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Abstract

The dynamic, high amplitude vertical loading imparted to seated vehicle occupants during an Under-Body Blast (UBB) event poses an increased risk of injury to the lumbar spine. High-fidelity finite element models (FEM) of the lumbar spine can be exercised under simulated blast loading and used to predict biomechanical response and injury risk in the UBB environments. These human models should preserve the anatomical detail required to simulate the biomechanical response, include tissue material properties appropriate for the high-rate of blast loading, and be validated in relevant loading scenarios. However, current models are often limited by their geometry and use of existing spine material parameters derived from low-rate studies. To address these gaps, the Johns Hopkins University Applied Physics Laboratory (JHU/APL) is employing a hierarchical approach to develop a biomedically validated computational model of the lumbar spine to study injury risk during UBB events.

The first stage of the hierarchical model development was to create a lumbar spine FEM representative of the general population based on anatomically accurate geometries. The high-fidelity model geometry was reconstructed from computer tomography (CT) scans of a human subject. Multiple processes were applied to the source geometry data to create a spine representing a 50th percentile human while minimizing the potential for patient-specific bias inherent in an individual’s anatomy. A high-quality FEM mesh was generated using hexagonal solid elements to model key features of the spine anatomy including spine vertebrae, intervertebral discs, cortical bones, endplates, and ligaments. 
An initial simulation of representative UBB loading to the human spine was applied to study the induced kinematic and stress response as well as potential injury mechanisms at each level of the lumbar spine. Results showed the relative displacement between the upper and lower vertebrae induced by the UBB loading created complex stress distributions in the spine. High stresses occurring during the initial compression stage of the loading may indicate risk of wedge fractures and burst fractures. The curvature of the lumbar spine, combined with the complex kinematic relationship between the vertical acceleration and torso inertial mass, lead to the spine’s transition into a combined distraction and flexion mode which may indicate risk of Chance fracture. These findings offered potential explanations to the mechanisms of common injuries associated with UBB events. In the future, the high-fidelity spine model will be enhanced to include high-rate material properties, and hierarchically validated at the component and system levels. Ultimately, this model will be integrated with the surrounding anatomy to assist in evaluating and designing mitigation strategies to mitigate lumbar spine injuries.

1.0
INTroduction

Improvised explosive devices (IED) continue to be a major threat to ground vehicles in the current conflicts in Iraq and Afghanistan [1]. During these Under-Body Blast (UBB) events, vehicle occupants are exposed to extreme forces at very high rates resulting in blunt trauma and acceleration injuries. Studies have shown that the spine, specifically the thoracolumbar region, sustains significant injuries in UBB incidents 
 ADDIN EN.CITE 

[2]
. The patterns of these injuries suggest multiple potential loading mechanisms including dominant compressive loading (wedge fractures and burst fractures) and flexion-distraction injuries (Chance fractures).

Finite element models (FEM) can be used to investigate detailed biomechanical response of the lumbar spine to help understand the mechanisms of injury under various loading events, such as vehicle impacts 
 ADDIN EN.CITE 

[3, 4]
. However, the majority of these models have focused on automotive type impact scenarios. The loading direction, force magnitude, and rates characteristic of a UBB event are significantly different from occupant loading realized during a civilian automobile crash. Therefore, the FEM must be developed to simulate response to UBB loading characteristics.  

Due to the elevated rates of loading and viscoelastic nature of most biological materials, it is critical that simulations of the lumbar spine during UBB-type events employ dynamic material properties. Historically, lumbar spine FEMs have been constructed to study chronic degenerative diseases and surgical instrumentation under quasi-static loading 
 ADDIN EN.CITE 

[5-8]
 and therefore employed quasi-static material properties. The predominantly vertical loading direction in UBB events requires that FEM validation studies using biological tissue testing be performed accordingly; many dynamic FEMs have been validated in horizontal loading for vehicle crash injury studies 
 ADDIN EN.CITE 

[3, 4]
.
The anatomical fidelity utilized in these lumbar spine computer models will dictate the scale of response that can be studied. Anatomical representations vary between models and range from idealized simple geometries to realistic three dimensional (3D) reconstructions of computed tomography (CT) images 
 ADDIN EN.CITE 

[9, 10]
. The simplified geometries can be used to study basic biomechanics of lumbar spine, but cannot be used for in-depth analysis [11]. Use of patient-specific CT images to generate the model can produce very detailed geometries of the spine. However, this method can bias model predictions due to pre-disposed pathological conditions or geometric abnormalities in the scanned subject [12]. Therefore, a generalized high-fidelity FEM is needed to represent a large population group rather than one patient while still maintaining the benefits afforded by a detailed geometry. 

To address these gaps, the Johns Hopkins University Applied Physics Laboratory is currently developing a lumbar spine FEM undergoing biomedical validation for the UBB loading environment. A hierarchical model validation approach is being pursued, which includes high rate tissue characterization for dynamic material properties and component level experiments at relevant loading directions and rates for model validation. The resulting model will be appropriate for investigating the lumbar spine biomechanical responses and injury risk during a UBB event. This manuscript will focus on the geometry and mesh development of the representative, high-fidelity lumbar spine FEM, and its initial evaluation under a simulated UBB vertical loading event. 

2.0
Method

2.1
Geometry Preparation

The current study has employed processes to develop a high-fidelity lumbar spine geometry representative of the adult anatomy. Lumbar spine vertebrae and intervertebral discs, from L1 to L5, were modelled based on epidemiology for injuries due to UBB loading as seen in the literature 
 ADDIN EN.CITE 

[2]
. Computer-aided design (CAD) surfaces were created from 3D geometric reconstruction of the lumbar spine CT images from the National Library of Medicine’s Visible Human Project male subject 
 ADDIN EN.CITE 

[13, 14]
. The original source data anatomy was larger than that of a 50th percentile and the spine was curved to the right with asymmetries at each level (Figure 1a). 
In contrast to creating an over-simplified or patient-specific FEM, a multi-step process was applied to the original anatomical surfaces to ensure that a generalized, representative lumbar spine geometry was used for the FEM construction. The first step in the generalization procedure was to properly scale the size of the spine geometry to 50th percentile human (Figure 1a) by matching body measurements and organ volume [15]. Next, in order to reduce potential patient-specific artefacts, symmetrical lumbar spine geometries were created by mirroring the surfaces about the mid-sagittal plane and averaging the mirrored and original surfaces (Figure 2a). The cross section of the original is shown by the solid-lines, and the mirrored is shown as the dotted lines (Figure 2b). The color-coded vectors along the cross-section show the differences between the original and the mirrored surfaces. These differences (the vector length, exaggerated for clarity) were within the range of 
±1 mm. 
The final step involved aligning the mid-sagittal plane of the individual symmetric lumbar vertebra to the Y-Z plane at each level to correct the patient-specific curvature of the subject to the right. This alignment procedure ensured the resulting spine was straight in the Z direction. The symmetrical spine surfaces were then translated and rotated to align the mid-sagittal plane at each level, which removed the slight right bending of the initial curvature (Figure 1a). The final symmetric 50th percentile lumbar spine (Figure 1b) was used to create the finite element model.
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Figure 1: Computer-Aided design (CAD) geometry of lumbar spine (L1-L5 with intervertebral discs). (a) Patient-specific asymmetric lumbar spine from Visible Human scaled to 50th percentile 
human; (b) Generalized, symmetrical lumbar spine aligned at mid-sagittal.
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Figure 2: (a) A comparison of the original and mirrored surfaces of a lumbar 
vertebra; (b) Detailed view at cross-section of vertebral body.
2.2
Parametric Meshing
Eight-noded hexahedral elements are desirable for finite element analysis due to the nature of their shape function and ability to handle large deformations without creating numerical instabilities. However, fully automated hexahedral mesh generation is not available for complex geometric entities such as the human lumbar spine. Utilizing hexahedral elements to effectively model the complexly shaped lumbar spine is not trivial and requires a significant amount of work to subdivide the geometry in preparation for mesh generation. An interactive 3D hexahedral mesh generation software, TrueGrid (XYZ Scientific Applications, Inc. Livermore, CA USA), was used to address these challenges. 
Generating the mesh for each vertebrae required multiple steps. First, feature points representing key structures and dimensions of the vertebrae, such as the most anterior and posterior locations, were identified. Straight lines were created by connecting the feature points. Feature lines following the surface of the vertebra were created by projecting the straight lines to the surface of the vertebrae (Figure 3a). The meshing procedure started from a hexahedral base mesh in cubical shape (Figure 3b). In the meshing process, edges of the base mesh were attached to the feature lines (Figure 3c). The surfaces of the base mesh were then projected to those of the finalized vertebrae geometry (Figure 3d). The edge attach procedure ensured all key features of the vertebrae were captured. The surface project procedure ensures surface nodes were attached to the geometry. The nodes and elements in-between were linearly interpolated. 

[image: image4]
Figure 3: Finite element mesh generation procedures using feature points and feature lines. (a) Feature lines of a vertebral body; (b) Base mesh in feature lines; (c) Attach top of and bottom 
of base mesh edge to feature lines; (d) Project top and bottom surface to vertebral body.
Following this procedure, hexahedral finite elements that closely mimic the original shape of the lumbar spine were created by specifying a desired mesh density in each geometric region. The resulting hexahedral mesh conformed nicely to the surface of the lumbar spine geometry, while the mesh quality of the hexahedral elements was preserved (Figure 4). 
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Figure 4: Creating a finite element mesh for spine vertebrae. (a) CAD geometry 
of a vertebra; (b) Hexahedral elements meshed using TrueGrid.
The same meshing script was parametrically propagated from L1 to L5 by remapping the feature points, resulting in a complete mesh for each vertebra and intervertebral disc (Figure 5). The parametric method allowed an identical mesh matrix for all the lumbar spine vertebrae from L1 to L5 as well as direct node-to-node connection between levels through the intervertebral disc (Figure 5b).
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Figure 5: Finite element mesh for the full lumbar spine. (a) Illustration of force bearing components in lumbar spine [16]; (b) Side view of the mesh with ligaments attached; (c) Detailed view of ligaments and endplates without vertebrae and intervertebral discs.
Additional steps were taken to incorporate the major biomechanically relevant components in the lumbar spine (Figure 5a) [16]. The hexahedral meshing of the vertebrae and the intervertebral discs were imported into LS-DYNA (LSTC, Livermore, CA). Cortical shells and endplates were created in LS-PrePost (LSTC, Livermore, CA) based on the mesh of the vertebrae. Ligaments, including the anterior longitudinal ligament (ALL), posterior longitudinal ligament (PLL), intertransverse process ligament (ITL), ligamentum flavum (LF), capsular ligament (CL), interspinous ligament (ISL) and suprasinous ligament (SSL), were manually created as non-linear spring elements in LS-PrePost using the existing hexahedral mesh nodes according to their anatomical locations (Figure 5c). 

The final model consisted of 13,040 elements for the cancellous bone of the five vertebrae, and 5,376 elements for intervertebral discs. Cortical bones and endplates were modelled using shell elements (6,340 for cortical shell, 2,464 for endplate). The ligaments, including ALL (51), PLL (51), ITL (24), LF (28), CL (64), ISL (12) and SSL (9), were modelled using nonlinear spring elements (Figure 5c). An analysis of the element volume and Jacobian measurements confirmed a good quality hexahedral mesh was created with the majority of elements having a volume of ~15 mm3 (range 1.5 to 116.3 mm3) and Jacobian of ~1.2 (range 0.026 to 5.53) (Figure 6). This high quality hexahedral-based finite element mesh ensured the model could handle the large deformations associated with high amplitude UBB accelerations. 
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Figure 6: Measurements of volume (a) and Jacobian (b) of the lumbar spine finite element model.
2.3
Model Parameters

The initial model material properties for lumbar spine components (Table 1) were obtained from literature 
 ADDIN EN.CITE 

[17-20]
. In order to account for the effect of the upper body, a mass of 54.1 kg was rigidly attached to the L1 vertebra (Figure 7a) to simulate the torso mass. These mass and moment of inertia values were obtained from a previously developed human torso model [21]. An idealized half-sine acceleration with peak amplitude of 1000 m/s2 (102 g) and 20 ms in total duration was used to nominally represent a UBB loading pulse as realized by the seated human occupant (Figure 7b) [22]. The acceleration was applied in the vertical direction to L5, simulating the load transmission from the vehicle seat through the pelvis and sacrum to the lumbar spine. The relative displacement between L1 and L5 was used to investigate lumbar spine compression/distraction. Von-Mises stresses at each level of the lumbar spine were investigated to study the biomechanical response due to the applied loading. 

Table 1: Lumbar spine component material properties.
	Tissue
	E (MPa)
	
	Reference

	Cortical bone
	12,000
	0.3
	Kuo, 2010

	Cancellous bone
	100
	0.2
	Shaw, 2007

	Endplate
	25
	0.3
	Guan, 2006

	Posterior elements
	3,500
	0.25
	Shirazi, 1986

	Nucleus
	K=2000
	Elastic Fluid
	

	Annulus
	4.5
	0.3
	Kuo, 2010
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Figure 7: (a) Loading and boundary conditions of the lumbar spine model including torso mass and moment of inertia; (b) An idealized UBB acceleration experienced by the lumbar spine applied to L5.
3.0
Results

A lumbar spine FEM, symmetric about the sagittal plane and representative of 50th percentile male, was created using all hexahedral elements by scaling and generalizing the spine geometry of the Visible Human dataset (Figure 5). The spine experienced an initial compression phase in response to vertical loading representative of an idealized UBB acceleration, which consisted of a 20 ms pulse with peak magnitude 102g (Figure 7). Maximum compression was 2.6 mm at 11 ms (Figure 8a), which occurred 1 ms after the peak input acceleration. The degree of spine compression started to decrease until 16 ms, when the spine transitioned into a distracted state. Maximum distraction peaked at 0.8 mm approximately 18 ms into the event. 

Von-Mises stress histories at the anterior region of the vertebral body are shown in Figure 8b. The von-Mises stresses increased simultaneously at all levels from 0-11 ms during the compression stage until maximum compression was achieved. After 11 ms, stress at L1 continued to increase, while all other levels experienced degree of decrompression as indicated by decreasing von-Mises stress. As distraction developed after 16 ms, stresses in all levels started increasing again, with L5 increasing at faster rate than L2-L4. Stresses peaked at 18 ms when maximum distraction was achieved, with maximum stress observed in L1, followed by L5, L4, L3 and L2. 

A von-Mises stress distribution of the lumbar spine is shown in Figure 9. High von-Mises stress regions (shown in red) were observed at 10 ms through all levels of the vertebrae. As time progressed, the concentration of high stress regions shifted toward the posterior elements, and the anterior regions of the L2-L4 vertebral body experienced lower stress. The decreasing of stress in the anterior region and increasing of the posterior in L2-L4 indicated a typical stress state under applied bending moment.
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Figure 8: (a) Change in length measured between L1-L5; (b) Von-Mises 
stress in the anterior cortex of lumbar spine vertebrae.
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Figure 9: Contour plots of lumbar spine von-Mises stress during ~100g vertical acceleration.
4.0
Discussion

The current study represents the initial development phase for an ongoing effort to construct a biomedically validated lumbar spine FEM for the investigation of injury during UBB loading. This study focused on constructing a 50th percentile human lumbar FEM and evaluating its response under an idealized UBB acceleration loading. In contrast to creating an over-simplified or patient-specific FEM, the current effort has employed generalization procedures to ensure a lumbar spine geometry representative of the adult anatomy. This methodology reduced the potential of patient-specific response artefacts due to anatomical uniqueness which would unintentionally bias the results of biomechanical simulations. However, the level of anatomical detail needed for improved insight into lumbar spine injury mechanisms was preserved. 

To study the biomechanical response of lumbar spine during UBB loading, an idealized half-sine shaped acceleration was applied to the bottom L5. The amplitude and duration of the acceleration was generalized based on reported experimental data in literature with a peak acceleration of 1000 m/s2 (~100g) at 10 ms for a total duration of 20 ms [22]. The acceleration was applied in the vertical direction to the bottom of L5 simulating a UBB load transferred from vehicle seat through the pelvis/sacrum to the lumbar spine. The mass effect of the upper torso was accounted by using an inertial element rigidly attached to the L1 vertebra. This method ensured that the inertial effect of the torso on lumbar spine response was accurately considered, while eliminating complications associated with integrating a full torso FEM. The use of body armor will increase the mass and moment of inertia of the upper body and can be accounted for in future studies. 

The relative displacement between L1 and L5 created a complex stress distribution in the lumbar spine. As shown in Figure 9, high-amplitude von-Mises stresses initiated from the bottom of the lumbar spine (5 ms) as the spine was accelerated by the UBB acceleration. The high stress state progressed upward throughout the vertebral body as the UBB acceleration peaked (10 ms). As the forward motion of L5 started to dominate the relative displacement, the lumbar spine went from compression into a bending dominated stress state, with high stress regions shifting from anterior region of the vertebral body to the posterior elements in the L2-L4 region (15 ms). The flexion bending moment continued to increase as L5 moved further in the anterior direction. The posterior elements of L2-L4 experienced high amplitude stress during this latter stage (20 ms). 

Analysis of the lumbar spine kinematics and detailed biomechanical response provide possible insight to injuries during UBB loading. The spine was in compression for the majority of the simulated vertical loading (Figure 8, 0-16 ms). The high stress experienced in the vertebral bodies (Figure 9, 10 ms) may explain the incidence of wedge and burst fractures observed in UBB acceleration 
 ADDIN EN.CITE 

[2]
. A combined distraction and flexion mode occurred at later stages (~18ms) of the UBB loading, due to the anterior motion at the bottom of the lumbar spine (L5) which transferred the spine from a compression-dominant loading into flexion and distraction loading. It is generally agreed that Chance fractures result from combined flexion and distraction, which typically occurs in frontal motor vehicles crashes with lap belt use 
 ADDIN EN.CITE 

[23-26]
. Although the amount of distraction was not as significant as compression, the fact distraction can occur in UBB loading confirms the combined flexion/distraction injury mechanism for Chance fracture and may offer an explanation for its increased incidence in UBB events 
 ADDIN EN.CITE 

[2]
. The amount of distraction may be directly associated with amplitude and duration of the vertical acceleration, as well as the initial curvature of the lumbar spine due to seated posture. In addition, the spine may be more vulnerable to Chance fracture under the combined loading, as the initial compression may weaken or fail the lumbar spine components prior to distraction. The continuous growing von-Mises stress in L1 indicated a high likelihood of injury at this level (Figure 8b). This observation agrees well with the findings from Ragel et al that 50% of the spine injuries occurred at T12 and L1 level in spine fracture patients after IED attacks on vehicle 
 ADDIN EN.CITE 

[2]
. 

Limitations of the current study include the use of an idealized UBB loading profile and an inertial element to simulate the torso. This simplified load environment is beneficial from a model evaluation standpoint, and still enables increased insight into biomechanical response during vertical accelerative loading. In the future, the accelerative loading curve can be replaced using experimentally-measured UBB acceleration data, and the lumbar spine can be directly integrated with a previously validated human torso model [21]. Additionally, the current simulation corresponds to a standing occupant without restraint system and body armor. The lumbar spine posture associated with a seated occupant will change the initial curvature of the spine. Model variations in posture, body armor, and restraint systems will significantly impact the overall kinematics and lumbar spine biomechanical response during UBB loading. Their level of influence and associated implications for injury risk can be further investigated in future studies.

The next phase of model development will also investigate the use of high-rate material properties on lumbar spine response. Human lumbar spine FEMs have traditionally been used to study chronic degenerative diseases and the effects of low-rate loading from daily life 
 ADDIN EN.CITE 

[5-8, 27]
. UBB events, on the other hand, produce a highly dynamic loading environment that generally occurs within the duration of only milliseconds. High-rate material properties of lumbar spine tissues at multiple anatomical levels are currently being tested at JHU/APL using established testing procedures to provide rate sensitive material properties 
 ADDIN EN.CITE 

[28, 29]
. In addition, experiments with individual spine components and full lumbar columns have also been conducted to provide component and system level validation data for the lumbar spine FEM. These data will ultimately be incorporated into the current lumbar spine model to more accurately predict its response under high rate loading.

5.0
conclusion

The current manuscript outlined the initial effort of ongoing research to develop a hierarchically validated lumbar spine model to study the mechanism of lumbar spine injury during UBB loading, so that enhanced mitigation devices can be developed to reduce injuries in the field. 

A 50th percentile hexahedral finite element human spine model was created based on properly scaled and generalized lumbar spine geometry obtained from the male subject in the Visible Human Project. The lumbar spine FEM was exercised in an idealized acceleration loading environment relevant for UBB events. Results found the torso mass provided a strong inertial boundary condition under the high amplitude short duration UBB acceleration. As the bottom of the lumbar spine was accelerated upwards, the top of the lumbar spine tended to stay in its place due to the large mass of the torso, resulting in an initial compression phase of the lumbar spine. The spine progressed into a flexion and distraction mode in the later stage. The highest stresses were found in the L1 level during the UBB loading, indicating higher probability of spine injury at this level. These initial findings may provide biomechanical insight to explain lumbar spine injuries observed during UBB events, such as wedge, burst or Chance fractures. 

In the future, the high-fidelity spine model will be enhanced to include high-rate material properties, and hierarchically validated at the component and system levels. The influence of posture, armor, and restraint systems will also be investigated during simulated vertical loading. These improvements will provide more accurate biomechanical data to quantitatively measure UBB lumbar spine injuries risk, and ultimately use the model to assist in evaluating and designing mitigation strategies to reduce lumbar spine injuries in the field. 

6.0
Acknowledgements

This effort was funded by contract # W81XWH-09-2-0168. The U.S. Army Medical Research Acquisition Activity, 820 Chandler Street, Fort Detrick MD 21702-5014 is the awarding and administering acquisition office. The content included in this work does not necessarily reflect the position or policy of the U.S. government.

7.0
references
1.
Gondusky, J.S. and M.P. Reiter, Protecting military convoys in Iraq: an examination of battle injuries sustained by a mechanized battalion during Operation Iraqi Freedom II. Mil Med, 2005. 170(6): p. 546-9.

2.
Ragel, B.T., et al., Fractures of the thoracolumbar spine sustained by soldiers in vehicles attacked by improvised explosive devices. Spine (Phila Pa 1976), 2009. 34(22): p. 2400-5.

3.
Ruan, J., et al., Prediction and analysis of human thoracic impact responses and injuries in cadaver impacts using a full human body finite element model. Stapp Car Crash J, 2003. 47: p. 299-321.

4.
Ruan, J.S., et al., Impact response and biomechanical analysis of the knee-thigh-hip complex in frontal impacts with a full human body finite element model. Stapp Car Crash J, 2008. 52: p. 505-26.

5.
Galbusera, F., et al., The effect of degenerative morphological changes of the intervertebral disc on the lumbar spine biomechanics: a poroelastic finite element investigation. Comput Methods Biomech Biomed Engin, 2011. 14(8): p. 729-39.

6.
Schmidt, H., et al., Response analysis of the lumbar spine during regular daily activities--a finite element analysis. Journal of Biomechanics, 2010. 43(10): p. 1849-56.

7.
Schmidt, H., et al., Effect of multilevel lumbar disc arthroplasty on spine kinematics and facet joint loads in flexion and extension: a finite element analysis. Eur Spine J, 2010.

8.
Rohlmann, A., et al., Effect of a pedicle-screw-based motion preservation system on lumbar spine biomechanics: a probabilistic finite element study with subsequent sensitivity analysis. Journal of Biomechanics, 2010. 43(15): p. 2963-9.

9.
Breau, C., A. Shirazi-Adl, and J. de Guise, Reconstruction of a human ligamentous lumbar spine using CT images--a three-dimensional finite element mesh generation. Ann Biomed Eng, 1991. 19(3): p. 291-302.

10.
Ayturk, U.M. and C.M. Puttlitz, Parametric convergence sensitivity and validation of a finite element model of the human lumbar spine. Comput Methods Biomech Biomed Engin, 2011: p. 1.

11.
Lavaste, F., et al., Three-dimensional geometrical and mechanical modelling of the lumbar spine. Journal of Biomechanics, 1992. 25(10): p. 1153-64.

12.
Fagan, M.J., et al., Patient-specific spine models. Part 1: Finite element analysis of the lumbar intervertebral disc--a material sensitivity study. Proc Inst Mech Eng H, 2002. 216(5): p. 299-314.

13.
Ackerman, M.J., The Visible Human Project: a resource for anatomical visualization. Stud Health Technol Inform, 1998. 52 Pt 2: p. 1030-2.

14.
Slavin, K.V., The Visible Human Project. Surg Neurol, 1997. 48(6): p. 638-9.

15.
Segars, W.P., et al., 4D XCAT phantom for multimodality imaging research. Med Phys, 2010. 37(9): p. 4902-15.

16.
Online Image from http://www.spineuniverse.com/sites/default/files/legacy-images/dp_ligaments-BB.gif.

17.
Kuo, C.S., et al., Biomechanical analysis of the lumbar spine on facet joint force and intradiscal pressure--a finite element study. BMC Musculoskelet Disord, 2010. 11: p. 151.

18.
Shaw, M.N., et al., Application of the finite element technique in the design and evaluation of the artificial facets for the lumbar spine. J. of Medical Devices, 2007. 1: p. 179.

19.
Guan, Y., et al., Validation of a clinical finite element model of the human lumbosacral spine. Med Biol Eng Comput, 2006. 44(8): p. 633-41.

20.
Shirazi-Adl, A., A.M. Ahmed, and S.C. Shrivastava, A finite element study of a lumbar motion segment subjected to pure sagittal plane moments. Journal of Biomechanics, 1986. 19(4): p. 331-50.

21.
Roberts, J.C., et al., Computational and experimental models of the human torso for non-penetrating ballistic impact. J Biomech, 2007. 40(1): p. 125-36.

22.
Kargus, R.G., et al., Methodology for establishing the mine/IED resistance cacacity of vehicle seats. 2008, Army Research Laboratory: Adelphi, MD.

23.
Carragher, A.M. and B. Cranley, Seat-belt stomach transection in association with 'Chance' vertebral fracture. Br J Surg, 1987. 74(5): p. 397.

24.
Davis, J.M., et al., Chance fracture of the upper thoracic spine. AJR Am J Roentgenol, 2004. 183(5): p. 1475-8.

25.
Siddiqui, A.A. and A.A. Shah, Chance-type flexion-distraction fracture of lumbar spine. J Coll Physicians Surg Pak, 2004. 14(6): p. 372-3.

26.
Rogers, L.F., The roentgenographic appearance of transverse or chance fractures of the spine: the seat belt fracture. Am J Roentgenol Radium Ther Nucl Med, 1971. 111(4): p. 844-9.

27.
Sandover, J., Dynamic loading as a possible source of low-back disorders. Spine (Phila Pa 1976), 1983. 8(6): p. 652-8.

28.
Ramesh, K.T., et al., Measurement of the dynamic bulk and shear response of soft human tissues. Experimental mechanics, 2007. 47(3): p. 439-449.

29.
Ramesh, K.T., et al., Mechanical properties of soft human tissues under dynamic loading. Journal of Biomechanics, 2007. 40(9): p. 1960-1967.

[image: image22.emf] 


(b)





Feature line





Feature point





(a)





(c)














(d)








RTO-MP-HFM-207
16 - 1
16 - 14
RTO-MP-HFM-207
RTO-MP-HFM-207
16 - 13

