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Abstract
Purpose of Review This article reviews the pathophysiology,
evaluation, and management of pediatric TBI, as well as high-
lights recent updates in the literature. Traumatic brain injury
(TBI) is a leading cause of death and permanent disability
worldwide, and its prevalence presents a significant public
health concern. Since the second edition of the Guidelines
for the Acute Medical Management of Severe Traumatic
Brain Injury in Infants, Children, and Adolescents was re-
leased, several recent studies have broadened our understand-
ing of pediatric TBI.
Recent Findings While there remains a paucity of high-level
evidence on which to base precise consensus guidelines for
care in pediatric patients, recent studies have addressed thera-
peutic hypothermia, pharmacologic treatment of elevated in-
tracranial pressure, and abusive head trauma.
Summary Understanding the pathophysiology and treatment
strategies for pediatric TBI, while preventing secondary in-
sults, remains a cornerstone for improving patient outcomes.

Keywords Traumaticbrain injury . Intracranialhypertension .

Decompressive craniectomy . Hypothermia . Posttraumatic
seizures . Hyperosmolar therapy

Introduction

Despite increases in prevention programs, traumatic brain
injury (TBI) remains a leading cause of morbidity and mor-
tality in children worldwide, and is a major public health
concern posing a significant burden on the healthcare sys-
tem. Critical brain development occurs during infancy and
childhood, and children may be more selectively vulnerable
to TBI. Sustaining a brain injury in early childhood can
delay or interrupt foundational neurodevelopment [1]. The
Guidelines for the Acute Medical Management of Severe
Traumatic Brain Injury in Infants, Children, and
Adolescents, now in its second edition, have become a cor-
nerstone for systematically evaluating treatment strategies
with the additional aim of identifying high yield research
questions to drive the field forward [2]. Despite extensive
gains in our understanding of the molecular basis of TBI,
there remains no specific “magic bullet” therapy to improve
outcomes. There is a striking paucity of high-level evidence
for specific goals in the management of pediatric TBI,
though important studies continue to demonstrate that me-
ticulous attention to resuscitation and supportive care, with
expedient surgical intervention when warranted, is para-
mount [2]. Table 1 showcases articles published within
the past 5 years that have expanded our knowledge of pe-
diatric TBI and will be referenced throughout this review
article.

Epidemiology

According to the latest Center for Disease Control (CDC)
report, in 2013 there were a total of 2.8 million TBI-related
emergency department (ED) visits, hospitalizations, and
deaths in the USA involving all age groups. Of those, a total
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of 1.1 million TBI-related ED visits, hospitalizations, and
deaths involved patients aged 0–24 years [3]. Approximately
56,000 total deaths resulted from TBI, including almost 8000
deaths in the 0–24-year age group [3]. In children less than
4 years of age, abusive head trauma (AHT), accounts for a
large portion of TBI-related admission and death, while the
leading cause of TBI-related death in older pediatric patients is
motor-vehicle collision [3, 4]. Males have been shown to have
a higher predominance of TBI compared with females; how-
ever, a recent multicenter study of pediatric TBI patients by
Miller Ferguson et al. highlights a female predominance in
their AHT cohort, differing from most previous reports [5•].

Pathophysiology

Primary tissue disruption in TBI is mechanical in nature, in-
cluding contusion after direct impact; shear stress from accel-
eration, deceleration, and rotational force; and laceration from
depressed skull fractures or penetrating injury. Host response
mechanisms create a secondary brain injury milieu, occur in
the minutes and hours after insult, and can persist for days:

ischemia, reperfusion, antioxidant depletion, excitotoxicity,
energy failure, cytokine release, microglial activation, blood
brain barrier, and vascular permeability. These mechanisms
activate inflammatory and apoptotic cell death cascades and
contribute to injury propagation and cerebral edema. Another
important concept in TBI is axonal injury, primarily due to
physical shearing of axons, but also resulting from Wallerian
degeneration after neuronal injury or loss. The injured brain is
especially vulnerable to hypoxia and hypotension, and expe-
dient resuscitation is crucial in avoiding these secondary in-
sults in the prehospital environment, emergency department,
and pediatric intensive care unit. It has long been known that
episodes of hypoxia or hypotension can significantly impact
mortality after TBI, and a recent study by Kannan et al. re-
vealed that timely resuscitation of these factors in early care
was associated with lower in-hospital mortality in pediatric
TBI patients [6–8].

Cerebral edema is a frequent complication after pediatric
traumatic brain injury, which can arise from a combination of
cytotoxic swelling of injured neurons and glia, vasogenic ede-
ma from a permeable blood brain barrier, and osmolar swell-
ing of interstitial spaces as well as the cellular network.

Table 1 Notable pediatric TBI articles published within the previous 5 years

Study Authors Study description Conclusions

Abusive head trauma and mortality—an
analysis from an international comparative
effectiveness study of children with severe
traumatic brain injury

Miller Ferguson
et al. 2017

Design: comparative effectiveness study using
an observational, cohort study design.

Female predominance was seen in
AHT cohort, no difference in
mortality between AHT and
accidental TBI cohorts

N = 200 patients from ADAPT trial

Purpose: determine the impact of abusive head
trauma on mortality; identify factors
differentiating children with abusive head
trauma causing traumatic brain injury
compared to other mechanisms of brain
injury.

Patients with AHT may benefit
from ICP directed therapy

Effectiveness of pharmacologic therapies for
intracranial hypertension in children with
severe traumatic brain injury—results from
an automated data collection system
time-synched to drug administration

Shein et al. 2016 Design: prospective, observational study Hypertonic saline resulted in the
most rapid resolution of ICP, as
well as increased CPP

N = 16 children, total of 196 doses of fentanyl,
hypertonic saline, mannitol, and
pentobarbital Fentanyl was associated with

acutely decreased CPP and
highest treatment failure rate

Purpose: describe cerebral hemodynamic
effects of medications used to treat
intracranial hypertension

Age-specific cerebral perfusion pressure
thresholds and survival in children and
adolescents with severe traumatic brain
injury

Allen et al. 2014 Design: prospective, observational cohort
study N = 317 < 17 years

Found age specific CPP thresholds

0–5 years > 40 mmHg

Purpose: determine age-specific thresholds of
CPP on short-term survival

6–17 years >50 mmHg

Increased ICP significantly related
to all decreased CPP events in all
ages

Comparison of hypothermia and
normothermia after severe traumatic brain
injury in children (Cool Kids): a phase 3,
randomized controlled trial

Adelson et al.
2013

Design: phase 3, multicenter, multinational
randomized controlled trial

No reduction in mortality or
improvement in global functional
outcomeN = 79 patients total

Purpose: evaluate effect of therapeutic
hypothermia for 48–72 h with slow
rewarming on mortality

ADAPT acute decisions and approaches in pediatric TBI, AHT abusive head trauma, ICP intracranial pressure, CPP cerebral perfusion pressure
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Cerebral edema, whether global or focal, peaks 24–72 h after
injury and exacerbates injury by limiting blood flow and sub-
strate diffusion, and thereby oxygen and glucose delivery. It is
imperative to anticipate worsening cerebral edema in patients
with severe TBI, and if unimpeded, may ultimately lead to
herniation and a lethal restriction of all cerebral circulation.
The Monro-Kellie doctrine states that the cranium is a fixed
vault comprised of brain parenchyma, intravascular blood,
and cerebrospinal fluid (CSF). An increase in one component
mandates a decrease in another. This concept guides one of the
major management strategies in severe TBI, controlling ICP.
This is accomplished with pharmacologic therapies, CSF di-
version, blood pressure augmentation, carefully controlled
mild hyperventilation, and decompressive craniectomy, which
will be discussed separately.

Diagnosis and Neuroimaging

TBI has classically been stratified according to level of
consciousness with Glascow Coma Scale (GCS) score as
the standard assessment tool. GCS ≥ 13 defines mild TBI,
GSC 9–12 defines moderate TBI, and GCS ≤ 8 defines
severe TBI.

Neuroimaging after injury is important in triaging patients
and identifying intracranial pathology warranting neurosurgi-
cal intervention, e.g., extra-axial hemorrhage or depressed
skull fracture. Computed tomography (CT) has been the pri-
mary modality used since it is quick and readily available in
developed countries. While magnetic resonance imaging
(MRI) may be more sensitive than CT for evaluating intracra-
nial pathology, there is no evidence to support routine use of
MRI in immediate management [2]. Once the patient is stabi-
lized, MRI is often obtained to further delineate the extent of
intracranial injuries and aid in prognostication, and is particu-
larly useful in elucidating the contribution of diffuse axonal
injury. Additionally, there is no evidence to support routine
repeat head CT > 24 h after initial imaging in the absence of
clinical change [2].

Management

Initial resuscitation and correction of respiratory and circu-
latory failure takes precedence when treating patients with
TBI. Once the patient has been adequately resuscitated,
therapies should focus on minimizing secondary injuries,
reducing intracranial hypertension, and maintaining appro-
priate cerebral perfusion pressure (CPP). ICP monitoring,
which may be considered in patients with severe TBI, is
generally achieved with an intraparenchymal monitor or
external ventricular drain (EVD), with the latter having
the added benefit of therapeutically draining CSF for

increased ICP (discussed separately) [2]. Management
strategies include CSF diversion, sedation, analgesics, neu-
romuscular blockade, hyperosmolar therapy, blood pres-
sure augmentation, mild hyperventilation, and decom-
pressive craniectomy. A tiered approach for treatment of
intracranial hypertension is listed in Table 2. The details
of each treatment option will be discussed separately.

Intracranial Pressure and Cerebral Perfusion Pressure
Management

One of the most vital components of TBI management is
maintaining “appropriate” ICP and CPP (CPP = mean arte-
rial pressure [MAP] − ICP). In the injured brain, cerebral
blood flow autoregulation may be disrupted, and as such,
reductions in CPP result in cerebral ischemia. There is ev-
idence that sustained drops in CPP are associated with poor
outcomes in patients following severe TBI [9, 10]. A con-
founder particular to pediatric TBI is that “one size does not
fit all”. Blood pressure parameters vary widely between
infancy and adolescence, and a recent study reported age-
specific CPP thresholds associated with poor outcome
[11•]. However, the current brain trauma foundation guide-
lines could only recommend that a minimum CPP of
40 mmHg may be considered in severe TBI [2]. A slightly
increased minimum CPP level of 45 mmHg was recently
reported, where the number of hours spent below this
threshold was associated with worse outcomes [12].
Similarly, ICP treatment thresholds are also not well
established in children, but sustained increases in ICP
≥ 20 mmHg are associated with poor outcomes [12–15].
As such, it is recommended to treat ICP above a threshold
of 20 mmHg [2].

Cerebrospinal Fluid Diversion

Patients with intracranial hypertension can benefit from drainage
of CSF, as it has been shown to lower ICP by decreasing total
intracranial fluid volume [16–18]. Diversion of CSF is accom-
plished through an EVD, which is placed through a burr hole in
the skull and into the ventricular system. This has its own inher-
ent complications, including bleeding, malpositioning, and in-
fection. Although CSF drainage can be achieved intermittently
or continuously, continuous drainage has been shown to reduce
ICP more effectively [17–19]. While this decision is often
provider/institutional specific, we believe that continuous drain-
age of CSF provides a greater benefit to patients as it is less
reactionary. Treatment of intracranial hypertension begins as
soon as ICP starts to increase, and continuous drainage may
potentially lessen the need for other ICP-directed therapy. An
important potential benefit of CSF diversion is the ability to
readily collect CSF samples for analysis. While currently under-
taken in only a few academic centers and still in its infancy in
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terms of discerning injury severity and titrating interventions,
CSF biomarker measurement is yet another possible tool and
one might expect future studies to demonstrate its utility in rou-
tine clinical practice [17, 20].

Pharmacologic Therapies

Analgesics, sedatives, and neuromuscular blocking agents are
mainstays in the pediatric intensive care unit for patient safety
and comfort with medical interventions and devices such as
mechanical ventilators, and they are routinely used to treat
elevated ICP. Opioids blunt transmission of painful stimuli
to the central nervous system, and have useful sedative side-
effects. Sedative agents reduce cerebral activity and metabolic
demand thus decreasing blood flow and ultimately ICP. The
gamma-aminobutyric acid (GABA) agonist sedatives
dexmedetomidine, benzodiazepines, and barbiturates shift
the neurotransmitter balance toward inhibition and sleep.
Though use in pediatrics is quite controversial and the FDA
has issued a warning for the pediatric population due to the
association with infusion-related lactic acidosis, the mixed
GABA agonist and N-methyl-D-aspartate (NMDA) antagonist
propofol is a highly effective anesthetic sedative with the
added benefit of a very short half-life, facilitating clinical neu-
rologic examination [2]. Historically, ketamine, an NMDA
antagonist, has been avoided for use in pediatric TBI as it
increases catecholamine release, causing an increase in sys-
temic vascular resistance, suggesting that the pharmacody-
namics of ketamine may cause increased cerebral blood flow
and ICP. However, recent studies and reviews in adult and
pediatric TBI suggest that ketamine does not increase ICP
and possibly increases CPP, though further studies are recom-
mended [21–23]. Neuromuscular blocking agents are com-
mon adjuncts in the management of intracranial hypertension
in order to reduce metabolic demands beyond sedation and
prevent shivering when treating hyperthermia with external
cooling measures. Caution must be exercised when adminis-
tering paralytics; however, as they mask clinical seizures, it is
of utmost importance to continuously monitor patients with
electroencephalogram (EEG). Continuous infusion of pento-
barbital, titrated to a burst-suppression EEG pattern, is used
for refractory intracranial hypertension as well as status epi-
lepticus. Hypotension and hypopnea frequently accompany
the use of all of these drugs, and should be anticipated and

aggressively treated. Additionally, an increased risk of
ventilator-associated pneumonia has been associated with in-
fusions of pentobarbital, neuromuscular blockade and/or ac-
tive cooling to maintain euthermia or achieve therapeutic hy-
pothermia. Medical providers should have a high index of
suspicion for ventilator-associated infections when using
these interventions for TBI [24].

There is little data comparing sedative and analgesic agents
in TBI, and medication choice and dosing are left to treating
physician discretion. Additionally, very little is known with
regard to the effect of neurotransmitter manipulation on injury
exacerbation or impaired recovery. Studies suggest that opioid
treatment of increased ICP may be modest and short-lived,
and opioids are not only implicated in neuroinflammation
but are also known to alter developmental myelination in neo-
natal rodents [25]. However, severe TBI patients are invari-
ably intubated and mechanically ventilated, and frequently
have associated systemic injuries or undergo operative proce-
dures necessitating opioid administration. Nonsteroidal anal-
gesics are either insufficient or generally avoided in the face of
bleeding risk from platelet inhibition. GABA agonist expo-
sure is associatedwith delirium, andmay exaggerate traumatic
cognitive dysfunction. Prolonged activation of GABA recep-
tors can downregulate their cell surface expression, possibly
contributing to an environment prone to excitotoxicity [26].
Many institutions, including our own, sparingly use benzodi-
azepines since their use may impair neuronal recovery follow-
ing neurologic injury [27]. Finally, there is increasing evi-
dence in animal models of infant neurodevelopment that
propofol and related drugs induce neuronal death, creating a
risk-benefit conundrum for anesthesia and critical care pro-
viders [28]. Despite these and other knowledge gaps, without
compelling evidence, there is currently no equipoise to con-
duct a study where any of these medication classes might be
withheld.

In an attempt to address some of these questions, a pro-
spective observational study by Shein et al. was performed at a
tertiary care children’s hospital to understand the cerebral he-
modynamics of fentanyl, mannitol, hypertonic saline, and
pentobarbital in elevated ICP after severe TBI [29••].
Medications were administered during intracranial hyperten-
sion crises (ICP ≥ 20 mmHg for > 5 min), and mean ICP and
CPP values were observed every 5 s. Of note, ICP crises
thought to be due to mechanical ventilator changes or external

Table 2 Tiered approach for
treatment of intracranial
hypertension

Tier 1 therapy Tier 2 therapy Tier 3 therapy

Head of bed 30° Hyperosmolar therapy Barbiturate coma

Sedation/analgesia CSF diversion Decompressive craniectomy

Neuromuscular blockade Augmentation of BP/CPP Mild hypothermia

Mild hyperventilation

CSF cerebrospinal fluid, BP blood pressure, CPP cerebral perfusion pressure
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stimuli were excluded. Overall, ICP was reduced after admin-
istration of fentanyl, hypertonic saline, and pentobarbital.
Hypertonic saline resulted in the quickest resolution of intra-
cranial hypertension with the added benefit of increased CPP.
Fentanyl was associated with reduction in CPP and exhibited
the highest treatment failure rate. As a result of this study and a
recent review of the literature, hypertonic saline may be con-
sidered as the first-line medication for intracranial hyperten-
sion due to its quick resolution of intracranial hypertension
and favorable cerebral hemodynamic profile [29••, 30].
Interestingly, mannitol was excluded from analysis in the
Shein study due to the small number of doses given, and it
is not possible to recommend against the use of mannitol in
preference of hypertonic saline based on these and other re-
sults [2, 31].

Temperature Control

While the avoidance of hyperthermia is crucial to pre-
vent secondary brain injury, therapeutic hypothermia in
pediatric TBI has been considered as a therapeutic strat-
egy after promising results were observed in animal
models of TBI [32, 33]. Two notable studies by
Hutchison et al. and Adelson et al. have attempted to
reconcile any benefit of hypothermia in severe pediatric
TBI with the associated risks of infection and thrombo-
sis [34, 35]. Hutchison et al. performed a multicenter,
randomized controlled trial of moderate hypothermia,
defined as 32 to 33 °C, initiated within 8 h of injury
and continued for 24 h. There was a concern for in-
creased mortality with no evidence of secondary out-
come benefits in the hypothermia group compared to
the control group [34]. As a result of this study,
Adelson et al. questioned if hypothermia could affect
outcomes if patients were cooled for longer (48–72 h
compared to 24 h) and rewarmed more slowly.
Ultimately, the study was terminated early for futility,
and concluded that longer periods of hypothermia with
slow rewarming does not reduce mortality in severe TBI
[35]. Most recently, Tasker et al. conducted a meta-
analysis of seven randomized controlled trials of thera-
peutic hypothermia in pediatric TBI, and concluded that
“the null hypothesis of no difference between hypother-
mia and normothermia on mortality cannot be rejected”
[36•]. Interestingly, they observed that the study popu-
lations were heterogeneous with respect to important
factors, and that therapeutic hypothermia continues to
be utilized in pediatric TBI despite the lack of a defin-
itive study to support its efficacy. Specifically, there
may be potential subsets of pediatric TBI that might
benefit, and Tasker cautions that the search for those
subsets should not be prematurely abandoned.

Seizure Prophylaxis

Posttraumatic seizures (PTS) are a well described and major
complication after TBI, and may result in harmful conse-
quences including increased metabolic demand, increased ce-
rebral blood flow and intracranial pressure, and excitotoxic
neuronal injury and death. Liesemer et al. report a 12% inci-
dence of PTS in their observational study of 275 pediatric
patients, and the highest risk of PTS appears to be in the
moderate and severe TBI groups, children < 2 years of age,
and victims of abusive head trauma [37]. Prevention of sec-
ondary brain injury from PTS is an important component of
management of patients with TBI, and seizure prophylaxis
with phenytoin may be considered in patients with TBI [2].
Despite the guidelines, there is a wide variation in seizure
prophylaxis among trauma centers ranging from phenobarbi-
tal to levetiracetam, which could explain the disparity between
PTS prophylaxis and outcomes [38, 39]. While levetiracetam
is frequently used for PTS prophylaxis, a recent study by
Chung and O’Brien reports a 17.6% risk of PTS despite leve-
tiracetam prophylaxis in patients with moderate to severe TBI
[40•]. In their study, this prevalence of PTS in patients receiv-
ing levetiracetam was higher than the prevalence of PTS in
patients receiving fosphenytoin and similar to patients who
received no seizure prophylaxis [40•]. The use of levetirace-
tam for PTS prophylaxis is common and appears to be safe, as
there is a wide therapeutic margin and little need for measur-
ing drug levels as is required with fosphenytoin or phenobar-
bital, but further studies are needed to assess its efficacy, spe-
cifically in younger patients and those suffering from AHT
[40•, 41]. In our institution, fosphenytoin is the preferred pro-
phylactic and treatment agent for PTS. We also routinely em-
ploy continuous EEG on any patient who is receiving neuro-
muscular blockade, pentobarbital infusion, or is at high risk of
PTS.

Decompressive Craniectomy

While controversial, decompressive craniectomy (DC) with or
without duraplasty may be considered in the treatment of intra-
cranial hypertension refractory to medical management or for
patients at risk of cerebral herniation [2]. A randomized con-
trolled trial by Cooper et al. investigated if bifron-
totemporoparietal decompressive craniectomy in adults suffer-
ing from severe TBI and intracranial hypertension, failing first
tier therapies, improved functional outcome compared to medi-
cal management [42]. Adults in the craniectomy group had low-
er ICP values with fewer medical interventions, shorter duration
of mechanical ventilation, and intensive care unit stay, but their
outcome, based on the extended Glasgow outcome scale
(eGOS) score, was worse compared to patients undergoing stan-
dard care [42]. More recently, the RESCUEicp Trial
Collaborators evaluated the effect of DC on clinical outcomes
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(based on eGOS) in patients aged 10–65 years with refractory
intracranial hypertension (ICP > 25 mmHg for 1–12 h) [43].
Patients were randomly assigned to the medical group or the
surgical group where the latter underwent a decompressive
craniectomy (either large unilateral frontotemporoparietal or
bifrontal craniectomy). Overall, patients who underwent DC
had 22% lower mortality albeit with higher rates of vegetative
state, lower severe disability, and upper severe disability com-
pared to the medically managed cohort [43]. To date, there have
been no dedicated randomized controlled trials evaluating DC in
pediatric TBI, and the pediatric evidence for DC is limited to
small case series.

Outcomes

Overall, morbidity and mortality from pediatric TBI is associat-
ed with the extent of primary injury and the effectiveness of
mitigating secondary injury. The severity of both primary and
secondary injuries, in addition to an initial low GCS, is associ-
ated with a lower Glasgow outcome scale score and poor out-
come [44]. Mortality from severe TBI has been reported as high
as 50%, and Sharples et al. reported a fourfold increase in mor-
tality in pediatric patients who suffered from hypotension and
hypoxia [45, 46]. More recently, new data from an initial 200
patient cohort of the Approaches and Decisions in Acute
Pediatric TBI (ADAPT) trial found a mortality of 19% in chil-
dren with severe TBI, and there was a strong association be-
tween GCS score at the time of ICP monitor placement and
mortality [47]. Patients with severe TBI are frequently left with
neurological sequelae, including but not limited to paresis, cog-
nitive impairment, psychiatric illness, behavioral disorders, epi-
lepsy, and dysphagia requiring a gastrostomy tube, and these
deficits may lead to a reduced quality of life [9, 48].

Outcomes can be improved with the implementation of
specialized teams practicing evidenced-based treatment [49].
Early involvement of pediatric-trained speech, occupational,
and physical therapists, as well as physical medicine and re-
habilitation providers, is crucial in maximizing neurologic re-
covery following TBI. Patients often benefit from pediatric
rehabilitation programs, either in an inpatient or outpatient
setting, depending on the severity of deficits.

Conclusions

Traumatic brain injury continues to be a major health concern
due to its contribution to worldwide morbidity and mortality.
Several studies have expanded our knowledge of both the
pathophysiology and management of pediatric TBI since the
release of the 2012 Traumatic Brain Injury Guidelines.
Nevertheless, these guidelines emphasize the continued lack
of dedicated pediatric evidence, particularly high quality,

randomized controlled trials. We look forward to the results
of the ADAPT trial, which is an international comparative
effectiveness trial with aims to investigate current practice
trends and outcomes of children with severe TBI (adapttrial.
org), and we are hopeful the ADAPT trial will result in some
of these knowledge gaps being filled as well as directing
future investigations in pediatric TBI.
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