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INTRODUCTION AND SCOPE

The recent public awareness of mild traumatic brain injury (TBI) (concussion) and
the possible long-term consequences on brain function has raised the profile
of the disorder and also highlighted the lack of knowledge on how to effectively
treat this disease. For decades, much of the research community concentrated
on the most devastating forms of TBI, with the hopes of significantly improving
outcome in this patient population. On a relative basis, the incidence of mild
TBI far exceeds the number of TBIl-related fatalities and moderate/severe TBls,
with some estimates suggesting its frequency is at least 10 times more common
than moderate and severe TBI."? Perhaps equally important, comparing the prev-
alence of patients showing long-term impairment from mild TBI to other diseases
is startling: approximately 225,000 new patients each year show long-term deficits
from mild TBI, approximately equal to the number of patients diagnosed annually
with breast cancer, multiple sclerosis, and traumatic spinal cord injury combined.
The emergence of blast-induced TBI from the Iraq and Afghanistan conflicts®®
only heightens the need for a long-term treatment and prevention solution for
mild TBI.

The purpose of this article is to provide a review of the past work directed at under-
standing the biomechanical etiology of concussions. The broad scale of knowledge on
this topic is presented, ranging from the measurable mechanical parameters associ-
ated with concussion to the underlying mechanisms responsible for tissue damage
and the molecular substrates that could form the basis of the immediate, transient
impairment observed during a typical concussion episode. Possible future directions
are reviewed briefly.
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THE MECHANICAL ORIGINS OF CONCUSSION—HOW DOES THE HEAD MOVE?

There is often confusion about the mechanical etiology of concussions. One primary
component of the confusion stems from the many different head motions that can
occur when a head is struck with an object or when a head strikes a surface. The pro-
tected (helmeted) head has similar variety in the mechanical response. This complex
variety of responses makes each injury-causing situation nearly unique. Two broad
categories of forces—contact and inertial —encompass the important causal forces
associated with TBIs. Both contact and inertial forces occur during impact loading,
where the head is struck (or strikes) a surface. Only inertial (acceleration) loading
occurs from impulsive head motions, which are defined by the absence of the head
striking an object.

Primary injures caused by direct contact loading can occur both in the region of
impact and in regions distant from the impact site. Focal forces are linked to skull frac-
ture and, when focused over a small area, depressed skull fracture. These fractures
can lead to subsequent injuries (eg, some linear skull fractures can cause epidural
bleeding when the fracture line extends over the blood vessels within the dural
membrane). Similarly, there is some evidence suggesting that these stress waves
can cause fracture in sites remote from the impact where the skull shows a reduction
in its structural or mechanical properties.® The tolerance of the brain to the forces
causing these types of contusive injuries is now better characterized” as is the fracture
tolerance of the skull to either blunt or more focused impact.®® These focal brain
injuries are common in moderate and severe brain injury but are largely absent in
mild TBI.'%"" For this reason, the remainder of this review focuses on the inertial forces
that cause the concussive injuries common in mild TBI.

There is considerable evidence showing that the primary cause of concussive
injuries is the inertial, or acceleration, loading experienced by the brain at the moment
of impact. With the head/neck motions that occur during a typical impact, there are
two components of acceleration that occur in nearly every instance of concussion—
linear and rotational acceleration.

Early efforts to understand the biophysical basis of concussion concentrated on
how linear accelerations measured during impact correlated to the corresponding
injury thresholds in animals. Recordings of pressure throughout brain surrogates
during an impact event showed a good correlation between the peak acceleration
and peak pressure at a point within the brain.’>'® Although the pressure within the
brain during an impact varied, this strong correlation between an internal response
(brain pressure) and external input (linear acceleration) led several investigators to
study the effects of pressures within the living brain. Several studies established
that the transient increase in pressure within the brain causes neurologic dysfunction,
with the level of dysfunction correlating with the peak pressure achieved during the
injury period.'418

In parallel with these studies on animals, investigators systemically examined the
tolerance of the human skull/brain structure to impact loading, with the goal of estab-
lishing a primary tolerance curve for injury in humans. Due to their nature —using post-
mortem samples and filling the cranial vault with gelatin—these studies did not have
an ability to measure directly concussion threshold. These studies did, however,
measure the relative onset of skull fracture. Some tests also measured the pressures
within the brain caused during these impact conditions, providing a reference measure
to pressure thresholds derived from animal studies. The tests conducted included
drops onto flat surfaces, instrumented samples to measure the acceleration and pres-
sure over time, and correlation of these measurements to the presence/absence of
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skull fracture. The resulting injury tolerance curve, known commonly as the Wayne
State Tolerance Curve, provided the basis for a continuing series of studies to improve
the ability to correlate known physical parameters (eg, linear acceleration) to head
injury.'”19 Largely stimulated by these initial data, there are now testing standards
that are used for designing protective equipment and automotive safety systems
that use measures of linear acceleration for determining injury risk.

Rotational acceleration is a second type of acceleration that is common during either
impact or impulsive head loading. Due to the physical properties of the highly orga-
nized brain,2°2* brain tissue deforms more readily in response to shear forces
compared with other biologic tissues. Rapid head rotations generate shear forces
throughout the brain, and, therefore, rotational accelerations have a high potential to
cause shear-induced tissue damage. The importance of shear forces were confirmed
in series of studies across different laboratories, leading to the conventional wisdom
that shear deformation caused by rotational acceleration is the predominant mecha-
nism of injury in concussion.?%=27 If the head motion is constrained to exclude any rota-
tional motion, it is difficult to produce traumatic unconsciousness. In comparison,
introducing or allowing a rotational component after impact substantially increases
the likelihood of an unconscious episode.?® This injury mechanism applies across
the severity spectrum; the primary difference across the spectrum is the amount of
brain tissue injured and the severity of injury at a given site within the brain.?®

MECHANISMS OF DAMAGE—HOW DOES THE MECHANICAL ENERGY OF MOTION
TRANSFER TO THE TISSUE?

A critical component of concussive injuries is how the mechanical energy from the
external input (acceleration) is transferred to the brain and vascular tissue at the tissue
and microscale. This energy transfer process—both how the acceleration moves and
deforms the brain tissues and the effect of this physical stimulus on the living tissue
and neural/glial networks —is the key step in understanding the basis for concussion.
The critical common denominator in assessing the biomechanics of concussion is
defining conditions that cause internal responses (eg, strain and pressure) within the
brain and understanding the combination of external input conditions resulting in
these conditions.

Brain is one of the softest biologic materials, shows nonlinear behavior, and
changes its properties in response to the applied loading rate.?°-2* Composed largely
of water, brain material is resistant to changing its shape when subjected to either slow
or transient pressures. Brain tissue deforms easily, however, when shearing forces are
applied. These two internal responses (pressure and shear) are the main metrics used
to describe the mechanical response of the brain to an applied external loading input.

Past work shows that linear acceleration correlates well as a predictor of the peak
pressures that occur within the brain.?® A simple model of the hydrostatic gradients
generated within the brain can provide a rudimentary approximation of these pres-
sures and can also predict the effect of pressure-relieving openings (eg, foramen
magnum) on the resulting pressure gradients.*° Experimental measures of the human
surrogate response to impact loading also provide key insight into how local impact
from a blunt impactor causes a subsequent acceleration of the head and pressure
gradient within the cranial contents. Based on these data, the ability to predict, a priori,
the pressures generated within the brain under a known external loading condition has
improved substantially with the advancement of computationally based finite element
models in the past two decades (for recent publications, see Refs.??3'-3%), Some

21



22

Meaney & Smith

versions of these computational models are becoming highly detailed, allowing inves-
tigators to examine if the ventricular system and/or blood vessel network influences
measured pressure gradients within the tissue during inertial loading.3® Similarly, the
effects of these pressure gradients on the deformations that can occur within the brain
are also better known. Early studies using photoelastic gelatin indicate that pressure
gradients during linear acceleration-based motions can create strains at the cranio-
cervical junction. Subsequent work studying common models of pressure-induced
brain injury in animals show a similar type of ability to enhance strains in the brain-
stem.®” These data also indicate, however, that the strains induced by pressure gradi-
ents within the brain are much smaller than the strains caused by rotational
accelerations, primarily because the brain material deforms little in response to pres-
sure. When considering strictly the pressures generated within the brain during typical
acceleration conditions associated with concussions, this past work provides a solid
foundation for prescribing the accurate pressure conditions at any point within the
brain.

In contrast to pressures generated within the brain during impact or impulsive
loading, the tissue deformation (strain) is influenced primarily by the applied rotational
accelerations, the intracranial partitioning membranes, and the material properties of
the brain tissue. For a given magnitude of rotational acceleration, the resulting patterns
of strain within the brain are markedly different if the acceleration is applied in the
coronal (lateral), horizontal (axial), or sagittal plane. Experimental data show the effect
of rotational acceleration direction on the corresponding impairment, with lateral
(coronal) plane accelerations in humans showing the most likelihood for producing
damage within the deep internal structures of the brain.?® Although neurologic impair-
ment (loss of consciousness) is produced most readily with coronal plane motions, it is
possible to generate similar impairment with rotational motions along the horizontal
and sagittal planes, albeit these acceleration magnitudes are higher. The principle
of directionally dependent brain damage is confirmed in a series of studies across
different species®®®® and is a critical factor in understanding the human tolerance to
injuries, such as concussion. The ventricular system may have an important damping
effect on the strains that appear throughout the brain during rotational motions, and
the membranes that partition the cerebral hemispheres and the cerebellum from the
cerebrum also influence the patterns on deformation that appear for a given head
motion, 3940

The ability to predict the strains that appear throughout the brain during rotational
motions is challenging, because the large deformations that appear during typical
injury-causing situations often require advanced computational and experimental
methods. Initial efforts to model the behavior of brain surrogates in simplified models
of the human brain/skull showed encouraging correlation with experimental data.?%-3!
Next-generation models included more accurate anatomic detail of the brain struc-
tures along specific anatomic planes and suggested the complex interface between
white and gray matter, as well as the presence of fluid-filled ventricles, were important
2-D model features affecting the predicted mechanical response of the brain.*!

Studies extending these computational models into 3-D representations of the living
brain are ongoing and proceeding along two complementary directions. First, devel-
opment of a more idealized 3-D geometry with the inclusion of major anatomic
features is under continuous development. Published work shows that this simplified
model produces approximately the same brain motions measured in human surrogate
tests and that this tool can scan many possible injury scenarios quickly for a quick
assessment of the situations that could produce focal or more diffuse brain
injuries.2%31 One of the initial goals of this project—developing rapid computational
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results on a desktop computer—makes this approach most feasible for the designers
of safety and protective equipment to quickly assess the brain injury risk for any
loading input. One primary benefit of this simplified computational tool is the use as
a proactive design tool for testing and developing new protective equipment.

The second approach uses a more highly detailed 3-D model of the brain within the
skull and can produce exceptionally detailed predictions on the local and global
response of the brain to any impact or impulsive loading scenario (example studies
are included in Refs.32:3435:42-46) Multiscale modeling techniques with this highly
detailed approach suggest it may be even possible to predict the deformations
applied to networks of blood vessels and neural/glial cells, opening up a critically
important window in understanding how the externally applied loading can cause local
changes in vascular, neural, and glial behavior.%® With this detailed knowledge, there is
a substantial increase in the computational time needed to develop predictions. As
computational power and modeling algorithms becomes more advanced, these
models will eventually become available for rapid use on desktop computers. The
most widely used current role for these models, however, is for researchers and not
designers.

HOW IS THE BRAIN AFFECTED FROM THE MECHANICAL ENERGY TRANSFER
DURING CONCUSSION?
Studying the Effect at the Microscale—What Is Known

As more was learned about the transfer of the external input (contact and inertial
loading) into the brain mechanical response, it became clear that the key to under-
standing the basis for the immediate impairment in mild TBI was measuring the effect
of these mechanical forces on the blood vessels and cellular networks within the brain.
Studying these effects is technically challenging, because the forces need to be
applied quickly (<50 milliseconds). In addition, the modeling of impact response
showed that the deformations within the brain can be significant during injury and
the systems for studying the effects at the microscale needed to apply these large
deformations quickly. Finally, the deformation field occurring within the brain needed
to be recreated accurately in these microinjury models.

Despite these technical challenges, several groups showed that the effect of an
appropriately tuned mechanical stimulation is broad and complex. In dissociated
cells, much of the early work focused on how a single, rapid deformation of cell mono-
layers (astrocytes, endothelial cells, and mixed cultures of neurons and glia) would
cause alterations in acute biochemical signaling and affect long-term viability. Astro-
cytes respond to a focal mechanical stimulation by propagating intercellular waves
through their network. Mechanically stimulated astrocyte networks show changes in
the cytoskeleton, organelle function, and biochemical cascades over time.4"—%*
Many of these initial changes point to an alteration in the homeostatic mechanisms
of astrocyte regulation.

The response of neurons to microinjury is probably the most well characterized, with
the most diverse approaches developed to study this response. It is possible to
measure the response of cellular populations. The range of physical manipulations
spans the spectrum from a mild physical insult with no obvious structural changes
to an insult capable of transecting subcellular elements. Early evidence showed that
these physical insults can affect the properties of important synaptic glutamate recep-
tors that can regulate neurotransmission and plasticity in networks.>> Moreover, inhib-
itory synaptic receptor functions can be altered with a physical force, showing that the
balance of excitation/inhibition coupling is important to consider when assessing the
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effects of these physical forces.®® Perhaps equally important is the alteration in the
receptor composition and intracellular signaling that occurs after a microinjury.
Several studies indicate that an initial injury to neuronal culture can lead to subsequent
change in the response of neurons to an agonist stimulation, some of which are linked
to the appearance of new glutamate receptor types at the synapse.®357-58 Moreover,
there is clear evidence that physical injury can lead to activation of different neuronal
death pathways, with the physical coupling of glutamate receptors potentially explain-
ing part of this activation process.’®®" Studies indicate the response of neural
networks to repeated injuries is not simply the superposition of the response to an indi-
vidual insult.®? This is a critical observation for studying concussive brain injuries.

Rather than coupling the mechanical insult directly to intracellular signaling through
mechanoactivated receptors and channels, several studies indicate an alternative
mechanism of damage—an immediate, nonspecific increase in plasma membrane
permeability.53-%° The increase in membrane permeability is not long-lasting, because
data suggest membrane resealing within 10 to 15 minutes.®* The relative influence of
this mechanism to the mechanoactivation of receptors and channels remains to be
fully described. But there is work suggesting the deformation field applied to mono-
layers (eg, stretch applied in one direction versus two perpendicular directions) is
a primary determinant that dictates the contributing role of each mechanism.®® This
relative threshold would help explain the diversity of responses in the literature;
some studies do not show any immediate change in membrane permeability whereas
others attribute the entire postinjury response to this mechanism of damage.

The technologies for studying injury at the microscale extend to the study of subcel-
lular elements, which may be particularly important for neurons, where the subcellular
organization is key for network function. Early technologies studied how the transec-
tion of a neuronal process affects signaling within the soma and defined a critical
distance between the soma and the lesion site to effect changes on nuclear gene
expression.®”:68 Technology to mechanically injure processes first appeared more
than a decade ago, where networks of axons bridging two populations of neurons
could be stretched and studied over time.?®7° The corresponding threshold for imme-
diate changes in biochemical (calcium-mediated) signaling was established as were
approximate thresholds for structural changes and tearing of the axonal processes.
Moreover, studies using this system showed that the voltage-gated sodium channels
are mechanoactivated from the stretch event and undergo a rapid proteolysis that can
lead to a sustained elevation of axoplasmic calcium.”"-"2 This proteolysis is activated
at stretch levels below the structural failure threshold and are, therefore, potentially
relevant for concussive type injuries where axonal transection is rare, if present at all.

An advantage of the microscale technologies (discussed previously) is that many of
these methods are scalable to more complex tissue preparations. A more advanced
representation of living tissue is the organotypic brain slice culture, which contains
both the neural and glial network in an architecture that more closely resembles
the in vivo brain. With the ability to culture slices of the brain for long periods of
time (approximately 3-4 weeks), these cultures can be mechanically stretched to
mimic the deformations that occur within the brain over the entire severity spectrum
of TBIL.73-75 To date, reports show the ability to study the expression of different genes
in response to injury levels below the threshold to cause neuronal death, to study the
effect of targeted therapeutic treatments when the level of mechanical injury exceeds
the tolerance for cell death, and to define region-specific thresholds for cell death in
critical brain regions (eg, hippocampus) associated with mild TBI.”*78 Recent
advances in multielectrode array recording make it possible to record changes in
the network ensemble after mechanical injury on stretchable array platforms.”9-83
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The versatility of this technology has yet to be fully developed, but this shows promise
in providing a number of possible output parameters (function, biochemical, and
genomic) in a more realistic tissue environment compared with monolayer cultures.

The second major category of mechanical input in concussion situations is the pres-
sure generated transiently through the brain. In cultured cells, the effects of pressure are
studied much less than the effects of deformation. Slowly applied pressure can alter cell
function in astrocytes and neurons, but the tested pressures are much higher than the
pressure experienced during a typical concussion-type insult.®* Applying rapid pres-
sure changes to a fluid-filed chamber containing either brain slice or primary cell
cultures can lead to biochemical changes and neural dysfunction, but thresholds for
these changes are not well established.?5-8° Repeated impacts of a fluid-filled chamber
into a striking plate also caused primary changes in neural cultures. It is difficult,
however, to separate the effects of the deceleration during the repeated impacts
from the pressures generated in the chamber for these impacts.®°

Studying the Effects at the Microscale—What Is Not Known

At the microscale, work in the past two decades shows that the mechanical forces in
the brain during TBI are capable of triggering both initial and postacute changes in
function. In some studies, the forces applied are enough to cause cell death over
the ensuing hours and days.”®”” The mechanisms that regulate the response of the
networks have been well studied. Less attention has been paid to the mechanical
threshold for triggering these changes. Already, work is emerging to define regional
thresholds for cell death in important regions of the brain (eg, hippocampus), with
obvious impact on the function of networks in the affected brain region.The threshold
at which a deficit appears, however, may be much lower than the level necessary to
cause neuronal or glial death. This functional threshold may have an important bearing
on conditions associated with concussion. For example, a recent study shows the
threshold for astrocyte reactivity is well below the threshold for causing changes in
astrocyte viability after stretch. This threshold is also below the level necessary to
cause neuronal death.*” These data lead to obvious questions—How does the neural
network behave in the presence of these reactive astrocytes? Does this lead to
a change in the synaptic plasticity of the network? The effects from the mechanical
force insult may have long-lasting changes in the network that occur from interactions
among two or more cell types. Defining the persistence of these changes over time will
have an important bearing on understanding when forces at the microscale have a cor-
responding effect on function at either the micro- or macroscale.

MERGING THE MICROSCALE WITH THE MACROSCALE: ROLE OF EMERGING
FIELD STUDIES

In parallel with the efforts to describe the effect of mechanical forces on neural and
glial cell networks, there is a renewed emphasis on defining the field conditions asso-
ciated with concussions. In many sports, the emergence of concussion as a major
health issue has occurred within the past 10 years, possibly from the increased aware-
ness of how multiple concussions early in life can affect the risk for developing neuro-
degenerative disease later in life.®'~%3 Defining the externally applied forces and
accelerations experienced by the head at the time of concussive brain injury is a crit-
ically important complement to past work and ongoing studies. Normally, work at this
level is difficult to match with work at the other end of the spectrum, namely micro-
scale injury studies. Because of the advances of computational models that bridge
the gap between applied external loading and the intracranial strains, however, there
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is now a clear opportunity to merge knowledge across the scales to define a more
comprehensive view of concussions.

In an analysis of professional football players, Pellman, and colleagues
surveyed concussions occurring in the field of play and used reconstruction tech-
niques to establish a concussion threshold. In comparison to reconstructing single
concussion cases, recent technology embedding accelerometers into helmets
(head impact telemetry system [HITS]) allows researchers to constantly sample the
accelerations experienced by players during game and practice situations.®¢=%8 The
data collected between the two methods show some similarity and will provide impor-
tant information for basic researchers to estimate the real world scenarios that cause
concussion. Moreover, these monitoring efforts will likely inform new product designs
and also offer the ability to track the effectiveness of these new helmet designs in the
field of play to complement design studies conducted in the laboratory.

94,95

LOOKING TO THE FUTURE

Although the biomechanics of concussion is a research area that spans many length
scales, there is now substantial work across these scales that establish a coordinated
approach for better understanding of concussive brain injury and how new technolo-
gies can be developed to reduce the incidence of concussion. Methods are in place to
estimate how the brain moves and deforms under common conditions associated with
concussion; these computational methods are increasingly robust for predicting the
mechanical response of the brain under many different situations. In parallel, field
studies are defining the real world situations that cause concussions and comparing
them to similar situations that do not cause concussions. These surveillance data
provide critical input for the computational tools that will continue to improve the reso-
lution and accuracy of estimating strains within specific anatomic regions. With new
techniques to map these deformations to strains of cellular and vessel networks within
the brain, a wealth of information from microscale studies will merge with information
from large-scale studies. These combined efforts will define how different cell types
are damaged during concussion and provide a method to rationally develop new tech-
nologies for reducing or preventing concussions in the field.
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