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Abstract—Traumatic brain injury analysis in humans is
exceedingly difficult due to the intrusive methods by which
data can be collected; thus, many researchers commonly
implement animal surrogates. However, ethical concerns and
cost limit the scope of these tests on animal subjects too.
Computational models, which provide an alternative method
to data collection, are not constrained by these concerns and
are able to generate significant amounts of data in relatively
short time. This paper shows how the data generated from
models of a human and pig head can be used towards
developing interspecies correspondence rules for blast over-
pressure effects. The blast overpressure is simulated using an
explosive of known weight and standoff distance and injury
is evaluated using criteria in published literature. Results
indicate that equivalent blasts in the human and pig produce
significantly different injuries, and when equating total
injured brain volume, the locations of injury in the brain
vary between the species. Charge weight and total injured
brain volume are related using a linear regression of the data
such that a known injury in the pig or known blast can be
used to predict injury or the blast experienced by a human,
thus creating a correspondence between the species.
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INTRODUCTION

Blast-induced traumatic brain injury (bTBI) has
been a significant contributor of warfighter injuries in
combat theaters as well as civilian injuries stemming
from suicide bombers and other terrorism incidents.
However, the exact mechanism of brain injury from a
blast overpressure or a shock front is not clearly
understood, but it is postulated that pressure in the
brain leads to the injury."® To explain the causes and/
or indicators of bTBI, researchers have been utilizing
both experimental and computational approaches to
study human and animal subjects, where animals are
used as available substitutes for humans. The compu-
tational approach utilizes finite element (FE) models of
humans and animals, such as pigs, rats, and mice, to
assess the impact of blast effects using mechanical
variables such as stress and strain, as well as to validate
computational models against experimental data.'
The experimental approach has mostly been to use
animal subjects, chiefly murine and porcine subjects, in
blast and shock tube tests, and analyze their behavioral
responses and subsequent biological assays of the brain
from necropsy.'?

The main objective of these experiments is to relate
the changes in behavioral responses to indicators from
the biological assays.6 However, most of these studies
have not come to a consensus on how results should be
correlated or interpreted. Similarly, although a large
amount of injury data is available from animal subject
testing from blast overpressure insult, blunt or pro-
jectile impacts,'? these data have not been applied to
interpreting or predicting traumatic brain injury (TBI)
in humans, as there is no accepted method to map the
findings from animal testing to the human brain injury.
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To formalize the mapping or correspondence
between various species, allometric scaling rules gen-
erally attempt to establish a relationship between the
mass of the brain, head, or body with respect to the
injury or survivability from an insult.*® More recent
work has attempted to move beyond simple mass-
based scaling rules to establish rules based on more
complex measures such as impedance mismatch
between the different components in the head.'' The
work done by Panzer et al.'” provides a summary of
the approaches to develop a scaling law or a corre-
spondence rule between humans and animal subjects
either experimentally or computationally. As indicated
by Panzer et al., new techniques are needed to develop
a correlation between the animal subject data (com-
putational or experimental) such that the results can
lead to human injury prediction for both concussive
and sub-concussive (or mild traumatic brain) injuries.

The aim of this paper is to introduce correspon-
dence rules (i.e., a framework to relate the injuries)
between a human and a pig impacted by shock wave
loading from a blast simulated using FE modeling. To
accomplish this goal, the extent of brain injury is
assessed for a given set of side-on blast insults to the
subjects utilizing one or more injury criteria in pub-
lished literature. Injured volumes and locations of the
brain are compared for various levels of overpressures
to develop correspondence rules between the species.

MATERIALS AND METHODS

The FE model in this work for the human is a 25-
year-old Caucasian male representing a 50th percentile
U.S. male, 1.8 m tall and weighing 81 kg; while the FE
model for the pig is a 6-month-old male Yucatan pig
with a length of approximately 900 mm and a weight
of 30 kg.” Both the human and porcine models in this
work consist of only the head and the neck. A full body
porcine model has been developed to more accurately
model the pig but due to the computational cost of the
full body model, this study is limited to modeling only
the head.

Magnetic resonance imaging (MRI) was used to
obtain the in vivo geometry of both the human and pig
heads. The human scans were performed with a 1 mm
isotropic resolution and the pig scans used a 0.8 mm
isotropic resolution. These high-resolution scans were
able to place the necessary emphasis on details in the
head and brain. For the human model, the MRI scans
were supplemented by computer aided design (CAD)
representations of the other components such as the
face and neck musculature that could not be differen-
tiated well using the MRI scans alone.”*” The pig MRI
scans were supplemented with 0.6 x 0.6 x 1.0 mm?
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resolution computed tomography (CT) scans to image
the portions which could not be seen in the MRI scans.
The MRI, CT, and CAD data were all imported into
ScanIP by Simpleware, Inc. (Synopsys®, Mountain
View, USA), and semi-automatically segmented to
construct 3-D models of both subjects. All major
anatomical regions included in the models of the
human and pig heads (Fig. 1) are listed in the first
column of Table 1 along with the constitutive model
used to represent their mechanical behavior in the
second column.

The segmented 3-D models were converted to FE
meshes using a multi-part surface decimation algo-
rithm followed by a mixed Delaunay Advancing Front
approach, using the Simpleware software.”>’ Both
models are meshed entirely by solid tetrahedral ele-
ments using a modified average nodal pressure for-
mulation.” A tetrahedral mesh was chosen for its
ability to better capture the complex geometric features
in human and pig brains.”'” An in-house convergence
study based on a 1 cm thick sagittal slice of the human
head from the same model used in this study subjected
to a blast overpressure was carried out to determine
the average element size for meshing. The slice was
meshed with three levels of refinement. Based on the
results of the study, an average element critical length
of ~ 1 mm was chosen, which guided the software’s
automated mesh generator. The resulting FE model
consists of approximately 4.6 million -elements.
Approximately, 4000 or less that 0.09% of these ele-
ments have poor element quality, which can be moni-
tored for quality control.

The constitutive models for the components of the
pig and human are based on available data in the lit-
erature considering a range of strain rate tests covering
large deformation.* Although there may be differences
in porcine and human brain tissue properties, the pig
and human components are modeled with the same
respective constitutive behaviors due to a lack of data
in the literature.> To capture the mechanical behavior
of biological materials subjected to high strain rates
and large deformations, the use of non-linear, rate-
dependent constitutive formulations is required. The
constitutive models chosen for the human and pig
models of this work are summarized in Table 1; com-
plete details of the models and calibration process are
provided in Brewick er al* It should be noted that
mechanical damage is not included in the constitutive
models.

Both FE models are implemented and simulated
within the CoBi finite element solver.”” Both heads are
fixed at the neck. Validation of both models has been
completed using blunt impact tests'® from literature
for the human, and blast experiments> from literature
for the pig.
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FIGURE 1. (a) Left: high-resolution MRI scan of 50% percentile Caucasian male used to generate human FE model, middle:
surface representations of high fidelity human model components after segmentation, right: human model as meshed for
implementation in an FE solver. (b) Top: high-resolution full body CT scan (left) and head MRI scan (right) of Yucatan pig used to
generate pig FE model, middle: Surface representations of pig model components after segmentation, bottom: pig model as

meshed for implementation in an FE solver.

Correspondence Rules Study

To develop correspondence rules to relate TBI in
one species to another, the models of both species must
be simulated and post-processed in an identical man-
ner so that the only difference that exists is the geom-
etry. To this end, this work subjects the human and the
pig heads to identical ConWep blast overpressure
loadings.'"* The ConWep model is incorporated into
the CoBi FE solver and is used to apply the blast
loading on the subjects from a spherical free-field
explosion in air (without the ground effect) of a bare

high explosive charge detonated at a distance of 2.7 m
from the subjects. At this distance, the time duration of
positive phase overpressure for all simulated cases
ranges from 2.56 to 2.73 ms. This positive phase
duration is approximately what has been observed in
free-field blast experiments conducted by the Naval
Research Laboratory (NRL). The ConWep pressure
time-history is used as the input to the FE models and
is referenced in the remainder of this work by the
TNT-equivalent charge weight of the detonated
explosive. A schematic of the setup is shown in Fig. 2.
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TABLE 1. Human and pig anatomical structures included in the FE models and their corresponding constitutive model functional
forms.

Component

Constitutive model functional form

Sinus—frontal

Sinus—maxillary

Airway

Cerebrospinal fluid (CSF)
Ventricles—lateral
Ventricles—third

Ventricles—fourth
Ventricles—aqueduct of sylvius
Ventricles—foramen of Monro
Venous sinuses and bridging veins
Eyes (vitreous)

Venous sinus and bridging vein walls (shell section)
Pia mater (shell section)

Dura mater (shell section)

Falx cerebri

Tentorium cerebella

Sclera\cornea (shell section)
Intervertebral discs

Skull—cortical
Skull—cancellous
Mandible
Vertebrae

Cerebrum—grey matter
Cerebellum—grey matter
Cerebrum—white matter
Cerebellum—white matter
Brain Stem—medulla
Brain Stem—midbrain
Brain Stem—pons

Optic nerves

Skin

Muscles
Soft tissue (adipose)

Equation of state (Ideal Gas Law)

Hyperelastic (neo-Hookean)

Hyperelastic (neo-Hookean)

Anisotropic Hyperelastic (Holzapfel)

Hyperelastic (Ogden)

Hyperelastic (Ogden)

Hyperelastic (Ogden)

Hyperelastic (Ogden)

Hyperelastic (Ogden)

Hyperelastic (Mooney-Rivlin)

Hyperelastic (Ogden)

Transversely Isotropic Viscoelastic (Prony Series)
Transversely Isotropic Viscoelastic (Prony Series)
Transversely Isotropic Viscoelastic (Prony Series)
Viscoelastic (Prony Series)

Viscoelastic (Prony Series)

Viscoelastic (Prony Series)

Hyper-viscoelastic (Ogden, Prony series)

Hyper-viscoelastic (Ogden, Prony series)

Hyperelastic (Ogden)
Hyper-viscoelastic (Ogden, Prony series)
Hyperelastic (Ogden)
Hyperelastic (Ogden)

Note that not all components are present in both models and components that are in both models share the same constitutive model
parameters. See Brewick et al.,* for detailed model descriptions and calibrations. Grouped materials share the same constitutive model

parameters due to similarities in the material.

The results of each FE simulation produce spatially-
and temporally-resolved stress—strain data for the
whole model that can be compared to biomechanical
thresholds for injury criteria suggested in the literature
(Table 2) to determine if TBI has occurred. All criteria
listed in Table 2 are simultaneously applied on an
element-by-element basis to the brain at every time
step in the analysis. If an element pressure, shear stress,
or shear strain crosses any biomechanical threshold,
the element is considered to have been ““injured”. Note
that the accuracy and validity of these thresholds are
not the scope of this paper, and these can be improved
as more accurate criteria are developed. Many of the
biomechanical injury thresholds can be ignored for a
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given analysis due to the redundancy of the criteria or
the criteria not being activated. A variable with mul-
tiple suggested thresholds can be triggered but it serves
no benefit to present the lower threshold results, as
they have obviously been triggered.

Toward the objective of developing interspecies
correspondence rules, this work considers two tasks:
(1) analyze the human and porcine subjects using the
same TNT-equivalent overpressure loads to assess the
differences in tolerance to blast, and (2) determine the
TNT-equivalent loads that produce similar levels of
injury in terms of volume in human and porcine sub-
jects. Task 1 will be referred to as the “equal charge
weight study” and task 2 will be referred to as the
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Pressure, kPa

Time, ms

FIGURE 2. Description of applied blast loading (left to right): an explosive is detonated, creating a pressure pulse with known
time history, which is then applied to the human and pig models in the side-on orientation.

TABLE 2. Biomechanical thresholds of traumatic brain injury suggested by various authors.

Metric Limit Injury Source
Pressure (kPa) 173 Mild TBI Ref. 29
235 Severe TBI

— 100 50% probability of concussion (DDM) Ref. 20

Effective (von Mises) stress (kPa) 11 Severe TBI Ref. 13
26 50% probability of mild DAI Ref. 9
33 50% severe DAI

Shear (Tresca) stress (kPa) 7.8 50% probability of mild TBI Ref. 29

Maximum principal strain (%) 5 Moderate DAI Ref. 16
15 50% probability of DAI (CSDM) Ref. 20
18 DAI Ref. 26
20 50% probability of mild TBI Ref. 29
21 50% probability of mild DAI Ref. 15
26 50% probability of mild DAI

Effective (von Mises) strain (%) 25 50% probability of mild DAI Ref. 9
35 50% probability of severe DAI

DDM dilatational damage measure, DA/ diffuse axonal injury, CSDM cumulative strain damage measure.

“equal injury study”. In both tasks, the insult-injury
correlation will be analyzed by comparing and con-
trasting the load required to produce a certain level of
injury, spatial injury patterns, and temporal injury
evolution to potentially develop correspondence rules.
The TNT-equivalent loads used for each model in both
tasks are summarized in Table 3.

RESULTS

Before considering either task, both FE models were
examined under the maximum explosive charge
weights used in either types of study (2.0 kg for the
human and 4.2 kg for the pig) to determine which in-
jury criteria could be neglected (< 1% total injured
brain volume). The results of the analysis showed that

TABLE 3. ConWep TNT-equivalent loads in kg used in tasks

1and 2.
Human Pig
Task 1: equal charge weight Study
1.4 1.4
1.6 1.6
1.8 1.8
2.0 2.0
Task 2: equal injury study
1.4 2.3
1.6 2.7
1.8 3.3
2.0 4.2

only pressure-based criteria (173, 235, and — 100 kPa)
were being triggered and yielding injured volumes
greater than 1%. It should be noted that other criteria
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did yield non-zero (< 1%) injured volumes, but were
neglected because their values are considered to be
within the uncertainty threshold involved in creating
the model (i.e., errors in geometric tolerances from
MRI scans, FE mesh discretization, and constitutive
model calibration propagating through the analy-
ses).>** Also, note that cavitation in the presence of
tensile stress is not considered; that effect is beyond the
scope of this work. Based on a careful review of the
results, only 235 kPa (severe TBI*’) and — 100 kPa
(50% probability of concussion, dilatational damage
measure'®) pressure-based injury criteria will be shown
for the remainder of the work. The results using
173 kPa criterion are not shown as it serves limited
purpose to show a lower positive pressure criterion
(173 kPa) when a higher threshold (235 kPa) is trig-
gered, despite the possibility that some regions may
experience pressure greater than 173 kPa and less than
235 kPa causing differences in quantitative outcome.
The results of the maximum load analysis also showed
that, due to the nature of stress wave propagation in
the head, pressure-based injury had an initial rise
(corresponding to the peak pressure passing through
the head) and then does not increase for the 30 ms
duration of the analysis. Consequently, time history
data is only shown up to 0.8 ms of simulation in this
work.

In the equal charge weight study, time histories of the
injury evolution in the pig and human are shown in
Figs. 3a and 3b. A number of features can be imme-
diately identified from these plots. First, the pig ap-
pears to have a higher tolerance to blast for the
positive pressure criterion but not for the negative
pressure criterion, relative to the human. Next, it can
be noted that the volume percentage of the brain af-
fected for the human model using the negative pressure
injury prediction is substantially lower (nearly a full
order of magnitude) than the prediction based on the
positive pressure criterion. Finally, it can be observed
that the increase in injury over time in the pig and
human for both the positive and negative pressure
criteria is not linear as was expected based on the non-
linear input pressure profile.

The non-linear rise in injury with time is investi-
gated by collecting injured volume data in different
regions of the brain at various discrete time steps
during the analysis. The results are shown in Figs. 3c—
3f for the case of the 2.0 kg blast for both human and
pig, where the temporal evolution of injured brain
volume is broken down into the total brain volume,
and the volumes of the cerebrum, cerebellum, and
brain stem. The spatial evolution of injury can also be
seen for both the positive and negative pressure criteria
in Fig. 4. As expected, the positive pressure injury
occurs first on the coup side and then on the counter-
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coup side. The negative pressure has the inverse of this
behavior, as expected. The geometry of the brain also
influences where and when the injury occurs. For the
human, the positive pressure injury has a relatively
linear increase with time in all three primary brain
regions, influencing the nearly linear increase seen in
Fig. 3a. However, in the pig there is an initial positive
pressure injury in all three regions, followed by a sec-
ond slight increase in only the cerebrum and cerebel-
lum, and then a final significant increase in only the
cerebrum. A similar behavior in the pig is seen with the
negative pressure criterion except the order of regions
is somewhat reversed, such that the cerebrum and
cerebellum only see an initial increase in injury and the
brain stem sees three distinct rises in injury. The neg-
ative pressure criterion in the human brain only pre-
dicts a very small injury that is concentrated in the
cerebrum.

The temporal evolution in the brain is nearly iden-
tical for all side-on blast overpressure magnitudes un-
der consideration, thus only the injury at the final time
is considered for the other blasts in this study. The
results of the remaining blasts for the equal charge
weight study are shown in Figs. 5 and 6. As expected,
the injury in the total brain volume, in both the human
and the pig for both the positive and negative pressure
criteria, increases with charge weight. For the positive
pressure injury, the human brain stem appears to be
the region where a small increase in charge weight
yields a proportionally larger increase in injury. The
injury to the human cerebrum and cerebellum
increases almost linearly with charge weight, but in the
brain stem, the injured volume progresses from the
lowest level of injury to the highest level of injury. In
the pig, the brain stem seems to be the most protected
region for positive pressure injury, but for negative
pressure, it appears to be main driver of total injured
volume.

In the equal injury study, equal injury is defined as
the overpressure that causes the human and the pig to
have the same total injured brain volumes at the end of
the analysis within 2% of one another using the
235 kPa injury criteria. The temporal evolution of
positive pressure injury for this study is shown in
Figs. 7a and 7b, and, as expected from the previous
result, the evolution of injury in the pig and human is
different. To elicit the same injured volume as the
human, the pig had to be subjected to overpressures
that were anywhere from 50% to over 100% higher
than what the human was subjected to. Subjecting the
pig to these pressures only increased the disparity in
the negative pressure injury prediction. The injured
volumes in the different regions of the brain are shown
in Figs. 7c-7f. For the positive pressure injury, the
cerebrum and brain stem in the pig and human have
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FIGURE 3. Temporal injury in human and porcine for the equal charge weight study. (a) 235 kPa injury criterion, (b) — 100 kPa
injury criterion; the charge weights are shown on top of the plots. The injured volume percent for the whole brain, cerebrum,
cerebellum, and brain stem for 2.0 kg charge weight at discrete time steps are shown in (c) and (d) for the human, and (e) and (f) for

the porcine for 235 and — 100 kPa injury criteria, respectively.

almost identical levels of injury. In the cerebellum, the
injury is nearly identical between the pig and human at
lower equivalent total injured volumes, but at higher
total injured volumes the injured cerebellum volume
begins to differ. The negative pressure injury shows
similar behaviors as seen in Fig. 6, except the pig brain
injured volume has now greatly increased.

Lastly, the total injured volume for each injury
criterion is plotted against the charge weight for all
simulated cases for human and pig in Fig. 8. A linear
regression is applied to both types of injuries as a first
order approximation of the injury evolution with
charge weight. The linear equations describing the
pressure injury fits are of the form:

V=A4 -x+ B,

where V' is the injured volume in %, 4 and B are
constants, and x is either the charge weight in kg or the

peak overpressure in kPa. Table 4 lists the constants 4
and B for the equations describing the positive and
negative injury in both human and pig. Note that the
constants do not give zero injury at zero charge weight.
This is representative of the fact that humans and pigs
have some tolerance to blast before becoming injured.
These lines can be used to predict the volume of brain
injury for a known charge weight or predict the charge
weight to cause a known injury volume. Moreover,
solving for a given charge weight gives a relationship
or, in other words, correspondence rule, between the
human injury and pig injury. Therefore, the corre-
spondence rules for the positive injury criterion are:

Visskpa = 1.8+ Vissyp, +31.2
for relating injury through charge weight, and

Viiskpa = 1.8+ Vissipa +35.2
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(a) 235 kPa criterion (% injured volume)
0.2 ms 0.3 ms 0.4 ms 0.5ms
53.4 63.2 72.2 89.9
. ' . ’
14.8 16.4 25.2
(b) -100 kPa criterion (% injured volume)
0.3ms 0.4 ms 0.5ms
3.6 4.6 4.7
o . . .
5.2 5.9 8.3
Pig . ‘ .

FIGURE 4. Spatial injury results for the 2.0 kg load at various time steps for the duration of the analysis for (a) 235 kPa (brain
oriented to show coup injury), and (b) — 100 kPa (brain oriented to show counter-coup injury) injury criteria. The red region
represent an injured region. (a) Top row corresponds to Fig. 3c and bottom row corresponds to Fig. 3e. (b) Top row corresponds to

Fig. 3d and bottom row corresponds to Fig. 3f.
for relating injury through peak overpressure; and for
the negative injury criterion, it is:
VEIIOOkPa =0.79- VlilOOkPa —-1.92
for relating injury through charge weight, and
V{—{100kpa =0.81- VI:I()OkPa —238

for relating injury through peak overpressure, where
I represent the human brain injured volume in %
and V¥ represents the pig brain injured volume in %.

DISCUSSION

The temporal evolution of injury, Figs. 3 and 7,
shows that even though injured volumes may be dif-
ferent, the evolution over time appears to exhibit
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similar patterns and similar locations for the human
and the pig. The positive pressure injury has a clear
tendency to develop in the temporal lobe initially and
evolve medially to the other lobes. This is a function of
the initial peak pressure pulse traversing through and
injuring the brain. The prediction of a non-linear in-
crease in injury with time is attributed to the geometry
of the subjects’ skulls and the complex pressure wave
interaction and interference between the brain and
skull. Even after the pressure front passes, the reflected
in-phase pressure waves may coincide and construc-
tively interfere with each other, which could result in a
pressure higher than the threshold at certain locations
and thus cause additional injury in the brain.
Subjecting both the pig and human to equal charge
weights yielded significant differences in predicted total
brain volume injured but similar patterns and evolu-
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FIGURE 5. (a) Human and (c) pig positive pressure injury and (b) human and (d) pig negative pressure injury results for the equal
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time of the analysis.

tions of injury were seen. First, it can be noted from
Fig. 5 that the human had a higher predicted injury
using the positive pressure criteria while the pig had a
higher predicted injury with the negative pressure cri-
teria. This indicates that the pig and human geometries
are sufficiently different to influence the total injured
volume but not so different that they do not experience
similar injury patterns. The human brain appears to be
more vulnerable to coup (positive pressure) injuries
relative to the pig (Fig. 6a), which is more vulnerable
to counter-coup (negative pressure) injuries (Fig. 6b).
When examining absolute injured volumes though, the
pig has much less variability than the human when
comparing coup vs. counter-coup vulnerability. While
the pig does show more positive pressure injury than
negative pressure injury, the values are much closer—a
factor of approximately 2-3 depending on the
load—than they are in the human, which shows about
twenty times as much positive pressure injury than
negative pressure injury.

Analyzing only with the positive pressure criterion
with equal charge weights, some similarities can be
noted between the human and the pig. For example,
the highest levels of injury develop first in the cerebrum
for both subjects, which is likely a result of the cere-
brum being closest to the blast. The negative pressure
injury results also show some degree of similarity
between the species. The total injured brain volume for
human for 1.8 and 2.0 kg charge weights are nearly

identical to those for the pig for the 1.4 and 1.6 kg
charge weights, respectively. However, further inspec-
tion shows that, under the conditions where equal total
injured volume has occurred, the regions where the
injury develops to achieve the same equal volume of
injury overall are dissimilar between the species. The
human brain primarily shows injury in the cerebrum
whereas the pig brain primarily shows injury in the
brain stem but additional injury is seen in the cerebrum
too. This finding indicates that the total injured volume
may not always provide a complete picture for building
correspondence rules. These differences in injury
location could be a significant factor in how the injury
is diagnosed in a behavioral study and this fact must be
considered when attempting to build correspondence
rules.

When comparing equal total injured volumes (Fig. 7),
it is first noted that equal injury specified for the
235 kPa criterion does not lead to equal injury for the
— 100 kPa criterion. This result indicates that a cor-
respondence rule may only be applicable to a specific
criterion, which is confirmed by the development of
two separate rules for the positive pressure and nega-
tive pressure criteria (Fig. 8). This observation also
implies that there is no reason to expect that inter-
species TBI correspondence rules for one type of
loading, e.g., blast overpressure, will be applicable to
other types of loading, e.g., blunt or ballistic impact.
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(a) 235 kPa criterion (% injured volume)
1.4 kg 1.6 kg 1.8 kg 2.0 kg
38.4 55.2 74.7 89.9
Human '
25.2
Pig
(b) -100 kPa criterion (% injured volume)
1.4 kg 1.6 kg 1.8 kg 2.0kg
1.5 2.9
Human
Pig

FIGURE 6. Spatial injury results for the for the equal charge weight study at the final time of the analysis for (a) 235 kPa (brain
oriented to show coup injury), and (b) — 100 kPa (brain oriented to show counter-coup injury) injury criteria. The red region
represent an injured region. (a) Top row corresponds to Fig. 5a and bottom row corresponds to Fig. 5c. (b) top row corresponds to

Fig. 5b and bottom row corresponds to Fig. 5d.

The bulk constitutive behavior in biological mate-
rials, in general, is nearly incompressible and/or linear
whereas the shear behavior can be non-linear and rate
dependent. The exposure of the head to a blast over-
pressure gives rise to an immediate bulk response in the
brain with limited contribution from the rate-depen-
dent shear behavior, which is postulated to be the
primary cause of TBI due to blunt impacts.*® Thus, the
distinct possibility that the mechanisms of bTBI and
blunt-impact TBI are fundamentally different would
dictate that the correspondence rules for various
loading types be exclusive. This can be ascertained by
conducting blunt impact simulations and verifying
whether both shear- and pressure-based injury pre-
dictions follow the same pressure-based correspon-
dence rules developed in this study.
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The original data and the curve fits in Fig. 8 provide
a useful set of pressure-based injury correspondence
rules. With further improvements and extended vali-
dation, the pig FE model could be replaced with a live
subject and these correspondence rules could be used
to directly relate the TBI caused in the pig from blast
testing to TBI in a human for the same charge weight.
With the accumulation of more data using different
charge weights, standoff distances, and subject orien-
tations, the developed correspondence rules can be
generalized to create a response surface to predict TBI
in humans for a much broader range of blast over-
pressures. Additionally, the developed correspondence
rules can be further extended to other types of loading,
such as blunt impact, where they can still be exploited
for pressure-based TBI, in addition to exclusive shear-
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FIGURE 7. Temporal injury results in the pig and human for the equal injury study. (a) 235 kPa injury criterion, (b) — 100 kPa
injury criterion; the percentages of total injured volumes at the end of the analysis are shown on top of the plots. The injured
volume percent for the whole brain, cerebrum, cerebellum, and brain stem for equal injury study are shown in (c) and (d) for the
human, and (e) and (f) for the porcine for 235 and — 100 kPa injury criteria, respectively.

based correspondence rules applicable for blunt impact
only.

The correspondence rules developed here are dif-
ferent from traditional scaling rules that relate injury
to mass, time, geometry, or material behavior. The
rules developed in this study directly related a pre-
dicted injury in one species (pig) to the predicted injury
in another species (human) through the input param-
eter, charge weight or peak pressure, which causes the
injury. In relating predicted injury in this fashion, the
material behavior, geometry, and mass are implicitly
considered, whereas the time need not be scaled since
the blast insults are identical on both subjects.

The development of correspondence rules in this
work should be understood with the following con-
siderations and limitations: (1) The use of traditional
(linear) 4-node tetrahedral element can lead to volu-
metric locking and suppress the development of shear

modes of deformation. To overcome this phenomenon,
a modified four-node tetrahedral element formulation
based on the average of the nodal pressures® has been
used to develop the FE models in this study. The
reader is referred to the work of Bonet er al.® on the
comparative performance of the modified tetrahedral
element and other 4-node elements. Furthermore, the
accuracy and mesh convergence characteristic of these
elements were benchmarked by comparing the simu-
lation results of the blast loading of an idealized skull-
brain complex with the commonly used linear 8-node
brick element and quadratic, 10-node tetrahedral ele-
ment.?' The best practice would be to benchmark these
elements every time there is a notable change in the
constitutive models and/or loading conditions. (2) As
per accepted practice, the porcine and human brain
tissue properties have been assumed to be the same. An
evidence-based change in this material correlation may
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FIGURE 8. Volumetric injury results plotted against explosive charge weight (a and b) and peak overpressure (c and d) used for
the human and porcine models: (a and c) 235 kPa injury criteria, (b and d) — 100 kPa injury criteria. The coefficients used in the
linear equations describing the pressure injury fits are shown in Table 4.

TABLE 4. Constants used to describe the linear regression

relating injured volume to charge weight and peak
overpressure.
A (%/kg, %/kPa) B (%)
235 kPa pressure criteria
Human 65.2, 0.994 — 47.4, — 83.3
Pig 32.6, 0.558 - 39.3, — 66.5
— 100 kPa pressure criteria
Human 8.51, 0.147 - 11.6, — 19.1
Pig 10.8, 0.182 - 12.3, — 20.7

affect the correspondence rules. The same will be true
for advances in the characterization of the complex
behavior of brain tissue under high rate of deformation
conditions. (3) The ConWep blast wave model works
well within the range of scaled distances in open field
conditions considered here; however, it becomes less
accurate when multiple wave reflections and diffrac-
tion are involved, or when there are areas of stagnation
and other complex effects. (4) As mentioned earlier,
the exact mechanisms of bTBI are an active area of
research. Given the many biomechanical thresholds of
injury suggested in the literature, the pressure-based
biomechanical thresholds have been used in this study
for several factors; most notably among them is the
absence of large strains in the blast event. However, it
is possible that more definitive research in the future
could show otherwise and lead to modification of the
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correspondence rules developed here. Which also
makes it potentially possible that some of the inactive
thresholds not given consideration in this work (see
Table 2) may become relevant. (5) The correspondence
rules do not conform to allometric scaling that is
commonly used to correlate biological data across
species; for example, Rafaels er al.'® have developed
allometric scaling for mild TBI based on experiments
on ferrets. Basically, it suggests that for the pressure-
based criteria, scaling with mass and other geometric
and morphological measures was mnot obtained
between the pig and human subject in this study.
However, this does not contradict the utility of the
correspondence rules as described above in the dis-
cussion of results. (6) The correspondence rules cor-
relate predicted injury between pig and human, but
they do not reflect on the degree of severity of the
injury because they are injury location independent.
For example, a 5% injury in the frontal cortex is
treated the same way as a similarly proportioned injury
in the brain stem.

In summary, the two types of case studies conducted
in this paper have laid the basis for the development of
interspecies (human—porcine) correspondence rules for
bTBI. The results have reinforced the notion that
barring experimental evidence for a shear-based
mechanism or a yet unknown mechanism altogether,
currently only pressure-based criteria can be used to
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describe “injury” under blast overpressure loading.
Next, it was demonstrated that the pig and the human
do not experience blast the same way. The regions of
the brain that become injured and predicted injured
volumes are different for both the positive and negative
pressure injury criteria, with the same charge weights
applied to the models. It was also shown that blast
loads from different charge weights could produce the
same total injured volume for a given threshold for
both the pig and the human, but the regions where
injury occurs and injured volumes in those regions
would not necessarily be the same for the pig and the
human. At the same time, the injured volume equality
would not hold when applied to other injury metrics.
However, if the spatial and temporal variations are
neglected in favor of total injured volume as the metric,
then correspondence can be created between human
and pig bTBI, as evidenced by the two sets of rules
derived here. Ongoing work is focused on generating
more data to refine these correspondence rules as well
as to determine their applicability for different standoff
distances as well as blast orientations.
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