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After exposure of the human body to blast, kinetic
energy of the blast shock waves might be transferred
into hydraulic energy in the cardiovascular system
to cause a rapid physical movement or displacement
of blood (a volumetric blood surge). The volumetric
blood surge moves through blood vessels from the
high-pressure body cavity to the low-pressure
cranial cavity, causing damage to tiny cerebral
blood vessels and the blood—brain barrier (BBB).
Large-scale cerebrovascular insults and BBB
damage that occur globally throughout the brain
may be the main causes of non-impact, blast-
induced brain injuries, including the spectrum of
traumatic brain injury (TBI) and posttraumatic
stress disorder (PTSD). The volumetric blood surge
may be a major contributor not only to blast-
induced brain injuries resulting from physical
trauma, but may also be the trigger to psychiatric
disorders resulting from emotional and psychological
trauma. Clinical imaging technologies, which are
able to detect tiny cerebrovascular insults, changes
in blood flow, and cerebral edema, may help
diagnose both TBI and PTSD in the victims exposed
to blasts. Potentially, prompt medical treatment
aiming at prevention of secondary neuronal damage
may slow down or even block the cascade of events
that lead to progressive neuronal damage and

J Neuropsychiatry Clin Neurosci 25:2, Spring 2013

Concepts and Strategies
for Clinical Management
of Blast-Induced
Traumatic Brain Injury
and Posttraumatic Stress
Disorder

Yun Chen, M.D., Ph.D.
Wei Huang, M.B.
Shlomi Constantini, M.D., M.Sc.

subsequent long-term neurological and psychiatric
impairment.

(The Journal of Neuropsychiatry and Clinical
Neurosciences 2013; 25:103-110)

NON-IMPACT BRAIN INJURIES RESULTING
FROM A VOLUMETRIC BLOOD SURGE CREATED
BY BLAST SHOCK-WAVE IN THE
CARDIOVASCULAR SYSTEM

N on-impact, blast-induced brain injuries including
traumatic brain injury (TBI) and posttraumatic
stress disorder (PTSD) may result from parenchymal
brain damage, which is caused by the primary blast effect
in war fighters exposed to a blast overpressure wave
itself, but who do not sustain penetrating and blunt-
impact injuries that are caused by secondary and tertiary
blast effects." Non-impact, blast-induced TBI and PTSD
have been considered as the signature injury of the wars
in Iraq and Afghanistan.>” It is estimated that more than
300,000 veterans returning from Iraq and Afghanistan
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have suffered a TBI or PTSD or both since 2000.°"° Blast-
induced TBl is strongly associated with the development
of PTSD. Many PTSD symptoms (such as depression,
anxiety, memory and attention deficits, sleep problems,
and emotional disturbances) overlap with symptoms of
TBL'"'? Some studies indicate that approximately 80%
of patients with blast-induced and non-blast TBI develop
chronic PTSD."*""® Blast-induced TBI and PTSD seem to
have similar pathogenesis.'

A recent study on blast shock-wave mitigation using
hydraulic energy redirection and release technology sug-
gested that a volumetric blood surge might be created
when the kinetic energy of the blast shock-wave was
transferred into hydraulic energy in the cardiovascular
system to cause a rapid physical movement or displace-
ment of blood."® The volumetric blood surge has also
been verified by both wound ballistics experiments in
animals'” and finite-element simulation of blast loads on
the torso.'® Tt has a strong destructive power, and can
cause a non-contact, remote injury to distant organs and
tissues. The volumetric blood surge can possibly be the
major cause of non-impact, blast-induced brain injuries
(TBI and PTSD)." It may move through blood vessels
from the high-pressure ventral body cavity (thoracic
cavity and abdominal cavity) to the low-pressure cranial
cavity, thus acutely increasing cerebral perfusion pressure
and causing damage to both tiny cerebral blood vessels
and the blood-brain barrier (BBB) in the global brain.

Global cerebrovascular insults and the BBB damage
caused by the volumetric blood surge may result in dif-
fuse cerebral edema, hyperemia, vasospasm, and micro-
hemorrhaging in the brain, thus further triggering
secondary neuronal damage (Figure 1[A])." The delayed
neuronal damage includes excitotoxicity, inflammation,
ionic imbalance, oxidative stress, apoptosis, diffuse ax-
onal injury, and neurodegeneration. Secondary neuronal
damage is an indirect consequence of initial injury (such
as cerebrovascular insults and the BBB damage after
exposure of the body to blast shock-wave) and a major
contributor to the ultimate neuronal cell death and
neural loss in the injured brain. Much of the damage
done to the brain does not typically occur at the time of
initial injury and does not result directly from the initial
injury itself. A cascade of progressive neural injury and
neuronal cell death is triggered by the initial injury and
continues in the hours, days or weeks following the
initial insult.'”° This delayed secondary neuronal dam-
age has been considered to be largely responsible for se-
rious neurological and psychiatric impairments, including
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memory loss, inability to concentrate, speech problems,
motor and sensory deficits, and behavioral problems
(Figure 1[A]).>* However, because blast-induced brain
injuries activate the cascade of progressive neuronal
damage, it is difficult to separate clinical outcomes of the
initial damage to tiny cerebral blood vessels and the BBB
from that of secondary neuronal damage, and to sepa-
rate neuropathophysiologically-based symptoms from
neuropsychiatrically-based problems.

CHRONIC PSYCHIATRIC DISORDERS
RESULTING FROM A VOLUMETRIC BLOOD
SURGE INDUCED BY EMOTIONAL AND
PSYCHOLOGICAL TRAUMA

Some disorders, such as PTSD and memory and cogni-
tive impairments, are more likely to be a psychological
consequence of secondary neuronal damage induced by
physical trauma (such as blast-induced TBI, non-blast
TBI, hemorrhagic stroke, ischemic stroke, nerve-agent poi-
soning, prolonged hypoxia, infection, and neurological
illness).>>*” These psychiatric disorders can also possibly
be induced by emotional and psychological trauma. These
emotional and psychological traumatic events include 1)
serious accidents; war or terrorist attacks; car, train, or
plane crashes; the sudden death of a loved one; captivity
as a hostage; serious physical illness diagnosis, medical
emergencies, etc. ;2882 2) devastating natural disasters,
such as flood, tornado, hurricane, volcanic eruption, earth-
quake, landslide, etc. ;3885 3) violent attacks, such as rape,
sexual abuse, physical and emotional abuse, bullying,
domestic violence, indoctrination, etc.;>” ™ and 4) other
psychosocial stressors, such as marital separation, divorce,
family argument, dispute at work, loss of job, unemploy-
ment or underemployment, serious financial problems,
poverty, retirement, socioeconomic deprivation, alcohol
and drug use, etc.*** The mechanisms underlying the
psychiatric disorders induced by the emotional and
psychological traumatic events may also involve a volu-
metric blood surge created by a sudden rise in cardiovas-
cular pressure.

When exposed to an emotional and psychological
traumatic event, the victim’s heart will beat faster and
stronger than usual, and blood pressure will dramatically
rise because of the increased cardiac output, which may
create a volumetric blood surge in the cardiovascular
system. The volumetric blood surge induced by a sudden
increase in blood pressure will move quickly through
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FIGURE 1. Cascade of Damage Events, Medical Imaging Diagnoses, and Treatment Approaches
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[A]: A secondary cascade of neuronal damage develops with time in the brain after exposure to blast shock-wave; [B]: Clinical imaging
technologies such as 3-D CT or MR cerebral angiography, SPECT, and MRI-DWI/DTI may help detect tiny cerebrovascular insults, changes in
blood flow, and cerebral edema; [C]: Neuroprotection strategies aiming at prevention of secondary neuronal damage (such as reducing cerebral
edema and inflammatory reaction, attenuating hemorrhage, and preventing cerebral vasospasm), may need to be executed as soon as the blast-
induced volumetric blood surge causes damage to tiny cerebral blood vessels and the BBB.

blood vessels to organs and tissues (including the brain).
Unlike the peripheral tissues (such as lung, liver, and
stomach) that have good tolerance to volumetric blood
surge, a sudden rush of blood to the brain will dra-
matically increase cerebral perfusion pressure, owing to
the limited space inside blood vessels in the brain. The
extremely rapid increase in cerebrovascular pressure may
cause damage to both very small cerebral blood vessels
and the BBB in the brain, because cerebral blood vessels
and the BBB are vulnerable to sudden fluctuations in per-
fusion pressure. Therefore, psychiatric disorders induced
by emotional and psychological trauma may potentially
also be a result of secondary neuronal damage caused
by volumetric blood surge in the brain (Figure 2).
Because chronic disability after brain damage is largely
attributable to mental sequelae, rather than focal motor or
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sensory neurological deficits in humans,®® psychiatric
disorders should be the long-term prominent clinical
manifestations of the victims of brain damage induced by
either physical trauma or emotional and psychological
trauma. These chronic psychiatric consequences are serious
public health problems caused by various types of brain
damage, which result in the loss of many years of produc-
tive life and incur large healthcare costs.

MEDICAL IMAGING TECHNIQUES FOR THE
DIAGNOSIS OF BLAST-INDUCED BRAIN
INJURIES

Blast-induced brain injuries (TBI and PTSD) are typically
difficult to detect by using traditional neuroimaging
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FIGURE 2. A Possible Mechanism for Psychiatric Disorders Resulting From Emotional and Psychological Trauma
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techniques (i.e., computed tomography [CT], magnetic
resonance imaging [MRI], and angiography), because
the damage to tiny cerebral blood vessels and the BBB
might be the initial injuries induced by blast shock-wave
in the brain." Much of neuronal damage can be seen
only under a microscope. Changes in both cerebral blood
vessels and cerebral blood flow and vasogenic cerebral
edema should be the most common pathophysiologi-
cal characteristics of cerebrovascular insults and BBB
damage.”'® Focused clinical diagnostic techniques that
are able to sensitively detect tiny cerebral blood vessels,
blood flow, and edema may be helpful for diagnosis of
blast-induced brain injuries.

Using single-photon emission computerized tomog-
raphy (SPECT) that is able detect the level of perfusion or
blood flow inside the brain, decreased levels of blood
flow in the temporal lobes that contain the cortex and
the limbic system (the amygdala, hippocampus, gyrus
cinguli, thalamus, and kleinhirn) were detected in
a soldier who was exposed to a blast in Afghanistan
and was diagnosed with both mild TBI and PTSD.>*
Diffusion tensor imaging (DTI), an advanced form of
MRI that produces in-vivo images of the white-matter
brain tissues weighted with the local microstructural
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characteristics of water diffusion, is sensitive to mea-
surement of the restricted diffusion of water in the brain.
Using DTI, marked persistent abnormalities in the mid-
dle cerebellar peduncles, cingulum bundles, and the
right orbitofrontal white matter were observed in 18
of the 63 U.S. military personnel with blast-induced
mild TBI within 90 days after the injury. The persistent
abnormalities in the brain may involve diffuse axonal
injury.”

Three medical imaging technologies that are current-
ly used in the clinical diagnosis of diseases can be
considered for use in diagnosis of blast-induced brain
injuries (Figure 1[B]): 1) three-dimensional CT or MR cere-
bral angiography using nanosized contrast materials
(dyes) can be useful for measuring damage to tiny cere-
bral blood vessels. Cerebral angiography is clinically
helpful for detecting and diagnosing acute stroke.”®® It
is used to image the blood vessels of the brain and the
blood flowing through the blood vessels and to detect ab-
normalities in the brain’s blood vessels, such as narrowing
(vasospasm) or blockage (thrombosis); 2) SPECT may be
an ideal diagnostic tool for detection of early changes in
cerebral blood flow after blast-induced TBI because it
can measure the blood perfusion level relative to the
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brain’s current need.”® A decrease in blood flow levels
in a region of the brain may suggest an injury to that
brain region; 3) diffusion MRI, such as diffusion tensor
imaging (DTI) may be beneficial to detect cerebral
edema since it measures diffusion rates of water mol-
ecules in the brain parenchyma.”®" A decreased appar-
ent diffusion coefficient obtained by the diffusion MRI
represents reduced water diffusion or mobility in the
brain, which indicates that edema has formed and neu-
ronal damage has occurred.

NEUROPROTECTION STRATEGIES AIMED AT
PREVENTION OF SECONDARY NEURONAL
DAMAGE

Brain injuries, to-date, are untreatable disorders, because
no pharmacological treatment has currently been proven
to prevent secondary damage processes.”> However,
secondary damage process offers a potential therapeutic
window of opportunity,®® in which progressive neural
injury and neuronal cell death may be prevented, and
the extent of disability may be reduced during the first
few hours after initial injury.** According to the AANS
(American Association of Neurological Surgeons) rec-
ommendations, there is no medication or “miracle
treatment” that can be given to prevent brain damage
or promote neuronal healing after TBI. The primary goal
in the acute management of the patient with TBI is to
prevent any secondary damage to the brain.®® Therefore,
neuroprotective strategies intended to halt or mitigate
secondary neuronal damage at early stage of injury (2-3
hours after injury) may help block or slow down the
development of subsequent neurological and neuropsychi-
atric impairments (including PTSD, persistent memory
and cognitive deficits, nonspecific mental and emo-
tional symptoms, chronic motor deficits, Alzheimer-like
dementia, and Parkinson’s disease).

Diffuse cerebral edema, hyperemia, vasospasm, and
hemorrhaging are the initial pathophysiological changes
in the brain after non-impact, blast-induced brain
injuries.®®®” Proper and prompt medical treatment
aiming to attenuate these pathophysiological changes
(Figure 1[C]) may improve clinical outcome of blast-
induced brain injuries, thus leading to a significant
decrease in both the direct cost for medical care and
indirect cost of lost productivity resulting from blast-
induced TBI and PTSD. When an effective treatment is
discovered, it may be important to treat the victims
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exposed to blasts as soon as possible, preferably within
8 hours, and not later than 24 hours after exposure.

Treatment for Cerebral Edema

Osmotherapy, using oral administration or intravenous
injection of mannitol or diuretics (such as furosemide,
bumetanide, torsemide, and ethacrynic acid) to induce
dehydration, is a most common approach to treating
cerebral edema and possible elevated intracranial pres-
sure.®®” Administration of mannitol may be an effective
treatment for patients with blast-induced mild brain
injuries within 8 hours after exposure to blasts. For
patients with blast-induced severe brain injuries, man-
nitol or diuretics may need to be given intravenously
as soon as possible after the injury. If needed, cortico-
steroids can be administered orally or intravenously, in
addition to osmotherapy, to reduce brain swelling.”

Treatment for Intracranial Hemorrhage

Medical therapy of intracranial hemorrhage is princi-
pally focused on minimizing brain damage and stabiliz-
ing the patient’s condition. Certain medications, including
painkillers, corticosteroids, mannitol, or diuretics to re-
duce swelling, and anticonvulsants to control seizures,
may be prescribed.”’”* Blood products or intravenous
fluids may be administered if needed.”® Normotonic,
rather than hypotonic fluids will be used to maintain
brain perfusion without exacerbating brain edema.”
Antihypertensive therapy aimed at maintaining blood
pressure to a mean arterial pressure (MAP) less than 130
mm Hg can be applied to patients with intracranial
hemorrhage within 3 hours of onset.”” Patients may be
treated with recombinant factor VIla (rFVIla) within
4 hours after the onset of intracerebral hemorrhage, to
limit the bleeding and formation of a hematoma.
However, Vlla is reported to increase the risk of
thromboembolism, and may not result in improved
clinical outcomes.”® Frozen plasma, vitamin K, prot-
amine, or platelet transfusions can be given in cases of
coagulopathy.”

Treatment for Cerebral Vasospasm

Medical therapy of cerebral vasospasm will aim at limit-
ing or reducing delayed ischemic injury due to cerebral
vasospasm. Nimodipine, a dihydropyridine calcium-
channel blocker, has shown good results in prevent-
ing cerebral vasospasm caused by subarachnoid
hemorrhaging.”® Nimodipine can be administered orally
(60 mg, every 4 hours) or intravenously (intravenous
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infusion at a rate of 1-2 mg/hour) based on the patient’s
clinical status and medication needs. Also, the condition
can be treated with hypertensive hypervolemic hemo-
dilution (HHH) therapy,”® which combines intravenous
medications and large volumes of intravenous fluids to
elevate cerebral blood perfusion pressure, increase
cerebral blood volume, and thin the blood, thus pro-
viding blood to the affected regions of the brain. If the
HHH therapy is unsuccessful, balloon angioplasty may
be used to open tight, spastic vessels.*’

Anti-Inflammatory Treatment

Anti-inflammatory treatment refers to an attempted
remediation that reduces or suppresses inflammation.
Current anti-inflammatory drugs include steroids, non-
steroidal anti-inflammatory drugs (NSAIDs), immune-
selective anti-inflammatory derivatives (ImSAIDs), and
herbs. Steroidal anti-inflammatory drugs, such as glu-
cocorticoids, are effective in reducing inflammation or
brain-tumor-associated brain swelling by binding to
glucocorticoid receptors in the brain.*’ NSAIDs such as
aspirin, ibuprofen, naproxen, and other specific COX-
inhibitors, reduce inflammation by inhibiting both the
COX-1 and COX-2 enzymes that synthesize prostaglan-
dins to create inflammation.*” ImSAIDs are a class of
peptides that are reported to have anti-inflammatory
effects. INSAIDs can attenuate the amplified inflamma-
tory response by limiting the activation and migration
of inflammatory cells.®> Some herbs that contain helena-
lin or salicylic acid, such as harpagophytum, hyssop,
ginger, turmeric, arnica Montana, and willow bark,
may have anti-inflammatory effects. Cannabichromene,
found in the cannabis plant, has shown the ability
to reduce inflammation.**® These anti-inflammatory

drugs may be administered or given orally within 8
hours after the injury, depending on the patient’s clinical
condition. However, recent clinical trials have shown
that these anti-inflammatory agents may not be effective
for some conditions, such as penetrating head injury and
spontaneous intracerebral hemorrhage.

CONCLUSIONS

A volumetric blood surge may be created when the
kinetic energy of a blast shock-wave is transferred into
hydraulic energy in the cardiovascular system to cause
a rapid physical movement or displacement of blood. It
may move rapidly through blood vessels to the cranial
cavity, causing damage to tiny cerebral blood vessels
and the BBB and triggering a secondary cascade of
neuronal damage in the brain. The volumetric blood
surge may be a major contributor not only to blast-
induced TBI and PTSD, but also to some psychiatric
disorders induced by emotional and psychological
trauma. Three-dimensional CT or MR cerebral angiog-
raphy, SPECT and diffusion MRI may help detect tiny
cerebrovascular insults, changes in blood flow, and
cerebral edema in the brains of victims exposed to blasts.
Neuroprotective strategies for victims exposed to blasts,
which include but not limited to reducing cerebral
edema and inflammatory reaction, attenuating hemor-
rhage, and preventing cerebral vasospasm, may need to
be executed within 8 hours after exposure to blasts.
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