


Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 3. DATES COVERED
NOV 2010 2. REPORT TYPE 00-00-2010 to 00-00-2010
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Relationship between orientation to a blast and pressure wave propaga £b. GRANT NUMBER

tion insidetherat brain
5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Naval Medical Research Center,NeuroT rauma Department,503 Robert REPORT NUMBER
Grant Avenue,Silver Spring,M D,20910

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONY M(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

Exposureto a blast wave gen~:ratcd during an explosion may result in brain damage and related
neurological impairments. Several mechanisms by which the primary blast wave can damage the brain
have been proposed, including: ( 1) a directeffectofthe shock wave on rhe brain causing tissue damage by
skull nexure and propagation of stressand shear forces, and (2) an indirect transfer of kinetic energy from
the blast. through large blood vessels and cer ebrospinal fluid (CSF). to the central nervous system. To
address a basic question related to the mechanisms of blast brain injury, pressure was measured inside the
brains of rats exposed to a low level of blast ( - 35 kPa). while positioned in three different orientations
with respect to the primary blast wave; head fac ing blast. right side exposed to blast and head facing away
from blast. Data show different patternsand durations of thc pressuretracesin side the brain. depending
on therat orientation to blast. Frontal exposures (head facing blast) resulted in pressur e traces of higher
amplitude and longer duration. suggesting direcr transmission and reflection of rhe pressureinsiderhe
brain (dynamic pressuretransfer). The pattern of the pressure waveinside the brain in the head facing
away from blast exposur es assumes contribution of the static pressure. similar to hydrodynamic pressure
to the pressure waveinside the brain.

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17.LIMITATION OF | 18.NUMBER | 19a. NAME OF
ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE Same as 6
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18












M. Chavko et al. / Journal of Neuroscience Methods 195 (2011) 61-66 65

abdomen). In parallel, it can be also assumed that different ori-
entation(s) to the blast wave would result in different types of
brain damage, e.g. more brain contusions and epidural hemor-
rhages after the direct impact of blast to the head (head facing
the blast wave) compared with the mechanism(s) of indirect pres-
sure transfer (side-on exposure to blast) producing predominantly
intraparenchymal hemorrhages.

The blast wave is often characterized by blast overpressure that
usually refers to the static, freely flowing pressure, measurable by
a pencil-shaped probe with a sensor parallel to the propagation of
the blast. Obviously, the static pressure can contribute to the pres-
sure measured inside the tissues; however, it is not explicitly the
loading force on the target, especially not in the frontal, the head
facing blast orientation. Fig. 2 illustrates that the probe placed per-
pendicular to the blast direction measured an approximately 10%
higher pressure level than the probe positioned parallel to the blast
propagation. In addition, reflected pressure wave(s) had a slower
decline and longer duration. The difference between these two
measurements is a measure of kinetic energy, known as dynamic
pressure in the blast wave (Benzinger et al., 2009). Our data sug-
gests that the frontal exposure resulted in higher amplitudes and
longer durations of the pressure waves in the brain compared with
the side-on exposed animals. The head facing away from blastexpo-
sure produced a narrow pressure wave in the brain withamplitudes
comparable to those observed with the side exposure to blast. In
fact, pressure amplitudes measured in frontal, head-on orientation
were about 10% higher when compared with peak external shock
wave pressures, in accordance with the data published for deceased
rhesus monkeys (Romba and Martin, 1961) and anesthetized rab-
bits (Clemedson, 1956).

Comparisons of in vivo measurements in three orientations with
respect to the pressure amplitude and duration suggests that the
brain is most impacted by shock waves in frontal exposures, which
is in agreement with the direct hit assumption. Simulated exper-
iments using finite element hydrocode demonstrated that a blast
wave causes the skull to dynamically deform, and that this flex-
ure creates localized regions of large and low pressures throughout
the brain (Moss et al., 2009). Even modest skull flexures from a
non-lethal blast can produce sufficient skull flexures and damaging
effects even without a head impact. It could be supposed that the
skull flexures could be different in different orientations to blast,
with the highest impact and higher pressure at the head-on orien-
tation to blast. Another factor for the observed differences involves
the placement of the probe in the brain in relation to the distance
from the skull; only 3mm from the skull at the head-on position,
compared to 6 mm at the side-on orientation.

Results show thateven in exposures in the backward orientation
(head facing away from blast) a significant pressure can be mea-
sured inside the brain. The pressure wave amplitudes in the head
facing away from blast exposures were comparable with the side-
on exposures, but the pressure wave durations were much shorter.
Because there is a low direct impact of the blast to head, it could
be assumed that the pressure inside the brain in the head facing
away from blast orientation is caused mainly by the static pres-
sure, and contribution of dynamic impact is minimal. One analogy
could be made with the hydrodynamic pressure forces originated
from water flow pressing on a solid surface. Another possibility is
that the pressure inside brain at the head facing away from blast
exposure is caused by the pressure wave propagation all the way
through the body to brain.

To discriminate between different possibilities regarding how
the shock wave reaches the brain in head facing away from blast ori-
entation, animals were exposed inside the PVC tubing with either
the frontend or both ends of the PVC tubing closed. When both ends
of the tube were closed there was no pressure wave detected inside
the tube, indicating that pressure cannot enter the tube through the

PVC tubing. However, pressure was still measured inside the brain
in both head facing and head facing away from blast orientations,
when only the front end of the PVC tube was closed. The pressure
wave characteristics in the brain in head facing away orientation
were similar to the wave measured outside the PVC tubing. This
suggests that: (1) the propagation of pressure through the body
does not contribute significantly to the pressure inside brain at the
head facing away orientation, and (2) even more perplexing, pres-
sure candiffract and propagate into open objects oriented opposite
to the blast wave propagation. This possibility was validated by
computational analysis in identical experimental setting by Dr. A.
Przekwas (CFDR Huntsville, AL, personal communication).

The data, at least with the respect to the pressure wave ampli-
tude and duration, indicate that the contribution of direct pressure
propagation to brain is likely more significant than the contribution
of indirect pressure transfer (head-on, versus side-on exposed ani-
mals). However, this does not exclude the possibility that indirect
pressure transfer could contribute to the pressure level and brain
damage in the side-on exposures as it was suggested by a lower
degree of brain damage in animals protected against blast by Kevlar
vests (Long et al., 2009). The degree of this contribution, if any,
needs to be determined. So far, there is no evidence of circulatory
system involvement in brain damage after blast and recent mod-
eling data indicates that small hemorrhages (petechia) observed
after blast exposure in some deep brain areas are the result of local
pressurization rather than fluid pressure transmission (Leungetal.,
2008). More conclusive findings about the contribution of indirect
pressure wave transfer to the brain would require additional exper-
iments examining the effects of head and whole body protection on
the pressure propagation in the brain.

Ourresults in rats and results by others in pigs (Siljo et al., 2008)
suggest that the rat brain might be extremely sensitive to blast
injury, as only a small part of a blast wave is absorbed by the skull
and brain parenchyma before reaching subcortical structures. The
shape of a pressure wave inside the brain compared to air indi-
cates differences in velocity of the wave propagation, likely a result
of reflection from boundaries between tissues of different densi-
ties. This may represent a critical factor for neuronal damage as it
appears that the pressure integrated over time, constitutes a key
factor for altering biophysical properties of the membranes rather
than the peak pressure amplitude (Kodama et al.. 2000).

Some considerations from the present experiments can relate
to head protection offered by helmets. Current equipments tend to
be optimized for impact or ballistic head protection with little or
no consideration for blast mitigation andfor protection against it.
It appears from simulated blast modeling that the clearance gaps
between the helmet and head allow the blast wave to wash under
the helmet to pressure levels exceeding those outside the helmet
(Moss et al., 2009). Without padding, the pressure impacts directly
on the skull. Padding decreases pressure impact to the skull; how-
ever, it increases the mechanical load in the brain coupled with
the helmet motion (Moss et al., 2009). Moreover, it appears that
pressure could penetrate under the helmet not only when the head
is facing blast, but actually from any direction, even from the side
opposite the direction of the explosion (Bardi, 2008 ). Moreover, the
flow of pressure from front and back could combine and produce
substantially greater pressure. It appears from both, the Moss study
and the present study that effective head protection would require
a new helmet design that would deflect blast wave energies, elim-
inate gaps and prevent access of pressure from all angles under
the helmet. Our results also demonstrated that because of the blast
wave diffraction, subjects are not completely protected against the
blast wave even when taking cover behind large objects obstructing
the direction of the blast.

In conclusion, the pattern(s) of the pressure wave inside the
brain have indicated higher pressure wave amplitude at the head
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facing blast compared with the head facing away from blast and
with the side-on exposures. This may suggests the higher con-
tribution of the direct transfer of pressure than indirect pressure
transfer to the brain after blast. The pressure measured inside
the brain in the head facing away from blast orientation implies
contribution of both, the dynamic pressure and static pressure
(similar to hydrodynamic pressure) to the pressure wave inside
the brain. Pressure wave diffraction could be a significant source
of pressure inside the body as under the certain conditions blast
waves can change their direction and can propagate under the
gaps in protective armors and helmets from any angles and
orientations.
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