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Traumatic brain injury (TBI) refers to a spectrum of brain injury that can result in

significant morbidity and mortality in pediatric patients. Pediatric head trauma is
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Introduction

Traumatic brain injury (TBI) is a broad term referring to any
traumatic injury of the brain. It is a significant cause of
morbidity and mortality in both adult and pediatric patients.
TBI encompasses a broad spectrum of injuries from mild head
injury, including concussion, to severe head injury.

Epidemiology and Etiology

Head trauma is the leading cause of death and disability in
children older than the age of 1 year.'~ In the United States,
approximately 1.7 million TBI's occur annually, with nearly
52,000 deaths and 275,000 hospitaliz.zltions.d"5 These figures
commonly underestimate the true incidence of traumatic
brain injuries as they often fail to include those patients who
suffer from concussions. The Centers for Disease Control and
Prevention estimate approximately 3.8 million concussions
occur annually in the United States.® There are nearly half a
million emergency department visits annually for children
younger than 14 years because of TBI, with males between the
ages of 0 and 4 years having the highest rates of TBI-related
emergency department visits, hospitalizations, and deaths.”
There appears to be a bimodal distribution in the severity of
TBI with the first peak occurring between birth and 4 year of
age and the second between 15 to 19 years. In the United
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distinct from adult TBI. The purpose of this review article is to discuss pediatric TBI and
current treatment modalities available.

States, males are typically more likely to suffer a TBI by a ratio
of nearly two to one.>’~®

Pathophysiology

The Monro-Kellie doctrine dictates that the sum of the brain,
cerebral spinal fluid, and blood is a fixed equilibrium within
the cranium so that a change in volume of any of the
constituents must be compensated by a decrease in another.
The relationship between a change in intracranial pressure
(AICP) and change in volume (AV) is exponential. The initial
response to acute increases in volume is well compensated
spatially with little change in ICP. The cerebrospinal fluid, for
instance, is displaced into the spinal canal. As the ICP ap-
proaches 25 mm Hg, the compensatory mechanisms can no
longer accommodate any further increases in intracranial
volume and the ICP rises exponentially with major increases
in ICP with even small increases in AV.

Although the Monro-Kellie doctrine applies to all patients,
the pediatric brain is structurally distinct from the adult
brain, which may explain differences in response to injury.
In the first 6 months of life, the brain doubles in size and
reaches approximately 80% of its final size by the age of
2 years. Children have higher brain water content, the calvar-
ium is relatively large in proportion to the rest of the body, the
vasculature is more tenuous, there is incomplete neuronal
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synapse formation, and the pediatric brain has less myelina-
tion as compared with adults.>'® The subarachnoid space is
also smaller resulting in less protection than the adult brain
because of the less buoyancy resulting in higher susceptibility
to injury with changes in head momentum. While some argue
that an open fontanelle may be protective as it allows for
expansion of intracranial content during pressure increases,
others have shown that the smaller neural axis of children
may result in a decrease in compliance of the pressure-
volume relationship with intracranial hypertension.”‘12
Adult cerebral blood flow (CBF) is typically 50 to 55 mL/
100 g of brain tissues/minute while pediatric levels vary
significantly by age. At the age of 1 year, CBF approximates
adult levels. At the age of 5 years, CBF is approximately 90 mL/
100 g/min and gradually declines to adult levels by the
midlate teenage years.”>?' TBI can result in significant
prolonged decreases in CBF, which may be inadequate to
meet normal pediatric metabolic brain demands resulting in
regional and possibly even global cerebral ischemia.'>=?!

While CBF is still considered experimental and is not
readily measurable without the use of transcranial Doppler
or xenon-enhanced computed tomography (CT) imag-
ing,'>~14 cerebral perfusion pressure is easily calculated at
the bedside and can be used to guide clinical decision making
in the care of the patients with TBI. Cerebral perfusion
pressure is the transmural pressure gradient, which is the
driving force required to supply cerebral metabolic needs and
is calculated by the difference between the mean arterial
pressure and the ICP. In patients with intact cerebral autor-
egulation, there is correlation between cerebral perfusion
pressure (CPP) and CBE.'® Cerebral autoregulation is a ho-
meostatic process that results in maintenance of CBF over a
wide range of mean arterial pressures. Vessels vasodilate and
vasoconstrict as needed to maintain CBF. ICPs are usually
treated when above 20 mm Hg. Mean arterial pressures are
often titrated to maintain a CPP above 40 mm Hg as a study by
Downard et al®? reported no survivors of 118 patients who
had a mean CPP of less than 40 mm Hg. However, ideal CPP
likely varies with age, which can make standardizing treat-
ment protocols challenging.

Types of Injury

Head injury may be grouped into primary or secondary
injury, mechanism, severity, and intra-axial versus extra-
axial injury.” Primary head injury encompasses the initial,
direct insult to the brain.” Injuries include a skull fracture,
intracranial hemorrhage, cortical disruption, and axonal in-
jury. The cascade of events that occurs as a reaction to the
primary head injury results in secondary head injury. Sec-
ondary head injury refers to the cascade of molecular injury
mechanisms that are triggered by the initial head trauma that
may occur hours to days from the initial trauma.” These
mechanisms include neurotransmitter toxicity, vascular in-
jury, vasospasm, ischemia, edema, metabolic derangements,
vascular occlusion, and free radical injury.”>>** Secondary
head injury can result in herniation, edema, infarction, and
hydrocephalus.’ Much of TBI medical management is
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centered on prevention of secondary head injury. Children
may be at higher risk for secondary brain injury because of
the structural differences in their brains, in comparison to
their adult counterparts, as discussed earlier.

Mechanism of Injury

Blunt Trauma

Blunt head trauma occurs when there is direct impact to the
skull. The most common mechanism in children younger than
1 year is nonaccidental trauma secondary to abuse, while
motor vehicle collisions and falls account for the majority of
injuries in older children. Focal damage to the underlying
brain is referred to as a coup injury. While damage from the
rebound movement of the brain resulting in damage, often on
the opposite side of the impact, is referred to as contrecoup
injury. Pediatric neuroanatomy makes children more suscep-
tible to changes in inertia leading to higher rates of diffuse
cerebral edema and parenchymal injuries.

Penetrating Trauma

Penetrating brain injuries, also referred to as open head
injuries, result in penetration of the calvarium and subse-
quent brain injury. Mechanisms most commonly include
guns and knives but can include any weapon able to penetrate
the skull. In addition to the usual sequelae of head trauma,
these injuries are associated with a much higher rate of
infectious complications.

Axonal Shearing

Changes in the angular momentum of the head result in a
broad spectrum of TBI referred to as axonal injury or shearing.
Vascular injury can also occur in conjunction with axonal
injury. Axonal shearing typically occurs between white mat-
ter bundles and the underlying gray matter including the
deeper structures such as the basal ganglia and thalamus or
within the upper brain stem. Diffuse axonal injury (DAI)
commonly refers to shearing coupled with vascular injury,
classically manifested as petechial hemorrhages in white
matter. The severity of injury with axonal shearing is very
broad and can range from benign clinical manifestations such
as transient loss of consciousness to profound and persistent
neurologic deficits or even death.

Concussion

Concussions are the most common form of TBL’ They are
often described as a spectrum of mild-to-moderate TBI
without radiographic evidence of injury.>>=?” These children
classically present with headaches, nausea, vomiting, con-
centration difficulty, personality changes, and amnesia. These
symptoms results from neuronal dysfunction and axonal
injury that is usually transient but in some cases can results
in long-term deficits.?32° Risk factors for long-term sequelae
include ongoing clinical symptoms, repeated injury, and
younger age.’® Treatment of concussions is centered on
physical and cognitive rest and symptom management.’
Further information about treatment and family education
is discussed later under the section Mild TBI.
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Injury Severity

Mild Traumatic Brain Injury

Mild TBI is the most common form of brain injury (~ 80%) and
is defined as a Glasgow Coma Scale (GCS) of 14-15.2% Con-
cussion, generally classified as mild TBI, are defined as a
disturbance in brain function because of a direct or indirect
head trauma without acute abnormality on standard neuro-
imaging studies.?>~?’ Nonspecific signs and symptoms occur
from concussion, which may or may not involve loss of
consciousness. A high index of suspicion for concussion
should occur with the presence of one or more of the
following: headache, nausea, vomiting, gait unsteadiness,
confusion, amnesia, or change in personality.?>?® Overall,
89% of patients will have a full recovery with resolution of
symptoms within 7 to 10 days.*® A small percentage of
patients may experience deterioration leading to severe
neurologic dysfunction unless appropriate recognition and
treatment is performed. Any child with a mild TBI should have
a prompt medical examination, including a neurologic exam-
ination, to exclude associated injuries including cervical
spinal injuries. There are multiple standardized instruments
and scales, such as the Sport Concussion Assessment Tool
version 3,2 which can be utilized by medical providers to
assess patients with suspected or diagnosed concussions.' A
key risk factor includes a history of previous head injury.'
The possibility of child abuse or neglect should be ruled
out in all cases. Children will require both physical and
mental rest after a mild TBI. Patients should abstain from
any activity that requires significant mental activity including
reading, computers, television, video games, puzzles, cellular
phone use, and school work."! Once medically cleared,
resumption of academic and sports activities should be
done in a supervised progressive manner to monitor for
symptom exacerbation. Those children, which are completely
asymptomatic and neurologically intact may be observed
for several hours and discharged with a reliable caretaker
who is informed of the course of recovery, timeline to return
to school and athletics, and the signs and symptoms that
should prompt return to the hospital.! Follow-up with a child
primary care provider or a TBI clinic, if available, should be
utilized.

Moderate Traumatic Brain Injury

Approximately 10% of TBIs are classified as a moderate TBI,
defined as a GCS of 9-13. These children should undergo an
identical work-up as those with a mild TBI but should also
have laboratory studies performed and a head CT performed
when criteria outlined later in the CT section is met. These
children should be admitted to a facility with neurosurgical
care capabilities and will require routine neurologic moni-
toring. Repeat CT scanning should be limited to those children
with clinical deterioration.3233 Overall, 10% of children will
deteriorate and require severe TBI management.

Severe Traumatic Brain Injury
Severe TBI is defined as a GCS of 3-8.34 These children often
suffer from multisystem injuries that require multidisciplin-
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ary teams for aggressive resuscitation and management as
outlined later in the initial management and treatment of
TBI's section.

Intra-Axial and Extra-Axial Injuries

Epidural, subdural, subarachnoid, and intraventricular hem-
orrhages are classified as extra-axial injuries while cerebral
contusion, intracerebral hematoma, and DAI are categorized
as intra-axial injuries.

Subdural Hematoma

Subdural hematomas result from tearing of the bridging veins
or associated contusions with hemorrhage into the subdural
space (between the dura and arachnoid membranes) and are
often divided into acute (< 3 days), subacute (3-10 days), and
chronic (> 10 days). These classically present with crescent-
shaped lesions at the surface of the brain that cover the entire
hemisphere and can be associated with mass effect and
cortical edema.® Operative intervention is often indicated
for neurologic decompensation or with midline shift greater
than 5 mm. Infants with an open fontanelle can be candidates
for a subdural tap through their fontanelle. Acute subdural
hemorrhage is often associated with an underlying brain
injury and thus results in a worse prognosis than epidural
hematomas.

Epidural Hematoma

Epidural hematomas are most commonly located in
the middle fossa because of the injury to the middle menin-
geal artery resulting in bleeding into the space between
the skull and dura.’ However, they may also occur in the
anterior or posterior fossa. The hematoma is bound by
sutures lines resulting in the classic lenticular shape on
CT scan. A classic description usually involves a lucid
interval followed by rapid neurologic deterioration. Children
with large clots > 40 mL or mass effect often require
evacuation.

Subarachnoid Hemorrhage

Subarachnoid bleeding in acute trauma because of the dis-
ruption of the pia-arachnoidal vasculature is often seen and is
rarely due to aneurysmal bleeding.” These typically are
widely distributed and are unlikely to result in mass effect.’
Postinjury hydrocephaly should be monitored and may re-
quire ventricular shunting. Severe TBIs in the presence of a
subarachnoid hemorrhage portend a poor prognosis due to
cerebral vasospasm. Transcranial Doppler imaging can be
utilized to diagnose vasospasm. There is little data to support
the use of calcium channel blockers in children with post-
traumatic vasospasm.

Intraventricular Hemorrhage

Intraventricular hemorrhage may results from an intracere-
bral hematoma, extension of a subarachnoid bleed, or tearing
of the subependymal veins or periventricular structures.’
Atraumatic intraventricular hemorrhage can be noted in
premature infants.’
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Cerebral Contusion and Intracerebral Hematoma
Cerebral contusions are localized areas of cerebral neuronal
injury and bleeding.’

Diffuse Axonal Injury

DAI is a spectrum of disorders that results from axonal
damage from acceleration/deceleration or rotational forces.’
This injury was further discussed earlier under axonal
shearing.

Skull Fracture

Skull fractures are associated with head trauma in 2 to 21% of
children.3” Fractures can occur in a linear or stellate fashion.
Fractures of the skull base are typically associated with
greater force. Basilar skull fractures are classically associated
with Battle signs (mastoid process ecchymoses), raccoon eyes,
cerebral spinal fluid rhinorrhea (cribriform plate fracture),
and otorrhea (mastoid air cell or temporal bone fracture).
Despite the fact that meningitis occurs in 2 to 9%, prophylactic
antibiotics are not recommended because of the lack of
outcome improvement and risk of resistant organism selec-
tion.>® Vaccination against Streptococcus pneumonia should
be considered due to increased risk of pneumococcal-associ-
ated meningitis, however.>”-38

Initial Evaluation and First Line Management
of Head Injury

In January 2012, evidence-based guidelines were released for
the acute management of severe TBI in infants, children, and
adolescents as a means of decreasing variability in care.3*40
There is a paucity of well-designed randomized controlled
trials in the pediatric trauma literature, which leaves many of
the recommendations based on grades C and D evidence. The
initial evaluation should focus on the diagnosis of a primary
brain injury and prevention of secondary brain injury.® A
detailed history should be obtained whenever possible fo-
cusing on timing of trauma, presence/duration of uncon-
sciousness, seizures, nausea/vomiting, headache, visual
changes, amnesia, and confusion.’ Once stabilized, children
with significant TBIs or multisystem injuries should be con-
sidered for transfer to a level 1 pediatric trauma center as
studies have shown improved mortality in those children
transferred.*!-43

Resuscitation

All TBI's should be managed in accordance with standardized
trauma protocols, which starts with the “ABCs” for airway,
breathing, and circulation. The pediatric GCS or adult GCS,
where appropriate, should be utilized as a global neurologic
assessment.** Any child with a GCS less than 8 or one who
cannot appropriately protect their airway should be promptly
intubated.** All airways should be verified with end-tidal CO,
or capnography. Subsequent chest radiographs should be
utilized to ensure appropriate placement of the endotracheal
tube. Cervical spine immobilization should be undertaken
when clinically indicated. Hypotension contributes to sec-
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ondary brain injury by decreasing the CPP. Isotonic fluids are
first line for resuscitation.” We advocate maintenance of a
hemoglobin greater than 7 g/dL or a hematocrit greater than 21%.

Head Computed Tomography

Use of head CT provides rapid identification of most life-
threatening intracranial injuries.® Several studies have been
published to assist in identifying, which children with TBIs
require head CT’s.*>~* Routine use of repeat CT scans without
neurologic deterioration is not supported in the litera-
ture.3233 Adherence to As Low As Reasonably Achievable
(ALARA) and Image Gently should be followed to minimize
the risks of radiation when imaging is deemed clinically
indicated.*®>1

Respiratory Monitoring and Management

Adequate oxygenation is essential to avoid neuronal ischemia
as hypoxia is the leading cause of secondary brain injury.’
Ventilation should be provided with a goal Paco, of 35 to
40 mm Hg. The cerebral vasculature is exquisitely sensitive to
changes in Paco, such that hypercapnia (Paco, > 45 mm Hg)
can lead to significant elevations in ICP because of CO,-
induced vasodilation. Hypocapnia can result in initial tran-
sient reduction of ICP but it is not sustainable and ultimately
can result in cerebral vasoconstriction and subsequent de-
creased CBF. Hyperventilation should be reserved as a salvage
maneuver in those with obvious signs of brain stem hernia-
tion. We typically titrate Fio, to maintain oxygen saturations
greater than 93%.

Positioning

Elevation of the head of bed by 15 to 20 degrees should be
utilized to decrease ICP in all patients except those requiring
thoracic or lumbar immobilization. In cases of spinal immo-
bilization, the bed should be placed in reverse Trendelenburg
at 30 degrees. The head should be maintained in the midline
position to facilitate venous drainage. If cervical collars are
utilized, they should be properly fitted so as to avoid imped-
ance of venous drainage.

Sedation and Analgesia

Appropriate sedation and analgesia may be utilized to main-
tain or even decrease elevated ICP by decreasing the meta-
bolic rate and resultant CBF. Sedation and analgesia should be
utilized during procedures to decrease ICP spikes in response
to noxious stimuli. Caution should be taken with administra-
tion of sedation and analgesia given the risk of sedative- or
narcotic-related changes in CBF. Additional benefits of seda-
tion use include minimization of the risk of seizures.>?

Hyperosmolar Therapy

Hyperosmolar agents such as hypertonic saline and mannitol
have been utilized to reduce brain volume and ICP. With
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initial infusion, these products result in plasma volume
expansion, decreased blood viscosity and ultimately reduced
cerebral blood volume.>? Ideally, these therapies are reserved
for volume-resuscitated patients with signs of elevated ICP
unless there are clinical signs of herniation.” While both
hypertonic saline and mannitol have been utilized, current
pediatric guidelines recommend hypertonic saline adminis-
tration as it increases serum osmolarity directly and may be
more effective in reducing ICP than mannitol.324%->4-56 Man-
nitol increases serum osmolarity by functioning as an osmotic
diuretic, which can result in dehydration, electrolyte distur-
bances, and renal failure.’ Care must be taken to avoid
hyponatremia in these patients.

Temperature Regulation

Fevers should be avoided in patients with TBI. We typically
maintain a core temperature of 35 to 36°C. Hypothermia has
been utilized in patients with TBI in an attempt to decrease
metabolic demand and alter secondary brain injury because
of the excitotoxicity and free radical formation.? There are no
good data to support the effectiveness of hypothermia with
regards to improved outcomes after TBI, however.3>’~>°
Hyperthermia, on the contrary, has been demonstrated to
adversely affect outcomes in patients with TBL®C Passive
rewarming of patients with mild to moderately hypothermic
trauma may be indicated.®?

Anticonvulsant Prophylaxis

Seizures are estimated to occur in approximately 10% of
children with TBIs.? Seizure activity results in increase meta-
bolic demand and ultimately may contribute to secondary
brain injury.? These seizures can be divided into early post-
traumatic seizures (within 7 days of injury) and late posttrau-
matic seizures (more than 7 days after injury). Children who
are younger than 2 years, have a GCS less than 9 or are victims
of nonaccidental trauma are at higher risk for early posttrau-
matic seizures.®! Adult literature recommends prophylaxis for
the first 7 days after severe brain injuries to decrease the risk of
early posttraumatic seizures.*%-61-62 While use of prophylactic
anticonvulsants seems to vary significantly based on provider
and institutional preferences, current pediatric recommenda-
tions also support the use of prophylactic phenytoin adminis-
tration.3>6%63 Anticonvulsant use does not prevent later
posttraumatic seizure occurrence.

Corticosteroid Prophylaxis

There are current recommendations against the prophylactic
use of corticosteroids in TBI. Currently, there is no evidence to
indicate that corticosteroids decrease ICP or improve overall
outcomes from TBL.32:64.6

Acute Surgical Management

After initial resuscitation and stabilization, a CT scan should
be obtained promptly in all hemodynamically stable children.
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Mass effect is typically considered to be greater than 5 mm of
midline shift measured on axial CT views. The basilar cisterns
should also be evaluated for compression. Neurosurgical
intervention should be obtained in any child with mass effect.

Intracranial Pressure Monitoring and
Management

Regardless of the lack of pediatric prospective, randomized
clinical trials, the use of ICP devices has become the standard
of care in the United States. ICP monitoring is currently
recommended in children with a GCS less than 8.3 Interna-
tional guidelines recommend ICP monitoring in all patients
with survivable TBIs and abnormal CT scans as well as in
selected patients, which is beyond the scope of this arti-
cle.5%%6:57 There has been some controversy that has arisen
from the Best Trip Trial, which concluded that there was no
improvement in 6 months outcomes in those patients (medi-
an age 29 years) treated with ICP monitoring versus imaging
and clinical examination.®® The authors clearly state that they
do not recommend against the use of ICP monitors, but rather
recommend increased research on appropriate interpretation
and utilization of ICP monitoring technology to improve
outcomes.®® Regardless, ICP monitoring may be supported
in pediatric patients given evidence that intracranial hyper-
tension is strongly associated with poor neurologic out-
come.?? Furthermore, ICP monitoring and aggressive
treatment of intracranial hypertension has been associated
with the best-reported clinical outcomes.®® In recent years,
there has been a shift in focus on multimodal treatments
and CPP-directed therapy rather than pure ICP-directed
treatment.

One must distinguish between ICP monitors and external
ventricular drain. ICP monitors solely allows for monitoring
and diagnosis of elevated ICP. External ventricular drains
function identically as ICP monitors but have the added
benefit of being therapeutic as they allow for drainage of
cerebral spinal fluid.

Intracranial Hypertension Refractory to
First Line Treatments

Medically, refractory intracranial hypertension is estimated
to occur in 21 to 42% of children with severe TBI*° Higher risk
therapeutic interventions may be indicated in this patient
population.

Decompressive Craniectomy

The goal of decompressive craniectomy is to decrease ICP,
improve CPP, and improve cerebral oxygenation.” Children
are more likely to have diffuse brain swelling after TBI and
may be more amenable to early decompressive craniectomy.
Decompressive craniectomy should be considered in children
with severe TBI and medically refractory intracranial hyper-
tension. Improved outcomes have been demonstrated from
early decompressive craniectomy before development of
extensive secondary injury.”%~72
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Neuromuscular Blockage

Neuromuscular blocking agents are second line treatments of
elevated ICP after initial measures have failed. They are thought
to reduce ICP by decreasing airway and intrathoracic pressure,
which theoretically facilitates cerebral venous outflow. Neu-
romuscular blockade also decrease metabolic requirements by
preventing shivering, posturing, and dyssynchronous breath-
ing.”> Neuromuscular blockade should only be considered
after verification of a secure airway in an adequately sedated
patient. Use of neuromuscular blocking agents is associated
with prolonged ICU stays and increased risk of nosocomial
infections and therefore should be reserved for elevated ICP
refractory to treatments discussed earlier.

Barbiturate Therapy

Barbiturate therapy is often a second line treatment utilized
to reduce refractory ICP by decreasing brain metabolism and
altering vascular tone. Free radical-mediating and mem-
brane-stabilizing properties have also been benefits of barbi-
turate use. Side effect profile, including significant
hypotension, is the main limitation. Barbiturates have been
successful in control of refractory intracranial hypertension
in nearly 30% of patients.>*

Hyperventilation

As discussed earlier, the typical ventilation goals in patients
with TBI are Paco, of 35 to 40 mm Hg. Because of the risks of
hypocapnic vasoconstriction, routine hyperventilation is not
supported. Furthermore, hyperventilation may decrease ce-
rebral oxygenation, resulting in ischemia.’*’> Aggressive
hyperventilation (Paco, < 30 mm Hg) should only be consid-
ered for salvage attempts in refractory intracranial hyperten-
sion.” Transient reductions in ICP because of hypocapnia are
often not sustainable.

Lumbar drain

Placement of a lumbar drain may be considered. It is recom-
mended that patients have a working ventriculostomy in
place or CT evidence of open basilar cisterns.

Conclusion

In conclusion, TBI is an important cause of significant mor-
bidity and mortality in children resulting in a broad spectrum
of injuries patterns. The treatment of pediatric TBI should be
distinguished from treatment of adult TBI. Treatment of TBI is
truly multimodal and multidisciplinary and when possible,
should involve pediatric specialists specifically trained in
pediatric trauma.
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