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Abstract 

Introduction: There is currently no accepted inter-species scaling law for central nervous system (CNS) vulnerability to injury following exposure to a primary blast wave. This has precluded translating animal experiments conducted in a controlled exposure laboratory context, such as through an explosive-driven blast tube or a compressed gas driven shock tube, to field events involving humans and munitions such as improvised explosive devices (IEDs). Rationale: The close study of the effects of primary blast on animals such as mice and pigs in a laboratory setting and the understanding of how those controlled conditions relate to field events involving humans and live munitions is essential to the development and testing of effective blast mitigation strategies that may become field deployable. Method: We are developing biofidelic models of mouse, pig, and human heads that will allow direct inter-species comparison of primary blast effects and the intracranial propagation of the blast wave. We have obtained preliminary results using biofidelic porcine and human head models, and we have begun developing inter-species scaling laws based on parameters such as body mass and brain volume in relation to energy deposition in CNS tissue due to stress-strain deformation secondary to blast wave propagation. Conclusion: The development of an inter-species scaling law in relation to primary blast exposure is a prerequisite step in the development and laboratory testing of effective CNS mitigation strategies to protect human subjects and warfighters against primary blast exposure. 

1.0
iNTRODUCTION

Blast-induced traumatic brain injury (TBI) has been recognized as a significant cause of death and disability in recent years due to widespread exposure of warfighters to explosive munitions such as improvised explosive devices (IEDs) in the military conflicts in Iraq and Afghanistan. According to the U.S. Department of Defense, there have been 212,742 medical diagnoses of TBI in the U.S. military from 2000 to the first quarter of 2011, with 98% of the cases involving non-penetrating TBI [2]. While falls, motor vehicles, and sports collisions continue to be the leading causes of TBI in the civilian population [4], blast events are now the primary cause of TBI for active duty military personnel in war zones [11]. In a study of veterans who screened positive for TBI at Walter Reed Army Medical Center, for example, 68% were found to have been injured by a blast [13]. 

In order to understand the effects of primary blasts on the central nervous system (CNS), a number of studies have exposed animals such as mice, rats, and pigs to controlled blasts in a laboratory setting, for example by using compression-driven shock tubes [e.g. 5]. Animals have long been used in experiments as surrogates for humans, but in order to apply results from animal experiments to humans, inter-species scaling laws are needed. In disciplines such as pharmacology, for example, allometric scaling is widely used to predict pharmacokinetic properties of drugs from animal studies. Under traditional allometric scaling, biological variables are related to body mass through a power law: 
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where Y is a biological variable, m is body mass, and a and b are parameters [6]. Typical values for b range from 0.25 for physiological times, such as heartbeat, respiratory rate, or cell lifespan, to 0.75 for clearances processes to 1.0 for organ sizes or physiological volumes [6]. And in the context of blast lung injury, Bowen et al. used dimensional analysis to derive relations relating the body mass of similar animals to blast wave parameters:  
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where P is pressure, P0 is ambient pressure, m is body mass, and t is time [1]. However, there are currently no accepted inter-species scaling laws for CNS injury following blast exposure that would allow translation between animal experiments conducted under controlled blast conditions and field events involving humans and IEDs. 

In this study, we began our efforts to develop an inter-species blast scaling function using a virtual test facility. Pig and human head models were subjected to blasts with an incident overpressure of 1 atm. To furnish more data at different masses, the pig head model was scaled to generate a model with 1/8 the original mass and a model with 8 times the original mass. For all the blast simulations, relationships between body mass and dissipation, maximum pressure, and maximum von Mises stress in the brain were investigated. 

2.0
materials and methods 

2.1
Computational Framework 

The simulations were conducted using an extension of the Virtual Test Facility (VTF) to simulate blast wave-structure interactions. The VTF is a suite of integrated computational fluid and solid mechanics solvers for the fully coupled analysis of the response of solids to blast wave loading on massively parallel computing platforms [3]. Constitutive models to describe the response of various tissues and biological structures have been added to the solid mechanics solver. In addition, the capability to simulate blast waves in air of arbitrary intensity has been integrated in the code to initialize the simulations. The characteristics of the blast are specified by the type, mass, and spatial location of the explosive. This framework has been used to demonstrate direct transmission of stress waves into the human brain following blast loading [9] as well as to show the effectiveness of face shields in mitigating the intensity of transmitted waves [10].  

2.2
Head Models  

2.2.1
DVBIC/MIT Full Human Head Model 

For the human head, we adapted a three-dimensional computational model of the human head developed by the Defense and Veterans Brain Injury Center (DVBIC) and MIT [9]. The original model was obtained by reconstruction from high-resolution T1 MR images and bone-windowed computed tomography (CT) images of a human head via registration, segmentation, and computational mesh generation, and it consisted of 11 distinct structures: air sinus, cerebrospinal fluid (CSF), eyes, glia, gray matter, muscle, skin and fat, skull, venous sinus, ventricles, and white matter. For this study, we consolidated the 11 structures into 4: cerebrum, CSF, soft tissue, and skull. 

2.2.2
Pig Head Model    

A pig head model was obtained using CT images from the Virtual Pig Project at Ohio State University. Using Amira, an imaging software analysis suite, the images were segmented into three distinct materials: cerebrum, soft tissue, and bone. A solid model was generated in Amira and imported into Ansys ICEM CFD, a meshing software that was used to generate a computational mesh consisting of 74,337 elements.  

2.3
Material Models and Properties 

Constitutive models for each head structure were selected to accurately describe the propagation of stress waves within the head. Suitable equations of state describing the volumetric response were selected for each material type, and the deviatoric recoverable response was described using a nonlinear elastic model. In addition, dissipative effects in the brain tissue were considered through a linear viscosity model. The advantage of this simplified constitutive modeling approach is that it requires only a few material parameters, which can be quantified with some certainty.  

For the skull, we adopted the Hugoniot equation of state, which is widely used to describe the shock response of many solid materials [7]: 
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In this expression, p is the pressure, J is the local volume change given by the determinant of the deformation gradient tensor, and C0 and s are material parameters. For the remaining head structures, we applied the Tait equation of state, which is commonly used to model fluids subject to large pressure variations [12]: 
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where [image: image6.png]
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 are material parameters. The Tait equation of state provides a reasonable representation of the volumetric response of soft tissues embedded in a fluid medium. 

The deviatoric elastic response [image: image10.png]ge-dev



was computed using the neo-Hookean model extended to the compressible range, in which the strain energy density is given by: 
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 are Lamé constants and [image: image17.png]


 is the first invariant of the right Cauchy-Green deformation tensor. 

To complete the constitutive description of each different tissue or material structure, a linear viscosity model was added to both the deviatoric and the volumetric response, furnishing a final expression for the Cauchy stress components: 
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where [image: image20.png]


 are the components of the rate of deformation tensor, [image: image22.png]


 is the deviatoric viscosity parameter, and [image: image24.png]


 is the volumetric viscosity parameter. 

The model parameters used for the head components were obtained from the literature; material properties for the skull are shown in Table 1, and material properties for the remaining structures are shown in Table 2. 

Table 1: Material properties of the skull.

	Material
	Density (kg/m3)
	K (Pa)
	G (Pa)
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	s

	Skull
	1412
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	0.0
	0.0
	1850
	0.94


Table 2: Material properties of the cerebrum, CSF, and skin/fat.

	Material
	Density (kg/m3)
	K (Pa)
	G (Pa)
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	CSF
	1040
	[image: image37.png]2.19 x 10°




	[image: image38.png]438 x 107




	1000.0
	19.44
	6.15

	Cerebrum
	1040
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	1000.0
	1000.0
	6.15

	Human skin
	1100
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	15.9
	1000.0
	6.15

	Pig skin
	1100
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	1000.0
	6.15


3.0
results

Simulations of a blast wave interacting with a human head and with pig heads with different masses were conducted using the computational framework described above. The blast conditions correspond to a free air explosion of 0.07 kg TNT at 1.0 m standoff distance, resulting in an incident overpressure of 1.0 atm. The simulations were run to a final time of 1 ms. 

In this study, as we began efforts to develop a scaling function that would allow translation between species of the mechanical response of the head to blast loading, we focused on a few key metrics of intracranial stress intensity: pressure [image: image47.png]


, which is associated with hydrostatic or volumetric deformation, von Mises stress [image: image49.png]


, which is associated with isochoric distortions in the tissue, and dissipation [image: image51.png]( J J o5d;dt av)



, which is an integral metric of dissipation due to the viscous response. We investigated how the metrics varied across simulations using models from different species and with different masses.  As a first step, we considered the traditional allometric scaling relation [image: image53.png]


, where Y is a biological metric such as energy dissipation, m is body mass, and a and b are parameters. To obtain body mass, we computed the mass of the brain for each model and used standard brain to body mass ratios. For pigs, it was determined that the brain to body mass ratio was approximately 1/500 [8], and for humans, it was determined that the ratio was 1/40. 

We first considered total dissipation in the brain; Figure 1 shows a plot of dissipation v. body mass. Performing a linear regression using all the human and pig data points, we obtained the relation [image: image55.png]D = 0.0003 - m*%1



, with an R2 value of 0.3712. The low R2 value suggests that traditional allometric equations may be insufficient to describe the inter-species relationship of energy dissipation. However, performing a linear regression using only the pig data points, we obtained the relation [image: image57.png]D = 0.00009975 - m5746



, with an R2 value of 0.98, suggesting that allometric equations may be used to describe the scaling of dissipation with body mass within a particular species. 
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Figure 1: Allometric scaling of total dissipation in the cerebrum.
We next examined maximum intracranial pressure and von Mises stress, as shown in Figures 2 and 3. For maximum pressure, we obtained the relation [image: image60.png]P = 57757 -m715



, with an R2 value of 0.8417. For maximum von Mises stress, we obtained the relation [image: image62.png]VM = 172991 - m 077



, with an R2 value of 0.8512. While the correlation is much better in the case of maximum pressure and von Mises stress than in the case of dissipation, the R2 values still suggest that further refinement of the relationship may be needed to translate blast response metrics across species. 
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Figure 2: Allometric scaling for maximum intracranial pressure. 
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Figure 3: Allometric scaling of maximum intracranial von Mises stress.

4.0
discussion

The results suggest that allometric equations may be an excellent starting point for describing the inter-species relationships of maximum intracranial pressure and von Mises stress, but they may be less applicable to describing the inter-species relationships of total dissipation in the brain. 

This study represents a first step in developing an inter-species blast scaling law, and much work remains to establish a robust inter-species blast scaling function across metrics that correlate with CNS tissue injury. In order to fully develop a blast scaling function across these metrics, we will need to conduct simulations on additional species. Efforts are currently underway to develop a computational mouse CNS model that can be used in the virtual test facility. 
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