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ABSTRACT

The detonation of any powerful explosive generates a blast wave including sudden and extreme differences in pressures that can lead to significant neurological injury. The precise mechanisms of brain injury after exposure to blast are not completely known and are the subject of intense research resulting from the use of improvised explosive devices (IEDs) in the current wars. Several mechanisms by which primary blast wave can damage the brain have been proposed, including 1) direct transmission of the shock wave to the brain including formation of stress and shear waves and skull flexure; and 2) indirect transfer of kinetic energy from the blast that propagates through the body to the brain via viscera, muscles, bones, blood vessels and cerebrospinal fluid (CSF) resulting in increased internal pressure on the brain cells and capillaries and brain hemorrhage. 

To address a basic question related to the mechanisms of blast brain injury rats were placed in a blast tube and exposed to 30-40 kPa blast overpressures (BOP) in three different orientations: 1) with the head facing the blast wave; 2) with one side of the body exposed to blast and 3) backward to the direction of blast. Pressure wave was measured inside the rat brain and in femoral artery with Samba optical fiber pressure sensors. The results of these studies indicated orientation-specific dynamics whereby higher shock wave amplitude in the brain as well as differences in the duration of the shock wave was observed with respect to the orientation of the head to blast, particularly the with the head-on exposure. These data suggest that shock waves appear to propagate through the skull from different angles and orientations as a result of reflection and diffraction and that the orientation of the animal to the overpressure wave can influence the resultant pressure pattern observed in brain.  
To better understand how the shock waves are propagated through the body in and around hard barriers that block or reflect pressure waves, animals were placed inside plastic PVC cylinder to protect body against the BOP with head and neck sticking outside and then exposed to blast in frontal or side orientation. 

Results revealed that the pressure wave inside the brain was little affected by the whole body protection. Even with protection a considerable pressure was measured in femoral artery and this pressure trace was not affected by animal orientation to blast. However, there was much slower increase in the rise time and longer duration of pressure wave in artery of protected animals   These results are discussed in terms of understanding the propagation of pressure waves and the implications of how these wave dynamics are affected by placement of the animal in hardened structures that would be considered to be protective from the blast overpressure wave.

1.0
INTRODUCTION

The detonation of any powerful explosive generates a blast wave, a sudden and extreme differences in pressures that lead to significant neurological injury. About 180,000 US military personnel, according to the Department of Veterans Affairs were diagnosed with traumatic brain injuries (TBIs) in the period of 2001-2010 [1]. But neurologists worry that hundreds of thousands  more – at least 30% of troops who have engaged in active combat for four months or longer in Iraq and Afghanistan, are at risk of potentially disabling, neurological disorders form the blast waves, many of whom do not show signs of outward injury [2]. There is growing understanding within neurosurgeons that blast injuries are different from those caused by penetrating or skull-fracture trauma and that the standard care used for “closed-head” injuries does not work with brains damaged by shock waves [1] A still unresolved controversy is how primary blast forces injure the brain and whether the final damage results from multiple pathways of pressure transfer to the brain – direct or indirect. Direct blast impact on brain – biomechanical forces subject all objects and tissues to mechanical displacement. This may result in brain contusions and subdural hemorrhage (movement of the brain within the skull or vice versa). In addition, high amplitude stress waves that propagate through the brain may result in stress and shear forces with subsequent neuronal damage observed after exposure to blast [3]. Indirect blast impact on brain may involve transmission of shock waves to brain through the vascular system and cerebrospinal fluid (CSF) [4, 5] and some other mechanisms such as compression of thorax and abdomen and activation of vasovagal reflexes by mechanical congestion of pulmonary receptors [6, 7]. 
In this study we measure propagation of pressure wave in brain and systemic circulation in attempt to discriminate between contributions of different mechanisms; direct versus indirect impact of blast overpressure (BOP) on brain. We hypothesized that: 1) orientation to blast and the skull geometry would significantly influence the size of direct impact of blast on brain; 2) orientation would also change propagation of the stress wave to the brain from other parts of body; and 3) protection of body torso would diminish contribution of indirect blast impact on brain. Therefore, the rats were exposed in different orientation to blast, i.e. in the frontal, side and backward position to the blast wave propagation. In addition, rats were exposed to blast with either head or body torso protected by plastic (PVC) material in order to assess how a “protective surface enclosure” would affect the propagation of the overpressure wave into the animal.    

2.0
MATERIAL AND METHODS

2.1
Animals and Exposure to Blast 

The experiments reported herein were conducted according to the principles set forth in the ‘‘Guide for the Care and Use of Laboratory Animals”, Institute of Laboratory Animal Resources, National Research Council, National Academy Press, 1996 and was approved by WRAIR/NMRC IACUC Committee.
Male Sprague-Dawley rats (250-300 g) were anesthetized with ketamine/xylazine  (i.p. 60/5 mg/kg) and immobilized in a stereotaxic frame.  A 1 mm hole was drilled for a guide cannula using a tapered dental burr in a stereotaxic high speed drill at 0.9 mm posterior from bregma and 1.5 mm lateral to midline. A plastic guide cannula (0.8 mm O.D.) was inserted through the hole 3.5 mm below the surface of the skull to reach the lateral cerebral ventricle [8].  
The next day, after surgery animals in anesthesia were fixed into a holder inside a compressed air-driven shock tube (Fig. 1) and subjected to blast with mean peak overpressure of 36 ± 2 kPa in three different position; 1) frontal, a face-on orientation; 2) side-on orientation, with the right side exposed; and 3) in a backward, head-off position to the blast (Fig.2).
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Figure1: Shock tube used to create blast overpressure and used in experiments.
[image: image2.wmf] 


Figure 2: Orientation of rats placed inside the blast tube for intracerebral pressure recording. Rats were placed in front (left), side (middle) or backward (right) position and exposed to blast. 

In another experiment, animals were placed inside the PVC cylinder to differentiate between direct propagation of blast pressure to the brain (frontal exposure) and propagation of the pressure wave inside the body (backward) to the pressure level inside the brain. Animals were placed inside the open tube, the tube closed at both ends, or the tube closed at the front side (Fig.7).
2.2
Blast Pressure Measurement

Pressure wave inside the brain in lateral ventricle was measured by a microfiber pressure sensor (Samba AB, Vastra Frolunda, Sweden). A pressure transducer, consisting of a silicon sensor chip (0.36 mm diameter) attached to the tip of an optical fiber (0.25 mm diameter), was inserted into lateral ventricle and connected to a SAMBA 3000 Monitor operating at 40 kHz sampling rate [9]. 

Simultaneously, the reference pressure outside the animal was measured by two piezoelectric sensors (PCB Piezotronics, Buffalo, NY). One sensor was aligned parallel to the direction of propagation of the BOP and measured a static flow pressure while the other gauge was aligned perpendicular to the blast flow to measure reflected and dynamic pressure. Signal was recorded by the NI data acquisition system (National Instrument, Austin, TX) at 400 kHz sampling rate.                                     

3.0
RESULTS
3.1
Effect of Different Orientation to Blast on Pressure Wave Inside the Brain

Video recording taken by a high speed camera revealed different effect of the blast exposure on animals in relation to their orientation to blast overpressure (higher compression versus translation movement in face-on versus side-on orientation (Fig.3).  It can be assumed that this different pattern of the blast interaction with the body may result in differences in shock wave pattern inside the brain.

                    1) Before blast                             2) Shock wave propagation                     3) Reverse blast wind           

                                                                                   compressing body                   


Figure 3: High speed camera pictures showing several phases of exposure to blast and interaction with the rat exposed in front A) and side B) orientation to blast. Compressed body is seen 
during first phase of blast (blast overpressure) that is followed by second 
underpressure phase (reversed blast wind).

At the first part of this study we measured some basic characteristics of the blast wave produced inside the compressed shock tube. Figure 4 A shows the blast wave recorded by two PCB sensors to measure side-on (static) and face-on (reflected) pressures inside the shock tube. The wave has a typical pattern of the shock wave consisting of a positive overpressure part followed by a negative under-pressure part and return to ambient pressure. The initial reflected pressure spike was about 2 times higher than the static pressure. The spike was followed by a plateau pressure of around 35 kPa, approximately 10% higher than overpressure measured by a static probe. 

We also measured the shock wave inside the shock tube with miniature fiber optic pressure sensors (Samba, Sweden) and compared pressure characteristics with PCB sensor response (Fig.4 B). The microfiber sensor placed in a face-on position detected a lower reflected pressure spike than the spike measured with the PCB probe, however a plateau pressure level and duration of the wave was comparable with the face-on PCB probe. The difference can be caused from lower sampling rate 40 kHz for microfiber sensor compared with 400 kHz at PCB sensors or by their specific characteristics. The duration and amplitude of the shock wave measured by a side-on fiber optic sensor was comparable with the static pressure measured with a PCB static probe. Because of the same characteristics of the both shock waves, we used the static pressure detected by a PCB sensor in air as a reference value for pressure detection inside rat brains.  

[image: image3.png]=

Pressure (kPa)

B)

70
60 60
50 50
40 40
30 30
20 20
10 10
0 0
10 -10
.20+ =20+

0

1

2 3456789
ms

10

0

1

2 34567 89
ms

10




Figure 4: Pressure wave pattern measured inside shock tube measured simultaneously with two PCB sensors (A), and two microfiber sensors (B).  Reflected pressure (red lines) was measured 
with the probes placed perpendicular, while static pressure (blue lines) was measured with the probes placed parallel to the blast wave propagation. Time delay in the response of microfiber sensors is caused by different positions of the sensors inside the shock tube.
Pressure curve trace in lateral ventricle in three different orientations shows some differences in the pressure wave curve recorded from brains depending on the animal orientation to blast (Fig. 5). Pressure wave recorded in front position had higher amplitude, faster rise time and longer duration than the wave from the side-on and head-off exposures. The stress wave in the backward orientation was about the same amplitude as in the side-on orientation; however, it had shorter duration and longer rise time. In all orientation, the rise time of the stress wave was slower than in air (Table 1).
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Figure 5: Representative pictures of pressure wave in the brain of one animal exposed to blast 
in three different orientations: frontal, side, and backward to the blast wave direction. 

Table 1: Basic characteristics of the stress wave inside rat 
brain exposed to blast in three different orientations.
[image: image5.emf]________________________________________________________________________   Orientation            Peak Overpressure          Rise Time           Overpressure Duration                                         (kPa)                             (ms)                         (ms)   ________________________________________________________________________   Air                           36.5 ± 1.6                        0.07 ± 0.42               4.1 ± 0.3   Frontal                     41.5 ± 1.7 *                      0.19 ± 0.04 *               4.1 ± 0.2                            Lateral                      33.6 ±3.2                       0.26 ± 0.02 *               3.3 ± 0.1 *   Backward                 36.3 ± 2.0                      0.31 ± 0.02 *                 2.9  ± 0.4 *       ________________________________________________________________________  


Values are means from 5 different exposures ± SD. Pressure wave in air was measured by microfiber sensor placed outside exposed animals. *P < 0.05 compared with air.

Differences in the pressure wave measured inside the brain of animals exposed in different orientations suggest that the shock wave can enter the body and tissues from different angles such as linear translation or from the surface similarly to the hydrostatic pressure. In addition, the shock wave is reflected by surrounding tissues and changes its shape as demonstrated by differences between frontal and backward orientations.

3.2
How “A Protective” Barrier Influences Pressure Inside the Brain
The essence of this experiment is to answer the question if considerable blast pressure is transferred to brain indirectly, from other parts of the body. Based on experiment described in previous paragraph, especially on the demonstration of the pressure in brain in the backward position we were interested if the diffraction around the body could be a significant source of pressure inside the brain. At another words, if the pressure can enter the objects and body from different angles and direction relatively to site of explosion. Possible scenarios of pressure wave interaction with a solid object are illustrated in Fig. 6. In addition, a stress wave may propagate through the object and may be coupled to the external wave. 

[image: image6.wmf]
Figure 6: Illustration of pressure reflection and diffraction after reaching an object.
A PVC cylinder was used as a shield to protect the head and body from blast overpressure. Animals were placed inside the cylinder, exposed to blast and a shock wave was measured in lateral ventricle. When the cylinder was closed at both ends, there was no pressure detected inside the rat brain (upper part of Fig. 7).  With the rat inside the cylinder with both ends open, the pressure trace detected inside the brain was the same as observed in rats exposed in frontal orientation without the PVC cylinder. Interestingly, the signal was detected inside the brain when the front end of the PVC tube was closed (bottom picture). This means that the pressure wave enter the tube and body by diffraction around the cylinder (red line). Moreover, pressure is reflected from PVC walls and reaching read end of the cylinder (green line). 


[image: image7]
Figure 7: Pressure wave measured in the brain of animal placed inside the PVC cylinder. 
A) Rat, head-on inside the closed cylinder; B) Rat, head-on  inside the open tube;  
C) Rat, facing front and facing back inside the cylinder with the front end closed. 

3.2.1
Head Exposure with the Rest of the Body Protected

In the next experiment we investigated if there is any difference between pressures measured inside the brains of animals with the whole body protection and if this protection effect pressure profile in circulation.

For this purpose, one sensor was inserted into femoral artery and one into the brain, and animals were exposed in frontal and side orientation to 40 kPa BOP without or with protected body.
To check a proper sensor function, blood pressure was recorded in the femoral artery. As it is shown in Fig.8, blood pressure fluctuations corresponding to systolic and diastolic blood pressure were recorded before and after blast. At time of blast the sensor detected a short spike in pressure. 
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Figure 8: Blood pressure recording in the femoral artery with the Samba 
pressure sensor. A short spike was recorded at the time of blast. 

Animals’ body was protected against blast by placing them inside a PVC cylinder (Fig. 9) with head and neck sticking outside. Pressure signal was simultaneously recorded as described before. 
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Figure 9: Whole body protection by PVC cylinder. Animals inside the cylinder were 
placed inside the shock tube and exposed to BOP in frontal or side-on position.

IIn frontal position exposures there was no significant change between pressure wave characteristics such as pressure amplitude, duration of positive phase or rise time inside the brain in protected and non-protected animals. Even with protection a considerable pressure was measured in femoral artery. However, there was much slower increase in the rise time and longer duration of pressure wave in artery of protected animals (Fig.10 A,B).
 
[image: image10]
Figure 10: Pressure traces in brain and femoral artery of non-protected and protected rats exposed in frontal orienation to blast (A). Basic characteristics of pressure wave in brain and artery of protected and non-protected animals exposed to blast in frontal position (B). 
Results are means ± SD from three animals.
In the side exposures there was a little decrease in the pressure amplitude and duration of the pressure wave in brains of protected animals (Fig.11 A). Similar to the frontal exposure the rise time of pressure wave was slower and duration of the pressure wave longer in artery of protected animals (Fig.11 B).

[image: image11]
Figure 11: Pressure traces in brain and femoral artery of non-protected and protected rats exposed in side orientation to blast (A). Basic characteristics of pressure wave  in brain and artery of protected and non-protected animals exposed to blast in side orientation (B). 
Results are means ± SD from three animals.

These results show that shock waves enters systemic circulation regardless on orientation to blast. Interaction of pressure with blood vessels could have potentally detrimental effect on integrity of brain vessels and may result and leaks of blood into cerebral parenchyma and cerebral ventricles. Fig. 12 demonstrates the presence of such hemorrhages in some animals exposed to blast. 
[image: image12.png]



Figure 12: Presence of intraventricular hemorrhage in lateral ventricle of blast exposed rat 
(upper picture). Hemorrhage consisted of erythrophagocytic macrophages (bottom left) 
and numerous neutrophils (bottom right). H&E staining. 

Small decrease in the shock wave amplitude in protected animals exposed in a side orientation shows that contribution of indirect propagation of the pressure to the brain from other parts of body is a relatively small compared to the direct mechanism of BOP interaction with the brain. The whole body protection however does not completely eliminate a presence of shock wave in the femoral artery. Therefore indirect mechanism of pressure transfer to the brain remains to be investigated.

4.0
CONCLUSIONS 

In conclusion, the pattern of the pressure wave inside the brain  have indicated a higher pressure wave amplitude at the frontal exposures compared with the backward and side-on exposures to blast. This suggests the higher contribution of the direct transfer of pressure than indirect pressure transfer  in the brain after blast.  The pressure measured inside the brain in the backward 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. This may have a serious implications for helmet and a whole body protection design.

Pressure wave following blast also propagates through the systemic circulation and may result in the damage to the blood vessel walls and intraparenchymal and intraventricular hemorrhages observed after exposure to blast. Propagation of pressure to brain is very little effected by the whole body protection. However, the protection does not completely eliminate propagation of the shock wave in body parts and systemic circulation shielded by protective material. Therefore, the indirect mechanism of the pressure transfer to brain remains to be investigated.
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