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Simulation of Cumulative Exposure Statistics for Blast Pressure

Transmission Into the Brain
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ABSTRACT Introduction: This study develops and demonstrates an analysis approach to understand the statistics of
cumulative pressure exposure of the brain to repetitive blasts events. Materials and Methods: A finite element model of
blast loading on the head was used for brain model biomechanical responses. The cumulative pressure exposure fraction
(CPEF), ranging from 0.0 to 1.0, was used to characterize the extent and repetition of high pressures. Monte Carlo
simulations were performed to generate repetitive blast cumulative exposures. Results: The blast orientation effect is
as influential as the blast overpressure magnitudes. A 75° (from the side) blast orientation can produce CPEF values
exceeding traumatic brain injury pressure thresholds >0.95 while, for the same blast overpressure, a 0° (front) blast
orientation results in a CPEF <0.25. Monte Carlo results for different sequences reflecting notional operational and
training environments show that both mean values and standard deviations of CPEF reach the statistically equilibrium
state at a finite value of n exposures for each sequence. Conclusions: Statistical convergence of the brain pressure response
metrics versus number of blasts for different exposures characterizes the transitions from “low” to “high” number of blasts

and quantitatively highlights the differences between operational and training exposures.

INTRODUCTION
In recent military operations, large number of service
members were diagnosed with repetitive concussive or
subconcussive brain injury due to explosive blast exposure. !
Moreover, military personnel including explosive breachers
and weapons crews are subjected to repeated blast wave
exposures as part of routine combat training.” Repetitive
exposure to blast waves, in operational or training environ-
ments, can subject the warfighter to different sequences of
pressures and incident directions of these waves generated
from characteristic ranges of these parameters. Military
personnel experiencing repeated exposures may experience
neurological disorders, including concentration problems,
blurred vision, irritability, headaches, dizziness, fatigue, sleep
disorders, and dc:zpression?*4 Furthermore, many studies have
provided evidence that the effects of blast exposure on the
brain are cumulative and long-lasting, which result in the
acceleration of aging process of the brain.’

Blast pressure transmission into the brain is a complex
sequence of events associated with traumatic brain injuries
(TBIs).® Current understanding of blast-induced brain injury
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mechanisms is limited.”-® In particular, cumulative head injury
effect by the repetitive blasts over a prolonged period has
been studied’-'” but is not well understood.!! Clinical research
of mild TBIs (mTBIs) in humans is limited to post-trauma
studies.'? Existing animal models cannot directly correlate the
injury with humans.'? Most cases of blast neurotrauma, result-
ing in structural, biochemical, or electrical abnormalities in
the brain, spinal cord, or other nerves, are mild (concussion) 14
and are difficult to detect with conventional neuroimaging.'
In a postmortem study of veterans exposed to blast injury,
Goldstein et al. found evidence of a t protein-linked degenera-
tive brain disease known as chronic traumatic encephalopathy
(CTE)."? The researchers also found that repetitive blast expo-
sure in mice damages the blood-brain barrier and causes brain
inflammation. ¢!

Blast sensors promise to record and characterize individual
and multiple external blast pressure environments including
incident overpressure and orientation.'® The value of blast
sensor information will be increased by a better understanding
of the statistics of the dynamic internal brain pressures and
the transition from a sequence dependent “low number of
blasts” to a sequence independent “high number of blasts.”
Quantitative metrics describing the internal pressures gener-
ated in the brain from repetitive blasts should support better
injury diagnosis, risk management, and protective strategies.'”
Computational analyses of blast wave biomechanics have the
ability to establish relationships between the blast pressure
on the head, internal biomechanical response, and locations
of induced brain injury. This insight can be useful in under-
standing injury mechanisms and designing improvement of
protection systems.20

The objective of this effort, motivated and guided by phys-
ical measurements and computational analyses reported to
date, was to employ Monte Carlo simulation of multiple blast
events, compile predicted internal brain dynamic pressures
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FIGURE 1. (a) A 2D slice in transverse/axial plane of head and (b) zoom-in at the bottom of head with the mesh.

TABLE I. Mechanical Properties Used in Human Head FE Model

Tissue Material Constants Mass Density, kg/m3
Skull Linear elastic E=6.5GPa,v=03 1,100
Gray matter Viscoelastic k =2.19 GPa, Gy = 8 kPa, G| = 6.5kPa, t =25 ms 1,040
White matter Viscoelastic k =2.19 GPa, Gy = 10.4 kPa, G| = 8.4kPa, r =25 ms 1,040
CSF Hyperelastic k =2.19GPa, G =1 kPa 1,000

for random sequences of blast events, and characterize the
transition from “low” to “high” numbers of blast exposures
based on the statistics. Direct simulation of individual blast
events constituting training or operational blast sequences,
using three-dimensional (3D) blast and head fluid structure
interaction models, would be computationally cost intensive.
The approach taken here to demonstrate the approach uses
a combination of detailed computational simulations, prob-
abilistic calculations using the detailed results database and
statistical analysis of the generated data for blast sequences.

A small number of more demanding detailed compu-
tational simulations are used to generate a database of
representative results for combinations of blast overpressures
and incident directions. The database is queried for the
probabilistic analysis of long sequences of N, = 200 blasts,
which can represent operational or training exposures. The
statistics of the internal brain pressure responses are then
analyzed to identify and quantify their initial variability early
in the blast sequences and their subsequent convergence
trends later in the blast sequences for operational and training
exposures.
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METHODS

Computational Finite Element Model of Human
Head

A transverse 2D section (axial plane) from a 3D human
head model is used to illustrate method. The 3D head was
generated from in vivo magnetic resonance imaging scans
with 1 mm isotropic resolution of a young adult male.>"->?
An in-house meshing tool was used to generate a high-quality
quadrilateral mesh (Fig. 1). The distance from the left to right
is 164 mm and from the anterior to posterior is 184 mm. The
mesh consists of four different materials, that is, gray matter,
white matter, cerebrospinal fluid (CSF), and skull. An average
element size of 0.5 mm is used to capture the complex shapes
of sulci and gyri and the high-frequency response due to the
blast loading. The total number of elements exceeds 100,000.

The material models and corresponding parameters are
shown in Table 1. The gray matter and white matter were
modeled as an isotropic viscoelastic material. The CSF
between the skull and brain and in ventricles was modeled
as hyperelastic solids with a low shear modulus. The skull

215

220z udy 61 U0 1sanb Aq £/ /07/G/v1L2/L Iuswaddnsg/ggL /alonie/pawjiwy/wod dno-olwspese)/:sdjy wolj papeojumoq



Brain Blast Pressure Exposure Statistics

TABLE Il. Pressure-Based Thresholds of Blast-Induced TBI*2

Blast-Induced TBI Type Repetitive mTBI

Single Onset mTBI Single Moderate TBI

Threshold (kPa) 142

173 204

TABLE Illl. ConWep Spherical Free-Air Blasts With Standoff Distance of 2.7 m From the Head

Case TNT Mass (kg) Peak Incident Overpressure (psi/kPa) Positive-Phase Duration (ms) Time of Arrival (ms)
1 0.36 7.5/51.71 2.139 4.175
2 0.57 10/68.95 2.324 3.796
3 0.79 12.5/86.18 2.443 3.521
4 1.03 15/103.42 2.517 3.302

was assumed to behave as a linear elastic material because of
the small strain experienced during the blast.

The multiphysics code CoBi** finite element (FE) solver
is adopted for the simulation of blast-induced biomechanical
response. The ConWep?® model is used to generate the tran-
sient blast loading resulting from a free-field explosion in air
(without the ground effect). A trinitrotoluene (TNT) charge is
detonated at a distance of 2.7 m and with an orientation angle 6
relative to the middle sagittal plane of the head. This produces
a specified incident overpressure near the head.

Each FE simulation, for a specified incident blast over-
pressure and orientation combination, generates the dynamic
response of the head model over a 2.5 ms duration. The
resulting spatially and temporally resolved dynamic internal
pressure fields in the brain model are compared on an element-
by-element basis to threshold values associated with different
levels of TBI. Incremental TBI thresholds of 142, 173, and
204 kPa, adapted from the literature,2° were used to assess the
specific levels of TBI (Table II). If the maximum pressure in
an element crosses any TBI threshold, the element is consid-
ered to have been “injured.” (Although the exact mechanism
of brain injury from a blast overpressure or a shock front
is not clearly understood, pressure values are one quantity
useful for characterizing the dynamic response of the brain
tissues.)

Monte Carlo Simulation of Repetitive
Blast Sequences

The Monte Carlo simulations of repetitive blast cumulative
exposures were generated from random sequences of 200
blast overpressure and orientation pairs. These pairs are
used to query a reference database constructed from the
head model FE simulation results for 96 different loading
configurations. These loading configurations are constructed
from 4 incident blast overpressures and 24 blast orientation
angles.

The four peak incident overpressures are 7.5, 10.0, 12.5,
and 15.0 psi (51.71, 68.95, 86.18, and 103.42 kPa). These

overpressure values span a range covering training and sur-
vivable operational blasts. TNT masses used to generate these
overpressures covering the training and operational scenarios
are shown in Table III. The 24 orientation angles 6 range from
0 to 360° in increments of 15°. The TBI threshold criterion
values are applied to the results of each simulation in the
database to construct the corresponding exposure maps of the
brain exceeding the pressure thresholds.

Three notional repetitive blast exposure environments, rel-
evant to three service communities, were constructed for the
probabilistic analyses from the results database. The random
sequences are drawn from the overpressure and orientation
domain as shown schematically in Figure 2. An operational/-
combat exposure environment covers all four incident over-
pressures and all 24 angles from —180 to 4+180°. This repre-
sents a less predictable overpressure environment. A breacher
training blast exposure environment covers three lower inci-
dent overpressures from 7.5 to 12.5 psi (51.71-86.18 kPa) and
five angles from —30 to 30°. These 15 cases represents a more
structured and controlled overpressure blast environment. An
intermediate mixed exposure environment was constructed
from 68 cases covering all four incident overpressures but only
a 17-angle subset from —120 to 120°.

For each of the three repetitive blast loading environ-
ments, S = 20 random sequences of Ny = 200 blast
overpressure-orientation configurations were generated. Each
blast n = 1,2,3, ...,198,199,200 in a random sequence
refers back to the precomputed database containing the
dynamic responses of the head calculated from the FE
models.

The pressure exposure (PE) to an element in the FE model
is defined as PE(e, n) where e is the element in the brain
model and 7 is one blast event in the random sequence. V(e)
is the associated element volume. PE = 1 if the pressure in
the element equals or exceeds an injury threshold pressure
(Table II) at any time during the simulation. PE = 0 if the
element pressure does not exceed an injury threshold.

It follows that the cumulative pressure exposure fraction
CPEF(e, N) for each element e in the brain model after N blast
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FIGURE 2. Range of notional incident overpressure and orientation sets for breacher, mixed, and operational blast exposures.

events (1<N<Ny) is defined as

>V PE(e,n) x V(e) _ >N PE(e,n)

CPEF (e, N) = I
x V(e) N

Then, the CPEF (Ey, N) for the entire brain of E\, ele-
ments after N blast events is defined as

21 28 PE (em) x Vie)
N x ZEtot V(E)

e=1

CPEF (Eio, N) =

This is the sum of all pressures exceeding a specified
injury threshold, weighted by the volume of each element,
normalized by the total brain volume, and number of blast
events. Therefore, CPEF(E,,;, N) has a value between 0
and 1.

RESULTS

Dynamic Pressure Response of the Head Subjected
to Blast

Blast pressure transmission into the brain from the skull
surface is a complex dynamic event. Figures 3—5 show, for
example, the pressure field evolving in the head between 0 and
0.25 ms for the incident overpressure of 15 psi (103.42 kPa)
and blast orientation angles of 0, 90, and 180°. The propa-
gation of the pressure waves into the skull and interior soft
materials can be seen. Because of similar acoustic impedance
between the CSF and brain, the pressure propagates smoothly
at the interface between the CSF and brain. Pressure waves
travel faster in the skull than in the brain due to the difference
in the wave propagation speeds. The skull experiences bend-
ing modes in which the stress across the skull thickness varies
from compression to tension.

MILITARY MEDICINE, Vol. 185, January/February Supplement 2020

The positive pressure (ie, compression) propagates into the
brain first. After 0.12 ms, the negative pressure (ie, tension)
begins to develop at the contrecoup of the brain. The size of
the coup pressure and the intensity of the contrecoup negative
pressure differ among the three orientations.

The highest values of coup pressures at 0° incidence
(Fig. 3) are confined to a small focal area near the front
of the head over the first 0.12 ms. A qualitatively similar
behavior at the back of the head occurs for 180° incidence
(Fig. 5), with somewhat longer persistence at lower pressures
to 0.25 ms. For 90° incidence (Fig.4), however, the high
pressure area is significantly larger and persistent out to
0.25 ms.

All three orientations generate a clear negative-to-positive
pressure contrecoup pattern between 0.16 and 0.20 ms. The 0
and 180° orientations generate well-defined contrecoup focal
areas, while the pattern for the 90° orientation is more diffuse
and less focal, likely due to the larger and more persistent high
pressure area on the coup side.

These observations on the brain dynamic pressure patterns
for these three orientations are significant toward understand-
ing and quantifying repetitive exposure statistics for pressures
exceeding injury thresholds. In Figure 6, the CPEF parameter
is plotted parametrically for a single 15 psi (103.42 kPa)
overpressure, all 24 orientations, and 3 injury pressure thresh-
olds. The plot quantifies that the CPEF increases as the injury
threshold decreases. It is broadly symmetric and features
significant regions of both higher and lower CPEF values.
The slight asymmetry in the plot is caused by the natural
asymmetry of the brain anatomy used to generate the model.

Orientation intervals between (—105, —60) and (460,
+105) degrees have the highest CPEF values, while (—45,
+45) and (4135, —135) degrees have the lowest values. The
intervals between (—135, —105), (=60, —45), (+45, +60),
and (4105, +135) degrees are the strong transition regions
between the lowest and highest CPEF values.
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FIGURE 3. Dynamic pressures in head from single blast event at orientation angle of 0° and with incident overpressure of 15.0 psi (103 kPa).
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FIGURE 4. Dynamic pressures in head from single blast event at orientation angle of 90° and with incident overpressure of 15.0 psi (103 kPa).

Injury fractions of 1.0 (ie, injury throughout the brain)
begin to occur between (—105, —75) and (60, 105) degree
intervals for the 173 kPa injury threshold and expand to
(—120, —60) and (60, 120) for the 142 kPa threshold.

The side blast orientations produce much higher injury
fractions in the brain compared to frontal or rear blasts.
Review of the database showed that the blast orientation of
+75 (or equivalently —75) degrees causes the most damage
in the brain. The corresponding dynamic pressure sequence
in the head is shown in Figure 7. It shows a particularly
deep coup pattern extending well across the midline of the
head while retaining the large area and long-time persistence
characteristic of side blasts.

The effects of increasing incident blast overpressure (from
7.51t0 15.0 psi [51.71-103.42 kPa]) on the maximum pressure
in the brain for a single blast at angle of 0° are shown in
Figure 8. With the higher incident overpressure, more regions
in the brain reach higher pressures and thus potentially more
severe injury. Note that coup and contrecoup regions are more
susceptible to the higher pressures than other regions.

The effects of five blast orientations (0, 45, 90, 135, and
180°) on maximum pressures experienced in the brain for a
single blast with incident overpressure of 15 psi (103.42 kPa)
are shown in Figure 9. For 0, 135, and 180° blast orientations,
the highest pressures reside in the region close to the coup
and contrecoup. For the 45 and 90°, the corresponding side of
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FIGURE 5. Dynamic pressures in head from single blast event at orientation angle of 180° and with incident overpressure of 15.0 psi (103 kPa).
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FIGURE 6. CPEF(Eo, N = 1) versus incident blast orientation angle for
single incident blast overpressure of 15.0 psi (103 kPa) and TBI thresholds of
142, 173, and 204 kPa.

the brain experiences higher maximum pressures over a larger
area and deeper locations in the brain.

Role of Skull Curvature on Dynamic and Maximum
Pressures in the Brain

Compared to the higher curvatures of the anterior and pos-
terior skull, the lateral surfaces of the head exhibit much
lower curvatures. Simple computational models can be used
to illustrate curvature as a significant factor affecting the level
of pressure infiltrations into the brain.

Two simplified 2D head models were generated with brain
areas comparable to the actual head model. The first model has
a circular form of radius 80 mm defining the brain area. The

second model is a composite geometry composed of two semi-
circular shapes, each radius 70 mm, connected by a rectangle
of length 33.7 mm. Both models are composed of the same
three materials: skull with thickness of 7 mm, CSF layer with
thickness of 5 mm, and brain filling the interior area. The
same properties as listed in Table I were used. The same blast
loading condition of the explosive mass of 1.03 kg at a distance
of 2.7 m was applied to both models.

Figure 10 shows the peak pressures experienced in the
brain during the blast loading for the circular model and the
composite model in two orthogonal orientations. The curved
surfaces of both models, when oriented toward the blast, allow
the nearly planar blast pressure to propagate progressively into
the brain volume. This produces the coup-contrecoup features,
modulated by the distance the wave must travel, shorter in the
circle and longer for the composite shape. The flat surface
of the composite model, when oriented toward the blast,
allows the incident overpressure to propagate into the brain
almost simultaneously across that surface. This propagation is
relatively uniform in the brain and generates higher pressures
and deeper penetration into the brain, highlighting the effect
of local curvature.

Monte Carlo Results for Repetitive Blast Sequences

Using the database of 96 biomechanics simulations of 4
incident blast overpressures and 24 blast orientation angles,
Monte Carlo simulations were conducted for 20 sequences
of Ny = 200 blasts for the three repetitive exposure envi-
ronments—breacher training, mixed, and operational/combat
environments.

Figure 11 shows an example CPEF plot exceeding the
142 kPa TBI threshold for a breacher sequence of 200 blasts.
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FIGURE 7. Dynamic pressures in head from single blast event at orientation angle of 75° and with incident overpressure of 15.0 psi (103 kPa).
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FIGURE 8. Maximum pressures in the brain from a single blast event at orientation angle of 0° and with incident overpressures of 7.5, 10.0, 12.5, and 15.0 psi

(52, 69, 86, and 103 kPa), respectively.

It can be seen that in this training environment the predicted
injury after repetitive blasts occurs at the front lobe of the
brain, near the CSF-brain interface. Injury is very localized
and CPEFs of 0.25 occur in a very small area. No injury
is predicted when using higher TBI thresholds of 173 and
204 kPa.

Figure 12 shows a representative CPEF plot exceeding TBI
thresholds of 142, 173, 204 kPa after a mixed sequence of 200
blasts. The CPEF map with the low injury threshold exceeds
0.25 across almost the entire model. The CPEF map generally
decreases to approximately 15 and 5 percent with the higher
injury thresholds. These CPEF levels also occur over large
areas of the brain.

Figure 13 shows a representative CPEF plot exceeding TBI
thresholds of 142, 173, and 204 kPa after an operational
sequence of 200 blasts. The CPEFs are generally 17, 7, and
3% for the three injury thresholds. These results are generally
higher than the breacher results because they contain more
of the side blast orientations than the breacher results and
also include some of the 15 psi (103.42 kPa) highest possible
blast overpressures. They are generally lower than those of
the mixed case results because they contain more of the back

blast orientations, which effectively replace some of the more
injurious side blasts.

To establish divergent and convergent behaviors across
multiple sequences of blast events, the evolution of the CPEF
parameter can be plotted for each of the 20 different ran-
dom blast loading sequences (N = 200) for each of the
breacher, mixed, and operational exposures. Figure 14a shows
the CPEF, in blue, exceeding TBI thresholds of 142 kPa
changes with the increasing number of blasts. The cumulative
mean and cumulative standard deviation (SD) are shown in
red and black, respectively, in the semi-log plot of Figure 14b
for the breacher sequence. There is no predicted injury when
TBI thresholds of 173 and 204 kPa are used, so the cases
are not plotted. In a similar style, Figures 15a—c and 16a—
show the CPEF, mean, and SD exceeding TBI thresholds
of 142, 173, and 204 kPa with the increasing number of
blasts. Figures 15d and 16d show the corresponding semi-log
plots of mean and SD for the mixed and operational loading
sequences.

Large fluctuations in the CPEF are present early in the
individual random sequences as the variability associated
with random overpressures and orientations is averaged over
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FIGURE 9. Maximum pressures in the brain from single blast event with incident overpressure of 15 psi (103 kPa) and at orientation angles of 0, 45, 90, 135

and 180°, respectively.
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FIGURE 10. Maximum pressures experienced in the brain during blast loading of the (a) circular model, (b) composite shape model with a curved surface
orientated at 0° in line with the blast, and (c) the composite shape model with a flat surface oriented at 0°in line with the blast.

relatively small numbers of blasts. As the number of blast
events accumulates, the CPEF versus N curves for each blast
sequence and TBI threshold converge toward a CPEF mean
value with a residual CPEF SD.

Table IV summarizes the number of blasts to reach a “prac-
tical” equilibrium state for the mean values and residual SDs
for each scenario. This equilibrium state is one in which each
additional blast, while continuing to increase the cumulative
exposure, does not significantly change these two quantities.
However, even at 200 blasts, it is important to note that
for each data set the 20 blast sequences have not reached
a single mean value but are contained within a gradually

narrowing band of values around the mean. Mean values
stabilize between the first 30 and 60 blasts and SDs between
the first 80 and 120 blasts. It is worth to note that the CPEF
mean value in the mixed exposures converges at a higher
number of blasts compared to the operational exposures, when
using TBI thresholds of 173 and 204 kPa.

DISCUSSION

The results presented above provide insight into the way
individual blast events expose the brain to higher pressures
exceeding TBI thresholds. This information is used to describe
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FIGURE 11. Example of Monte Carlo result for breacher sequence: (a) representative pressure-orientation distribution and (b—d) the CPEF(e, Niot) exceeding

TBI thresholds of 142, 173, and 204 kPa for Nt = 200.
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FIGURE 12. Example of Monte Carlo result for mixed sequence: (a) representative pressure-orientation distribution and (b—d) the CPEF(e, Niot) exceeding
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FIGURE 13. Example of Monte Carlo result for operational sequence: (a) pressure-orientation distribution and (b—d) the CPEF(e, Niot) exceeding TBI

thresholds of 142, 173, and 204 kPa for Nyt = 200.

how multiple blast event exposures are accumulated by the
brain. Five different aspects of this study reinforce each other
and quantify these trends.

First, the pressure versus time response across the brain
from an individual blast is very heterogeneous. Pressure pat-
terns vary strongly with both blast overpressure and blast
orientation. The blast orientation effect is as influential as the
blast magnitudes. For the same blast orientation, the higher
blast overpressure causes larger brain model injury areas with
higher pressures. For the same blast overpressure, blast from
the side results in larger brain model injury areas than blast
from other orientations.

Second, the maximum pressure encountered at each point
in the brain from an individual blast creates complex patterns.
This includes significant regions in these patterns beyond
the coup and contrecoup locations. Especially for the side
blasts, the affected area is much larger than the coup and
contrecoup regions. The coup region, which is closer to the
explosion source, is affected more than other regions. The
higher pressure occurs in a smaller area in the contrecoup
region compared to the coup region.

Third, a simplified analysis highlights the role of skull
curvature in propagating incident blast overpressure into the
brain. High skull curvature phases the contact of a planar or
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FIGURE 14. Monte Carlo results for breacher blast sequence: (a) CPEF(Etot, N) exceeding TBI thresholds of 142 kPa and (b) semi-log plot of mean and SD
with respect to number of blasts N. Cumulative mean value in red, cumulative SD in black.
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nearly planar blast wave normal to the head. The propagation
of pressure into the head proceeds nonuniformly with a
curved wave front, allowing phased dynamic response of the
brain. Low skull curvature allows a normal blast wave to
contact the head over a large area nearly instantaneously, with
propagation into the brain with a more linear wave front. This
extends the findings by other researchers who noted that the
side blast causes much higher pressure in the coup compared
to the front one.”’-*

Fourth, the CPEF quantifies those portions of the brain
exceeding TBI thresholds. It tracks multiple blast expo-
sures at each location in the brain and across the brain.
It captures the complex geometric overlay patterns that
develop from different blast overpressures and orientations,
highlighting local regions of high and low cumulative
exposure. It confirms that the local low skull curvatures on

the left and right sides make the brain more susceptible to
injury.

Fifth, the Monte Carlo simulations quantify the evolution
of the CPEF, the cumulative mean, and cumulative SD versus
number of blasts N. The CPEF itself is most sensitive, as
shown by its fluctuations and range of responses at a lower
N. The cumulative mean value is a more global measure
of “dosing.” Its convergence between approximately 30 and
60 blasts means that in the range of 0 to 30 blasts each
CPEF pattern in the brain model is likely to be significantly
different and changing in geometry and in magnitude. The
cumulative SDs converge between the first 80 and 120 blasts
meaning that in the range of 30 to 80 blasts the geometric
details of the patterns in the brain will still be important
and changing although the average total exposure will be
similar.
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TABLE IV. Converged Values and Associated Numbers of Blasts for the Mean and SD of CPEF(E o, Niot)

CPEF(Eot, Ntot) Breacher Mixed Operational

142 kPa 173 kPa 204 kPa 142 kPa 173 kPa 204 kPa 142 kPa 173 kPa 204 kPa
Mean 0.003 0 0 0.22 0.11 0.03 0.17 0.07 0.02
1 mean 56 — — 35 59 60 32 40 40
SD 0.0004 0 0 0.020 0.016 0.007 0.020 0.010 0.005
nSp 80 — — 100 100 140 80 110 120

This paper highlights a problem and an approach to develop
quantitative recommendations for military medicine by simu-
lation and physical measures, which includes (1) characteriz-
ing loading domain in anticipated operational or training sce-
nario bounds, (2) fusing intelligence and operational planning
for area-specific threats, and (3) software prediction of CPEF
ranges and convergence thresholds to guide forward command
and medical decisions.

CONCLUSIONS

A systematic, quantitative, and practical characterization of
cumulative exposure of the brain model to repetitive blast
events was developed using computational simulation and
a Monte Carlo probabilistic simulation. Results are gener-
ated in a computationally efficient manner for random blast
sequences by constructing a detailed database, generated by
a relatively small set of detailed biomechanics simulations,
followed by a probabilistic analysis that tracks cumulative
exposure from multiple blast events utilizing the database.
This process is computationally extendable from this 2D
model demonstration to the 3D analysis.

The results highlight and quantify the likely role of blast
overpressures and orientations in random blast sequences on
maximum pressure local values and spatial patterns across
the brain. The associated mean values and SDs of the CPEF
parameter, introduced to characterize the extent and repetition
of high pressures exceeding different TBI thresholds, are
tracked. Statistical convergence of the internal brain response
metrics versus number and type of exposures quantitatively
characterizes and highlights the different exposure sequences
reflecting notional operational and training environments.

The significant variability in cumulative brain exposures
in the early and intermediate portions of the repetitive blast
sequences should be further analyzed and compared to the
clinical variability of mTBI symptoms. The insights gained
by this effort also complement and maximize the utility of
orientation data from blast sensors worn by the warfighter.
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