
Ginu Unnikrishnan
Department of Defense,

Biotechnology High Performance Computing

Software Applications Institute,

Telemedicine and Advanced Technology

Research Center,

United States Army Medical Research and

Development Command,

Fort Detrick, MD 21702;

The Henry M. Jackson Foundation for the

Advancement of Military Medicine, Inc.,

6720A Rockledge Drive,

Bethesda, MD 20817

e-mail: gunnikrishnan@bhsai.org

Haojie Mao
Department of Defense,

Biotechnology High Performance Computing

Software Applications Institute,

Telemedicine and Advanced Technology

Research Center,

United States Army Medical Research and

Development Command,

Fort Detrick, MD 21702;

The Henry M. Jackson Foundation for the

Advancement of Military Medicine, Inc.,

6720A Rockledge Drive,

Bethesda, MD 20817

e-mail: haojie.mao@uwo.ca

Venkata Siva Sai Sujith
Sajja

Blast Induced Neurotrauma Division,

Center for Military Psychiatry and

Neurosciences,

Walter Reed Army Institute of Research,

503 Robert Grant Drive,

Silver Spring, MD 20910

e-mail: venkatasivasaisujith.sajja.ctr@mail.mil

Stephen van Albert
Blast Induced Neurotrauma Division,

Center for Military Psychiatry and

Neurosciences,

Walter Reed Army Institute of Research,

503 Robert Grant Drive,

Silver Spring, MD 20910

e-mail: steve.vanalbert@gmail.com

Aravind Sundaramurthy
Department of Defense,

Biotechnology High Performance Computing

Software Applications Institute,

Telemedicine and Advanced Technology

Research Center,

United States Army Medical Research and

Development Command,

Fort Detrick, MD 21702;

The Henry M. Jackson Foundation for the

Advancement of Military Medicine, Inc.,

6720A Rockledge Drive,

Bethesda, MD 20817

e-mail: asundaramurthy@bhsai.org

Animal Orientation Affects
Brain Biomechanical Responses
to Blast-Wave Exposure
In this study, we investigated how animal orientation within a shock tube influences the
biomechanical responses of the brain and cerebral vasculature of a rat when exposed to
a blast wave. Using three-dimensional finite element (FE) models, we computed the bio-
mechanical responses when the rat was exposed to the same blast-wave overpressure
(100 kPa) in a prone (P), vertical (V), or head-only (HO) orientation. We validated our
model by comparing the model-predicted and the experimentally measured brain pres-
sures at the lateral ventricle. For all three orientations, the maximum difference between
the predicted and measured pressures was 11%. Animal orientation markedly influenced
the predicted peak pressure at the anterior position along the midsagittal plane of the
brain (P¼ 187 kPa; V¼ 119 kPa; and HO¼ 142 kPa). However, the relative differences
in the predicted peak pressure between the orientations decreased at the medial (21%)
and posterior (7%) positions. In contrast to the pressure, the peak strain in the prone ori-
entation relative to the other orientations at the anterior, medial, and posterior positions
was 40–88% lower. Similarly, at these positions, the cerebral vasculature strain in the
prone orientation was lower than the strain in the other orientations. These results show
that animal orientation in a shock tube influences the biomechanical responses of the
brain and the cerebral vasculature of the rat, strongly suggesting that a direct compari-
son of changes in brain tissue observed from animals exposed at different orientations
can lead to incorrect conclusions. [DOI: 10.1115/1.4049889]
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1 Introduction

The inability to directly assess the effects of human exposure to
blast waves has led to numerous laboratory studies of animal mod-
els in shock tubes [1–15]. In particular, these studies attempt to
mimic the interaction between the resulting blast wave from an
explosion and the body, which is assumed to cause mild traumatic
brain injury (TBI) in humans [16,17]. To this end, a diverse array
of experimental setups have been proposed over the years, includ-
ing those differing in the type of shock tube [12,18–20], animal
location within the tube [10,21], and animal orientation with
respect to the direction of blast-wave propagation [10,14,19].
These experimental differences make it impractical, if not
impossible, to directly compare and contrast cellular and

protein-expression changes in brain tissues, and potential brain
damage, between studies.

While certain shock tubes, such as the advanced blast simulator
(ABS) [8,11,19], and animal locations within them are able to rep-
licate exposure to an idealized Friedlander-type waveform
observed in open-field explosions [11,12,21,22], there is no con-
sensus regarding the orientation of the animal with respect to the
blast-wave propagation within the tube. For example, for its sim-
plicity and ability to prevent blast waves from causing damage to
the animal’s lungs [8,20], which is often a major cause of death in
shock-tube experiments of rodents [12], the prone orientation,
with the head facing the blast wave, is generally chosen [9,12,21].
In contrast, to reduce the interaction of blast waves with the ani-
mal’s facial structure, such as the snout, the preferred
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configuration is the side-on orientation [10,18,23,24]. In this ori-
entation, the blast wave impacts the side of the head, preventing
any modification of the incoming wave as it reaches the head.
Moreover, to evaluate competing theories of blast-induced brain
injury [14], animals are often placed in the vertical orientation,
with the blast wave facing the ventral surface and interacting with
either the entire body (henceforth referred to as the vertical orien-
tation), only the head (the head-only orientation), or only the torso
[7,11,14,19].

Despite these differences in animal orientation, alterations in
brain tissue observed in one orientation are often compared to
those in a different orientation [7,12,19,25–27], without consider-
ation of the effects of differences in brain morphology and angle
of incidence of the blast wave at different orientations. Indeed,
animal orientation inside a shock tube influences the functional
behavior [1] and expression levels of proteins [8] in the rat brain,
even when the blast overpressure (BOP) is identical. This effect
of animal orientation on functional behavior and protein expres-
sion is believed to result from variations in the biomechanical
responses of the brain, such as stress and strain, due to the differ-
ent orientations [1,8,9]. Hence, a systematic characterization of
such biomechanical responses would help us to determine when
and whether such comparisons are appropriate and allow us to
link predictions of brain stress and strain levels with experimental
observations of brain-tissue alterations to establish injury
thresholds.

In this study, we characterized the biomechanical responses
throughout the brain and cerebral vasculature of a rat exposed to
the same blast wave in a shock tube at three different orientations:
prone, vertical, and head only. We used a previously developed
three-dimensional (3D) high-fidelity finite element (FE) model of
a rat head [28] to predict these biomechanical responses and vali-
dated the model predictions by performing experiments on adult
male Sprague-Dawley rats using the ABS for each of the three ori-
entations. We characterized how the animal orientation with
respect to the direction of blast-wave propagation in a shock tube

influences the biomechanical responses of the brain, when the ani-
mal is subjected to an identical blast wave.

2 Materials and Methods

2.1 Three-Dimensional Finite Element Model of a Rat.
Geometry and finite element mesh: We previously developed and
validated a 3D high-fidelity FE model of a rat head to simulate
blast exposure in a shock tube [28]. The FE model consists of the
face (including the scalp and musculature), skull (including the
facial bones), brain, and cerebral vasculature. Here, we extended
our rat-head model to include the torso of the animal (including
the forearm and hindlimbs). However, to reduce the computa-
tional time to run simulations of the FE model, we did not repre-
sent the internal organs in the torso, for example, the vertebrae,
ribs, or heart.

We obtained the geometry of the rat’s body from the anatomi-
cal representation developed at Duke University [29]. Previously,
we used this representation to develop the FE model of the rat
head [28] and to simulate whole-body thermoregulatory responses
to environmental and exertional heat stressors [30,31]. After inte-
grating the geometry of the rat torso with our previously devel-
oped rat-head geometry, we meshed the face, skull, brain, and
torso using 268,741 quadratic (ten-noded), tetrahedral elements of
type C3D10M (Fig. 1), using ABAQUS v6.17 (Dassault Systèmes,
V�elizy-Villacoublay, France). The FE mesh consisted of elements
having an average minimum edge length of 0.61 mm for the face,
0.32 mm for the skull, 0.24 mm for the brain, and 1.71 mm for the
torso (Figs. 1(d)–1(f)). Because here we used the same FE mesh
size as in our previous work for the rat brain, we did not re-do a
mesh convergence study [28].

For the skull, brain, and cerebral vasculature, we used the same
mesh parameters as in our previous FE model [28]. Briefly, the
skull (including the facial bones) and brain consisted of 55,169
and 133,853 quadratic elements (C3D10M), respectively, where

Fig. 1 Representation of the FE mesh of the partial shock tube and the three different body ori-
entations, (a) prone, (b) vertical, and (c) head only, simulated in our study. The bottom panel
shows the FE meshes of the rat’s (d) body, (e) head, and (f) brain with embedded cerebral vascu-
lature. The three vertical lines in (f) represent the location of the coronal plane at the anterior,
medial, and posterior positions. We selected these positions to investigate the effects of body
orientation on the biomechanical responses in the brain for a given BOP.
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we further subdivided the brain into three distinct regions, the cer-
ebrum, cerebellum, and brainstem. We created the geometry of
the cerebral vasculature from microcomputed tomography images
and then used Hypermesh 2017.1 (Altair Engineering, Troy, MI)
to mesh the geometry with 316,182 linear, triangular shell ele-
ments (S3) having an average minimum edge length of 0.07 mm.
In addition, we considered the cerebral vasculature as a network
of hollow pipes without any blood flow with a thickness of
0.01 mm and having a total volume of 115.76 mm3. Finally, we
coupled the tetrahedral elements of the brain and the triangular
elements of the vasculature using the embedding-element tech-
nique in ABAQUS.

Material properties: We represented the tissues of the brain
(i.e., the cerebrum, cerebellum, and brainstem) as nearly incom-
pressible (bulk modulus¼ 2.0 GPa), hyper-viscoelastic materials,
using a one-term Ogden model with a one-term Prony-series [28].
We obtained the material properties for the brain (Table 1) from
high-strain-rate shear tests performed on tissues from the cere-
brum, cerebellum, and brainstem of male Sprague-Dawley rats
[32]. We represented the cerebral vasculature as a nearly incom-
pressible, hyperelastic material, using a one-term Ogden model
with a shear modulus of 0.63 MPa (a¼ 4.3) obtained from high-
strain-rate axial tests of the middle cerebral arteries in male
Sprague-Dawley rats [33]. We represented the face as a nearly
incompressible, hyperelastic material using a one-term Ogden
model with a shear modulus of 75.00 MPa (a¼ 15.0). Similarly,
the torso was considered as a nearly incompressible, hyperelastic
material with a shear modulus of 1.25 MPa (a¼ 3.0). We modeled
the skull as a compressible (Poisson’s ratio¼ 0.33), linear elastic
material with an elastic modulus of 1.00 GPa.

2.2 Three-Dimensional Finite Element Model of a Shock
Tube. Using ABAQUS, we created the geometry of a 3D partial
shock tube with a 0.50� 0.50 m2 cross-sectional area and 1.75 m
in length (Figs. 1(a)–1(c)). We meshed the shock tube using
approximately 0.9� 106 Eulerian (EC3D8R) elements and
assigned the properties of an ideal gas (density¼ 1.23 kg m�3;
specific gas constant¼ 287 J kg�1 K�1, and initial temper-
ature¼ 300 K) to the air in the shock tube. The FE mesh repre-
senting the shock tube had an average minimum edge length of
4 mm. As in previous studies [21,28,34], we set the air velocity
perpendicular to the shock-tube walls to zero, which allowed an
incident blast wave provided at the inlet surface of the tube to
propagate along the incident direction as a planar blast wave. We
set the time profile of the incident BOP as the pressure boundary
condition at the inlet surface of the partial shock tube (Fig. 2),
while not assigning any boundary condition to the outlet surface.
We performed all simulations using ABAQUS v6.17.

2.3 Blast Simulation. We used the Eulerian–Lagrangian
technique in ABAQUS to couple the shock-tube FE model with the
FE model of the rat. We used a penalty contact algorithm with
frictionless tangential-sliding behavior and hard-contact normal
behavior to couple the shock-tube elements with the FE model of
the rat body. With the animal placed at a distance of 0.20 m from
the inlet surface of the partial shock tube, we performed simula-
tions of a single blast exposure at an incident BOP of 100 kPa

for three different orientations: prone, vertical, and head-only
(Fig. 1). In the prone orientation, we aligned the anterior–
posterior axis of the rat in the direction of the blast-wave propaga-
tion, with the head facing the blast wave (Fig. 1(a)). In the vertical
orientation, we aligned the anterior–posterior axis perpendicular
to the direction of the blast-wave propagation, with the ventral
surface of the animal facing the blast wave (Fig. 1(b)). In the
head-only orientation, we positioned the rat vertically but with
only the head of the animal placed inside the shock tube
(Fig. 1(c)). For all three orientations, the animal was not con-
strained in any direction.

Using the blast simulations, we quantified the effects of animal
orientation on the biomechanical responses (i.e., pressure, von
Mises stress, maximum principal strain, and strain rate) in the
brain of a rat and assessed the maximum principal strain of the
brain’s cerebral vasculature.

2.4 Experimental Setup. To validate our computational
models, we performed shock-tube experiments on 10- to 12-week
old (330 to 360 g) male Sprague-Dawley rats (Charles River Lab-
oratories, Wilmington, MA), using an ABS located at the Walter
Reed Army Institute of Research (WRAIR, Silver Spring, MD).
The ABS is a compressed-gas shock tube with a 0.15 m-long com-
pression section and a 6.40-m-long transition/expansion test sec-
tion [2,8] with a 0.61� 0.61 m2 cross-sectional area with an end
wave eliminator. The Institutional Animal Care and Use Commit-
tees at WRAIR, as well as the Animal Care and Use Review
Office of the U.S. Army Medical Research and Development
Command, Ft. Detrick, MD, approved all experimental protocols.
We conducted all animal experiments in a facility accredited by
The Association for Assessment and Accreditation of Laboratory
Animal Care International (AAALACi), in compliance with the
Animal Welfare Act and other federal statutes and regulations
relating to animals and experiments involving animals, and
adhered to principles stated in the Guide for the Care and Use of
Laboratory Animals published by the National Research Council
(NRC), 2011 edition.

We placed each isoflurane-anesthetized animal in the shock
tube (at a distance of 2.83 m from the compression chamber) and
exposed it to a single BOP wave of 100 kPa in the prone, vertical,
or head-only orientation (n¼ 4 animals per orientation). In the

Table 1 Material properties of the rat brain [28]

Hyperelastic constants Viscous constants

Components Density (kg/m3) Bulk modulus (GPa) Shear modulus (kPa) a Relaxation modulus ratio Decay constant (s�1)

Cerebrum 1040 2.0 11.9 6.5 0.103 990
Cerebellum 1040 2.0 8.3 8.2 0.274 402
Brainstem 1040 2.0 12.3 4.7 0.112 1081

a—material constant.

Fig. 2 Time profile of the 100 kPa incident blast overpressure
used as an input at the inlet surface of the partial shock tube
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prone orientation (Fig. 3(a)), we strapped the animal to a raised
aluminum holder using a plastic net, with the animal’s head facing
the blast wave [8]. In the vertical orientation (Fig. 3(b)), we sus-
pended the animal from overhead rails inside of the shock tube,
using a custom-made sling with the ventral surface of the animal
facing the blast wave. In the prone and vertical orientations, we
exposed the whole body of the animal to the blast wave. In the
head-only orientation (Fig. 3(c)), we used a fixture to hold the
head into the shock tube through an opening at the bottom wall of
the tube. Additionally, we wrapped flexible strings around the
head and attached them to two vertical pins to keep the head in a
vertical orientation while minimally constraining its motion. We
exposed the ventral surface of the head to the blast wave, whereas
we positioned the torso outside of the shock tube to shield it from
the blast wave.

During the experiments, we measured the time profile of the
static pressure in the shock tube using a custom-designed pitot-
tube sensor (model 8515C-50; Meggitt Sensing Systems, Irvine,
CA). We measured the brain pressure by surgically inserting a
Millar pressure-catheter sensor (Model SPR-407; ADInstruments,
Colorado Springs, CO) into the lateral ventricle. To implant the
brain pressure sensor, we anesthetized the animals using isoflur-
ane. Next, we incised a small section of the scalp to expose the
skull. Then, we drilled a small hole (2 mm diameter) in the right
frontal bone (�1.40 mm relative to Bregma) and slowly inserted a
sterilized stainless steel guide cannula (18 gauge, 10 mm long)
into the brain to a depth of 3–4 mm until the tip of the cannula
reached the right lateral ventricle. Following, we anchored
the cannula to the frontal bone using dental cement and proceeded
to close the wound. Finally, we inserted a miniature Millar
pressure-catheter sensor (Model SPR-407, AD Instruments)
into the cannula. After implanting the sensor, we secured the ani-
mal to the corresponding setup and monitored the signal for
10 min. We recorded the data at a sampling frequency of 0.8 MHz
using a data recorder (Model TMX-18; Astro-Nova, Inc., West
Warwick, RI).

3 Results

3.1 Blast-Wave Dynamics. We compared the spatial evolu-
tion of air pressure predicted by the coupled FE model for each of
the three orientations (Figs. 4(a)–4(c)). In the prone orientation,
the maximum reflected pressure occurred at the tip of the nose, as

reported previously [28,34]. As expected, the reflected pressure
was concentrated in front of the torso in the vertical orientation,
and near the bottom wall of the shock tube in front of the head in
the head-only orientation. For the prone orientation, the incoming
blast wave reflected from the nose and traversed the dorsal and
ventral surfaces of the animal with equal intensity (Fig. 4(a)). In
contrast, for the vertical and head-only orientations (Figs. 4(b)
and 4(c), respectively), the blast wave reflected from the ventral
side of the head, causing a higher pressure on its surface when
compared to the dorsal surface. Moreover, for the vertical orienta-
tion, when compared to the head-only orientation, the interaction
of the blast wave with the torso induced a higher reflected pres-
sure. At an incident BOP of 100 kPa, the maximum reflected pres-
sure in the prone orientation was 130 kPa, which was smaller than
that in the vertical orientation (194 kPa) and the head-only orien-
tation (178 kPa).

3.2 Brain Pressure, Von Mises Stress, Maximum Principal
Strain, and Strain Rate. From the FE simulations, we deter-
mined the biomechanical responses (i.e., pressure, von Mises
stress, and maximum principal strain) of the rat brain for each of
the three orientations. Then, we validated our model by compar-
ing the experimentally measured brain pressures at the ventricle
with the model predictions. The temporal profiles of the model-
predicted and the experimentally measured brain pressures were
similar to the temporal profile of the incident blast pressure
(Figs. 5(a)–5(c) and 2). For each of the three orientations, the pre-
dicted and measured pressure profiles were in close agreement,
with relatively small differences in peak pressure for the prone
(10.3%), vertical (3.6%), and head-only (2.4%) orientations. For
the vertical (Fig. 5(b)) and head-only (Fig. 5(c)) orientations,
oscillations in the predicted pressure throughout the profile were
higher than those in the prone orientation (Fig. 5(a)).

Pressure propagation in the brain depended on the orientation
of the animal with respect to the direction of the blast-wave propa-
gation (Fig. 6). In the prone orientation, the blast wave propagated
from the anterior to the posterior region of the brain (Fig. 6(a)),
while for the vertical and head-only orientations, it propagated
from the ventral to the dorsal region of the brain (Figs. 6(b) and
6(c)). In the prone and vertical orientations, the brain pressure ini-
tially (t¼ 0.88 ms) propagated in a relatively straight line, unlike
the somewhat curvilinear pressure propagation in the head-only
orientation. In contrast to brain pressure, at all orientations, the

Fig. 3 Schematic representation of the animal setup inside the shock tube. (a) Prone: animal
positioned in a horizontal orientation with its head facing the oncoming blast wave. In this
setup, the ventral surface of the animal rested on top of an aluminum holder, with the animal
tightly secured to the holder by a plastic net. (b) Vertical: animal positioned in a vertical orienta-
tion with its ventral surface facing the oncoming blast wave. We mounted the animal in a
custom-made sling inside the test section of the shock tube. (c) Head only: animal positioned in
a vertical orientation facing the oncoming blast wave, with only the head protruding into the
test section of the shock tube though a fitted opening at the bottom wall. Additionally, we
wrapped flexible strings around the head and attached them to two vertical pins to keep the
head in a vertical orientation while minimally constraining its motion. For all experiments, we
measured the incident pressure (IP) and the intracranial pressure (ICP).
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von Mises stress initially developed at the peripheral regions of
the brain (Fig. 7) and propagated inwards toward the center of the
brain as time progressed. The magnitude of the von Mises stress
in the prone orientation (Fig. 7(a), reduced scale from 0 to 1 kPa)
was lower than that in the vertical or head-only orientations
(Figs. 7(b) and 7(c)).

To further investigate the effect of animal orientation on the
brain pressure, we determined the peak brain pressure at the ante-
rior, medial, and posterior positions on the midsagittal plane of
the rat brain. The peak pressure was highest in the prone orienta-
tion at the anterior and medial positions (Fig. 8(a)). Specifically,

the peak pressure in the prone orientation was greater than the
peak pressures in the vertical and head-only orientations by 57
and 37%, respectively, at the anterior position, and by 21 and
12%, respectively, at the medial position. In contrast, at the poste-
rior position, the peak pressure in the prone orientation was higher
than that in the head-only orientation by 7% but was also lower
than that in the vertical orientation by 7%. In addition, we also
observed a similar variation in the peak and 90th percentile bio-
mechanical responses on the coronal plane at the anterior, medial,
and posterior positions (Table 2). Interestingly, the predicted
strain rate for the vertical orientation was considerably higher

Fig. 4 Temporal and spatial propagation of the air pressure near the rat head in a shock tube in
the (a) prone, (b) vertical, and (c) head-only orientations

Fig. 5 Comparison of brain pressures predicted by the finite element models (black
lines) with the experimental data (gray lines and shaded regions; mean 6 two standard
errors of the mean)
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than that for the prone orientation by as much as 68%. In the
medial coronal plane, the peak brain pressure for the vertical and
head-only orientations was concentrated at the ventral surface,
while for the prone orientation the peak pressure was mostly man-
ifested at the dorsal surface (Fig. 9(a)).

In contrast to peak brain pressure, the peak of the maximum
principal strain predicted by the FE model in the prone orientation
was considerably smaller than that in the vertical or head-only ori-
entation at each of the three positions (Fig. 8(b)). Relative to the
other orientations, the peak strain in the prone orientation was
lower by 43–70% at the anterior position, 73–88% at the medial
position, and 40–80% at the posterior position. We also observed
considerable differences in the predicted peak strain for the three
orientations at the medial coronal plane (Fig. 9(b)). Similarly, the
displacement of the nose tip in the prone orientation (2 mm) was
considerably smaller than that in the vertical orientation (10 mm)
and the head-only orientation (7 mm).

3.3 Maximum Principal Strain of the Cerebral Vascula-
ture. We also determined the maximum principal strain of the cere-
bral vasculature at three similar positions (i.e., anterior, medial, and
posterior) for each of the three orientations (Fig. 10). As was the
case for brain strain, the maximum principal strain of the cerebral

vasculature was considerably higher in the vertical orientation
(Fig. 10(b)) than in the prone (Fig. 10(a)) or head-only (Fig. 10(c))
orientations. However, in contrast to the brain pressure, the strain of
the cerebral vasculature developed slowly and later in the simula-
tion, consistent with our previous observation [28].

4 Discussion

Using a 3D FE model of a rat head and torso, we systematically
evaluated the influence of animal orientation on the biomechani-
cal responses of brain tissues and cerebral vasculature during
exposure to a blast wave in a shock tube. Specifically, we
extended our previously developed model of a rat head [28] con-
sisting of the face, skull, brain, and cerebral vasculature, by cou-
pling a model of the rat torso to the head. Then, we used the
enhanced model to determine the responses of the brain to blast-
wave exposures in the prone, vertical, and head-only orientations.
We examined the prone orientation, because it is the most widely
used orientation for blast-exposure studies in a shock tube
[4,5,9,12,21], as well as the head-only [11,19] and vertical orien-
tations [14], which have been used to determine the contributions
of the direct mechanisms (characterized by blast-wave exposure
to the head) and the indirect mechanisms (characterized by blast-
wave exposure to the torso) as potential pathways to blast-induced

Fig. 6 Temporal and spatial propagation of the brain pressure along the midsagittal
plane of the rat brain in the (a) prone, (b) vertical, and (c) head-only orientations.
A—anterior; D—dorsal; P—posterior; V—ventral.
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Fig. 7 Temporal and spatial propagation of the von Mises stress along the midsagittal plane of
a rat brain in the (a) prone, (b) vertical, and (c) head-only orientations. A—anterior; D—dorsal;
P—posterior; V—ventral.

Fig. 8 (a) Peak brain pressure and (b) peak of the maximum principal strain at the
anterior, medial, and posterior positions on the midsagittal plane of a rat brain when
the animal was exposed to a 100 kPa blast wave in the prone, vertical, and head-only
orientations

051007-8 / Vol. 143, MAY 2021 Transactions of the ASME



TBI. We validated our FE model for each of the three orientations
by comparing the FE predictions of the temporal pressure profile
at the lateral ventricle of the rat brain with experimentally meas-
ured values for an incident BOP of 100 kPa.

Our study showed that the orientation of the animal influenced
not only the blast-wave dynamics in the shock tube (Fig. 4), but
also the biomechanical responses of the brain (Figs. 5–9) and the
cerebral vasculature (Fig. 10). In all orientations, the maximum
reflected pressure occurred near the body. This amplification,
which occurs as the air molecules of the blast wave are brought to
rest abruptly and further compressed, depends on the incident

BOP, the geometry and material properties of the exposed object,
and the angle of incidence of the blast-wave impact. The amplifi-
cation in the vertical orientation was considerably higher than that
in both the prone and head-only orientations, as the surface area
of the animal exposed to the blast wave, specifically in the direc-
tion of blast-wave propagation, was greatest in the vertical orien-
tation (Fig. 4). The prone orientation, which offers the least
resistance to the propagation of the wave, resulted in the lowest
reflected pressure (Fig. 4(a)), the smallest animal displacement,
and a temporal pressure profile smoother than that of both the
vertical and head-only orientations (Fig. 5). Despite these

Table 2 Peak and 90th percentile biomechanical responses computed in the coronal plane at the anterior, medial, and lateral posi-
tions for simulations of blast-wave exposures in the prone, vertical, and head-only orientations

Anterior Medial Posterior

Parameter Maximum 90th percentile Maximum 90th percentile Maximum 90th percentile

Brain pressure (kPa)
Prone 232.91 222.69 217.90 163.40 221.95 161.83
Vertical 183.68 155.79 216.08 175.75 220.66 184.96
Head only 212.47 186.01 200.74 166.03 186.21 141.54

Brain strain (%)
Prone 6.41 2.73 7.74 4.14 5.79 2.92
Vertical 31.89 19.71 29.69 19.36 25.68 19.78
Head only 21.28 11.57 14.20 7.69 11.19 5.19

Vasculature strain (%)
Prone 2.27 1.18 3.50 1.42 1.91 1.04
Vertical 17.19 8.55 17.02 9.49 18.60 9.10
Head only 7.72 3.95 7.95 3.52 3.48 1.73

Brain strain rate (s�1)
Prone 266.14 124.43 428.07 163.88 522.05 188.19
Vertical 719.10 391.85 824.33 466.07 748.88 489.35
Head only 528.56 312.26 513.88 226.65 417.68 174.84

Fig. 9 (a) Peak brain pressure and (b) peak of the maximum principal strain at the coronal
plane in the medial position of a rat brain when the animal was exposed to a 100 kPa blast
wave in the prone, vertical, and head-only orientations
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oscillations, the pressure profile tracked the incident pressure pro-
file in the vertical and head-only orientations, as it did in the prone
orientation [21].

Propagation of the pressure wave in the brain followed the
direction of the blast wave along the length of the shock tube in
the prone orientation (i.e., from the anterior to the posterior direc-
tion) and in the vertical and head-only orientations (i.e., from the
ventral to the dorsal direction). The pressure along the midsagittal
plane of the brain in the prone orientation was greatest at the ante-
rior position and decreased by 33% as the pressure wave reached
the posterior position (Fig. 8(a)). Moreover, the brain pressure for
each of the three orientations (Fig. 6) followed a pattern that was
similar to that of the reflected air pressure in the shock tube
(Fig. 4). For example, for the prone orientation, the dorsal and
ventral regions of the brain were subjected to pressures of equal
intensity (Fig. 6(a)), similar to those observed for the air pressure
(Fig. 4(a)). However, as expected, for the vertical orientation, the
ventral surface of the brain was subjected to a higher pressure
than the dorsal surface (Fig. 6(b)), in line with the reflected pres-
sure around the rat head in the shock tube for this orientation
(Fig. 4(b)). For the prone and vertical orientations, the pressure
propagated along a vertical plane (Figs. 6(a) and 6(b)). In contrast,
it propagated in a curvilinear fashion in the head-only orientation
(Fig. 6(c)), because the proximity of the head to the bottom wall
of the shock tube shielded the head against pressure transmission
into the brain. This shielding effect is responsible for the nearly
identical peak brain pressures at the medial and posterior positions
in the rat brain for the head-only orientation (Fig. 8(a), center and
right white bars). In the vertical orientation, however, where this
shielding effect was absent, the peak pressure at the posterior
position was higher than that at the medial position (Fig. 8(a),
right and center gray bars).

The differences in the predicted brain pressures between orien-
tations decreased from the anterior to the posterior position. For
example, at the anterior position, the difference in pressure
between the prone and vertical (head-only) orientations was 57
(37)%, which decreased to 21 (12)% at the medial position and to
7 (7)% at the posterior position. The measured peak pressures at
the ventricle showed only minor differences between the three ori-
entations. The average (standard deviation) peak pressures in the
prone, vertical, and head-only orientations were 118.8 (8.4), 115.3
(8.5), and 118.0 (8.9) kPa, respectively. Interestingly, when com-
pared with animals exposed to frontal blasts, previous studies
have reported a significant reduction of brain pressure in animals
exposed to side-on blasts [5,9]. The results from our simulations
suggest that this reduction could be due to the placement of the
sensor away from the initial point of contact with the blast wave.
Indeed, in the study by Leonardi et al. [9] using rats, the sensor
was placed on the right side of the head in alignment with the
para-sagittal plane, while the shock wave made initial contact
with the left side.

In contrast to brain pressure, the von Mises stress in the prone,
vertical, and head-only orientations developed after the initial
blast wave had passed through the brain. At first, it was concen-
trated in the peripheral regions of the brain (i.e., near the skull),
and then it propagated deep into the brain with time (Fig. 7), con-
sistent with prior studies on blast exposure in the prone orientation
[21,28]. The von Mises stress in the vertical orientation was
greater than the stress in both the prone and head-only orienta-
tions, possibly because of head movement or skull deformation
during blast exposure [3,35,36]. The maximum principal strain in
the brain was influenced similarly by the orientation of the animal.
The strain was greatest in the vertical orientation (Figs. 8(b) and
9(b)), as the dynamic force acting on the animal body in this ori-
entation was larger than it was in both the prone and head-only
orientations. Similarly, the cerebral vasculature strain in the verti-
cal orientation was considerably larger than that in both the prone
and head-only orientations (Fig. 10).

Our study shows that neither measurements of pressure at the
ventricle nor predictions of pressure at the medial and posterior
positions on the midsagittal plane of the brain alone can by them-
selves capture the effects of animal orientation. By varying the
animal orientation, we identified differences in (1) brain pressure
at locations near the initial point of contact of the blast wave with
the head, (2) displacement of the head, and (3) maximum princi-
pal strain in the brain tissue and the cerebral vasculature. Hence,
we postulate that blast exposure at different animal orientations
results in different biomechanical responses, which, in turn, lead
to different alterations in the expression level of brain-tissue mol-
ecules and, potentially, different likelihood of brain injury. In fact,
in a very recent study, Heyburn et al. reported differences in
protein-expression levels in the brain of male Sprague-Dawley
rats exposed to blast waves of 90, 110, and 130 kPa in a prone ori-
entation with the head facing the blast wave versus those exposed
to a blast wave at the same BOP in a side-on orientation [8]. They
argue that the observed variations in protein-expression levels are
due to differences in lung injury and to structural differences of
the head that could have caused localized changes in stress and
strain in the brain.

In addition to the animal orientation, displacement of the head
can influence the response of brain tissue to blast-wave exposure.
For example, Sawyer et al. showed that the displacement of the
head of adult male Sprague-Dawley rats during blast exposure in
a shock tube influences protein-expression levels in the brain [11].
They reported that restraining the head during blast exposure
reduces the expression of glial fibrillary acidic protein in the cor-
tex, hippocampus, cerebellum, and brainstem. It is well estab-
lished that violent motion, either due to improper placement of
animals within a shock tube or from end-jet testing (i.e., place-
ment of animals outside of a shock tube), can unintentionally
cause brain injury as an artifact of testing animals in shock tubes
[21,37,38]. Our predictions of displacement of the rat head

Fig. 10 Temporal evolution of the maximum principal strain of the cerebral vasculature
at the anterior, medial, and posterior positions on the midsagittal plane of a rat brain in
the (a) prone, (b) vertical, and (c) head-only orientations, for a 100 kPa blast-wave
exposure
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demonstrate that the prone orientation (displacement of 2 mm) is
preferable to the vertical (10 mm) and head-only (7 mm) orienta-
tions in order to minimize animal movement during experiments.
While we did not measure displacement of the animal head during
the blast experiments, using a similar setup and the same exact
shock tube as in our study, Sawyer et al. [11] tracked the head
motion at the eyes and nose of a rat during side-on, head-only expo-
sures at a blast overpressure of 172 kPa, and reported displacements
ranging between �12 and 24 mm. When compared to our predic-
tions, their reported values are slightly higher, which are possibly
due to the higher blast overpressure, differences in animal restraint,
and differences in head orientation relative to the direction of the
blast wave.

Our study has limitations. First, to reduce computational time,
we did not include the internal organs of the torso in the FE
model. However, exclusion of these organs is unlikely to have
influenced our pressure and strain predictions because the propa-
gation of the pressure wave from the torso to the head was negligi-
ble. In addition, we did not represent the cerebrospinal fluid
because we lacked its 3D geometry. This simplification may influ-
ence our predictions of brain strain. Second, as in our previous
model [28], we coupled the rat brain with the cerebral vasculature
using the embedded-element technique to avoid explicitly repre-
senting the vasculature in the model, as this requires the use of a
large number of extremely small elements. The presence of
extremely small elements in our model can cause numerical sin-
gularities in the FE meshes during blast simulations, which may
lead to convergence issues. Moreover, while it is known that the
embedded-element technique increases the mass in the FE model
due to volume redundancy [39], we believe that, as the stiffness of
the embedded material is orders of magnitude larger than the host
material, the contribution of the excess mass to the stress distribu-
tion can be neglected [40]. Third, given the challenge of simulta-
neously measuring intracranial pressure in multiple locations
across the brain, we validated our model by measuring pressure at
only one location in the brain (i.e., at the right lateral ventricle).
Moreover, due to the lack of experimental data on brain displace-
ment and brain strain, we were unable to validate our computa-
tional model for strain predictions. In fact, experimental
measurements of brain displacement during blast exposure in a
shock tube on animals, cadavers, or even surrogate heads do not
exist. Therefore, while we validated our pressure predictions at
the ventricle for each of the three orientations, our predictions of
head motion and brain strain could not be validated, or even quali-
tatively compared, due to the lack of experimental data. Fourth,
we performed our study for an incident BOP of 100 kPa. However,
we believe the influence of orientation on the brain responses
observed in our study will remain valid for other BOPs that mimic
mild TBI in a rat brain in shock tubes similar to the ABS. Finally,
we performed all of our simulations for a duration of 5 ms and,
similar to other FE simulations using ABAQUS [28,34], did not rep-
resent negative blast pressure. While a negative pressure can influ-
ence both the biomechanical responses of the brain tissue and the
cerebral vasculature, we believe that the results of our compara-
tive analyses would not have been different had we performed
simulations beyond 5 ms or included negative pressures.

5 Conclusions

In summary, we systematically investigated the effect of animal
orientation with respect to the direction of blast-wave propagation
on the biomechanical responses of the rat brain during exposure to
a blast wave in a shock tube. Our study shows that, for a given
BOP, the orientation of the animal influences the forces acting on
the animal, which depend on multiple factors, such as the surface
area and angle of incidence of the blast wave. These forces, in
turn, affect the biomechanical responses of brain tissues, such as
pressure, von Mises stress, and strain, which can lead to
orientation-dependent injury patterns in rat-brain tissues. These
results show that we cannot make a direct comparison between

the injury patterns obtained from different animal orientations,
even for an identical BOP. Our study also highlights how a single
brain-pressure measurement (often at the ventricle) cannot capture
the effects of animal orientation on biomechanical responses. The
predictions of our high-fidelity FE model will ultimately aid in
identifying the mechanisms of blast-induced brain injury by deter-
mining region-specific correlates between biomechanical
responses and brain-tissue changes due to blast exposure.
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