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Abstract

Blast-induced mild traumatic brain injury (bTBI) has become increasingly common in recent military conflicts.
The mechanisms by which non-impact blast exposure results in bTBI are incompletely understood. Current
small animal bTBI models predominantly utilize compressed air-driven membrane rupture as their blast wave
source, while large animal models use chemical explosives. The pressure-time signature of each blast mode is
unique, making it difficult to evaluate the contributions of the different components of the blast wave to bTBI
when using a single blast source. We utilized a multi-mode shock tube, the McMillan blast device, capable of
utilizing compressed air- and compressed helium-driven membrane rupture, and the explosives oxyhydrogen
and cyclotrimethylenetrinitramine (RDX, the primary component of C-4 plastic explosives) as the driving source.
At similar maximal blast overpressures, the positive pressure phase of compressed air-driven blasts was longer,
and the positive impulse was greater, than those observed for shockwaves produced by other driving sources.
Helium-driven shockwaves more closely resembled RDX blasts, but by displacing air created a hypoxic envi-
ronment within the shock tube. Pressure-time traces from oxyhydrogen-driven shockwaves were very similar
those produced by RDX, although they resulted in elevated carbon monoxide levels due to combustion of the
polyethylene bag used to contain the gases within the shock tube prior to detonation. Rats exposed to com-
pressed air-driven blasts had more pronounced vascular damage than those exposed to oxyhydrogen-driven
blasts of the same peak overpressure, indicating that differences in blast wave characteristics other than peak
overpressure may influence the extent of bTBI. Use of this multi-mode shock tube in small animal models will
enable comparison of the extent of brain injury with the pressure-time signature produced using each blast
mode, facilitating evaluation of the blast wave components contributing to bTBI.
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LAST-INDUCED MILD TRAUMATIC BRAIN INJURY (BTBI) has

become increasingly common in current conflicts due to
the increased use of improvised explosive devices (IEDs), as
well as advances in body armor and medical care that result in
improved survivability of blast injuries (Armonda et al., 2006;
Cernak and Noble-Haeusslein, 2010; Elder and Cristian, 2009;
Hoge et al., 2008). The mechanisms by which non-impact blast
exposure results in bTBI are incompletely understood, and are
the subject of much current investigation using both large-
and small-animal models. While the majority of large-animal
models of blast injury utilize chemical explosives as the source
of the blast wave (Bauman et al., 2009; Garner et al., 2009; Saljo

Elder and Cristian, 2009).

Blast waves are created by the very rapid conversion of a
solid or liquid into a gas (Mayorga, 1997). The rapid expan-
sion of the gas compresses the surrounding air to create a blast
overpressure wave, which then decays exponentially and is
followed by a relative vacuum, the underpressure wave. The
pressure-time trace of an ideal blast wave is described by a
Friedlander waveform (Fig. 1; Baker, 1973).

Currently there is uncertainty regarding the contribution
of various components of a blast wave to bTBI. Most small-
animal blast injury studies examine the role of blast over-
pressure on test subjects by using peak overpressure as the
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FIG. 1. The Friedlander wave. The Friedlander wave de-
scribes an ideal blast from a spherical source in an open
environment. Ty is the time at which the pressure began to
rise above ambient pressure. Positive magnitude (Pos. Mag.)
is the difference between peak pressure and ambient pres-
sure. Positive duration (Pos. Dur.) is the time between Ty and
when the pressure goes below ambient pressure. Positive
impulse (Pos. Impulse) is the integral of the pressure-time
trace during the positive phase. Negative magnitude (Neg.
Mag.) is the difference between ambient and peak negative
pressure.

measure of blast wave intensity (Cernak et al., 2001; Chavko
et al., 2006, 2007; Long et al., 2009; Saljo et al., 2009). How-
ever, the peak overpressures used to induce bTBI have var-
ied widely, ranging from 20 kPa to 340 kPa for whole-body
exposure in rats (Cernak et al., 2001; Moochhala et al., 2004),
150 kPa for head-only exposure (Cheng et al., 2010), and up
to 10,000 kPa for direct brain exposure (Kato et al., 2007). In
addition to maximal overpressure, the damaging effects of a
blast wave may also depend on the duration of the positive
pressure wave, as well as a contribution from the negative
pressure wave (Gruss, 2006; Marks, 2002; Zhang et al., 1996).
These characteristics are determined not only by the blast
source itself, but also by the distance from the blast and the
effects of reflections from walls or in a confined area such as a
vehicle.

To examine the contribution of various components of the
blast wave to bTBI, we designed and constructed the
McMillan blast device (MBD; Fig. 2; the McMillan blast device
was named in honor of United States Army Cpl. William L.
McMillan, III, of Lexington, Kentucky, who gave his life in
service to his country on July 8, 2008 after his patrol was
struck by an improvised explosive device). This is a shock
tube similar in design to the shock tube at the Walter Reed
Army Institute of Research and Naval Medical Research
Center in Silver Spring, Maryland (Chavko et al., 2006; El-
sayed, 1997; Long et al., 2009). The MBD is capable of utilizing
four different modes to produce a shock wave: compressed
air, compressed helium, oxyhydrogen, and RDX (cyclo-
trimethylenetrinitramine, the main explosive component of
C-4 plastic explosives). Each blast mode results in a distinct
pressure-time trace. The principal goal of this study was to
characterize the various blast modes produced by the MBD by
evaluating six parameters of the resultant blast wave and
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pressure-time trace: shock wave velocity, positive phase
magnitude, positive phase duration, positive phase impulse,
negative phase magnitude, and the impulse difference be-
tween reflected and free-field pressures. Another goal of this
study was to begin to examine the extent of brain injury
produced by each of the blast modes at similar peak over-
pressures. This will allow evaluation of the potential contri-
bution of different components of the blast wave to bTBI in
small-animal models.

Methods
McMillan blast device

The MBD (Fig. 2) consists of a cylindrical steel tube,
12-inch internal diameter, separated into a 19-ft. expan-
sion chamber and a 2.5-ft compression chamber. When in
compressed air- or compressed helium-driven mode, a 10-
mil-thick (0.254 mm) biaxially-oriented polyethylene tere-
phthalate (Mylar®) membrane separates the two chambers
(Mylar A; Tekra Corp., New Berlin, WI; Fig. 2B). In com-
pressed gas-driven modes the compression chamber is filled
with either compressed air obtained from an on-site air
compressor or industrial grade compressed helium (Scott-
Gross Company, Inc., Lexington, KY), until the Mylar
membrane spontaneously ruptures (compressed air-driven
mode), or is manually ruptured at the desired load pressure
(compressed helium-driven mode) by a 4-point blade affixed
to a pneumatic cylinder.

In the oxyhydrogen-driven mode, a steel manifold was
placed between the expansion and compression chambers
(Fig. 2C). The manifold contained tubing for oxygen and hy-
drogen leading to a central flange on the side facing the ex-
pansion chamber. A thin polyethylene bag was attached to the
flange and filled with a 2:1 mixture of gaseous hydrogen and
oxygen. The oxyhydrogen mixture was ignited by a small
cordite charge (Winchester Ammunition #209 ShotShell Pri-
mer; Olin Corporation, Clayton, MO).

In RDX-driven mode (not shown), an electric detonator
(RockStar Electric Detonator; Austin Powder Co., Cleveland,
OH) was embedded in 1.4 g of RDX (desensitized; Accurate
Energetic Systems, L.L.C., McEwen, TN). The two were then
wrapped in a thin layer of latex and secured with electrical
tape to create a single explosive unit, which was positioned in
the center of the vertical axis of the expansion chamber 6 in-
ches from the steel manifold. The explosive unit was deto-
nated using an electronic blasting machine (Scorpion HB-SBS;
E.IT. Corp, Sunbury, PA).

For each mode, the shock wave was recorded by face-on,
reflected pressure (PCB model #113A24; PCB Piezotronics,
Inc., Depew, NY; Fig. 2D), and free-field averaging sensors
(model #137A22; Fig. 2E). The free-field sensor was positioned
inside the shock tube with the sensing element located 10
inches from the open end and the point facing towards the
blast source. The reflected pressure sensor was installed in the
dorsal surface of a solid polyurethane rat model (Fig. 2D). The
model was then installed with the dorsal surface of the rat
positioned such that the sensor faced toward the blast source.
This sensor was also located inside the blast tube, 10 inches
from the open end of the expansion chamber. During shock-
wave velocity recordings, two free-field sensors were posi-
tioned inside the tube, separated by a distance of 12 inches.
Data from each sensor was routed through a line signal con-
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FIG. 2. The McMillan blast device (MBD). (A) Photo of the entire device. The flanges at the adjacent edges between the
compression and expansion chambers are lined with silicone gaskets that seal around a Mylar membrane. In compressed air- or
compressed helium-driven mode, the Mylar membrane is naturally ruptured or is ruptured by a 4-point blade affixed to a
pneumatic cylinder that is designed to induce complete membrane failure at a pre-determined pressure in the compression
chamber. (B) The Mylar sheet is inserted between the compression and expansion chambers of the MBD. (C) For the explosive-
driven modes (oxyhydrogen or RDX) a blast plate is inserted between the compression and expansion chambers. The plate
contains a manifold for the hydrogen and oxygen, which flow into a flange facing the expansion chamber. The polyethylene bag
is inserted over the flange and filled with the hydrogen and oxygen. (D) The reflected (face-on) pressure sensor (PCB model
#113A24) embedded in the dorsal surface of the polyurethane rat model. (E) The free field (side-on) sensor (PCB model
#137A22). (F) The anesthetized rat is fitted with a Kevlar vest (not shown) and inserted into a mesh netting support. This is then
loaded into a shock tube insert. The netting is tightened and securely fastened to prevent rotational movement of the head
during blast exposure. The insert is placed into a cutout in the MBD such that the rat is positioned laterally within the expansion
chamber of the shock tube approximately 1 foot from the open end, with the left side of the rat facing the blast source. Following
blast exposure, the insert is rapidly removed and the rat is removed from the netting (RDX, cyclotrimethylenetrinitramine).

ditioner (PCB model #482A21) before being captured by a Blast wave parameters and data analysis

digital storage oscilloscope (MicroTrap VOD/Data Recorder;

MREL Group of Companies, Ltd., Kingston, Ontario, Cana- The amount of compressed air, compressed helium, oxy-
da). Data were analyzed using MicroTrap 7.2 (MREL), DPlot = hydrogen, or RDX was adjusted so that the peak overpressure
v2.2.5.7, and Microsoft Excel 2007. Data were graphed using  in each blast was approximately 120 kPa. Due to the oscillat-
DPlot and PRISM v4.0. ing nature of the pressure-time trace, a curve fit was utilized to
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determine the time at which the blast trace crossed the am-
bient pressure line (0kPa). An eighth-order least squares
polynomial was found to be a superior fit and was fitted to the
data using DPlot, beginning at the peak pressure reported by
the sensor (Fig. 3). Shockwave velocity was calculated based
on the time required for the shockwave to travel between the
two free-field sensors spaced 12 inches apart. Negative phase
magnitude was the minimum value of the eighth-order curve
fit for a given pressure-time trace. Positive phase duration
was calculated as the amount of time between the first sub-
stantial rise in pressure recorded for a given blast wave trace
(Tp), and the time at which the eighth-order curve fit crossed
back over the ambient pressure line (0 kPa). Positive impulse
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is the integral of the pressure-time trace, and is related to the
linear kinetic energy contained in the blast wave. The impulse
difference between reflected and free-field pressures (A Im-
pulse), also a measure of kinetic energy, was calculated by
subtracting the positive impulse of the free-field sensor from
that of the reflected pressure sensor (Benzinger et al., 2009).

Gas content following blast

Using a gas other than air to fill the compression chamber of
the MBD, or the combustion of explosives, may create a
hypoxic environment that could compound injury data.
Oxygen and carbon monoxide content were measured using a
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FIG. 3. Representative pressure-time traces are shown for each of the blast modes, with the free-field (side-on) sensor
recordings shown in A, and reflected (face-on) sensor recordings shown in B. Eighth-order curve fits, indicated by a red line,
were generated to smooth out the oscillations in the pressure-time traces to enable more accurate estimation of the time points
at which the pressure traces crossed below the ambient pressure level (RDX, cyclotrimethylenetrinitramine; Comp. He.,

compressed helium; Comp. Air., compressed air).
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hand-held gas detector (iTX; Industrial Scientific, Oakdale,
PA). Immediately following detonation, the gas detector was
placed within the MBD so that its sensing element was located
where the test animal’s head would be. Oxygen and carbon
monoxide levels were measured for 30 sec after the detona-
tion, at which point the detector was removed and peak val-
ues were recorded.

Animal blast exposure

Male Sprague-Dawley rats were sedated (10 mg/kg diaz-
epam IP) for transport to the blasting site. The rats were
transported in individual cages and had access to food and
water ad libitum throughout the course of the transport. Each
cage was maintained in a climate-controlled vehicle until the
rat was subjected to blast. Immediately prior to injury, the rats
were anesthetized (50 mg/kg sodium pentobarbital IP), fitted
with a Kevlar vest designed to protect the thoracic organs
(Long et al., 2009), and placed into a mesh netting support
(Industrial Netting, Minneapolis, MN), and loaded into the
MBD (Fig. 2F) laterally with the left side facing the blast. Once
loaded into the MBD, the rat’s body was protected by a steel
tube that surrounded the body, but left the head exposed to
the blast (Fig. 2F). The rats were subjected to compressed air-
or oxyhydrogen-driven blasts of 100, 150, or 200 kPa peak
overpressure. Two rats were subjected to each condition. The
rats were euthanized with an overdose of sodium pentobar-
bital (150mg/kg IP) 3min following the blast. A necropsy
was performed on each rat. The thoracic and abdominal or-
gans, including the heart, lungs (including the trachea), liver,
spleen, kidneys, bladder, and gastrointestinal tract (the
esophagus at the level of the aortic arch through the rectum),
were removed, fixed in 10% buffered formalin, and evaluated
by a veterinary pathologist. The rat brains were also removed
and photographed (Fig. 9) during necropsy. Control rats were
euthanized with an overdose of sodium pentobarbital and
had their brains removed in the same way as the injured rats.
These studies were performed in accordance with a protocol
approved by the University of Kentucky Institutional Animal
Care and Use Committee (IACUC). This was a preliminary
study to determine the blast conditions associated with bTBI,
as well as possible damage to other internal organs.

Statistical analysis

A one-way analysis of variance (ANOVA), followed by a
Student’s Newman-Keuls post-hoc analysis, was used to
compare the values for each parameter among blast modes.
A one-way ANOVA followed by Dunnet’s post-hoc analysis
was used to compare oxygen and carbon monoxide levels
to control air. Statistical analyses were performed using
the PRISM v4.0 software package (GraphPad Software, San
Diego, CA).

Results
Shockwave velocity

The velocity of the shockwave was measured using two
sensors, positioned 17 or 18 feet, respectively, from the dia-
phragm or detonation source. The velocity measured at this
distance was approximately 470m/sec for the RDX, com-
pressed air, and compressed-helium modes, compared to
520 m/sec for oxyhydrogen (Fig. 4).
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FIG. 4. Shockwave velocity. Shockwave velocity was de-
termined for each mode of the McMillan blast device as
described in the methods section. This velocity was slightly
greater in oxyhydrogen-driven mode than in the other
three modes tested. Error bars represent standard devia-
tion from the mean (*p <0.05, **p <0.01; n=3; RDX, cyclo-
trimethylenetrinitramine; H,-O,, oxyhydrogen).

Positive phase

The blast conditions were adjusted such that the peak
positive phase (overpressure) magnitudes, as detected by the
free-field sensor, were approximately 120kPa. These peak
overpressures did not differ significantly for each of the four
modes examined (Fig. 5A). For the reflected pressure, the
maximal overpressure for the RDX-, compressed helium-, and
oxyhydrogen-driven modes were similar, and slightly lower
for the compressed air-driven mode (Fig. 5A).

Positive phase duration reported by the free-field sensor
was significantly shorter with RDX than with compressed air-,
compressed helium-, and oxyhydrogen-driven blasts (Fig.
5B). Both compressed helium- and oxyhydrogen-driven blasts
had shorter positive durations than compressed air (Fig. 5B).
Positive phase durations reported by the reflected pressure
sensor were longer than those observed with the free-field
sensor, and were significantly greater in duration in both
compressed air- and oxyhydrogen-driven blasts than in RDX-
and compressed helium-driven blasts (Fig. 5B).

Positive impulses calculated from free-field sensor data
were lowest for RDX, slightly greater for compressed helium
and oxyhydrogen, and greatest for the compressed air-driven
blasts (Fig. 5C). The positive impulses calculated from re-
flected pressure sensor data taken during compressed air-,
compressed helium-, and H,-O,-driven blasts, were all higher
than those of RDX-driven blasts (Fig. 5C). The overall pattern
was largely similar to that observed with the free-field sensor,
with the impulse for compressed air being much greater than
that observed with the other blast modes, for which com-
pressed helium- was slightly greater than oxyhydrogen- and
RDX-driven blast waves (Fig. 5C).

Negative phase

The peak negative phase magnitude detected by the free-
field sensor was similar for the RDX, compressed air, and
compressed helium modes, but substantially less for oxy-
hydrogen (Fig. 6). For the reflected pressure sensor, similar
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FIG. 5. Properties of the positive phase for each blast mode. (A) Mean positive magnitude for both sensors in each blast
mode. (B) Mean positive phase duration. (C) Mean positive impulse. The white bars represent values obtained with the free-
field pressure sensor, and the gray bars are values from the reflected pressure sensor. Error bars represent standard deviation
from the mean (*p <0.05, **p < 0.01, ***p < 0.001, n=6; RDX, cyclotrimethylenetrinitramine; H>-O,, oxyhydrogen).

peak underpressures were observed for RDX, compressed
helium, and oxyhydrogen, while the magnitude of the peak
negative pressure was much greater with compressed air
(Fig. 6).

The duration of the negative phase was difficult to accu-
rately estimate from the pressure-time histograms. The nega-
tive phase duration and impulse were therefore not calculated.
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FIG. 6. Negative phase mean peak magnitude for the free-
field (white bars) and reflected (gray bars) pressure sensors.
Error bars represent standard deviation from the mean
(*p<0.01, **p <0.001; n=6; RDX, cyclotrimethylenetrini-
tramine; H>-O,, oxyhydrogen).

Impulse difference

At similar peak overpressures, the difference between the
impulses recorded by the reflected and free-field sensors
(Benzinger et al., 2009) was greatest for compressed air-driven
shockwaves, followed by helium, and were lowest for the
oxyhydrogen- and RDX-driven blasts (Fig. 7).
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FIG. 7. Impulse difference. The difference in impulse was

calculated by subtracting the positive impulse obtained
using the free-field sensor from that recorded with the reflected
pressure sensor. Error bars represent standard deviation from
the mean (**p <0.001, n=6; RDX, cyclotrimethylenetrini-
tramine; H,-O,, oxyhydrogen).
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Gas content following blast

Oxygen content was reduced by approximately 75% fol-
lowing helium-driven blasts, and moderately reduced fol-
lowing oxyhydrogen-driven blasts (Fig. 8A). Carbon
monoxide content was very high following oxyhydrogen-
driven blasts, and above acceptable levels following RDX-
driven blasts, although the increase in carbon monoxide levels
following RDX-driven blasts was not statistically significant
(Fig. 8B). The elevated carbon monoxide levels observed
following oxyhydrogen-driven blasts are the result of com-
bustion of the polyethylene bag used to contain the oxyhy-
drogen gas prior to detonation, as there is no source for
carbon in a hydrogen-oxygen condensation reaction. Com-
bustion of polyethylene results in high levels of carbon
monoxide (Michal, 1983). Similarly, the slight increase ob-
served following RDX is thought to result from combustion
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FIG. 8. Gas content following blasts. Oxygen (A) and car-
bon monoxide (B) levels within the McMillan blast device
were measured following blasts of approximately 120 kPa.
There was a substantial decrease in oxygen levels following
helium-driven blasts, and a more modest decrease following
oxyhydrogen-driven blasts. Carbon monoxide levels were
greatly elevated following oxyhydrogen-driven blasts, as a
result of combustion of the polyethylene bag used to contain
the gases prior to detonation. The slight increase in carbon
monoxide seen following RDX-driven blasts was not statis-
tically significant, but is also thought to result from com-
bustion of the latex and electrical tape used to secure the
RDX prior to detonation. Error bars represent standard de-
viation from the mean (**p <0.01, n=3; cyclotrimethylene-
trinitramine; H,-O,, oxyhydrogen).
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of the latex and electrical tape used to secure the RDX prior
to detonation.

Gross brain pathology

The brain surface vessels of rats exposed to 100-kPa peak
overpressure shockwaves appear enlarged and more promi-
nent than those observed in a control (non-blast exposed) rat
brain (Fig. 9). At 150 kPa blast overpressure the blood vessels
appear larger and hematomas are evident. This is even more
prominent at 200 kPa. At each blast overpressure level, the
external gross brain pathology is more pronounced with
compressed air- than with oxyhydrogen-driven blasts (Fig. 9).
Necropsy did not reveal blast-related pathology in the tho-
racic and abdominal organs in any of the treatment groups.

Discussion

Blast-induced TBI in military and civilian populations re-
sults from shockwaves produced by high-energy chemical
explosives (Elder and Cristian, 2009; Hoge et al., 2008). This
can be modeled using chemical explosives in the open field,
often with large animals as subjects (Axelsson et al., 2000;
Garner et al., 2009; Richmond et al.,, 1967). Alternatively,
shock tubes offer several advantages for investigations of the
physiological effects of blasts, particularly with small animals
(Celander et al., 1955; Clemedson, 1956). Shock tubes are de-
signed to focus the energy from the blast wave source in a
linear direction, thus maximizing the amount of blast energy
that impacts the test subject, and decreasing the variability in
the blast wave itself. In contrast to free-field explosions, the
velocity and pressure of the shockwave does not decay ex-
ponentially along the distance of the shock tube (Celander
etal., 1955). Also, smaller quantities of explosives are required
to produce target peak overpressures (Bauman et al., 2009).

Shock tubes typically consist of a tube in which a high-
pressure gas, the driver gas, is separated from a low-pressure
gas, the driven gas, by a diaphragm. The diaphragm can be
ruptured by the pressure of the driving gas, mechanically, or
by an explosive charge using a combustible mixture of gases.
Following the rupture of the diaphragm, the resultant pres-
sure waves compress into a shockwave that travels through
the driven gas at a supersonic velocity. In the present study
the driver gas was compressed air, compressed helium, a
mixture of oxygen and hydrogen, or the chemical explosive
RDX. The driven gas was atmospheric air.

Compressed air-driven shock tubes have been used to ex-
amine the effects of blast waves on small animals since ap-
proximately 1949 (Cassen et al., 1950; Clemedson, 1949). By
varying the size of the high-pressure chamber, the positive
phase duration can be altered for a given maximal overpres-
sure (Celander et al., 1955; Richmond et al., 1968). Air-driven
shock tubes are the model most widely used for experimental
bTBI studies (Celander et al., 1955; Cernak et al., 2001; Chavko
et al., 2007; Elsayed, 1997; Long et al., 2009; Saljo et al., 2009).
However, the pressure-time trace from air-driven shock tubes
is flatter than the peaked waves resulting from high explo-
sives (Richmond et al., 1968). As a result of the flattening of
the peak prior to decay of the shockwave, the duration of
the overpressure wave was greater for compressed air than
with the other driving modes used in the present study. Also,
the peak overpressures attained with compressed air pla-
teau with increasing pressure in the compression chamber
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FIG. 9. Gross brain pathology. Representative photographs of the rat brains following exposure of the rats to compressed air-
driven and oxyhydrogen-driven blasts of various peak overpressures. Blast exposure resulted in larger blood vessel diameters
and hematomas (white arrows), which were more prominent with increasing peak overpressures. The vascular damage was
also more prominent with compressed air- compared to oxyhydrogen-driven blasts of similar peak overpressures.

(Celander et al., 1955), making it difficult to achieve a wide
range of peak overpressures. In addition, air-driven shock tubes
do not model other components of a chemical blast, including
acoustic, thermal, optical, and electromagnetic components
(Ling et al., 2009). Thus, while compressed air-driven shock
tubes are convenient, and certain properties of the resultant
shockwave are modifiable, it is also important to recognize the
differences in a shockwave resulting from compressed air,
compared to that produced by a chemical explosion.

Compressed atmospheric air is a mixture of mostly di-
atomic nitrogen, followed by diatomic oxygen, and to a much
lesser extent, water vapor and other trace gases. Due in part to
intermolecular forces strengthened during compression,
compressed air fails to expand as quickly as would an ideal
gas when the membrane is ruptured. Use of a light gas, such
as helium, improves the performance of shock tubes due to
the increased speed of sound in helium compared to air, re-
sulting in a lower driver- to driven-tube ratio (Lu and Wilson,
2003; Warren and Harris, 1970). This is consistent with results
obtained in the present study, in which helium produced a
sharper overpressure peak and shorter overpressure duration
compared to compressed air. However, its disadvantages
include the expense of helium and the large amounts required
to pressurize the driver tube (Lu and Wilson, 2003). Ad-
ditionally, following shock tube blasts, the driver gas replaces
all or part of the driven gas. Oxygen monitoring experiments
revealed a 75% reduction in oxygen content within the shock
tube following helium-driven blasts.

The variability (standard deviation) of the peak overpres-
sures obtained with helium was greater than that observed for
the other blast modes. For compressed air-driven blasts, nat-
ural rupture of the Mylar membrane produced a shockwave
with a peak overpressure of approximately 120 kPa. To pro-
duce a helium-driven shockwave of equal peak overpressure,

the Mylar membrane had to be mechanically ruptured at a
lower compression chamber pressure. This is because helium,
being a lighter gas, expands more rapidly than air following
membrane rupture. The greater variability observed in re-
cordings from helium-driven blasts may be due to variations
associated with the mechanical rupture of the Mylar mem-
brane at the desired compression chamber pressure.

RDX (cyclotrimethylenetrinitramine) is the major compo-
nent of plastic explosives widely used by the military and in
IEDs (U.S. Army, 1984; Kopp, 2008). Although the use of RDX
provides an accurate representation of the chemical explo-
sives encountered in warfare, experimentation with explosive
nitroamines, including RDX, is not without significant
drawbacks. In addition to the cost of the explosive and det-
onators consumed in each blast, explosive nitroamines re-
quire specialized equipment for their proper transport and
use, including explosive storage containers, dynamos or “shot
boxes” for detonator ignition, and often a separate transport
vehicle. Using explosive nitroamines in the U.S. requires
federal licensure that can be costly to obtain, and requires at
least 2 years of working experience with explosives to obtain,
in addition to individual state requirements. In addition, RDX
in its undetonated form is a suspected carcinogen (U.S. De-
partment of Health and Human Services, 1995), and the by-
products of RDX detonation contain potent vasodilators
similar to glyceryl trinitrate tablets, and thus present a risk of
developing a nitric oxide tolerance to personnel who handle
it. These disadvantages make RDX unsuitable as a driving
source for use in investigations involving small animals.

When detonated, oxyhydrogen undergoes a chemical re-
action that yields energy much like an RDX detonation, but
the chemical by-product is water vapor. In addition, com-
pressed hydrogen and oxygen can be purchased without a
license, stored separately, and are only combined when inside
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the MBD. The oxyhydrogen-driven blasts are also relatively
inexpensive, as small amounts of oxygen and hydrogen are
utilized, and other expenses include the chordite charge
(shotgun primer), and a polyethylene bag to contain the gases
within the device until detonation. The high carbon monoxide
levels seen following oxyhydrogen-driven blasts are likely
due to burning of the polyethylene bag. With both the helium-
and oxyhydrogen-driven blasts, it is important to remove the
experimental animal from the shock tube within a few sec-
onds following blast exposure to prevent the consequences of
prolonged exposure to helium or carbon monoxide.

The pressure-time traces produced by oxyhydrogen were
similar to those of RDX in many respects. However, oxyhy-
drogen had a faster average shockwave velocity compared to
RDX, compressed air, and helium. This may reflect the heat
generated during the oxyhydrogen explosion, which results
in greater expansion of the gas, and allows the shockwave to
travel faster. Heating of the driving gas is one method used to
improve shock tube performance (Lu and Wilson, 2003).
Overall, the results demonstrate that the pressure-time traces
produced by oxyhydrogen more closely resemble those gen-
erated by RDX than those using compressed air and helium.

The blast components that contribute to bTBI are largely
unknown. Previous studies have largely focused on the maxi-
mal overpressure as the critical factor (Cernak et al., 2001;
Chavko et al., 2007; Long et al., 2009; Saljo et al., 2009). How-
ever, the peak overpressures used to induce bTBI have varied
widely, ranging from 20kPa to 340 kPa for whole-body expo-
sure in rats (Cernak et al., 2001; Moochhala et al., 2004), 150 kPa
for head-only exposure (Cheng et al., 2010), and up to
10,000 kPa for direct brain exposure (Kato et al., 2007). As noted
by Ling and associates (2009), the assumption that bTBI is de-
pendent only upon the peak overpressure may not be valid.

Although there is a relationship between peak pressure and
lethality in sheep (Richmond et al., 1968), duration of the
overpressure phase and the positive impulse (integral of
overpressure xduration) are also known to influence the ex-
tent of lung injury (Clemedson, 1956). A model of the un-
derpressure component of the blast wave can result in similar
lung damage to that produced by overpressure (Zhang et al.,
1996). Of particular relevance in the present study is that
compressed air differed substantially from the other blast
modes in having a greater positive impulse and A impulse at
similar maximal overpressures. This suggests the possibility
that a compressed air-driven shockwave may be more dam-
aging than a chemical explosive-driven shockwave of similar
peak overpressure. In the present study, the vascular damage
seen on the brain surface was more pronounced following
compressed air- compared to oxyhydrogen-driven blasts of
similar peak overpressures. The hematomas observed in the
present study are consistent with those observed in both
military personnel and civilians following blast exposure, and
in previous studies utilizing animal models of bTBI (Levietal.,
1990; Murthy et al., 1979; Scott et al., 1986; Svetlov et al., 2010).
A more thorough quantitative evaluation of gross and mi-
croscopic brain pathology following exposure of rats to the
various blast sources is ongoing.

The blast wave components contributing to bTBI are not
well understood, but may be quite different from those
causing damage to air-filled organs such as the lung (Ling
et al.,, 2009). Using a single blast source, it is difficult to de-
termine the blast wave characteristics that contribute to in-
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jury. The MBD can utilize a variety of driving sources
(compressed air, compressed helium, oxyhydrogen, and
RDX) to produce shock waves of similar maximal overpres-
sure. The results demonstrate that these different blast modes
differ substantially in their pressure-time traces at similar
peak overpressures, and that these differences may influence
the extent of brain injury produced by each blast mode.

Compressed air-driven blasts had a much longer positive
duration, impulse, and dynamic energy, compared to the other
blast modes, and also resulted in greater vascular damage than
oxyhydrogen. Helium-driven shockwaves more closely re-
sembled those produced by RDX, but the replacement of air by
helium within the expansion chamber of the shock tube created
a hypoxic environment. Oxyhydrogen-driven shockwaves
closely resembled those resulting from RDX, but produced
high levels of carbon monoxide, resulting from combustion of
the polyethylene bag. For both helium- and oxyhydrogen-
driven blasts, rapid removal of the animals following blast
exposure is necessary to prevent damage resulting from the
hypoxic environment within the shock tube. This multi-mode
shock tube will enable comparison of the pressure-time sig-
natures produced using each blast mode with the extent of
brain injury in small-animal models, facilitating evaluation of
the blast wave components contributing to bTBL
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