Chapter 35 )
TBI in Pediatric Patients

Check for
updates

Giselle Coelho and Eduardo Varjao Vieira

35.1 Historic/Epidemiology

Traumatic brain injury (TBI) is the leading cause of pediatric morbidity and mortal-
ity in the United States (US) and worldwide. In the United States, there are over 2
million cases of TBI per year, resulting in approximately 50,000 deaths [14, 19] and
representing an important public health problem [13]. About 75% of all children
hospitalized with trauma have a head injury [17].

The annual worldwide frequency of pediatric TBI is evaluated at 691 per 100,000
cases, with a noteworthy increment (60%) of emergency department (ED) visits
from 1374.0 to 2193.8 per 100,000 from 2008 to 2010, respectively, in the United
States [19, 38].

Severe TBI is a driving cause of mortality and disability in children. In the United
States, it accounts for more than 2.8 million crisis office visits, more than 35,000
hospitalizations, and 2200 deaths per year [18, 39]. The estimated costs are colossal.
Recently, the National Emergency Department Sample published an estimate of the
initial hospital cost associated with TBI in the United States to be nearly $30 billion
[34, 37].

It is important to emphasize that disability post-pediatric TBI is approximately
20%. Furthermore, different types of TBI are reported among different pediatric age
groups. For example, in young infants, up to 30 per 100,000 babies under 1 year of
age (average age 2—4 months) endure non-accidental injury (NAI) per year [29].
Considering patients 1-4 years of age, traumas result from falls, accounting for
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94-132 hospitalized children per 100,000. School-age children are more inclined to
being hit by a car and to bicycle-related wounds. The secondary TBI in children
reaches the highest peak during adolescence referring to motor vehicle accidents.
Mortality rates for pediatric TBI range between 3.1 and 5.7 per 100,000 among dif-
ferent age groups between 0 and 14 years and dramatically increase to 24.3 per
100,000 in the 15-19 age group, according to the Centers for Disease Control and
Prevention (CDC) [38, 41].

The pediatric traumatic brain injury (TBI) is remarkable, because the sequelae
may extend beyond the evident physical impairment in the affected children to dis-
rupt their psychosocial functioning. Damage may or may not resolve on the short
term, often leaving them with long-term, deleterious deficits.

However, children may have very different outcomes when compared to adults,
and the mechanism of injury may lead to completely different short-term and long-
term results. In this context, it could be related to the concept of neuroplasticity,
which is most prominent and active during time-sensitive periods of pre-natal and
post-natal development [27, 38].

Aiming to standardize the medical care and therapeutic strategies, in 2003, the
first Guidelines for the Acute Medical Management of Severe Traumatic Brain
Injury in Infants, Children, and Adolescents were published. Since then, the recom-
mendations have been reexamined, and numerous studies have shown that guideline
adherence is associated with reduced mortality and improved neurological outcome
[22, 28, 34].

In general, the evidence resource used to write the guidelines consists of obser-
vational cohort studies and not randomized controlled trials. Therefore, there are
some controversial questions in the management of TBI (especially in severe pre-
sentations), for example, the usefulness of the placement of an intracranial pressure
(ICP) monitoring device and how to manage it and what are the most appropriate
ICP therapies [34].

In this chapter, we discuss the main aspects of the TBI and its peculiar manage-
ment in pediatric population.

35.2 Mechanisms of Injury

Interesting biomechanical and anatomical highlights of the growing cranium and
brain lead to recognizing types of TBI in children compared to adults. Considering
the proportion of head measure and weight to body between adults and children, it
is possible to notice that the pediatric population is bigger than adults, which puts
children’s heads at higher risk of damage in any sort of trauma. Smaller cranium
thickness and open sutures in newborn children allow more versatility and deforma-
tion, and then better absorption of the impact effects [11, 23].

Nevertheless, this could be considered unfavorable when combined with the fact
that pediatric brains are less myelinated and contain a much bigger water content
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compared to adults (89% versus 77%), which makes the pediatric brain more vul-
nerable to diffuse and shear damages [36, 38].

There are two principal phases of TBI. The first is the primary injury which
involves the initial mechanical impact, resulting in loss of tissue and neuronal death.
This primary injury cannot be repaired, and the damage is permanent.

The second phase is related to a hyperexcitatory and inflammatory-mediated sec-
ondary injury that occurs during the period of hours to days after the initial injury
[43]. Consequently, there is a high blood-brain barrier (BBB) permeability and
cerebral edema, resulting in rising intracranial pressure, potentially exacerbating
cerebral ischemia [47].

The area of the brain surrounding the primary injury (penumbra) is susceptible
to hypoxic events, and preservation of this region is one of the primary objectives in
the management of TBI. For decades, secondary brain injury prevention has been
the subject of significant research. Despite promising data from numerous preclini-
cal researches, no therapy has improved outcomes in patients thus far.*! Furthermore,
we still have little corroboration about the effectiveness of every perspective of TBI
management [13, 35].

The impact-loading mechanism occurs when the head is hit by a moving object
or smashes into a stopped object, though impulsive-loading, moreover alluded to as
“whiplash,” happens when the head moves in reaction to fast movement of another
body portion that is affected by an external action. After an impact-loading trauma,
contusions, lacerations, and cranial fractures and coup-contrecoup brain damage
(central and/or diffuse, parenchymal wounds, subarachnoid hemorrhage, etc.) are
frequently observed [24].

The probabilities of injury types differ according to acceleration during an
impulsive-loading trauma. Diffuse axonal injury (DAI) is related to coronal plane
accelerations, while bridging veins damage and resultant subdural hematomas are
more likely to occur in sagittal plane accelerations. The so-called shaken baby syn-
drome and DAI are representative sequelae of impulsive-loading trauma forced
upon a weakly myelinated brain with less density [21, 38]. Once again, the differ-
ences between the pathophysiological responses to TBI in pediatrics compared to
adults should be highlighted. Children tend to more frequently develop diffuse brain
swelling [3] and early post-traumatic seizures after a moderate-to-severe TBI [5]. In
addition, there is vulnerability to suffer consequences from low cerebral perfusion
pressures, when compared to adults [15, 38].

35.3 Physical Examination/Image

Trauma victim care begins at accident stages. There is a consensus that the outcome
for trauma patients is improved with a systematic initial evaluation from prehospital
and hospital care teams. The primary assessment and the beginning of therapeutic
approach to life-threatening injuries are described as ABCDE (Airway, Breathing,
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Circulation, Disability, and Exposure). It is a mistake to initiate the approach of a
patient with altered consciousness through neurological assessment. There are
causes of coma that can be reversed following the steps of initial care, and it is not
always associated with neurological problems. Secondary assessment begins after
stabilization of the initial condition to search for other lesions that may endanger
life or functionally affect the patient [6].

Children admitted to the emergency department and diagnosed with moderate
and severe TBI should receive neurosurgical care. Neurosurgeons must obtain a
complete history, sought characteristics of trauma mechanism, prior diseases, medi-
cations, and risk factors (i.e., seizures, otorrhagia, rhinorrhagia, unconsciousness,
penetrating injury, nausea, vomiting, and headache). After obtaining history, it is
important to detail neurological examination.

Neurological examination should begin by inspecting the child. Reactions or
spontaneous interaction with the environment, general mobility, and posture will be
evaluated. It is not possible to apply the techniques and maneuvers of adult neuro-
logical examination in children, particularly in neonates and infants. It is necessary
to gain the child’s confidence and through play and different maneuvers evaluate
the different items of the neurological examination, which were not possible on
simple inspection [42]. Pediatric facies, cranial bone, and scalp should be evalu-
ated, searching for open or closed fractures, including signs of basilar skull frac-
ture, and especially hematomas, and lacerations, because these can be cause of
blood loss.

Despite some criticism, the Glasgow Coma Scale is still being used to report
impairment of the level of consciousness and coma in traumatic injuries even in
pediatric population, since some modifiers can be used to patients aged <2 years
[12]. Neurological examination is a challenge in the unconscious child and should
be direct to identify differences between focal and diffuse injuries. One of the
important findings in infants is the presence of tense fontanelle that leads to intra-
cranial hypertension suspicion. Other important findings are the clinical signs
related to acute herniation of brain tissue. As transtentorial herniation progresses,
the changes signs include pupillary changes and bradycardia. Foramen magnum
herniation causes downbeat nystagmus, bradycardia, bradypnea, and hypertension.
Clinical features of subfalcine herniation may be unilateral or bilateral weakness.
Inappropriate motor responses such as decorticate or decerebrate rigidity reflect
significant brainstem injury [33].

Head computed tomography enables quick detection of intracranial injury, signs
of mass effect, and/or cerebral edema for pediatric patients with brain trauma [32].
This kind of image can affect therapeutic strategies, monitor effects of treatment,
and evaluate progression or regression of some intracranial infections, although
serial CT scans are controversial. Repeating CT scan can be useful when there is no
evidence of neurological improvement despite medical and surgical treatment, neu-
rologic deterioration, persistent or increasing intracranial pressure, or a condition
that impedes neurologic status assessment, because of sedation or neuromuscular
blockade. The adoption of scoring systems is useful to predict outcomes in patients
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with severe trauma brain injury, including children. Higher Rotterdam head CT
score rates are associated with greater mortality [16, 25, 32, 40], and the Marshall
CT score has shown that scores 3 and 6 predict the most unfavorable outcomes [40].

35.4 Differential Diagnosis

Abusive head trauma is an important cause of severe brain injury. Although many of
the clinical signs of accidental and abusive head injury are similar, the abusive
mechanism should be investigated if suspected, because your diagnosis regards
child protection [2].

35.5 Treatment Options

35.5.1 Severe Traumatic Brain Injury (sTBI)

Neurosurgeons have an important role in the TBI care process. The main goal is to
recognize when acute herniation of brain tissue is imminent or ongoing to act as
soon as possible. The latest released guideline for acute medical management of
sTBI in children was published in 2019 [32]. In the following topics, monitoring,
thresholds, and interventions are discussed.

35.6 General Recommendations

35.6.1 Ventilation

The cerebral circulation is controlled by homeostatic mechanisms, including partial
pressure of carbon dioxide (PaCQO,), partial pressure of oxygen (Pa0O,), cerebral
autoregulation, metabolism, and blood viscosity. The sensitivity to changes in
PaCO, makes it the most potent physiologic cerebral vasodilator [46]. Ventilation
should be established in children who present deteriorating consciousness, respira-
tory failure, or decerebrate or decorticate posturing to decrease the incidence of
brain impairment [45]. The settings for ventilation should be PaO, between 90 and
100 mmHg and PaCO, between 35 and 40 mmHg [33]. Prophylactic severe hyper-
ventilation with PaCO, less than 30 mmHg in the initial 48 hours after injury is not
suggested [32].

There is little data on the relationship between reversal of transtentorial hernia-
tion in children after TBI and the use of hyperventilation, although it is recom-
mended as a component of the approach to the emergency treatment supported by
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studies in adults. If hyperventilation is used in the management of refractory intra-
cranial hypertension, advanced neuromonitoring for evaluation of cerebral ischemia
may be necessary [32].

35.6.2 Blood Transfusion Therapy

Data suggests that children have higher oxygen consumption and a higher cardiac
output to blood volume ratio than adults [9]. Cerebral blood flow rises as a result of
improved rheology of the blood flow in cerebral vessel and as a compensatory reac-
tion to decreased oxygen dispensation during anemia [46]. Although only a few
studies of hemoglobin target have been published, evidence suggests a minimum
hemoglobin target of 7.0 g/dl [33].

35.6.3 ICP Monitoring

Present data confirms that achieving adequately controlled ICP reduces mortality
and is associated with better functional outcomes among children between 2 and
12 years with ICH [8]. However, there is not a specific recommendation for infants
and children regarding CT and ICP monitoring after STBI [32]. The presence of an
open fontanel in infants does not preclude the development of intracranial hyperten-
sion and cerebral herniation [44], although the use of monitoring in children less
than 2 years old has been less expected [32]. Importantly, in children younger than
5 years old with TBI, cerebral perfusion pressure (CPP) should be maintained
greater than 40 mmHg, whereas in children between 6 and 17 years of age, a target
greater than 50 mmHg is suitable [44].

35.6.4 Advanced Monitoring

As discussed earlier, the key issue of neurocritical care management of TBI patients
is to optimize cerebral perfusion [33, 44]. Advanced neuromonitoring can improve
overall outcomes [31]. Transcranial Doppler (TCD) may be performed within
72 hours of admission, and its frequency and duration will be guided by children
clinical presentation and eventualities. It is useful for evaluation of cerebrovascular
hemodynamics using measurements of intracranial cerebral arteries. Although there
are no criteria for vasospasm for children, TCD appears to be a feasible method for
CPP to predict response to medical treatment of intracranial hypertension [1, 32].
Sustaining a level of brain tissue oxygenation (PbrO,) greater than 10 mmHg is
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suggested when it is monitored. At this time, there is no strong evidence to support
PbrO, monitoring, although its addition to other advanced neuromonitoring tools
(i.e., microdialysis, examination of cerebral autoregulation, and electrophysiology
assessments) is helpful to optimal critical care [32].

35.6.5 Hyperosmolar Therapy

Both mannitol and hypertonic saline (HTS) have been commonly used to manage
raised intracranial hypertension. However, there is an absence of supportive man-
nitol clinical trials versus placebo, or other therapies in children. Bolus of 3%
HTS has been recommended as hyperosmolar therapy in patients with intracra-
nial hypertension. The dosing for acute use varies between 2 and 5 mL/kg over 10
and 20 minutes, and a continuous infusion of 0.1 and 1.0 mL/kg of body weight
per hour can be used varying in accordance to minimum dose needed to maintain
ICP less than 20 mmHg. Another option for hypertonic saline is bolus of 23.4%
HTS for patients with existing hypervolemia. This has been shown to be effective
for refractory ICP, and it can be delivered in a dosage of 0.5 mLkg with a maxi-
mum of 30 mL. The physiologic effect of higher serum sodium and serum osmo-
larity is to pull water from the intracellular and interstitial compartments of the
brain, reducing cerebral edema [30]. However, the observation of a sustained high
serum sodium greater than 160—170 mEq/L (>72 hour) may lead to complications
like deep vein thrombosis, thrombocytopenia, and anemia, and it must be
avoided [32].

35.6.6 Analgesics, Sedatives, and Neuromuscular Blocking

With the use of other interventions, the combination of benzodiazepine and opioid
for sedative/analgesic therapy allows manipulation of ventilation, optimization of
cerebral metabolic rate, cerebral blood flow, and intracranial pressure [20, 33].
Nevertheless, studies documented that bolus administration of midazolam and/or
fentanyl during ICP rises has risks of cerebral hypoperfusion. Drugs and dosing
should be chosen according to pediatrician experience and knowledge as there is
absence of outcome data [32]. Nevertheless, long-term propofol use is not appropri-
ate based on guidance from US Food and Drug Administration, because it may
cause propofol infusion syndrome, presenting with lactic acidosis, cardiac dysfunc-
tion, and renal failure [20, 32]. Neuromuscular blockage has been demonstrated to
achieve and maintain paralysis, and it can optimize patient-ventilator interactions
and prevention of shivering, although at the expense of significant increased rates of
respiratory tract infection, cardiovascular collapse, and myopathy [26].
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35.6.7 CSF Drainage

Often, when ICP is increased, CSF drainage through an external ventricular drain
can be used as a therapy. There are concerns regarding the potential for EVD to raise
complications such as hemorrhage and infection [32].

35.6.8 Seizures Prophylaxis

A potential advantage of prophylactic treatment may be in decreasing early (within
7 days) post-traumatic seizure (PTS). Many risk factors have been shown to increase
occurrence of PTS, including location of the lesion, cerebral contusions, retained
bone and metal fragments, depressed skull fracture, focal neurologic deficits, loss of
consciousness, GCS greater than 10, severity of injury, length of post-traumatic
amnesia, subdural or epidural hematoma, penetrating injury, and age. There is a
reduced seizure threshold in children, and it is especially challenging to recognize
subtle clinical seizures. Thus, continuous electroencephalogram recording should
be used, recognizing seizures occurrence in up to 70% of cases. There is no evi-
dence that levetiracetam may be safe as an antiepileptic drug to use in TBI over
phenytoin; therefore either is acceptable [32, 33].

35.6.9 Temperature Control/Hypothermia

Maintaining an adequate temperature between 35 °C and 38 °C after a traumatic
brain injury is one of the goals to avoid secondary damage to the injured brain [32,
33]. Guidelines have used hypothermia as a treatment for ICP control, but its use in
a prophylactic moderate way (32-33 °C) did not improve overall outcomes over
normothermia. Moderate hypothermia therapy has been considered safe in children.
It should be implemented at a rate of 0.5-1.0 °C every 12-24 hours or slower to
avoid complications, and, if phenytoin is administered, monitoring and dosing have
to be adjusted to minimize toxicity, particularly during the rewarming period [32].

35.6.10 Barbiturates

The suppression effects at cerebral circulation caused by high-dose barbiturates can
be used if intracranial pressure is suboptimal after 4 hours dosing of osmotherapy
and hyperventilation. Nevertheless, high-dose barbiturate therapy can cause hemo-
dynamic instability, including decreased cardiac output, hypotension, and increased
intrapulmonary shunt. Thus, barbiturates, particularly pentobarbital and thiopen-
tone, are suggested in hemodynamically stable children, and consequently
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vasopressors are commonly needed to maintain adequate CPP [32, 33]. The sug-
gested dose for pentobarbital is a loading dosage of 10 mg/kg and a maintenance
dose of 1 mg/kg/hr., aiming a burst suppression on electroencephalography. After
24 hours of reduced ICP, its infusion can be titrated and then withdrawn over
24-96 hours [33].

35.6.11 Decompressive Craniectony

Decompressive craniectomy is used as a stand-alone procedure or associated with
other surgical interventions such as hemorrhage evacuation to treat neurologic dete-
rioration, strong suspicion of herniation, or intracranial hypertension (> 25 mmHg)
refractory to optimal medical management [4, 32]. The surgical goal should be an
anterior-to-posterior craniectomy diameter of at least 12 cm in children in a similar
pattern to adults. There have been series showing that it is reasonable to adapt cra-
niectomy size to age during infancy. However, a gain in a horizontal brain diameter
of more than 1 cm might indicate serious brain herniation through the bone gap
when an optimal hemicraniectomy is accomplished, associating with unfavorable
outcome and long-term neuropsychological disturbances, similar to a post-traumatic
pupillary dysfunction at admission [7, 10]. Autologous cranioplasty, even if compli-
cated by bone flap resorption, is the chosen modality of cranial reconstruction, due
to osteointegration, growing skull, and cost-effectiveness [10]. Although this can
successfully decrease ICP, decompressive craniectomy is also associated with
hygroma, hydrocephalus, and multiple types of infection (i.e., ventilator-associated
pneumonia, bone flap sepsis).

35.6.12 Nutrition

Physiologically, in children, BTT increases metabolism, which requires caloric sup-
port during critical ill phase. Moreover, growing children have more nutritional
needs for development. Because of this, early enteral nutritional support (within
72 hours from injury) is beneficial to reduce mortality and improve outcomes [32].

Pearls/Tips

» Considering the proportion of head measure and weight to body between adults
and children, there are important population differences regarding cranioence-
phalic trauma and mechanisms of injury.

* Abusive head trauma should be recognized as a differential diagnosis in pediatric
population.

* Autologous cranioplasty secondary to decompressive craniectomy should be
chosen as the best option in children due to cranial growth pattern.
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