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Preface

Traumatic brain injury (TBI) has the highest incidence of all common neurological
diseases, making it a huge public health burden. TBI is not only an acute disease
but also a chronic disease with long-term consequences, including an increased risk
of delayed neurodegeneration. It is a risk factor for a variety of neurological dis-
eases, including epilepsy, stroke, and neurodegenerative diseases and is the leading
cause of death among young people as well as the leading cause of death and dis-
ability in all ages in all countries. Although research in the field has generated new
knowledge about TBI, many needs of TBI patients are not being met. Thus, there

is an urgent need to address deficiencies in prevention and care to reduce the huge
burden and social costs of TBI. This book discusses the progress of TBI prevention,
clinical nursing, research, and challenges in TBI care.

The book is divided into two sections and seven chapters. The first section
addresses treatment philosophy. The second section focuses on progress in
research and treatment of several complex conditions of brain trauma. Chapter 1
is the introductory chapter, and Chapter 2 discusses prehospital and emergency
room airway management in TBI; Chapter 3 examines neuroinflammation in
TBI; Chapter 4 reviews penetrating craniocerebral injury in pediatric patients;
Chapter 5 discusses traumatic optic neuropathy; Chapter 6 focuses on the trau-
matic injury of neurovascular arteries and their neurointerventional treatment,
and Chapter 7 presents recent advances in the development of biofluid-based
prognostic biomarkers of diffuse axonal injury.

We would like to thank all the authors for their contributions. We would also like
to acknowledge the encouragement, motivation, and assistance from Tsinghua
Precision Medicine Foundation (20219990008), Tsinghua University, China,
and the Beijing Municipal Administration of Hospitals Incubating Program
(PX2020039. We are grateful to Author Service Manager Blanka Gugic at
IntechOpen for her dedication and hard work to ensure the smooth publication
of this book. Finally, we owe a debt of gratitude to Professor Zhongcheng Wang,



academician of the Chinese Academy of Engineering and the founder and pioneer
of Chinese neurosurgery, for without his tireless efforts over the decades, Chinese

neurosurgery would not be what it is today.
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Chapter1

Introductory Chapter: Traumatic
Brain Injury

Youle Su and Xianli Lv

1. Introduction

Traumatic brain injury (TBI) is a global public health concern and one of the
main causes of morbidity, disability, and mortality that has been associated as a risk
factor for neurodegeneration and degenerative diseases. Brain injury, secondary to
vehicular injury was the most common form of TBI [1]. Yearly, TBI costs the global
economy approximately 400 billion US dollars, representing 0.5% of the gross world
product [2]. Even with modern diagnosis and treatment, the prognosis for the patient
with TBI remains poor. Severe TBI has mortality rates of 30-40% and can cause
significant physical, psychosocial, and social deficits in up to 60% of cases [3, 4].

The highest rates of TBI are in children group (04 years old) as well as in young age
group (15-24 y). There is another high incidence of TBI in old age group (>65 y). The
2 major causes of TBI are falls and motor vehicle accidents generally [5]. Because of
the prevalence of TBI, an understanding of the management of this group of patients
is vital to the modern health care provider. This introductory chapter based on the 4th
edition of the Brain Trauma Foundation guidelines were published in 2016 [6].

2. Pathophysiology of TBI

The pathogenesis of TBI is a complex process, caused by primary and secondary
injuries, resulting in temporary or permanent neurological deficits (Figure 1) [7].
Primary damage is directly related to the primary external influence on the brain.
Secondary injury can occur minutes to days after the primary impact and consists of
molecular, chemical, and inflammatory cascades that lead to further brain damage.
This cascade involves depolarization of neurons and the release of excitatory neu-
rotransmitters such as glutamate and aspartate, leading to an increase in intracellular
calcium. Intracellular calcium activates a series of mechanisms by activating caspases,
and free radicals, which lead to cellular degradation, directly or indirectly, through
apoptotic processes. This degradation of neuronal cells is associated with an inflam-
matory response that further damages neuronal cells and triggers disruption of the
blood-brain barrier (BBB) and further brain edema. The whole process is also up- and
down-regulated through several mediators. The second injury phase is followed by a
recovery phase that includes reorganization at the molecular, anatomical, and
functional levels.
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Figure 1.

Sengondary injury from oxidative stress, disruption of the blood-brain-barrier (BBB), inflammation,
excitotoxicity, and cell death and vesulting factors involved in neuronal damage. MS: mitochondrial stress, CKS:
cytokines, NO: nitric oxide, PGI: prostaglandins, Glue: glutamate, NMDA: N-methyl-D-aspartate receptoy,
Ca: calcium, CDP: caspase-dependent 3, CID: caspase-independent factor.

The volume of the intracranial compartment consists of 3 separate contents:
brain parenchyma (83%), cerebrospinal fluid (CSF, 11%) and blood (6%). Each of
these contents is interdependent on the homeostatic environment within the skull.
However, when the intracranial volume exceeds its normal composition, a series of
compensatory mechanisms occur. An increase in intracranial volume can occur in
the traumatized brain through mass effects of hematoma, cytotoxic and vasogenic
edema, and venous congestion. Because brain tissue is incompressible, edematous
brain tissue initially causes CSF to squeeze into the spinal compartment. Eventually,
blood, especially from venous channels, is also squeezed out of the brain. Without
appropriate intervention, sometimes even the maximal intervention, compensatory

mechanisms fail, and the end result is pathological brain compression and subsequent
death.

3. Neurological exam in TBI

The Glasgow Coma Scale (GCS) is part of clinical practice guidelines and has been
commonly used as a bedside neurological scale in routine office practice since its intro-
duction in 1974 [8]. It helps neurosurgeons assess the patient's level of consciousness
to determine the severity of TBI in patients. GCS measures eye-opening (4 points),
verbal response (5 points), and optimal motor response (6 points), for a total of at least
3 to a maximum of 15 points. This score correlates with changes in pathophysiological
changes after TBI and is reflected in the total score; it ranges from 13 to 15 (mild), 9 to
12 (moderate), and less than 8 (severe TBI) [8, 9].
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4. Updated medical interventions for TBI

1. Bifrontal decompressive craniectomy is not recommended in severe TBI patients
with diffuse injury (no mass lesions) and elevated ICP greater than 20 mmHg for
more than 15 min within 1 h, which is not effective for first-line therapy, because
it will not improve outcomes as measured by the Glasgow Outcome Score (GOS)
at 6 months post-injury [6]. However, this procedure has been shown to reduce
ICP and minimize ICU days. Compared with small frontotemporal parietal cra-
niectomy, large frontotemporal parietal decompressive craniectomy (no smaller
than 12 cm x 15 cm or 15 cm in diameter) is recommended to reduce mortality
and improve neurological outcomes in patients with severe TBI.

2. Although hyperosmolar therapy may lower ICP, there was insufficient evidence
about effects on clinical outcomes to support a specific recommendation or to
support use of any specific hyperosmolar agent, for patients with severe TBI.

3. Current guidelines do not recommend the use of barbiturates to induce burst
suppression measured by EEG to prevent the development of intracranial hyper-
tension. High-dose barbiturates are recommended only to control ICP elevations
that are refractory to standard medical and surgical treatment. It is important
to maintain hemodynamic stability during barbiturate therapy because patients
may develop hypotension.

4. Propofol sedation is recommended for the control of ICP but has failed to show
improvement in mortality for 6-month outcomes.

5.The following agents, including Dexmedetomidine and Ketamine, have been
shown to have a potential role in the management of TBI patients, although they
are not included in the current Brain Trauma Foundation guidelines.

6. Prolonged prophylactic hyperventilation with PaCO2 of < 25 mmHg is not
recommended.

7.An EVD (extraventricular drainage) system, which zeroes at the midbrain and
continuously drains CSF, can be considered to reduce the ICP burden more effec-
tively than intermittent use. For patients with an initial GCS < 6, CSF drainage
may be considered to reduce ICP within 12 h of injury.

8.The use of prophylactic hypothermia, early, within 2.5 h and short-term, 48 h
post-injury, is not recommended to improve outcomes in patients with diffuse
injury.

9.0Once the intracranial hemorrhage has stabilized, low-dose unfractionated hepa-
rin or LMWH (low molecular weight heparin) may be used in combination with
mechanical prophylaxis. There is a potential risk of intracranial hemorrhage
expansion, so the appropriate timing to initiate anticoagulation will be based on
clinical guidelines. There is insufficient evidence to support recommendations
regarding the preferred drug, dose, or duration of drug prophylaxis for deep vein
thrombosis. Other methods, such as compression stockings and maintenance of
normovolemia, should be implemented to prevent deep vein thrombosis.



Frontiers in Traumatic Brain Injury

10. When the overall benefits outweigh the complications associated with tracheos-
tomy, tracheostomy is recommended to reduce the number of days on mechani-
cal ventilation to avoid ventilator dysfunction in the patient. Tracheostomy is
also considered a potential method to reduce VAP (ventilator-associated pneu-
monia). However, there is no evidence that early tracheostomy reduces mortality
or incidence of hospital-acquired pneumonia. The use of povidone-iodine in
oral care to lower VAP is not recommended because it increases the risk of acute
respiratory distress syndrome.

11. The use of antimicrobial-impregnated catheters may be considered to prevent
catheter-related infections during extraventricular drainage.

12. Feeding patients to attain basal caloric replacement at least by the fifth day and,
at most, by the seventh-day post-injury is recommended to decrease mortality.
Trans-gastric jejunal feeding is recommended to reduce the incidence of ventilator-
associated pneumonia.

13. Prophylactic use of phenytoin or valproate is not recommended for the preven-
tion of advanced PTS (post-traumatic seizures). However, phenytoin is recom-
mended to reduce the incidence of early PTS (within 7 days after injury) because
the overall benefit of this treatment is thought to outweigh the complications as-
sociated with this treatment. However, early PTS was not associated with worse
outcomes. There is insufficient evidence to suggest that levetiracetam is superior
to phenytoin in preventing early PTS and toxicity.

14. Steroids are not recommended to improve results or reduce ICP. In patients with
severe TBI, high-dose methylprednisolone is associated with increased mortality
and is contraindicated.

5. Brain multi-modality monitoring

1. Management of severe TBI patients using information from ICP monitoring is
recommended to reduce in-hospital and 2 weeks post-injury mortality.

2.Management of severe TBI patients using guideline-based recommendations for
CPP (cerebral perfusion pressure monitoring) monitoring is recommended to
decrease 2-week mortality.

3.Jugular bulb monitoring of AVDO, (Arteriovenous Oxygen Content Difference)
may be considered to provide management decisions in TBI patients. Jugular
venous saturation < 50% may be a threshold to avoid in order to reduce mortality
and improve 3- and 6-month outcomes.

6. Blood pressure thresholds
1. Maintenance of SBP (systolic blood pressure) > 100 mmHg for patients 50-69

years of age or > 110 mmHg or more for patients aging 15-49 years or 70 years
may be considered for reduced mortality and improved outcomes.
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2.Recommend treatment for ICP > 22 mmHg, as values above this level are
associated with increased mortality.

3.1CP values combined with clinical and brain CT results can be used to make
management decisions.

4.The recommended CPP (cerebral perfusion pressure) target for survival and
improved outcomes is 60-70 mmHg. Currently, it is unclear whether 60 or 70
mmHg is the minimum optimal CPP threshold and may depend on the patient's
autoregulation status.

5. Avoid fluids and vasopressors for CPP > 70 mmHg due to increased risk of respi-
ratory failure.

7. Potential new monitor

The use of brain tissue oxygen tension (PbtO,) monitoring was originally pro-
posed as a method to avoid cerebral ischemia to control ICP during therapeutic
hyperventilation. The most common method for monitoring PbtO, is an invasive
probe using a modified Clark electrode, with a typical pathological threshold of 20
mmHg [10]. In multivariate analysis, PbtO, was shown to have an impact on patient
prognosis. This has led to prospective trials of PbtO,-targeted therapy in addition
to standard ICP-driven therapy. A phase II trial (BOOST-II, Brain Tissue Oxygen
Monitoring, and Management in Severe Traumatic Brain Injury) demonstrated a
significant reduction (74%) in the hypoxic burden during hospitalization in the
PbtO,-targeted group, with no substantial safety concerns. According to studies,
direct intervention is used for ICP management (if >20 mmHg for >5 min), PbtO,
control (if <20 mmHg for >5 min), or both [10]. The third phase of the randomized
study (BOOST-III) will evaluate the clinical efficacy of “a treatment regimen based on
PbtO, monitoring compared to a treatment based on ICP monitoring alone” and will
enroll patients in the United States.

8. Deep brain stimulation

DBS (Deep Brain Stimulation) has been shown to be effective for cognitive and
motor disorders and has the potential to treat other disorders such as depression
[11]. These same clinical disorders (e.g., tremor, depression) are frequently present
in patients with TBI due to direct structural brain injury or secondary damage from
injury. DBS has shown efficacy in the treatment of subgroups of TBI patients with
such comorbidities, but the effect of DBS on higher-order function is unclear.

9. Conclusions

TBI is a major global health challenge and priority. Despite the lack of effective
treatments for TBI recovery today, continuous efforts have been made over the past
few decades to develop therapeutic strategies for TBI recovery. Standard medical and
surgical interventions have always played an important role in the acute management
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of patients with TBI. The number of TBI survivors has increased due to the emergence
of better acute management guidelines in the acute phase of TBI, and the number of
TBI survivors with various disabilities has increased.
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Chapter?2

Prehospital and Emergency Room
Airway Management in Traumatic
Brain Injury

Dominik A. Jakob, Jean-Cyrille Pitteloud
and Demetrios Demetriades

Abstract

Airway management in trauma is critical and may impact patient outcomes.
Particularly in traumatic brain injury (TBI), depressed level of consciousness may be
associated with compromised protective airway reflexes or apnea, which can increase
the risk of aspiration or result in hypoxemia and worsen the secondary brain damage.
Therefore, patients with TBI and Glasgow Coma Scale (GCS) < 8 have been tradi-
tionally managed by prehospital or emergency room (ER) endotracheal intubation.
However, recent evidence challenged this practice and even suggested that routine
intubation may be harmful. This chapter will address the indications and optimal
method of securing the airway, prehospital and in the ER, in patients with traumatic
brain injury.

Keywords: prehospital, emergency room, endotracheal intubation, airway, outcomes,
traumatic brain injury

1. Introduction

Traumatic brain injury (TBI) is frequently associated with depressed level of
consciousness, compromised protective airway reflexes or apnea, which can increase
the risk of aspiration or result in hypoxemia and worsen the secondary brain damage.
Therefore, patients with TBI and Glasgow Coma Scale (GCS) < 8 have been tradition-
ally managed by prehospital or emergency room (ER) intubation. This practice is also
reflected by the current guidelines: the American College of Surgeons Committee on
Trauma Advanced Trauma Life Support (ATLS) recommends intubation for patients
with a GCS of 8 or lower for airway protection [1]. Also, the practice management
guidelines of the Eastern Association for the Surgery of Trauma give a level 1 recom-
mendation for endotracheal intubation of patients with severe cognitive impairment
(GCSs <8) [2].

However, the potential benefit of an intubation in TBI, is also associated with
risks: Difficult or failed endotracheal intubation may cause hypoxemia, aspira-
tion, and hypotension and requires admission to the intensive care unit (ICU). In
fact, there is no direct evidence supporting routine intubation of all patients with
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a GCS < 8. Consequently, recent evidence challenged the practice of a strict GCS
threshold for intubation and even suggested that routine endotracheal intubation for
GCS < 8 in TBI may be harmful [3].

The primary goal in the prehospital care of the trauma patient is to secure
adequate ventilation until transfer to hospital care. To achieve this goal, various
techniques for airway establishment and subsequent ventilation can be performed:
endotracheal intubation has been considered as the gold standard. However, ven-
tilation may also be achieved by less invasive and time consuming procedures such
bag-valve mask (BVM) ventilation with the optional use of oropharyngeal (OPA)
or nasopharyngeal (NPA) adjuncts. More advanced techniques include supraglottic
airway (SGA) devices. There is a wide range of medications available to facilitate
intubation prehospital or in the ER.

To date, there are no evidence-based guidelines for TBI patients regarding stan-
dardized airway management in the prehospital setting or in the ER. This explains
also why indications and techniques for airway establishment vary in different
systems and countries around the world. In the United States of America (USA)
prehospital care is usually provided by emergency medical technicians or trained
paramedics, whereas prehospital care in most European countries is provided by
physicians [4]. Following these differences of American and European Emergency
Medical Service (EMS) systems, the US prehospital care strategy follows more “scoop
and run approach” with prioritizing rapid patient transport to trauma centers. In
Europe the priority lies more on field triage, on scene assessment and initiation of
procedures such as intubation “stay and play approach” [5].

This chapter will address the question what airway management strategy best
meet the patients need and is associated with most favorable outcomes in TBI.
Indications and optimal method of securing the airway prehospital and in the ER will
be discussed. In addition, technical aspects including medication for pretreatment,
induction, paralysis and sedation for endotracheal Intubation in the presence of TBI
will be outlined.

2. Prehospital airway management

Advanced prehospital care has been practiced for several decades in Western
countries. In TBI particularly, prehospital airway management is one of the most
critical aspects that determine patient outcomes. The importance of the airway
management is reflected by the Advanced Trauma Life Support (ATLS) algorithm [1],
in which the airway takes priority over any other therapeutic interventions.

General prehospital TBI guidelines [6] are emphasizing avoidance and treatment
of hypoxia, prevention and correction of hyperventilation, and avoidance and treat-
ment of hypotension. The implementation of these prehospital guidelines showed
that adjusted survival doubled among patients with severe TBI and tripled in the
severe, intubated cohort. Furthermore, guideline implementation was significantly
associated with survival to hospital admission [7]. These findings support the wide-
spread implementation of the prehospital TBI treatment guidelines. However, specific
evidence-based guidelines are needed to establish the optimal airway management in
the prehospital setting.

Patients require an advanced airway under two sets of circumstances: fail-
ure to maintain a patent airway and the inability to oxygenate and ventilate the
patient adequately [8]. While endotracheal intubation in the OR is a very safe and
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straightforward procedure with very low complication rate, emergency intubation of
an unstable patient in the field is linked to a high rate of complication with up to 25%
mortality in some studies. Emergency intubation remains a hazardous maneuver even
under the best conditions. And no matter how skilled the prehospital team is, best
conditions are seldom encountered in the field. This is why endotracheal intubation
should ideally performed by skilled providers in patients who are likely to benefit
from this technique. In a prehospital setting the indication to establish an airway is
not always that obvious and depends on multiple factors (Figure 1) [9].

a. Severity of patients’ condition and the presence of hypoxia: Traumatic brain
injury (TBI) is frequently associated with depressed level of consciousness,
compromised protective airway reflexes or apnea, which can increase the risk of
aspiration or result in hypoxemia and worsen the secondary brain damage. During
the past 45 years, the quantitative GCS as a simple and practical numeric method
for assessing impairment of the level of conscious has become the universal
criterion for mental status assessment [10]. Consequently, the GCS is also a fre-
quently used score to decide whether an intubation should be performed or not.
According to the ATLS [1] and the practice management guidelines of the Eastern
Association for the Surgery of Trauma [2] intubation is recommended for GCS
<8. However, there is no scientific evidence supporting this practice. The dogma
that patients with a GCS < 8 are at higher risk for aspiration or hypoxic injury has
now been challenged. A prospective study from Hong Kong, in 2012, showed that
of 33 patients with a GCS < 8 36.4% had intact airway reflexes and potentially

Figure 1.

Prehospital airway-management. The indication to establish an airway in a prehospital setting depends on: the
severity of patients’ condition and the presence of hypoxia; the training and skills of the EMS personnel including
the available equipment; and the safety and envivonment on scene. Figure provided by Clerc EMS Monthey,
Switzerland.
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capable of maintaining their own airway, whilst many patients with a GCS > 8
have impaired airway reflexes and potentially be at risk for aspiration [11].

The need for immediate establishment of an obstructed or impaired airway or hy-
poxia is unquestionably associated with better outcomes. However, performing an
intubation in a suboptimal environment in the field, especially if performed by
paramedics, may be challenging and require multiple attempts and in some cases
may result in the loss of airway with catastrophic consequences. A difficult intu-
bation may result in hypoxemia, aspiration, and hypotension, factors that may
contribute to worse outcomes. Also, prehospital intubation and hand ventilation is
often associated with hyperventilation and hypocapnia, which could worsen brain
edema and secondary brain damage. Finally, prolonging the prehospital time and
delaying definitive care, may have adverse effects on the patient, especially in the
presence imminent herniation due to increased intracranial pressure (ICP) or an
ongoing hemorrhage.

In conclusion, it is important to identify those patients who might benefit from
prehospital endotracheal intubation and those who can potentially be harmed by
the procedure. At this moment there is no class I evidence supporting any spe-
cific approach. It might be appropriate to attempt prehospital intubation in a small
number of selected patients with imminent airway obstruction or hypoxia not re-
sponding to oxygen administration.

b.Training and skills of the EMS personnel and the available equipment: In the

United States of America (USA) prehospital care is usually provided by emer-
gency medical technicians for basic life support (BLS) or trained paramedics for
advanced life support (ALS), whereas prehospital care in most European coun-
tries is provide by physicians. Basic providers are restricted to splinting, bandag-
ing, alignment of displaced limbs, the administration of oxygen including BVM
ventilation, chest compression and the use of an automated external defibrillator
(AED) in case of cardiac arrest. However, especially in the USA many of BLS pro-
viders have obtained an intermediate level (EMT-I); these individuals can obtain
a more definitive airway such as using a SGA device or even perform endotra-
cheal intubation. Paramedics are trained and performed endotracheal intuba-
tion. However, very often many paramedics, especially in areas with no large
trauma volumes may not use this skill very often and may become less competent
with the procedure. On the other hand, especially an experienced physician
proficient with endotracheal intubation, is more likely to perform an intuba-
tion more liberally, often unnecessarily. In the United States, prehospital care
strategy follows the principle of “scoop and run” with prioritizing rapid patient
transport to trauma centers and minimal interventions on scene. In Europe there
is a strong element on field triage and initiation of more advanced therapeutic
interventions, such as intubation. This prehospital strategy is also known as “stay
and play”. A matched cohort study compared patients with isolated severe TBI

in Switzerland and the United States [12]. In line with the described differences
in prehospital strategies, patients in Switzerland had significantly longer scene
times (23 vs. 9 minutes, p < 0.001) and prehospital endotracheal intubation was
more frequently performed (31% vs. 18.7%, p = 0.034). However, no significant
differences in outcomes were observed between the two cohorts. The results
what prehospital strategy should be prioritized and if an endotracheal intuba-
tion should be performed remain controversial, although there is evidence that a
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“scoop and run” approach is preferable for penetrating trauma. In these scenarios
the number of meaningful interventions that can be made by prehospital pro-
viders is limited and rapid transportation to the hospital is the most important
aspect, because in-hospital surgery is typically needed for hemorrhage control.

c. Safety and environment on scene: The safety aspect on scene, as well as the trans-
portation mode and the expected time to reach the next hospital are important
for considering airway interventions on scene. Especially for longer transports,
the time-saving aspect of the scoop and run approach without airway interven-
tions becomes less important and early establishment of an airway may improve
patient outcomes.

Considering all factors above, complexity of the decision to perform a prehospital
intubation becomes obvious, and it is not surprising that the literature on this topic
remains contradictory. A retrospective multicenter study including 13,625 patients
with moderate to severe TBI showed that prehospital intubation was independently
associated with a decrease in survival [13]. Several other studies implicated out-
of-hospital intubation as a factor associated with negative outcomes [14, 15]. In a
recently published study prehospital airway management in severe TBI patients did
not have a significant impact on mortality or long-term neurological outcomes [16].
Other investigations have also demonstrated no difference or even improved out-
comes with field intubation [17, 18].

Besides intubation, different other options for airway management are available
in a prehospital setting. The simplest approaches such as the jaw thrust or chin lift
maneuver are included in the first aid. Oropharyngeal (OPA) or nasopharyngeal
(NPA) adjuncts may be inserted orally or nasally to secure an open airway. More
advanced airway techniques include the establishment of an airway using an SGA
device and finally the performance of endotracheal intubation. In particular cases,

a surgical airway must also be considered. A major challenge in prehospital airway
management is to determine the appropriate approach for the individual patient in
the present environment and setting. Table 1 shows various airway management
techniques and summarizes advantages and disadvantages in prehospital use.

A recently published systematic review [19] was assessing comparative benefits
and harms across three different airway management approaches (BVM, SGA, and
endotracheal intubation) for patients with trauma, cardiac arrest, or medical emer-
gencies requiring prehospital ventilatory support or airway protection. Overall, 99
studies involving 630,397 patients from 1990 to September 2020 were considered for
analysis. The evaluated outcomes included mortality, neurological function, return of
spontaneous circulation (ROSC), and successful advanced airway insertion. Different
meta-analyses were stratified first by study design (RCTs or observational studies),
and then by emergency type (cardiac arrest, trauma, medical) and population age
(adult, pediatric, mixed-age). All meta-analyses outcomes were reported as favoring
one of the two compared approaches, or no difference. Sufficient evidence was not
available to address all outcomes and all patient characteristics, provider charac-
teristics, and variations in techniques that were specified a priori. For adult trauma
patients 1-month post incidence survival was not different when BVM was compared
to endotracheal intubation. Other comparisons for adult trauma patients did not show
sufficient evidence to favor an airway management strategy over another. Potential
harms of airway management for the entire study population were also compared.
When comparing BVM vs. SGA and BVM vs. endotracheal intubation, no difference
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was found. When comparing SGA to endotracheal intubation, SGA was superior

in terms of multiple insertion attempts; endotracheal intubation was superior in
terms of inadequate ventilation. No difference was recorded for aspiration, oral/
airway trauma and regurgitation. The authors concluded that the currently available
evidence does not indicate benefits of more invasive airway approaches based on
survival, neurological function, ROSC, or successful airway insertion. However, most
included studies were observational. This supports the need for high-quality random-
ized controlled trials to advance clinical practice and EMS education and policy, and
improve patient-centered outcomes.

3. Airway management in the ER

Similar to the prehospital setting the standard indications for an advanced airway
establishment in the ER, include low GCS, failure to maintain a patent airway and
the inability to oxygenate and ventilate the patient adequately. In the presence of
a TBI a diminished level of consciousness with the concern for the loss of airway
control is very common and likely the most frequent indication for ER intubation.
Therefore, the GCS is most commonly used to decide whether an intubation should
be performed or not.

Patients with TBI and a GCS < 8 have been traditionally managed by ER endo-
tracheal intubation. However, this practice is based mainly on expert opinion and
long-standing dogma. There is very little evidence to support this policy! Recent
work has challenged this practice! A recently published study including patients with
isolated severe head injuries suggested that routine endotracheal intubation in the ER
for GCS of 7 and 8 may be even harmful [3]. In this study 2727 patients with GCS 7/8
and isolated blunt head trauma were included. Overall, 1866 (68.4%) patients were
intubated within 1 hour of admission (immediate intubation), 223 (8.2%) had an
intubation >1 hour of admission (delayed intubation), and 638 (23.4%) patients were
not intubated at all. After correcting for age, gender, overall comorbidities, tachycar-
dia, GCS, alcohol, illegal drug use, and head injury severity, immediate intubation
was independently associated with higher mortality (OR 1.79, CI 95% 1.31-2.44,

p < 0.001) and more overall complications (OR 2.46, CI 95% 1.62-3.73, p < 0.001).

A study [20] evaluating a general trauma population with GCS of 6-8 came to
a similar conclusion. An intubation within 1 hour of arrival was associated with an
increase in mortality and longer ICU and overall length of stay compared to patients
without an intubation. The authors also performed a subgroup analysis of patients
with head injury and found similar results to that of the overall trauma population.

These two studies showing worse outcomes associated with immediate intubation
and suggest that the existing GCS threshold to mandate intubation in patients with
isolated head injuries should be revisited.

Beside the GCS, additional clinical criteria may help to guide the decision to
intubate TBI patients in the future. A recently published study showed that head
abbreviated injury scale (AIS), tachycardia and younger age were independent
clinical factors associated with intubation [3]. These factors could potentially be
taken into account to formulate a more selective approach to immediate intubation.
In the mentioned study a policy of intubating all isolated blunt head injury patients
<45 years with head AIS 5 and GCS 7 would have improved intubation manage-
ment, with 7 immediate instead of delayed intubations and only three potentially
unnecessary intubations. If these defined criteria are met (high specificity), an early
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intubation should be strongly considered. On the other hand, the defined criteria

are not suitable to identify patients who definitely do not require an intubation (low
sensitivity). Future research should focus on defining more adequate clinical param-
eters to identify patients requiring immediate intubation and should avoid fixed GCS
threshold.

Muakkassa et al. [21] compared trauma patients who were intubated because of
combativeness, and not because of medical necessity. In line with the findings above
intubating for combativeness was associated with longer hospital LOS, increased
rates of pneumonia, and worse discharge status when compared with matched
non-intubated patients. It appears that the risks and adverse events of intubation may
outweigh the potential benefits of intubation in specific trauma populations.

Therefore, the following potential risks associated with intubation in TBI patients
need to be considered by every health care provider. Laryngoscopy and the endo-
tracheal tube can cause a sympathetic or parasympathetic stimulation. Sympathetic
stimulation may increase heart rate, blood pressure [22] and ICP [23], whereas
parasympathetic stimulation can trigger bronchospasm or hypotension. Especially
the increase in ICP from the sympathetic surge can cause an increase in cerebral blood
volume, cerebral edema, and development of worsening hemorrhage or hematoma.
Finally, both, sympathetic and parasympathetic stimulations may increase mortality
and brain injury.

Ventilation after intubation need to be monitored closely, because both hyper- and
hypoventilation can contribute to worse outcomes. Severe hyperventilation (arte-
rial pCO, below 25 mm Hg) should be avoided due to the risk of vasoconstriction
and cerebral ischemia. In general, a normo-ventilation with an arterial pCO, within
35-45 mm Hg should be targeted. However, mild hyperventilation (arterial pCO,
within 30-34 mm Hg) is commonly used to address high intracranial pressure and
may potentially be beneficial [24]. More important to address the elevated ICP in TBI
patients is the initiation of hyperosmolar therapy with mannitol or hypertonic saline
when additional bleeding is suspected [25].

Technical aspects and medications for endotracheal intubation carries also risks
for TBI patients. The following section gives an overview including recommendations
for pretreatment, induction, paralysis, and sedation of patients with TBI to prevent
secondary brain damage.

4. Technical aspects including medication for pretreatment, induction,
paralysis and sedation for endotracheal intubation in the presence of TBI

Endotracheal intubation remains the gold standard for airway management in
trauma patients and should be performed via the oral route and a manual in-line
stabilization maneuver [26]. Rapid sequence induction (RSI) is widely used for
emergency intubation and often considered as the gold standard for trauma patients.
This technique uses a fast acting anesthetic in combination with a fast acting relax-
ant to achieve rapid intubation. Only a few people are aware that this technique was
formally described by P. Safar back in 1970 [27]. The primary goal of this technique
was to prevent regurgitation during induction of anesthesia in patients with bowel
obstruction. Hypoxemia and hypotension were hardly considered at that time, when
advanced monitoring and pulse oximetry were still tools of the future. From today’s
point of view, this technique is not ideally suited to prevent hypoxemia and hypoten-
sion. While in standard OR practice, such short events will hardly result in more than
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a check on the Q/A sheet, they may have devastating consequences on outcomes in
patients with TBI.

In addition, complication rate increases significantly with the number of intuba-
tion attempts, with a sharp increase if more than 2 attempts are needed [28]. This
suggests that first pass success should be the gold standard in emergency intubation,
and return to basic maneuvers or surgical airway should be considered if 2 attempts
have failed.

Another important aspect is efficient airway clearance before intubation, which
has been shown to significantly increase first pass success [29]. That is why suction of
the airway, while having little relevance in the OR can be a game changer in emer-
gency intubation.

Good oxygenation throughout the procedure is paramount in brain injured
patients, so meticulous attention should be paid to optimizing precondition. A
recent study [30] has shown that when intubation is attempted in a patient with a
SpO; < 93%, there is almost 100% incidence of severe hypoxemia while incidence goes
down to 17% if SpO, is 95% or more. While optimizing oxygenation status may take
some time, it certainly pays off in terms of patient outcome.

Last but not least a close monitoring during intubation is mandatory. Studies have
shown that episodes of hypoxemia during intubation attempts often go unrecognized,
both in the field and in the ER. Furthermore, after intubation attention should be
taken to avoid hyperventilation as it can cause hypocapnia and thus cerebral vaso-
constriction; it also can impair venous return leading to hypotension. As trivial as it
might seem, having a team member watching the vital signs is an important factor in
the intubation process.

In the following section medication for pretreatment, induction, paralysis and
sedation for endotracheal intubation in the presence of TBI are discussed.

There is currently no evidence to support the use of intravenous lidocaine as an intuba-
tion pretreatment for RSI in patients with TBI [23]. High-dose fentanyl (at 2-3 mcg/kg)
can help to blunt the sympathetic stimulation of intubation and is currently recommended
for neuroprotection in patients with increased ICP.

In TBI the induction with etomidate is popular all over the world because of its
mild hemodynamic profile. Particularly, in TBI a drop in mean arterial pressure
(MAP) and the subsequent decrease in cerebral perfusion pressure (CPP) may have
devasting consequences. It’s important to be aware that etomidate has no analgesic
properties, and neuroexcitation may need to be addressed separately.

Ketamine for induction is a good option, with the additional benefit of analgesic
properties. The concern of sympathetic stimulation, leading to an increase in ICP is no
longer valid. On the contrary, ketamine may, in fact, be neuroprotective due to an increase
in MAP and CPP [31], without an increase in cerebral oxygen consumption or reducing
regional glucose metabolism [32]. Ketamine may best be used for induction in the pres-
ence of hypotension because of for the described effect of increasing MAP and CPP [33].

For paralysis succinylcholine or rocuronium can be utilized [34]. Succinylcholine,
as a depolarizing neuromuscular blocking agent has the advantage of rapid onset
and offset properties, which is beneficial in TBI patients regarding early neurological
examinations. Rocuronium on the other hand can lead to delays in proper neurologi-
cal examinations due to prolonged paralysis. A retrospective study of 2016 compared
233 TBI patients requiring intubation in the ER. RSI was either performed with
succinylcholine or rocuronium. Overall mortality rate was similar between the two
groups. However, for patients with a high head AIS score (4-6), succinylcholine was
associated with increased mortality compared with rocuronium (44% vs. 23%, odds
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ratio (OR) 4.10, 95% confidence interval (CI) 1.18-14.12; p = 0.026). Prospective
studies are need to clarify these findings.

Propofol in TBI patients for post-intubation sedation is widely used and has the
advantage of rapid onset of action and short duration of action. However, since it
has no analgesic effect, it needs to be combined with medication for pain control.
Furthermore, care should be taken in hypotensive patients because it may lower the
MAP and subsequently the CPP. For post-intubation continuous sedation, a combina-
tion of propofol and fentanyl in the normotensive or hypertensive patient is therefore
recommended. Fentanyl is a potent analgesia without appropriate sedation proper-
ties. While the hemodynamic properties of fentanyl are relatively stable, a decrease in
MAP and HR frequently occur due to the cessation of the sympathetic stimulus trig-
gered by pain. In addition, an increase in ICP has been described in several studies. A
minimal appropriate dose for TBI patients is therefore recommended.

In hypotensive patients a combination of midazolam and fentanyl or ketamine
alone is a good option. Midazolam as a sedative has the additional benefit of anxio-
lytic and anticonvulsant properties. Compared to propofol the effect on ICP and CPP
are comparable. However, it’s important to have in mind that the onset and offset
action of midazolam is initially relatively fast but tissue accumulation over time may
be associated with delayed awakening. This is particularly disadvantageous in patients
with TBI, as rapid clinical assessment after cessation of the drug is wanted.

A relatively new approach for emergency intubation is the delayed sequence
induction (DSI) technique described by Weingart and colleagues [35]. In contrast to
RSI, the technique of delayed sequence intubation temporally separates administra-
tion of the induction agent from the administration of the muscle relaxant to allow
adequate pre-intubation preparation. This technique uses ketamine sedation to
optimize preoxygenation with CPAP or assisted ventilation before muscle relaxant is
given and intubation performed. Recent studies have shown an improved safety pro-
file in emergency intubation using this technique. A ketamine-only breathing intuba-
tion, in which ketamine is used without a paralytic is another promising alternative.
In this case the patient continues to breathe spontaneously, while ketamine provide
hemodynamic benefits compared to standard RSI and is also a valuable agent for post-
intubation analgesia and sedation. When RSI is not an optimal airway management
strategy, ketamine’s unique pharmacology can be harnessed to facilitate alternative
approaches that may increase patient safety [36].

5. Conclusion

Airway control is particularly important for patients with TBI because hypoxemia
and hypercarbia may cause secondary brain damage.

In a prehospital setting the indication to establish an airway depends on multiple
factors such as (a) severity of patients’ condition including the presence of hypoxia,
(b) the training and skills of the EMS personnel including the available equipment,
(c) the safety and environment on scene.

In the presence of a TBI a diminished level of consciousness with the concern for
the loss of airway control is very common and likely the most frequent indication for
intubation. Traditionally patients with TBI and Glasgow Coma Scale (GCS) < 8 have
been managed by prehospital or ER endotracheal intubation. However, recent evidence
challenged this practice and even suggested that routine intubation may be harmful.
There is evidence that intubation according to a strict GCS threshold is associated with
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risks and adverse events that may outweigh the potential benefits of intubation in TBI
patients. Future research should focus on defining more adequate clinical parameters to
identify patients requiring immediate intubation and should avoid fixed GCS threshold.
Furthermore, less invasive airway management strategies such as BVM ventilation or
the use of SGA devices may be equally effective and potentially associated with less
complications. The cornerstone of prehospital airway management should focus on
aggressive prevention and treatment of hypoxemia, hypotension, and, if the patient
receiving positive pressure ventilation, prevention of hyperventilation. If an intubation
is performed in a TBI patient induction with etomidate or ketamine in the presence

of hypotension is recommended. For paralysis succinylcholine or rocuronium can be
used. Recommendations for post-intubation continuous sedation medications include

a combination of propofol and fentanyl in the normotensive or hypertensive patient. A
combination of midazolam and fentanyl or ketamine alone should be considered in the
hypotensive patient. Delayed sequence induction (DSI) or a ketamine-only intubation,
in which ketamine is used without a paralytic are very promising options for emergency
intubation and may become the standard of care in the future. The benefit of these
strategies compared to RSI need to be confirmed in large randomized clinical trials.
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Abstract

Neuroinflammation following traumatic brain injury (TBI) is an important
cause of secondary brain injury that perpetuates the duration and scope of disease
after initial impact. This chapter discusses the pathophysiology of acute and chronic
neuroinflammation, providing insight into factors that influence the acute clinical
course and later functional outcomes. Secondary injury due to neuroinflammation is
described by mechanisms of action such as ischemia, neuroexcitotoxicity, oxidative
stress, and glymphatic and lymphatic dysfunction. Neurodegenerative sequelae of
inflammation, including chronic traumatic encephalopathy, which are important
to understand for clinical practice, are detailed by disease type. Prominent research
topics of TBI animal models and biomarkers of traumatic neuroinflammation are
outlined to provide insight into the advances in TBI research. We then discuss cur-
rent clinical treatments in TBI and their implications in preventing inflammation. To
complete the chapter, recent research models, novel biomarkers, and future research
directions aimed at mitigating TBI will be described and will highlight novel thera-
peutic targets. Understanding the pathophysiology and contributors of neuroinflam-
mation after TBI will aid in future development of prophylaxis strategies, as well as
more tailored management and treatment algorithms. This topic chapter is important
to both clinicians and basic and translational scientists, with the goal of improving
patient outcomes in this common disease.

Keywords: neuroinflammation, traumatic brain injury, inflammatory cytokines,
metabolomics and lipidomics, blood-brain barrier, ischemia, neuronal excitotoxicity,
chronic traumatic encephalopathy

1. Introduction

Traumatic brain injury (TBI) remains a significant source of morbidity, mortality
and increased global healthcare burden and costs. Even among survivors and those
classified as having mild TBI, outcomes are often poor [1-3]. This highlights the need
for continued research into understanding the pathophysiology of disease and its
association with clinical outcomes.

Secondary injury after TBI is exacerbated by several biochemical processes post
trauma, including inflammation [4]. Through the neuroinflammatory cascade,
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traumatic injuries affect brain structure and function far beyond the acute phase,
resulting in heterogeneity of TBI outcomes [5, 6]. Although the primary intent for the
inflammatory response is tissue repair, collateral damage can occur if left unregulated
and sustained [7]. Animal models have demonstrated that targeting neuroinflammation
can alter the biologic process of injury. Unfortunately, effective pharmacological strate-
gies to decrease inflammation in vitro still have not translated into benefit in clinical tri-
als. Continuing research and understanding of neuroinflammation in TBI will provide
important guidance into future prognostication methods and therapeutic targets.

2. The pathophysiology of inflammation

While trauma such as blunt force, penetrating injury, or shearing energy, causes
the primary injury in TBI, secondary injury can occur in delayed fashion. Pathologic
processes that underlie secondary brain injury can persist for days to years after the
initial trauma. Neuroinflammation following TBI is a principal driver of secondary
injury and is characterized by complex intercellular signaling and profound histo-
chemical changes.

2.1 The acute neuroinflammatory response

Tissue and neuronal injury occurring after trauma activates the release of danger
signals. Also known as damage-associated molecular pattern molecules (DAMPs),
these trigger an innate immune response and inflammasome activation [6, 8].
Various intracellular molecules can act as DAMPs, including DNA, RNA, high
mobility group box 1 (HMGB1), S100 proteins, adenosine triphosphate (ATP), uric
acid, lysophospholipids, and lipid peroxidation-derived carbonyl adducts of pro-
teins [9]. Early cytokines are released in damaged tissues within minutes of trauma
which typically peak within the first 24 hours [6]. A classic DAMP is HMGB1, which
signals through toll-like receptors 2 (TLR-2) and 4 (TLR-4) to increase cytokine
production and release [8, 10]. HMGBI, a nuclear protein present in all cell types,
attaches onto TLR-4 and activates the NLRP3 inflammasome complex, priming
it for further inflammation in response to stressors. The activated inflammasome
complex cleaves cytokine precursors such as pro-IL1f3 and pro-caspase to create its
active metabolite [10].

Responding to early DAMPs release, activated microglia with a pro-inflammatory
phenotype release additional cytokines into the extracellular space, potentiating the
neuroinflammatory response [3]. Tumor necrosis factor (TNF), and interleukins
(ILs) are two primary inflammatory cytokines implicated in neuroinflammation. In
animal models, an increase in IL-1p expression is seen as early as 1 hour after trauma
[11, 12]. Similarly, increased TNF levels are observed in brain tissue within 17 minutes
of injury in a murine model [13]; however, correlation between early cytokine levels
and functional outcomes has been conflicting [6]. Studies have not been able to corre-
late TNF levels with raised ICPs and poor neurological outcomes [14]; TNF levels are
also not a good predictor of additional neuronal injury in the immediate hours post
injury [15]. Chemokines such as CXCL8 and chemoattractant molecules like CCL2
are observed to be increased in response to cytokines such as IL-1B and TNF, which
are elevated after brain injury, and associated with neurological deficit after ischemia
[16-19]. Further studies of these cytokines and their role in predicting TBI outcomes
are still necessary to elucidate their clinical utility.
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Apart from microglia, several other resident central nervous system (CNS)
immune cells are capable of expressing cytokines to regulate post-traumatic
inflammation. Neutrophils are the earliest and most abundant immune cells to
enter the CNS in response to chemokines, with natural killer (NK) cells, dendritic
cells and T-lymphocytes also being observed but in less abundance [8, 20]. Matrix
metalloproteinases (MMPs) and reactive oxygen species (ROS) are released by
neutrophils to promote cellular repair; but, in the acute post-traumatic milieu,
these molecules potentiate the breakdown of the blood brain barrier (BBB),
promoting migration of immune cells into the CNS, and can lead to delayed
secondary hemorrhagic complications after trauma [8, 9]. Within the CNS,
astrocyte activity increases within the first few days after injury, undergoing
reactive gliosis. Glial fibrillary acidic protein (GFAP) is subsequently upregulated
and cytokine production is increased [21]. Highlighting the importance of the
inflammatory cascade in mediating secondary brain injury, GFAP levels have
been correlated with clinical outcomes in TBI patients [22], and may serve as a
biomarker for disease severity.

2.2 The role of chronic neuroinflammation in traumatic brain injury pathology

In addition to the acute and subacute post-trauma inflammatory response, TBI
survivors are prone to the development of chronic neuroinflammation that persists
for years after injury [8, 23-25]. How acute inflammation transitions to a chronic
pro-inflammatory state is not fully understood. Mouse models of TBI have shown
that cortical inflammation persists even 30 days post injury and is associated with
increased microglial activity [26, 27]. In contrast, mice with genetically depleted
microglia did not display the same level of inflammatory response as their wild type
counterparts, suggesting the central role of microglia in establishing chronic inflam-
mation [28]. Microglial dysfunction and increased white matter phagocytosis is also
associated with chronic neuroinflammation in TBI survivors [23]. Imaging studies
in rat TBI models have demonstrated a persistent increase in BBB permeability up to
10 months post injury, and an elevation in CD68, a marker for activated microglia and
macrophages, in perilesional cortical tissue up to 11 months post injury [29]. These
findings suggest that monocyte extravasation from the blood and into the CNS are
capable of sustaining chronic inflammation.

Chronic neuroinflammation may also involve activation of systemic inflam-
mation. Effects of post-traumatic microglial activation can also be observed in
regions distant to the brain [24, 28]. Macrophage biomarker studies have also
shown chronically elevated serum TNF levels after TBI, with increased TNF
levels being associated with unfavorable behavioral outcomes [30]. Plasma levels
of pro-inflammatory chemokines and cytokines including interferon gamma
(IFN-y), TNF, IL-8, IL-17A, IL-9, eotaxin, macrophage inflammatory protein-
1-beta (MIP-1p), and monocyte chemoattractant protein 1 (MCP-1) remain
elevated for over 12 months even in patients with mild TBI with normal magnetic
resonance imaging (MRI) brain imaging [31]. Chronic inflammation of both the
CNS and systemically likely contributes to long-term neuropsychiatric and poor
functional outcomes in post-TBI survivors and those with chronic traumatic
encephalopathy (CTE). Ongoing research and expert opinion further implicate
long-term systemic inflammation as underlying the etiology psychiatric, neu-
rologic, cardiovascular, renal and liver disease, as well as cancer and metabolic
syndrome (Figure 1) [32, 33].
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Figure 1.
Timeline of neuroinflammation post-TBI

3. Mechanisms of secondary brain injury mediated by neuroinflammation

Following TBI, primary injury occurs at the time of trauma as a direct result of the
force transferred to the head and brain tissue. This leads to contusion, vascular injury,
and axonal shearing. Secondary brain injury results from a complex TBI pathophysi-
ology that leads to extensive and persistent neurologic structural and functional
changes. While primary injury is considered irreversible, secondary brain injury is
hypothetically preventable. As neuroinflammation is a central mediator of secondary
brain injury, it is an important target for research and therapeutic development. Here,
we describe primary pathologic processes that are associated with neuroinflammation
after TBL

3.1Increased blood-brain barrier permeability

The BBB is formed by tightly connected cerebrovascular endothelial cells sup-
ported by astrocyte foot processes, pericytes, and basement membrane. It is highly
regulated and functions as the interface between peripheral circulation and the
CNS. Loss of BBB integrity after brain injury can contribute to neuronal cell death
and affect the brain’s response to pharmacologic therapy. The underlying structural
changes leading to increased BBB permeability following TBI are not fully elucidated.
Brain injury has been associated with an increase in the numbers of endothelial caveo-
lae, leading to an increase in transcytosis of plasma proteins and a decrease in the
expression of junctional adhesion and tight junction proteins [34, 35]. Under ischemic
conditions, BBB integrity may be lost independent of tight junctions and occurs fol-
lowing endothelial swelling and disruption of the basement membrane [36, 37].

The breakdown of the BBB has been strongly linked to inflammation. Within
tight junctions, upregulation of vascular endothelial growth factor-A (VEGF-A)
from neutrophils and astrocytes act to reduce the expression of tight junction pro-
tein claudin-5, leading to BBB leakage [38]. In pro-inflammatory states, activated
microglia and recruited neutrophils can sequester in the tissues and elaborate a
network of DNA, MMPs, proteases and eicosanoids which is referred to as neutrophil

28



Neuroinflammation in Traumatic Brain Injury
DOI: http://dx.doi.org/10.5772/intechopen.105178

extracellular traps (a process commonly termed NETosis). NETotic neutrophils
release MMPs and neutrophil elastase (NE) that contribute to degradation of
the extracellular matrix [39]. In parallel, microglia promote the expression of
Aquaporin-4 (AQP-4), contributing to fluid shifts into the CNS [40].

Once BBB integrity is lost, the influx of peripheral neutrophils, macrophages,
natural killer cells, T helper cells, and cytotoxic T cells intended to facilitate tissue
repair can sustain neuroinflammation, BBB permeability, and promote secondary
brain injury. Elevations of these immune cells and other inflammatory mediators
are measurable following human TBI [41, 42]. Extravasation of albumin and other
plasma proteins also contribute to the activation of microglia and astrocytes to trigger
the release cytokines, chemokines and MMPs [41]. The formation of ROS is associated
with MMP activation, resulting in further tissue damage and BBB disruption [43].
Tissue debris from both primary and secondary brain injury contain DNA, RNA,
proteins and lipids that can activate TLRs and exacerbate neuroinflammation. These
findings highlight the ability of inflammation to be self-propagating and dependent
on BBB permeability.

The clinical impact of BBB disruption after TBI is profound. Cerebral edema is the
major clinical consequence of BBB dysfunction and occurs due to the increased perme-
ability of the BBB to protein-rich fluid and neuroinflammatory cells into the extracel-
lular space leading to interstitial edema [38]. Cerebral edema is often symptomatic,
can lead to increased intracranial pressure and reduced cerebral perfusion and oxygen-
ation, and can be life-threatening when it results in brain compression and herniation.

3.2 Ischemia and tissue hypoxia

Ischemia and hypoxia occur after TBI for several reasons that include intracranial
hypertension, reduced cerebral perfusion pressures, and abnormal cerebral auto-
regulation that result in the inadequate supply of oxygen-rich blood to vulnerable
brain regions [44]. Independent of hemodynamics, tissue-mediated clotting and
neuroinflammation promote microcirculatory failure and increased ischemic burden
that may go clinically unrecognized. Neuroinflammation can directly contribute
to microvascular disruption by causing endothelial dysfunction. Functionally,
endothelial-dependent vasodilation is diminished after TBI due to impaired nitric
oxide (NO) production from uncoupling of endothelial nitric oxide synthase (NOS)
[45]. Additionally, reduced capacity for oxygen diffusion due to endothelial cell
edema leads to diminished levels of brain oxygen tension in CNS tissue after TBI
[46]. Structurally, the activation of MMPs and increased oxidative stress leads to the
degradation of vascular basement membrane proteins which results in endothelium
instability and loss of cellular integrity [47].

Other factors promote hypoxia and ischemia during neuroinflammation. Neuronal
death from cellular hypoxia causes the release of pro-inflammatory cytokines and
chemokines. Excess neutrophil activation exacerbates inflammation and competes
with neurons for limited oxygen [48]. During NETosis, neutrophil pseudopods that
adhere to the endovascular endothelium hinder microcirculatory function and fur-
ther promote hypoperfusion and neutrophils adherence. Additionally, hypoxic events
after TBI induce hypoxia-inducible factor -1a and nuclear factor kappa B (NF-kB)
leading to prolongation of neutrophil survival time and activation [49].

The clinical implications of ischemia and tissue hypoxia are significant. A large
portion of TBI patients experience ischemic-hypoxic injury [50]; however, the real
ischemic burden in TBI is likely underestimated. Anoxic brain injury following TBI is
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strongly associated with worse functional outcomes [51]. Ischemic burden, therefore,
may be an important intermediate surrogate of disease in TBI research.

3.3 Neuroexcitotoxicity and energy dysfunction

Neuroexcitotoxicity and disrupted energetics after TBI potentiate neuroinflam-
matory cascades. At injury onset, mechanical stretching of neurons elicits glutamate-
independent neuronal activation, inhibiting the magnesium blockade of calcium
channels on the cell membrane. In this environment, neurons and glial cells transi-
tion into an excessively neuroexcitatory state [52]. Secondary brain injury ensues if
reduced cerebral perfusion or ischemia occur in the setting of increased metabolic
demand.

Glutamate-dependent pathways are the primary drivers of neuroexcitotoxicity.
Glutamate, the most abundant excitatory neurotransmitter of the CNS, contributes
to the excitotoxic milieu and is released in large amounts after neuron lysis [8, 53, 54].
Animal models demonstrate an increased extracellular glutamate concentration post-
trauma due to altered glutamate transport receptor function and concentration
[55, 56]. The acute elevation in glutamate levels overwhelm NMDA and AMPA recep-
tors, exacerbating neuronal injury and death. Ultimately, an influx of calcium into
the cell activates apoptosis [57]. Apart from cellular effects, NMDA receptor activa-
tion induces inflammatory gene expression. Additionally, TNF and IL-1f8 glutamate
transporters on astrocytes interfere with glutamate clearance; together, this creates
sustained excitotoxicity and inflammation [58].

The post-trauma brain is also affected by disturbed ionic homeostasis and
increased energy demands from post-injury repair mechanisms. Microdialysate
studies in clinical and experimental TBI models have shown increases in interstitial
lactate, adenosine and a concurrent decrease in glucose, consistent with a state of
metabolic crisis [59, 60]. Murine TBI models have demonstrated that both acute
and delayed changes in energy metabolism occur. Increased glucose consumption
and decreased ATP availability were observed on days 1 and 3 post-trauma [61].
Furthermore, mitochondrial fission is disrupted after TBI, contributing to the inabil-
ity of neurons and glial cells to meet metabolic needs [62].

3.4 Oxidative stress

Oxidative stress describes a state where oxygen-derived free radicals overwhelm the
scavenging antioxidant system and is closely related to metabolic dysfunction. Ischemia
is an important trigger that promotes anaerobic metabolism and cellular acidosis that
activates pH-dependent calcium channels [63]. Decreased cytoplasmic pH triggers
increased ROS production which is ultimately involved in lipid peroxidation. Proton
extrusion by microglia further exacerbates extracellular acidosis seen in TBI [64].

Post-TBI oxidative stress is regulated by microglia. Following brain injury,
microglia activate nicotinamide adenine dinucleotide phosphate oxidase (NOX) and
inducible nitric oxide synthase (iNOS). Upregulation of iNOS leads to the production
of NO, which when coupled with superoxide, leads to the formation of peroxyni-
trite. The damaging role of peroxynitrite has been shown indirectly by the ability of
peroxynitrite-derived free radical scavengers to attenuate brain injury in TBI [65].
NOX is present in other neuroinflammatory cells such as neutrophils and phagocytic
cells, contributing to oxidative stress through the production of superoxide and
hydroxyl radicals [66].
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ROS will directly target mitochondria, impair ATP synthesis and lead to secondary
injury [67]. Additionally, calcium overload in CNS mitochondria will disrupt fusion
and fission, two important mechanisms essential in mitochondrial function. This
promotes additional free radical formation [68]. Mitochondrial dysfunction due to
oxidative stress results in functional impairment and is associated with reduced neu-
ronal repair. Oxidative stress occurs even in mild TBI [69], with ongoing pre-clinical
research investigating the effectiveness of anti-oxidant therapy in TBI [70].

3.5 Glymphatic and lymphatic dysfunction

The glymphatic system is a complex transport system that facilitates the exchange
of cerebrospinal (CSF) and interstitial fluid by aiding the movement of water,
metabolites and immune molecules [71]. Facilitated by AQP-4 channels, glymphatics
provide a drainage route for CSF and aid in the surveillance of the CNS by carrying
macromolecules and activated antigen-bearing dendritic cells to local lymph nodes
where antigens can be presented to activate the adaptive immune response.

TBI and neuroinflammation have been shown to impair glymphatic system drain-
age. In animal models, TBI dramatically impairs the paravascular influx of CSF MRI
tracer, especially in the ipsilateral cortex [72]. A > 25% reduction in glymphatic solute
clearance is observed after TBI [73]. Glymphatic function is dependent on AQP-4
channels localized on astrocytes. TBI-induced damage to AQP4 channels contributes
glymphatic dysfunction [74]. Re-localization of AQP4 channels away from astrocytic
end feet is associated with reduced waste and immune cell clearance [75, 76]. In
addition to glymphatics, CNS clearance is also facilitated by lymphatic vessels lining
the dura and meningeal vessels. These are rich in T and B cells that readily migrate to
injured brain region [77].

Failure of glymphatic and lymphatic function will lead to the accumulation of
damage and waste products such as tau, beta-amyloid, pro-inflammatory mediators,
and astrocytic proteins [74]. Glial scar formation and reactive astrogliosis may also
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Figure 2.
Conceptual schematic of neuroinflammatory Cascade.

31



Frontiers in Traumatic Brain Injury

occur [73]. The accumulation of both immune cells and waste products triggers fur-
ther neuroinflammation by activation of pattern recognition receptors on microglia.
These cells and peptides have an important role in the development of neurofibrillary
tangle pathology and neurodegeneration in secondary brain injury and the develop-
ment of CTE (Figure 2) [73].

4. Neurodegeneration and long-term sequelae of neuroinflammation

Neurodegeneration and chronic symptomatology occur in survivors of both
single and repeated TBI, such as military personnel and contact sport athletes.
Progressive symptoms long after trauma has been described as early as the 1920s
[78], but the underlying pathogenesis is complex. Recent advances in research
implicate chronic inflammation in the development of post-TBI neurodegenera-
tive disease. Autopsy investigation of those who survive >1 year after TBI revealed
increased amounts of CNS microglia compared to control tissue [24, 79]. Similarly,
positron emission tomography (PET) imaging of professional football players
showed greater levels of microglia compared to age-matched controls [80]. Here, we
describe distinct pathological and clinical findings that are associated with chronic
inflammation following TBI.

4.1 Cerebral microhemorrhage and amyloid angiopathy

The presence of cerebral microhemorrhage is often an indicator of traumatic
axonal injury [81, 82]. Older TBI patients are particularly at risk of developing
cerebral microbleeds post-TBI due to the senescent BBB having a higher permeabil-
ity exacerbated by chronic neuroinflammation [83]. Cerebral amyloid angiopathy
(CAA) is also a risk factor for microhemorrhage formation, as amyloid accumulation
in the vessel walls, especially in the elderly, make them prone to rupture [84, 85].
Apolipoprotein E4 (ApoE4), an important regulator of chronic neuroinflammation,
might play a central role. The ApoE4 allele predisposes later development of CAA in
TBI survivors [86]. Further study is needed to elucidate the specific mechanism that
ApoE4-mediated neuroinflammation results in CAA.

Trauma-induced microhemorrhage and CAA can occur in younger populations,
especially with repetitive trauma. In a study of sport-related repetitive head trauma,
athletes participating in high-risk sports had increased CAA burden in the frontal and
leptomeningeal regions compared to a control population [87]. Microhemorrhage and
CAA is seen in TBI survivors in their second and third decades [86, 88]. Since CAA is
often a post-mortem diagnosis, the causality of trauma on CAA is still under inves-
tigation. Recently, animal models have demonstrated that increased transforming
growth factor (TGF-p) expression is associated with the development of CAA after
TBI [89].

4.2 Dementia and other neurodegenerative diseases after brain trauma
Early population studies have linked TBI to cognitive decline in both Alzheimer’s
dementia (AD) and non-Alzheimer’s dementia [90-93]. More recent epidemiologic

analysis suggests that TBI is significantly associated with dementia, but not AD
specifically [90].
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Amyloid beta (Ap) and tau-induced inflammation are important in the patho-
genesis of neurodegenerative disease. A rat TBI model demonstrated that progressive
atrophy and neuronal cell death continues >1 year after the trauma [94]. PET imag-
ing studies have shown increased Ap deposition after TBI [95]. Neuroinflammation
plays a role in the pathogenesis of tau accumulation [96]. Both acute and chronic
activation of the innate immune system exacerbates tau phosphorylation [96-98].

In a rat model of chronic inflammation, implantation of slow-release IL-1 pellets
was associated with increased tau phosphorylation [99]. Knocking out receptors that
suppress microglial activation results in an enhanced neuroinflammatory response
and tau phosphorylation [100]. Conversely, immune suppression is associated with
areduction of p-tau [101]. Anti-inflammatory medications such as infliximab, an
TNF-a antagonist, also reduced levels of p-tau in murine models [102]; however, in
vitro application of TNF-a and IL-6 did not increase tau levels [103, 104]. Further
investigation is needed to better understand the mechanisms by which inflammation
after TBI promotes tau pathology.

Parkinson-like symptoms also occur after trauma, suggesting a potential
a-synucleinopathy in chronic TBI survivors [105, 106]. Scientific evidence for the
importance of a-synuclein pathology is less robust compared to Af and tauopathies.
Murine models have demonstrated an increase in a-synuclein accumulation in the
substantia nigra ipsilateral to the trauma. Furthermore, a notable upregulation of
inflammatory cells was observed in the substantia nigra and cerebral peduncles, sug-
gesting that inflammation mediates alpha-synucleinopathies post TBI [105].

4.3 Neuroinflammation in chronic traumatic encephalopathy

Chronic traumatic encephalopathy is a syndrome of neuropsychiatric, cognitive
and motor deterioration after repeated exposure to head trauma. Pathologically, CTE
is a tauopathy characterized by perivascular accumulation of p-tau in neurons and
astrocytes within the cortex [107]. As previously described, neuroinflammation is
involved in the formation of p-tau. Immunohistologic analysis of samples from the
Boston University-VA Concussion Legacy Foundation Brain Bank showed that a longer
history of repeated head injury was associated with increased neuroinflammation
[108]. CTE genetic transcripts from brain tissue contain dysregulated neuronal genes
that result in inflammatory glial dysfunction. Furthermore, CTE astrocytes express
gene transcripts that were associated with neuroinflammation and aging [109].
Autopsy investigation of mild CTE brain tissue revealed increased microglia activation
in perivascular regions of subcortical white matter [106, 110, 111]. In vivo diagnostics
of National Football League (NFL) athletes utilizing PET imaging revealed an increase
in translocator protein expression by activated microglia and reactive astrocytes
compared to controls [80, 95]. Further research is needed to elucidate the pathway and
time course of inflammation and development of CTE, as well as genetic and epigen-
etic risk factors that increases the likelihood of CTE after head trauma.

5. Animal models of post-injury neuroinflammation
The initiation and propagation of neuroinflammation is a complex and multi-

faceted process. Animal models are necessary to study disease mechanisms, identify
novel biomarkers, and study the pharmacologic effects of investigational drugs. Given
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the current limited treatment options in TBI management, translational research
should prioritize research that is validated, feasible and most readily will impact
patient care.

5.1 Selection of animals

Several animal models have been used in TBI research. Interspecies differences in
cerebral anatomy, complexity, and size are important factors when selecting the model.
Animal intelligence varies significantly, although brain size is not correlated with overall
intelligence [112]. Most preclinical TBI research is conducted in rodents. Rats and mice
are cost-effective, have a large physiological database, permit extensive behavioral
testing and have the ability to utilize transgenic animals. A disadvantage is the small
lissencephalic brain, characterized by less white matter compared with higher species.

In particular, the utilization of genetically engineered mice has aided in the evaluation of
key molecules related to microglia activation and neuroinflammation following TBI [26].

More recently, the use of large animals in TBI research has increased. The effect of
brain injury on lissencephalic animals as compared to larger ones with gyrencephalic
structures differ, at least in part by differences in brain structure and mechanics
related to the presence of large gyri [113, 114]. The porcine model has been proposed
as an ideal pre-clinical animal model based on feasibility and the anatomic and physi-
ologic similarities to humans in comparison to rodents [115]. This includes cortical
structure and proportion of gray-to-white matter that more closely resembles humans
[116]. Both mild and more severe TBI can be modeled in the pig.

5.2 Models of injury

Several models of injury have been developed to resemble the pathophysiology of
human TBI [113]. The most used ones are the lateral fluid percussion (LFP) model,
the controlled cortical impact (CCI) model, the weight drop-impact (WD) model,
and the blast model. The chosen mechanism of injury is based on researcher experi-
ence and the type of TBI being modeled. Traumatic injury can be delivered over an
intact skull to mimic concussion or diffuse injury or delivered to exposed dura to
mimic more severe and focal TBIL

The CCI model was first described in the 1980s and is now one of the most used
TBI models. It utilizes a pneumatic or electromechanical device with an impactor tip
to induce brain displacement. The impact location, velocity, depth, and dwell time can
be controlled. Compared to other methods of mechanical injury, namely LFP and WD
injury, CCI allows for more control of the force of injury, showing high reproducibility,
low animal mortality, and reduced rebound injury [117]. Current CCI rodent models
produce the most optimal conditions for understanding the molecular, cellular and
biochemical mechanisms of secondary brain injury after focal blunt-force TBI [118].

The WD and LFP models are also used to study neuroinflammation. In WD injury,
a fixed amount of weight is dropped from a set height onto either exposed dura or
closed skull. The closed-head model can be utilized to cause diffuse neuronal injury
and has been shown to result in elevation of apoptotic and neuroinflammatory mark-
ers. The LFP model was first established in rabbit and cat models but has since been
adapted for rodents. It involves the generation of a fluid pulse that impacts against
an exposed dural surface of the brain and produces more diffuse injury compared to
CCI. Reproducibility requires extensive preparation and model experience to mini-
mize injury variability. The blast model mimics the injuries commonly encountered in
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war. The force is produced by utilizing shockwave tubes or open field detonation. This
model has been utilized to study CTE and its associated neuroinflammation [119].

6. Biomarkers of neuroinflammation

Plasma biomarkers of post-TBI inflammation are commonly used in transla-
tional research given their accessibility, the ability to serially sample, the presence
of validated assays for detection, and the ability to form large biorepositories and
databases. Brain tissue and CSF biosamples can be difficult to obtain but may offer a
more accurate picture of the local environment. There has been growing interest in
identifying and validating in vivo markers of neuroinflammation with special focus
on using functional MRI and PET to measure intermediate biomarkers of disease.

The number of biomarkers of neuroinflammation studied is rapidly increasing
[26]. No gold standard biomarker has been established. Understanding the mecha-
nisms of expression of these markers will advance our understanding of TBI and help
develop future therapeutics targeting the acute and chronic consequences of neuro-
inflammation. Here, we aim to introduce biomarkers of importance and emerging
interest in the field of post-TBI neuroinflammation and discuss potential limitations.

6.1 Peptide biomarkers

Peptide cytokines are the most used biomarkers of inflammation. In the acute
period, TBI induces damage to the cellular membrane, leading to the release of
DAMPs and upregulation of TNF-a and other cytokines from microglia and astro-
cytes. Historically, the cytokines most studied include INF-y and several ILs. There
are important limitations to consider when using cytokine biomarkers. Changes in
cytokine expression can be non-specific, and their relationship with clinical outcomes
is variable. TNF-a is generally considered a pro-inflammatory cytokine associated
with detrimental effects in TBI [120, 121]; however, studies have suggested that it also
has an anti-inflammatory component that promotes motor recovery after TBI [122].
Several studies have found limited correlation between ILs such as IL-1p and IL-6 and
outcome in human TBI [123, 124]. Chemokines, generated by activated microglia and
astrocytes to recruit peripheral immune cells to the site of injury, can also be assayed
from biofluids. The CCL and CXCL subclasses of chemokines have been most exten-
sively characterized in animal models of post-TBI inflammation [26]. The expression
of cytokines and chemokines is regulated several ways; therefore, measurements may
provide a general description of the inflammatory response post-TBI but might lack
the specificity in describing specific biochemical pathways or differentiating between
CNS and systemic inflammation.

More novel peptide biomarkers of interest include neurotransmitter levels and
protein aggregates. Post-TBI, a large increase in the release of extracellular glutamate
and other amino acids can be studied. Glutamate is an excitatory amino acid that can
lead to toxic effects via activation of different receptors such as N-methyl-D-aspartate
(NMDA) and alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid recep-
tors (AMPA) [53, 54]. In clinical research, glutamate can be measured longitudinally
using bedside microdialysis techniques [125]. Protein aggregates such as Ap, tau
and a-synuclein are challenging to measure. Historically, they have been limited to
post-mortem analysis; however, recent advances in PET imaging have allowed in vivo
assessment of tau burden [126].
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6.2 Glial and immune cells

Microglial activation and neutrophil recruitment and activation have been of
principle interest in post-TBI neuroinflammation research. Common immunohisto-
chemical measures of microglial activation include Iba-1 and CD68 and downstream
markers such as TLRs and NF-kp [26, 127]; however, flow cytometry-based analysis
of microglia remains the gold standard. The identification of translocator protein
18 kDa (TSPO), located on the mitochondrial membrane of microglia, has allowed
the development of radioligands with PET visualization of activated microglia in
vivo [128].

Activated neutrophils and NETosis are measured commonly by TLR4 expression,
CitH3 localization, and DNase-I expression, which acts to degrade neutrophil-derived
extracellular traps [129]. Measures of endothelial adhesion molecules including selec-
tins, vascular cell adhesion molecules (VCAMs), and intercellular adhesion molecules
(ICAMs) provide an indirect measurement of peripheral immune cell recruitment
across the BBB. Antibodies against several of these adhesion molecules have been
developed and utilized for in vivo visualization by MRI but is mostly validated in
ischemic stroke models [130-132]. The longitudinal study of glial and immune cell
phenotypes in chronic post-TBI inflammation may further demonstrate their impor-
tance mediating long-term morbidity after brain injury.

6.3 Omics-based biomarkers

Multi-omics, including genomics, proteomics, metabolomics and lipidomics can
be used to characterize the complex chemical pathways involved in TBI pathogenesis
for use in prediction models and drug development. Genetic analysis can elucidate the
genetic influence on post-TBI outcomes and would allow precision treatment based
on genetic traits. In analysis of a large biologic database, genetic modules that showed
greatest change in expression were primarily associated with neurodevelopment
and immune inflammation [133]. As previously discussed, the ApoE-4 allele is also
of special interest in the field of chronic TBI-induced inflammation. ApoE protein
is a mediator of cholesterol and lipid transport in the brain and has been shown to
attenuate glial activation and CNS inflammatory responses. In experimental models, a
small peptide of ApoE [133-149] was shown to significantly improve histological and
functional outcomes following TBI [134].

Lipid biomarker analysis might hold several advantages over proteomics and
peptide biomarkers in TBI. Limitations of proteomics include a bias towards highly
abundant proteins, difficulty in measuring protein aggregates, and challenges in using
plasma samples to assay proteins generated in the CNS [135]. In comparison, lipids
are abundant in the CNS and cross the BBB by active transport. Bioactive lipids that
mediate inflammation are of particular interest due to their role in both pro-inflam-
matory cell signaling and resolution of inflammation. Omega-3 polyunsaturated
fatty acids (w-3 PUFAs), including eicosatetraenoic acid and docosahexaenoic acid,
are active compounds with anti-neuroinflammatory properties. In pro-inflammatory
states, they are metabolized by lipoxygenases (e.g. 15-LOX and 5-LOX) to specialized
pro-resolving lipid mediators (SPMs) such as resolvins, protectins, and maresins.

In experimental models, ®-3 PUFAs act as a neuroprotectant in TBI by modulating
neuroinflammation through SIRT1 mediated deacetylation of the HMGB1/NF-kb
pathway [136]. A greater understanding of the biologic actions of SPMs and other
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lipid signaling molecules, and the mechanisms of lipid metabolism dysregulation
related to TBI would identify novel therapeutic targets.

7. Current therapies with anti-inflammatory properties

Attenuating neuroinflammation following TBI has been a treatment target for
several decades to generally mixed results. Certain current standard treatments
potentially work through anti-inflammatory pathways, while neuroinflammation
remains a focus for novel therapeutic development.

7.1 Steroidal and non-steroidal anti-inflammatory drugs

Steroids are not routinely used in the management of TBI. They were initially
investigated for their potential to decrease neuroinflammation and intracranial pres-
sure in severe TBI. Several randomized trials were conducted with conflicting results.
The CRASH trial, a randomized placebo-controlled multicentric trial evaluated the
use of high dose methylprednisolone after TBI. Interim analysis of the first 10,008
patients demonstrated increased mortality in patients receiving steroids, resulting in
early study closure [137]. The mechanisms of harm are not fully understood; how-
ever, there is little interest in a future study of the effect of high-dose steroids in TBI.

The use of non-steroidal anti-inflammatory drugs (NSAIDs), such as COX-1
and COX-2 inhibitors ibuprofen and indomethacin, have shown varied results in
pre-clinical studies. Although a strong anti-inflammatory action is observed if
dosed shortly before or after injury, clinical effect has not been demonstrated [138].
Ibuprofen can cross the BBB and localize in injured tissues and has been studied as an
anti-inflammatory agent in post-TBI stem cell grafting [139]. In a rat model of TBI,
extended use of high dose ibuprofen significantly worsened neurocognitive outcomes
[140]. Indomethacin administration is associated with reduced intracranial pressure
secondary to reduced CBF [141], however, it has limited therapeutic potential due to
its inability to cross the BBB [142]. Additional concerns over bleeding due to inhibi-
tion of platelet cyclooxygenase further limit their use acutely after TBI.

Minocycline, a second-generation tetracycline antibiotic, has been extensively
studied in TBI due to its anti-inflammatory, neuroprotective and anti-apoptotic
properties [143]. In a murine model, minocycline administration resulted in marked
reductions of activated microglia and decreased tissue IL-1B levels [144]. In a gerbil
model, when administered shortly after ischemia, minocycline was neuroprotective
against brain ischemia by preventing activation of microglia and the appearance of
NADPH reactive cells [145]. A clinical trial of 15 patients, performed to assess the
safety and feasibility of minocycline showed that it was safe for moderate-to-severe
TBI with a potential effect on clinical outcomes [146]; however, long-term use may
be associated with gastrointestinal and neurologic adverse events [147]. The current
use of minocycline is limited due to the lack of large longitudinal clinical evidence to
support its use for TBI-related neuroinflammation.

7.2 Anti-epileptic drugs

Seizures are a common consequence of TBI. Their occurrence is associated
with worse functional outcomes and if uncontrolled, can contribute to long-term
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neurodegeneration [148]. Neuroinflammation has been proposed as a mechanistic
cause of seizures post-TBI. Pro-inflammatory cytokines like TNF-a and IL-1f can lead
to hyperexcitability through their action on glutamate and NMDA receptors, increasing
susceptibility to seizures [149]. Classical anti-epileptics such as phenytoin and benzo-
diazepines have not been shown to reduce the risk of developing late post-traumatic
epilepsy but rather decrease the early post-traumatic seizures occurring within the
first 7 days [150]. Whether anti-epileptic drugs are generally pro-inflammatory or
anti-inflammatory is still not verified. Levetiracetam interestingly has been found to
mediate its anti-epileptogenic effects, at least partially, through modulation of inflam-
mation in seizing brain regions. This was demonstrated by the reduction of reactive
gliosis and IL-1f following administration of levetiracetam in epileptic animals [151].
In comparison, an in vitro model of epilepsy showed increased microglial activation in
cultures treated with valproic acid when compared to carbamazepine, gabapentin, and
phenytoin [152].

7.3 Hyperosmolar fluids

Hyperosmolar therapy is widely used to treat TBI-related cerebral edema and
elevated intracranial pressure. The early action is primarily due to the creation of an
osmotic gradient that draws interstitial fluid from the brain tissue into the intravas-
cular space. Hyperosmolar therapies, typically hypertonic saline or mannitol, have
been investigated for their anti-inflammatory properties. In a rat model of intrace-
rebral hemorrhage, hyperosmolar fluid reduced microglial activation and promoted
phagocytic anti-inflammatory M2-like phenotype in perihematomal and contralateral
tissues [153]. In a clinical study of 65 patients with severe TBI, hypertonic saline was
found to attenuate expression of pro-inflammatory cytokines such as TNF-a and
IL-10 [154]. Additionally, hyperosmolar therapy was found to downregulate AQP-4
expression in perivascular astrocytes [155]. These findings add further support to
hyperosmolar therapy for their neuroinflammatory modulation.

In clinical practice, bolus doses of hyperosmolar therapy are standard of care
for clinical or radiographic cerebral herniation; however, the use of continuous
hypertonic saline infusion after TBI remains controversial with a recent randomized
controlled trial showing no benefit of this therapy on 6-month functional outcomes
[156]. Further study is needed to determine the anti-inflammatory properties of
hyperosmolar therapy, and which patients are most likely to benefit from treatment.

7.4 Tranexamic acid

Tranexamic acid (TXA) is a lysine analogue that is widely studied as an anti-
fibrinolytic in life-threatening hemorrhage. In TBI, TXA is more widely accepted and
used based on recent clinical trial data. The CRASH 3 trial demonstrated that TXA
reduces head injury-related deaths without increasing the thrombotic risk [157]. TXA
has been shown to have both pro-inflammatory and anti-inflammatory effects in the
surgical literature [158, 159]. In animal models, it inhibits plasmin which normally
activates the migration of macrophages through modulation of BBB integrity by
degrading laminin, fibronectin, and collagen [160]. Specifically in models of TBI,
early TXA has been shown to reduce TBI-induced coagulopathy. Reduced bleeding
and blood products in the CNS might limit pro-inflammatory triggering. TXA may
generally suppress circulating immune cells; however, measurable reductions in anti-
inflammatory markers were not observed in a mouse model of TBI [161]. Although
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TXA is approved to be safe and well-studied in TBI, its full impact on neuroinflam-
mation has not been validated.

7.5 Hypothermia

Hypothermia has been investigated in several acute neurological conditions. In
TBI, humoral and cellular neuroinflammation is temperature-dependent. In preclini-
cal trials, hypothermia has been shown to decrease free radicals, TNF-a mRNA levels,
and BBB permeability [162]. Several clinical trials of hypothermia have been done in
TBI, with overall low-quality evidence. A meta-analysis in 2014 suggested a possible
trend towards reduced rates of death, vegetative state, and disability with hypother-
mia [163]; however, the report was inconclusive. Larger clinical trials are needed to
assess the efficacy and safety of hypothermia in reducing neuroinflammation in TBI
and improving clinical outcomes.

8. Future research directions

Advances in novel therapies that target neuroinflammation after TBI has been
limited by an incomplete understanding of the pathologic mechanisms of disease.
Translational and clinical research is needed to further identify both modifiable and
non-modifiable factors that influence the inflammatory response, and how acute
neuroinflammation after brain injury transitions to a chronic inflammatory state.
Characterizing both acute and chronic processes will lead to biomarker discovery and
support the development of novel therapeutic agents aimed at improving long-term
patient outcomes.

8.1 Determining how biologic factors modify the inflammatory response
post-injury

Non-modifiable biologic factors such as age, sex, and ethnicity likely influence
the post-TBI inflammatory response. A better understanding of these effects will
improve patient-tailored treatments. In animal models, age appears to exacerbate
inflammatory-mediated secondary brain injury. In comparison to younger animals,
aged rodents show higher mortality after CCI, more pronounced brain edema forma-
tion, and worse neurobehavioral scores [164]. This was associated with an early rise
of inflammatory markers in aged animals compared to the delayed response observed
in younger mice. Peripherally derived CCR2(+) macrophages accumulate in greater
amounts in aged brains after TBI compared to young animals and likely mediate the
enhanced neuroinflammatory response associated with age [165]; however, the role
of other immune cells has been suggested [166]. Ketone metabolism, which improves
energetics and reduces inflammation, is reduced in older age [167, 168]. Additional
research is necessary to fully describe the age-dependent effects of TBI and how age
influences the efficacy of candidate drugs.

Although the majority of TBI occurs in males, sex-based differences in TBI
pathophysiology and outcomes should be understood. Elevations in endogenous sex
hormones, specifically progesterone and allopregnanolone, have been demonstrated
to have anti-inflammatory and neuroprotective properties [169]. Sex steroids are also
known to regulate astrogliosis and microglia activation and may account for sex differ-
ences [170]. Investigational drugs, including steroids, likely have differential impact
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in men and women, highlighting the need to study efficacy in diverse patient popula-
tions. Although many identified differences in physiology between sexes exist, the
literature of the impact of sex on functional outcomes after TBI is conflicting [171].

8.2 Important research questions for novel therapeutic approaches

Despite the large body of anti-inflammatory drugs studied in both preclinical
and clinical research [172], their standard use in human TBI has not yet been sup-
ported by high-quality evidence. Many important questions remain, including the
identification of drugs that should be prioritized for clinical trials. Candidate drugs
or anti-inflammatory drug classes may not be mutually exclusive and could have a
synergistic effect when used together. In animal models, combination of progesterone
and vitamin D, fresh frozen plasma and valproic acid, and C3a and C5a receptor
blockers demonstrated greater anti-inflammatory and neuroprotective effects then
when used individually [173-175]. The optimal timing and duration of potential treat-
ments are also unknown. Given both the acute and chronic inflammatory phases of
TBI contribute to functional outcomes, future study is needed to determine the utility
of anti-inflammatory drugs administered beyond the acute phase.

Both short and long-term outcome measures are necessary to establish the efficacy
of novel therapies. In pre-clinical research, measures of inflammatory cytokines are
insufficient to characterize the complex pathogenesis of TBI. Of emerging interest,
use of “omics” that encompass genomics, proteomics, metabolomics and lipidomics
will provide a comprehensive picture of the molecular pathways leading to second-
ary brain injury and would allow for precision medicine [176]. Given the chronic
morbidity in TBI survivors, the use of long-term outcomes, including biomarkers of
neurodegeneration and neurocognitive and functional outcomes are needed in both
animal models and clinical trials. Demonstrating reduced mortality in TBI can be dif-
ficult, especially in moderate-to-severe TBI where outcomes are generally poor, while
alternative outcome measures described may be more sensitive and meaningful.

TBI is a ubiquitous disease impacting all ages, genders, racial, socioeconomic and
geographic backgrounds. Preferred drug therapies should be safe, feasible and effective
across mixed patient populations and medical environments. Behavioral modifications
may play a role in attenuating sequelae of neuroinflammation. Complementary thera-
pies such as meditation and massage may reduce inflammation [177], while dietary
changes can also impact chronic inflammation [178, 179]. Ultimately, a multi-disciplin-
ary and systems-based approach to TBI is needed to further our understanding of this
challenging disease and promote the development of novel treatment approaches.

8.3 Conclusion

In conclusion, post-TBI neuroinflammation is a complex blend of processes that is
involved in acute and chronic brain injury. Although it is intended to promote repair,
ongoing neuroinflammation can impede recovery. The inflammatory cascade in TBI
affects the CNS milieu and brain functions long after the initial traumatic phase.
Although pre-clinical research suggests that treating neuroinflammation as a thera-
peutic target may be beneficial, clinical trials have not yielded measurable benefits.
Understanding the intricacy of these processes will assist clinicians and scientists in
creating an individualistic approach to monitor and limit inflammation after TBI with
the goal to reduce secondary brain injury, enhance neurological repair, and improve
patient outcomes.
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Penetrating Craniocerebral Injury
in Pediatric Patients
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Abstract

Penetrating head trauma is rare in the pediatric population, and rarer still in the
civilian pediatric population. The high rehabilitation potential of children and the
higher likelihood of a low-velocity, survivable injury necessitates careful manage-
ment to minimize morbidity due to secondary injury from ischemia or infection.
Management of penetrating injuries includes patient stabilization, appropriate
imaging, and if surgery is needed, entry/exit site debridement with dural closure
to prevent cerebrospinal fluid leak. Post-operative care includes infection preven-
tion, intracerebral pressure management, and early identification of vasospasm and
pseudoaneurysm formation.

Keywords: pediatric, penetrating head injury, low-velocity, non-missile, vasospasm,
pseudoaneurysm

1. Introduction

Although rare, penetrating craniocerebral injury is an increasingly recognized
cause of emergent neurosurgical admissions in children and adolescents 17 years of
age or younger [1]. Outside of war zones, these injuries can occur in the setting of
gang-related violence in major metropolitan areas. Penetrating head injury may result
from gunshot wounds or stabbings, and less commonly due to non-powder guns (Zip
Guns) or transorbital penetration [2, 3]. In this review, we have defined high-velocity
injuries as those that result from projectiles/objects traveling at velocities >600 meters
per second. These are most commonly the result of rifle injuries, which are more
prevalent in military conflicts. Low-velocity injuries are usually the result of hand-
guns in civilian populations. The low-velocity equivalents in military conflicts include
both handgun and shrapnel injuries. Additional low-velocity mechanisms of injury in
children can include BB and pellet gun injuries, stab injuries, blunt penetrating injury,
and trauma resulting from pencils, branches, nails, and other objects.

A relatively small number of case series in varied settings comprise the majority of
the pediatric literature on penetrating craniocerebral injury.

Barlow et al. study of gunshot wounds in 108 children (nine cerebral inju-
ries) at Harlem Hospital over 10 years was among the first series to examine the
demographic, intentionality, and cause of these types of injuries in children [4].
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Most worrisome was that 53% of the guns belonged to the children themselves, and
8% of injuries were inflicted by the police.

Beaver et al. reviewed 132 children under 16 years with fatal firearm injuries in the
state of Maryland [5]. The cause of death was a homicide in 46%, accident in 25%,
and suicide in 22%. Deaths occurred at home in 75% of cases. The perpetrator was a
friend in 21%, family member in 20%, acquaintance in 7%, a bystander in 2%, and
self-inflicted in 30%.

In 1993, Levy et al. published their experience with 105 pediatric patients at the
University of Southern California/Los Angeles County Medical Center with a diagno-
sis of a gunshot wound to the brain during an 8-year period [1]. Most of these injuries
(72%) were gang-related or secondary to murder-suicide, in contrast to a much higher
rate of suicide in the adult population. These findings were contextualized by rising
rates of gang-related murders in Los Angeles County and increasing numbers of gang
members in that time frame. Similarly, a prior study by Ordog et al. [6] described
34 patients, 10 years of age or younger who were treated for gunshot wounds in Los
Angeles between 1980 and 1987, noting that no children in this age range had been
treated for gunshot wounds prior to 1980.

A retrospective review of traumatic injuries in children 16 years or younger in
the San Francisco bay area from 2000 to 2009 revealed that the incidence of gunshot
wounds to the head in children continued to increase over time. This represents
another study documenting the vexatious number of these injuries each year in chil-
dren [7]. These injuries were associated with a 63% mortality rate and were thought
to represent mostly intentional injuries.

Bandt et al. reported their experience with 48 patients less than 18 years of age
with penetrating intracranial gunshot injuries between 2002 and 2011 in St. Louis,
MO [8]. The authors proposed a management paradigm involving more aggressive
treatment compared to adults due to the more favorable outcomes experienced by
children.

Seventy-one pediatric patients with an intracranial gunshot wound between 1996
and 2013 in Memphis, TN were analyzed by Decuypere et al. [9]. Nearly half of the
victims died from their injuries, but over 80% of survivors had a good outcome. As
noted in prior studies, the authors reported that variables related to the initial clinical
exam and classification of CT findings were found to be the most important predic-
tors of outcome.

Thirty patients under the age of 13 years who suffered craniocerebral gunshot
injuries were treated at Red Cross War Memorial Children’s Hospital in South Africa
between 1989 and 2001 [10]. Over half of the victims were injured in the crossfire of
civilian violence.

A case series from Mashhad, Iran reported 14 penetrating head injuries in children
less than 10 years [11]. These injuries were primarily due to low-velocity objects,
such as pencils, rods, silverware, and other miscellaneous objects. The authors noted
that pediatric civilian low-velocity gunshot injuries were comparatively uncommon
in some middle eastern countries and Japan as compared to the United States and
Europe. These findings have supported the prior literature which documented the
significant number of gunshot-related injuries to the head in the United States as
compared to other countries.

A series from Tel Aviv concluded that pediatric craniocerebral gunshot injuries
from plastic projectiles resembled those of low-velocity missiles, with similar treat-
ment algorithms and outcomes compared to other penetrating craniocerebral injuries
in civilians [12].
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Low-velocity penetrating injuries in children are not as common in armed
conflict. Given the nature of the high-velocity injuries associated with rifles, most
low-velocity injuries are the result of penetrating shrapnel. Low-velocity injuries are
those associated with projectiles traveling less than 600 m/sec. This is consistent with
the prevalence of handgun injuries in civilian populations. Wani et al. reported on 51
children with penetrating brain injuries who were the victims of armed conflict [13].
Nearly all injuries were from roadside grenade attacks. Victims of grenade attacks
had better outcomes than those who suffered bullet injuries to the head. The authors
noted that being upright and running away from an audible attack may have predis-
posed patients to craniocerebral injury, which perhaps could have been prevented by
lying down.

A large series of cranial stab wounds was published by Domingo et al. in 1994,
including 54 patients less than 14 years. Injuries were due to assault in 58% and acci-
dental in 42%. All patients survived their injury and required surgical debridement
[14]. A large series on pediatric penetrating brain injury in Durban, South Africa
included more stab wounds (57%) than gunshot wounds (43%) [15]. Interestingly,
neurological deficits did not significantly differ by the mechanism of injury when
accounting for age and other clinical information.

Irfan et al. reported their experience with four patients in the 2-3 year age range
who experienced gunshot wounds to the head, only one of whom did not survive [16].
Penetrating craniocerebral injuries to patients in this age range have the additional
nuance of developmental and neurobehavioral impact among survivors [17].

2. Epidemiology

Due to the rarity of penetrating craniocerebral injury in children, it is challenging
to identify epidemiological data. This is particularly true given the diversity of data
sources reported in the aforementioned case series.

The incidence of pediatric TBI ranges from 12 to 700 per 100,000 population,
with most studies reporting between 47 and 280 [18-20]. While the incidence
of penetrating TBI in children remains unknown, it represents a small frac-
tion of those likely between 1% and 7%, and varies significantly by country and
setting [15, 21].

An analysis of the National Trauma Data Bank, a curated United States trauma
registry, demonstrated that gunshot wounds to the head represented 1.4% of pediat-
ric TBI cases, with increasing incidence over time (from 275 per 100,000 in 2003 to
315 per 100,000 in 2012). The mean age was 14.8 years and 79.2% were male. Most
victims were African American (43%) or white (35%). Assault was the most common
mechanism (63%), followed by suicide (18.3%) and accident (12.6%). There was a
time trend for increasing suicides, decreasing accidental injuries, and a stable assault
rate. The location of injury was commonly residential (40.6%) or street (24.9%), and
less often a public building (1.9%) or recreational location (0.9%). Mortality was
45.1% overall, and 71.5% in the setting of suicidal intent.

In general, pediatric gunshot wound victims were primarily males with mortality
rates ranging from 47.9-65% [1, 6, 8-10, 15, 22-25].

Among TBI patients, children in racial minority groups or of low-income status
are more likely to be the victim of assault or firearms and are more likely to have poor
clinical outcomes [26]. This is likely also true, specifically, for victims of penetrating
TBI [21], although data are limited.
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3. Management

Initial management of both high- and low-velocity penetrating injury in children
involves emergent and aggressive hemodynamic stabilization, correction of coagu-
lopathies, and neurologic assessment. Neurologic imaging after stabilization should
include brain computed topography (CT) [27]. CT angiography should be consid-
ered to rule out vascular injury. An intracranial pressure monitor is indicated in
patients with a low Glasgow coma score (GCS) < 7 or signs of elevated intracranial
pressure.

The rate of surgical intervention ranges from 51 to 100% for injuries due to
gunshot wounds or explosives [9, 10, 22-24], 70-94% in pellet gun injuries [28, 29],
60% in dog bites [30], and up t0100% in stab wounds [14]. Lower rates of interven-
tion among high-velocity injuries likely reflect nonsurvivors or those with inoperable
injuries.

Goals of surgery depend on the extent of the injury [31]. Small head wounds
without significant intracranial pathology may simply require local wound care and
closure, whereas devitalized scalp or compromised bone and dura may require more
extensive debridement. Intracranial injuries with hematomas and/or mass effect
may require debridement of necrotic brain tissue and accessible bone fragments, or
hematoma evacuation. Debridement of the missile tract and the aggressive pursuit of
bone/metallic fragments is not recommended when there is no significant mass effect
(Figure 1). As noted in adult populations a primary goal of surgical intervention in
children is dural closure to avoid CSF leaks. Antiepileptic and antimicrobial recom-
mendations are discussed in the following section.

4. Complications
4.1 Structural

Direct impact from the penetrating object can cause a variety of damage to tissue.
Skull fracture and cerebrospinal fluid leak due to dural laceration are common.
Children’ skulls do not become fully ossified until two years of age; therefore, they
are more susceptible to skull fracture after non-missile or low-velocity penetrating
trauma. The most common entry locations are the thin-walled orbit and the squa-
mous temporal bone [32-34]. Bihemispheric injury and ventricular transgression are
associated with worse outcomes (Figure 2).

Low-velocity objects are, however, less likely to cause contra-coup injuries,
thermal or blast injuries than are high-velocity or missile objects [34]. Depending on
the course of the object through brain tissue, there may be a hematoma or cerebral
contusion causing a mass effect.

4.2 Neurologic
The significance of the trajectory of the object/projectile is that it has been
found to be a powerful determinant of outcome (both morbidity and mortality) as

previously noted. The trajectory of the object impacts the likelihood of a transient
or permanent neurologic deficit, which most commonly are weakness and cranial
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Figure 1.
A-D. Entry wound and exit wound should be debrided in the operating room with removal of superficial foreign
material and vepair of any dural injury.

Figure 2.
A-B. Bihemispheric injury is associated with a worse prognosis.
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neuropathy. A review of 223 patients with a near-even mix of high and low-velocity
injury found that the mean age of children with the neurologic deficit was higher
(11.72 years) than those who were neurologically intact (8.96 years) [15].

The routine use of antiepileptics is controversial. Trauma literature supports the
use of antiepileptics for the prevention of early (<7 days) post-traumatic epilepsy but
not late post-traumatic epilepsy [34, 35]. Low GCS is independently associated with
developing post-traumatic seizures in pediatric patients [36]. Left-sided injury is also
reported to be associated with a higher likelihood of seizures [15].

Newer antiepileptics, such as levetiracetam, have not been as rigorously studied
for use in this patient population despite their popularity. Additionally, there is a
disparity in pediatric literature compared to adult literature regarding the routine
use of antiepileptics after traumatic brain injury. It seems to be routine practice in
moderate to severe penetrating head trauma to administer prophylactic antiepilep-
tics due to the low-risk profile, though this remains at the discretion of the treating
neurosurgeon and there is not enough literature support to define management
standards.

Blunt traumatic brain injury has been associated with a high rate of new diagno-
ses of ADHD, oppositional defiant disorder, mood disorders, PTSD, OCD, bipolar
disorder, and antisocial or aggressive behaviors. Although perhaps of less importance
in the acute period, penetrating head trauma, particularly to the frontal lobe, may
cause devastating neuropsychiatric sequelae in children. Neuropsychiatric evaluation

and referral to child psychiatry should always be considered [37].
4.3 Infectious

The routine use of broad-spectrum empiric antibiotics after penetrating head
trauma is common but not universally agreed upon. Complications of grossly contam-
inated wounds include cerebritis, intracerebral abscess, ventriculitis, and meningitis.
The most common pathogens are Staphylococcus species and gram-negative bacteria,
though anaerobic species have been reported in both pediatric and adult cases with
high mortality [34, 38]. Empiric antibiotic therapy should cover for these most com-
mon pathogens. There is considerable variability in the literature as to the exact type
of antibiotics and the length of therapy. Early surgical intervention and debridement
<12 hours from presentation decrease the risk of subsequent infection, with water-
tight dural closure being one of the most significant variables related to minimizing
infection [34, 39].

Pediatric series of penetrating head trauma report a higher rate of infection than
adults, up to 40-50% [40]. Risk factors for infection include the foreign body being a
porous material, such as wood, fragmentation of the object, cerebrospinal fluid leak,
nasal or mastoid sinus involvement, and gross contamination of the entry or exit site
(Figure 3).

Low-velocity penetrating injuries, which are more common in young patients, are
more likely to be grossly contaminated with skin, hair, and bone along the projectile
tract. They are also more likely to involve porous material that can fragment, further
increasing the risk of infection.

While most studies recommend immediate initiation of broad-spectrum antibiot-
ics on arrival to the emergency department, a large retrospective review of adult
trauma patients in Cleveland, OH described a very low incidence of infection despite
most patients only receiving one dose of Ancef [39].
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Figure 3.
Dural laceration and the cevebrospinal fluid leak should be addressed urgently in the operating room to veduce the
likelihood of infection.

4.4 Vascular

Morbidity after penetrating head trauma can be significantly impacted by both
immediate and delayed vascular pathology. Immediate injury to the vasculature or
direct tissue injury can lead to significant blood loss, space-occupying hematoma, or
cerebral ischemia, all of which may cause neurologic deficit or secondary injury due
to cerebral edema and elevated intracranial pressure [41].

Traumatic intracranial pseudoaneurysms are a relatively common sequelae of
both blunt and penetrating head trauma; 20% of traumatic aneurysms are related to
penetrating head trauma. The most common vessels involved are the MCA, followed
by the ACA and the ICA [Alvis]. The rupture risk of traumatic pseudoaneurysms
resultant from penetrating injury is not well quantified, and they may grow or shrink
with time. However, the presence of subarachnoid hemorrhage after penetrating
head trauma has been significantly associated with mortality (Figure 4). At 48 hours
post-injury, 17% of survivors and 68% of nonsurvivors had SAH on imaging [42].
Vascular imaging should be strongly considered for any penetrating trauma in which
the object tract traverses the Sylvian fissure or any major subarachnoid space or
is adjacent to vascular structures. CTA is rapid and convenient, however, may be
obscured by an artifact of metallic objects and, therefore, formal angiography might
be necessary. Aneurysms can form in the days following trauma or may formina
delayed fashion. Surgical or interventional treatment is recommended due to the
high risk of rupture [43, 44].

Vasospasm after penetrating pediatric head trauma may be an underrecognized
phenomenon contributing to preventable “secondary” brain injury by reducing cere-
bral perfusion. A prospective study of pediatric patients with blunt traumatic brain
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Figure 4.
Subarachnoid hemovrhage is a significant predictor of mortality.

injury demonstrated a moderately high prevalence of vasospasm on transcranial
doppler (TCD), which was correlated with the severity of the injury. This study fur-
ther identified post-resuscitation GCS < 8, mechanism of injury (motor vehicle acci-
dent), and fever at admission as significant predictors of subsequent development of
vasospasm [45]. In adults with penetrating trauma, the incidence of vasospasm is as
high as 40% and has a strong association with the presence of subarachnoid hemor-
rhage [46]. Vasospasm occurs in 21% of blunt moderate to severe TBI patients, and
33.5% of severe TBI patients studied with TCD. Peak onset is 2-4 days post-injury
and resolves in 2-3 days [45]. Vasospasm following low-velocity penetrating trauma
has also been described. Given that these injuries are less likely to be lethal and have
the potential for a good outcome, prevention of secondary injury is paramount [47].
The anticipation and presumptive treatment to avoid concomitant infection are
essential. Associated cerebritis, abscess, or sepsis can be additionally associated
with stroke. This is an important consideration in an immunocompromised patient.
Additionally, stroke-associated pneumonia (SAP) can increase morbidity and mortal-
ity following these injuries.

5. Conclusions

Pediatric penetrating head trauma in civilian populations is rare. Children in these
settings are more likely to be struck by low-velocity or non-missile objects than by
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firearms, which confer a higher likelihood of survival. Therefore, surgical debride-
ment or decompression, closure of dural violations to prevent infection, and diligent

medical management to prevent secondary injury are critical to maximizing recovery
in this resilient patient population.
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Chapter 5

Traumatic Optic Neuropathy
Ainat Klein and Wahbi Wahbi

Abstract

Traumatic optic neuropathy (TON) is a specific neurological sequence of
traumatic brain injury (TBI). It has a different mechanism than other most neuro-
logic complications of head trauma and its consequences can be devastating. The
damage can be from direct penetrating trauma or bone fracture injuring the optic
nerve directly or secondary to indirect blunt trauma (usually causing traction). The
diagnosis of TON is based on the clinical history and examination findings indicative
of optic neuropathy, especially the presence of defective pupillary light response.
TON can cause only mild vision loss but, in some cases, severe vision loss is pres-
ent. Imaging findings can support the diagnosis, and provide information on the
mechanism as well as treatment options. The treatment options include observation
alone, systemic steroids, erythropoietin, surgical decompression of the optic canal, or
combination. The evidence base for these various treatment options is controversial
and each treatment has its side effects and risks. Poor prognostic factors include poor
visual acuity at presentation, loss of consciousness, no improvement in vision in the
first 48 hours, and evidence of optic canal fractures on neuroimaging.

Keywords: trauma, optic neuropathy, vision loss, steroids, erythropoietin

1. Introduction

Traumatic optic neuropathy (TON) is an acute injury of the optic nerve second-
ary to blunt or penetrating head injuries, in which dysfunction of the optic nerve,
vision impairment, is caused secondary to direct or indirect trauma to the nerve.
Traumatic optic neuropathy can be isolated but usually, it is part of more widespread
head trauma. Historic studies report an incidence of 0.5-2% of head injuries [1, 2]. A
recent national epidemiological survey of TON in the UK found a minimum preva-
lence in the general population of 1in 1,000,000 [3].

TON might be present after vehicle accidents (car and bicycle), falls from heights,
falling debris, assault, stab, and gunshot wounds (Figure 1). Iatrogenic injuries are also
reported (mainly secondary to endoscopic sinus surgeries or suprasellar neurosurger-
ies) [3]. Itis important to note that all patients with TON have head injuries and 66% of
them have a significant head injury [4]. TON can be present after apparently otherwise

mild injuries, but it is most common in the setting of craniofacial fractures [5].

The vast majority of affected patients are young males (79-85%) in their early
thirties. Children constitute a large portion as about 20% of patients are younger than
18 years [6]. In this age group, falls (50%) and motor vehicle accidents (40%) are the
most common causes of TON.
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TON is classified as direct when the nerve is injured directly by a projectile object
that penetrates the orbit to damage the optic nerve, or indirect injury when it results
from the non-penetrating effects of trauma.

The mechanism of TON is multifactorial. In the case of direct TON damage is
caused directly to the nerve by laceration or impingement of the nerve from various
causes, including penetrating a foreign body, displaced bone fragment, or optic
canal fracture (Figure 1). In indirect trauma, compression forces from the superior
orbital rim are transferred and concentrated in the orbital roof and optic canal,
where the nerve is most vulnerable since it is fixed within the bony optic canal;
Coup-contrecoup forces whip mobile portions of the optic nerve against fixed
structures, causing injury [7, 8]. Shearing injury to the axons and microvasculature
can also play a role, leading to necrosis [9, 10]. Violent rotation of the globe can also
result in partial or complete optic nerve avulsion (Figure 2) [11]. Depending on
the nature of the event, the shock wave can also fracture the optic canal and bone
fragments can impinge on the nerve, [8] (occasionally being referred to as direct
injury). Diffuse axonal injury is another mechanism that is thought to be involved
in TON. As previously reported [12, 13], following head injury, axons of the brain
white matter are deformed, swelling, cytoskeleton damage, and impaired axoplas-
mic transmission led to the disconnection of axons, regression, reorganization, and
degeneration.

Orbital compartment syndrome (OCS), in which acute severe bleeding is main-
tained within the orbit, is another specific subgroup of TON. The orbit is a confined,
cone-shaped space, which is bound on all sides by bony walls, except anteriorly,
where it is limited by the orbital septum and tarsal plates of the upper and lower
eyelid. These structures have limited elasticity and thereby the orbit has limited
compliance. Any increase in the orbital content, secondary to bleeding blood ves-
sels, or trapped air, will result in an increase in intra-orbital pressure [14]. Besides

Figure 1.

A 37-year-old female was admitted after gunshot wounds. Upon admission, she was intubated and unconscious.
She had multi-compartment hemorrhages, parenchymal, subdural, and subarachnoid and secondary mass effect
with midline displacement to the left (not shown). In plain radiograph (A) two metallic foreign bodies were seen.
The bottom one is in the right maxillary sinus, with hyperdense small fragments in its track. The second one is
adjacent to the right orbital apex. Lateral ovbital wall fractures, as well as apical fractures, were noted (B + C).
On the first ophthalmologic evaluation, she had pinpoint pupils (secondary to sedative agents) but still, a right
RAPD was documented. It was not possible to have dilated fundus exam (DFE). She had no signs of orbital
compartment syndrome (no proptosis, free eye movements, and normal intraocular pressure). Multidisciplinary
consultation of neurosurgeon, oculoplastic surgeon and ENT, concluded that any surgical intervention aimed

to remove the apical foreign body will have a high risk of bleeding and life-threatening complications—1It was
decided on conservative follow up. Endoscopic sinus surgery was done, removing the maxillary sinus foreign body.
Upon regaining consciousness, the patient was evaluated again and had a vision of 20/30 and nonspecific visual
field defects. DFE was unvemarkable. On her 2 months follow-up, there was no RAPD, and vision improved to
20/20 with no visual field defects.
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Figure 2.

A §9-ymr-old male suffered from severe trauma from a surfboard. On first evaluation, he had lacerations

of the inferior and superior eyelids with limited eye movements in elevation, suppression and adduction. He

had a dilated unresponsive pupil on the left and a vision of NLP in his left eye with RAPD+4. DFE revealed
vitreous hemorrhage, and the optic nerve could not be identified in the posterior pole. Besides medial and inferior
orbital wall fractures with down displacement into the maxillary sinus (B), the intraconal orbital fat appeared
infiltrated and the left optic nerve was thickened and irregular in its course (A). Discontinuity of the posterior
aspect of the globe, adjacent to the optic nerve head was noted. A diagnosis of optic nerve avulsion was made,
and it was unfortunately impossible to vegain vision in this case. Attempts were made to veconstruct the orbit by
suturing the lacerations involving the medial cantal folds with excellent cosmetic results, which were important for
a young patient.

the possibility of direct compressing on the nerve, it results in disturbing the orbital
blood flow and thereby causes acute ischemic damage to the nerve [14, 15].

Post-injury, biochemical cascades exacerbate the initial damage and different
treatment modalities are intended to limit this secondary injury. Most cases of visual
loss are immediate; however, delayed visual loss is documented in 10% of cases.

2. Diagnosis

Since TON can develop even due to minor head trauma, it should be suspected
if any evidence of impaired vision exists following head or facial trauma. In the
conscious patient, a detailed history accounting for the mechanism of injury and
previous visual status is mandatory. Visual function assessment and comprehensive
eye examination should be carried out ruling out other causes of visual loss.

Clinical signs supporting the diagnosis of optic neuropathy include: 1) Impaired
visual acuity: about 40-60% of patients present with only light perception vision, or
worse [3, 16, 17], although, the visual acuity may range from normal to no light per-
ception. Late deterioration of vision may occur secondary to intra-sheath hematoma
and should raise again the diagnosis of TON [16]. 2) Relative afferent pupilar defect
(RAPD), an asymmetrical pupillary response to light, which is a very specific sign
of optic neuropathy, is very important in the assessment of TON patients; it may be
the only subjective evidence at presentation in mild cases and more importantly in
the unconscious patient and nonverbal children. A negative RAPD due to symmetric
optic nerve injury should always be considered [2]. To note, in the settings of head
trauma some patients may have dilated pupils which interferes with the pupillary
examination. Alcohol, illicit drugs, narcotics, paralyzing agents, hypothermia,
oculomotor nerve neuropathy, and sympathetic injury (Horner’s syndrome), can
all interfere with pupillary testing [18]. 3) Color vision impairment indicating optic
neuropathy.
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Visual field defect with variable field defects is another helpful adjunct in the diag-
nosis and monitoring of TON patients. Unfortunately, in the acute setting, many trauma
patients are unable to cooperate and have formal computerized visual field exams.

Visual evoked potentials (VEP) are another important tool in the diagnosis of
TON in unconscious and nonverbal patients, providing evidence of visual pathway
status and predicting the visual outcome. Patients with better VEP amplitudes have
favorable visual outcomes [19].

The optic disc appearance in the early course of TON depends on the site of injury
along with the optic nerve. When the injury is anterior to the entry site of the CRA a
swollen optic disc with retinal hemorrhages is expected. However, in the majority of the
patients, the disc appearance is normal since most of the cases have a more posterior
injury. Late in the course of TON, a clinically evident optic atrophy usually develops
within 4-6 weeks following the trauma. Kanamori et al. demonstrated that RNFL thin-
ning and RGC complex loss began 2 weeks after trauma and plateaued at 20 weeks [20].

Radiologic studies (CT and MRI) may demonstrate bony fractures, optic sheath
hematoma or intra-orbital air, and bleeding (orbital compartment). CT scan with coronal
reconstruction images is an excellent imaging modality for demonstrating optic canal
fractures [13-15, 21-23]. Multiplayer spiral computed tomographic (MSCT) with spatial
stereo reconstruction is an advanced imaging tool that can better evaluate the optic canal
status and diagnose combined injuries in other craniofacial tissues [24]. Nevertheless,
the role of neuroimaging in the diagnosis of TON is still controversial since the majority
of TON patients do not demonstrate relevant findings and the diagnosis can be made on
clinical grounds only. However, in a patient with progressive visual loss, repeated neuro-
imaging is crucial for identifying surgical candidates and directing the surgical treatment.

3. Treatment

Currently, the most common treatments used for TON include 1) systemic
steroids; 2) surgical optic nerve decompression; 3) a combination of steroids and
surgical decompression. Nevertheless, the treatment of TON remains controversial
as spontaneous visual improvement occurs in about 25-50% of TON patients [25,
26]. On the other hand, no medical or surgical treatment was proved until now with a
clear advantage over observation only.

Systemic steroid therapy for TON has been extrapolated from the National Acute
Spinal Cord Injury Study (NASCIS), a randomized controlled trial comparing steroid
treatment to placebo for acute spinal injury, in which increased recovery of neurological
function was seen in patients treated with methylprednisolone [27]. The rationale for
their use in the treatment of TON is their anti-inflammatory and anti-oxidative effect.
Typically, a regimen of very high (megadose) intravenous methylprednisolone is used
to treat TON followed by oral steroid with tapering down. The International Optic
Nerve Trauma Study (IONTS) is the largest comparative study comparing systemic
steroids to surgical decompression and observation using different dosing and timing
regimens failed to show any significant difference between the three groups [16]. In
addition, there was no clear benefit for any timing or dosage regimen of corticosteroids
on the final visual outcome. Lai et al. analyzed the risk factors for visual outcome
in a small series of 20 TON patients with initial visual acuity of NLP and found that
patients treated with methylprednisolone less than 24 hours from the injury showed
better final visual acuity [28]. In another series, Sitaula et al. compared observation to
oral prednisone (1 mg/kg for 7 days with 6 weeks taper) and high-dose intravenous
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methylprednisolone (1 g/d for 3 days followed by oral prednisone taper) found signifi-
cant visual improvement in the high-dose group compared to the other two groups [29].

Other authors compared different regimes of steroids to observation only did not
find any significant difference between their study groups [30-34]. Accounting for
their side effects, in the lack of clear effects on visual recovery, steroids should be
used judiciously by clinicians. Moreover, a large percentage of TON patients have a
concomitant head injury; the CRASH study tested the effectiveness of corticosteroids
following acute head injury was terminated prematurely due to an increased mortality
rate in patients treated with steroids [35].

3.1 Systemic steroids

Surgical treatment for TON aims to reduce compression on the optic nerve exerted
by edema, hematoma, or bony fragments. Currently, the main surgical approaches
performed are medial transorbital external ethmoidectomy; transcranial surgery; and
endoscopic transnasal surgery [36-38]. The transorbital ethmoidectomy and tran-
scranial approach provide excellent surgical access to the optic canal, however, both
are abandoned by many surgeons due to the high rate of complications and undesired
cosmetic results. The endoscopic transnasal approach is more commonly used by
surgeons. It provides adequate exposure for the medial bony wall of the optic canal
through the sphenoid sinus with a less invasive procedure and more acceptable cosmetic
results. However, it is a high-risk procedure due to the proximity of the internal carotid
artery to the optic canal; and it should be done only by highly experienced surgeons in
this kind of surgery. Several studies reporting the results of surgical decompression with
or without steroids had been published in the literature with visual improvement rates
ranging from 18-81% [39-46]. Since primary reports failed to show obvious benefits
for surgical decompression over observation, efforts are still made by researchers to
optimize the visual outcomes following surgery. Reasonably, the authors presented the
following indications for surgical treatment [23, 42-47]: 1) history of traumatic head or
face injury; 2) presence of hematoma or bony fragments compressing the optic verve;

3) poor response to initial medical therapy; 4) progressive visual loss not explained

by other nontraumatic ocular pathology; 5) lack of evident damage to ocular tissue or
intracranial optic nerve; 6) prolonger latency or reduction of amplitude in preopera-
tive VEP scan. The optimal timing for surgery has been evaluated by several authors
based on their own experiences. While some authors reported better visual outcomes

in the early surgical intervention (<3 days) [48-50], others reported comparable visual
improvement in the late surgical intervention (>7 days) [51]. Yu et al. compared imme-
diate (within 3 days) to delayed (>3 days) optic canal decompression, and found that
73.5% of patients in the immediate surgical decompression group showed improved
vision versus 46.9% in the delayed group [36]. Even though, the benefit of surgical
decompression or the combination of surgical and medical treatment remains uncertain
due to the lack of large comparative controlled studies. Moreover, several surgical com-
plications, including CSF leak, infection, and bleeding, have been reported [37, 52-54].
Therefore, in the lack of clear evidence, the potential benefits and drawbacks of surgical
treatment should be discussed in detail with the patient before surgery.

3.2 Surgical treatment

In cases suspected of OCS, the examination must be performed as soon as pos-
sible, so as not to delay treatment. The conscious patient will complain about severe
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pain and vision loss. The patient will usually have marked eyelid swelling, proptosis,
chemosis, and even subconjunctival hemorrhage. Severe ophthalmoplegia will be
noted and even digital ocular palpation will demonstrate resistance to retropulsion
and a firm globe indicating an elevated IOP. CT may be helpful in establishing the
diagnosis in milder cases where there is uncertainty and vision remains intact, but
when the clinical findings are suggestive and vision is markedly impaired, treatment
should not be postponed until after imaging is performed. In cases of OCS urgent sur-
gical decompression is the mainstay of treatment. A bedside, lateral canthotomy and
cantholysis (LC/C) is the first-line approach for reducing intra-orbital pressure [55].
Bony orbital decompression can be considered an adjuvant procedure if an adequate
response is not achieved after LC/C [56]. In these cases, reviewing orbital imaging is
important to locate the hematoma or other causative pathology (air, abscess), and to
plane the surgical approach (endonasal medial wall decompression, anterior orbi-
totomy via an eyelid crease incision, or transcranial approach) [14].

3.3 Erythropoietin

In the last few years, erythropoietin was suggested as a potential treatment for
TON due to its anti-inflammatory and antiapoptotic effects, based on studies of
CNS trauma patients [57]. Primary studies reported better visual outcomes with
EPO treatment [58, 59]. Recently, the TONTT, a phase 3, a large comparative study
compared erythropoietin to steroids and observation in 100 TON patients [60]. All
three study groups demonstrated significant visual improvement compared to the
baseline BCVA. However, no significant difference was found between the study
groups. Of note, color vision improvement was also observed in all three study groups
even though it was significant only in the erythropoietin group.

3.4 Experimental treatments

In the last two decades, research is ongoing to develop new therapies aiming to
encourage neuroprotection and axonal regeneration. Stem cell transplantation is
gaining more progress in the treatment of optic nerve damage due to their multidirec-
tional differentiation. In a mice model, stem cells transplanted in the subretinal space
differentiated into photoreceptor and retinal cells [61].

Recently, a prospective single-center prospective phase 1 study, investigated
mesenchymal stem cell (MSC) transplantation in 20 patients with traumatic optic
neuropathy. Optic canal decompression with mesenchymal stem cell implantation
compared to optic canal decompression alone. Both groups showed significant
improvements in vision compared with the baseline; however, there was no statisti-
cally significant difference between the study groups [62].

Investigations on other potential therapies, including anti-TNF, brain-derived
neurotrophic factor (BDNF), and RNA, aiming to reduce retinal ganglion cell loss and
encouraging axonal regeneration are in progress [63-65].

Currently, no standard of care therapy exists in addressing TON.

4. Prognosis

Spontaneous visual recovery of about 40-60% has been reported in TON patients
treated conservatively [9]. The final visual acuity following TON has a wide range
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from 20/20 to NLP [28, 29]. The baseline visual acuity is the most important prog-
nostic factor for recovery since it reflects the degree of damage to the optic nerve.
Patients with better visual function are presumed to have more functioning retinal
ganglion cells, while patients with no residual vision and poor visual acuity at a pre-
sentation associated have less functioning retinal ganglion cells. Hence, better visual
acuity at presentation predicts a better final visual outcome, on the contrary, patients
with no residual vision (NLP) have lower final visual outcomes.

According to some reports, patients who present with NLP are unlikely to
improve at all [29, 66-68], while other reports indicated some rate of improve-
ment even in a patient with no residual vision at presentation [66]. In patients with
residual vision, those with lower visual acuity at presentation sometimes show more
visual improvement rates [68-70]. Other negative prognostic factors presented by
different authors include lack of improvement within the first 48 hours, optic canal
fracture, absence of VEP responses, loss of consciousness, higher degrees of RAPD,
age over 40 years, intra-sheath hematoma, and blood within the posterior ethmoidal
cells [19, 71-73].

In cases of OCS, if treated within 2 hours, most patients will achieve a final
visual acuity better than 20/40, though approximately 15% will be worse. Patients
treated after 2 hours have poorer reported outcomes. In the case of delayed presen-
tation, considering orbital decompression is still reasonable since there are reports
of visual recovery even after delayed intervention and even with no decompression
at all [74].

It is important to emphasize that recovery of vision after any kind of treatment
modality mentioned, is not always immediate. There may be an ongoing improve-
ment in VA for a few weeks post-intervention. Furthermore, most reports published
provide a limited follow-up period and it is reasonable to deduce that long-term
follow-up may show better outcomes. It should also be noted that even in cases of
good VA acuity, some patients suffer from severe visual field defects.
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Chapter 6

Traumatic Injury of the Carotid
and Vertebral Arteries and their
Neurointerventional Treatment

Huachen Zhang, Hanrui Xu, Shikai Liang and Xianli Lv

Abstract

Traumatic injuries of the carotid and vertebral arteries include direct
carotid-cavernous fistula, intracranial pseudoaneurysm and arterial dissec-
tion, which cause a series of symptoms and may be life threatening. Computed
tomographic angiography is the most common modality for initial screening and
diagnosis. The subsequent management of any identified vessel injury, however,
is not clearly defined. With the development of neurointerventional materials and
technology, endovascular therapy is playing an important role in treatment of these
neurovascular injuries. Balloon, coil, liquid embolic materials, covered stent and
flow diversion have been effectively used in clinical practice. This chapter reviews
the epidemiology, injury mechanism, clinical manifestations, classification system,
diagnostic imaging and endovascular treatment of traumatic neurovascular injuries.

Keywords: carotid artery, vertebral artery, neurointerventional treatment, trauma,
vascular injury

1. Introduction

Distribution of traumatic neurovascular injuries by location was 42% intracranial,
39% cervical, and 19% extracranial [1]. For the early recognition of lesions in dif-
ferent locations, imaging and clinical manifestations are the key to diagnosis. With
regard to the treatment of these traumatic neurovascular diseases, the paradigm of
treatment has shift from the destructive modality of carotid artery ligation or trap-
ping to reconstructive modality of neurointerventional treatment. Endovascular
treatment has been the first line treatment for traumatic injuries of the carotid and
vertebral arteries including direct carotid-cavernous fistula, intracranial pseudoaneu-
rysm and arterial dissection [1].

2. Traumatic carotid-cavernous fistula

Traumatic carotid-cavernous fistula (TCCF) represents abnormal vascular
communications in the skull base between the carotid artery system and the adjacent
cavernous sinus [2]. TCCF is the most common type of CCF [3, 4]. Within the
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Figure 1.

A woman presented a traumatic CCF treated with detachable coils. A: Lateral view of the left internal carotid
artery angiogram showing a direct CCF of Zipfel’s type I with ophthalmic vein veflux (arrow). B: Lateral view
of the left internal carotid artery angiogram showing complete obliteration of the CCF after coil embolization
(arrow).

cavernous sinus, the internal carotid artery (ICA) is bound by strong dural filaments
and attachments, especially at its entrance and exit by its inferior and superior ascend-
ing segments [5]. Trauma can cause an intima-to-adventitia tearing in the ICA, leading
to high-flow shunt between the cavernous sinus portion of the ICA and the cavernous
sinus (Figure 1) [6]. TCCF also can be caused by iatrogenic injury from neurointer-
ventional therapy, percutaneous treatment of trigeminal neuralgia, or transsphenoidal
resection of pituitary tumor [6]. Endovascular recanalization of symptomatic chronic
internal carotid artery occlusion (ICAOS) may cause CCF, because during the opera-
tion there may be severe ICA dissection with intimal inlet at the proximal end of ICA
and adventitial outlet in ICA [6, 7]. In 1985, Barrow and his colleagues developed the
classification system after extensive angiographic studies (Table 1) [8]. TCCF is of
type A in Barrow’s classification system. A recent grading system of dural arteriove-
nous fistulas (DAVFs) was proposed by Zipfel GJ from Washington University in 2009
covering CCFs (Table 2) [9]. The Zipfel’s classification can stratify clinical status of
cerebral and spinal DAVFs according to understanding of natural history in order to
guide the appropriate evaluation and therapies of lesions [10].

The clinical manifestations of TCCF are mainly related to venous hypertension or
venous rupture. The venous drainage from the cavernous sinus to the superior and
inferior ophthalmic veins causes prominent ocular symptoms, such as progressive
pulsatile exophthalmos, conjunctival congestion or edema, in 90% patients [5]. In up
to 50% patients, visual loss may result from decreased ocular or retinal perfusion and

Type Feeding arteries

A the cavernous segment of the internal carotid artery

B the branch of the internal carotid artery that supplies the dura mater

C the branch of the external carotid artery that supplies the dura mater

D the branch of the internal and external carotid artery that supplies the dura mater.

Table 1.
The classification system of CCF introduced by Barrow and his colleagues [8].
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Type Description

1 DAVFs are those that drain into the dural sinus with antegrade venous flow, e.g., the flow of the veins
draining from the parenchyma or spinal cord into the dural sinuses or epidural veins is anterograde, a
cavernous sinus fistula (CSF) without cortical or ophthalmic vein (OV) drainage.

II DAVFs drain into dural sinus with retrograde venous flow, a CSF with OV drainage without cortical
drainage. Type II DAVFs can drain into spinal perimedullary veins via dural sinuses.

I DAVFs are those that drain into the pial veins and the spinal coronal or perimedullary veins, including
CSF with cortical drainage. Type III can drain into spinal perimedullary veins and Type III spinal
DAVFs can drain intracranially via pial veins.

Table 2.
The classification system of dural arteriovenous fistulas (DAVFs) introduced by Zipfel et al. in 2009 [9].

papilledema because of venous stasis [11]. Cranial nerve dysfunction in III, IV, VI can
cause diplopia [11]. Intracranial pulsatile tinnitus was obvious in patients with infe-
rior petrosal sinus. The increased venous pressure caused by cortical venous drainage
leads to venous rupture and bleeding,.

3. Traumatic neurovascular Pseudoaneurysm
Neurovascular pseudoaneurysm formation is the result of partial to complete

disruption of the cerebral arterial wall, which ultimately leads to hematoma that is
contained by the adventitia of the vessel wall or the perivascular soft tissues [12].

Figure 2.

A 59-year-old woman presented decreased vision in both eyes. A: Axial MR imaging, T2-weighted, showing an
invasive pituitary tumor involving bilateral internal carotid arteries (arvows). During transnasal endoscopic
pituitary tumor vesection, the left internal carotid artery was injured. After hemostasis by tamponade, cerebral
angiography was performed for endovascular intervention. B: Frontal view of the left carotid artery angiogram
showing a giant pseudoaneurysm of the cavernous segment of the internal carotid artery (arrow). C: Lateral
view of the unsubtracted image showing the Willis covered stent was released (arrow). D: Lateral view of the left
internal carotid avtery angiogram showing complete obliteration of the giant pseudoaneurysm (arrow). E: the
histological examination confirmed pituitary adenoma (H-E staining).
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Traumatic ICA pseudoaneurysms are rare, mostly occurring in the petrous bone
segment and cavernous sinus segment, accounting for less than 1% of all aneurysms
[13]. Traffic accidents, stab wounds and falling injuries cause 51%, 12% and 8% of
traumatic aneurysms, respectively [14]. The risk factors related to pseudoaneurysm
formation mainly include male patient, young age, skull base fracture, intracranial
hemorrhage and high-energy injury mechanism [15, 16]. The pressure of arterial
pulsation can form pulsatile hematoma, so pseudoaneurysm is easy to rupture. It is
reported that most pseudoaneurysms will bleed again 3-7 days after injury, and the
mortality rate is as high as 50% [17].

Pseudoaneurysms of carotid and vertebral arteries caused by iatrogenic arterial
injury have also been reported. The injury of ICA during the operation of pituitary
tumor and complex cervical hypervascular tumor can cause carotid pseudoaneurysm
(Figure 2). Michael J. Alexander and his colleagues reported a case of acute petrous
carotid pseudoaneurysm after myringotomy procedure [18]. Surgical treatment of
craniocervical junction lesions may lead to the vertebral artery pseudoaneurysm.

Rupture of intracranial pseudoaneurysm will lead to subarachnoid hemorrhage,
and the patient is characterized by severe headache, nausea, vomiting and meningeal
irritation [19]. Giant hematoma can compress and damage adjacent nerves and blood
vessels, resulting in ischemic symptoms of distal cerebral tissues. Moreover, pseu-
doaneurysm changes the blood flow, and easily forms thrombus in the aneurysm sac.
When the thrombus falls off, it will cause the embolism of the distal artery leading to
symptoms of stroke.

4, Traumatic arterial dissection

Dissections of the carotid and vertebral arteries are due to laceration that occur in
the intimal layer, which leads to blood under arterial pressure to enter the wall of the
vessel and form an intramural hematoma [20]. The incidence of traumatic dissection
of the carotid and vertebral arteries has been reported to be 0.08-0.4% of overall
traumatic populations [21]. The most common sites of traumatic carotid and vertebral
arterial dissections are 2-3 cm from the distal end of the bifurcations of the carotid
artery and at C1-2 level, respectively [22]. Iatrogenic neurovascular dissection is a
common complication, which is mainly attributed to damage of intimal layer caused
by manipulation of guide wire and catheters [23].

Headaches are often the first symptom in adults [24]. Children usually present
with symptoms of cerebral ischemia and most commonly hemiparesis [21, 25].
Because children’s blood vessel is particularly vulnerable to stretching, and distort-
ing forces. Trauma leads to a traumatic endothelial intimal lesion, followed by fibrin
accumulation, leucocyte reaction, and the formation of thrombus to occlude the
vascular lumen [26]. In patients presenting with sudden onset of unilateral Horner
syndrome, the diagnosis of vertebral arterial dissection should be considered [27].

Early diagnosis of traumatic neurovascular dissection is necessary. Transcranial
Doppler, computed tomography (CT), computed tomography angiography (CTA),
and magnetic resonance imaging (MRI) can diagnose traumatic neurovascular
diseases. Neurovascular dissection can be seen on T1 and T2 weighted images [28, 29].
According to a new study on the diagnosis of dissection, simultaneous non-contrast
angiography and intraplaque hemorrhage (SNAP) sequence and T1-weighted volu-
metric isotropic turbo spin echo acquisition (T1-w VISTA) sequences in MRI can
recognize intramural hematoma, intimal flap, and double lumen but SNAP images
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had significantly higher intramural hematoma wall contrast than T1-w VISTA images.
Therefore, SNAP sequence can early diagnose the neurovascular arterial dissection
[29]. Cerebral angiography is not only a diagnostic tool, but also the basis of endovas-
cular therapy of cerebrospinal vascular disorders.

5. Neurointerventional treatment
5.1 Traumatic carotid cavernous fistula

With the development of endovascular neurosurgery, neurovascular therapy has
become the main treatment of TCCFs [30-33]. In the 1960s and early 1970s, it is known
that Serbinenko had developed a detachable, flow-directed balloon that was used to
treat TCCF while preserving the carotid artery [33]. In China, detachable balloon was
used to treat TCCF since the late of 1980s (Figures 3 and 4). Coil embolization may
be considered in case of the small fistula (Figure 1). Temporary balloon or neurostent
can be placed in the parent artery to prevent the coil from falling off and occluding the
distal intracranial circulation [31]. But, balloon or coil embolization might cause cranial
nerve palsy [32]. The detachable balloon or the application of the coil can occlude the
fistula, which can maintain the patency of the ICA of the affected side in 70-90% cases
(Figure 5) [33]. Transarterial embolization of TCCFs using detachable balloons or coils
was considered to be a feasible, effective, and safe method for the treatment [34].

Two liquid embolic agents, n-butyl cyanoacrylate (nBCA) (Codman
Neurovascular, Raynham, Massachusetts) and ethylene-vinyl alcohol copolymer
(EVOH) (Onyx, ev3, Irvine, California) have become good choices. TCCF can be
cured by transvenous catheterization of the cavernous sinus and embolization using
Onyx assisted with transient balloon occlusion of the ICA at the fistula site. The
Willis covered stent (Micro-Port, Shanghai, China) can protect the parent artery and

Figure 3.
Molds used by Prof. Zhongxue Wu for making detachabel latex balloons in the year of 1988.

85



Frontiers in Traumatic Brain Injury

Figure 4.

A gg-year-old man presented a traumatic CCF treated with detachable balloon in the year of 1988. A: Lateral
view of internal carotid artery angiogram showing a divect CCF of Zipfel’s type III with cortical veins reflux
(arrow). B: Lateral view of internal carotid artery angiogram showing complete oblitevation of the CCF after
balloon embolization (arrow).

Figure 5.

A g;—ymr-old man presented a traumatic CCF treated with Willis covered stent. A: Lateral view of the right
internal carotid artery angiogram, early arterial phase. B: Lateral view of the right internal carotid artery
angiogram, late arterial phase. Showing a direct CCF of Zipfel’s type Il with pial veins reflux (arrow). C:
Lateral view of the unsubtracted image showing the inflation of the balloon (arrow). D, lateral view of the
unsubtracted image showing the Willis covered stent was released (arrow). E: Lateval view of the right internal
carotid artery angiogram showing complete obliteration of the CCF after treatment (arrow).

the mid- and long-term occlusion rate is reported to be 95.7% (Figure 6) [35]. Flow
diversion is also an effective treatment. Its principle is that a flow diversion in the
parent artery can reduce and disturb blood flow in the aneurismal sac causing blood
stagnation and thrombosis [36].

5.2 Neurovascular Pseudoaneurysm

Endovascular treatment for neurovascular pseudoaneurysm mainly includes liquid
embolic agent, balloon or stent assisted coil embolization, Willis covered stent and
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Figure 6.

A 27-year-old woman presented a traumatic CCF treated with detachable balloon. A: Lateral view of the left
internal carotid artery angiogram showing a direct CCF of Zipfel’s type II with ophthalmic vein veflux. B: Lateral
view of the left internal carotid artery angiogram showing complete obliteration of the CCF after detachable
balloon embolization.

flow diversion. The Onyx can be injected into the pseudoaneurysm cavity until the
aneurysm cavity is completely closed [37]. Balloon or stent can assist coil emboliza-
tion to prevent the coil from falling out. Willis covered stent can be a curative option
and is placed in the parent artery to occlude the neck of pseudoaneurysm. When there
are important arterial branches in the lesional area, the application of Willis covered
stent may sacrifice the functional branches and cause symptoms of cerebral ischemia.
Therefore, its use is limited to the area where no functional branches are found [38].

5.3 Arterial dissection

Coil occlusion of the parent artery is sufficient to prevent subsequent rupture of
arterial dissection [39]. This procedure can be performed in the ICA with an open
circle of Willis or a vertebral artery with adequate contralateral flow [40]. If the
collateral circulation is insufficient, endovascular reconstruction therapy, such as
covered stent or flow diversion, may be helpful to preserve the luminal patency and
prevent further rupture of the arterial dissection [39].

6. Conclusion

Traumatic injury of internal carotid and vertebral arteries mainly include TCCF,
pseudoaneurysm and arterial dissection, which can cause pain, bleeding, edema,
diplopia, visual impairment, and death. Cerebral angiography is the gold standard of
diagnosis and endovascular treatment is the main method for traumatic neurovascu-
lar disease. This chapter helps to understand how endovascular treatments are slowly
becoming the norm.
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Chapter7

Recent Advances in the
Development of Biofluid-Based
Prognostic Biomarkers of Diffuse
Axonal Injury

Vinu V. Gopal, Rinku Raj Mullasseril and Goutam Chandra

Abstract

Even though head injury is a silent pandemic of the century producing immense
social and economic impact, predictive models have not been established to develop
strategies promoting the development of reliable diagnostic tools and effective thera-
peutics capable of improving the prognosis. Diffuse axonal injury (DAI) is a type of
traumatic brain injury (TBI) that results from a blunt injury to the brain. Discovering
biomarkers for DAI have been a matter of debate and research. A number of studies
have reported biomarkers that are correlated with severity of TBI but no conclusive
and reproducible clinical evidence regarding the same has been put forward till now.
Additionally, many DAI biomarkers have limitations so that they cannot be general-
ized for universal applications. The properties of these biomarkers should be exten-
sively researched along with the development of novel biomarkers to aid important
clinical decisions for the benefit of the society. This chapter summarizes the existing
biofluid-based biomarkers, critically examines their limitations and highlights the
possibilities of a few novel biomolecules as prognostic biomarkers of DAI

Keywords: diffuse axonal injury, biofluid, neuronal damage, prognosis, rehabilitation

1. Introduction

Central nervous system (CNS) trauma including traumatic brain injury (TBI) is
a major cause of long-term injury, disability and death among young adults world-
wide [1, 2]. Around 1.6 million individuals suffer from TBI every year in India with
200,000 deaths [3]. In the USA, there were more than 223,000 TBI-related hospital-
izations in 2018 and about 166 Americans died from TBI-related injury each day in
2019 [4]. These estimates do not include the many TBIs that are only treated in the
emergency department, primary care, urgent care, or those that go untreated [5].
Since the affected individuals are disabled and out of work during the most produc-
tive period of their life, these devastating conditions have an enormous physical,
mental and economic burden to the country.

93 IntechOpen



Frontiers in Traumatic Brain Injury

TBI is a heterogeneous neurological condition, ranging from single or repetitive
concussion /mild TBI to penetrating head injury, focal contusion, different forms of
hematoma (subdural and epidural) and diffuse injury. Depending on the motor, verbal,
and eye-opening responses of the affected individuals, the Glasgow coma scale (GCS)
was designed to access the disability. The GCS measures the following three functions:
Motor response (scores: 6-normal, 5-localized to pain, 4-withdraws to pain, 3-flexion
response to pain, 2-extension response to pain, 1-no motor response), Verbal response
(scores: 5-normal conversation, 4-oriented conversation, 3-words, but not coherent, 2-no
words, only sounds, 1-none), and Eye-opening response (scores: 4-spontaneous, 3-to
voice, 2-to pain, 1-none). Based on the GCS score, TBI is classified as mild, moderate,
or severe. TBI patients with GCS of 13 to 15 are classified to be mild, which includes the
majority of these patients. Patients with a GCS of 9 to 12 are considered to have a moder-
ate TBI, while patients with a GCS below eight are classified as having a severe TBI [6].

The heterogeneous nature of TBI with respect to severity of the injury and comor-
bidities make patient outcome difficult to predict. While mild TBI or concussion may
affect neural cells temporarily, severe TBI is associated with substantial axonal injury
and physical damage to the brain, which can result in blood-brain barrier disruption
and neuroinflammatory changes [7]. Moderate to severe TBI can usually be visible as
structural abnormalities using radiological examinations such as computed tomogra-
phy (CT) or magnetic resonance imaging (MRI). However, more subtle neural altera-
tions characteristic of mild TBI are not easily detected by these imaging techniques.

Although TBI is an extremely complex condition, there have been many advances
in recent years in relation to the diagnosis, monitoring and treatment of the affected
patients. Shortcomings in our knowledge of the physiopathology of TBI and the
development of reliable predictive models capable of offering an early orientation
as to the patient outcome, will improve the diagnostic and therapeutic strategies on
an individualized basis. Likewise, we need valid predictive models in severe TBI in
order to define efficacy endpoints in the evaluation of new drugs or treatment strate-
gies—since the usual primary endpoints (death and disability) are widely recognized
as being inadequate and could explain the discouraging results obtained with certain
promising drugs.

2. Pathogenesis of DAI

Diffuse axonal injury (DAI) is a type of TBI that results from a blunt injury to the
brain, which happens when the brain rapidly shifts inside the skull as an injury is
occurring. It is one of the most common but devastating types of TBI. Neuronal inju-
ries associated with DAI fall into two categories: (i) primary injury, which is directly
caused by mechanical forces during the initial insult; and (ii) secondary injury, which
is caused as a consequence of primary injury to further tissue and cellular damages.

2.1 Primary brain injuries

Primary brain injuries refer to the sudden and profound injury to the brain that
occurs at the time of the motor vehicle accident, gunshot wound, or accidental fall.
The immediate impact of different mechanical insults to the brain can cause two
types of primary TBI: focal and diffuse brain injuries. Focal TBI generally results
from a blow to the head that produces cerebral contusions or hematomas. Epidural
hematomas, subdural hematomas, and cerebral contusions are the results of focal
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brain injuries [8]. In contrast, diffuse lesions (also known as DAI) are seen more
commonly in lesions that involve rapid acceleration, deceleration, or rotational forces.
DAI accounts for about 70% of TBI cases. The sites that are most prone to DAI are
the reticular formation, basal ganglia, superior cerebellar peduncles, limbic fornices,
hypothalamus and corpus callosum [8]. Interestingly, both types of injuries may
co-exist in patients who suffered from moderate to severe TBI [9].

Brain injuries may occur in one of two ways: closed brain TBI and penetrating
TBI. Closed brain TBIs occur when there is a non-penetrating injury to the brain with
no break in the skull. A closed brain injury is caused by a rapid forward or backward
movement and shaking of the brain inside the bony skull that result in bruising
and tearing of brain tissue and blood vessels. In contrast, Penetrating, or open head
injuries occur when there is a break in the skull, caused by hitting with a sharp object
such as a bullet. These injuries exhibit focal brain damage due to lacerations, compres-
sion and concussion forces with evidence of skull fracture and localized contusion
(Figure 1) at the core of injury site, known as the ‘coup’ area [10, 11]. Compromised
blood supply at the coup area due to epidural, subdural and intracerebral hemor-
rhages and hematomas might result in necrosis of neuronal and glial cells at confined
layers of the brain. Secondary contusion may develop in brain tissues opposite to or
surrounding the coup area due to secondary impact when the brain rebounds and
strikes the skull [11].

2.2 Secondary brain injuries

Secondary brain injuries refer to the changes that evolve over a period of time
after the primary brain injury. The biochemical, cellular and physiological events
that occur during primary injury often progress into delayed and prolonged second-
ary damaging cascade of cellular, chemical, tissue, or blood vessel changes in the
brain that contribute to further destruction of brain tissue. Secondary brain injuries
can last from hours to days and even weeks and may be caused by impairment
or local declines in cerebral blood flow resulting in local edema, hemorrhage, or
increased intracranial pressure and even brain herniation. Other types of secondary
injury due to TBI include hypercapnia, acidosis, meningitis and brain abscess [12].
Mechanistically, a number of factors contribute to these changes, which include
excitotoxicity, loss of cerebral autoregulation, blood-brain barrier compromise,
mitochondrial dysfunction, oxidative stress, lipid peroxidation, neuroinflamma-
tion, axon degeneration, impaired autophagy and apoptotic cell death (Figure 1)
[10, 13].

The hallmark feature of DAI is extensive damage of axons predominantly in sub-
cortical and deep white matter tissue, which leads to impairment of axonal transport
and degradation of axonal cytoskeleton. The strong tensile forces generated during
primary injury by rapid deceleration and acceleration of the brain due to multiple
non-contact forces causing shearing and stretching injury in cerebral brain tissues
damage neuronal axons, oligodendrocytes and blood vasculature, leading to brain
edema and ischemic brain damage [14]. These axonal damages can persist for months
after DAL

The degree of axonal injury and neuronal degeneration determines the severity
of TBI. While explosive blast TBI is a result of shock waves instead of inertial forces,
it displays the characteristics of a typical DAL Depending on the severity of the
injury, patients may later develop cognitive deficits, behavioral changes and hemi-
paresis (Figure1).
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Figure 1.

Scfematic representation of the pathogenesis of TBI. TBI may be divided into primary injury and secondary
injury. Primary TBI results from mechanical injury at the time of insult, while secondary injury is caused by the
physiologic responses to the initial injury. Primary brain injury comprises the direct physical injury to the brain
such as compression, deformation, displacement, stretching, shearing, tearing, and crushing of brain which
results in damage to vasculature, neural, and glial tissues. Most of the neurological damage from TBI is due to the
secondary injury which evolves over the ensuing hours and days after the initial injury or impact. The mechanisms
by which TBI trigger neurodegeneration are areas of active research. Previous investigations found roles of
excitotoxicity, loss of cevebral autoregulation, blood-brain barrier compromise, mitochondrial dysfunction,
oxidative stress, lipid peroxidation, neuroinflammation, axon degeneration, impaired autophagy and apoptotic
cell death in the development of neurodegeneration following brain injury. TBI produces both acute and chronic
consequences that lead to permanent disabilities that increase long-term mortality and reduced life expectancy.
The direct consequences of a single or vepetitive TBI can result in various secondary pathological conditions,
including seizures, sleep disovders, neurodegenerative diseases, neuroendocrine dysregulation, and psychiatric
problems. Changes initiated by TBI can persist for weeks to months or even years after injury and significantly
affect quality-of-life of the affected victims.

3. Need for biofluid-based brain damage biomarkers

While mild TBI or concussion may affect neural cells temporarily, severe TBI is
associated with substantial axonal injury and physical damage to the brain, which
can result in blood-brain barrier disruption and neuroinflammatory changes [7].
Although, moderate to extensive brain injury may be visible as structural abnor-
malities using CT scan or MRI, more subtle neural alterations characteristic of mild
TBI are not easily detected by these imaging techniques. Moreover, changes due to
DALI in the brain are often microscopic and may not be visualized on CT scan or MRI
scans.

Mild TBI is highly prevalent in military populations, with many service members
suffering from long-term symptoms [15]. It is also very common among road accident
victims. The condition results from etiologies of neural contusion and axonal injury,
which subsequently results in biochemical, metabolic, and cellular changes that
may be responsible for some of the long-term problems observed in patients who
develop post-concussion syndrome [16]. Moreover, moderate to severe TBI remains
another important public health problem, due to the large percentage of unfavorable
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outcomes involved such as death and disabling sequelae. The huge treatment costs,
associated compensations, disability pensions and years of income from work lost
in affected individuals are the major financially devastating turns in the affected
families. Therefore, identifying critical markers of neural injury in biofluids of
these patients would be crucial for predicting long-term functional outcome and for
taking rehabilitation decisions. Encouragingly, significant scientific advances on the
TBI biomarker research in the last decade have increased our understanding of the
complex and heterogeneous pathophysiological processes associated with this condi-
tion. Emerging evidence from multiple research teams suggests that biofluid-based
TBI biomarkers may have the potential to diagnose the presence of TBI of different
severities, and to predict outcome.

4. Biomarkers for TBI/DAI

A biomarker is defined as a quantifiable biological indicator specific for a given
physiological or pathological condition. Based on clinical utility, biomarkers may be
categorized as: 1) diagnostic biomarkers, which identify the presence or absence of
TBI, 2) prognostic biomarkers, which inform the clinicians about expected outcomes
in injured individuals, and 3) predictive biomarkers, which predict response to a
specific intervention and can be used to monitor response to therapy. Identification
of biological markers of TBI could offer a more precise indication of the extent and
severity of TBI, independently of the prior biological substrate and of other circum-
stances that accompany severe TBI-thereby contributing to homogeneously define
different patient categories and risk stratify the head injury. These can also serve to
screen and identify patients who may expect an altered or complicated recovery or
might develop neurobehavioral deficits during the latter part of their life. Such mark-
ers would facilitate

¢ individualization of the intensity of TBI/DAI

* improve knowledge of the physiopathology of brain damage

* afford essential complementary information for the diagnosis

* predict the outcome of these patients

* timing of patient management

* development of strategies for preventing or minimizing secondary damage

* evaluation of neuroprotective effects of novel biomolecules.

4.1 Which is an ideal biomarker?
An ideal TBI/DAI biomarker should have

* high specificity and sensitivity for the brain tissue
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* rapid appearance in accessible biofluids such as cerebrospinal fluid (CSF),
plasma and/or whole blood immediately after irreversible brain tissue damage.

* must be elevated in various forms and/or severities of brain damage in the acute

phase (3 h to 24 h post-injury).

* must reflect the extent and severity of the damage, as defined by GCS, CT
abnormality, in due course of time.

* variations between age and gender groups must be minimal.
* must have low basal biofluid levels in non-injured healthy control population
* should be responsive to therapeutic treatments

* the tools for analysis and immediate detection of the marker must be available
and reproducible.

* determination of the marker must be clinically relevant.

The literature given below is a concise description of the principal investigational
brain damage biomarkers with a description of the tissues in which they originate, the
compartment from which samples were collected, their pathological serum concen-
trations, and the main prognostic features (Table1).

4.2 Tau protein

Tau protein is an axonal cytoskeleton-stabilizing protein (Figure 2) of molecular
weight of 30-50 kDa that provides structural elements of the cytoskeleton that are cru-
cial for neuronal protein flow [46, 47]. There are 6 different tau protein isomers, which
is phosphorylated at many sites by kinases such as casein kinase II, tau tubulin kinases,
glycogen synthase kinase 3, and cyclin dependent kinase 5 [48-50]. While these are
present in a stable, unfolded and monomeric morphology in a healthy brain, tau proteins
exist in hyperphosphorylated state in several neurodegenerative diseases including
Alzheimer’s disease (AD) [46, 51]. Interestingly, TBI has been indicated as a risk factor
for later development of AD and other neurodegenerative conditions [52-56] .

Physical trauma causes activation of a number of proteases, which cause release of
tau protein fragments in cleaved tau (c-tau) into the blood and CSF [57, 58]. Studies
showed that the c-tau levels in CSF increase in the first 24 h after severe TBI [17, 59, 60].
Plasma phosphorylated tau (p-tau) and p-tau/t-tau ratios have been demonstrated to
distinguish patients with acute and chronic TBI from healthy controls [18]. Smith and
colleagues (1999) have shown deposition of p-tau following TBI [61]. C-tau in CSF is
shown to be a predictor of clinical outcomes in severe TBI subjects [60, 62]. Moreover,
elevated c-tau could be a chronic manifestation in DAI, since tau is localized to the axons
[59]. However, the practical role of this molecule in DAI has not been fully established.

4.3 Amyloid-p (Ap) protein

Amyloid-p (Ap) is a 4 kDa extracellular protein derived from amyloid precur-
sor protein (APP), which is cleaved by secretase enzymes [63]. APP is a membrane
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Biomarker Localization Role in prognosis Drawbacks References
Tau/c-tau Neuronal axons and May predict Not fully characterized [17-19]
astrocytes outcomes after
severe TBI
Ap Extracellular space Altered levelsin CSF  Contradictory findings [20-22]
MBP Axonal myelin sheath, Elevated levels in Limited sensitivity [23,24]
oligodendroglial cells serum and predict
severity and outcome
CK-BB astrocytes May predict Low sensitivity and specificity ~ [25-27]
outcomes after in polytrauma
severe TBI
NSE Neuron Elevated serum Long half-life and are [28-32]
levels and specificto  expressed in red blood cells
neuronal tissue than
glial cell
S100B Astrocytes Predict severity Reduced specificity; not [33, 34]
and act as adjuvant suitable for children under
marker 2 years
GFAP Astrocytes May predict Also expressed by the Leydig [35-37]
neurological cells of the testes
outcomes
UCH-L1 Neuronal cell body Increased serum Not fully characterized [38-40]
levels in brain
damage
SBDPs Axons and presynaptic ~ May predict Not brain specific and difficult ~ [41-44]
neuronal endings neurological to quantify
outcomes
NfL Neuronal cytoplasm Released inresponse  Released in response to [45]
to CNS neuronal neurodegeneration and
damage neuroinflammation
Table 1.

Current and emevging DAI biomarkers.

protein expressed in both CNS (APP 695) and peripheral organs and tissues (APP
751 and APP 770) [64]. APP with 695 amino acids is present as glycosylated recep-
tors on cell surface and is hydrolysed by a-secretase followed by y-secretase under
normal conditions to produce soluble Af through non-amyloidogenic pathway [63,
65]. In amyloidogenic pathway, the mutations in APP and components of a-secretase,
presinillin 1 (PSEN1) and presinillin 2 (PSEN2) leads to the cleavage by f amyloid
cleaving enzyme-1 (BACE1) and y-secretase to form insoluble A, AB; 40 and APy 4,
This amyloidogenic cleavage leads to extracellular accumulation of Af plaques, a
pathological hallmark in AD [20, 65, 66]. APP plays an important role in cell adhe-
sion processes and thus high concentrations are found at neuronal synaptic junction.
Certain type of caspase breaks it down into a series of products which accumulate

in cell bodies and axons. There are discordant evidence on the use of this protein as
biomarker of TBI. One study of 29 patients with severe TBI revealed low levels of this
protein in CSF probably due to reabsorption of the protein in the form of amyloid
plaques [21]. As a contradiction to the above, Emmerling et al. (2020) found increas-
ing levels in CSF after trauma and suggested that this could be a result of secondary
axonal damage or loss of integrity of the BBB [22]. These contradictory findings, have
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OS'gin of biomarkers of DAL In normal brain, NSE and UCH-L1 ave localized in neuronal cytoplasm, while
tau/c-tau are vestricted mainly to axons and its terminals. Although tau is abundant in the neurons of the CNS,
astrocytes express very low levels of this protein and it can be secreted into the brain intevstitial fluid. APP is

a type I transmembrane protein expressed in many cell types, including neurons. Ap is derived from APP by
engymatic cleavage and is veleased to extvacellular space. MBP is a constituent of neuronal myelin sheath, which
is produced by oligodendrocytes. Spectrins (precursors of SBDPs), specifically pIV-spectrin is concentrated at axon
initial segments and nodes of Ranvier. GFAB, CK-BB and S100B are normally present in astrocytes. DAI not only
injures pre- and post-synaptic neurons but also damages their synapses, axons, myelin sheaths and neighboring
astrocytes, oligodendrocytes, blood microvasculature and even the extracellular matrix network. Damages to
specific cells and cellular components during DAI enable release of various molecules contained in those cells into
the extracellular space. The released molecules, including those present in extracellular space like Ap enter the
damaged blood vessels and may be detected in the circulation.

caused AB-protein to be regarded as a non-reproducible biomarker and its potential
role remains unclear requiring further research.

4.4 Myelin basic protein (MBP)

MBP (molecular weight of 18.5 kDa), found in oligodendroglial cells, is a key
structural component of the multi-layered myelin sheath covering nerve fibers. The
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myelin sheath on neuronal axons serves as an insulator to increase the velocity of
axonal impulse conduction. Due to the extended length of axonal fiber tracks, axons
are particularly vulnerable to physical trauma to the brain. Thus, axonal injury is a
common occurrence in both focal as well as diffuse brain trauma and can be found in
TBI of all severities [14, 67]. As MBP maintains myelin structure by interacting with
the lipids in the myelin membrane [68], axonal injury causes breakdown of the myelin
sheath and release of MBP. This myelin-specific protein is also released into the blood-
stream in cases of demyelinating diseases such as multiple sclerosis, or degradation by
proteases, such as calpain [69, 70].

MBP is found to be elevated in serum after severe TBI in children [23, 24] and after
mild TBI in adults [24]. Even though, it takes around 1-2 days to appear in the serum
after TBI, the peak levels of MBP can persist for up to 2 weeks and can be a specific
indicator for future intracranial hemorrhage [71]. However, as per present literature
there is contradicting evidence for its role in TBI/DAI [72-74]. There was no difference
in initial levels of serum MBP in a pediatric population with mild TBI when compared
with controls, but there was a significant difference in the peak MBP levels between
patients and controls [72]. MBP is also expressed on the myelin of peripheral nerves and
its transcripts are present in the bone marrow and immune system and therefore it is not
specific to the CNS. Even though serum levels are correlated with patient severity and
outcome [71, 75] it has limited sensitivity as a marker for predicting severity of TBI [76].

4.5 Cerebral creatine kinase (CK) isoenzyme

CK isoenzymes are of three types: CK-1 (also known as CK-BB) is predominantly
expressed in brain, lung, thyroid and prostate glands, gastrointestinal tract, urinary
bladder, uterus and placenta. CK-2 (CK-MB) and CK-3 (CK-MM) are expressed in
cardiac and skeletal muscles [77]. Brain tissue-specific CK-1 (CK-BB), with a molecu-
lar weight of 40-53 kDa, is found in astrocytes [25, 26]. A peak in serum cerebral CK
concentration is observed in the first few hours after severe TBI and then gradually
decrease and the marker remains high for days [78-81]. In polytrauma, it remains
persistently high without an initial dip [82, 83] . Its levels have been shown to rise sig-
nificantly in CSF following hypoxic brain injury in cardiac arrest, which suggests that
CK-BB release may be secondary to cerebral hypoperfusion due to systemic trauma
[84]. The major limiting factor is that it has low sensitivity and specificity especially
in cases of polytrauma [27, 85].

4.6 Neuron-specific enolase (NSE)

NSE, also known as y -enolase or enolase 2, is a glycolytic enzyme with a molecular
weight of 78 kDa and a half-life of 48 h. It exists as a homodimer (y—y) in mature
neurons and neuroendocrine cells. The normal concentration of NSE in blood is
<10 ng/ml. NSE elevations in blood compartment has been documented in severe
as well as mild TBI [28-31, 86]. Experimental models of trauma have correlated
serum NSE to the severity of damage in TBI [87]. Major limitation of using NSE as
specific biomarker for TBI is that it is also abundantly expressed in red blood cells
[88]. Moreover, increased levels of NSE was also recorded previously in the serum of
patients following non-traumatic brain damage such as ischemic events, intracerebral
hemorrhage, cardiopulmonary resuscitation, secondary cerebral hypoxia etc. [89].
Some studies had correlated the biomarker to the development of DAI, though its
behavior has not been clearly established in prospective trials.
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NSE was initially suggested to be a very promising TBI severity marker due to its
specificity to neuronal tissue than of glial cells. However, the results published till
date has been contradictory on its role in predicting prognosis of patients with severe
TBI. Long half-life is a major limiting factor for its use in trauma setting. Also, extra-
cranial origin of NSE was demonstrated in hemorrhagic shock, long bone fracture,
hemolysis, heart surgery, ischemia-reperfusion injury and malignant lung tumors
making it a poor marker for TBI [90-94].

4.7 Glial fibrillary acidic protein (GFAP)

GFAP is a monomeric intermediate filament protein (molecular weight 52 kDa),
present in the cytoskeleton of astrocytes in the brain. An increase in blood level of
this biomarker suggests injury to the astrocytes and the BBB. Plasma concentrations
>0.033 pg/l are regarded as pathological. Missler et al. (2002) were the first to propose
the possible use of GFAP as an identifier of brain damage in serial serum measure-
ments [95]. Later studies also confirmed that the serum concentration of this protein
is not affected by extracranial injuries thus making it an effective biomarker for
predicting poor outcome in the acute phase of severe TBI as well as for advocating the
need for urgent neurosurgical procedures [41, 96]. GFAP (52 kDa) or its breakdown
products (44-38 kDa) are released from injured brain tissue into biofluids such as
CSF and enter the bloodstream after crossing the BBB with an early plasma peak
(within 3 to 34 h) following brain injury [97, 98]. The blood levels then decrease
gradually over the first week, starting from third day of injury.

Previous studies demonstrated that GFAP levels show an unfavorable outcome in
patients with moderate or severe TBI [41, 96, 99, 100]. However, this may not be the
case in patients with mild TBI due to the contamination from other sources [101-103].
However, Serum GFAP levels were also significantly higher in patients who died or
had an unfavorable outcome [104]. Moreover, GFAP levels have correctly predicted
neurological outcome at 6 months [35, 36, 104]. Furthermore, serum GFAP measured
on day 1 of injury in pediatric TBI cases significantly correlated with functional
outcomes at 6 months [105]. Thus, GFAP can be considered as an ideal biomarker of
brain damage when combined with clinical variables though multicenter studies are
needed for further validation.

4.8 S100-calcium binding protein B (S100B)

S100B, the most widely studied brain damage biomarker, is a low molecular
weight (11 kDa) calcium binding protein of astroglial origin [33]. The homodimeric
beta-subtype of S100 proteins (S100B) is synthesized in astrocytes of the CNS and in
Schwann cells of the peripheral nerves, where it regulates intracellular calcium levels
[106-108]. S100B localizes to the nucleus and cytoplasm associating with endomem-
branes, the centrosomes, microtubules and type III intermediate filaments [109]. The
protein is naturally secreted by astrocytes into the extracellular space. Low amounts
of S100B can cross the BBB and enter the microvasculature. Elevated levels of SI00B
in the serum were observed in TBI patients as well as in patients suffering from neuro-
degenerative diseases [110]. The serum levels of the protein have been associated with
clinical severity, radiological severity, and an unfavorable outcome [111-114] .

The biological function of this protein has not been fully established till date, though
it is known to participate in neurogenesis, astrocytosis and axonal elongation. However,
the molecule can also be produced and found outside the CNS, e.g., in kidney epithelial
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cells, ependymocytes, chondrocytes, adipocytes, melanocytes, Langerhans cells,
dendritic cells, certain lymphocyte subpopulations, skeletal myofibers, myoblasts and
muscle satellite cells [109]. Metabolism takes place in the kidneys, followed by excretion
in urine, with an approximate half-life of 30-113 min, and is not affected by hemolytic
phenomena [115]. Its role in urine level also needs further validated study. Since SI00B
can also be released from adipose tissue and cardiac/skeletal muscles, its levels are also
elevated in orthopedic trauma without head injury [116]. Despite these confound-

ers, S100B is actually a sensitive TBI biomarker for predicting CT abnormality and
post-concussive syndrome development [117-119]. A number of previous studies have
shown that S100B can actually differentiate between mild and severe TBI [120, 121].

The maximum serum concentration of S100B is reached 20 min after brain damage.
The normal upper limit for this protein in relation to the detection of intracranial dam-
age was defined as 0.1 pg/l based on a multicenter study in patients with mild TBI [122].
The measurement of S100B-protein can be influenced by patient age and gender in CSF
samples but not in serum samples thus making it a practically feasible biomarker.

Some studies have determined its usefulness as a predictor of mortality, establish-
ing orientative serum cut-off points for predicting a course leading to death or an
unfavorable outcome [123-125]. On the other hand, S100B level has been correlated
to the presence of secondary lesions, the extent of diffuse brain damage, and to
modifications in intracranial pressure following different release patterns [126, 127].
S100B levels can also detect brain death development or mortality after severe TBI
[128, 129]. Interestingly, serum levels of S100B > 0.7 ng/mL were reported to correlate
with 100% mortality [130].

Another possible application of this protein refers to its time course according to
the severity of the patient condition. A number of studies have documented per-
sistently elevated serum levels in patients in those with poor GCS, while the plasma
levels have been seen to decrease after 36 h among survivors [82, 131-133]. On the
other hand, S100B protein has been suggested as a tool for monitoring management
efficacy [134, 135], since it has been seen that the blood concentrations of the protein
decrease after effective neurosurgical treatment thus making its role more relevant.
A high level of S100B during the initial TBI can predict a poor outcome, especially if
it is accompanied by a second increase in levels of serum S100B that occurs during
the subacute phase [131, 136]. This second peak during the subacute phase may be
due to secondary injury to the astroglial cells exhibiting excitotoxicity and neuroin-
flammation. In addition, elevation in serum levels of SI00B and GFAP in TBI patients
has been correlated with unfavorable neurological outcomes [137-139]. On the other
hand, an initial lower level of S100B and the lack of second peak might suggest the
occurrence of a mild TBI and a good functional recovery [140, 141].

A previous study demonstrated the sensitivity of SI00B to predict significant
intracranial pathology up to 100% but with specificity of only 28%.Moreover, in
pediatric population (specifically for children under the age of 2 years), S100B is not
a useful marker due to high normal levels in this group [32, 142]. Thus, SI00B may
be suggested to be used as an adjuvant marker in patients with TBI, but its diagnostic
value is still controversial [76].

5. Limitations of the existing biomarkers

Doctors in the acute hospital settings primarily rely on the patient’s neurological
examinations and radiologic imaging to characterize TBI/DAI diagnosis. Depending

103



Frontiers in Traumatic Brain Injury

on the severity of the initial insult, different imaging modalities such as CT scan and
MRI are used to obtain the necessary information for patient care and prognosis.
However, CT scans, used for assessing cerebrovascular integrity or for determin-
ing gross anatomical changes induced to the brain, have low sensitivity to diffuse
brain damage, and confers exposure to radiation [143]. In contrast, while MRI can
provide information on the extent of diffuse injuries, yet its widespread application
is restricted by prohibitive cost, limited availability of MRI in many hospitals, and
practical difficulty of performing it in physiologically unstable TBI patients [143].
Thus, diagnostic and prognostic tools for risk stratification of TBI patients are very
limited in the early stages after injury.

To fill this gap, research in the field of biofluid-based TBI biomarkers has increased
exponentially over the last three decades [116]. Extensive research on fluid biomarkers
have demonstrated that a number of brain-specific proteins, as illustrated above, have
potential for acting as biomarkers of TBI. These biomolecules are released into the CSF
and/or blood, after brain injury due to damage of neural cells [28, 144-146]. Additionally,
neuroimmune activation might have the potential to be novel diagnostic and/or prognos-
tic marker of TBI. A few of these molecules, like S100B have shown promise to be clini-
cally used as biomarkers of TBI [145]. However, this has been disputed in recent studies
[147] and till now, there are no rapid, definitive diagnostic blood tests for TBI.

Despite its high sensitivity and negative predictive value, SI00B protein is not
a specific marker of the CNS damage. Polytraumatized patients without TBI can
present S100B protein elevations in blood, though the concentrations return to
normal within 6 h after trauma. Patients with brain damage and associated extracra-
nial injuries (hypotension, hypothermia, coagulopathy, inotropic drugs, sedatives,
corticosteroids, etc.) can alter the early assessment of S100B protein. Therefore, early
determination of this protein is to be avoided in patients with extracranial injuries
associated with TBI making it’s role dismal probably in trauma care even though the
above features of an ideal biomarker are met.

5.1 Difficulty with interpretation

CNS is very complex and can present a range of different lesions, which in turn
can affect different target cells with variable degrees of severity. Brain damage mark-
ers must establish differentiations with respect to other alterations. Furthermore, the
existence of the blood-brain barrier conditions the structural characteristics of these
biomarkers, which must be able to cross the mentioned barrier in order to reach the
bloodstream. Biomarkers are dynamic elements that experience changes in response
to different inflammatory states, tissue necrosis etc. So serial measurements rather
than isolated or point determinations are thus required.

5.2 Controversy

As direct sampling of the damaged brain tissue is not practically feasible there
is some controversy regarding the type of biological fluid that should be analyzed.
CSF compartment is located closer to the damage site, but frequent collection of CSF
samples is unethical. As a result, most biomarkers are studied in peripheral blood as
the process is simple, accessible and reproducible. Thus, estimation of blood biomark-
ers will be the most appropriate option for performing simple and minimally invasive
serial measurements. Still more easy will be to estimate biomarkers in fluids that serve
as vehicles for their clearance, for example urine.

104



Recent Advances in the Development of Biofluid-Based Prognostic Biomarkers of Diffuse Axonal...
DOI: http://dx.doi.org/10.5772/intechopen.104933

6. Newly discovered biomarkers of interest.
6.1 Ubiquitin carboxy-terminal hydrolase L1 (UCH-L1)

UCH-L1 mainly resides in the cytoplasm of neuronal cell body representing
approximately 5% of all the soluble brain proteins. It is implicated in the elimina-
tion of degraded and denatured proteins following oxidative phenomena [148].
Proteomics data first implicate UCH-L1 as promising TBI biomarker candidate [149,
150]. Later studies point to it as a promising brain damage biomarker, since there are
data indicating that it can predict the presence of lesions on the CT scan, the need for
neurosurgery, and the outcome of patients with TBI [151-153].

UCH-L1 can be detected in blood, with early increases in its serum concentration
following brain injury [151]. The protein level in the blood is shown to be elevated both
in mild and severe cases of TBI [100, 154]. Mondello et al. (2012) have obtained interest-
ing results regarding its possible capacity to distinguish between focal and diffuse brain
damage [155]. Additionally, it has been suggested that UCH-L1 together with GFAP form
the foundation of a biomarker panel representing the two dominant cell types (neuron
and astrocytes) in the brain [38]. Interestingly, serum levels of both of these proteins are
elevated in professional breacher trainees who were exposed to repeated explosive dis-
charges as well as athletes who experienced concussions [39, 40]. Further investigations
are needed to evaluate the properties of this protein as a promising biomarker of DAIL

7. Spectrin degradation products (SBDPs)

Spectrin is a cytoskeletal protein that lines the intracellular side of the plasma
membrane forming a scaffold, which maintains plasma membrane integrity and
cytoskeletal structure [156]. It is a heterodimeric protein, composed of two a and
two B chains, and contains 106 contiguous amino acid sequence motifs called “spec-
trin repeats”, which are essential to diverse cell functions such as cell adhesion, cell
spreading, and the cell cycle [156].

Necrotic and apoptotic cell death during primary and secondary brain injury
respectively, cause overactivation of cysteine proteases, such as calpain and caspase-3.
These proteases cleave components of the axonal cytoskeleton [157] including
spectrin resulting in generation of SBDPs with characteristic molecular weights [26,
158]. The presence of degradation products of spectrin has been described in the CNS
in axons and presynaptic neuronal endings [23, 44, 159, 160]. However, SBDPs are
not brain specific and its increased serum levels may reflect multiorgan damage in
trauma [42, 161]. Moreover, accurate quantification of brain-derived SBDPs in blood
is difficult since some proteins found in erythrocytes are similar to those found in the
neuronal cytoskeleton [162], thus reducing the diagnostic value of SBDPs.

8. Neurofilament light chain (NfL)

Neurofilaments, consisting of three chains, light (L), medium (M) and heavy
(H), make up part of the axonal cytoskeleton. NfL is 68 kDa subunit of the neuro-
filaments located on the neuronal cytoplasm which is released in response to CNS
neuronal damage due to neuroinflammation, neurodegeneration, and/or traumatic
or vascular injury [163, 164]. Following axon damage, the influx of calcium alters the
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phosphorylation state of NfL and subsequent proteolysis. As a result, there is loss of
cytoskeletal structure and NfL is released into both CSF and the bloodstream [165].

A number of investigational studies have underscored the role of NfL as biomarker of
axon damage [45, 166, 167]. Serum NfL has been shown to distinguish patients with
mild, moderate or severe TBI for months and even years after injury [168]. However,
serum detection of NfH is considered a better biomarker candidate [169].

9. Conclusions

Since all brain damage biomarkers have some limitation precluding their univer-
sal application in the management of severe TBI/DAI, they do not yet form part of
routine clinical practice. Some markers, such as NSE and S100B protein, have shown
good correlations to clinical severity, the extent of brain damage, response to treat-
ment, and patient outcome. However, the limitations associated with the clinical yield
of the molecule or invasiveness of the technique required to obtain the sample have
not allowed their generalized use in this patient population.

On the other hand, further studies are needed to understand the role of these
proteins in the physiology of the CNS and in the physiopathology of severe TBI/DAI, as
well as to clarify the usefulness of those biomarkers that appear to be promising in this
field. In this respect, mention must be made of nervous tissue-specific GFAP, as well as
of other biomarkers that are currently the focus of interest, such as ubiquitin carboxy-
terminal hydrolase L1, the light neurofilaments and spectrin degradation products.

Since these molecules offer isolated information on some of the many elements
implicated in the physiopathology of TBI/DAI, we believe that the best strategy is to
analyze them in combination. Rather than seeking a biomarker exclusive for brain
damage, this approach would allow us to define a panel of biomarkers which jointly
— and considering the characteristics inherent to each of them-could offer informa-
tion referred to severity, the potential benefits of management, and the evolutive
course of patients following severe TBI. Only in this way can we hope to complement
the traditional methods with a tool that is simple, non-invasive, reproducible and
extraordinarily useful for addressing and managing severe TBI/DAI. Moreover, since
TBI/DALI is quite complex heterogeneous conditions, it might be clinically justified
to use multi-modal biomarkers to evaluate the status of full clinical endophenotypes
by combining a panel of biofluid-based and physiologic biomarkers coupled with
advanced neuroimaging that are appropriately obtained at multiple time points dur-
ing the time course of TBI/DAL
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