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Abstract

This abstract addresses the topic of testing and computational modelling of blast injuries within the subtopic of animal injury and post-mortem data to validate.  Primary blast injury continues to be an area of interest to those that are trying to treat or prevent this pathology with regards to neurotrauma. For these endeavours to be successful, the mechanisms that cause neurotrauma resulting from shock wave exposure need to be determined. Although animal studies are helping to better understand how the shock wave interacts with the cranium, it is essential that the particular structure of the human brain and cranium be considered when investigating the propagation of the shock wave and its role in human neurotrauma. The use of animal models cannot provide an adequate representation of the scale, structural properties, geometry, and boundary conditions represented in the human cranium.

The biomechanical responses of the post mortem human subject (PMHS) during simulated blast wave interaction were investigated using a specially design shock tube. Strain gauges and fiber optic pressure sensors (FOPs) were used to measure the structural dynamics of the skull and the imparted intracranial pressure gradients respectively. Rosette strain gauges were mounted to the frontal, zygomatic, temporal, parietal, and occipital bones. The FOPs were placed inline offset of the saggital suture on the right side on the frontal, parietal, and occipital bones. Four cadaver heads were exposed to shock waves generated from a shock tube in four different orientations (face forward, left side forward, face backwards, and right side forward to the incident shock wave) at three pressure intensities (69, 83, and 103 kPa side on).

The results of the testing suggest that the critical blast-induced stresses within the brain are controlled by the structural response dynamics of the coupled skull/brain system. The strain response of the cadaver skull is dependent on its orientation relative to the incoming incident shock wave. When a bone is facing the incident shock, and therefore reflected pressure, greater strains develop. When a bone is exposed to side on pressure, additional surface wave dynamics can be measured. These responses were also specific to the cranial bone that was being tested. The strain response was also linked to the intracranial pressure (ICP) transients recorded by the FOPs. Pressure data suggest that ICP values are dependent on orientation relative to the incoming shock, to air overpressure, and to the particular region of the brain.

The role of skull flexure in the mechanism of increase intracranial pressure will be discussed. This research is significant because resolution of the modes of energy transfer and of the induced stresses within the skull-brain system will allow for the creation of mitigation/protective techniques/equipment, as well as design of experiments investigating live-cell responses, and validation of reliable computer simulated models.

1.0
Background
1.1
The Need to Investigate Blast Injury 
The pathophysiological responses invoked by shock wave interaction during an explosion have yet to be completely defined 1[]
.  This is especially true for the creation of an injury criterion for mild-traumatic brain injury (mTBI) induced by a shock wave, where the biomechanical mechanisms causing injury remain unknown 2[]
.  The development of techniques for measuring these mechanisms needs to be undertaken to properly analyse the problem. Once it can be determined what the tissue composing the central nervous system is exposed to, studies undertaking cell susceptibility to these stressors can be undertaken.     
1.2      Shock Wave Physics

The loading associated with an air-borne shock wave is different than that of a blunt impact 3[]
.  The leading edge of a shock wave is known as the shock front 4[]
.  Due to the short rise times between ambient and peak pressure, the shock front is considered to be an instantaneous jump condition and can be on the order of one microsecond. This rapid loading invoked by the shock front will cause the excitation of additional modes of vibration that are of higher frequency on the system being exposed to this wave 3[]
.  The loading of the shock wave on a given object is very diffuse and acts as a moving load as it traverses the surface of the object.  The surface of the object that is perpendicular to the shock wave will experience a loading magnification that is known as reflected pressure.  This phenomenon results when the shock wave interacts with a medium of high acoustical impedance 5[]
. The leading edge of the shock front will be halted at the surface and will reflect.  During this time the rest of the wave will continue driving its energy into the surface. Reflected pressures have been measured to be twice as large as or greater than this incident wave 6[]
. Both the reflect pressure and side-on pressure can be great enough to cause deformation on a given surface. Depending on the system being exposed, stress waves can form as a result of this deformation 7[]
.

In multiple studies the human head has been simplified to a spherical shell with a fluid filled core 8[, 9]
.  It has been analytically calculated that when a shock wave interacts with the surface of the sphere, a stress wave will propagate from the site nearest to the reflected pressure.  This phenomenon has been observed with cadaver heads during a blunt impact as well 10[]
.  On the site opposite of impact a region of negative pressure will form. It has also been observed in these simplified physical models that the shell dynamics will partially govern the pressure environment within the fluid layer 8[, 9]
.  Therefore the relationship between shell flexure and the pressure gradients within the fluid layer need to be taken into consideration.  
1.3 
Recent Studies Investigating Blast Wave Biomechanics

There are multiple studies that have investigated the intracranial pressure (ICP) response of animal models when subjected to a blast wave.  This manner of research is justified because animal models are required to determine the pathophysiological responses of an organism.  Monkeys, porcine, and rats have all been exposed to shock waves to determine ICP gradients 11-15


[ ADDIN EN.CITE ]
.  In all of the studies conducted, a pressure pulse was observed in the brain. In a recent study by Bolander et al. (2011), the strain on the surface of the rat skull was measured under shock wave loading.  The intracranial pressure was also measured.  The results indicated that there are two key responses in both the strain and ICP waveforms; the first being a rapid compression that will then oscillate in a damped harmonic motion and the second being a quasi-steady decompression that mirrors the external shock wave 16[]
.  
1.4
Rationale for Study

The use of animal models for blast research are very useful but these models do not have the same geometry and bone to brain volume ratios as the human. The closest analogue to the human is the post mortem human subject (PMHS).  Tolerances and responses for the PMHS has been investigated in blunt impact loading for many years 17[]
.  However, biomechanical research involving PMHS response to shock wave exposure is limited.  In a recent study by Rafaels et al. (2010), the acceleration, surface pressure, and ICP response of a PMHS head was investigated. It was observed that the ICP within the frontal lobe increased as the intensity of the incident shock wave increased 18[]
.  The ICP within the frontal lobe during a front facing exposure was significantly greater than a side facing exposure.  Because the head was not tested facing away from the incident shock wave, a negative pressure phase was not measured.  The ICP waveforms were not presented, so the origins of the formation of the pressure gradients within the brain were not able to be determined.  The research cited within this manuscript indicates that skull flexure may be responsible for the formation of the pressure pulses that develop in the brain, and that the effect of orientation of the head relative to the incident shock wave will determine the manner in which the response presents.  

To build on these previous studies, a series of experiments were developed that would investigate the role of skull flexure in the formation of the ICP gradients in the PMHS head.  Strain gauges were applied to measure skull surface flexure and to characterize the associated wave dynamics.  The sensors were placed on multiple locations of the head to determine how the wave dynamics change as a result of location and orientation.  Fiber optic ICP sensors were placed within the brain in four locations to observe the dynamic shifts in tissue as a result of the skull flexure.  The results of each of the sensors were then compared to determine the correlation between the measured biomechanical responses.  
2.0   Methods

2.1
The Shock Tube at Wayne State University
The WSU shock wave generator is a shock tube system that is based on a commonly employed system for the generation of well formed, controlled shock waves. The system has a driver section that is separated from the driven chamber by a frangible membrane and is pressurized with compressed helium. Upon membrane rupture, the rapid expansion of gas in the tube drives an air shock wave into the test section. The event is measured by pressure sensors (Model 102A06, PCB Piezotronics Inc.) at positions along the length of the shock tube. Shock wave amplitude is controlled by varying the thickness of the frangible membrane. As the thickness of the membrane increases, the pressure within the driver will increase prior to rupture of the diaphragm. The increased pressure during rupture of the diaphragm will generate greater shock wave amplitudes. Specific details of the WSU shock wave generator are documented in Leonardi et al. (2011) 13[]
. To maintain a proper ratio of surface area of the test specimen to the incoming flow of the shock wave, an expansion section was created that replaced the second driven section.  This expansion allowed for the specimen to be tested within the tube and there not subjected to the end jet-flow that is experienced at the open end of the tube.  A graphic of the shock tube with the expansion section is provided in Figure 1.
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Figure 1: A graphic of the shock tube including the expansion driven section.  The cadaver 
head was placed 1.25 meters within the open end of the shock tube.
2.2
PMHS Preparation

A total of four PMHS heads were used in the current study (Table 1).  All specimens were handled and prepared per guidelines outlined by the Wayne State University School of Medicine Willed Body Program and the Human Investigation Committee.  Each head was disarticulated from the body between the third and fourth vertebrae with the exception of the first specimen.  Careful attention was given to preserving the carotid arteries and jugular veins.  Upon disarticulating the head, the carotid arteries and jugular veins were fitted with quick disconnect fittings to aid with perfusion of the system.  The spinal cord was also fitted with a quick disconnect fitting in the initial two specimens.  In the last two specimens, the spinal cord was tied off with string to prevent leaking of the pressurized system.
Table 1: Characteristics of the four PMHS heads tested in this study.  COD stands 
for cause of death and CHF stands for chronic heart failure.
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2.2.1
Protocol for Instrumenting Strain Gauges on PMHS 

Rosette strain gauge (FAER-25B-35SX, Vishay Micro-measurements Inc.) sites were prepared a day prior to testing.  A 2 X 2 cm square of skin was removed and underlying tissue was removed with a scalpel.  The strain gauge sensor was not attached until the day of testing. M Bond (Vishay Inc.) electronics adhesive was used to attach each sensor to the bone which was then protected with M coat (Vishay Inc.).  The wire was sutured under the skin as shown in Figure 4 to prevent wire-whip that would separate the sensor from the bone.  This configuration provided the greatest survivability of strain gauge sensors. Five rosette strain gauges were applied to the skull surface.  Sensors were applied to the frontal bone, the occipital bone, the temporal bone, the parietal bone, and the zygomatic bone. The frontal, parietal, and occipital gauges were placed 20 mm left of the sagittal suture.

2.2.2
Protocol for Instrumenting Intracranial Pressure Sensors for PMHS 

A small square portion of skin 2 X 2 cm was removed at the ICP sensor site.  A hole was drilled at each site and tapped (6-32).  The plastic cannula was threaded into the hole.  The assembly of the ICP sensor and cannula is shown in Figure 2A.  Three screws were arranged around each ICP sensor.  A mixture of bone cement was poured into the space between to screws as shown in Figure 2B.  This method of ICP sensor placement provided the greatest survivability for the conditions of this experiment. Four ICP sensors were applied for this study and the locations and depth are shown in Table 2. 
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Figure 2: The fiber optic pressure sensor was mounted to the skull, surgical screws were threaded into the bone and bone cement was applied to the surface to prevent sensor pull out.
Table 2: Location of ICP sensors on the cadaver head (Leonardi 2011).
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FOP-MIV-PK (Fiso Inc.) fiber optic pressure sensors were used to measure intracranial pressure (ICP). The ICP sensors were connected to a FISO Veloce-50 system which was connected to the Dash 8HF (AstroMed Inc.).  The sampling rate was set to 250 kHz with 90% pre-trigger over one second duration.  

2.3
Protocol for Testing PMHS 

The specimens were placed in an inverted configuration within the shock tube.  All specimen heads were centered 1.25 m from the end of the expansion portion of the shock tube.  The head was wrapped with nylon net.  A metal chain was used to support the head and to hold it in place during testing.  The ICP wires were inserted into a hole at the base of the expansion tube.  The strain gauge wires were run along the base of the tube and out the driven end.  Prior to testing, the specimen head was re-pressurized with an artificial cerebral spinal fluid (aCSF) solution.  The aCSF was introduced with a tubing system that was connected to the quick disconnect fittings.  The specimens would then undergo the series of exposures described in Table 3.

Table 3: Protocol for exposures for a given PMHS head.  

[image: image5]
2.4
Data Collection and Analysis 

The collected data was then analysed.  The peak strains and pressures were collected for each trial.  The rate of pressure increase was also calculated and reported. Because of the large number of strain gauge loss, calculation of principal strain was only able to be accomplished with select gauges. The strain and ICP data were considered separately and together to understand the relationships between the two responses. 
Following a given test series, the PMHS head was examined to confirm the depth of the pressure sensors.  The skull was also analysed to determine any additional anomalies that could be expected to have an impact on the collected data. 
3.0
Results
3.1      Strain Gage Response of PMHS Heads

Due to the highly dynamic pressure environment in which the cadaver head was exposed to, a number of strain gauges failed during testing. Although, enough sensors survived to provide an understanding of how the cadaver head will strain under shock wave loading.  The most important aspects of this data are: (1) the responses of the head are dependent on orientation relative to the incident shock and (2) the responses of the head are dependent on the bone being measured.  This dependency on the bones being tested is important for identifying which skull regions are most likely transferring energy into the brain. Figure 3 demonstrates the variability in strain profiles that are taking place on the surface of the skull during a single exposure. In most cases there appears to be two dominate frequencies: a series of larger oscillations existing for the first two milliseconds and a series of higher frequency oscillations that continue for a longer period of time. Some sensors will begin in tension while others in compression.  It is expected that with larger sample sizes, it will be possible to predict which bone is being flexed by observing the strain profiles.
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Figure 3: The strain results for each location indicated that 
multiple modes were taking place on skull surface.

The strain response of the temporal bone to shock wave exposure was presented to appreciate the response of the head to different orientations.  With the head facing a front exposure, the strain profile would begin in tension which would then experience a rapid compression that would oscillate and return to baseline strain.  When the temporal bone is directly facing the incident shock wave, a direct compression with a simplified wave pattern will occur.  This initial tension was also measured when the back of the head was exposed to the incident shock (Figure 4).  
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Figure 4: The strain response of the temporal bone was dependent on the orientation of the incident shock wave. With the head facing forward the bone would experience a level of tension before being compressed.  When the bone was directly exposed to the reflected pressure it would directly go 
into compression. The higher frequency content was experienced for the entire duration.
The strain response of the parietal bone was of interest because the strain profile approximated the external static pressure environment.  Because this sensor was close to the apex of the head the peak strains were fairly similar.  For this sensor, when the head would face forward or backward the sensor would go into compression, when turned to the side, a tension wave would develop. The secondary frequencies would also develop as a result of the compression (Figure 5).
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Figure 5: The strain response of the parietal bone approximated the loading conditions 
of the external static pressure response.  When the side of the head was
 exposed to the incident shock wave, a tension would develop.  

The occipital sensor was of interest because lower amplitude high frequency waveforms were measured prior to compression when the head was facing forward.  When the frontal bone was facing to the sides, the tension wave would develop prior to the compression.  And when facing backward, there would initially be a compression followed by the most distinct oscillations (Figure 6).  
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Figure 6: The strain response of the occipital bone measured ripples prior 
to major deformation when faced away from the incident shock wave.
The strain series provided prior were taken from single strain gauges because generally a channel would be lost over the series that would make calculations of principle strain difficult.  A frontal sensor series was able to be demonstrated for principle strain (Figure 7). The data series shows frequency content that lasts for a greater duration, with less distinct responses in the first millisecond. 
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Figure 7: The strain response for the frontal bone was one of the few cases where the 
strain channels were considered appropriate for calculations of principle strain.

Overall, the results from the strain gauges indicate that the response of the head to an incident shock wave is greatly dependent on the orientation of the head relative to the incident shock wave.  When the sensor is exposed to the pressure wave moving across its surface, a tension wave will develop prior to the compression of the shock front.  When the sensor is directly exposed to the reflected pressure, a compression will develop first.  After the compression, there will be two series of oscillations that will develop.  It is believed that the frequency of these oscillations is due to the mechanical properties of the bone being measured.  This suggests that the bones in the human skull may be acting semi-independent of each other under shock wave loading.

The zygomatic bone was not included in these results as the magnitudes and wave shapes for all series did yield useful results. Additionally this sensor failed the most out of any of the others. Because of the large number of sensor failure and small sample size, descriptive statistics were not completed.  While this is of concern the strain data does provide excellent data for describing the sensitivity of the head to orientation and bone being tested and provides information regarding the wave dynamics take place on the surface of the head.   

3.2      ICP Response of PMHS Heads

The ICP response of the PMHS is highly dynamic and specific to location and orientation of the head relative to the incident shock wave.  To demonstrate this point, the minimum and maximum peak pressures were recorded and are demonstrated in Figure 8.  For the frontal pressure sensor, the greatest positive amplitudes were the measured when the PMHS head was facing forward.  For the parietal sensor, which is near the posterior aspect of the head, the rear facing PMHS head would create the greatest positive pressures.  
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Figure 8: The minimum and maximum peak values were reported for 
Cadaver 5.  The results were shown for each sensor used.

The ICP waveform response changes as a function of orientation of the head.  The response is also specific to location.  In the following series of figures (Figures A-D) each pressure sensor is compared to each other for a given orientation.  Each of the ICP responses were processed with a 7 kHz low pass filter.  In Figure 9A the frontal and ventricle sensors both increased in amplitude and the secondary large oscillations had a similar wave shape. The parietal and occipital sensors will initially begin in tension and would have a damped harmonic oscillation series of greater frequency than the frontal and ventricle sensors.  In Figure 9B the key sensors will all begin in compression and oscillate and return to baseline.  The initial peak amplitudes were of lower magnitude and much closer to damped harmonic oscillations.  With the PMHS head facing away from the reflected pressure, the ventricle and frontal sensors would measure a negative pressure where the parietal and occipital sensors would measure a positive compression (Figure 9C).  With the left facing PMHS head, there was no major initial tensile or compressive peak (figure 9D). Although, the frontal, parietal, and occipital sensors had a fairly similar response, where the waveform began in tension for two oscillations and then entered the damped harmonic phase.  The parietal and occipital sensors once again had a similar response. 
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Figure 9A: The ICP response for each sensor during a front facing exposure.

[image: image13.jpg]) ) o
Time (second)

o

0.5%

2

ooy

opuss

(ed¥) dd1

fesued

]

130

g

B Right




Figure 9B: The ICP response of the four sensors when the right 
side of PMHS head was exposed to the incident shock.
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Figure 9C: The ICP response of the four sensors when the back 
side of PMHS head was exposed to the incident shock.
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Figure 9D: The ICP response of the four sensors when the left 
side of PMHS head was exposed to the incident shock.
3.3
Relationship of Skull Strain to ICP

As stated before, due to the number of strain gauge sensor loss, calculations of principle strain could not be made regularly.  A series of the four orientations at the low intensity were compared for the frontal sensor for both strain and ICP.  The waveforms are shown in Figure 10. The purpose of this was to determine which of the ICP responses could be measured as a result of skull flexure. 

It was also important to determine if the ICP sensor is only measuring the surface vibrations of the frontal bone or was mapping both the intracranial environment and bone oscillations.   In Figure 10 (front facing), there is an initial flexure causing a rise in ICP.  When this flexure is beginning to subside, a greater pressure pulse not reported in the principal strain records develops, although the single strain channels show a relationship to the formation of this pulse.  The relationship between the damped harmonic oscillations of the two sensing elements was also observed.

In Figure 10 (back facing), there is a large negative phase that does not appear to be caused by skull strain. This rarefaction was expected to be a result of contrecoup pressurization. For the tests where the frontal bone was subjected to the side on exposure, there was fairly strong agreement between the sensors.  These results indicate the dependence of ICP on skull strain.  
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Figure 10: The principle strain response for the frontal bone is similar to the ICP response. 
The development of a positive pulse when exposed to the reflected pressure 
and a negative pressure pulse can be observed.

4.0
Discussion  
4.1
Strain Response
The purpose of this manuscript was to provide further evidence that the biomechanical responses of the PMHS head, when subjected to a shock wave, are specific to amplitude of the shock wave and the orientation of the head relative to the incident shock.  These results were confirmed through the use of both skull strain and ICP measurements. 

The strain records were most useful for describing the wave dynamics that take place on the surface of the skull during shock wave exposure.  When a given bone is directly exposed to the incident shock wave, it will go into compression and rebound in a series of oscillations that are specific to the bone being tested. The region of the head directly exposed to the reflected pressure loading will develop the greatest magnitudes in compression.  The sides of the head not exposed to the reflected pressure will develop a tension wave prior to compression.  This tension wave is expected to be the result of the shock front driving the bone of the skull.  The tension that is caused by this moving load may contribute to the formation of the negative pressure gradient in the brain as described by Engin 8[]
.  

The damped harmonic oscillations appeared to be associated with the bone with which it was being measured.  This is of interest if it can be shown in further studies that the vibrational response of the bones composing the skull are responding quasi-independent of each other. This localized skull flexure may influence the response of the brain near these regions as the CNS is coupled to the skull via the meninges.  

4.2
ICP Response
The ICP response was also shown to be specific to orientation and location of the head, and dependent on the amplitude of the incident shock wave.  A figure was provided that indicates that with a greater amplitude shock wave, the ICP will achieve greater magnitudes.  The sensors nearest to the reflected pressure measure the greatest positive pressures and the sensors furthest from the site of impact will report the greatest negative pressures.  

It can be observed that the frontal and ventricle ICP sensors respond in a similar manner. Both sensors enter the same tension or compression phase that was dependent on orientation.  The secondary damped harmonic oscillations were specific to either the anterior or posterior aspect of the head.  When the right side of the head was subjected to the reflected pressure loading, all of the sensors would report an initial positive phase. When the left side of the head was facing the reflected pressure, the initial phase would be negative.  At the region of the sagittal suture the radius of the skull is beginning to collapse and will form a negative pressure gradient as has been described by Iakovolev 7[, 19]
.  But, the damped harmonic oscillations for the frontal and ventricle were similar while the parietal and occipital were similar.  This localization of pressure response gradients is important to consider as the cells composing the CNS within the region near the frontal lobe will be different than those situated near the occipital lobe.  

4.3
Combination of ICP and Skull Strain
There is a strong relationship between skull strain and ICP in the PMHS subjects tested in this study.  Both the ICP and strain responses reported the greatest magnitudes when facing the reflected pressure, for the frontal sensor. Unfortunately the series shown was one of the few instances where principal strain could be calculated.  In future studies it will be of interest to address this relationship in many locations across the surface of the head.  The purpose of this is to understand how the surface wave dynamics progress across the surface of the head and then determine how these responses influence the ICP environment.

4.4
Conclusions
From what can be observed with this study, skull flexure does have a significant role on the development of the localized intracranial pressure responses for the PMHS.  The waveforms show multiple modes of response for both the strain and ICP.  While there are similarities between the signals there are also enough differences to suggest that the coupling between the skull and meninges will be to such a degree as to modulate the response.  The ICP responses appear to be more uniform than the strain profiles overall.  Localization of pressures is also of concern as it can now be shown that a front facing head will respond differently than a side facing head to the incident shock wave.

Because of the specificity of the biomechanical responses of the PMHS to a shock wave exposure, scaling of injury thresholds from animal models may be very difficult to achieve.  It needs to be determined to what degree that the response modes of the different animal models are unique.  Further studies will investigate these similarities.  
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