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Abstract. Many U.S. troops in Iraq are suffering blast-retattraumatic brain injuries as a result of beirithiw non-
lethal distance of a detonated improvised explosigeice (IED). Consequently, we are conducting rfindeand
simulation along with clinical analyses of braifuity to investigate the mechanisms of blast toltbean head that
give rise to traumatic brain injury (TBI). In pariar, we are attempting to identify the specifimditions of focused
stress wave energy within the brain, resulting friglast loading to the head, which define a threstiot persistent
brain injury. Once this threshold is mapped andeatated with clinical magnetic resonance assessnblast and
blunt trauma victims, we will employ this informaii to investigate the effectiveness of various le¢ldesigns in
mitigating the blast-induced, intracranial stressditions that otherwise lead to TBI.

1. INTRODUCTION

Recent combat statistics show that several thoukkhdoldiers have sustained TBI, with over twodhir
of those the result of blasts. Injuries sustaifieth blast exposure have been categorized inte thrajor
components, primary, secondary and tertiary. Ryirbast injury is associated with direct exposoféhe
head and body to the blast wave. In secondary ingsy, debris is accelerated into the individuahile
in tertiary injury the victim is thrown into statiary objects by the blast. Importantly, the ralgoemary
blast exposure in the development of TBI is notl watlerstood and is the focus of this work.

In this paper, we describe our modeling & simolatand clinical efforts to establish the role of
stress wave interactions in the genesis of trauntatin injury (TBI) from exposure to explosive &tla
The hypothesis underlying our investigation of blasuced TBI is that stress waves from blast exp®s
will transmit and reflect within the intracraniabmtents of the head, resulting in focal areas e¥ated
stress wave magnitude, energy, and power greatgbntoucause axonal injury within the brain. If wanc
establish a correlation between specific levelshef relevant wave physics variables (stress madmjtu
energy, etc.) with the onset and severity of TB4, will then be in a position to assess the effectdss of
various helmet designs in mitigating the condititeesling to TBI.

A description of our investigation into this topgi presented in two parts. The first part, already
completed, reports on our work to develop and destnate a modeling & simulation (M&S) toolset
necessary to simulate blast-induced intracranialewaechanics in a human head without protectioe. Th
second part describes our current efforts to expgwh our preliminary model, establish a corretatio
between various levels of wave physics quantities @bserved axonal injury, and to use these results
assess the effectiveness of various helmet designgigating the blast conditions leading to TBI.

2. PART ONE: PRELIMINARY STUDY
2.1. Head Model & Simulation Methodology

Our first study was based on a high resolution ¢(@*moxel), 4 material model of the human head (see
Figure 1), created by segmentation of color crytiees from the National Library of Medicine’s Visé
Human Female dataset [1]. This model consistedkolf,swhite matter, gray matter, and cerebral spina
fluid (CSF). We assigned equation-of-state and titmtise models to represent the four constituaritthe
head as well as the air that surrounds the head@supies the sinuses.



Figure 1. Head model depicting bone (red), white matteh(ligiue), gray matter (dark blue), and cerebral
spinal fluid (yellow). Voxel resolution: 1 cubic hiineter.

The skull was represented by a compressible, elastifectly plastic model and an accumulated
strain-to-failure fracture model, fit to data refgat by Carter [2] for cortical bone. The white améy
matter were modeled as compressible, viscoelasttenmls with constitutive properties reported thadg
et al. [3]. The CSF, which resides in the ventscad subarachnoid spaces within the head, wasletbde
as a slightly compressible, Newtonian fluid witmediéy and viscosity similar to those of water [#he air
surrounding the head and occupying the sinuseseapassented by a nonlinear equation-of-state miodel
dry air specifically designed for shock wave apgiiens [5].

The model was inserted into the shock physics wade, CTH [6], and subjected to a simulated IED
blast wave of 1.3 MPa (13 bars) peak pressureRggre 2) from anterior, posterior and lateral diiens.
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Figure 2. Wave form of approximated air blast of 1.3 MPa kBBs) magnitude.

An example of our methodology is displayed in Feg@rwhere a frontal (anterior) blast is simulatdéthw
the pressure plots in the mid-sagittal plane digaaas a function of time. Further details of oaadh
model and simulation methodology can be found feresmce [7].

2.2. Simulation Results

Three-dimensional plots of maximum pressure, voluimetension, and shear stress demonstrated
significant differences related to the incidentsbidirection. As an example, we plot maximum sistass

in mid-ventricular axial and mid-sagittal planesaaginction of blast direction in Figure 4. In tHegure,

the axial images in row A show considerable diffiees in shear localization in all three blast stesa
More focal areas of elevated shear were seen ifatbel blast scenario (multiple red areas withie red
oval) whereas the anterior corpus callosum showedtgr diffuse shear in the anterior blast (blatkva)

but focal shear locations in the posterior blastl (arrows). The occipital area (white arrow) wassimo
affected in the posterior blast scenario. In thd-gdgittal views of row B, all blast orientationsngrated
higher shear stress in the sub-frontal regions ¢reds) and brainstem areas. Posterior blast wasnhy
scenario generating high shear stress levels heanidline occipital region (white arrow).



18 | S
16 |
14 - -
- 12 — - —_
N 8 N
6
4
2
o : :
0 10 20 30 0 10 20 30
Y(m) Time = 6Qus Y (cm) Time = 18Qs

Z (cm)

30 0 10 20 30

Yiem)  Time =20Qs Y (cm) Time = 24Qs
Figure 3. Pressure plots in mid-sagittal view of 1.3 MPanfed air blast scenario at various times. Color
scale: blue = 0.1 MPa, green = 0.5 MPa, yellow5MPa, red = 5 MPa.
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Figure 4. Maximum shear stresses in a mid-ventricular guiahe (row A) and mid-sagittal plane (row B)
for anterior, posterior, and right lateral blasieatations. Color scale: Row A: green = 0.1 KPdloye=

0.6 KPa, orange = 2 KPa, red = 15 KPa; Row B: greéril KPa, yellow = 0.7 KPa, orange = 3 KPa, red =
25 KPa. Arrows and ovals indicate regions of fawadiffusely elevated shear stress levels.

The calculations further revealed focal brain regiof elevated pressure (not shown) and sheasstres
within the first 2 milliseconds of blast exposufgalculated maximum levels of 15 KPa shear, 3.3 MPa
pressure, and 0.8 MPa volumetric tensile stressqImawn) were observed before the onset of signific
head accelerations. In fact, intracranial stresgewiarmation, propagation, and focusing were ptedi¢o
occur before the head moved 1 mm in response tdldst. Doubling the blast strength changed the
resulting intracranial stress magnitudes but neir thistribution.



The study by Zhang, et al. [3], of football coldias, predicted shear stress levels of 3.1-6.4 KPa i
the thalamus that were associated with concussijueyi and mild TBI. If those levels represent aibas
injury threshold for shear stress, then we conclilnde the stress levels we calculated in the bfi@m
blast-induced intracranial wave motion alone wéldignificant and could contribute to the developnud
multifocal axonal injury underlying TBI. Consequisnbur preliminary work suggests that traumatiaibr
injury may be caused from blast exposure alonelting from stress waves that focus in criticalioeg of
the brain before the onset of significant head omtiand supporting the hypothesis that primarytblas
injury is a viable mechanism leading to TBI.

3. PART TWO: CURRENT STUDY
3.1. Description

In the current study, we expand the scope of oukwm include modeling and simulation (M&S) as well
as a clinical aspect to investigate the severityf Bf in human subjects. Our intent is to (1) — Hent
develop the M&S toolset for greater fidelity, (2)recruit and assess brain injury in TBI subjec8, £
simulate injury scenarios of a select group of T®ibjects, (4) — attempt to identify and correlate
magnitudes and rates of relevant wave physics diggntvith specific brain injury as identified ime
clinical analyses of the TBI subjects, giving risea Brain Injury Threshold Criterion (BITC), an8l)(—
employ the BITC to assess the effectiveness obuarhelmet designs in the mitigation of both bkasd
blunt impact.

3.2. Head M odel & Investigative M ethodology

Although the earlier study provided useful guidafarefurther investigation into blast-induced TBlwas
deficient in a number of anatomical components. &ample, the head model, described in section 2.2,
lacked a variety of internal and external tissuesctures; specifically, the neck, lower brainstéahx and
tentorium (membranes within the brain), and sefue external to the skull (scalp, musculature).efur
newest head model, depicted in Figures 4 and based on the National Library of Medicine’s Visible
Human Male dataset [1] and includes these strustasewell as the components comprising the earlier
model, i.e., bone, white and gray matter, and @8&ling 6 materials at a voxel resolution of 1 fnm

Figure 4. New head model showing external views.

The new head model exists in both finite volumex@lpand finite element versions so that we may
conduct blast and impact simulations by means ddrizun or Lagrangian finite volume and finite elarhe
methodologies. The model also employs viscoelastigstitutive models to represent the various soft
tissues and a model similar to the elastic-plasticture model employed with the earlier head maddel
represent bone materials, including skull, mandiaiel cervical vertebra.

As mentioned above, we are expanding our simulati@thodology to include both Eulerian and
Lagrangian simulation methods so that we can iiyatgt blast loading as well as blunt impact. Thkis i
essential if we are going to attempt to establisbraelation between head insult and traumaticbirgury.



Figure 5. Head model depicting bone (red), membranes (oja@g&- (green), white matter (light blue),
gray matter (medium blue), scalp & musculature Kddne).

3.3. Clinical M ethods

A modeling and simulation approach to developinggation strategies for impact and blast inducgdrin

is attractive on many levels. A robust predictteel would lessen the need to create multiple pialsi
models to be subjected to damage scenarios, afipeated simulations with variable geometry anditaad
levels, and provide insights for the propertiesushor materials that might yield optimized protenti An
important limitation of M&S methods is the possityilthat the observations made do not reflect veald
consequences, especially for biological systemsr this reason, we are currently engaged in specifi
studies of brain injured people to provide a chiicorrelation with the M&S predictions.

The major goals of our study are to confirm theat@ms of brain injury in subjects with TBI from
blunt impact and explosive blast, compare them \p#kterns predicted from the model and establish a
threshold of wave energy deposition from simulaidhat predicts tissue damage to the brain. These
clinical correlations and injury thresholds woulelhpromote confidence in simulated mitigation telgées
that reduce wave energies from blast or impact.

Many investigations of brain pathology after TBbghthat death and poor outcome can occur as a
result of injury to axons at the microscopic levelalled diffuse axonal injury or DAI, this pathglp
describes a multifocal process in white matterkisaend at tissue interfaces within the brain. Vithl,
axons show disruption of their cytoskeletal struefwalterations in membrane permeability and cadlul
energetics, and the development of swelling. Thienination of this pathological cascade can be the
transection of axons, analogous to cutting wireannelectrical circuit. All of the cognitive, mafaand
behavioral activities of the human brain can beeaskly affected by this injury mechanism.

Sometimes routine brain imaging by MRI or Computechography (CT) methods show areas of the
brain where tissue injury has occurred due to taautdowever, it is well known that severe TBI caise
in subjects with normal brain imaging in these moa&itscans. Fortunately, non-conventional imaging
sequences, such as Diffusion Tensor magnetic raseninaging (DTI), can show areas of axon injury
otherwise missed on standard scans [8,9].

Our hypothesis and justification for the clinicalelation studies is that stress waves from impact
blast exposure will transit and reflect within théracranial contents of the head, resulting irafareas of
elevated wave energy great enough to cause axgogy.i We will attempt to detect areas of axomgliiy
by performing DTI on patients with a history of &taor impact-induced TBI. Comparisons and posgsibl
statistical correlations will be made between obserinjury patterns from the two mechanisms and the
predictions from M&S analyses of the events thakegase to the brain injury.

3.3.1 Experimental design

We will identify two groups of subjects who havegexienced a traumatic brain injury. The first growill
have impact trauma from motor vehicle accidents far assaults. The second group will be combat
veterans with TBI resulting from blast exposuraibjgcts will be at least 3 months from the datepfry

and have sufficiently recovered to participatetie study procedures and to give informed cons¥vi.

will attempt to obtain medical records of theirunj and hospitalization to confirm the severitythé
initial injury, the results of prior imaging studie(e.g., MRI), and the pace of their recovery of
consciousness and discharge from hospital careenlossible, we will try to ascertain the condision



giving rise to their injury, for example the diriget of the impact and the best estimate of intgr(gig., the
speed of the vehicle or magnitude of the explosion)

3.3.2 Sudy procedures

History and examSubjects will undergo a history and basic nelginlal exam to assess subtle focal injury
signs. We will try to ascertain the history of injuand problems occurring in the post-injury periethted

to memory and cognitive problems, headaches, symgptof post-traumatic stress disorder, and mood
disorder.

Cognitive testingTo stratify TBI subjects and compare them todbatrol group, subjects will undergo a
brief neuropsychiatric battery of tests to assem®ians of memory and learning, attention, executive
function, processing speed, and mood.

MR Imaging MRI and DTI studies will be performed on the i8&ns 3 Tesla Magnetom Trio at the
MIND Research Network, located on the UniversityN#w Mexico Health Sciences Center campus in
Albuquerque, New Mexico, USA. The following imagisequences will be obtained:

1. Standard proton density and T2 weighted anatimagjing to look for signal changes compatible with

macroscopic brain injury

2. High resolution 3D T1 weighted sequence for sagiing the brain into major tissue types

3. DTl series to detect microscopic regions oftbiajury to be correlated with simulation results

4. Resting state functional MRI as an exploratogasure of changes in brain activity related to TBI

3.3.3 Clinical data analysis

We will obtain anatomic imaging of the subjectstkie reviewed by a neuro-radiologist for findings
suggestive of TBI. The three-dimensional (3D) seges will be segmented to allow data correlatioith w
specific brain regions such as white matter tracksiex, nuclei and tissue interfaces. We will tlagtempt

a correlation of voxel-based cluster peak locatia@lisplaying changes in diffusion tensor anisotrgay
DTl measure of local damage), to regions of predicstress wave magnitude, energy, and power
deposition.

The overall clinical plan for this study is to aggudata from 20 subjects with blunt trauma and 20
from military personnel injured in blast exposufefiowed at the Veterans Administration Hospital in
Albuquerque, New Mexico, or living in our communin additional 10 normal controls will be studied
for comparison. The baseline characteristics offisir 3 subjects are summarized in Table 1. Catiahs
with simulated data will be used to verify the potidns of the model. If the modeling studies aoéeao
predict locations of observed injury, the relevamtve physics metric (e.g., stress magnitude, waeegy,
etc.) will be computed in simulations of severgliig scenarios in which the geometry and exteraedds
are best known. For example, the injury of subjtlisted in Table 1, who suffered an impact @ hiead
from a thrown brick. This scenario could be simedhivith relative accuracy. These experiments could
provide direct correlations of prediction to obs#iwn and help identify the threshold wave energies
needed to produce the damage seen on MRI and ineguiéficits measured by the neuropsychiatric
battery.

3.3.4 Examples of clinical data

Clinical histories, cognitive testing and imagingtal have been acquired for 3 subjects with impacita
from motor vehicle accidents and assaults (seeeTahl This initial group has helped to establisd th
clinical protocol and the overall impact data sdt provide an important comparison to the blagtiad
cohort. It will be more common to find impact TBatents whose mechanism of injury is sufficiently
known to allow for a corresponding simulation o tvent. Examples of the imaging data are also show
for subject 1, who was struck on the left face wdthbat resulting in loss of consciousness and d sku
fracture. His anatomic imaging, illustrated in tiig 6, did not show any areas of macroscopic bnginy.

The DTI sequences were used to create tractogiapdges shown in Figure 7. These images demonstrate
how the diffusion tensor from each image voxellbarused to reconstruct the direction of axon fibarks



in the brain. It is difficult to visually detectbfér loss in these images but focusing the tracpdgran
specific structures, like the corpus callosum, ganvide evidence of axon loss (Figure 8).

A better way to analyze DTI data is to create n@pdiffusion variables like fractional anisotropy o
apparent diffusion coefficient that can be overlaid anatomic images and quantitatively analyzed for
evidence of axon injury. This data can be averaggdss subjects and subjected to statistical atioak
with our simulation predictions. The experimentirpincludes the use of sophisticated voxel-baset a
cluster analysis methods to quantify brain regiaith abnormal diffusion properties caused by THBieSe
studies will provide the clinical connection thae wope will validate the predictions of the simiaat
experiments and allow the computer model to ses\e aseful tool for mitigation designs.

Table 1. Summary of TBI subjects tested and scanned to date

Subject Injury Cognitive Deficit Imaging Simulation of
Event Possible?
1) 40 year | Assault with bat; left| Mild decreased Displayed in Mechanism and
old male skull fracture working memory Figures 6-8 geometry known
2) 18 year Rear end motor Impaired attention,| No focal defects on Possible; Vehicle
old female vehicle accident; learning, & standard MRI; DTl| speed must be
Head hit steering processing speed in process ascertained
column
3) 24 year Brick thrown; Right Scheduled No focal defects on Direction, location
old male | frontal skull fractured (to be determined) standard MRI; DTI| of impact known;
in process Velocity to be
estimated

Figure 6. Subject #1 anatomic MRI (left) and 3D reconstiutfor segmentation (right).

Coronal ' Sagittal

Figure7. Diffusion tensor tractography of subject #1. Reatts run left-right, green run anterior-
posterior, blue run inferior-superior through thaib.



Figure 8. Subject #1 diffusion tensor tractography of afbars in the corpus callosum. White arrow
points to area of possible fiber loss, therebytifigng localized axonal injury.

4. ASSESSMENT OF HELMET DESIGN

Once we correlate our modeling and simulation (M&®proach with clinical DTI analyses of brain
injured subjects and have established a set @riexifor localized brain injury as outlined in Sent3, our
follow-on task will be to apply these results teess various military helmet designs. In particular are
interested in assessing the effectiveness of hale®gns to protect the warfighter against blast ¢ould
otherwise lead to TBI. This task will rely extendiy on the use of our M&S tools, developed for the
current study, to simulate various blast scenanweslving our head model wearing protective gear.

One of the first tasks of this effort will be thesassment of existing helmet designs, such asrthg A
ACH helmet [10] depicted on our head model in Feg@r Some aspects of existing helmet designs worth
investigating would be the helmet's baseline penfamce as well as modifications to the existing glesi
Helmet modifications that would merit study incluithe selection of replacement materials for theriat
cushion pads as well as the placement configuratidhe pads.

Figure 9. Head model wearing the Army ACH helmet.

New helmet design aspects worthy of investigatiowlel include shape and composition of the outell,she
cushion pad composition and placement, and theienfle of add-on protective devices for mission-
specific applications.

By demonstrating a modeling and simulation appro@chhe task of helmet design, we hope to
significantly reduce the amount of laboratory aiddftesting required in developing new designs tizen
effectively protect our warfighters from exposuveekplosive blast.
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