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Abstract

Primary objective: A volumetric blood surge (rapid physical movement/displacement of blood) is hypothesized to cause the
non impact, mild TBI and battlefield PTSD induced by a blast over pressure wave.

Research design: Systematic review of the literature.

Methods and procedures: Articles relating to the fields of blast injury, brain injury and relevant disorders were searched
between the years 1968 2010 for keywords such as ‘brain injury’, ‘post traumatic stress disorder’ and ‘blast pressure wave’.
Articles found through journal and internet databases were cross referenced.

Main outcomes and results: The blood surge, which is driven by elevated overall pressure in the ventral body cavity
after exposure of the torso to blast wave, may move through blood vessels to the low pressure cranial cavity from the high
pressure ventral body cavity. It dramatically increases cerebral perfusion pressure and causes damage to both tiny cerebral
blood vessels and the BBB.

Conclusions: Three factors may be critical to the induction of blast induced brain injuries: (1) the difference in pressure
between the ventral body cavity and cranial cavity; (2) blood that acts as a transmission medium to propagate a pressure
wave to the brain; and (3) the vulnerability of cerebral blood vessels and the BBB to a sudden fluctuation in perfusion
pressure.

Keywords: Mild traumatic brain injury, battlefield post traumatic stress disorder, blast over pressure wave, volumetric blood surge,
cerebrovascular insults

Introduction A non-impact, blast-induced mild TBI is currently
defined as damage to the brain, which is solely
caused by the primary blast effect in war fighters

exposed to an over-pressure wave that is generated

Unlike previous wars, improved body armour and
helmets now successfully reduce the frequency of
penetrating and blunt impact injuries caused by

blasts and save the lives of many soldiers who suffer
blast injuries in Iraq and Afghanistan [1]. However,
soldiers who are still alive after exposure to a blast
over-pressure wave are surviving with new and
complex patterns of injuries—mild traumatic brain
injury (TBI) and battlefield post-traumatic stress
disorder (PTSD) [2].

by the blast itself but do not sustain penetrating and
blunt impact injuries that are caused by secondary
and tertiary blast effects. People who sustain blast-
induced mild TBI have persistent symptoms includ-
ing headache, dizziness, lack of motor co-ordination,
difficulty balancing, memory loss, attention deficits,
sleep difficulties, blurred vision or tired eyes, ringing
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in the ears, bad taste in the mouth, aggression,
anxiety, depression and may continue developing
Alzheimer-like dementia and Parkinson’s disease
[3-5].

Battlefield PTSD is an anxiety disorder that may
occur soon or develop gradually after exposure to
a highly dangerous, terrifying and possibly life-
threatening traumatic event (such as an improvised
explosive device bomb blast) in combat operations
or terrorist attacks. Patients sustaining PTSD
have persistent re-experiencing symptoms (flashback
memories, recurring distressing memories or dreams
and frightening thoughts), avoidance symptoms
(feeling emotionally numb, losing interest in any
activities, memory loss, attention deficits and depres-
sion) and hyperarousal symptoms (sleep difficulties,
aggression and anxiety) [6]. PTSD can be caused by
either physical trauma or psychological trauma or,
more generally, a combination of both [7]. However,
battlefield PTSD is most likely to be a psychological
consequence of physical trauma sustained in an
explosion. It is solely caused by exposure to an over-
pressure wave that is generated by the blast. This
combat-related psychiatric disorder must be distin-
guished from other types of anxiety-related disorders
caused by violent personal assaults, natural- or
human-caused disasters and accidents. Combat-
related stressors (such as insomnia, fear, fatigue,
stress, depression, poor diet, pain conditions, sub-
stance use, etc.) and other risk factors for mental
illness are not able to induce battlefield PTSD,
although they may play a synergistic role in devel-
oping PTSD induced by a blast over-pressure wave
and may worsen behavioural or psychological dys-
function associated with battlefield PTSD.

Blast-induced mild TBI is associated with the
development of battlefield PTSD. Many PTSD
symptoms (such as depression, anxiety, memory
and attention deficits, sleep problems and emotional
disturbances) overlap with symptoms of mild TBI
[8-10]. Of all soldiers returning from Iraq and
Afghanistan with blast-induced mild TBI, 43.9% of
them have been shown to have PTSD [11]. Of the
patients with non-blast mild TBI (i.e. Concussion,
which is generally characterized by a transient loss of
mental function or focal neurological deficits caused
by acceleration or deceleration forces or by a direct
blow), 48% of them have been proven to have PTSD
3-12 months after injury [12]. Surprisingly, some
studies indicate that ~80% of patients with blast-
induced and non-blast mild TBI develop chronic
PTSD [13-15]. Blast-induced mild TBI and battle-
field PTSD are frequently unrecognized and their
severity underestimated, because they occur both
without a direct blow to the head and in the absence
of visible external injuries [16, 17]. Unfortunately,

to date, the mechanisms of blast-induced mild TBI
and battlefield PTSD remain unknown.

Pathophysiology of battlefield PTSD and
blast-induced mild TBI

The pathophysiology of battlefield PTSD is largely
unknown [18]. Brain damage in patients with
battlefield PTSD is not easy to detect with macro-
scopic imaging techniques (i.e. computed tomogra-
phy and magnetic resonance imaging). The most
feasible way of indentifying battlefield PTSD is
cognitive and personality testing [19]. The amygdala
is considered a key brain structure for emotional
processing and it may play a significant role in
developing PTSD [20]. The serotonergic and nor-
adrenergic systems were considered to be involved
in the pathophysiology of PTSD [21].

The most salient pathophysiological characteris-
tics of non-impact, blast-induced TBI are described
as the pepper-spray partern—diffuse cerebral oedema,
hyperemia, vasospasm and haemorrhage in the brain
[22, 23]. However, in cases of closed head injury or
penetrating brain injury, these pathophysiological
changes can be observed only in the area bordering
the injured site, not in entire brain. This suggests
that blast-induced TBI might be a result of large-
scale cerebrovascular insults that occur globally
throughout the brain. Cerebral oedema, hyperemia,
haemorrhage and vasospasm are primary conse-
quences of cerebrovascular injury or rupture, which
occur immediately or within a few days after injury.

A clinical investigation evaluating risk for repeat
exposure to blasts demonstrates that soldiers with
exposure to a first blast could have additive effects
on the brain, thus greatly increasing the risk of death
or permanent disability after the second blast [19].
Rapid and catastrophic cerebral oedema formation
has been observed after a second blast. This effect
is called a second impact syndrome [24]. Loss of the
ability to auto-regulate and control over cerebral
blood flow in cerebral arterioles is thought to be the
major cause of second impact syndrome, which
results in massive cerebral oedema [25]. The results
support the hypothesis that cerebrovascular insults
may be the leading contributor to blast-induced
brain injuries.

The blood-brain barrier (BBB) damage also may
play a critical role in blast-induced TBI. The BBB
is a protective network of blood vessels and tissue
that protects the brain from harmful substances
or stimuli. Once the BBB is damaged, it increases
cerebrovascular permeability, induces vasogenic
cerebral oedema and causes secondary neuronal
damage. Research has shown that loss of integrity
of the BBB has been seen in the injured hemisphere
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of mice at 4 hours and 24 hours after a closed head
injury [26]. The BBB still remains open for up to
30 days, even though oedema disappeared by 7 days.
These results suggest that the BBB is not only
vulnerable to traumatic insults but also difficult to
reconstruct after damage. The prolonged opening
of the BBB may have harmful consequences and lead
to additional tissue destruction and behavioural
impairments. Recent studies have demonstrated
that integrity of the BBB is disrupted in animal
brains after exposure to blasts [27-29].

Cerebrovascular insults and BBB disruption will
trigger secondary neuronal damage in the brain.
Secondary neuronal damage is a cascade of progres-
sive neural injury and neuronal cell death that is
triggered by the initial injury and continues in the
hours, days or weeks after the initial insult [30, 31].
This delayed neuronal damage has come to be
recognized as a major contributor to serious neuro-
logic and psychological impairments including
memory loss, inability to concentrate, speech prob-
lems, motor and sensory deficits and behavioural
problems [32].

As one of the most common and devastating types
of secondary neuronal damage, diffuse axonal injury
(DAI) is characterized by axonal separation and
extensive lesions in white matter tracts. DAI occurs
in ~50% of patients with severe TBI and also occurs
in patients with moderate and mild TBI [33]. It is a
major contributor to unconsciousness and persistent
vegetative state after TBI [34]. It has been proven
that axons are not typically torn or stretched on
impact; but, rather, secondary neuronal damage is
largely responsible for the damage to axons [33, 35].
Like battlefield PTSD, DAI triggered by the initial
brain injury is typically difficult to detect by
using neuroimaging techniques (i.e. computed
tomography and magnetic resonance imaging),
because the brain is made up of ~100 billion
neurons and much of neuronal damage can be seen
only under a microscope [34, 36]. Evidence of
microscopic axonal injury has been found in the
pathological examination of autopsy cases of head
injury [37, 38].

Possible mechanisms of blast-induced mild TBI

Direct cranial transmission [39-42], skull flexure
[43] and head acceleration [44, 45] were considered
as the possible mechanical mechanisms by which the
blast over-pressure wave may cause mild TBI. It has
been well-known for several decades that the mean
intracranial pressure is normally zero and 10 mm Hg
(0-0.193 psi) and the upper limit of normal is
20-25 mm Hg (0.386—-0.483 psi). However, even an
intracranial pressure between 20 and 25 mm Hg is

Potential mechanism of mild TBI and PTSD 643

likely to cause damage to the brain if prolonged [46].
Intracranial pressure rising beyond 40mm Hg
(0.772 psi) is usually fatal and it leads to brain
infarction and brain death [47]. If a blast over-
pressure wave can pass through the skull into the
cranial cavity without any change in pressure
magnitude [40], intracranial pressure will increase
dramatically to more than 12-times the upper limit
of normal up to 5.80psi (40kPa). Such extremely
high intracranial pressure is a highly dangerous,
serious and often life-threatening problem, which
will squash the brain against bones, crush brain
tissue and cause death immediately or soon after
injury.

Fortunately, the skull is an incompressible solid
bone structure of 6.5-7.1 mm thick, which resists
compression of a blast over-pressure wave. A blast
over-pressure wave may be quickly reflected by the
skull surface and may not retain sufficient magnitude
on the head to directly induce brain damage. In
addition, because sutures of the skull have been
shown to absorb 16-100% more energy per unit
volume during impact loading than did bone [48],
sutures may play an amazing protective role against
possible skull deformation or flexure that results
from the overall response of the skull to blast
loading. Therefore, mild TBI may not be the result
of direct cranial transmission of a blast wave or skull
flexure caused by direct action of the blast wave on
the head.

Sudden acceleration/deceleration forces to the
head are known to be a mechanism for closed head
injury. An impacting force to the head can produce
linear acceleration, rotational (angular) acceleration
or a combination of both, which causes discrete,
focal lesions that affect only certain areas of the brain
(the point of direct impact and at the site directly
opposite the point of impact) and often occur as in
motor vehicle accidents, sporting activities, acciden-
tal falls and assaults [49]. However, blast-induced
mild TBI is the diffuse lesions that occur globally
throughout the brain, not the discrete and focal
brain lesions resulting from an impacting force to the
head. Theoretically, sudden angular rotation of the
head without an impacting force can cause shear
strains resulting in neural damage in the brain. While
in certain situations involving exposure of the head
to a blast over-pressure wave, sudden linear accel-
eration or angular rotation (whiplash or jolting) of
the head is most likely to cause an acute injury to the
cervical spine or a cervical spine injury concomitant
with a head injury. However, until now, no soldiers
with a blast-induced mild TBI have been found to
sustain a concomitant cervical spine injury. These
characteristics suggest that a blast over-pressure
wave cannot possibly cause a linear acceleration
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and/or rotational (angular) acceleration injuries to
the head.

Some animal studies of ballistic and blast wave
exposure suggest that the vagus nerve may play a role
in the central nervous system (CNS) response to
over-pressure waves. Damage to the brain may
not be due to direct exposure of the head to the
over-pressure wave, but may instead be mediated
by the vagus nerve [50-52]. The vagus nerve is the
longest cranial nerve originating from the brain stem
through organs in the neck, thorax and abdomen.
The vagus nerve helps to regulate breathing and
heart beat, to control the functions of the digestive
system and muscular contractions of the stomach
and intestines and to carry a wide assortment of
signals that are responsible for several instinctive
responses in the body, to and from the brain. When
the vagus nerve is stimulated, it typically leads to
a reduction in heart rate or blood pressure or both.
Excessive nerve stimulation can cause a vaso-vagal
response, resulting in coma induced by a sudden
drop in heart rate and blood pressure. The vagally
mediated CNS response may play a synergistic role
in developing a secondary neuronal damage trig-
gered by the initial brain injury. However, it may
not be a major cause of blast-induced, mild TBI,
because a transient ischemic attack that is a tempo-
rary loss of blood supply and oxygen delivery to
a part of the brain within several minutes due to
excessive vagus nerve stimulation does not cause
permanent damage to the brain [53, 54].

Volumetric blood surges created by ballistic
and blast pressure waves

When a shock wave strikes an incompressible fluid-
filled organ (e.g. a large blood vessel), a sudden
increase in pressure on the wall of the blood vessel
will cause a volumetric blood surge (rapid physical
movement or displacement of blood) that rushes
through blood vessels to distant organs and tissues
causing a ‘non-contact’, remote injury. The volu-
metric blood surge has been verified by wound
ballistics experiments in animals and finite element
simulation of blast loads on the torso.

Blood surge caused by ballistic pressure waves
m animals

An experimental study of wound ballistics demon-
strates that a ballistic pressure wave can cause
a remote injury to distant organs and tissues [55].
The remote injury, characterized by diffuse miliary
or spotty haemorrhage and oedema, was observed
in the heart (mainly in the endocardium, an inci-
dence of 70.6%), lung (an incidence of 35.3%) and
liver (an incidence of 29.4%) after a missile affected

a dog or pig’s lower extremity. Blood flow in both
the common carotid artery and ascending aorta
increased 2—-8-times within 30 seconds (a peak value
was reached at ~10 seconds) after a gunshot wound
to the lower extremity. The results suggested that
drastic blood flow disturbance (or called volumetric
blood surge) toward distant organs and tissues via
large blood vessels (femoral artery, abdominal aorta,
thoracic aorta and common carotid artery), which
might be driven by increased pressure within the
blood vessels around the wound channel, was largely
responsible for the remote injury to distant organs
and tissues.

Increased pressure within the blood vessels around
the wound channel can be caused by an over-
expanded temporary wound cavity (stretch cavity)
that is created by the projectile impact and kinetic
energy transfer in tissues. When the projectile (bullet
or fragment) enters the body, it creates first a
ballistic pressure wave that forces tissues out of the
way, creating a temporary wound cavity that can
be 30-40-times the diameter of the projectile [56].
The rapidly expanding temporary wound -cavity
compresses the blood vessels around the cavity to
increase pressure within the blood vessels. Increased
vascular pressure pushes blood rapidly flowing to
distant organs and tissues where the atmospheric
pressure is below that of the cavity. The temporary
wound cavity is similar to a gas bubble created by an
underwater explosion [57, 58], which can repeatedly
expand and collapse owing to the difference in
pressure to create secondary ballistic pressure waves
during the time that the tissues move back into
place. When the pressure inside the cavity falls below
the pressure of the surrounding tissue, this causes
the cavity to collapse, which again causes a rise
in cavity pressure and cavity expansion until such
time as the cavity pressure exceeds tissue pressure.
This may be repeated several times until the cavity
eventually disappears. The rapidly expanding/col-
lapsing temporary wound cavity will compress and
decompress repeatedly the blood vessels around the
cavity to cause multiple volumetric blood surges
travelling via large blood vessels to distant organs
and tissues. Initial damage to distant organs and
tissues may be caused by first volumetric blood surge
that is driven by the rapidly expanding cavity or
first ballistic pressure wave and this damage may be
amplified by the subsequent volumetric blood surges
that are driven by the cavity pulse or secondary
ballistic pressure waves.

Blood surge verified by finite element simulation of blast
loads on the torso

A simulation study using finite element modelling
shows that a 294 psi blast loading against the torso
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can produce ~0.2 ml of volumetric blood surge from
the lungs to the heart and ~10ml blood surge from
the abdomen to the heart. Distortion of the thorax
and abdomen, which was raised from the presence
of air-containing organs in the torso, was observed
under blast loading. In the thorax, an inward motion
of the chest wall produces a compression wave in
the lung that may exert a compressive force on the
cardiovascular system. The blast loading delivered
through the abdomen induces a direct compression
effect on the abdominal contents, leading to an
inward and/or upward motion that also exerts a force
on the cardiovascular system. Both of these pro-
cesses can lead to a surge in blood flow which may
move quickly to the head. It is assumed that at least
2ml of the blood surge will be delivered to the
brain following exposure of the torso to blast. When
this volumetric blood surge rushes to the brain, the
sudden increase of blood volume may lead to a
subsequent increase in intracranial pressure to nearly
147 psi [59].

Based on research findings obtained from wound
ballistics and finite element simulation of blast loads,
it can be inferred that blood plays a crucial role
in inducing damage caused by ballistic and blast
pressure waves. Blood is a liquid tissue. The liquid is
basically incompressible and does not absorb any of
the supplied energy, but it is an ideal pressure
transmission medium that is capable of moving
much higher pressure loads and providing much
higher forces owing to its incompressibility. Without
participation of blood, a shock wave alone may not
be able to cause a ‘non-contact’” damage to distant
organs and tissues (e.g. the brain).

Direct torso impact of blast pressure waves
causes non-contact brain injuries

The surrounding (envelopment) and compression
effects of a blast over-pressure wave on the human
body are characteristic of a typical blast exposure
[43]. When a blast over-pressure wave acts on
the human body, it causes a sudden, transient (1-2
milliseconds) increase in atmospheric pressure
on the organs and the cardiovascular system. The
surrounding over-pressure causes people to be short
of breath, feel dazed, lose consciousness or have
a seizure [19], which are the typical symptoms of a
concussion (mild TBI). A blast over-pressure wave
affects primarily air-filled organs (such as the lung,
gastrointestinal tract and the ear) and air-liquid
interfaces (such as the walls of pulmonary alveoli
and the intestine), but rarely damages solid and
fluid-filled organs, because an over-pressure wave
does not occur in incompressible solids and
fluids [60].

Potential mechanism of mild TBI and PTSD 645

While the torso is abruptly compressed by a blast
over-pressure wave, the ventral body cavity (thoracic
cavity and abdominal cavity) is similar to a tube of
toothpaste that is being squeezed [19]. If the excess
pressure is not strong enough to cause barotraumas,
the over-pressure wave acting on the torso may lead
to a sudden, transient increase in overall pressure
inside the ventral body cavity, but cause no damage
or only minor damage to the internal organs. The
unprotected human body can survive relatively
high blast over-pressure in an open field without
experiencing barotraumas. A peak over-pressure of
10 psi appears to be a safe, non-damage pressure
value for both the lung and gastrointestinal tract,
because the threshold for lung damage and gastro-
intestinal tract damage is ~13-15psi of peak
over-pressure [61, 62]. However, such a ‘safe’ peak
over-pressure is ~50-times the upper limit of
normal intra-abdominal pressure (11.45mm Hg or
0.2210 psi) and ~96-times the upper limit of normal
intra-thoracic pressure (—3 mm Hg or —0.0579 psi).
It will certainly lead to an increase in overall pressure
inside both the thoracic cavity and abdominal cavity,
although the thoracic cavity can be weakly protected
by the sternum and the rib cage.

Elevated overall pressure in the ventral body cavity
will increase pressure on the walls of thoracic and
abdominal blood vessels to create a volumetric blood
surge. This hypothesis has been supported by some
experimental data. A volumetric surge of blood
moved through the thorax and abdomen has been
observed in a finite element model following a blast
loading simulation of the torso [59]. In a swine
model of closed head injury resulting from exposure
to an explosive blast, the rapid increase in pressures
within both common carotid and the left ventricle
have been observed within the first 2 milliseconds
after the blast. The delayed increase in pressure
within the inferior vena cava (IVC) has been seen at
~4-5 milliseconds after the first and largest peak
pressure within the carotid. Both the rapid increase
in carotid and left ventricular pressures and the
delayed increase in the IVC pressure might result
from compression of the heart or the thorax. The
results suggest that intravascular pressure pulse
transmission may be one possible cause of blast-
induced traumatic brain injury [39]. More recently,
an innovative blast-resistant body armour that mit-
igates the effects of blast over-pressure waves on the
human body by using artificial arteries to redirect
hydraulic energy and release blast over-pressure
from the outer surface of the body armour has
been developed [63]. The body armour is comprised
of a metal small arms protection insert (SAPI) plate,
a Kevlar panel, a layer of polymer artificial arteries
filled with the liquid that is similar to artificial blood
and an outer layer of heat resistant clothing material.

RIGHTS



Brain Inj Downloaded from informahealthcare.com by USUHS (LRC) on 05/27/11
For personal use only.

646 Y. Chen & W, Huang

The artificial-artery layer is arrayed vertically, where
kinetic energy of the blast over-pressure wave will be
transformed into liquid pressure and then be quickly
released with liquid flowing out of the artificial
arteries. A tethered rubber cap is attached to the
lower end of the artificial artery. An air-driven shock
tube that generates blast waves was used to test the
body armour. The peak pressure in the driven
camber of the shock tube was ~140psi and the
peak pressure acting on the body armour was
~10psi. When blast waves acted on the body
armour, the end caps of artificial arteries were
immediately knocked off and ~6-10% of liquid
inside the artificial arteries sprayed out through the
openings. The artificial-artery layer on the outer
surface of body armour released ~96% of kinetic
energy of blast over-pressures and reduced strike
pressure that is behind the body armour and causes
the behind armour blunt trauma (BABT) by at least
90%. The results suggest that the volumetric blood
surge in blood vessels is the major cause of the non-
impact, remote injuries including blast-induced
traumatic brain injuries.

The volumetric blood surge may move quickly
to the low pressure areas where the atmospheric
pressure is below that of the ventral body cavity.
As compared with the thoracic cavity and abdominal
cavity, the cranial cavity should be a relatively low
pressure area because the skull can resist compres-
sion of a blast over-pressure wave, avoiding a sudden
increase in intracranial pressure. Therefore, the
volumetric blood surge will certainly go through
large blood vessels to the low-pressure cranial cavity
from the high-pressure ventral body cavity. A recent
study also suggests that kinetic energy of blast over-
pressure can be transferred via great blood vessels
in the abdomen and thorax to the brain [64]. When
the blast over-pressure interacts with the body
surface and compresses the body, it transfers its
kinetic energy to the body’s fluid phase (such as
blood). Bodily fluids will deliver the kinetic energy
of the blast pressure wave to the brain [65].

Unlike a ballistic pressure wave, a blast pressure
wave seems to cause only a one-time rush of blood
via large blood vessels to the brain, because it cannot
create a temporary wound cavity in the body.
A sudden rush of blood to the brain will increase
dramatically cerebral perfusion pressure owing to the
limited space inside blood vessels in the brain.
Furthermore, because cerebral blood vessels and
the BBB are vulnerable to sudden fluctuations in
perfusion pressure, the extremely rapid increase
in cerebrovascular pressure will cause damage to
both tiny cerebral blood vessels and the BBB in
the brain.

Cerebrovascular insults and the BBB damage may
be the main causes of the non-impact, blast-induced

brain injuries, including mild TBI and battlefield
PTSD (Figure 1). The potential mechanism of blast-
induced brain injuries may be similar to the mech-
anism underlying haemorrhagic stroke caused by
hypertension, that is damage to the brain is induced
by increased cerebrovascular pressure. The differ-
ence between the two conditions is that the former
is an acute, sudden cerebrovascular insult caused by
a volumetric blood surge driven by elevated overall
pressure in the ventral body cavity after exposure
of the torso to blast over-pressure wave; while the
latter is a chronic, progressive cerebrovascular insult
induced by persistent high blood pressure in cerebral
arteries.

As the results of cerebrovascular insults and BBB
damage caused by a volumetric blood surge moving
to the brain from the torso, the initial pathophysi-
ological changes (diffuse cerebral oedema, hyper-
emia, vasospasm and haemorrhage) in the brain will
trigger secondary neuronal damage. Cerebral hyper-
emia, resulting from increased blood flow, can lead
to hypoxia and oedema. Vasogenic cerebral oedema
(swelling) causes dangerous increases in intracranial
pressure. Intracerebral haemorrhage (bleeding) can
result in intra-axial and extra-axial lesions (epidural
haematoma, subdural haematoma, subarachnoid
haemorrhage and intraventricular haemorrhage)
[66]. Cerebral vasospasm will lead to cerebral
ischemia and neuronal necrosis. The delayed neu-
ronal damages also include excitotoxicity, inflam-
mation, ionic imbalance, oxidative stress, apoptosis
and diffuse axonal injury. Secondary neuronal
damage can be a major contributor to neurologic
and psychological impairments after blast-induced
brain injuries. Additional studies have shown both
morphological and functional damage to brain
structures due to kinetic energy transfer of blast
over-pressure to the CNS [67-71].

Why can the volumetric blood surge cause brain
damage, but not induce spinal cord injury? Unlike
the cranial cavity (which is completely enclosed
by the bones of the cranium), the spinal canal is
enclosed within the vertebral foramen of the verte-
brae. Large circular openings called intervertebral
foramina for the transmission of the spinal nerves and
blood vessels are formed by notches on the pedicles
of the adjacent vertebrae. Intervertebral discs that
are located between vertebrae can absorb shock and
distribute vertical and horizontal compressive stress
in each vertebral body. Intervertebral ligaments
provide passive stability to the spine and help to
prevent injury from hyperflexion and hyperextension
movements. The unique anatomic characteristics
enhance tolerance of the spinal cord to sudden
fluctuation in vascular perfusion pressure. Hence,
the volumetric blood surge created by elevated
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The volumetric blood surge causes
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Figure 1. The potential mechanism underlying blast induced mild TBI and battlefield PTSD. Blast over pressure wave leads to a
sudden increase in overall pressure inside both thoracic cavity and abdominal cavity. It creates a volumetric blood surge that moves
quickly through large blood vessels to the low pressure cranial cavity from the high pressure ventral body cavity. The volumetric blood
surge causes damage to both tiny cerebral blood vessels and the BBB, thus further triggering secondary neuronal damage in the brain.
Secondary neuronal damage should be a major contributor to neurological and psychological impairments after mild TBI and battlefield

PTSD.

overall pressure in the ventral body cavity will not
cause vascular insults to the spinal cord.

Critical factors to induce the non-impact,
blast-induced brain injuries

(1) The difference in pressure between the ventral
body cavity and cranial cavity, which is caused
by the blast over-pressure wave acting on the
human body, can be a critical factor creating the
volumetric blood surge.

(2) As an important pressure transmission medium,
blood must play a crucial role in kinetic energy
transfer of the blast over-pressure wave to the
brain through large blood vessels.

(3) The vulnerability of cerebral blood vessels and
the BBB to sudden fluctuations in cerebral
perfusion pressure can contribute to increased
risk of mild TBI and battlefield PTSD after
exposure to a blast over-pressure wave.

Conclusions

A volumetric blood surge, which has been verified
by both wound ballistics experiments in animals
and finite element simulation of blast loads on the
torso, can possibly be the major cause of non-
impact, blast-induced brain injuries. The blood
surge may move quickly through large blood vessels
to the low-pressure cranial cavity from the high-
pressure ventral body cavity. It causes damage to
tiny cerebral blood vessels and the BBB, thus
further triggering secondary neuronal damage in
the brain. The pathophysiological characteristics
of non-impact, blast-induced TBI also suggests
that damage to the brain might be a result of large-
scale cerebrovascular insults that occur globally
throughout the brain.

Battlefield PTSD and blast-induced mild TBI
seem to have similar pathogenesis-related cerebro-
vascular insults and BBB damage. A battlefield
PTSD should be a special delayed-onset mental
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disorder caused by exposure to blast over-pressure in
combat operations or terrorist attacks. It is more
likely to be a psychological consequence of mild
TBI and may result from secondary neuronal
damage after a blast-induced mild TBI. This may
be the reason why ~80% of patients with mild TBI
develop chronic PTSD after injury and many
battlefield PTSD symptoms overlap with symptoms
of mild TBI.

To effectively prevent blast-induced mild TBI and
battlefield PTSD, the thorax, abdomen and neck
need to be well-protected from the blast.
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