETRON data
acquisition system (Dewe-3020, DEWETRON Inc. RI, USA).
Two high-speed digital camera systems (GX-8, HX-1, NAC
Image, MN, USA) were set up to record high-resolution videos
of the blast event. One of the cameras was focused on the head
of the instrumented swine and ran at 20,000 frames/second (fps).
The other camera ran at 10,000 fps and was designed to obtain an
overall view of the blast wave propagation from the C4 charge to
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FIGURE 2 | Top view of the location of ICP sensors relative to the skull of the swine.

Linear Accelerometer
& Angular Rate Sensor

TABLE 1 | A summary of the location of all sensors.

Sensor Location

Frontal ICP 2.5 cm anterior to Bregma, 0.5 cm left of midline
Parietal ICP At the level of Bregma, 0.5 cm left of midline
Center ICP At the level of Bregma, 0.5 cm right of midline

Left temporal ICP
Right temporal ICP
Occipital ICP
Accelerometer block

0.5 cm anterior to Bregma, 1.0 cm left of midline
0.5 cm anterior to Bregma, 1.0 cm right of midline
1.5 cm posterior to Bregma, 0.5 cm left of midline
2.5 cm posterior to Bregma, on the midline

the swine test subject. It provided evidence of the uniformity of
the blast based on the sphericity of fireball. Data from the sensors
acquired from swine were synchronized with video data from
both cameras.

Data Processing and Analysis

Incident overpressure and ICP data were systematically filtered
with a 100 and 10 kHz Butterworth low pass filter, respectively.
Baseline noise was filtered out but the pressure data retained at
least 90% of their original values. Linear acceleration data were
filtered with 5 kHz and angular velocity data were filtered with a
2kHzButterworth low pass filter. High-frequency content relevant
to skull flexure and brain/skull dynamics was filtered in order to
correlate results with SAE injury criteria for global head motion
relevant to automobile-crash scenarios. All post data processing
and statistical analysis were performed using DIAdem 2012
software (National Instruments Corporation, Austin, TX, USA)
and IBM SPSS Statistics (Version 22.0. Armonk, NY, USA). All
data were grouped into three IOP levels according to the recorded
IOP by the pencil probe located next to the head of the swine. The
duration of the blast wave was defined as the time the IOP stayed
above ambient pressure and was determined using Diadem. IOP
and ICP impulse were defined as the area of the positive phase

of the IOP or ICP wave and were obtained through integration.
Peak ICP values were determined for each blast for statistical
analysis. Linear regression models were constructed to predict
the relative relationship between ICP readings within groups.
ICP box plots were drawn to show the distribution of pressure
within each group. Paired t-tests were performed between IOP
and ICP at each location at the same blast level. One-way analysis
of variance (ANOVA) tests were performed to compare the mean
peak ICP readings between various locations at the same blast
level and the peak ICP readings at the same location in different
blast levels. Average Peak ICP values for each test were correlated
with their peak IOP values. The rise time of the ICP was defined
as the duration of ICP from the ambient pressure to its peak level.
Maximum pressure rise rate was calculated by ICP peak values
divided by its rise time.

The peak resultant acceleration was calculated based on the
data measured by the three accelerometers. Similarly, the result-
ant angular velocity was calculated from results acquired by the
three angular rate sensors. Linear regression models were used
to describe the relationship between the peak resultant accelera-
tion, peak resultant angular velocity, and the peak IOP or IOP
impulses. A one-way ANOVA test of peak resultant acceleration
was performed between low, medium, and high blast levels. No
data at the high blast level were collected due to sensor cable
failure and signal anomalies. Independent ¢-tests were performed
to compare the resultant angular velocities between the low and
medium pressure levels.

RESULTS

Intracranial Pressure Response

The results of a total of 19 frontal blasts are reported in this study,
using five swine. Plots of a typical set of IOP and ICP curves are
shown in Figure 3. The peak IOP, duration, and IOP impulse of
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each test are summarized in Table 2. In our study, peak IOPs
ranged from 143 to 461 kPa. The impulses ranged from 156 to
239 Pa s. The test results were then divided into three pressure
level groups based on the IOP results (Table 3). The average peak
IOP values were 149, 279, and 409 kPa for the low, medium,
and high blast levels, respectively. The average peak ICP at
various locations of the brain was in the range of 79-144 kPa at
the low blast level, 209-282 kPa at the medium blast level, and
312-415 kPa at the high blast level.

Scatter plots show that peak ICPs increased with peak IOP at
every instrumented location (Figure 4). More specifically, ICP
peak values correlated well with peak IOP in all the three blast
pressure levels using linear regression models. The overall ICP
responses were close or lower than its IOP at each blast level. This
result is not unreasonable because the sensors were not at the
brain/skull junction where the ICP is expected to be higher due to
impedance mismatch. At the low blast level, peak ICP responses
in the occipital and center regions were significantly lower than
the peak IOPs (paired t-test, p < 0.05), with no significant differ-
ences in other regions of the brain (paired ¢-test, p > 0.05). At the
medium blast level, no significant difference was found between
peak ICP responses and peak IOP (paired -test, p > 0.05). At the
high blast level, peak ICPs were not significantly different from
the peak IOPs (paired t-test, p > 0.05), except that in the center
regions where the peak ICPs were significantly lower compared
with the peak IOPs (paired t-test, p < 0.05) (Figure 5). This
means that ICP drops as it traverses the brain but the drop is
not significant. There was no statistically significance difference
in peak ICPs between various locations at the low, medium, and
high levels (ANOVA, p > 0.05). Statistical analysis also showed
significant differences in the peak ICP between the medium and
the high blast levels (ANOVA, post hoc LSD, p < 0.05) (Figure 6),
indicating that change in the ICP are larger at higher IOP levels.
The average maximum pressure rise rate increased significantly
with blastlevels. A similar trend was observed in the frontal region
where the maximum pressure rise rates were higher (Figure 7).
That is, the pressure rise rate is a function of the magnitude of the
pressure and this observation should be relatable to the observed

injuries in the brain. Average peak ICP peak values in each test
correlated well with peak IOPs (Figure 8A). Average ICP impulses
of each test were also correlated with IOP impulses (Figure 8B).

Head Kinematics

In this study, we characterized the head motion with its linear
acceleration and angular velocity. Typical histories of the three
linear accelerometers and the three angular rate sensors are shown
in Figures 9A,B, respectively. The resultant linear accelerations
and the resultant angular velocities increased linearly with peak
IOP (Figures 10A,B). They were also well correlated with IOP
impulses (Figures 10C,D). The resultant accelerations at high
blast levels were significantly higher than those at the low and
medium blast levels (ANOVA, post hoc LSD, p < 0.05), but there
was no statistical significance between the low and the medium

TABLE 2 | A summary of IOPs in this study: their peak value, duration of
the first positive wave, and the impulse of the first positive waveform.

A 350
300
250 -
200

——Pencil

150
100

IOP (kPa)

50 -

_50 3
Time (ms)

the IOP was 2.30 ms, and the impulse of the IOP was 207.7 Pa s.

TestID  Peak incident pressure (kPa) Duration (ms) Impulse (Pa s)
12 150.3 2.8 170.3
22 142.7 2.9 165.7
3 150.3 2.9 1568.3
4 148.2 2.9 160.3
5 152.4 3.1 161.0
6 218.0 2.1 193.9
7 253.4 2.2 195.7
8 255.2 2.0 194.9
9 324.2 2.3 1941
102 285.5 2.3 207.7
112 284.1 2.1 198.1
12 285.4 2.0 196.4
13 325.4 2.0 204.0
14 366.0 1.6 205.4
152 441.3 1.7 225.2
162 4138.7 1.6 229.6
178 460.6 1.7 239.2
182 341.3 2.4 228.8
19 432.3 2.4 222.9
4Indiicates tests in which swine had already expired during testing.
B 250 - ——Frontal
200 - — Parietal
—— Left Temporal
50 ——Right Temporal
& 100 ——Qccipital
=i
& so
0
50 |
-100 -

Time (ms)

FIGURE 3 | Pencil reading from a medium level blast (A) and the ICP results in the swine brain from the same blast (B). The positive phase duration of
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TABLE 3 | ICP peak values generated by peak IOP at the low, medium, and high levels.

Test Biomechanical responses, ICP peak values, mean + SE
(o] Frontal Parietal Left temp Right temp Occipital Center
Low 1488 +1.7 97.6 +19.7 144.2 +18.0 142.8 + 0.0 1479 +0.0 78.9 +13.4 93.7 +17.0
Medium 2789 + 13.9 236.5 + 30.7 276.0 + 62.4 281.6 £35.0 253.1 +46.8 209.1 + 34.5 2281 £29.5
High 409.2 + 18.9 311.7 £ 291 414.6 £ 0.0 386.4 + 7.1 325.5 + 8.6 328.2 +26.7 3272+ 17.0
400 . > 600 > 500
2=0.577 -
300 | R =05773 460 R?=0.4053 400
* 300
200 560
200 -
— Frontal Parietal Left Temp
@ O 0 T T 0
& 0 200 400 600 0 200 400 600 0 200 400 600
E: 600 500 500
S R?=0.4684 o 400 - R®=0.8837 400 R?=0.6103,
— * * L
400
S 300 - 300
200 200 -
200 - TN * *
100 - Occipital 100
Right Temp ccipita Center
0 0 T T 0
0 200 400 600 0 200 400 600 0 200 400 600
|IOP(kPa)
FIGURE 4 | Scatter plots of ICP vs. IOP at different locations of the brain. The x-axis is the IOP and the y-axis is the ICP, both in units of kPa. A linear
regression model and A? values are shown in each plot.

blast levels (ANOVA, post hoc LSD, p > 0.05). The resultant
angular velocity at the medium blast level was significantly higher
than that at the low blast level (independent t-test, p < 0.05). Here
again, there is a non-linear relationship between IOP and head
response that increases in severity as the IOP increases. This is a
factor that needs to be considered in the design of protective gear.
It may not be possible to protect those in extreme environments.
The durations of the linear acceleration were typically less than
3 ms, indicating that there was little translational movement of
the head during primary blast.

DISCUSSION

Animals are commonly used to study TBI (2, 31). In this study,
we chose the Yucatan pig as their body mass and skull thickness
are closer to those of the human than small animals.

This study exposed live swine subjects to free-field blast
loading at various pressures and durations by changing the
standoft distance between the charge and the swine. Of the
five swine tested, two expired just before the blast testing,
and one died during the tests. This resulted in 8 of the 19
blasts being performed on expired animals. However, the ICP
responses showed little difference between expired animals and

live animals. The potential causes of death could be related to
complications from anesthesia and surgical procedure to insert
ICP sensors. Additionally, a parallel group of non-instrumented
animals were subjected to a single blast exposure (range
222-403 kPa). Observation of the brain harvested after perfu-
sion performed after 3 days of survival showed no gross injury.
Initial histological results from the frontal sections of the blast
showed evidence of neuronal injury in the form of beta amyloid
precursor protein immunoreactive zones in the gray and white
matter. Neuronal injury was also supported by neurofilament
light chain immunohistochemistry. Furthermore, an obvious
increase in the number of astrocytes and microglia was also
observed in the blast-exposed sections compared to sham sec-
tions. We hypothesize that there is direct correlation between
ICP and brain injuries. Our histological studies will be testing
this hypothesis.

In this study, we analyzed the ICP in different regions of
the brain at various blast IOP levels. All previous studies have
addressed the mechanical responses of the brain to blast with
post-mortem human subjects (PMHS) (32), rats (20, 22, 33-35),
and swine (19, 23, 36, 37) models using compressed-gas shock
tubes in a laboratory environment or blast tube. Although some
of these models provided crucial information on the correlation
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between IOP levels and injury responses, challenges with shock
tube tests still exist, including animal positioning, orientation,
and interpretation of the effect of the relatively longer duration
of the blast (38). One previous animal model placed the animal
head right outside of shock tube (23). It brought dramatic changes

to the IOP characteristics, including the formation of a strong
vortex flow and elevated dynamic blast pressure and impulse,
which can have a combination of primary/tertiary effects quite
different from our free-field tests. Data from rat blast models
tested in shock tubes recorded positive phase durations in the
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FIGURE 8 | (A) Scatter plots of average ICP peak values at different locations vs. IOP. (B) Average ICP impulse at different locations vs. IOP impulse.

range of 4-18 ms (20, 22, 33, 35), which is longer than blasts in
the real world. Without sound scaling laws developed between
species of bTBI models, shock tube test results need to be care-
fully investigated and compared with free-field explosive detona-
tions. In this study, all experiments were performed in an open
field blast environment. To minimize multiple waveforms from
ground reflections, we placed the animal below the triple point
and exposed it to the Mach stem. The IOPs were typical free-field
Friedlander blast waves in the Mach stem region based on our
analysis of the IOP data.

This study provided detailed ICP response in the swine brain
subjected to free-field blasts. Historically, some animal tests have
been designed and carried out in an attempt to investigate the
mechanism of shock wave transmission to the brain, but only
a few animal studies recorded direct pressure within the brain
tissue during exposure to blast (20, 22, 23, 37). In our study, the

results have demonstrated that ICP followed a trend of increasing
magnitude with increased blast severity.

The relationship between ICP and IOP has been determined in
several animal blast studies. We showed that, at different locations
in the brain, peak ICP values were close to or lower than the IOP.
One similar observation was made by another group investigat-
ing the mechanical response of the swine brain subjected to
left-sided blasts in a shock tube (23). The peak IOPs ranged
from 110 to 740 kPa with scaled durations from 1.3 to 6.9 ms.
ICPs ranged from 80 to 390 kPa and were lower than the IOPs
and notably lower than the reflected pressures of 300-2830 kPa.
Another swine study by Bauman was performed in both a blast
tube and in a simulated building with frontal blasts (19). The
recorded IOP data showed that the test animal was exposed to
multiple shock waveforms. Fiber optic pressure transducers were
used to record pressure from within the forebrain, thalamus, and

Frontiers in Neurology | www.frontiersin.org

October 2016 | Volume 7 | Article 179


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive

Feng et al.

Biomechanical Responses of Swine to Blast

I0P impulse (Pa s)

regression models.

A 200 - B 5 -
150 - —X 15 1 X
—_— —
100 - = 10
— 7 z © | 74
5 3
S 50 2
& A g 0 5 ‘ -
2 0 b—-, g @E 7 oz g 5 ¢ 1 2 3% T4 5
g o 1 2 3 s 5 &
T -50 210 -
© a0
g £ .15 -
5100 <
220 -
-150 - 5 |
-200 - Time (ms) Time (ms)
FIGURE 9 | Sample time-history plots of the acceleration and angular rate measured on the swine head with instrumentation mounted to the skull.
(A) The left plot shows linear acceleration (g) in the x, y, and z directions. (B) The right plot shows angular velocity (rad/s) in the x, y, and z directions.
A 450 B 160
400 e 140
R?=0.7215 =
350 % 120
& 300 =
3 250 z'®
< * 8 80
& 200 ° °
£ 2 60
S 150 £
100 L :%o 40
50 20
0 0
0 100 200 300 400 500 0 100 200 300 400 500
10P (kPa) 10P (kPa)
C D
450 140
L 2R 2
400 R2 =0.5254 120 RZ =0.8007
350 z ’
* © 100 /
= 300 L 4 2 ’//"/
S Z 80 4
8250 Pe 3
& 200 L 2 °
.?-:; g 60 /&
= 150 £
40 /
100 ¢ g o/
50 20 l 24
0 0
0 50 100 150 200 250 300 0 50 100 150 200 250 300

FIGURE 10 | Scatter plots of the motion of the head. (A,B) show the relationship between the peak IOP (abscissa) and the resultant linear acceleration
(ordinate, left graph), or the resultant angular velocity (ordinate, right graph). Similarly, (C,D) show the relationship between the IOP impulse (abscissa) and the
resultant linear acceleration (ordinate, left graph), or the resultant angular velocity (ordinate, right graph). These variables correlated well with the peak IOP in linear

10P impulse (Pa s)

hindbrain of the swine without specifying details related to the
locations of transducers. The ICP results showed that for IOP
levels of 100-250 kPa, the peak ICP values at the three locations
were lower than the IOPs (37).

In addition to swine, smaller animals, such as rats, have also
been used. In a rat study, an optic fiber pressure sensor was used
to record shock tube-generated ICPs. The animals were exposed

to a low-level blasts of about 40 kPa and the recorded peak ICPs
were close to but lower than the IOP in both the frontal and lateral
regions of the brain (20). However, this study only used one ICP
sensor in each test, and the results of the study were not statisti-
cally analyzed. There were also some discrepancies between
findings in the peak ICP values compared to the peak IOP values
in rat models. Leonardi et al. reported that peak ICPs in rats were
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larger than the peak IOPs and suggested that skull flexure due
to an immature skull suture could be the source of the pressure
increase (22). One recent study with cadaver rats also showed a
higher peak ICP compared to the peak IOP values at different IOP
levels (39). However, the location of the ICP sensor in the brain
was not described, and the torso was not properly shielded from
the shockwave. Also, the impulse produced in this study was in
the range of 165-497 Pa s, larger than what we used in this study
(160-240 Pa s).

Blast studies have also been performed on PMHS. In one
PMHS study, using a shock tube, four fiber optic sensors were
implanted in the right frontal cortex, right lateral ventricle, right
parietal lobe, and right occipital lobe with the respective depths of
the tip of the sensors from the outer surface of the skull being 30,
30, 65, and 30 mm (32). At each IOP level, the peak ICP values in
the frontal lobe were higher than its peak IOP value. This observa-
tion was not seen at other locations of the brain. Also, most of the
computer models indicated higher peak ICP compared with IOP
readings (13, 27, 37, 40-42).

The discrepancy between measured and model predicted ICP
and IOP readings could be due to several causes. One would be
the highly non-linear relationship between the ICP at various
locations and the IOP wave (37). Due to the impedance mis-
match between the skull and the brain, ICP peak values tend to
be higher at the boundaries and lower in the central region (43).
With respect to the location of transducers, computer models can
precisely pinpoint the coup and countercoup regions of the brain.
The location of the ICP sensors in animal experiments was lim-
ited by surgical techniques. The depths of sensors below the skull
in all experimental tests were different or not described in detail.
Therefore, the ICP readings varied in the published literature as
described above. Another reason for ICP differences seen in rats
and pig is possibly due to the morphological differences between
species. Compared to rats, pigs have a much thicker skull with a
complex dipole layer that is full of voids. Computer models, on
the other hand, may have oversimplified the skull and yielded
predictions that did not match experimental data.

Both linear and angular motions of the head were acquired in
our tests. The arrival of the ICP wave was almost simultaneous
with head motion. Thus, the head motion was due to the primary
blast wave (Figure 11). However, the duration of the motion was
relatively short (1-2 ms), which resulted in the maximum head
displacement around 2 mm. Similar observations were made by
Shridharani et al. who also used swine subjects (23). They found
strong correlations (R* = 0.9) between peak resultant acceleration
and peak IOP in the range of 110-740 kPa in a linear model. Their
positive phase duration was around 3 ms, and the maximum
head displacement was 7.5 mm. Thus, the observed acceleration
in these two studies was likely due to the primary shock wave.
Well after the passage of the shock wave, we observed inertial
global head movement but the head acceleration due to the blast
wind was not significant compared to the initial acceleration due
to the primary shock wave (Figure 12). In this study, we have
deliberately avoided using HIC as an injury measure because HIC
was developed for blunt impact with much longer durations and
its validity for acceleration pulses lasting only a few milliseconds
is questionable.
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The data reported here were acquired from live, anesthetized
swine exposed to primary blast waves. This is the first large animal
model exposed to free-field blasts in which detailed internal pres-
sure measurements were made at various locations. Head motion
due to primary blast waves was also measured. The mechanical
responses of swine need to be scaled to the human head to deter-
mine human response. However, due to the morphological dif-
ferences between the two species, scaling laws can be difficult to
develop. The direct translation can only be done by finite element
modeling to develop tissue level response correlates for swine
brain. This tissue level response threshold can be then directly
translated to the human brain model enabling the development
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of blast injury threshold for human. Also, the limited sample size
should also be taken into consideration. Due to time limitations
to complete nine blast tests on a single animal in 8 h and failure
of the data acquisition system on one occasion, data were avail-
able from only 19 tests on 5 animals. Additional testing of more
animals should improve the statistical significance of the results.

CONCLUSION

In summary, the results of this study provided a set of detailed
biomechanical response data of swine skull and brain during
exposure to primary blast waves, with the peak IOPs ranging from
143 to 461 kPa, and the impulses ranging from 156 to 239 Pa s.
The overall ICP responses were closer to or lower than its IOP at
each blast level. More specifically, peak ICP values at the frontal,
parietal, and temporal were statistically the same as the corre-
sponding IOP values. Peak ICP values at the frontal, central, and
occipital regions were significantly elevated at the medium and
high blast levels compared with the low blast levels. Furthermore,
only at the central location, was the ICP significantly different
between the medium and high pressures tests. Both the linear
acceleration and the angular velocity increased with blast levels.
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