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Abstract We conducted computational macroscale simu-
lations predicting blast-induced intracranial fluid cavitation
possibly leading to brain injury. To further understanding of
this problem, we developed microscale models investigating
the effects of blast-induced cavitation bubble collapse within
whitematter axonal fiber bundles of the brain.Wemodel fiber
tracks of myelinated axons whose diameters are statistically
representative of white matter. Nodes of Ranvier are mod-
eled as unmyelinated sections of axon. Extracellular matrix
envelops the axon fiber bundle, and gray matter is placed
adjacent to the bundle. Cavitation bubbles are initially placed
assuming an intracranial wave has already produced them.
Pressure pulses, of varied strengths, are applied to the upper
boundaryof the graymatter andpropagate through themodel,
inducing bubble collapse. Simulations, conducted using the
shock wave physics code CTH, predict an increase in pres-
sure and vonMises stress in axons downstreamof the bubbles
after collapse. This appears to be the result of hydrodynamic
jetting produced during bubble collapse. Interestingly, results
predict axon cores suffer significantly lower shear stresses
fromproximal bubble collapse than does theirmyelin sheath-
ing. Simulations also predict damage to myelin sheathing,
which, if true, degrades axonal electrical transmissibility and
general health of the white matter structures in the brain.
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1 Introduction

Since 2000, over 352,000 US military personnel have been
diagnosed with traumatic brain injury (TBI) as a result of
their deployment in the Iraq and Afghanistan theaters of
war [1]. A significant fraction of this total is attributed to
blast-induced, non-penetration brain injuries resulting from
exposure to blast from improvised explosive devices. In
response, a number of studies have been conducted inves-
tigating the causal relationship between blast exposure and
traumatic brain injury on amacroscale [2–8]. In these studies,
pressure, shear stress, strain, and strain energies were shown
to focus in specific regions of the brain, varying inmagnitude
and location depending on blast magnitude and blast direc-
tion of the unprotected head. Additional studies investigated
blast mitigation effects of head protection in the form of mil-
itary helmets [9–11]. In one set of studies [12,13], an attempt
wasmade to identify themost relevantwave physics variables
that correlate with clinical assessments of blast TBI in war
veterans. Although not conclusive, those works suggested an
association between blast-induced deviatoric (shear) energy
depositionwith regions of hypoactivity in the brain identified
using functional magnetic resonance imaging (fMRI) analy-
ses [14]. Deviatoric energy is associated with shearing that
can lead to brain injury due to the tearing action of tissue.
It is our understanding that the source of the blast-induced
shear stress and shear energy deposition within the brain is
due to wave interactions and reflections that occur in shear-
supporting materials comprising the head (i.e., scalp, bone,
and brain tissue).
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Another mechanism that has been proposed as a potential
source for brain injury from blast is intracranial fluid cavi-
tation [15–17]. From macroscale analyses, however, it is not
clear how this mechanism might cause tissue injury. In addi-
tion, it has yet to be conclusively proven that blast-induced
intracranial fluid cavitation occurs in humans, although work
toward that end has been reported [18]. Assuming intracra-
nial cavitation does occur, the next question that should be
answered is, “How does fluid cavitation damage tissue?” To
begin to answer this question, one would want to investi-
gate brain tissue damage on spatial scales fine enough to
resolve the physics of cavitation bubble formation and col-
lapse within the surrounding tissue. Although it is difficult to
visualize intracranial cavitation experimentally, one can con-
duct numerical investigations of this phenomenon on length
scales atwhich continuumapproximations remain valid. That
is, one does not necessarily need to resort to atomistic approx-
imations using molecular or quantum dynamics techniques
to study the effects of bubble collapse on biological tissue.

Guided by the results from our macroscale simulations of
intracranial cavitation [19], we conducted a millimeter-scale
investigation of cavitation within a region encompassing the
superior sagittal sinus. The sagittal sinus is a major conduit
for both blood and cerebrospinal fluid (CSF), located within
the superior region of the falx cerebri (membrane separating
cerebral hemispheres) just below the dura and skull [20]. The
results of that study suggested that the phenomenon of cavita-
tion bubble collapse is a source of tissue damage. In summary,
we found that bubble collapse could potentially lead to tis-
sue damage and that its severity was dependent upon bubble
diameter, internal bubble pressure, and the magnitude of the
intracranial compressivewave that facilitates collapse. In par-
ticular, we observed the process of bubble collapse in which
a moderate-velocity fluid jet is formed due to the unidirec-
tional loading of the compressive wave on the bubble. This
jet, in turn, impacts any adjacent tissue located downstream
with the potential to penetrate and cause damage.

In the present work, we refine our spatial scale to the
micron (micrometer) level in order to investigate the effects
of cavitation within white matter axon fiber bundle tracks.
We begin by reviewing relevant results from our macroscale
simulations of blast loading to the humanhead that predict the
formation and location of intracranial fluid cavitation. From
these results, we selected different regions within the brain
that were predicted to experience cavitation. In the present
work, we focus on white matter (WM) structures comprised
of axon fiber bundle tracks. These tracks are generic to the
white matter found in the central nervous system, specifi-
cally in the corpus callosum, cerebellum, and brain stem,
all of which were predicted by our macroscale simulations
to experience cavitation. In particular, we study the effects
of cavitation bubble collapse and the associated microjetting
phenomena that occur within WM structures on a spatial

scale fine enough to resolve axon damage. In this instance,
we investigate the outcomes of bubble collapse as a result
of (l) low-pressure bubbles residing within surroundingWM
tissue at ambient pressure and (2) the exacerbation of this
process by means of intracranial compressive wave loading.

The outline for the remainder of the paper is as follows.
Section 2 contains relevant results from our macroscale sim-
ulations that motivate our investigations of cavitation bubble
collapse at the microscale level. Section 3 describes the
construction of our selected microscale model for a repre-
sentative white matter axon fiber bundle track as well as the
constitutive models that define the mechanical response of
the material comprising the model. Section 4 describes our
simulationmethodologywith Sects. 5 and 6 presenting simu-
lation results and an interpretation of those results. Section 7
summarizes the work presented here, draws conclusions, and
proposes directions for future research.

2 Macroscale modeling

Earlier simulations of blast-induced intracranial fluid cavi-
tation performed by the authors were conducted on a spatial
scale large enough to identify localized regions of the
brain predicted to experience significant amounts of fluid
cavitation [8]. We briefly describe these simulations and
their results here in order to provide context to the current
microscale modeling work.

The Sandia head–neck model is a high-fidelity repre-
sentation of a human male head and neck existing in both
finite volume and finite element formats at a spatial res-
olution of 1mm. The model consists of bone (skull and
cervical vertebrae), white and gray brain matter, falx and
tentorium membranes (partially separating cerebrum hemi-
spheres and cerebellum from cerebrum), muscle-scalp, and
CSF (see Fig. 1). Validation of this model is discussed by
Taylor et al. [8] where simulation results are compared to
magnetic resonance image data of brain displacement and
strains. To performblast simulations to the head–neckmodel,
we surround the model with air at ambient conditions and
position a narrow slab of energized air at a calculated dis-
tance from the head–neck model. At time zero, the energized
air is released, generating a blast wave that propagates toward
the head model, its amplitude attenuating along the way. As
the blast wave reaches the head, it possesses a pre-defined
amplitude and pulse width. The amplitude is a function of
the initial pressure of the energized air and the distance sepa-
rating the air slab and head, whereas the pulse width is more
a function of the thickness of the air slab. The resulting blast
pulse, illustrated in Fig. 2, assumes the form of a Friedlander
wave [21] with an abrupt rise to peak followed by a release
back to ambient pressure. The 260 kPa blast pulse with a
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Fig. 1 Sandia head–neck
model material description.
a Axial cut, b mid-sagittal cut
showing muscle-scalp (white),
bone (brown), air (light blue),
white matter (light yellow), gray
matter (gray), membranes
(yellow), and CSF (green)

Fig. 2 Pressure pulse defining 260 kPa overpressure blast wave used
in macroscale simulations

pulse width of 2.0ms falls on the Bowen curve for threshold
lung damage as described in Taylor et al. [8].

The mechanical behavior of each material comprising the
head–neck model requires specification of equation-of-state
(EOS) and constitutive models to describe its volumetric
and deviatoric response, respectively. The details of these
models are described in Taylor [8] and, with the exception
of the cerebrospinal fluid (CSF), are not discussed here. In
these macroscale simulations, the CSF is represented by an
advanced EOS model that has been constructed to capture
phase transformation between the liquid and vapor states
under dilatational isotropic stress (i.e., tensile pressure) load-
ing.

In our simulations, we subject the Sandia head–neck
model to 260 kPa air blast loading from the front, side, and
rear directions (see Fig. 3). In the simulations, we observed
a pervasiveness of CSF vapor predicted to occur at a number
of regions within the brain for at least two of the three blast
direction scenarios (see Fig. 4). The cavitation patterns are

not necessarily symmetric due to the fact that the human head
model is not symmetric.

Effectively, the macroscale simulations predict the for-
mation of CSF vapor, which we hypothesize as being
symptomatic of intracranial fluid cavitation. Specifically, we
assume that the blast-induced intracranial wave interactions
form cavitation bubbles where, due to their inability to sup-
port positive pressure of the surrounding material, collapse
within a fewmicroseconds. Since ourmacroscale simulations
are computed on a spatial mesh possessing a computational
cell size of one cubic millimeter (1mm×1mm×1mm), the
details of cavitation bubble formation and collapse are not
captured at the spatial resolution underlying the simulations.
However, using the results from these simulations as a guide,
we are able to identify regions of the brain that experienced
CSF cavitation for further investigation on a microscale.

The results of our macroscale simulations have permit-
ted us to identify two regions of particular interest to us.
The first region contains a segment of the superior sagittal
sinus which runs along the superior parietal region within
the dura mater and acts as a conduit for blood and CSF. Our
microscale investigation of this region was reported in the
paper by Haniff et al. [19] and will not be presented here.
The second region of interest is the axonal fiber tracks that
comprise thewhitematter structures of the brain (e.g., corpus
callosum and brain stem). Axonal fiber tracks are the inte-
gral structures comprising white matter and, therefore, can
be found in many regions of the brain. The effects of fluid
cavitation within these axonal fiber tracks are the focus of
the current work, the results of which are described in detail
in the following sections.

3 Microscale model description

The structure of white matter (WM) is principally comprised
of bundles of axons mechanically supported by a matrix of
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Fig. 3 Sample pressure plots from air blast simulations with the Sandia head–neck model. a Front blast, b side blast, c rear blast

Fig. 4 Macroscale sample predictions of CSF vapor content as a result of fluid cavitation within the CSF. a, b rear blast results, c side blast results.
Cavitation regions are identified within orange boxes

non-neuronal material. The microstructure of white matter
is comprised of axons arranged in longitudinal bundles sus-
pended in amatrix of glia tissue andCSF, hereafter referred to
as extracellular matrix (ECM). The ECM includes a network
of oligodendrocytes, astrocytes, and supporting vascular tis-
sue, bathed in CSF. The oligodendrocytes attach to and wrap
around the axons, thereby encasing them in a myelin sheath-
ing. The myelin sheathing mechanically supports the axons
and induces saltatory conduction of neuro-potentials along
the axons. The saltatory conduction process transmits neuro-
potentials along an axon from one gap in its myelin sheathing
to the next gap in sequential fashion, significantly increasing
neuro-potential transmission speeds over those of unmyeli-
nated axons. The gaps in the myelin sheathing of the axons
are referred to as nodes of Ranvier [22]. The astrocytes pro-
vide structural support and nutrients to the neurons, recycle
neurotransmitters, and maintain ion homeostasis. A number
of “white matter disorders” are associated with the damage
and loss of myelination within the axon fiber bundles (e.g.,
multiple sclerosis and acute disseminated encephalomyelitis)
[23]. Two excellent references on the structure and function
of white matter can be found in the papers by Liewald et

al. [24] and Shreiber et al. [25]. Liewald and coinvestigators
found that the axon fiber diameters in human brains range
from 0.16 to 9 µm with a mean diameter of roughly 0.7 µm
(SD 0.46 µm) for the corpus callosum, an important white
matter structure connecting the two hemispheres of the brain.

For the present work, we have constructed a microscale
representation of a section ofWM consisting of an axon fiber
bundle ofmyelinated axons embedded in extracellularmatrix
(ECM) tissue. We assume the ECM to be a homogeneous
material consisting of oligodendrocytes, astrocytes, vascular
support structures, and CSF. The axons are constructed such
that they display a distribution of diameters with a mean of
0.72 µm, standard deviation of 0.15 µm, and packed density
typical of humanwhite matter with amedian volume fraction
of 53% [26]. Themyelin sheath thickness was determined by
using a g-ratio (the ratio of the axon diameter to the total fiber
diameter) of 0.6 [27]. The internodal length, i.e., the distance
between consecutive nodes of Ranvier, is proportional to the
fiber diameter by a factor of 100 where a fiber diameter of
1 µm can result in internodal lengths of about 100 µm [27].
We place a layer of gray matter adjacent to the WM axon
fiber bundle to mimic the outer regions of the cerebrum just
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Fig. 5 Axial view ofmicroscale model representing white matter axon
fiber bundle track adjacent to gray matter. Most axons (colored purple)
are encapsulated within myelin sheathing (various colors). Cavitation
bubbles, labeled A, B, and C, are placed in the ECM (light blue)

beneath the skull. During blast exposure or blunt impact, our
macroscale simulations have shown compressivewaves ema-
nating from the skull into the outer regions of the cerebrum,
populated by gray matter. From there, these waves propagate
inward toward the white matter structures of the brain, hence
our motivation for including gray matter in the microscale
model.

The model is constructed to investigate the effects of cav-
itation bubble collapse and not the process by which the
bubbles form. As such, we placed three cavitation bubbles
of equal diameter within the ECM adjacent to the axons (see
Fig. 5). The bubbles are filled with an oxygen/nitrogen mix-
ture at an initial pressure of 5 kPa, equal to that of the vapor
pressure of CSF. The complete microscale model measures
10 µm wide by 10 µm deep by 9 µm high.

A longitudinal viewof the axonfiber bundlemodel is illus-
trated in Fig. 6 displaying an X -cut plane passing directly
through Bubble B at X = 5.15 µm. This image illustrates
the structure of the myelin encapsulation, which terminates
at approximately every 100 µm of axon length, thereby
creating gaps in the myelin, i.e., nodes of Ranvier. As men-
tioned earlier, the myelin sheathing surrounding the axons
acts to protect the axon and significantly increase the speed
of transmission of electrical impulses along the axon through
the process of saltatory conduction. As such, we consider
it important to explicitly represent myelin sheathing in our
WM axonal fiber bundle track model since damage to these
structures, by means of cavitation bubble collapse, would
constitute significant neurological trauma regardless of any
damage sustained by the axons encapsulated within the
sheathing.

We performed a mesh sensitivity analysis comparing the
pressure pulse data within the gray matter using cell sizes
of 0.01, 0.02, 0.04, and 0.05 µm. Refining the mesh to

Fig. 6 Longitudinal-cut view of axon fiber bundle model cut at X =
5.15 µm showing four myelinated axons as well as Bubble B. The cut
was offset to the point that it only cut through the myelin sheathing
(colored yellow and mauve) of the inner two axons. “NR” refers to the
location of a “node of Ranvier”

0.02 µm × 0.02µm × 0.02 µm resulted in predictions to
within 1% of the larger 0.04-µm mesh results but an eight-
fold increase in wall clock time per simulation. An additional
refinement to 0.01 µm× 0.01 µm× 0.01 µm demonstrated
a difference of less than 1% in pressure values compared
to the 0.04-µm mesh results. Consequently, we continued
our microscale analyses using the coarser flat mesh (all cells
identical in size) of 0.04 µm × 0.04 µm × 0.04 µm.

3.1 Equation-of-state and constitutive models

Each material is represented by an equation-of-state and
constitutive model to predict its volumetric and deviatoric
responses, respectively. The microscale model of the white
matter axon fiber bundle track, described in the previous sec-
tion, consists of five materials: gray matter, axon, myelin
(sheathing surrounding individual axons), ECM, and the
gaseous contents within the cavitation bubbles. According
to our biomaterial properties survey, the gray matter, axon,
and myelin materials demonstrate a nonlinear stress–strain
response. Accordingly, we have modeled these materials as
homogeneous, nonlinear elastic materials. In our microscale
model, we focus on the early-time, dynamic response of the
soft tissues. As such, we assume that the viscous response
of these tissues is a second-order effect, at best, and can be
neglected in this study.

Specifically, we modeled the biomaterials with consti-
tutive model representations defined by a modified Swan-
son hyperelastic model formulation [28]. This formulation
assumes the stress is derivable from a strain energy function.
The strain energy density function is defined in terms of the
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invariants of the left Cauchy–Green tensor B, i.e.,
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The tensor F denotes the volume-preserving (isochoric)
deformation gradient defined by

F = J− 1
3F; J = det(F). (3)

This form of strain energy density is used to describe the
deviatoric response of our biological materials where the
deviatoric portion of the Cauchy stress is derived from (1)
giving
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∂ Ī2
B
2
]

. (4)

The derivatives of the strain energy densityU , defined in (1),
assume the forms

∂U

∂ Ī1
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The quantities A1, P1, B1, Q1, C1, and R1 are model param-
eters that are fit for each material using a least squares
procedure. In order tomore readily capture both compressive
and tensile mechanical responses of the materials, we can fit
each material with two sets of parameters when necessary.
One set of parameters describes the compressive response,
whereas theother set describes the tensile response.However,
in this effort, we were able to fit each tissue’s stress–strain
response with a single set of parameters representing both
tensile and compressive responses.

The failure strain εf and associated failure stress σf under
uniaxial tension is used to define a damage variable D within
the simulation code for each biomaterial according to the
equation

D =
{
0, for εmax < εf
1, for εmax ≥ εf ,

(6)

where εmax is the material’s maximum principal strain. To
model the influence of damage in our simulations, we scale
the Cauchy stress supported by the damagedmaterial accord-
ing to the following equation:

σ dev = (1 − D) σ dev, (7)

where the material’s ability to support stress is diminished as
its damage D increases to 1.

Deviatoric constitutive model representations for gray
matter, axon, myelin, and ECM were fit to uniaxial stress
data collected from the literature. For the gray matter, we
employed the data published in Pervin and Chen [29]. For
axon, myelin, and ECM, we fit the data reported on these
materials by Shreiber et al. [25]. All Swanson model param-
eters for these materials are listed in Table 1.

In addition to the deviatoric response, defined by (4), we
also assign an equation-of-state to represent the volumetric
response of each material. An EOS describes a material’s
response as it undergoes volumetric changes, either com-
pressive or dilatational. In general, an EOS is defined by the
following relations:

P = P̂ (ρ, E) and T = T̂ (ρ, E) , (8)

where P is pressure, T is temperature, ρ is mass density, and
E is internal energy.

The volumetric response of axon, gray matter, myelin,
and ECM is represented by the Tillotson–Brundage (T–B)
equation-of-state [30]. The T–B model is an extension of the
Tillotson equation-of-state model [31], originally designed
to capture vaporization from compression release of met-
als undergoing hypervelocity impacts. The original Tillotson
version lacked a tensile response description that was later
added by Brundage and referred to herein as the Tillotson–
Brundage EOS. The relevance of this modification is that the
T–BEOScan accurately represent the bulk properties of cere-
brospinal fluid and fluidized biomaterials under compression
as well as predict their susceptibility to fluid cavitation when
subjected to isotropic tension (i.e., tensile pressure).

The T–B EOS representations for our biomaterials are
based on a representation for seawater that has been adjusted
to model a fluid possessing the salinity content equal to that
of CSF. This representation is perfectly suited for CSF and is
assumed to also represent the biomaterials in our microscale
model due to the fact that they are highly fluidized with CSF.
The T–B EOS requires the assignment of a tensile (nega-
tive) pressure at which cavitation is predicted to occur. We
have set this pressure to −200 kPa, a relatively large nega-
tive value for axon, gray matter, myelin, and ECM in order
to preclude the possibility of cavitation occurring in these
materials in the current study. The T–B EOS is an extensive
model, and the reader is referred to reference [32] for the
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Table 1 Swanson model parameters for axon, gray matter, and myelin biomaterials

Mat A1 (kPa) P1 B1 (kPa) Q1 C1 (kPa) R1 εf σf (kPa)

Axon –79.42 366.1 9.186 2.620e-4 81.79 0.3709 0.4354 64.08

Gray matter 14.70 1.0 0.8659 1.0 26.26 0.0 0.30 1000.0

Myelin –0.1165 8.491 132.3 0.0 −120.6 1.410 0.4354 114.2

ECM –25.51 0.4172 –311.9 0.4817 346.2 0.4172 0.4354 64.57

Table 2 Tillotson–Brundage EOS inputs for axon, gray matter, myelin, and ECM biomaterials

Material Density
(g/cc)

T–B EOS parameter
A (kPa)

T–B EOS parameter
B (kPa)

Specific heat
(J/kg-K)

Cavitation threshold
(kPa)

Axon 1.04 2.18e6 13.25e6 3.6880e3 −200

Gray matter 1.04 2.18e6 13.25e6 3.6880e3 −200

Myelin 1.04 2.18e6 13.25e6 3.6880e3 −200

ECM 1.04 2.18e6 13.25e6 3.6880e3 −200

details of its formulation. Table 2 provides material proper-
ties and parameters used by the T–B EOS in order to describe
the volumetric response of these materials. These parameters
were specifically fit for this work by Brundage [33].

The preexisting cavitation bubbles, placed in the micro-
scale model, are assumed to be filled with a mixture of water
vapor and air (oxygen and nitrogen). Since the bubbles are
located in the ECM which is saturated with CSF and in
turn, oxygen and nitrogen, we anticipate that when cavitation
occurs in this fluid, the bubbles will contain both water vapor
and a significant amount of oxygen and nitrogen, i.e., air. To
mimic the conditions of a cavitation bubble, we have chosen
to place air in our preexisting bubbles at a pressure equivalent
to the vapor pressure of CSF, i.e., 5 kPa. The decision to use
air is principally based on the fact that we have access to an
accurate EOS representation for this gas mixture. This EOS
representation has been drawn from the SandiaNational Lab-
oratories Sesame Tabular Equation-of-State library and has
been extensively fit to awide range of compressions [34]. The
EOS for air has been implemented in tabular form and has
been interrogated to create the adiabat illustrated in Fig. 7.

Two points on the adiabat have been identified: The first,
denoted by a star symbol, identifies the initial state of the gas
as it resides in the bubbles at the start of our simulations. The
second point identifies the state of air at ambient atmospheric
conditions.

4 Simulation methodology

After importing our microscale model (shown in Figs. 5, 6)
into the shock wave physics computer code CTH [35], we
simulated various intracranial wave conditions produced as

Fig. 7 Adiabat for air generated from a tabular equation-of-state

a result of blast loading. CTH is an Eulerian finite volume
computer code capable of tracking up to 98 materials simul-
taneously, simulating their interactions andmaterial response
as they undergo impact, penetration, and blast loading in one,
two, or three dimensions.

For this work, we conducted simulations investigating the
influence of cavitation bubble size and compressive wave
amplitude on the strength of the hydrodynamic microjet
formed as a result of bubble collapse and the ensuing dam-
age to adjacent axon structures. We start with the assumption
that the cavitation bubbles have already been formed. Con-
sequently, the initial conditions of our simulations specify
that the initial pressure of all materials starts at the ambient
pressure of 1 atmosphere (100 kPa), whereas the bubble con-
tents, comprised of a mixture of oxygen and nitrogen, are set
equal to the vapor pressure of the CSF, namely 5 kPa.
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Fig. 8 700 kPa compressive wave as monitored in the gray matter. a Initial state with Lagrangian tracer placed in gray matter (black dot), b 700 kPa
wave propagating through gray matter with tracer shown as a black dot, c pressure-time history measured at tracer in gray matter

Fig. 9 Relevant tracer locations denoted by black dots in the axon
and myelin; red dots denote upstream locations, and green dots denote
downstream locations from Bubbles A, B, and C

The boundary conditions specified for these simulations
assumes infinite lateral extent (i.e., non-reflective boundaries
where the wave can propagate out of the domain) in the X -
and Y -directions as well as below the lower Z -boundary at
Z = 0. For the upper Z -boundary, we specify one of two
possible conditions. The first condition assumes the upper
Z -boundary to have infinite vertical extent above Z = 9µm.
For this case, we wanted to investigate the possibility of
spontaneous bubble collapse driven by the pressure differ-
ences that exist from initially starting with an internal bubble
pressure of 5 kPa and a surrounding material pressure of
100 kPa. This simulation represents our baseline scenario of
bubble collapse in which blast-induced intracranial compres-
sive waves are absent.

The other two scenarioswe investigate are bubble collapse
facilitated in the presence of a compressivewave pulse of two
different amplitudes: 400 and 700 kPa. As an example, Fig. 8
displays the pressure history in the gray matter where the

initial 700 kPa compressive wave is followed by the collapse
of the three bubbles later in time.

The compressive waves are generated by imposing a kine-
matic condition at the upper Z -boundary, which mimics the
intracranial waves observed in our macroscale simulations of
a 260 kPa blast loading of the Sandia head–neck model. The
waves are generated at the upper boundary and propagate
vertically downward, interacting with the preexisting cavi-
tation bubbles causing them to collapse in a non-spherical
manner. In the following section, we investigate the influ-
ence of these compressive waves on the process of cavitation
bubble collapse.

Lagrangian tracers are placed throughout the model to
monitor material information at specific locations. In par-
ticular, tracers are placed upstream (shown as red dots) and
downstream (shown as green dots) of each bubble as well as
within the myelin and axon materials (shown as black dots)
adjacent to each bubble as shown in Fig. 9.

5 Results

Our microscale simulations predict collapse of all three
cavitation bubbles with and without the influence of com-
pressive wave loading. Figure 10a–c displays the time-
lapse progress of spontaneous bubble collapse, whereas
Figs. 11a–c and 12a–c showbubble collapse facilitated by the
passage of a 400 and700kPa compressivewave, respectively.
The effect of bubble collapse on tissue damage is displayed
in the damage plots of the myelin and axon materials as
shown in Figs. 10d, e, 11d, e, and 12d, e where these fig-
ures display the axial and longitudinal views for each case.
In these figures, the longitudinal views are defined by an
X -cut plane (X = 4.6 µm), offset from Bubble B. Recall
that damage is predicted to occur when the strain in the
axon or myelin exceeds their assigned failure strain of 0.44.
The images displaying myelin and axon damage in these fig-
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Fig. 10 Pressure-time history and damage plots in the absence of
any compressive wave loading with 0.4-µm-diameter bubbles. a 0 ns,
b 18 ns, bubbles are decreasing in size, c 21 ns, all three bubbles are

collapsing, generating pressures of about 0.6 MPa. d, e Axial and lon-
gitudinal views of axon and myelin damage at 65 ns

ures are associated with the final state of the simulations at
their termination. The termination times of the simulations
depicted in Figs. 10, 11, and 12 occur at 65, 69, and 61 ns,
respectively. Unfortunately, we were unable to extend the
respective simulations beyond theses time, due to difficulties
encountered with the solution scheme employed in the sim-
ulations. Specifically, we experienced not-a-number (NaN)
errors in our Eulerian advection scheme as a result of the
Jacobian approaching zero. As a result, we do not observe as
severe of damage in Fig. 12d, e for the 700 kPa compressive
wave case aswe do in Fig. 11d, e for the 400 kPa case, a result
that seems contrary to the outcome one would expect. How-
ever, in all cases, the damage plots reveal that the myelin
suffers significant damage, whereas the encapsulated axon
displays far less damage due to the presence of myelin.

The next set of plots illustrate the influence of compressive
wave magnitude on the bubble collapse process by examin-
ing von Mises stresses recorded at the tracers located within
the axons adjacent to the bubbles as well as the pressures
at tracers located in the ECM upstream and downstream
of the bubbles (bubble and tracer placement illustrated in
Fig. 9). Similar upstream and downstream pressures indicate
spherically symmetric bubble collapse, whereas a greater
downstream pressure relative to the upstream pressure indi-
cates the occurrence of microjetting in the downstream

direction. Sharp peaks in the von Mises stress histories in
myelin and/or axon tissue downstream from the collapsing
bubbles portend potential damage to those tissues as a result
of microjetting.

The plots in Fig. 13 show the downstream von Mises
stresses of the axons adjacent to the three bubbles for the
case of spontaneous bubble collapse in the absence of any
compressive wave. We observe that the von Mises stresses
in the axons (b) are approximately an order of magnitude
less than those in their myelin sheathing (a). This result sug-
gests that the myelin acts as a defensive barrier, sustaining
high stress levels that would otherwise be experienced by
their axon cores as a result of the bubble collapse process.
Figure 14 shows the upstream and downstream pressures of
Bubbles A, B, and C for this case.

Note that the upstream and downstream pressures are
comparatively the same indicating a spherically symmet-
ric bubble collapse. However, Bubble C shows a difference
between the upstream and downstream pressures indicating
microjetting in the downstream direction. We suspect this is
due to the placement of the tracer downstream fromBubble C
within a spatially tight confining space between neighboring
axons, thereby causing a magnification in flow pressure that
is significantly greater than that experienced by the upstream
tracer.

123



938 S. Haniff, P. A. Taylor

Fig. 11 Pressure-time history and damage plots in the presence of a
400 kPa compressive wave pulse with 0.4-µm-diameter bubbles. a 0 ns,
b 3 ns, wave entering ECM, c 18 ns, all three bubbles are collaps-

ing, generating pressures ranging from about 0.6 to more than 2 MPa.
d, e Axial and longitudinal views of axon and myelin damage at 69 ns

Figure 15 displays the von Mises (shear) stresses in the
myelinated axons downstream of each of the three bubbles
after the passage of a 400 kPa compressive wave. Compar-
ing these plots with those in Fig. 13 infers that the stresses
predicted for this scenario are 20–30% greater than those
reported in Fig. 13 without the compressive wave. Also, as
observed in the simulation without the influence of the com-
pressive wave, the von Mises stresses experienced by the
axon (Fig. 15b) are predicted to be an order of magnitude
less than those in its myelin sheathing (Fig. 15a). Figure 16
displays the pressure histories at tracer locations upstream
and downstream of Bubbles A, B, and C during their col-
lapse from passage of the 400 kPa compressive wave.

The passage of the 400 kPa compressive wave shows that
the peak pressures at the upstream and downstream loca-
tions have significantly increased over those predicted in the
spontaneous bubble collapse case (Fig. 14). Furthermore, as
shown in Fig. 16, we now predict a significant difference
between the peaks in the upstream and downstream pressure
histories indicating a unidirectional collapse of the bubbles
leading to microjetting (directed downstream). While it is
difficult to view the peak upstream pressures in Fig. 16, this
information is captured later in Fig. 19.

The vonMises stresses of themyelinated axons just down-
stream of the 3 cavitation bubbles after passage of a 700 kPa
compressive wave are shown in Fig. 17. The stress max-
ima predicted for this scenario are 3–18% greater than those
observedwith the 400 kPawave (Fig. 15). Also, similar to the
previous two case results, the von Mises stress magnitudes
predicted in the axon (Fig. 17b) are an order of magnitude
less than those in its myelin sheathing (Fig. 17a). The pres-
sure histories at tracer locations in the ECM just upstream
and downstream of Bubbles A, B, and C, from passage of the
700 kPa wave, are displayed in Fig. 18.

In this case, the peak pressures are greater than those pre-
dicted for the 400 kPa compressive wave loading scenario
(Fig. 16). Furthermore, the pressure peaks downstream for
this case are greater than those at the upstream locations indi-
cating the presence ofmicrojetting. For comparison, the peak
downstream and upstream pressures adjacent to Bubbles A,
B, and C are shown in Fig. 19 for the three cases studied:
spontaneous collapse and compressive wave loading of 400
and 700 kPa, respectively.

Figure 19 is a comparison of the pressure history peaks
presented earlier in Figs. 14, 16, and 18 for the three
loading cases. As mentioned earlier, the upstream and down-
stream pressures increase as the compressivewave amplitude
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Fig. 12 Pressure-time history and damage plots in the presence of the
700 kPa compressive wave pulse with 0.4-µm-diameter bubbles. a 0 ns,
b 3 ns, wave entering ECM, c 15 ns, all three bubbles are collaps-

ing, generating pressures ranging from about 0.8 to more than 2 MPa.
d, e Axial and longitudinal views of axon and myelin damage at 61 ns

Fig. 13 von Mises stress histories downstream from Bubbles A, B, and C of 0.4 µm diameter with no compressive wave. aMyelin, b axon. Note
that × denotes the occurrence of damage with a failure strain of 0.44
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Fig. 14 Pressure in ECM upstream and downstream from each 0.4-µm-diameter bubble due to spontaneous collapse in the absence of any
compressive wave. a Bubble A, b Bubble B, c Bubble C

Fig. 15 vonMises stress in myelinated axons downstream of Bubbles A, B, and C of 0.4µm diameter during the passage of a 400 kPa compressive
wave. aMyelin, b axon. Note that × denotes the occurrence of damage with a failure strain of 0.44

increases. Without the presence of a compressive wave, the
upstream and downstream pressures in the ECM adjacent to
each bubble are relatively the same, indicative of spherically
symmetric bubble collapse. With the passage of a downward
propagating compressive wave, the downstream pressures at
each bubble location are greater than the upstream pressures.
This result suggests that bubble collapse has become direc-
tional, leading to microjetting in the downstream direction.
Also, the difference between the downstream and upstream

pressures increases with increasing wave amplitude. While
all three bubbles are of the same size, the presence and prox-
imity of the neighboring axons plays a role in the magnitude
of the upstream and downstream pressures experienced by
the ECM occupying the spacing between the bubbles and the
myelinated axon structures.

While we have presented results demonstrating the influ-
ence of compressive wave loading on the process of cavi-
tation bubble collapse, we have not discussed the influence
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Fig. 16 Pressure upstream and downstream of each 0.4-µm-diameter bubble during passage of a 400 kPa compressive wave. a Bubble A,
b Bubble B, and c Bubble C

Fig. 17 vonMises stress in myelinated axons downstream of Bubbles A, B, and C of 0.4µm diameter during the passage of a 700 kPa compressive
wave. aMyelin, b axon. Note that × denotes the occurrence of damage with a failure strain of 0.44

of cavitation bubble size. Figure 20 displays the upstream
and downstream ECM pressure peaks from a set of sponta-
neous bubble collapse simulations in which the diameter of
the bubbles was varied. In each scenario, the three bubbles
were assigned the same diameter. In particular, we conducted
four spontaneous bubble collapse simulations, eachwith bub-
ble diameters of either 0.3, 0.4, 0.5, or 0.6 µm. As can be
ascertained from Fig. 20, there appears to be no correlation
between bubble diameter and peak values of the upstreamand
downstream pressures in the adjacent ECM. We observed a

similar null outcome for simulations in which we introduce
400 and 700 kPa compressive waves to facilitate bubble col-
lapse. We suspect this outcome is due to the presence of the
extracellular matrix (ECM) occupying the spacing between
the axons in which the deviatoric response of ECM acts as
a shock mitigator during the bubble collapse process. The
extent of this effect will be investigated further in future
efforts.
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Fig. 18 Pressure upstream and downstream of each 0.4-µm-diameter bubble during passage of a 700 kPa compressive wave. a Bubble A,
b Bubble B, and c Bubble C

Fig. 19 Upstream and downstream pressures in the vicinity of Bubbles
A, B, and C with 0.4 µm diameter as a function of compressive wave
amplitude (0, 400, and 700 kPa). A wave amplitude of zero corresponds
to the case of spontaneous bubble collapse without compressive wave
loading.

6 Discussion

In this study, we report on three microscale scenarios of cav-
itation bubble collapse within a typical white matter axon
fiber bundle track. Our primary goal in this effort was to
investigate the consequences of cavitation bubble collapse
as it could lead to damage of myelinated axon structures
embedded within a matrix of extracellular tissue. Assuming

Fig. 20 Upstream and downstream pressures in the absence of a com-
pressive wave with varying bubble diameters (0.3, 0.4, 0.5, and 0.6µm)

the existence of cavitation bubbles a priori, we investigated
the influence of bubble size and placement in the presence
of intracranial compressive waves of various magnitudes.
We presented simulation results of bubble collapse resulting
from (1) initial conditions of low-pressure bubbles resid-
ing within surrounding WM tissue at ambient pressure, and
passage of intracranial compressive waves of (2) 400 or
(3) 700 kPa. To study the consequences of the shock waves
resulting from bubble collapse and the potential damage to
surrounding axons,wemonitored the pressures at tracer loca-
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tions in the ECM upstream and downstream of each bubble,
the vonMises (shear) stresses experienced by adjacent axons,
and the damage experienced by those axons as predicted by
our strain-to-failure damage model.

In all three cases, our simulations predicted two maxima
in the von Mises stress profiles for the myelin sheathing
(Figs. 13a, 15a, 17a). The first maximum was the result of
direct exposure of the myelin with the stress pulse created
from bubble collapse, facilitated by passage of the compres-
sive wave, if present. The second peak is a consequence of
reflections of that stress pulse within the confining region
surrounding each bubble. We observed that von Mises stress
within the myelin sheathing of axons just downstream of
the bubbles increased with increasing compressive wave
amplitude, consistent with our predictions of damage to the
myelin sheathing. Furthermore, the simulations predict sig-
nificantly higher von Mises stresses in the myelin sheathing
of these downstream axons relative to that experienced in
the axon core. That is, the axon cores are protected by their
myelin sheathing, which effectively acts as a defensive bar-
rier against mechanical insult. Unfortunately, damage to the
myelin sheathing portends a loss of saltatory conduction and
a degradation of axon neuro-impulse transmission speeds.
In fact, damage to myelin sheathing of central nervous sys-
tem axon structures leads to symptoms of head trauma, and
diseases such as metabolic encephalopathies and multiple
sclerosis [36].

By monitoring the upstream and downstream pressures at
each bubble location, we gained insight into the occurrence
of microjetting as a result of bubble collapse as facilitated
by the passage of compressive waves. Microjetting is a term
we have introduced to describe the process of unidirectional
bubble collapse in which the upstream surface of the bubble
is accelerated toward the downstream surface in the form
of a small hydrodynamic jet. This mode of bubble collapse
is usually triggered by the passing of a compressive wave
as it interacts with the bubble. Without the influence of the
compressivewave, the bubblewould collapse in a spherically
symmetric fashion due to the uniform pressure difference
across its surface, as demonstrated in our simulation results.

Microjetting into tissue has the potential to perforate and
tear myelin sheathing and possibly damage the underlying
axon structure as well.With an increase in compressive wave
amplitude, we observed an increase in the difference between
the downstream pressures relative to the upstream pressures
adjacent to each bubble, suggesting an increase in strength of
the microjetting action. The spatial separation of the axons
also played a role in the damage sustained by axons adja-
cent to a cavitation bubble. While all three bubbles are of
the same size, the magnitudes of the upstream and down-
stream pressures in the ECMvaried as a result of the different
confinement conditions imposed on the bubbles by the sur-
rounding axons.

Our simulation predictions of axon damage due to the col-
lapse of Bubbles A, B, and C, as demonstrated in Figs. 10, 11
and 12, predicted damage to both the myelin sheathing and
the underlying axon. While damage to the myelin sheathing
has the potential to degrade nerve conduction, added damage
to the axon cores can lead to additional deleterious symptoms
associated with concussion and/or coma [36].

7 Concluding remarks

The results presented in this work are based on a model-
ing and simulation investigation into the details of a possible
brain injury mechanism as a result of blast-induced intracra-
nial fluid cavitation. As mentioned earlier, there are very
little data with which to confirm the occurrence of intracra-
nial fluid cavitation. Furthermore, even if this phenomenon is
proven to occur, it becomes evenmore difficult to experimen-
tally investigate the mechanisms of brain tissue damage on
a spatial scale that resolves specific structures such as white
matter axonal structures and fiber bundles. For this reason,
it becomes all the more important that we make a best effort
at modeling this phenomenon by means of numerical exper-
imentation employing fine-scale digital models and accurate
computational simulations. The process of verifying and val-
idating the results of this work is a goal we are currently
pursuing and plan to report in future publications.

In this work, we have presented the results of numerical
experiments investigating the effects of intracranial fluid cav-
itation within the white matter axon fiber bundle structures
of the brain. While this is just one substructure model of the
brain, it is complex in nature. A thorough parametric study
in the future investigating a single parameter such as myelin
sheathing thickness, compressive wave amplitude, bubble
size, and axon diameter would aid in observing additional
trends. Also, our macroscale results suggest the occurrence
of this phenomenon in other regions of the brain as well.
Another set of locations we deemworthy ofmicroscale study
is damage to and within the vasculature and capillary struc-
tures of the brain. Here, we suspect potential injury to the
fine capillary structures and/or the blood contained within
that could possibly lead to internal bleeding or the formation
of thrombi and subsequent vascular blockage. The results of
these efforts will be presented in forthcoming publications.
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