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1. Introduction

Modern socioeconomic developments have generally resulted in a greatly improved quality
of life for most, but these advances have been accompanied by the introduction of numerous
health challenges arising from new diseases and casualties associated with environmental,
industrial, and economical disasters, social and armed military clashes, occupational expo-
sures, daily high-speed traffic accidents, and so on. Among the diseases of growing public
and military health concern is traumatic brain injury (TBI), which has been recently recog-
nized as a “silent epidemic” emerging globally at the transition of the twentieth and twenty-
first centuries [1-8].

2. Traumatic brain injury (TBI): definition, assessment and
classification

Traumatic brain injury (TBI) can be defined as alteration in brain functions due to head col-
lision with a stationary or a moving object (e.g., a projectile) or upon coupling of an external
mechanical force (e.g., g-force, blast shock wave (SW)) with the head [9-12]. The traumatic
effects of these insults emerge as either open or closed head wounds yielding penetrating or
closed TBI [11-14]. Clinical classification of TBI severity is widely achieved using the Glasgow
Coma Scale (GCS)—a neurological scale designed to tally medical conditions of individuals in
the disease sequelae. The severity of TBI can be classified as mild, moderate, severe, as well
as vegetative state and brain death—estimated upon clinical presentation of a patient’s neu-
rologic signs and symptoms varying from case to case. Translational and clinical observations
indicate that many symptoms resolve completely upon recovery, while others, especially
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those resulting from “secondary injury” due to neurological complications and reactive trau-
matic responses to “primary trauma,” can persist as chronic illnesses resulting in partial or
permanent disability [2, 3, 13, 15-18]. Consequently, TBI should not be regarded as a single
clinical entity with a defined outcome but rather represents “a spectrum of brain injuries,”
where each TBI subtype can lead to a distinct clinical condition which requires case-specific
medical treatment [3]. From these considerations efficient personalized therapy would need
implementation of advanced diagnostic techniques (such as contrast-enhanced computed
tomography, diffusion tensor MRI, TBI biomarkers) for assessment of injury and monitoring
of recovery (discussed in Chapters 1.5, 2.1, 2.2 of this book).

3. TBI: Etiology, pathobiology and translational research

Statistically, the vast majority of TBI is associated with vehicle collisions, damaging assaults,
falls, collision/contact sports, and combat operations [4-11, 13]. These events initiate the pri-
mary mechanisms of blunt, ballistic, and blast-associated neurotrauma that may or may not
be accompanied by skull fracture. Penetrating TBI is readily apparent and generates dam-
age localized along the projectile path through the brain that includes a site of fractured or
perforated skull, ruptured meninges, and lesions of the brain tissue [13, 19]. The absence of
such conspicuous hallmarks in closed TBI can result in an initial underestimation of injury
severity, particularly when a TBI score is “mild” [12]. In situations producing blunt closed
TBI, the damaging forces to the head induce an intracranial inertial force due to linear accel-
eration/deceleration or rotational momentum to the brain, so it collides inside with the skull
resulting in focal “coup or contrecoup or rotational shearing injuries” [12, 20, 21]. Moreover,
the same external forces to the skull can generate an array of tensor stress forces (e.g., normal
and shear, tensile) through the brain tissue that cause cell compression/stretching, disorder
axonal trafficking (i.e., axoplasmic transport of mitochondria, synaptic vesicles, proteins, etc.,
from neuron’s body through the axoplasm), and yet shear and fraction neuronal fibers and
disrupt the microvasculature and meningeal structures, thus leading to different forms of
intracranial hemorrhage [13, 18, 20, 22-28]. The disruption and dismantling of brain circuitry
by these mechanical forces are the principal effectors of injury [20, 25]. Primary brain contu-
sions can elicit concussions, diffuse axonal injury (DAI) and encephalopathy, dysregulation of
intracranial pressure and the flow of cerebrospinal fluid (CSF), and the impairment of visceral
organs and systems complicated by a variety of neurochemical and metabolic effects [12, 20,
21, 26, 27]. From an etiological perspective, the secondary injury factors can feature brain
ischemia and hypoxia, hypercapnia, neuroinflammation, impairment of blood-brain barrier,
cerebral edema, meningitis, seizures, and so on [12-17, 21, 25].

A devastating form of TBI is produced by shock waves generated by detonation of explosive
devices [7, 11, 12]. At the center of the explosion, gaseous products instantaneously expand
from a small volume at a very high-pressure state through the surrounding ambient pressure
environment. The compressed gases expand outwards at a supersonic speed in a form of air
shock wave (SW). When encountering the head, the SW can impart energy to skull bones,
dura and arachnoid mater, CSF, and neuronal tissue through which energy is delivered and
dissipated via different mechanisms, namely inertia, spalling, shearing, compression, and
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cerebral air embolism. A combination of DAI, meningitis, brain edema, ischemia, and neuro-
cognitive disorders accompanied by systemic organ system complications are the described
features of blast TBI and reflect the multifactorial nature of SW effects [12, 21, 23, 28].

The pathogenesis and recoveries from these varieties of TBI are age- and phenotype-depen-
dent, greatly adding to the complexities and challenges for the development of therapies
[29-31]. A recent focus in translational research has been the roles of genetic and epigenetic
polymorphism in TBI disease, giving new perspectives on TBI management and identification
of potential targets for rehabilitation [30-32]. This translational research has been primarily
driven by animal models that have been developed over the past decades to mimic the clinical
sequelae of human TBI. As noted earlier, since human TBI is very heterogeneous, no single
animal model suffices, and researchers have relied upon the use of distinct yet complemen-
tary models to capture the characteristic features of human TBI documented through clini-
cal and postmortem examination. As extensively reviewed [23 34-36], although imperfect,
these in vivo and in vitro models together have provided valuable insights into posttraumatic
sequelae which can be targeted for therapeutic intervention. Nevertheless, the failure to date
to successfully translate a neuroprotective drug through phase 2 and 3 clinical trials high-
lights the compelling need to improve models to achieve an ecological validity and a greater
translational value.

4. Epidemiology and social impact of TBI-related diseases

The epidemiology of TBI is overwhelming worldwide. According to the U.S. Department of
Health and Human Services, in the United States, the overall incidence of TBI (either as an iso-
lated injury or in combination with other injuries (i.e., polytrauma)) in 2010 was estimated to
be 823.7 per 100,000 population, and the cost for direct TBI medical care in U.S. was estimated
at more than $50 billion per year [4]. A lower TBI rate was reported in Europe (235 per 100,000)
in 2006 [5]. It should be noted that the above numbers in U.S. did not account for those per-
sons who received care at the U.S. military or Veterans Affairs hospitals [6]. According to the
U.S. Department of Defense report of 2013, the cohort of servicemen diagnosed with a TBI
from 2000 through 2011 represented 235,046 persons (or 4.2% of the 5,603,720 who served
in the Army, Air Force, Navy, and Marine Corps) (http://dvbic.dcoe.mil/dod-worldwide-
numbers-tbi) [7, 11, 33]. Overall, among TBI casualties, almost 100% of persons with severe
head injury and over 50% of those with moderate head injury acquire permanent disability
and will not return to their premorbid level of function, which creates a major socioeconomic
burden [4, 5, 9, 33]. In addition, dramatic psychological changes can occur among the TBI
survivors who experience “the invisible injuries” of brain trauma (e.g., posttraumatic stress
disorder (PTSD)). These occult injuries are particularly challenging, since the changes occur
in the absence of any outward manifestation of injury and alterations in patient appearance,
making diagnosis, management, and prognosis extremely difficult.

In the global perspective, the recent continuous expansion of military conflicts in the Middle
East, Afghanistan, and North Africa occurs with the implementation of enormous amounts of
weaponized conventional explosives which when deployed and detonated inevitably affect
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civilian populations in the conflict zones. The bTBI civilian casualties due to these proxy wars
are poorly determined [8]. Considering massive migration of civilian populations driven by
these disasters to Europe, the bTBI epidemiology in these groups requires a particular atten-
tion, since their social care is becoming a burden of host countries.

5. Conclusion

TBI disease remains a continually growing public health concern both domestically and
globally and has taken on a heightened urgency with the recent recognition of a grow-
ing number of chronic traumatic encephalopathy victims among athletes and Warfighters
exposed to repetitive sub-concussive insults [37-39]. Although a daunting problem, con-
siderable progress has been made over the past decade with characterizations of TBI
etiology, epidemiology, and advances in definitions of age- and genotype-specific patho-
biology/pathophysiology, diagnostics, acute medical-surgical treatments (e.g., prevention
of secondary injuries and maintenance of brain physiology), as well as on the develop-
ment of new modalities for long-term targeted therapy, rehabilitative care, and TBI pre-
vention (see Chapters 1.1-2.5 of this book). Despite significantly reduced TBI mortality
rates at surgical emergency and acute treatments, improvements in long-term outcomes
remain a great challenge, largely because as noted earlier, the disease does not represent
one pathological entity but is rather a syndrome represented by a wide range of lesions
that can require different patient-specific therapies in order to sustain neurological and
physiological recovery. Further resolution of these problems requires a mutual effort of
clinicians/surgeons, biomedical scientists, biotechnologists, pharmacologists, and bio-
medical engineers.
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Abstract

Head injury is a major cause of death and disability in young, active population. It may
introduce energy through the skin to the deepest structures of the brain. The entered
energy may cause direct or primary injury, or result in other, secondary, events to the
tissues. These are mechanical loads and are classified as static when the duration of load-
ing is more than 200 ms and dynamic when less than this. The dynamic loads are further
classified as impact if the injurious agent has contact with the head or impulsive when
the load exerted to other body part/s results in damage to the brain by the change in
speed of the head motion. Impact loads can either exert their effect with direct contact
to the tissue or may cause inertial loads. The direct contact can cause deformation of the
skull or induce energy stress waves to the head and brain. All of these events will result
in tissue strain due to compression, tension, or shear. The strain will culminate in injury,
which may be a scalp abrasion, laceration, skull fracture, or different kinds of intracra-
nial traumatic lesions.

Keywords: TBI, biomechanics, acceleration, primary events, secondary events

1. Introduction

Trauma defined as a physical harm from an external source is probably one of the earliest experi-
ences of the man on the earth. The first evidence of head injury in human was found in Tanzania.
It is due to a crocodile bite about 2,000,000-1,800,000 years BC [1]. On the base of Holy Quran
and Genesis, the first death is that of Abel happened by a heavy object struck on head by his
brother Cain [2]. Along the history these lesions have included all kinds of blunt and penetrating

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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injuries to the head, more commonly in occupational activities such as those reported in Edwin-
Smith papyrus in workers of the Egyptian pyramids [1, 3] or conflicts and quarrels as in Goliath
and David confrontation or those gladiators managed by Galen [4]. By the development of the
human society and increasing speeds particularly in transportation after industrial revolution,
new injurious events appeared so that gradually traffic accidents became one of the most impor-
tant causes of morbidity and mortality in all parts of the world [2].

Management of head injury has significantly changed in the past few decades with better
understanding of the mechanisms of load transfer to the tissues and biophysical, biochemical,
and physiological consequences which result in many different clinical presentations from a
simple scalp laceration to brief periods of loss of consciousness and extending to persistent
vegetative state [5-11].

Considering the mechanisms of load transfer to the head, different kinds of traumatic
pathologies, including skull fracture; epidural, subdural, intracerebral, and intraventricular
hematoma; as well as different kinds of contusion and finally diffuse brain injuries, could
be identified and their behavior and injurious effects on the brain and clinical consequences
defined [10].

In this chapter, we are going to discuss about different kinds of head trauma, their classifica-
tion, and some aspects of biomechanics of these events.

2. Head injury biomechanics

The consequences of trauma as an energy transmitted to the head is dependent on physical
characters of the invading substance, including the density of the invading substance, its size,
speed, and duration of loading [12].

By the entrance of a damaging energy load or mechanical input to the head, the first delineat-
ing factor for the evolving injury will be the duration of the energy loading [13]. This time
interval has defined in a range of 50 to 200 ms. Those lasting more than 200 ms are labeled as
static loads, and those less than this, and most frequently less than 50 ms, are considered as
dynamic loads [14, 15].

The static causes of injury are very rare and are usually seen when the head is entrapped
between hard objects, e.g., the ground and the ruined elements of a building in an earthquake.
These heavy loads may cause deformation of the skin or bone and their damage (usually a
focal injury).

3. Dynamic injuries

The dynamic causes of injury include a wide variety of mechanisms. The first of these is
produced by the transmission of energy to the brain tissue through the changes in speed
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(as either of acceleration or deceleration) which are known as impulsive loads. Impulsive
loading occurs when the head is not directly struck, but set into motion as a result of a force
applied to another part of the body [16]. In such instances, usually, there is no direct and gross
evidence of injury to head, i.e., the injury is produced by the inertial changes of the head. In
the next group, which is known as impact loads, the offending object when strikes the head
may result in injury to tissues from the skin level downwardly depending to the surface area,
density, size, and speed of object, directly. On the other hand, it may change the speed of the
head and cause its acceleration or deceleration. So, there are inertial changes in the head, and
the final result may include those produced by the impulsions.

The inertial loads produced by either impulsions or impactions are exerted by different kinds
of acceleration/deceleration. These include translational, rotational, and angular ones, which
are defined on the base of the changes on the center of gravity of the skull, the pineal gland. In
translation, the changes should be along one of the X, Y, or Z planes. In rotation, the process
should be around the axes. These two kinds of acceleration/decelerations are not very com-
mon due to the articulation of the skull to the spine; however, the former when happened
usually is not associated with severe events, while the latter is highly injurious. The most com-
mon kind of event is the angular change, which may be a combination of the abovementioned
accelerations.

The impaction of an object to the head can result in change in the configuration of the tissue,
either the skin, bone, or deep structures. If this change is above the elasticity of the tissue, it
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Figure 1. A diagram of head injury mechanisms (from Ommaya and Gennarlli [14]).
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will result in its permanent deformity, laceration of the skin, or fracture in the bone. With
the greater loads, the offending agent may cause depression of the bone into the intracranial
space, namely, depressed skull fracture and laceration of deeper tissues, i.e., dura, brain, and
vessels, causing epidural hematoma (EDH), subdural hematoma (SDH), contusion, and intra-
cerebral hematoma (ICH). In more severe cases, especially when the speed is high and the size
of the agent is small, perforation and penetration may also happen, e.g., in gunshot wounds.
Instead, the impaction may be associated with the passage of a load of energy through the
skull and the brain. This energy load causes deformation of the brain and its friction to the
surrounding structures including skull base and dural membranes or distortion of the cere-
bral fiber tracts around each other and finally contusion of the brain tissue (Figure 1) [17, 18].

4. Tissue strain and tissue injury

All of these elements, tissue deformation, shock wave, and acceleration/deceleration, will
exert energy to the tissue and result in tissue strain as compression, tension, or shear. These
may result in injury to the tissues, which in the skull are either neural components, vessels, or
bone. It must be reiterated that tissue injury will appear when the load entered to the tissue is
above the tolerance and elasticity of the tissue so that the changes appeared on that result in
an irreversible event. The tolerance of tissues is dependent on their physical characteristics,
the amount of energy, duration of energy loading, and the size of the load, and so it is differ-
ent for different tissues and even different ages for the same tissue. Most of our experiences
in usual daily activity are within the physiological tolerance of our tissues and so are harm-
less, while more aggressive activities such as some of the professional sports, although still
within the range, are at the upper limit of physiologic tolerance and if happened repeatedly
will result in gradual or even acute appearance of brain dysfunction. What is happening in
different accidents, either vehicles or falling from heights, is above the physical tolerance of
the tissues and results in different sequels depending on the involved component.

5. Primary and secondary injuries

These are the mechanisms involved in the condition known as primary injury [19, 20], i.e.,
the direct result of the entered energy to the head. They may in themselves result in other
consequences with further injurious effects either as complications of the first phenomenon
or exaggerating it. These are known as secondary injuries, the most common of which are
hypoxia and hypotension. Secondary injury may also involve mitochondrial dysfunction,
excitotoxicity, free radical production, activation of injurious intracellular enzymes, and other
mechanisms within the injured nervous tissues which may result in further dysfunctions of
the system [13, 20]. Some of the secondary events are similar to the primary phenomenon
which will be dealt here, soon. There are also tertiary injuries, which are usually later effects
of the energy loading of the head resulting in other system dysfunctions such as electrolyte
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imbalance due to kidney problems, different kinds of heart disturbances, liver insufficiency,
and so on, which are not under the scope of this section.

Considering the abovementioned components in production of an injury to the head, differ-
ent kinds of the clinical cases can be identified. It can be started with the injury to the bone. In
a static loading, the long duration of the time of the entered load results in change in the nor-
mal configuration of the skull. When this is above the elasticity of the bone for toleration of the
entering energy which is usually a compression at the entrance point (outer table of the skull)
and tension in either just below the load inner table or the periphery of the entered load, it
will result in tissue failure as fracture of the skull. The severity of fracture is dependent on the
amount of load and timing. If it is not so big and lasts for brief periods, there will be no further
damage to the deeper structures, and usually the victim will be conscious with a single line or
stellate pattern of fracture. On occasions with a great load, the whole skull is severely broken
into fragments and the brain tissue disrupted, so that it may ooze from the lacerated scalp or
nose and ear canals. In such instances, the victim is in deep coma with severe impairment of
the brain and brain stem function, resulting in death.

Skull fracture may result from impaction of the head by an object and its contact resulting in
change in configuration of the skull. The consequence of this contact if the surface area of the
object is more than five square centimeters may be fracture in the skull. If the surface area is
smaller, the object denser with a higher speed, it may penetrate the skull or even perforate
it and pass through the brain tissue, as mentioned previously. If the event is in an eloquent
region, there may be neurological deficit dependent on the brain function. These are the direct
or primary sequel of the injury. There are other events which may appear as a complication of
the mentioned events, secondary traumatic effects. Different kinds of intracranial hematomas,
including EDH, SDH, ICH, and even intraventricular hematoma (IVH), as well as contusion
of the brain tissue (admixture of vascular and brain tissue injury), may result from injury to
the vessels in the related places. These lesions may result in mass effect in intracranial space,
increase in intracranial pressure, and herniation of the brain. Brain laceration as a primary
lesion may predispose the patient to convulsion and epilepsy. Another important complica-
tion of this kind of injury is infection of the bone and intracranial content, if the overlying
skin is lacerated and prepares access for the microorganisms to the deeper structures. These
latter events are other examples of secondary effects, although except EDH, which is always
a complication of skull deformation (with or without fracture) and always a secondary phe-
nomenon; all other events may happen as a primary event, as discussed in Section 3.

An important point regarding static and impact contact loads to the head is that they usually
cause focal lesions in the brain, and these kinds of lesions are not accompanied by change in
level of consciousness, primarily. This can be used as a hallmark for those injuries which are not
produced by the inertial loads to the brain. It should be reiterated that changing level of con-
sciousness in the above discussed lesions may happen as a complication of either enlargement
of the produced hematoma or contusion or the mass effect produced by other secondary effects
of injury like edema around the lesions. However, the mechanism of disturbed consciousness
in these lesions, usually, is not injury to the brain as the main source of consciousness, because
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it is a wholistic function and focal damages cannot produce it, but it is mainly produced by the
displacement of the brain tissue from its connecting hiatuses and compression/ischemia of the
brain stem sources of the condition. These are well known as cerebral herniations, as another
example of secondary injury.

Concussion, diffuse axonal injury (DAI), SDH, ICH, and IVH as primary lesions should be
discussed with the mechanism of change in speed of movement of tissues in the head or
inertial loads [21]. These can be viewed as a wide spectrum of injuries with very mild cases as
brief period of confusion and memory disturbance to short interval of loss of consciousness or
concussion [16], to long-standing deep coma or persistent vegetative state (PVS) due to diffuse
injury to neurons and axons of the brain or DAI In normal circumstances, axons are compli-
ant and readily return to their original length after loading. However, with rapid application
of tissue strain, such as at the time of head impact, with the anisotropic and complex arrange-
ment, axons behave differently, essentially becoming brittle and vulnerable to injury [22].

In between there are injury to vascular components either in the surface of the brain (SDH),
due to the difference in the elasticity and ability of the brain movement and the bridging veins
connecting the brain to the venous sinuses placed in the dural layers, or in deeper parts from
the cortex and subcortical layers (ICH) to the ventricle (IVH). As was stated previously, the
common presentation of all of these events is loss of consciousness (LOC) of the patient from
the time of event. The duration of LOC is dependent on the energy load, its effect on the spe-
cific parts of the brain, and severity of the injury in the brain.

A key clinical point is that when these lesions are produced by non-inertial loads, as discussed
in previous paragraphs, and cause disturbance of level of consciousness due to their second-
ary effects, appropriate and in time decompression may result in recovery of the conscious-
ness, while in those with inertial loads, decompression may not be followed by recovery of
consciousness just after operation or even in longer durations. So, restrict consideration on the
clinical course of the patient at the time of admission and focusing on the possible unconscious-
ness will help the surgeon to predict probable surgical findings and the early post-op outcome.

6. Conclusion

We suggest that application of the discussed algorithm for assessment of the injured patients
may help clinicians for predictions of the sequelae outcomes. If used appropriately it even
can be used for clinical evaluation of the injured patients and decision-making for a rational
paraclinical study. Although increasing availability of computed tomographic (CT) scanners
in most hospitals has supplanted the need for skull X-ray study as one of the primary steps
in patients with head injury, however whenever inertial loads are considered as the main
mechanism of trauma, even in the absence of CT scanners, the use of skull X-ray will not be
helpful for the diagnosis of the probable injuries.

Finally, it must be kept in mind that classifications and delineations are used for better under-
standing of the events on the base of current knowledge and so may occasionally not comply
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with all of the events in reality. While managing head injury patients, one of these pitfalls is
the definition of dynamic and static loadings of the brain on the base of duration of the event
which is a small fraction of a second for both. This means that it is always possible to have a
spectrum of different mechanisms and lesions due to both of the mechanisms. The algorithm
should be used for better prediction, understanding, and explanation of the events on the base
of detailed clinical evaluation and not as a restrict rule.
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Abstract

Traumatic brain injury (TBI) is a growing health concern worldwide that affects a broad
range of the population. As TBl is the leading cause of disability and mortality in children,
several preclinical models have been developed using rodents at a variety of different
ages; however, key brain maturation events are overlooked that leave some age groups
more or less vulnerable to injury. Thus, there has been a large emphasis on producing
relevant animal models to elucidate molecular pathways that could be of therapeutic
potential to help limit neuronal injury and improve behavioral outcome. TBI involves a
host of different biochemical events, including disruption of the cerebral vasculature and
breakdown of the blood-brain barrier (BBB) that exacerbates secondary injuries. A better
understanding of age-related mechanism(s) underlying brain injury will aid in establish-
ing more effective treatment strategies aimed at improving restoration and preventing
further neuronal loss. This review looks at studies that focus on modeling the adolescent
population and highlights the importance of individualized aged therapeutics to TBI.

Keywords: childhood, juvenile, traumatic brain injury, brain development, functional
outcome, age dependence

1. Introduction

Traumatic brain injury (TBI) is a leading cause of long-term disability among all age groups
with the adolescent population having a higher incidence of TBI [1]. Males sustain TBI at a
much higher rate compared to females [1], and functional outcomes vary across patient’s
age and severity of injury [2, 3]. Studies have shown that younger patients are more likely to
demonstrate continued improvements, while older patients are more likely to decline [2, 4].
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On the other hand, childhood TBI (<6 years of age) presents poorer recovery of function
compared to early adolescent or adolescent-aged patients [5, 6], with severe TBI in early
childhood resulting in long-term impairment. Although better neuroplasticity or adaptation
to brain injury in children has once been attributed to better recovery, the effect of age on
outcome depends upon the function under study and the stage of development at the time
of injury. In fact, the effects of childhood TBI may take years to “grow into deficit” as the
developing brain hits milestones of maturation [7, 8]. Multiple regression analyses has also
identified that age-at-injury onset is a major contributor to post-injury 1Q [6]. While there
are distinct periods of vulnerability in the developing brain, evidence from animal mod-
els also show that metabolic and physiological alterations specific to the juvenile or early
adolescent brain may induce acute protection compared to adults [9-11]. These potentially
distinct age-related responses are currently understudied and require a more accurate cor-
relation of disease outcome with the maturation stage of the brain. Moreover, both small and
large animal models need to be interpreted with caution since developmental milestones are
distinct between swine, mice, and rat species as well as across different strains during the
postnatal stages of growth. These differences make age comparisons to human infancy, child-
hood, early adolescence, adolescence, and adulthood challenging. To that end, correlating
age-specific TBI outcomes from rodent to human thus requires consideration of key neuro-
biological maturation events, rather than chronological age, to predict differential responses
to TBI which may eventually help guide effective diagnostic and treatment strategies. Here,
we will review key events that accompany brain development in both humans and rodents
to identify temporal “benchmarks” that may positively or negatively influence age-at-injury
outcome. We will also provide an overview of research findings from clinical and preclinical
age-related TBI studies.

1.1. Human brain structure and development

The human brain is a remarkably complex organ which we still do not fully understand.
Representing 2% of the entire body weight in adulthood, the brain requires 20% of the body’s
oxygen supply to accommodate its extreme metabolic demands. Human brain develop-
ment is a highly dynamic process which can be broken down into orchestrated cellular and
molecular epochs. The neocortex is the newest and arguably most sophisticated structure in
the human brain and accounts for most of the brain size. By adulthood, the neocortex will
have amassed approximately 20 billion neurons each capable of forming an average of 7000
connections with other neurons [12, 13]. The brain is considered to be immune privileged
as it is isolated from the bloodstream by the blood-brain barrier (BBB). Cerebral spinal fluid
(CSF) flows through the ventricles located in the center of the brain also provides a cushion.
The cerebrum is described as having four lobes: frontal, parietal, temporal, and occipital.
The frontal lobe is involved in higher-order executive functions such as planning, reasoning,
abstract thinking, decision-making, attention, and personality. Gray and white matters repre-
sent the two broad components of the brain. Gray matter is heavily populated with neuronal
cell bodies which are essential for transmitting/communicating information throughout the
brain. White matter accounts for 50% of the human brain volume and is white in appearance
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because it is highly composed of myelin [14], a specialized membrane, densely enriched with
lipids, which can accelerate neuronal communication throughout the brain.

Human brain development commences during the third week of gestation and continues
through adolescence [15]. Within the first year of life, the brain doubles in volume and will
grow another 15% over the following year [16]. By the age of 6, the brain will have increased in
size by fourfold which is roughly 90% of the size achieved in adulthood [15]. At the beginning
of the fetal period of development, the brain is smooth, and later becomes convoluted with
folds and ridges. This drastic increase in cortical volume is primarily through an increase in
surface area, as opposed to an increase in thickness, which is how the cortex constitutes up to
80% of the total brain mass [17]. Higher-order cognitive function requires precise connections
and communication throughout the brain. For example, cortical neurons can form connec-
tions with neighboring and distant cells to enable communication and integration of sensory,
cognitive, and motor modalities. The corpus callosum is the largest white matter tract in the
brain and serves as a major highway of axons connecting the left and right cerebral hemi-
spheres. These axons are wrapped in myelin to foster rapid interhemispheric communication
of information. Myelination is a process that begins around the middle of the second trimes-
ter, is most appreciably robust up to the second year of life, and continues throughout adoles-
cence, though to a much lesser degree during adulthood [18, 19]. White matter development
in the human brain is an asynchronous process, commencing earlier and more rapidly in
sensory than motor pathways, and is later highly prominent in the frontal and temporal lobes
at 6-8 months of age [19]. The left and right cerebral hemispheres serve different functions
and do not develop in a completely symmetric manner [19]. One explanation for such spatial
and temporal asymmetries is a hierarchy of connections formed in an experience-dependent
order, such that brain regions involved with lower-level processes need to be established
earlier in life before higher-order integrative regions are required. For example, the somato-
sensory cortex—important for tactile information—matures earlier in development than the
prefrontal cortex which is involved in higher-level executive functions such as planning [20].

Our knowledge of human brain development has primarily been gathered from noninva-
sive neuroimaging measurements and their functional correlates to neurological outcomes,
in addition to cellular associations with histopathology. It has become increasingly clear that
the brain is extremely vulnerable during key developmental epochs. During these sensitive
maturation-dependent time windows, childhood TBI may increase the risk of brain dysmatu-
ration and atypical development depending on the severity and location of the injury [21-23].
For example, generalized (frontal/extrafrontal) or extrafrontal lesion severity but not frontal
lesion alone was predictive of poor performance in children who sustained a moderate to
severe TBI at ages 1-9 years of age [23]. Mechanistic insights into the etiologies of the neu-
rological deficits and age-specific regions of vulnerability are vital to the understanding and
treatment of pediatric TBI. However, rodent models of childhood and adolescent TBI in the
postnatal growth stage may be difficult to translate into chronological age in humans. A better
understanding of the major developmental processes in the brain across species and strains
at the time of injury may be more instrumental for interpreting key findings. A few of these
major milestones in neurodevelopment are noted below in Table 1.
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Embryonic day (E), postnatal day (P), Mouse Rat Human Reference
months (M), years (Y)
Sexual maturation? F: P23 F: P32-34 F:10-17Y [1, 24]
M: P42 M: P45-48 M: 11-17Y
Peak brain volume (MRI) P20 P60 F:10.5Y [8, 25, 26]
M: 14.5Y

Developmental processes/milestones

Neurogenesis completed by"* P16.5 P15 75M [8]
Astrocytogenesis peak At birth At birth At birth [8, 27]
Prefrontal cortex peak synaptic density” P27.5 P25 124M [28]
Corpus callosum body myelination onset’ P15.5 P14 2.6 M [28]
Corpus callosum body myelination end’ P35.5 P32 20.4 M [28]
Internal capsule myelination onset’ P13.5 P12 14M [28]
Functional blood-brain barrier E15.5 E14 10w gestation [29]

“Estimates determined across species with www.translatingtime.net, based on Workman et al. [28].

*Estimate based off of neurogenesis completion in rat by postnatal day 15 [8]. F, female; M, male; P, postnatal days; Y,
years; M, months; E, embryonic days; na, not applicable.

‘Sexual maturation is strain dependent.

Table 1. Developmental processes and milestones across mammals.

1.2. Age-at-injury response to clinical TBI

The widespread conception that the young brain is more resilient in its response to TBI has
been challenged as there is considerable evidence that childhood TBI results in poorer out-
comes. The developing brain may actually fair much worse compared to adults in cognitive
and motor functions [30-32]. Levin and colleagues utilized the Glasgow Coma Scale (GCS), the
primary measure of functional impairment, in children at 0—4 years of age and 5-10 years of
age following TBI. The 0—4-year-olds were found to suffer the worst clinical outcome, com-
paratively. These and other findings analyzed the long-term behavioral outcomes in chil-
dren who sustained a moderate to severe head injury [33]. Moreover, given the longevity of
white matter development and maturation, TBI negatively impacts white matter integrity in
the chronic (13-19 post-injury) but not acute (1-5 months) phase of injury which was linked
to cognitive impairments in patients at 8-19 years of age [34, 35]. Patients with a history of
neurological illness, brain tumor, seizures, psychosis, ADHD, Tourette’s disorder, and other
developmental disabilities were excluded from the study. This study also showed that the
GCS was not significantly associated with white matter tract changes, as measured by diffuse
tensor imaging (DTI), suggesting that advanced imaging modalities are vital to clinical track-
ing of disease progression and may be a more sensitive measure of outcome compared to GCS
alone. Indeed, DTI coupled with functional MRI and perhaps other imaging strategies would
greatly advance our understanding of the age-related mechanisms of repair and plasticity
following TBI [36-39]. White matter dysregulation after childhood TBI may also affect motor
recovery and social cognitive skills which are realized once the skills reach maturity [40-43].
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Therefore, given the lengthy developmental course of myelination and synaptogenesis, TBI
may disrupt the maturation of functions that support higher-order cognitive outcomes later
in life [39, 44, 45]. The expression of glutamate receptors NMDA and AMPA greatly changes
during development [46, 47]. Typically, there is an imbalance between excitatory and inhibi-
tory neurotransmission in the developing brain, which could heighten the sensitivity of
the young brain to glutamatergic excitotoxicity after trauma that may not be amplified in a
mature brain [48]. Interestingly, the younger brain has less antioxidant capacity compared to
the more matured brain, which during TBI increases the amount of reactive oxygen species
(ROS) that could exacerbate the injury in the younger brain [49]. Inflammation also plays a
critical role in brain tissue recovery after TBI [50]. In early childhood TBI, microglial cells that
have infiltrated the brain may become overactive exacerbating secondary tissue damage [51].
Taken together, improving our understanding of developmentally related differences will be
vital for predicting differential, age-specific outcomes and treatment responses to TBI .

Since the adolescent population sees a disproportionate percentage of hospitalizations and
deaths compared to other age groups, this population should have its own outcome category
tailoring research findings and treatment outcomes [52]. While adolescents fall between the
childhood and adult age groups, how to appropriately treat these patients has been particu-
larly challenging in the hospital setting [53]. Over a 13-year study, Gross and colleagues ana-
lyzed the adolescent TBI population (15-17 years of age) treated at pediatric or adult trauma
centers. Although this study found no significant differences in outcomes between the cen-
ters, it raised an important question regarding how to treat adolescent brain injury, where
differences in developmental vulnerability may exist compared to early childhood [53]. While
early childhood TBI is associated with deficits in memory [54, 55], attention [56], intellectual
functioning [57], and language acquisition [58], few studies have compared the outcomes
of adolescent aged or young adults to older adults. A multiple regression model has dem-
onstrated that increased age negatively influences outcome, as measured by the Disability
Rating Scale (DRS) [4]. This study found a greater decline in older patients (=40 years) over
5 years post-TBI but also demonstrated that the greatest amount of improvement in disability
in young adults (16-26 years) compared to adults (27-39 years) and aged (240 years) patients.
The mechanism(s) underlying this age-specific difference may be due, in part, to a reduction
in the capacity to recover or decreased synaptic plasticity and cortical volume as we age or yet
undetermined protective factors present during the late adolescence. Although TBI incidence
has a bimodal age distribution peaking in adolescence and again in the elderly, few age-
related studies have compared acute and chronic effects across the spectrum of age ranges
including early childhood, adolescence, adulthood, and elderly. One prospective study of
330 severe TBI patients showed that younger patients (0-19 years of age) had a significantly
higher percentage of good outcomes, lower mortality rates, and a reduced incidence of sur-
gical mass lesions compared to adults (20-80 years of age) [11]. Although poorer recovery
of function is known to exist in early childhood compared to adolescent-aged TBI patients,
it should be noted that the mean age for the abovementioned study was 15-19 years and
39 years, respectively. Taken together, these findings suggest that the greatest vulnerability in
age-specific responses lies in early childhood and advanced ages. Interestingly, there may be
anarrow time window during which adolescence may confer protection, the mechanism(s) of
which may be fully elucidated using animal models of brain injury, discussed below.
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1.3. Age-at-injury response to preclinical TBI

Rodents are the most commonly used animal models in TBI research and are therefore well
characterized and cross-validated [59-62]. The following sections will comprehensively
review the acute and long-term TBI responses in both mice and rats at pre-weanling (P17),
post-weanling/juvenile (P21), and adult (P60-90) ages. The commonly used models of TBI are
the controlled cortical impact (CCI) injury and lateral fluid percussion injuries (LFPI) which
have been adapted and scaled to younger rodent animals to account for differences in animal
weight and brain size. However, the initial mechanical forces to the brain depend on an array
of factors that are independently determined. These factors include location, severity, focal,
or diffuse injury. Similar to clinical findings, there are a spectrum of outcomes following pre-
clinical TBI that are not only age dependent but species and strain specific which must be
interpreted with caution. Although the importance of gyrification of the human brain, which
is fully formed at birth but increases in complexity postnatally, is still under debate [63], this
cross species differences should be kept in mind. Nonetheless, animal models of TBI have
been instrumental in assessing the vulnerability of the developing brain to mechanical forces
applied following CCI or LFP injury models.

Neurogenesis, gliogenesis, synaptogenesis, and myelination are key developmental events
that may impact age-at-injury outcomes after TBI [64-66]. While neurogenesis peaks dur-
ing gestational periods, by adulthood the generation of neurons is restricted to the dentate
gyrus (DG) of the hippocampus and the lateral wall of the subventricular zone (SVZ) [64, 67].
Induction of post-injury neurogenesis has been suggested to play a critical role in learning
and memory recovery as well as providing neurotrophic factor secretion as neuroprotec-
tive cues. While selectively ablating adult neurogenesis can dampen functional recovery [68,
69], the effects on early childhood or adolescence are unclear. Sun and colleagues analyzed
the morphological changes within the subgranular zone of the DG and the SVZ following
LFPI using P28 juvenile and P90 adult rats [70]. The LFPI model mimics both focal and dif-
fuse mechanical injuries and results in histopathological changes similar to those seen in
humans [60]. The study determined that LFPI enhanced proliferation within the DG of both
adult and juvenile rats. However, the juvenile response in the SVZ was greater compared to
adults. Furthermore, they identified twice as many neurons that were born from the juvenile
SVZ compared to adults. Similarly, juvenile mice at P21 subjected to CCI injury show an
increased presence of doublecortin-positive neuroblasts in the DG at 2 weeks post-injury
[71]. However, a significant decline in these cells was seen at 3 months post-injury suggesting
that an acute protective response may be subdued by long-term activation of yet unknown
cellular programs. No comparisons to adult CCI injury were made. Unfortunately, data
regarding age effects on neurogenesis are still lacking since numerous studies in mice or rats
either have not performed adult comparisons [72] or have not used relevant TBI models [67,
73]. Of note, while naive P9 mice display increased proliferation in the DG compared to P21,
hypoxic-ischemic injury adversely affected neurogenesis in P9 but greatly enhanced it in P21
suggesting that early adolescence may display a critical window of regenerative potential
that may be lost in adulthood. These findings would need to be confirmed using an appro-
priately controlled, longitudinal investigation (days, weeks, months) of neurogenesis with
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the inclusion of adult mice. Likewise, suitably comparable ages of rats subjected to TBI could
support this hypothesis and help demonstrate a cross species phenomenon.

Synaptogenesis peaks at 2 years of age in humans and in 3 weeks in both rats and mice [65].
The number of synapses at these time points is greater, and pruning events follow to decrease
the number of synapses [74-76]. In addition, myelination is an ongoing process that contin-
ues well into adulthood [66]; atypical development of these processes as a result of TBI may
significantly impact synaptic reorganization and long-term neurobehavioral development
[77-79]. Ajao and colleagues found that TBI in rats at P17 resulted in measurable deficits
in motor performance on the rotarod and foot faults at 60 days post-injury well into adult-
hood [77]. Anxiety-like behaviors were also increased compared to noninjured sham controls.
Sensorimotor tasks and anxiety-like behaviors are often linked to histological changes such as
cell death in the brain as a consequence of childhood TBI. Neuronal loss due to focal impact
can impair major electrical signaling pathways by disconnecting circuits, increasing calcium
in dying cells, triggering inflammation, and blunting key trophic support. The immature rat
brain is particularly sensitive to excitotoxicity in the neonatal period [80, 81]. This is regu-
lated, in part, by developmental changes in expression of the NR2A and NR2B subunits of
the NMDA receptor [82, 83] and/or GABAergic neurotransmission impairments through, for
example, cortical loss of GABAergic interneurons [84, 85]. In the second and third postnatal
weeks, however, this effect is reduced. In fact, minimal neuronal loss is seen following weight
drop and LFPI in juvenile (P15-P19) rats [81, 86, 87] suggesting that long-term behavioral
deficits following TBI are due in greater part to neuronal dysfunction rather than neuronal
loss. On the other hand, a significant delay in loss of neural tissue is observed in juvenile (P21)
mice after CClinjury [71, 88, 89] which correlates with progressive dysfunction. Differences in
injury model, rodent species, or time of histopathological assessment after injury may account
for these differences. Indeed, a gyrencephalic model of cortical impact delivered at different
maturation stages to the piglet brain demonstrated increased vulnerability with age to corti-
cal trauma, with the smallest lesions seen at 7 days post-injury in 5-day-old pigs, modest
injury in 1-month-old piglets, and largest lesion volume in 4-month-olds [90, 91]. Progressive
histopathological or behavioral changes over time were not evaluated.

While the maturation-dependent response of the resident neuroimmune system (microglial
and astrocytes) remains under investigation, a notable difference in peripheral immune activa-
tion following TBI has been demonstrated. Bidirectional neural-immune communication exists
to clear the brain of dead cellular debris from necrotic spillover of intracellular components.
However, when overactivated, the immune system can mediate neurotoxicity and exacerbate
secondary injury including free radical formation and oxidative damage as well as activation
of microglia [92]. Although TBI increases the presence of leukocytes both in neural tissue, due
to BBB disruption, and in the peripheral blood [93], the destructive phenotype of activated
immune cell subpopulations is not well understood. Recent findings suggest that progressive
injury in P21 mice observed months following CCI injury compared to adult may result from
an age-dependent temporal patterns in leukocyte infiltration [88]. While no differences were
noted for the CD4+ and CD8+ populations, CD45+ cells and GR-1+ granulocytes remained
elevated for weeks in P21 mice compared to 3 days in adult. This effect may be regulated, in
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part, by IL-1(3. Injection of IL-1B into the P21 rat brain exacerbates rapid neutrophil recruit-
ment, CXC chemokine production, and BBB disruption compared to adult rats [94-96]. While
the juvenile immune system may display increased sensitivity to neutrophil chemoattractants
(CXCL1, CXCL2, CXC8) [97], extension of neutrophil life span may also translate into increased
numbers [98, 99]. Indeed, adult neutrophil depletion studies appear to reduce edema, cell
death, and macrophage/microglia activation while having no effect on BBB and functional
outcome suggesting that neutrophils may negatively impact TBI outcome and their long-lived
nature may cause progressive injury and contribute to other age-related responses [100, 101].
Findings from our laboratory have shown significant neuroprotection in P21 mice subjected
to moderate CCI injury compared to adults (unpublished findings). Interestingly, we have
identified numerous genes in the whole cell fractions of peripheral blood from P21 mice that
are differentially regulated compared to adults (unpublished findings). Next-generation RNA
sequencing and ontology analysis identified several pathways that are differentially regulated
including (1) metabolic, (2) apoptotic, and (3) inflammatory processes (Figure 1). Peripheral
blood cells isolated from P21 mice display reduced expression of several Toll-like receptors
(TIr1, Tlr6, Tlr4, TIr2), TNF receptor (TNFRSF1A), MMP9, and upregulation of the antioxidant
superoxide dismutase 2 (SOD2), autophagy-elated ATG4A, antiapoptotic Bagl, and a number
of other genes that may influence their response once recruited after TBI. Enhanced survival of
immune-derived cells in the brain may have long-lasting effects on tissue repair and recovery.
There may be beneficial effects of early recruitment and survival in the damaged neural tissue
that may be outweighed in the long run if their transient presence is extended. Differences in
immune cell-type survival, gene expression, and function need to be further explored.

Number of genes per annotation

metabolic process

apoptotic process

inflammatory response

innate immune response

immune response
cytokine-mediated signaling pathway

defense response to Gram-positive
bacterium

positive regulation of tumor necrosis
factor biosynthetic process

positive regulation of interleukin-6
biosynthetic process

other

Figure 1. GO analysis of differentially expressed genes between juvenile and adult mouse peripheral blood cells. Six
hundred and ten genes showed differential expression (q < 0.05) between juvenile and adults. Ontology analysis using
GeneCodis (biological process) was performed using this gene list to identify differentially regulated pathways [1-3].
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Lastly, subtype-specific recruitment of monocytes/macrophages (M1 vs. M2) has also been
shown to play a critical role in outcome following CNS injury [102, 103]. However, age-depen-
dent effects of these cell types in both acute and chronic TBI outcome have yet to be investi-
gated. Further examination into the temporal-spatial recruitment of immune cell subtypes
and the employment of depletion and cell-type-specific knockout studies will help address
the important emerging role of the peripheral-derived immune system in responding to brain
trauma across the life span.

The BBB is established during embryogenesis in rodents and humans [104, 105]; however,
postnatal coverage with astrocytic end feet, which aids in the maturation and maintenance
of the BBB, occurs in the first few postnatal weeks [104, 106, 107]. This maturation stage is
critical with regard to changes in permeability as a result of insult. For example, systemic
inflammation increases BBB permeability in PO and P8 rats while having no effect at P20
[108, 109]. TBI induces endothelial cell dysfunction that increases the permeability of the BBB
including disruption of astrocytic end feet, transporters/channels, and tight junction proteins
claudin-5 and occludin-1 causing widespread vasogenic edema [110, 111]. The temporal
changes in BBB permeability likely depend on the model of TBI, age-at-injury, and severity of
impact. Interestingly, monocarboxylate transporter 2 (MCT2) is substantially increased in the
microvessels of juvenile P35 rats following CCI injury compared to P75 adult rats [112]. This
increase correlated with improved behavioral outcome and reduced cortical lesion volume
in P35 rats receiving a ketogenic diet post-TBI compared to adults [113]. Pop and colleagues
observed BBB disruption following CCI injury in P17 rats through high amounts of IgG stain-
ing, which is consistent with what is seen after CCI injury [114]. At 1-week after injury, a
substantial reduction in BBB permeability correlated with an increase expression of tight junc-
tion protein (claudin-5). This was maintained as far out as 2 months post-injury, suggesting
that tight junction proteins may modulate early disruption and subsequent repair. Likewise,
administration of DHA and EPA, the main sources found in fish oil, after CCI injury in P17
juvenile rats reduces BBB permeability, behavioral deficits, and MMP9 expression [115]. The
relevance of these studies to the adult response was not evaluated, and further work needs
to be conducted in order to improve our understanding of the age-dependent mechanism(s)
regulating the BBB following TBI.

2. Conclusions

There has been intense investigation into the brain’s maturation-dependent response to TBI
using numerous early childhood and juvenile rodent models. Over recent years, studies have
revealed age-specific differences in the regulation of metabolism, oxidative stress, neurogen-
esis, innate immunity, and BBB function following acute and/or chronic injury. Further explo-
ration into the age-specific elements of vascular function, neuroimmune regulation, and the
neurovascular niche would help improve our understanding, not only of typical but also
atypical developmental trajectories as a consequence of childhood TBI. The insurgence of
these animal models, however, must be met with caution as key maturation stages of the
brain vary considerably between murine and rat species. Studies of immature or juvenile
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injury must also be accompanied by appropriate comparisons to adult-aged animals, which
thus far has been inadequate. The need for larger animal models that more accurately reca-
pitulate human brain structure and maturational age is also warranted. Although predicting
the age-specific response to TBI in childhood, adolescence, and young adulthood is limited
based on current available animal model data, it is clear that “a window of susceptibility”

exists that may deter normal growth and development. On the other hand, it is important not
to underestimate the early neuroprotective findings observed in a number of studies, which
may yield valuable mechanistic insight into pathways that could be utilized for neuroprotec-
tion in the adult brain.

Author details

Thomas Brickler!, Paul D. Morton?, Amanda Hazy? and Michelle H. Theus*

*Address all correspondence to: mtheus@vt.edu

1 The Department of Psychiatry and Behavioral Sciences, Stanford University School of
Medicine, Stanford, CA, USA

2 The Department of Biomedical Sciences and Pathobiology, Virginia-Maryland Regional
College of Veterinary Medicine, Blacksburg, VA, USA

References

[1]

(2]

[4]

[5]

[6]

Dewan MC, Mummareddy N, Wellons JC, 3rd CM. Bonfield, epidemiology of global
pediatric traumatic brain injury: Qualitative review. World Neurosurgery. 2016;91:497-
509 e491

Mosenthal AC et al. The effect of age on functional outcome in mild traumatic brain
injury: 6-month report of a prospective multicenter trial. The Journal of Trauma. 2004;56:
1042-1048

van der Naalt J et al. Early predictors of outcome after mild traumatic brain injury
(UPFRONT): An observational cohort study. Lancet Neurology. 2017;16:532-540

Marquez de la Plata CD et al. Impact of age on long-term recovery from traumatic brain
injury. Archives of Physical Medicine and Rehabilitation. 2008;89:896-903

Catroppa C, Anderson VA, Morse SA, Haritou F, Rosenfeld JV. Outcome and predictors
of functional recovery 5 years following pediatric traumatic brain injury (TBI). Journal
of Pediatric Psychology. 2008;33:707-718

Duval ] et al. Brain lesions and IQ: Recovery versus decline depends on age of onset.
Journal of Child Neurology. 2008;23:663-668



[10]

[11]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Age-Dependent Responses Following Traumatic Brain Injury
http://dx.doi.org/10.5772/intechopen.71344

Giza CC, Prins ML. Is being plastic fantastic? Mechanisms of altered plasticity after
developmental traumatic brain injury. Developmental Neuroscience. 2006;28:364-379

Semple BD, Blomgren K, Gimlin K, Ferriero DM, Noble-Haeusslein L]. Brain develop-
ment in rodents and humans: Identifying benchmarks of maturation and vulnerability
to injury across species. Progress in Neurobiology. 2013;106-107:1-16

Prins ML, Hovda DA. The effects of age and ketogenic diet on local cerebral metabolic
rates of glucose after controlled cortical impact injury in rats. Journal of Neurotrauma.
2009;26:1083-1093

Babikian T et al. Molecular and physiological responses to juvenile traumatic brain injury:
Focus on growth and metabolism. Developmental Neuroscience. 2010;32:431-441

Alberico AM, Ward JD, Choi SC, Marmarou A, Young HF. Outcome after severe head
injury. Relationship to mass lesions, diffuse injury, and ICP course in pediatric and adult
patients. Journal of Neurosurgery. 1987;67:648-656

Herculano-Houzel S. The human brain in numbers: A linearly scaled-up primate brain.
Frontiers in Human Neuroscience. 2009;3:31

Pakkenberg B et al. Aging and the human neocortex. Experimental Gerontology. 2003;38:
95-99

Filley CM. White matter dementia. Therapeutic Advances in Neurological Disorders. 2012;
5:267-277

Stiles J, Jernigan TL. The basics of brain development. Neuropsychology Review. 2010;20:
327-348

Knickmeyer RC et al. A structural MRI study of human brain development from birth to
2 years. The Journal of Neuroscience. 2008;28:12176-12182

Geschwind DH, Rakic P. Cortical evolution: Judge the brain by its cover. Neuron. 2013;
80:633-647

Geng X et al. Quantitative tract-based white matter development from birth to age
2years. Neurolmage. 2012;61:542-557

Qiu A, Mori S, Miller MI. Diffusion tensor imaging for understanding brain develop-
ment in early life. Annual Review of Psychology. 2015;66:853-876

Guillery RW. Is postnatal neocortical maturation hierarchical? Trends in Neurosciences.
2005;28:512-517

Popernack ML, Gray N, Reuter-Rice K. Moderate-to-severe traumatic brain injury in
children: Complications and rehabilitation strategies. Journal of Pediatric Health Care.
2015;29:e1-e7

Vaewpanich J, Reuter-Rice K. Continuous electroencephalography in pediatric traumatic
brain injury: Seizure characteristics and outcomes. Epilepsy & Behavior. 2016;62:225-230

31



32 Traumatic Brain Injury - Pathobiology, Advanced Diagnostics and Acute Management

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Power T, Catroppa C, Coleman L, Ditchfield M, Anderson V. Do lesion site and severity
predict deficits in attentional control after preschool traumatic brain injury (TBI)? Brain
Injury. 2007;21:279-292

Sengupta P. The laboratory rat: Relating its age with Human's. International Journal of
Preventive Medicine. 2013;4:624-630

Chuang N et al. An MRI-based atlas and database of the developing mouse brain.
NeuroImage. 2011;54:80-89

Mengler L et al. Brain maturation of the adolescent rat cortex and striatum: Changes in
volume and myelination. Neurolmage. 2014;84:35-44

Sauvageot CM, Stiles CD. Molecular mechanisms controlling cortical gliogenesis.
Current Opinion in Neurobiology. 2002;12:244-249

Workman AD, Charvet CJ, Clancy B, Darlington RB, Finlay BL. Modeling transfor-
mations of neurodevelopmental sequences across mammalian species. The Journal of
Neuroscience. 2013;33:7368-7383

Ben-Zvi A et al. Mfsd?2a is critical for the formation and function of the blood-brain bar-
rier. Nature. 2014,509:507-511

Anderson VA et al. Understanding predictors of functional recovery and outcome 30
months following early childhood head injury. Neuropsychology. 2006;20:42-57

Bruce DA, Schut L, Bruno LA, Wood JH, Sutton LN. Outcome following severe head
injuries in children. Journal of Neurosurgery. 1978;48:679-688

Taylor HG et al. Influences on first-year recovery from traumatic brain injury in children.
Neuropsychology. 1999;13:76-89

Treble-Barna A et al. Long-term neuropsychological profiles and their role as media-
tors of adaptive functioning after traumatic brain injury in early childhood. Journal of
Neurotrauma. 2017;34:353-362

Dennis EL et al. White matter disruption in moderate/severe pediatric traumatic brain
injury: Advanced tract-based analyses. Neuroimage: Clinical. 2015;7:493-505

Dennis EL et al. Callosal function in Pediatric traumatic brain injury linked to disrupted
white matter integrity. The Journal of Neuroscience. 2015;35:10202-10211

Mechtler LL, Shastri KK, Crutchfield KE. Advanced neuroimaging of mild traumatic
brain injury. Neurologic Clinics. 2014;32:31-58

Edlow BL, Wu O. Advanced neuroimaging in traumatic brain injury. Seminars in
Neurology. 2012;32:374-400

Ashwal S, Holshouser BA, Tong KA. Use of advanced neuroimaging techniques in the
evaluation of pediatric traumatic brain injury. Developmental Neuroscience. 2006;28:
309-326



[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Age-Dependent Responses Following Traumatic Brain Injury
http://dx.doi.org/10.5772/intechopen.71344

Levin HS. Neuroplasticity following non-penetrating traumatic brain injury. Brain
Injury. 2003;17:665-674

Stephens ], Salorio C, Denckla M, Mostofsky S, Suskauer S. Subtle motor findings during
recovery from Pediatric traumatic brain injury: A preliminary report. Journal of Motor
Behavior. 2017;49:20-26

Ryan NP et al. Longitudinal outcome and recovery of social problems after pediat-
ric traumatic brain injury (TBI): Contribution of brain insult and family environment.
International Journal of Developmental Neuroscience. 2016;49:23-30

Ryan NP et al. The emergence of age-dependent social cognitive deficits after general-
ized insult to the developing brain: A longitudinal prospective analysis using suscepti-
bility-weighted imaging. Human Brain Mapping. 2015;36:1677-1691

Li L, Liu J. The effect of pediatric traumatic brain injury on behavioral outcomes: A sys-
tematic review. Developmental Medicine and Child Neurology. 2013;55:37-45

Chapman SB, McKinnon L. Discussion of developmental plasticity: Factors affecting
cognitive outcome after pediatric traumatic brain injury. Journal of Communication
Disorders. 2000;33:333-344

Cook LG, Chapman SB, Elliott AC, Evenson NN, Vinton K. Cognitive gains from gist
reasoning training in adolescents with chronic-stage traumatic brain injury. Frontiers in
Neurology. 2014;5:87

Ben-AriY, Khazipov R, Leinekugel X, Caillard O, Gaiarsa JL. GABAA, NMDA and AMPA
receptors: A developmentally regulated 'menage a trois'. Trends in Neurosciences. 1997;
20:523-529

Nunez JL, McCarthy MM. Evidence for an extended duration of GABA-mediated excita-
tion in the developing male versus female hippocampus. Developmental Neurobiology.
2007;67:1879-1890

McDonald JW, Trescher WH, Johnston MV. Susceptibility of brain to AMPA induced
excitotoxicity transiently peaks during early postnatal development. Brain Research.
1992;583:54-70

Bayir H, Kochanek PM, Kagan VE. Oxidative stress in immature brain after traumatic
brain injury. Developmental Neuroscience. 2006,28:420-431

DasM, Mohapatra S, Mohapatra SS. New perspectives on central and peripheral immune
responses to acute traumatic brain injury. Journal of Neuroinflammation. 2012;9:236

Hagberg H, Gressens P, Mallard C. Inflammation during fetal and neonatal life:
Implications for neurologic and neuropsychiatric disease in children and adults. Annals
of Neurology. 2012;71:444-457

Coronado VG et al. Surveillance for traumatic brain injury-related deaths--United States,
1997-2007. MMWR Surveillance Summaries. 2011;60:1-32

33



34 Traumatic Brain Injury - Pathobiology, Advanced Diagnostics and Acute Management

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Gross BW et al. Big children or little adults? A statewide analysis of adolescent isolated
severe traumatic brain injury outcomes at pediatric versus adult trauma centers. Journal
of Trauma and Acute Care Surgery. 2017;82:368-373

Anderson VA, Catroppa C, Morse SA, Haritou F. Functional memory skills following
traumatic brain injury in young children. Pediatric Rehabilitation. 1999;3:159-166

Anderson VA, Catroppa C, Rosenfeld ], Haritou F, Morse SA. Recovery of memory func-
tion following traumatic brain injury in pre-school children. Brain Injury. 2000;14:679-692

Bakker K, Anderson V. Assessment of attention following pre-school traumatic brain
injury: A behavioural attention measure. Pediatric Rehabilitation. 1999;3:149-157

Anderson V, Catroppa C, Morse S, Haritou F, Rosenfeld J. Recovery of intellectual abil-
ity following traumatic brain injury in childhood: Impact of injury severity and age at
injury. Pediatric Neurosurgery. 2000;32:282-290

Morse S et al. Early effects of traumatic brain injury on young children's language per-
formance: A preliminary linguistic analysis. Pediatric Rehabilitation. 1999;3:139-148

Johnson VE, Meaney DF, Cullen DK, Smith DH. Animal models of traumatic brain
injury. Handbook of Clinical Neurology. 2015;127:115-128

Xiong Y, Mahmood A, Chopp M. Animal models of traumatic brain injury. Nature
Reviews. Neuroscience. 2013;14:128-142

Adelson PD. Animal models of traumatic brain injury in the immature: A review.
Experimental and Toxicologic Pathology. 1999;51:130-136

Morganti-Kossmann MC, Yan E, Bye N. Animal models of traumatic brain injury: Is
there an optimal model to reproduce human brain injury in the laboratory? Injury.
2010;41(Suppl 1):510-513

White T, Su S, Schmidt M, Kao CY, Sapiro G. The development of gyrification in child-
hood and adolescence. Brain and Cognition. 2010;72:36-45

Rice D, Barone S Jr. Critical periods of vulnerability for the developing nervous sys-
tem: Evidence from humans and animal models. Environmental Health Perspectives.
2000;108(Suppl 3):511-533

Low LK, Cheng HJ. Axon pruning: An essential step underlying the developmental
plasticity of neuronal connections. Philosophical Transactions of the Royal Society of
London. Series B, Biological Sciences. 2006;361:1531-1544

Giedd ]N et al. Brain development during childhood and adolescence: A longitudinal
MRI study. Nature Neuroscience. 1999;2:861-863

Covey MV, Jiang Y, Alli VV, Yang Z, Levison SW. Defining the critical period for neo-
cortical neurogenesis after pediatric brain injury. Developmental Neuroscience. 2010;32:
488-498



[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

Age-Dependent Responses Following Traumatic Brain Injury
http://dx.doi.org/10.5772/intechopen.71344

Dixon K] et al. Endogenous neural stem/progenitor cells stabilize the cortical microenvi-
ronment after traumatic brain injury. Journal of Neurotrauma. 2015;32:753-764

Blaiss CA et al. Temporally specified genetic ablation of neurogenesis impairs cognitive
recovery after traumatic brain injury. The Journal of Neuroscience. 2011;31:4906-4916

Sun D et al. Cell proliferation and neuronal differentiation in the dentate gyrus in juvenile
and adult rats following traumatic brain injury. Journal of Neurotrauma. 2005;22:95-105

Pullela R et al. Traumatic injury to the immature brain results in progressive neuronal
loss, hyperactivity and delayed cognitive impairments. Developmental Neuroscience.
2006;28:396-409

Potts MB et al. Glutathione peroxidase overexpression does not rescue impaired neu-
rogenesis in the injured immature brain. Journal of Neuroscience Research. 2009;87:
1848-1857

Qiu L et al. Less neurogenesis and inflammation in the immature than in the juvenile
brain after cerebral hypoxia-ischemia. Journal of Cerebral Blood Flow and Metabolism.
2007;27:785-794

Herschkowitz N, Kagan J, Zilles K. Neurobiological bases of behavioral development in
the first year. Neuropediatrics. 1997;28:296-306

Huttenlocher PR. Synaptic density in human frontal cortex - developmental changes and
effects of aging. Brain Research. 1979;163:195-205

Crain B, Cotman C, Taylor D, Lynch G. A quantitative electron microscopic study of
synaptogenesis in the dentate gyrus of the rat. Brain Research. 1973;63:195-204

Ajao DO et al. Traumatic brain injury in young rats leads to progressive behavioral def-
icits coincident with altered tissue properties in adulthood. Journal of Neurotrauma.
2012;29:2060-2074

Jullienne A et al. Juvenile traumatic brain injury induces long-term perivascular matrix
changes alongside amyloid-beta accumulation. Journal of Cerebral Blood Flow and
Metabolism. 2014;34:1637-1645

Kamper JE et al. Juvenile traumatic brain injury evolves into a chronic brain disorder:
Behavioral and histological changes over 6months. Experimental Neurology. 2013;250:
8-19

Ikonomidou C, Qin Y, Labruyere ], Kirby C, Olney JW. Prevention of trauma-induced
neurodegeneration in infant rat brain. Pediatric Research. 1996;39:1020-1027

Bittigau P et al. Apoptotic neurodegeneration following trauma is markedly enhanced in
the immature brain. Annals of Neurology. 1999;45:724-735

Giza CC, Maria NS, Hovda DA. N-methyl-D-aspartate receptor subunit changes after
traumatic injury to the developing brain. Journal of Neurotrauma. 2006;23:950-961

35



36 Traumatic Brain Injury - Pathobiology, Advanced Diagnostics and Acute Management

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

Jantzie LL et al. Developmental expression of N-methyl-D-aspartate (NMDA) receptor
subunits in human white and gray matter: Potential mechanism of increased vulnerabil-
ity in the immature brain. Cerebral Cortex. 2015;25:482-495

Wu C, Sun D. GABA receptors in brain development, function, and injury. Metabolic
Brain Disease. 2015;30:367-379

Robinson S, Li Q, Dechant A, Cohen ML. Neonatal loss of gamma-aminobutyric acid
pathway expression after human perinatal brain injury. Journal of Neurosurgery.
2006;104:396-408

Adelson PD et al. Histopathologic response of the immature rat to diffuse traumatic
brain injury. Journal of Neurotrauma. 2001;18:967-976

Gurkoff GG, Giza CC, Hovda DA. Lateral fluid percussion injury in the developing rat
causes an acute, mild behavioral dysfunction in the absence of significant cell death.
Brain Research. 2006;1077:24-36

Claus CP et al. Age is a determinant of leukocyte infiltration and loss of cortical volume
after traumatic brain injury. Developmental Neuroscience. 2010;32:454-465

Tong W, Igarashi T, Ferriero DM, Noble LJ. Traumatic brain injury in the immature
mouse brain: Characterization of regional vulnerability. Experimental Neurology.
2002;176:105-116

Duhaime AC et al. Maturation-dependent response of the piglet brain to scaled cortical
impact. Journal of Neurosurgery. 2000;93:455-462

Grate LL, Golden JA, Hoopes PJ, Hunter JV, Duhaime AC. Traumatic brain injury in
piglets of different ages: Techniques for lesion analysis using histology and magnetic
resonance imaging. Journal of Neuroscience Methods. 2003;123:201-206

Clark RS, Schiding JK, Kaczorowski SL, Marion DW, Kochanek PM. Neutrophil accu-
mulation after traumatic brain injury in rats: Comparison of weight drop and controlled
cortical impact models. Journal of Neurotrauma. 1994;11:499-506

Furlan JC, Krassioukov AV, Fehlings MG. Hematologic abnormalities within the first
week after acute isolated traumatic cervical spinal cord injury: A case-control cohort
study. Spine (Phila Pa 1976). 2006;31:2674-2683

Anthony DC, Bolton SJ, Fearn S, Perry VH. Age-related effects of interleukin-1 beta on
polymorphonuclear neutrophil-dependent increases in blood-brain barrier permeability
in rats. Brain. 1997;120(Pt 3):435-444

Anthony D et al. CXC chemokines generate age-related increases in neutrophil-mediated
brain inflammation and blood-brain barrier breakdown. Current Biology. 1998;8:923-926

Campbell SJ, Carare-Nnadi RO, Losey PH, Anthony DC. Loss of the atypical inflamma-
tory response in juvenile and aged rats. Neuropathology and Applied Neurobiology.
2007;33:108-120



Age-Dependent Responses Following Traumatic Brain Injury 37
http://dx.doi.org/10.5772/intechopen.71344

[97] Semple BD, Kossmann T, Morganti-Kossmann MC. Role of chemokines in CNS health
and pathology: A focus on the CCL2/CCR2 and CXCL8/CXCR2 networks. Journal of
Cerebral Blood Flow and Metabolism. 2010;30:459-473

[98] Kigerl KA, McGaughy VM, Popovich PG. Comparative analysis of lesion development
and intraspinal inflammation in four strains of mice following spinal contusion injury.
The Journal of Comparative Neurology. 2006,494:578-594

[99] Hazeldine ], Lord JM, Belli A. Traumatic brain injury and peripheral immune suppres-
sion: Primer and prospectus. Frontiers in Neurology. 2015;6:235

[100] Kenne E, Erlandsson A, Lindbom L, Hillered L, Clausen F. Neutrophil depletion
reduces edema formation and tissue loss following traumatic brain injury in mice.
Journal of Neuroinflammation. 2012;9:17

[101] Semple BD, Bye N, Ziebell JM, Morganti-Kossmann MC. Deficiency of the chemokine
receptor CXCR2 attenuates neutrophil infiltration and cortical damage following closed
head injury. Neurobiology of Disease. 2010;40:394-403

[102] Kigerl KA et al. Identification of two distinct macrophage subsets with divergent effects
causing either neurotoxicity or regeneration in the injured mouse spinal cord. The
Journal of Neuroscience. 2009;29:13435-13444

[103] Kumar A, Alvarez-Croda DM, Stoica BA, Faden Al, Loane DJ. Microglial/macrophage
polarization dynamics following traumatic brain injury. Journal of Neurotrauma.
2016;33:1732-1750

[104] Daneman R, Zhou L, Kebede AA, Barres BA. Pericytes are required for blood-brain bar-
rier integrity during embryogenesis. Nature. 2010;468:562-566

[105] Saunders NR, Liddelow SA, Dziegielewska KM. Barrier mechanisms in the developing
brain. Frontiers in Pharmacology. 2012;3:46

[106] Cornford EM, Cornford ME. Nutrient transport and the blood-brain barrier in develop-
ing animals. Federation Proceedings. 1986;45:2065-2072

[107] Engelhardt B. Development of the blood-brain barrier. Cell and Tissue Research.
2003;314:119-129

[108] Stolp HB, Dziegielewska KM, Ek CJ, Potter AM, Saunders NR. Long-term changes
in blood-brain barrier permeability and white matter following prolonged systemic
inflammation in early development in the rat. The European Journal of Neuroscience.
2005;22:2805-2816

[109] Stolp HB et al. Breakdown of the blood-brain barrier to proteins in white matter of
the developing brain following systemic inflammation. Cell and Tissue Research.
2005;320:369-378

[110] Price L, Wilson CG. Grant. In: Laskowitz D, Grant G, editors. Translational Research
in Traumatic Brain Injury. CRC Press/Taylor and Francis Group: Boca Raton (FL); 2016



38 Traumatic Brain Injury - Pathobiology, Advanced Diagnostics and Acute Management

[111]

[112]

[113]

[114]

[115]

Chodobski A, Zink BJ, Szmydynger-Chodobska J. Blood-brain barrier pathophysiology
in traumatic brain injury. Translational Stroke Research. 2011;2:492-516

Prins ML, Giza CC. Induction of monocarboxylate transporter 2 expression and ketone
transport following traumatic brain injury in juvenile and adult rats. Developmental
Neuroscience. 2006;28:447-456

Appelberg KS, Hovda DA, Prins ML. The effects of a ketogenic diet on behavioral out-
come after controlled cortical impact injury in the juvenile and adult rat. Journal of
Neurotrauma. 2009;26:497-506

Pop V, Badaut J. A neurovascular perspective for long-term changes after brain trauma.
Translational Stroke Research. 2011;2:533-545

Russell KL, Berman NE, Gregg PR, Levant B. Fish oil improves motor function, lim-
its blood-brain barrier disruption, and reduces Mmp9 gene expression in a rat model
of juvenile traumatic brain injury. Prostaglandins, Leukotrienes, and Essential Fatty
Acids. 2014;90:5-11



Chapter 4

Explosive Blast Mild Traumatic Brain Injury

John Magnuson and Geoffrey Ling

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.74035

Abstract

In the recent wars in Iraq and Afghanistan, US military personnel have suffered over
333,000 traumatic brain injuries (TBIs), with over 85% being mild TBI. A variety of impro-
vised munitions, such as improvised explosive devices (IEDs) and improvised rocket
assisted mortars (IRAMs), have resulted in the explosive blast-induced TBI (bTBI). Due
to its prevalence, TBI has been referred to as the signature wound of US warfighters in
Afghanistan and Iraq. Explosive blast produces damage to the brain by creating a dynamic
environment in forms of overpressure shock wave, heat impulse, blast-propelled projec-
tiles, and debris, whose impact can cause complex injuries in the brain and other visceral
organ systems, such as lung and bowel. Mechanisms of bTBI incorporate all forms of TBI
such as falls, motor vehicle accidents, and coup-contrecoup injury. Some of the unique
aspects of bTBI include the rate at which the injury occurs, the differential pressure load
on and within the tissue, and the pressure-loaded tissue response. Mild bTBI is the most
problematic injury within the US military in terms of number of warfighters affected and
recognition of the injury. The pathobiology of mild bTBI is not fully understood. Here,
we review mild bTBI injury, symptomology, and diagnosis. Finally, multi-modality test-
ing is discussed, including functional, structural, and evidence-based evaluation with an
intention to describe and diagnose mild bTBI affecting the US warfighter.

Keywords: brain injury, blast, concussion, TBI, military, IED, improvised explosive
device

1. Introduction

Traumatic brain injury (TBI) in the most recent wars accounts for a significant percentage of
combat-related injury. On average, about 1600 TBIs per month are suffered by US service mem-
bers. The majority are due to explosive blast exposure. This is in spite of overall decreases in both
combat-related injuries in general and increased wound survival rates. Active duty casualty
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reports compiled by the Defense Casualty Analysis System (DCAS) indicate that since the start
of the Overseas Contingency Operations (OCO) in 2001, beginning with Operation Enduring
Freedom (OEF) in Afghanistan, Operation Iraqi Freedom (OIF), to the current Operation
Inherent Resolve (OIR) and Operation Freedom’s Sentinel (OFS), US combat casualties have
a 90.7% casualty survival rate [1, 2]. In comparison, DCAS data from the Vietnam and Korean
conflicts indicate 76.8 and 78.9% casualty survival rate, respectively [3, 4]. Increased survival
in OCO is due to advancements in vehicle and body armor, ballistic helmets, and lenses, com-
bined with forward-deployed surgical teams, faster evacuation times, and improved/enhanced
training of medics, corpsman, and combat lifesavers based on the concepts of Tactical Combat
Casualty Care (TCCC) [5-7]. Explosive blast continues to injure US warfighters leaving many
with a mild blast-induced TBI (bTBI) that is difficult to diagnose and to treat.

2. Explosive blast-induced traumatic brain injury

During OCO from 2001 to mid-2016, US military service members have suffered over 333,000
traumatic brain injuries (TBIs), with over 85% being mild TBI [8]. These TBI statistics are often
confusing when compared to casualty data reported by the DCAS. It must be kept in mind
that DCAS casualty reporting is for active duty casualties and does not list the specific type
of injury. In contrast, the TBI data collected by the Defense and Veterans Brain Injury Center
(DVBIC) pools from the Armed Forces Health Surveillance Branch and does provide TBI data.
In order to support US military personnel, it is essential to uncover the pathobiology of mild
bTBI and develop improved treatment options. Modern combat will continue to cause bTBI,
decreasing fighting strength to the point a combat team cannot accomplish mission objectives.

Explosions from various improvised munitions, such as improvised explosive devices (IEDs)
and improvised rocket-assisted mortars (IRAMs), have resulted in explosive blast induced
TBI (bTBI) becoming the signature wound of US warfighters in Afghanistan and Iraq [7, 8].
Explosive blast overpressure creates a dynamic environment, which can cause complex inju-
ries in multiple organ systems [5, 9-11]. Brain injury due to explosive blast exposure is often
overlooked. Realizing this, the Department of Defense (DoD) mandates that any service mem-
ber exposed to a mandatory event such as a blast, vehicle collision, head injury, and so on, to
be screened for concussion, followed by a neurologic evaluation.

Furthermore, categorizing and describing the different types of blast-induced head injury
must continually evolve in order to better diagnose and treat the injuries.

3. Categorization of bTBI

Categorization of bTBI can initially be described as open or closed based upon the integrity
of the skull and overlying tissue. Open head injury (OHI) indicates that the skull has been
fractured. This can be by a foreign body, such as a bomb fragment or bullet, or from depressed
skull fragments pushed into the skull interior by impact. Penetrating TBI (pTBI) is often used
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synonymously with OHI, but here it is presented as a subcategory of OHI, as the brain is not
necessarily involved. Bomb case fragments, shrapnel, and debris are all types of explosive
ejecta, which can penetrate the brain, resulting in a pTBI. When severe, brain tissue is violated,
extrusion of brain matter and cerebrospinal fluid (CSF) are often noted at the site of penetration
[11]. When ejecta enters the brain, it may leave wound tracts and cavitation disproportionate
to objects’ size [12]. The resulting hemorrhage, edema, and macerated tissue are hallmarks
of pTBI [11]. Further evaluation by CT imaging often indicates blood along the wound tract
[11]. Presentation of the OHI may be as apparent as brain herniation or more subtle such as
a linear skull fracture with intact skin and mild swelling. Closed head injury (CHI) is much
more common. Most typically, it is due to blunt force. This causes the head to move. The brain
moves slower than the head because it is surrounded by fluid, that is, CSF. This lag causes the
faster moving skull to strike the brain, leading to a contusion. If the head rebounds, such as in
an acceleration/deceleration injury, the brain will be struck on the opposite side as well, caus-
ing a coup-contrecoup injury pattern. During an explosive blast, the detonation generates an
overpressure shock wave that moves rapidly through the air, striking the head. The pressure
is transmitted through the skull to the brain. Consequently, the patient has an intact skull but
underlying damage to the brain parenchyma. Both categories of bTBI can be caused by mul-
tiple injury mechanisms.

4. Explosive blast injury mechanisms

There are five injury mechanisms which contribute to bTBI individually or in combination:
primary, secondary, tertiary, quaternary, and quinary injuries [13, 14]. Primary barotrauma
(overpressure) injury results from the detonation/shock front impingement on and transmis-
sion through the tissue [15, 16]. Differential density of juxtaposed body structures can result
in reflective waves and turbulent spalling effects within the tissue [16]. Secondary (ejecta/frag-
ment) injury is caused by shrapnel, ejecta, and/or foreign body impact. Tertiary (acceleration)
injury is due to the body being thrown by the explosive, which may result in the traditional
coup-contrecoup injury and/or rotation stress causing tissue shearing or membrane disrup-
tion. Quaternary (burn) injury is caused by heat, chemicals, and/or toxidromes [17]. Finally,
quinary (contaminant) injury is due to environment (infection from soil bacteria in the ejecta)
or detonation (radiation) contamination [14]. Clinical identification of bTBI and severity strat-
ification are based on post-event signs and clinical symptom:s.

5. Mild bTBI severity criteria

According to VA/DoD Clinical Practice Guidelines, bTBI clinical diagnosis is primarily based
on history of event (blast exposure) and any one of the following: any period of loss of con-
sciousness (LOC), post-traumatic amnesia (PTA), alteration of consciousness/mental state
(AOC), transient or persistent neurological deficits, and/or intracranial lesion [18]. Blast-
induced TBI can further be categorized by severity based on degree or duration of LOC, PTA,
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AOC, and imaging findings. Open head injury is considered a severe injury, while CHI sever-
ity can be classified as mild, moderate, or severe.

Mild bTBI is the most common explosive blast injury affecting US warfighters and is largely a
diagnosis of exclusion. The patient may present with decreased LOC <30 min, AOC at event
to <24 h, PTA <1d, best Glasgow coma scale (GCS) score within first 24 h [1, 3, 4], and no gross
abnormalities on imaging such as CT [18]. For a more thorough discussion of TBI evaluation,
the VA/DoD Clinical Guidelines for Management of Concussion/mTBI is suggested.

6. Mild bTBI symptoms and sequela

As with concussion, majority of mild bTBI patients recover within hours to days [18]. Often,
warfighters are not aware they have suffered a bTBI or endure the symptoms to continue the mis-
sion and support fellow warfighters. It is important for all combat medical staff from the squad
level to the company level and above to educate the team on the importance of prompt report-
ing and evaluation of those exposed to blast. Initial evaluation is the most important in order to
determine severity of the injury and avoid obfuscating the classification with worsening PCS
symptoms. Prompt medical evaluation of initial bTBI allows determination of timing for recov-
ery, ensuring avoidance of a second head injury [9]. A head injury occurring within the recovery
window can cause life threatening second impact syndrome (SIS) [11]. Military first providers
are given the military acute concussion evaluation (MACE) as a screening tool. With the MACEis
the standardized assessment of concussion (SAC). This is a paper-and-pencil clinical device that
tests for alterations in attention, consciousness, memory, and orientation. If abnormal, the patient
is referred to an advanced health care provider, typically the unit’s physician, for diagnosis.

If concussed, patients are then placed into a Concussion Care Center for recovery. Guidelines
for Concussion Management from the American Academy of Neurology lists recommended
recovery periods [19]. A step-wise approach to rest, rehabilitation, and recovery is conducted
in the Military Concussion Care Centers. Basically, patients are educated on their condi-
tion and reassured that they will likely recover quickly. Adequate sleep and rehydration
are important. Behavior health issues such as post-traumatic stress disorder (PTSD) are also
addressed. Once symptoms abate, the patient is allowed to resume mild physical activity and
cognitive tasks. This progresses until the patient is able to conduct full physical and cognitive
activities without symptom manifestation without the need for any medications. Fortunately,
the vast majority of patients, over 95%, will fully recover without sequelae within a few days.

Unfortunately, some bTBI patients develop postconcussion syndrome (PCS) days after ini-
tial injury [20]. PCS is a set of symptoms (headaches, nausea, balance or coordination defi-
cits, slurred speech, confusion, sensitivity to noise, sensitivity to light, tinnitus) that usually
resolve within days to weeks after blast exposure. In general, the syndrome responds with
patient reassurance and symptomatic treatment such as non-narcotic analgesics/antimigraine
for headache and antidepressants for depression [11]. A subset of PCS suffers may continue
to have persistent or chronic symptoms.
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Persistent postconcussion syndrome (PPCS) has been identified in non-blast TBI as a condi-
tion of at least three nonresolving neurologic and behavioral PCS symptoms lasting longer
than 3 months following the injury [21]. Clinical data from 181 blast-exposed veterans indi-
cate that these criteria are inadequate to properly diagnose blast-related PPCS and that more
focused testing is required [22]. The relative contribution of mild bTBI versus PTSD for PPCS
is under investigation. Davenport et al. interviewed 122 veterans with a diagnosis of mild
TBI, 88% having been exposed to explosive blast, and found that both mild bTBI and PTSD
contribute to PPCS; however, the relative contribution of PTSD is substantially diminished
after accounting for personality traits [23]. These data indicate timely description of the initial
injury, correlation of 24 symptoms, and accounting for experience and personality traits aid
in isolating diagnosis of PPCS.

Post-traumatic stress disorder and mild bTBI share many common symptoms such as difficulty
in concentration, sleep disturbances, and mood alteration. However, there are differences. For
example, bTBI patients typically complain of headaches and vertigo, whereas PTSD patients
much less commonly complain of headaches and vertigo. Conversely, PTSD patients experi-
ence flashback, whereas bTBI patients typically do not. The American Psychiatric Association
DMS V describes post-traumatic stress disorder as a mental health condition triggered by wit-
nessing, experiencing, or learning a traumatic event. Symptoms of PTSD may include severe
anxiety, flashbacks, nightmares, and uncontrolled thoughts about the event. Avoidance of
stimuli about the event is common. Alteration in arousal may include outbursts, difficulty in
concentration, hypervigilance, exaggerated startle response, and sleep disturbances [24]. All
of these symptoms interfere with the person’s ability to live a normal enjoyable life. Due to
the extreme situations in which blast injuries occur, it is not surprising to find that mild bTBI
and PTSD afflict the blast-injured patient.

7. Noninvasive evaluation of mild bTBI

Diagnosis of mild bTBI has been difficult due to limited understanding of its pathobiology.
Inability to identify brain structural and functional changes in mild bTBI is a further compli-
cation. Traditional methods of imaging (CT, MRI) generally do not show gross changes for
mild bTBI even though physiologic symptoms are present. Negative imaging with persistent
symptoms likely indicates an injury below the limit of resolution of the image scanner. High-
resolution imaging studies and electrophysiology recordings are two noninvasive tools that
may aid in diagnosis of mild bTBL.

Cortical thinning on MRI scans has been noted in 11 active-duty military persons with a diag-
nosis of mild bTBI at an average of 1-month post-injury. Cortical thinning was identified in
the superior temporal and superior frontal gyri and two areas in lateral orbitofrontal gyrus
[25]. Another study of 38 veterans diagnosed with bTBI measured cortical thickness utilizing
a T1 weighted 3-T MRI with 1-mm isotropic resolution and 8-channel birdcage head coil. The
cortical thinning was noted in the inferior frontal, temporal, and insula regions [26]. The data
is an important initial step toward a structurally relevant diagnosis and quantification of mild
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bTBI. Cooperation among radiologist, clinicians, and researchers could immediately establish
a database for correlating mild bTBI events, presenting symptoms, PCS, PPCS, and PTSD
with MRI cortical thinning.

Diffusion tensor imaging (DTI) can be used to image white mater (WM-) integrity, which may
be a predictor of mild bTBI [27]. White matter in the brain constrains water and causes it to dif-
fuse along the myelinated axons in an anisotropic pattern of diffusion. Large linear fractional
anisotropy (FA) combined with a low mean diffusivity (MD) of water is characteristic of healthy
WM. On the contrary, disruption in WM-integrity allows diffusion of water away from the WM,
indicated by a decrease in FA and increases MD. There are several DT1 studies of veterans where
loss of WM-integrity predicts mTBI [28-30]. A study of 125 veterans, 2-5 years post-deploy-
ment, indicated that mild TBI was correlated with number of deployments and increased PCS,
however, indicated normal WM-integrity on DTI [23]. In addition, veterans with PTSD initially
showed a larger loss of WM-integrity, but the effect was negated when accounting for behav-
ioral sequela. As indicated by other investigators, the relative contribution of mild bTBI, PCS,
PTSD, and WM-integrity, during the chronic phase of injury, still needs to be determined [23].

Evidenced-based standardized approach to evaluation of head injury has been proposed by
emergency medicine physicians so as to better describe and diagnose mild bTBI. Physical exam
should look for neurological abnormalities, ocular dysfunction, vestibular dysfunction, cervical
injury/tenderness, ocular motor performance, signs of vestibular dysfunction, and orthostatic
blood pressure. All parameters can be evaluated at the initial clinical presentation and through-
out treatment, which should enhance the traditional symptomology based MACE and SAC [31].

Electrocortical potentials generated by the pyramidal neurons of the cortex can be used to
monitor brain function with transdermal electrodes. Passive recording of electroencephalo-
grams (EEGs) is often used in sleep studies and aids in the diagnosis of epilepsy. The spatial
resolution is inversely proportional to width of recording electrode and distance from cortex.
Temporal resolution is good and an advantage of EEG recording. Evoke response recording
provides a method to evaluate cortical activity in response sensory stimulus. Visual evoked
responses (VERs) are well characterized and aid in diagnosis of multiple sclerosis. Pattern
reversal and flash stimuli are two of many protocols, which can be used to evaluate retinal to
visual cortex integrity. Auditory evoked responses (AERs) can be used to evaluate inner ear to
auditory cortex [32]. Somatosensory evoked response (SER), olfactory evoke response (OER),
and gustatory evoked response (GER) all can be used to evaluate the integrity of the sensory
apparatus to the sensory cortex through repeated stimuli-responses [33]. The multiple and
variable symptoms of mild bTBI presentation and later transient PCS and chronic PPCS sug-
gest diffuse low-level injury. Multisensory evaluation, combined with repeated follow-up,
will aid in bridging the gap for understanding the pathobiology of this insidious condition.

8. Conclusion

Mild bTBI still lacks sufficient understanding of the mechanisms that lead to structural and
functional alterations of the brain. Multidisciplinary scientific and clinical investigation can
provide the coordinated efforts required to sufficiently elucidate the pathobiology of mild
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bTBI. Identification of what is injured will allow development of effective treatments and
protective strategies. Improvements in electroencephalography deconvolution, removable
discrete electrode arrays, combined with multisensory-evoked response protocols, will make
the electrophysiology techniques more clinically useful as diagnostic and, potentially, prog-
nostic tools. Functional and structural imaging, evoked responses, and symptomology assess-
ment are all useful in describing parts of TBI. The best approach is likely a multitest protocol
to identify and diagnose the diffuse patterns of mild bTBI.
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Abstract

Traumatic brain injury (TBI) is a major cause of morbidity and mortality worldwide.
Understanding the pathophysiology of TBI is crucial for the development of more effec-
tive therapeutic strategies. At the moment of the traumatic impact, transfer of kinetic
forces causes neurologic damage; this primary injury triggers a secondary wave of
biochemical cascades, together with metabolic and cellular changes, called secondary
neural injury. These areas of ongoing secondary injury, or areas of “traumatic penum-
bra,” represent crucial targets for therapeutic interventions. This chapter is focused on
the interplay between progression of parenchymal injury and the neuroprotective and
neurorestorative processes that are emerging and developing subsequently to traumatic
impact. Thus, we emphasized the role of traumatic penumbra in TBI pathogenesis and
suggested a crucial contribution of the neurovascular units (NVUs) and paracrine effects
of exosomes and miRNAs in promoting neurological recovery.

Keywords: traumatic brain injury, traumatic penumbra, neural injury, pericytes,
neurovascular unit, neurorestoration

1. Introduction

Worldwide, injuries account for 15% of the burden of death and disability, while traumatic
brain injury (TBI) accounts for up to half of all deaths from trauma [1-6], and often causes
severe and long-lasting functional impairment in survivors [7]. TBI affects individuals of
all age groups with a bimodal distribution in adolescents and elderly [8, 9], with a major
predominance in the male population [10, 11]. Blunt trauma accounts for about 88-95% of
TBI cases, whereas the remaining 5-12% of cases are the result of penetrating injuries [12].
Because of the high-impact nature of trauma-inducing accidents, patients commonly suffer
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concomitant injuries to multiple body regions and organs, otherwise known as multitrauma
or polytrauma, that are capable of modifying the pathobiology and outcomes of TBI [13].

TBI is classified by different methods; in the 1970s, Teasdale and Jennett introduced the
Glasgow Coma Scale (GCS) to objectively assess the degree of impaired consciousness [14].
Based on GCS, TBl is classified into mild (GCS score 14-15), moderate (9-13), and severe (3-8)
[15]. At present, GCS is the most used method for TBI classification, however, has a number
of limitations [15, 16]. A recent study reported that normal GCS did not indicate an absence
of head injury, as among patients with GCS 15 in the Emergency Department, 26% had seri-
ous/critical TBI [17]. Therefore, stratification of severity and prediction of death and func-
tional outcome is essential for determining treatment strategies and allocation of resources
for patients with TBI. Among the most studied predictors of TBI outcome, age is a consistent
predictor, as well as GCS scores and pupillary parameters [18]. Recent studies show a series of
either tissue-specific or circulating biomarkers that are useful in the clinical status evaluation
of these patients [19-22].

Intracranial hypertension is the main cause of death in patients with TBI and contributes to
secondary brain injury if not managed correctly [23-25]. Therefore, the management of TBI
focuses on the control of intracranial pressure (ICP) and maintenance of adequate cerebral
perfusion, oxygenation, and metabolism attempting to limit secondary injury progression
[26-28]. Mortality rates have decreased in the last decades, largely due to improvements in
trauma systems and supportive critical care [29]. Yet, case fatality rates in severe TBI have
not decreased significantly since 1990 [30], remaining with an outstanding mortality, because
up to 50% of the patients will still die and nearly all survivors will present some degree of
sequelae [3, 4, 6, 31-33]. To the present, regardless of over dozens of phase III clinical trials,
there are no specific treatments known to improve TBI outcomes [13]. Hence, TBI is hetero-
geneous in terms of pathophysiology, clinical presentation, and outcome, with case fatality
rates ranging from <1% in mild TBI up to 50% in severe TBI. A key issue in TBI care is the
temporal progression of injury cascades and the design of therapeutic approaches to improve
functional recovery after TBI.

This chapter is focused on the interplay between progression of parenchymal injury and the
neuroprotective and neurorestorative processes that are emerging and developing subse-
quently to traumatic impact. Thus, we emphasized the role of traumatic penumbra in TBI
pathogenesis and suggested a crucial contribution of the neurovascular units (NVUs) and
paracrine effects of exosomes and miRNAs in promoting neurological recovery.

2. Mechanisms of neural injury in the traumatic penumbra

TBI is unique since it results from an external force, which can inflict devastating effects to
brain vasculature, neighboring neural tissue, and blood-brain barrier (BBB) [34]. Together,
neurons, vascular cells (endothelial cells) and perivascular components of the BBB (astro-
cytes and pericytes) form the neurovascular unit (NVU). NVU is at the basis of neurovas-
cular coupling, which allows cerebral blood flow to local regulation according to neuronal
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activity in specific areas of the brain [34]. TBI may cause mechanical deformation and dam-
age to the entire NVU [20, 35, 36], compromising barrier integrity and leading to dysau-
toregulation of brain vessels and BBB disruption. In this context, brain edema may occur
and result in increased ICP and decreased cerebral perfusion [37]. In fact, compensatory
mechanisms are exceeded as brain volume increases due to edema, and ICP rises expo-
nentially and correlates with increased mortality and poor functional outcomes [20, 38—-40].
The impact of trauma causes mechanical forces that engender deformation of the brain tis-
sue, resulting in immediate neural damage, called primary injury [40]. This primary injury
triggers a secondary wave of biochemical cascades, together with metabolic and cellular
changes, occurring within seconds to minutes after the trauma and lasting for days, months
or years [40]. The ongoing brain damage characteristic of secondary injury culminates in
notable cell death [24, 40, 41]. Typically, initial neuronal death following acute brain injury
occurs by necrosis, on a time scale of minutes, then, a second wave of delayed cell death
occurs mostly by apoptosis [13, 42—45]. Indeed, this protracted course of cell death follow-
ing TBI may represent a unique opportunity for therapeutic intervention. Following TBI,
brain lesions are not limited to the site of the primary trauma, but expand progressively and
centrifugally. Therefore, secondary brain injury develops and progresses in the traumatic
penumbra, that is, the potentially salvageable brain tissue surrounding the primary lesion
[46, 47]. Indeed, clinical studies have demonstrated that expansion of the penumbra impairs
cerebral blood flow and leads to edema and compromised local metabolism, resulting in
clinical deterioration [48-50].

The traumatic penumbra is characterized by metabolic changes as a consequence of neural
injury progression [51-53] culminating in cell death [26, 54]. In this scenario of metabolic cri-
sis, astrocytes may exert a neuroprotective action supplying substrates of glycogen metabo-
lism for the survival of ischemic neurons and oligodendroglial cells [49]. Thus, astrocytes also
play crucial roles in the injury site after TBI, as they exert homeostatic mechanisms critical for
maintaining neural circuit function, such as buffering neurotransmitters, modulating extra-
cellular osmolarity, and calibrating neurovascular coupling [55]. Accordingly, astrocytes are
thought to exert many beneficial effects post-TBI [56] as providing neurotrophins that sup-
port and guide axons in their recovery [57], increasing cell proliferation, and promoting the
long-term survival of neurons by inhibiting apoptosis [58, 59]. However, when the presence
of astrocytes is too large and they become over activated, they may build a dense physical and
chemical barrier surrounding the injury site (glial scar), which encapsulates and isolates the
axons. This not only protects the remaining healthy brain from the neurotoxic environment
of the injury site but also interferes and prevents the regeneration and repair of the damaged
tissue [60, 61].

We will resume some of the phenomena involved in cellular injury in the traumatic pen-
umbra. Particularly, excitotoxicity, oxidative stress, mitochondrial dysfunction, and neuroin-
flammation are processes that contribute to neurological damage and impairment of neural
recovery following TBI (Figure 1). In the injured brain, excitotoxicity derives from an acute
increase in extracellular glutamate levels due to excessive release from depolarized neurons,
leakage from neuronal and glial cells exhibiting damaged membranes, or the extravasation
through a disrupted BBB [53, 62-64]. TBI also involves enhanced glutamatergic activity at
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Figure 1. Schematic representation of mechanisms of neural injury in the traumatic penumbra. The neural tissue
disruption of primary injury triggers a cascade of cellular events that result in areas of traumatic penumbra characteristic
of secondary injury, leading to necrosis and apoptosis. Secondary injury progression can either evolve to edema that
culminates in an uncontrollable increase of intracranial pressure leading to brain death or trigger mechanisms of neural
tissue survival and recovery. The first 96 hours after the trauma are critical for the cellular processes involved in ongoing
secondary neural injury. Various cellular components are involved in secondary injury progression in the traumatic
penumbra: (1) neuron, (2) reactive astrocyte, (3) oligodendrocyte, (4) microglia M2 anti-inflammatory phenotype, (5)
microglia M1 pro-inflammatory phenotype, (6) astrocyte endfoot, (7) pericyte, (8) endothelial cells, (9) mitochondria,
(10) peripheral immune cells, and (11) signaling molecules. Excitotoxicity is a central mechanism of injury and triggers a
cascade of events, such as increase in calcium influx, cellular damage mediated by ROS, and mitochondrial dysfunction
resulting in metabolic crisis and culminating in cell death. A pro-inflammatory phase occurs in the first hours and days.
In that microenvironment, microglia polarize into a M1 pro-inflammatory phenotype. Reactive astrocytosis occurs and
contributes both to injury and neurorestoration. Acutely after TBI, in the neurovascular unit, swelling of perivascular
astrocytes occur and the swollen endfeet constrict capillaries, leading to a reduction in oxygen availability. Also, focal
microhemorrhages contribute to inflammatory processes. In this scenario, pericytes contribute to alterations in BBB
permeability, angiogenesis, clearance of toxic metabolites, and hemodynamic responses. BBB rupture is evident and
contributes to inflammation and edema of the neural tissue.

extrasynaptic sites due to failure of glutamate uptake, gliotransmission, reverse operation
of the glutamate transporters, increase in presynaptic glutamate release or increase in the
number and/or stability of glutamatergic receptors [53, 62, 65, 66]. The increase in glutamate
levels occurs several minutes after the primary trauma, peaks in about 10 minutes and stays
increased for several days [45, 64]. Excitotoxicity also causes calcium influx and overload
[67, 68], resulting in cellular damage due to several mechanisms (i.e. activation of destruc-
tive calcium-dependent proteases, oxidative stress, mitochondrial impairment and transition
pore formation, and apoptotic events) [51, 53, 62, 69-71]. Noteworthy, the massive influx of
calcium causes production of reactive oxygen species (ROS) in mitochondria. The calcium
overload leads to swelling and compromised function of mitochondria, instigating impaired
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energy metabolism [51, 72]. Conversely, the damaged tissue needs more energy for its repair
than under physiological conditions, resulting in what has been termed a “flow/metabolism
mismatch,” a factor that aggravates injury in the traumatic penumbra [62, 73]. Furthermore,
increased glutamatergic release into the extracellular milieu following injury causes marked
increases in glucose use and accumulation of extracellular lactate [53, 74-79]. This deregulated
cerebral metabolism leads to decreased ATP production causing the failure of ATP-dependent
ion channels and proteins leading to ionic osmotic alterations that result in cell swelling and
culminating in necrosis [80]. Mitochondrial dysfunction may be central to the pathophysiol-
ogy of TBI through metabolic derangements, oxidative stress, and apoptosis. In fact, a recent
study showed mitochondrial ultrastructural alterations at progressive distances from the cen-
ter of the penumbra in tissue samples from TBI patients [81]. In the setting of TBI, the produc-
tion of ROS is enhanced [82-84], and the neuroprotective systems become overwhelmed and
result in oxidative cell damage. Furthermore, ROS can contribute to disruption of the BBB,
edema, and neuroinflammation [34].

Importantly, neuroinflammation is known to be important for the short- and long-term con-
sequences of TBI [85]. Various factors influence the inflammatory response of the brain to
TBI. These factors include activation of resident central nervous system (CNS) immune cells
and cerebral infiltration of peripheral immune cells (through a disrupted BBB); these cells
mediate inflammatory processes through secretion of a variety of inflammatory cytokines,
chemokines, adhesion molecules, ROS, and complement factors [86, 87]. Immediately fol-
lowing injury, the levels of various cytokines change drastically in the brain parenchyma and
take approximately 48 hours to return to normal [45]. Accordingly, regional, intrathecal, and
systemic concentrations of various inflammatory cytokines (interleukin-1, -1f3, -6, -8, -10, -12,
and tumor necrosis factor-alpha) are altered shortly after TBI in humans and experimental
models [88-94]. Even though neuroinflammation is generally considered to have negative
effects on the neural tissue, interleukins may actually exert beneficial effects on the injured
brain by triggering mechanisms of response to tissue injury. Clearly, the beneficial effects
of these cytokines are dependent on their concentrations and the timing/conditions of their
expression following TBI [53]. The dual role of these cytokines on TBI is observable during
the pro-inflammatory phase (in the first hours and days after TBI) as well as through the
reparative phase, which lasts for days to months after TBI [95]. Of these cytokines, IL-1( is
of special importance because its action on astrocytes makes them release of matrix metal-
loproteinases (MMPs) [96] that cause further BBB breakdown by promoting and prolonging
neuroinflammation [97]. Modulating these inflammatory cells by changing their phenotype
from pro-inflammatory to anti-inflammatory would likely promote therapeutic effects on
TBI [42, 59, 98]. Additionally, peripheral injuries of the multi-injured patient may increase
circulating levels of many of the inflammatory cytokines worsening TBI outcomes [13, 68].

As the major cellular component of the innate immune system in the central nervous system
(CNS) and the first line of defense whenever injury or disease occurs, microglia play a criti-
cal role in neuroinflammation through the production of various cytokines, proteases, and
ROS [45, 99]. In the injured brain, microglia can produce neuroprotective factors, clear cel-
lular debris, and orchestrate neurorestorative processes that are beneficial for neurological
recovery after TBI [100, 101]. Microglia can polarize into distinct phenotypes, depending on
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the microenvironment in which they are activated. The macrophage/microglial populations
are shown to result in a mix of pro-inflammatory M1 and anti-inflammatory M2 microglia/
macrophage populations following TBI [56, 102]. It is thought that M1 microglia/macrophage
populations are responsible for the production of oxidative species, increased synthesis of pro-
inflammatory cytokines, low levels of anti-inflammatory cytokines, and much of the phago-
cytic activity. As a result, they may contribute to injury progression. M2 populations on the
other hand are believed to play a role in angiogenesis, remodeling of the extracellular matrix,
and support regeneration following injury [103]. When appropriately queued, microglia can
also release neurotrophins to augment neuronal growth and survival [104]. Deficits in the
ability of microglia to perform these functions or to appropriately switch between M1 and M2
phenotypes detrimentally affect brain function [105]. Microglial activation within the injured
area is observed within 648 hours post injury [99] but evidence has shown that microglia can
maintain a primed or pro-inflammatory profile for weeks to months after the acute effects of
injury have dissipated [106]. Recently, it was shown that extracellular vesicles may exchange
pro-inflammatory molecules between brain immune cells, as well as to the systemic circula-
tion, as pathways of inflammation propagation following TBI [107].

Notwithstanding the previous characterization of the pathophysiologic responses to TBI, these
biologic responses occur in individuals who possess biologic differences that can modify their
response to injury [53, 108]. Over the last years, evidence has showed that the brain is capa-
ble of significant structural and functional repair, plasticity, and regeneration. Approaches
for accomplishing this include reawakening the growth potential of the surviving neurons
or antagonizing the inhibition of axonal growth and synaptogenesis. Alternatively, cellu-
lar replacement is achievable in certain brain regions that possess nascent neural stem cells
[25, 43, 109-111]. Thus, the discussed concept of traumatic penumbra imbues the transition
between injury and repair at the NVU with profound implications for selecting the appropri-
ate type and timing of neuroprotective interventions [34]. In this scenario, it is instigating to
investigate which cellular pathways in the traumatic penumbra could play key roles for neu-
rorestoration and, therefore, represent novel therapeutic opportunities for TBI.

2.1. The neurovascular unit in the traumatic penumbra

NVU comprises vascular cells (endothelial cells), perivascular constituents of the blood-brain
barrier (pericytes and astrocytes) and their associated neurons, as well as extracellular matrix
components [112]. NVU also includes microglial cells, vascular smooth muscle cells located
around blood vessels, specialized cellular compartments such as the endothelial glycocalyx,
the endothelial lining of cerebral capillaries, capillary tight junctions, and the capillary base-
ment membrane [113]. Together, the components of NVU detect physiological needs of the
neural tissue and respond accordingly to supply these demands [112]. Consequently, under
normal conditions, cerebral blood flow is maintained constant despite wide changes in perfu-
sion pressure [114], a phenomenon called autoregulation of cerebral blood flow [115].

Traumatic cerebral vascular injury (TCVI) is a major feature of TBI disease. While the complex
molecular and cellular mechanisms responsible for functional deficits after TBI are not fully
understood, substantial data indicate that TCVI underlies a significant fraction of TBI-related
disability. Therefore, in view of its physiological function, the NVU plays an important role
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in the pathogenesis of TBI, whether responding to physical trauma or participating in the
cascade of events that leads to secondary injury in the traumatic penumbra [116]. Endothelial
cells, for example, respond to hemodynamic forces by releasing factors that promote constric-
tion or dilation. Neurons associated with the neural cerebral vasculature release neurotrans-
mitters (e.g. norepinephrine and serotonin for vasoconstriction, and acetylcholine, substance
P, and vasoactive intestinal polypeptide for vasodilation) that diffuse into the tunica media
and act on receptors in the smooth muscle cell layer to elicit either vasoconstriction or dila-
tion. Based on local activity and needs, basal forebrain neurons release vasoactive media-
tors on cortical microvessels and supporting astrocytes to modulate microvascular tone [113].
Consequently, neuronal metabolism and activity are tightly coupled to local cerebral blood
flow [117].

Microvascular injury is observed in animal models of TBI, whether the injury is caused by
impact acceleration, fluid percussion or controlled cortical impact (CCI). Immediately after
TBI, endothelial cells are damaged; subsequently, secondary injury extends to the other com-
ponents of the NVU; decreased blood flow and focal hypoxia disturb the NVU, and various
pathophysiological events, such as BBB disruption, edema, and focal ischemia, take place
[118]. The NVU response to these events include the increased production of nitric oxide and
consequent increase of blood flow right after TBI followed by a period of decreased produc-
tion of NO and consequent decrease of blood flow [119]. Another aspect of the response of
the NVU to these events is the release of damage-associated molecular patterns that trigger
secretion of pro-inflammatory mediators such as tumor necrosis factor, interleukin-6, and
interleukin-1B by glial cells [120]. The trade-off to this response consists of unwanted side
effects such as BBB disruption, edema, hypoperfusion, and oxidative stress, all of which con-
tribute to increase severity of the secondary injury.

Ultrastructural changes in endothelial cells at acutely injury sites are observable 3 hours after
TBI and are still present 1 week later [121]. During this, time swelling of perivascular astro-
cytes is evident; their swollen endfeet constrict capillaries, which leads to a redistribution of
capillary blood flow that can reduce oxygen availability to cerebral tissue even if ischemia
is not obvious [122]. Data from experimental TBI models indicate that increased extravasa-
tion of the contents of blood vessels through microhemorrhages is evident between 3 and
12 hours after the injury [116]. Most of these focal hemorrhages occur in pericontusional tis-
sue, while some occur within the contusion itself and diffusely throughout the ipsilateral,
noncontused cerebral hemisphere; intravascular microthrombi, in turn, peak at 48 hours after
TBI but persist for at least 9 days [123]. Focal microhemorrhages are accompanied by activa-
tion of microglia, reactive gliosis, and recruitment of macrophages; 3 months after the injury,
these microbleed sites are surrounded by glial scars and are characterized by major loss of
myelin [124].

Clearly, endothelial cells are not alone in the response to TBI. During necrotic phases, cytokines,
such as TNF and IL-1, are released by astrocytes, microglia, endothelial cells, and neurons and
contributed to the initiation of neuroinflammation [125]. These cytokines induce microglial acti-
vation and expression by endothelial cells of adhesion molecules, such as intercellular adhesion
molecule 1, aka CD54 (ICAM-1), vascular cell adhesion protein 1, aka CD106 (VCAM-1), P-selectin
(CD62P), and E-selectin (CD62E), which in turn allow attachment of leukocytes (neutrophils and
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monocytes) to the endothelium and their passage across the BBB. These events lead to increased
production of proinflammatory factors at the injured tissue, and leukocytes start releasing MMPs
[125]. These MMPs, which include MMP-2, MMP-3, and MMP-9, degrade extracellular matrix
proteins and tight junction proteins that join endothelial cells with each other, which results in
increased permeability of the BBB. Not surprisingly, the levels of some of these TBI-associated
molecules in the blood, as is the case of MMP-9 [126], have been associated with the outcome of
TBI and may become important tools for patient screening at the emergency unit in the future.

2.2. Pericytes in the traumatic penumbra

Another cell of the NVU, the pericyte, has been recognized as a component of the BBB more
than a century ago [127]. Functions attributed to pericytes in the CNS include regulation of the
BBB permeability, angiogenesis, clearance of toxic metabolites, and capillary hemodynamic
responses [128]. Through the past two decades, pericytes have been increasingly receiving
attention from researchers around the world owing to growing knowledge on their proper-
ties, which suggested they could behave as stem or progenitor cells not only in the mesoder-
mal tissues [129-132] but also in the CNS [133]. Indeed, various types of evidence suggest that
pericytes behave as mesenchymal stem cells in vivo [134], especially the fact that pericytes
isolated through various techniques give rise to cultured cells with mesenchymal stem cell
characteristics [135-137]. Experiments in which the progeny of cells expressing certain peri-
cyte markers was genetically labeled indicate that pericytes give rise to differentiated progeny
in situ in various tissues [138-142], while a recent fate tracing study indicates that does not
happen [143]. Albeit in contrast with previous findings in this area, this latter study confirmed
that isolated pericytes give rise to cultures with mesenchymal stem cell characteristics.

Most of the knowledge on mesenchymal stem cells comes from in vitro studies that used cul-
tured cells with mesenchymal stem cell characteristics. The International Society for Cellular
Therapy has proposed that these cultured cells be called mesenchymal stromal cells (MSCs)
unless they are proved to be stem cells using strict criteria [144], and many studies on this cell
population use this terminology, although it may be inaccurate. Even though MSCs, owing to
their ability to differentiate into various mature cell types, may be used for tissue engineering,
it is their ability to secrete trophic and immunomodulatory molecules [145-147] that render
them so interesting for cell therapies. Therefore, the acronym “MSC” has been proposed to be
used in reference to these cells, but under the designation of “medicinal signaling cells” [148]
or any other that does not include “stem cells” [149].

Even though the question as to whether or not pericytes are able to give rise to mature cell
types in situ warrants further experimentation, it is likely that pericytes may still be impor-
tant for regenerative purposes even if they do not behave as stem cells in the body. Pericytes
can give rise to cultured cells able to secrete a wide range of trophic and immunomodulatory
molecules; consequently, it is possible that pericytes can secrete these types of molecules in
vivo too. When tissue injury occurs, pericytes undergo a process called activation—their gene
expression profile changes and they become proliferative. As MSC cultures endowed with the
ability of secreting trophic molecules can be derived from prospectively isolated pericytes,
it is likely that these MSCs possess characteristics of activated pericytes. An early study has
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shown that some pericytes detach from blood vessels and migrate toward the cerebral tissue
after CCI in rats [150]. Pericytes have been shown to become activated in a CCI model and
progress to a state of reactive pericytosis [151] in reference to the well-known reactive gliosis
observed in various types of CNS injuries. In that study, the number of pericytes in the peri-
contusional area decreased drastically after the injury, remained lower than normal up to
3 days after the injury, and doubled 5 days after the injury; additionally, the authors found
that these activated pericytes remained limited by an area of reactive gliosis. Pericytes were
shown to undergo apoptosis in a cortical organotypic slice culture subjected to hypoxia [152].
More recently, cells with characteristic pericyte markers have been detected and isolated from
necrotic cerebral tissue affected by stroke; these cells were able to establish MSC cultures
[153]. Human brain pericytes cultured under hypoxic conditions were shown to upregulate
the expression of neurotrophin-3, which boosted NGF produced by astrocytes under hypoxia,
contributing to a neuroprotective effect [154]. Whereas, noncultured pericytes isolated from
human adipose tissue express message not only for neurotrophin-3 but also for other neuro-
trophic factors, such as NGF, BDNF, GDNF, and persephin [155].

Another important characteristic of pericytes that can be inferred from their relationship to
MSC:s is the ability to secrete molecules that interfere with the action of immune system cells,
blocking inflammation [156]. However, it should be noted that pericytes do not become acti-
vated immediately upon TBI, and during the initial stages of the response to this injury, they
may contribute to the recruitment of inflammatory cells. Some studies have presented evi-
dence that pericytes may contribute to neuroinflammation owing to their ability to perceive
infection-related or pro-inflammatory signals and respond through secretion of chemokines
that recruit inflammatory cells [157]. In contrast, cultured pericytes have also been shown to
be immunosuppressive, as they can inhibit the proliferation of T cells to the same extent as
MSCs isolated through traditional methods [136]. It is likely, therefore, that pericytes display
a pro-inflammatory phenotype at the onset of TBI, but become immunosuppressive as they
undergo activation, thus contributing to maintenance of a balanced level of inflammation as
the response to injury progresses.

Together, the information depicted above indicates that, under injury conditions such as TBI
or stroke, a number of pericytes die; whereas, the surviving ones become activated, increase
in number, and secrete a number of molecules that exert trophic and immunomodulatory
effects on their surroundings, contributing to mitigate tissue damage caused by the insult,
as previously suggested [155]. While further experimentation is warranted to gain insight
into the details of this process, some questions, such as what is the mode of delivery of these
soluble factors, are yet to be elucidated. Not long after the introduction of the concept that
MSCs exert their reparative effects by means of paracrine factors, microvesicles were found
to work as vehicles for the delivery of trophic molecules secreted by MSCs in acute tubu-
lar injury [158]. The same principle could well apply to activated pericytes in TBI, but that
requires validation. On the other hand, this proposed action of pericytes during the response
to TBI suggests that this process could be explored for the purpose of diagnostics and inter-
vention. On one hand, the detection of pericyte-related molecules in the blood could provide
information on the status of the lesion in acute TBI patients. On the other hand, knowledge on
the main pericyte-derived molecules involved in trophic support of the surrounding cells in
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the injured cerebral tissue may allow the development of novel pharmacological approaches
to minimize tissue damage during the early stages of TBI. These pharmacological approaches
could be further enhanced with the use of microvesicles as delivery vehicles.

3. Neuroprotective and neurorestorative processes in the traumatic
penumbra

TBI triggers adaptive and maladaptive reactions to injury as damaged tissue attempts to
recover [159]. The secondary injury events initiated in the traumatic penumbra lead to cellular
dysfunction and death and determine the extent of brain damage. There may be overlapping
signals and substrates between the initial trigger of injury and the subsequent endogenous
mechanisms of neurorestoration and remodeling (Figure 2). The extended nature of these
events and the multiplicity of targets offer opportunities for innovative therapeutic interven-
tions [34, 160]. Undeniably, with therapeutic options centered on supportive care, trauma-
related mortality and morbidity is an area with unlimited scope for advancement. Therefore,
modulating endogenous repair mechanisms through enhancing neurogenesis could be an
attractive approach for novel therapies for TBI [161].

Neurogenesis was once thought to be discontinued after brain development in mammals.
However, certain areas of the brain retain the ability to generate neurons and glia [162, 163].
In these areas, neural stem cells (NSC) continue the developmental mechanisms to replace
and replenish damaged cells. Neurogenic response includes three different phases: prolif-
eration or generation of new cells, migration of new cells to target areas, and differentiation
into proper cell types [164]. Many factors may affect adult neurogenesis, such as growth fac-
tors, exercise, enriched environment, or stress [161]. Studies have shown that TBI induces an
upregulation of neurogenesis in varying types of TBI models [165]. In that sense, strategies
such as supplementing varying types of trophic factors (i.e. BDNF, VEGF, 51003), manipu-
lating transcriptional regulators, or other pharmacological approaches targeting different
aspects of the endogenous neurogenic response have shown promising results improving
functional recovery following experimental models of TBI [45, 155, 161, 165]. The potential
use of cellular therapies to prevent secondary neural injury and promote recovery of injured
tissue in trauma is an area of emerging investigation. Preclinical data indicate that restorative
therapies targeting multiple parenchymal cells, including cerebral endothelial cells, neural
stem/progenitor cells, and oligodendrocyte progenitor cells, enhance TBI-induced angiogen-
esis, neurogenesis, axonal sprouting, and oligodendrogenesis [45, 161, 166, 167].

Cellular therapies fall into two main categories of cell types: adult multipotent cells and plu-
ripotent embryonic stem cells (ESCs). Adult multipotent cells, such as mesenchymal stem
cells, multipotent adult progenitor cells (MAPCs), hematopoietic stem cells (HSCs), and bone
marrow mononuclear cells (BMMNCs), have the capacity to generate a limited number of
terminally differentiated cell types [168]. Cell-based therapies have been shown to improve
outcomes in preclinical studies of trauma-related conditions via several mechanisms, which
include: (i) production of soluble factors that regulate the exacerbated cell damage through
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Figure 2. Schematic representation of neurorestorative mechanisms in the traumatic penumbra. Secondary injury
progression in the traumatic penumbra can trigger mechanisms of neural tissue survival and recovery. After TBI, a pro-
inflammatory phase occurs in the first hours and days and is followed by a reparative phase lasting from days to months.
Secondary injury progression involves a cascade of events that results in cellular damage through diverse signaling
pathways. In this scenario, components of the neurovascular unit may orchestrate several neurorestorative mechanisms
in the traumatic penumbra. Of particular interest are the neurorestorative mechanisms associated to cellular therapies
using mesenchymal stem cells (MSCs). MSCs may exert paracrine effects through secretion of microvesicles and
exosomes, evoking endogenous reparative mechanisms, and functional recovery following TBI. Indeed, microvesicles
and exosomes can deliver miRNAs to recipient cells, promoting gene regulation and enhancing neuroplasticity.

anti-inflammatory and cell-protective effects (i.e., growth factors, cytokines, microvesicles,
exosomes); (ii) replacement of lost cells by differentiating and integrating into the damaged
tissue microenvironment; and (iii) stimulation of endogenous regeneration of the injured tis-
sue [167]. A multitude of cell types derived from a variety of tissues are currently under
preclinical and clinical investigation for applications in trauma [167]. Multipotent MSCs have
shown promise as an effective therapy for brain injuries in experimental models of acute brain
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injury [165, 169-172] and potentially in clinical settings [173, 174]. However, previous studies
show that only a small proportion of transplanted MSCs actually survive and few MSCs dif-
ferentiate into neural cells in injured brain tissues. It seems that the predominant mechanisms
by which MSCs participate in brain remodeling and functional recovery are likely related
to their secretion-based paracrine effect rather than a cell replacement effect [45, 175-178]
(Figure 2).

In effect, MSCs secrete or express factors that reach neighboring parenchymal cells either
via a paracrine effect or a direct cell-to-cell interaction, or MSCs may induce host cells to
secrete bioactive factors, which promote survival and proliferation of the parenchymal
cells (brain remodeling) and thereby improve functional recovery [178, 179]. In addition
to their soluble factors, therapeutic effects of MSCs may be attributed to their generation
and release of exosomes [178]. Exosomes are endosomal origin small membrane vesicles
released by almost all cell types and contain not only proteins and lipids but also mes-
senger RNAs and microRNAs (miRNAs) [180]. Recent evidence indicates that exosomes
have a crucial role in cell-to-cell communication. In contrast to transplanted exogenous
MSCs, nanosized exosomes derived from MSCs do not proliferate and are less immu-
nogenic and easier to store and deliver than MSCs [181-183]. Exosomes generated from
MSCs improved functional recovery in rats after TBI [45, 175]. Exosomes play an impor-
tant role in intercellular communication and are promising therapeutic agents because
their complex cargo of proteins and genetic materials has diverse biochemical potential
to participate in multiple biochemical and cellular processes, an important attribute in
the treatment of complex diseases with multiple secondary injury mechanisms involved
[45]. The refinement of MSC therapy from a cell-based therapy to cell-free exosome-based
therapy offers several advantages, as it eases the arduous task of preserving cell viability
and function, storage, and delivery to patient [175-178]. Further exploring the mecha-
nisms by which the secretion-based paracrine effect of MSCs participates in neuroresto-
ration and functional recovery following TBI is an outstanding opportunity for research.
The development of cell-free exosome-based therapies for TBI may allow to deliver tar-
geted regulatory genes (miRNAs) to enhance neuroplasticity and to amplify neurological
recovery in TBL

3.1. MicroRNAs

Previous studies have demonstrated that TBI induces extensive temporal changes in the
expression of brain protein, mRNA and miRNA [184-186]. There has been a growing interest
on the role of miRNA in normal CNS development and function, as well as in disease, includ-
ing TBI, stroke, and neurodegenerative disorders. Mature, functional miRNA sequences are
single-stranded RNA molecules composed of 20-25 nucleotides, which regulate gene expres-
sion post-transcriptionally through direct effects on 3'-untranslated region (3' UTR) of mRNA,
resulting in translation repression or mRNA degradation. One miRNA usually targets more
than 100 genes [187]. In turn, a gene may be regulated by multiple miRNAs [188]. It is esti-
mated that over 2000 miRNAs have been involved in the regulation of approximately 30% of
the human protein-coding genes [189].
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Microarray analyses in animal models of TBI have shown a dynamic temporal regulation
of miRNA expression. A report described that a peak of downregulated and upregulated
miRNAs was observed after injury in rat cerebral cortex at 24 and 72 hours, respectively
[190]. The research also revealed that a large number of miRNA was expressed at four dif-
ferent time points after injury: 136 at 6 hours, 118 at 24 hours, 149 at 48 hours, and 203
at 72 hours. In addition, only miR-21 expression was upregulated within all the four time
points post injury, indicating that this miRNA may be involved in the complex process of
TBI course. Another study analyzed changes in expression of 444 miRNAs within the hip-
pocampus of rat TBI models at 3 and 24 hours after controlled cortical impact injury [184].
The results showed that 50 miRNAs had decreased expression levels and 35 miRNAs exhib-
ited increased expression levels in the hippocampus after injury. A bioinformatic analysis
of the predicted targets of a subset of the miRNAs with altered expression after TBI (miR-
107, -130a, -223, -433-3p, -451, and -541) revealed that many of the target genes are involved
in biological functions and processes that play a role in TBI pathophysiology, including
transcription, proliferation, morphogenesis, and signal transduction. A study of microar-
ray analyses of miRNA expression profile in rat hippocampus found that 10 of 156 reliably
detected miRNAs were significantly and consistently altered from 1 hour to 7 days post
injury [186]. Bioinformatic and gene ontology analyses revealed 107 putative target genes,
as well as several biological processes that might be initiated by the dysregulated miRNAs,
that include miR-144, miR-153, and miR-340-5p. Recently, a study analyzed the biological
roles of about 600 genes that are targeted by 10 TBI-altered miRNAs [191]. Bioinformatic
analysis suggested that neurodegeneration results from a global miRNA-mediated suppres-
sion of genes essential for maintaining proteostasis, the competing and integrated biologi-
cal pathways that control the synthesis, folding, trafficking, and degradation of proteins.
Notably, dysregulation of these essential genes would significantly impair synaptic function
and functional connectivity of the brain.

MicroRNAs have emerged as novel serum diagnostic biomarkers for various diseases. The
use of miRNA as biomarkers of brain injury in the serum or CSF could serve as tools for
both diagnosing and stratifying TBI severity. As a biomarker of pathologic process, miRNA
have several unique features, including cell-, tissue-, and disease-specific expression pat-
terns [192, 193]. Studies of CSF in a rat model of mild blast TBI found a significant increase
in levels of one miRNA, miR-let-7i, as early as 3 hours post injury [194]. Prediction analysis
revealed that this miRNA targets TBl-related proteins, such as S100B and ubiquitin car-
boxyl-terminal hydrolase L1 (UCH-L1), suggesting a possible role for miR-let-7i in regulat-
ing TBI pathology. Studies in patients with TBI have identified other miRNAs that may
serve as diagnostic biomarkers for severe (miR-16, —92a, and -765) [195] and mild brain
injury (mir143-3p and mir423-3p) [196]. A recent study using a microarray platform identi-
fied 14 miRNAs differentially expressed (10 upregulated and 4 downregulated) in CFS of
severe TBI patients who remained unconscious for 2 weeks compared with controls [197].
Another study using microarray analyzed the expression of 754 miRNAs in serum of TBI
patients with polytrauma aiming to find biomarkers able to discriminate between mild and
severe TBI [198]. The analysis revealed two miRNAs (miR-425-5p and miR-502) that were
downregulated in mild TBI at early time points and two miRNAs (miR-21 and miR-335)
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that were upregulated in severe TBL. Moreover, miR-425-5p and miR-21 were predictors of
6-month outcome, but with differences regarding the timepoint when they were analyzed
(miR-425-5p: until 1 hour and also between 4 and 12 hours from injury; miR-21: between 4
and 12 hours from injury). Overall, these studies have shown a potential role of miRNA as
TBI biomarkers, but only miR21 has been identified as a candidate in more than one study
[198, 199]. Given that pre-clinical optimism in finding good biomarkers in the past has not
been successfully translated in clinical settings [200], further evaluation of these miRNAs
with larger, multicenter patient cohorts is needed to explore their use as effective biomark-
ers applied to diagnosis and prognosis of TBI.

Besides the studies that evaluated miRNAs as TBI biomarkers, there was an interest
about if miRNAs can be used as therapeutic targets. Hypothermia is a promising treat-
ment for TBI patients because reducing body temperature attenuates neurological damage
and improves functional outcomes [201]. A study presented an intervention on a specific
miRNA-regulated pathway treating rats with an antagonist of miRNA-29c in an animal
model of deep hypothermic circulatory arrest. The results showed that neurologic func-
tion, as assessed by vestibulomotor and cognitive performance tests, was improved in
the pretreated animals as compared to the placebo group. Studies have shown that some
miRNAs that show altered expression after TBI are also temperature sensitive and may
be reduced under hypothermic conditions [202]. Since the pathways in which individual
miRNAs can act are often numerous [203], further studies are needed to clarify the use of
miRNAs in TBI therapy.

The analysis of miRNA in the TBI context may help in understanding the pathophysiology
and possible treatments for TBI as it will provide insights into injury-related gene networks.
However, the underlying molecular mechanisms of how miRNAs cause neurodegeneration
or neurorestoration after TBI remains elusive. Investigating the role of miRNAs in neurologi-
cal disorders is a new frontier for neurological research.

3.2. Extracellular vesicles and exosomes

MSCs have shown promise in the field of regenerative medicine, since exogenously admin-
istered MSCs target injured tissue, interact with brain parenchymal cells, and promote neu-
rorestoration and recovery of neurological function after brain injuries [178, 191, 204, 205].
Despite the differentiation capacity of MSCs, the principal mechanism of their therapeutic
action seems to be a robust paracrine capacity, related to their soluble factors as well as gen-
eration and release of microvesicles and exosomes [178, 205].

Extracellular vesicles (EVs) are membrane bound entities that transmit signals between cells
via all cells and are found in all body fluids [206, 207]. The term “EV” includes microvesicles,
exosomes, and oncosomes, among other vesicles that may be variously defined by origin, size,
and markers [208-210]. EVs interact with target cells by binding to cell surface receptors, trans-
fer of membrane proteins, membrane fusion, endosomal uptake, and cargo extrusion through
vesicle-cell channels [206, 211, 212]. The EV protein and RNA compositions generally reflect
that of progenitor cells [211]. Their ability to transport molecules and to target specific cell
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populations raised possibilities for their development as therapeutic tools [212-214]. MSC-EVs
seem to exert positive impacts on tissue-specific stem cells, promote angiogenesis, and suppress
oxidative stress and fibrosis, and, noteworthy, may suppress pro-inflammatory responses in
brain injury [215, 216]. Indeed, it was shown that MSC-EVs are able to convert M1 into M2
macrophages and, therefore, by switching pro-inflammatory into tolerogenic environments,
MSC-EV administration might promote regenerative processes [170, 205, 212, 215, 217-221].
These therapeutic potentials position EVs as highly competitive alternatives to stem cells, as the
EVs are likely to be safer than their parental secreting stem cells [212].

Exosomes are endosome-derived small membrane nanosized vesicles (30-100 nm in diameter)
generated by almost all cell types and released into extracellular fluids, playing a pivotal role
in intercellular communication [178, 215]. MSC is the most prolific exosome producer among
the cell types known to produce exosomes [204, 222]. Exosomes contain various molecular
constituents including proteins and RNAs from maternal cells. Among these constituents are
miRNAs, which play crucial roles in mediating biological function due to their prominent
role in gene regulation. Via exosomes, MSCs transfer their therapeutic factors, especially miR-
NAs, to recipient cells, and thereby modify gene expression [205, 208]. Although all exosomes
contain the constitutive array of proteins, lipids, and RNAs, their contents vary in accordance
with the cellular origin and the physiological or pathological condition of the cell and of its
extracellular environment [204]. Most of the studies have demonstrated that MSC-derived
exosomes contain various miRNAs, which participate in the cell-cell communication and alter
the fate of recipient cells [204, 223, 224].

Overall, it has been widely accepted that the exosome secretion is an efficient adaptive mech-
anism since environmental challenges (such as stress conditions) can influence its compo-
sition, biogenesis, and secretion [204, 205, 225]. In fact, through preconditioning or genetic
manipulation of neural cells, their exosome secretion profile can be modified [205, 215]. Of
note, hypoxia and endothelial activation may be reflected in RNA and protein exosome com-
position [226, 227]. Furthermore, stressed cells that released exosomes conferred resistance
against oxidative stress to recipient cells, suggesting that cells modulate intracellular stress
situations and modify the surrounding environment via the secretion of exosomes [225, 228].
Also, the MSC exosome profile can be modified by pretreatment. When MSCs were in vitro
exposed to brain tissue extracted from rats subjected to middle cerebral artery occlusion, the
miR-133b levels in the released exosomes from MSCs were significantly increased [229]. Thus,
there is a feedback between the MSC and its environment, and through which ischemic condi-
tions will modify the exosome contents, and consequently, the secreted exosomes affect and
modify the tissue environment [205, 230]. Regarding the brain, impacts of MSC-EV treatment
were mainly studied in models for ischemic stroke and TBI and reduced apoptosis rates in
affected brains, while promoted angiogenesis and neurogenesis [175-177, 215, 231-236]. Both
systemic pro-inflammatory and neuroinflammatory cues were reduced following MSC-EV
treatment [107, 215].

Administration of cell-free exosomes derived from MSCs is sufficient to exert therapeu-
tic effects of intact MSCs after brain injury [176, 231, 232, 234]. The exosomes transfer
RNAs and proteins to other cells which then act epigenetically to alter the function of the
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recipient cells [175, 178, 205, 215, 225]. Previous studies indicated that MSCs promised
to be an effective therapy for brain injury in TBI [175-177, 215, 231-236]. Instead of brain
remodeling and functional recovery by cell replacement effects, evidence suggests that
the major effects of neurorestoration were due to the paracrine effects of secretion-based
factors such as MSCs-derived exosomes that may reduce neuroinflammation, promote
neurogenesis and angiogenesis, rescue pattern separation and spatial learning impair-
ments, and improve functional recovery after TBI in animal models [107, 176, 178, 191,
204, 205, 215, 216, 235-237]. In addition, as exosomes contain various miRNAs, which play
a key role in modifying the phenotype and/or the physiology and modulating the cellular
processes of the recipient cell, and miRNAs such as miR-21 could be potential therapeutic
targets for interventions after TBI, the combination of miRNAs and MSC-derived exo-
somes might be a novel approach for the treatment of TBI [238]. That is, MSCs-derived
exosomes that carry and transfer their cargo such as miRNAs to parenchymal cells may
mediate brain plasticity and improve functional recovery after TBI [204]. Furthermore,
another potential application of brain endothelial-derived eMVs could be as biosigna-
tures for monitoring the health of the BBB in CNS conditions associated with trauma and
neuroinflammation [239].

Hence, MSC-derived exosomes play an important role in intercellular communication and
have shown promise in the field of regenerative medicine including treatment of TBI. The
refinement of MSC therapy from a cell-based therapy to cell-free exosome-based therapy
offers several advantages, as it eases the arduous task of preserving cell viability, storage,
and delivery to patient [178, 215]. Indeed, due to the nanosize of exosomes, they can across
the BBB and present lower risk of vascular occlusion than intact stem cells [204]. Developing
a cell-free exosome-based therapy for TBI may open up a variety of means to deliver targeted
regulatory genes (miRNAs) to enhance multifaceted aspects of neuroplasticity and neurores-
toration in TBI [178, 205].

4. Conclusions and perspectives

Despite the burden of the morbimortality of neurotrauma, currently, there are no single
agent treatments known to improve TBI outcomes. Furthermore, the diverse etiology and
complicated pathogenesis of TBI make it difficult for clinical diagnosis and prognosis of
outcome. Since TBI acutely triggers adaptive and maladaptive reactions to injury while
damaged tissue attempts to recover, understanding the mechanisms of neural injury and
neurorestoration is crucial for the development of novel therapeutic approaches. The sec-
ondary injury events initiated in the traumatic penumbra lead to cellular dysfunction and
death and determine the extent of brain damage. Nevertheless, recent evidence shows that
response to injury may also trigger neurorestoration. In the above context, microvesicles
and exosomes secreted by MSCs may induce intrinsic repair mechanisms that sustain post-
traumatic recovery. Indeed, evidence shows that cell-free, exosome-based therapies for TBI
may deliver molecules that regulate gene expressions to enhance neuroplasticity and neu-
rorestoration following TBI.
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Abstract

Traumatic brain injury (TBI) also known as intracranial injury is the result of a lesion
within the brain due to an external force. Common forms of TBI result from falls, vio-
lence, and/or vehicle crashes; the classification of this pathology is dependent on the
severity of the lesion as well as the mechanism of trauma to the head. One of the most
common onsets of traumatic brain injuries result from mild to severe lesions to the white
matter tracts of the brain called diffuse axonal injury (DAI); however, additional forms of
TBI's can present in non-penetrating forms. Penetrating forms of TBI's such as trauma to
the head via a foreign object do also contribute to the many millions of TBI cases per year,
but we will not discuss these traumatic injuries as in depth within this chapter. The onset
of diffuse axonal injury will vary on a per-patient basis from mild to severe, based on a
standardized neurological examination rated on the Glasgow Coma Scale (GCS), which
indicates the severity of brain damage present. While there is a spectrum of severity for
DAL patients, a concussion is typically observed within a larger majority of patients in
addition to other overwhelming trauma.

Keywords: trauma, diffuse, axonal, injury, intracranial

1. Introduction

In this chapter, we will discuss in depth the pathology of diffuse axonal injury (DAI) touch-
ing upon clinical presentation/keynote characteristics, medical diagnosis, radiological imag-
ing, treatment, prognosis, historical outcomes, and quality of life aftercare [1]. While diffuse
axonal injury is included within the broader category of intracranial injury, it is essential to
note the physiological severity it plays on the life of the patient. Trauma to any region of the
head should prompt immediate concern and medical attention. While DAI is one of the worst
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forms of lesions to the brain, we would like to approach this topic with a sense of urgency as
it is frequently seen in medical centers worldwide [2].

2. Diffuse axonal injury: a devastating pathology

2.1. Keynote characteristics

Alongside the many forms of intracranial injuries, the differential key characteristics of
DAI are the lesions which occur within the white matter. White matter is composed of sev-
eral bundles of myelinated axons which connects gray matter together. Gray matter houses
the neuronal cell bodies within the brain and is highly regulated in regard to transmission
of neuronal impulses [3-5]. Lesions of white matter can vary in size greatly, as they typi-
cally present as 1-18 mm wide in trauma and affect the frontal and temporal lobes mostly.
However, it is not limited to that region entirely as regions of the brainstem and corpus
callosum have also been affected quite frequently according to literature [6, 7]. Axonal
injury to the brain is at times an irreversible trauma, which results in loss of consciousness
and even death. Forces of greater magnitude striking the head almost immediately discon-
nect axons within the site of impact. Secondary axon disconnections also develop resulting
in severe brain injury [8, 9]. Human physiological symptoms as a result of trauma also
set in, such as swelling and degeneration of nerves. The bodily response places the brain
under the extreme amount of pressure and is often exposed to irreversible damage [10,
11]. While it was once assumed that sheer force is the responsible factor for the disconnec-
tion of axons, it is indeed false to assume that. It is the biochemical response to the impact
stimuli which causes that largest impact on axons. However, impact does in fact cause
some lesions but not comparable to the damage done by biochemical cascades which fol-
low the impact [12, 13]. Biochemical pathways within our bodies are greatly responsible
for the axonal disconnect which occurs secondary to the traumatic impact. The biochemi-
cal response is due to the physical stress and stretching caused by the force of impact.
The impact disrupts the proteolytic metabolism and degradation of cytoskeleton; sodium
channels open within the axolemma causing a strong wave of neuronal depolarization. To
balance the influx of cationic sodium, calcium channels also open allowing the stronger
cation metal to leave the neuron and into the cell to depolarize the neuron. The excess of
calcium ions within the extracellular cavity activates a cascade of enzymes, leading to the
activation of phospholipases and other enzymes that act on the cytoskeleton and cause
severe damage. This biochemical pathway ends with axonal separation and cell death
[14]. Axonal stretching and disconnect occur 1-6 hours after initial trauma. While irrevers-
ible brain damage has already occurred, severe damage is yet to come. While the axonal
network is compromised, the axonal transport still continues and is halted at any point
where the neuronal network is cleaved or compromised. At the site of axon disconnect,
transport products and cell debris begin to build up, causing local swelling and severe
compression [15-17].
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In Figure 1, take note of the leading causes of diffuse axonal injury, their severity, and chance
of recovery.

2.2. Clinical presentation

Many patients that have sustained a traumatic brain injury (TBI) to a certain degree suffer from
diffuse axonal injury (DAI). Many patients presenting to emergency and trauma centers with
DALI are unconscious and have strikingly poor neurological examination results. The Glasgow
Coma Scale (GCS) (Figures 2 and 3) is a neurological scale which establishes an objective way
to rate the state of consciousness of patients. The sum of the three categories will allow for the
determination of the GCS score and patient consciousness [18]. Patients presenting with DAI
are often reflecting vivid signs of functional impairment of the brainstem and impairment of
the reticular activating system as many of the physiological vital signs are maintained through
external sources (e.g., life support) [19]. While alertness and responsiveness may develop
slowly over a longer course of time with intensive rehabilitation, the rate of mortality with
patients presenting with DAI is extremely high, as high as 50% in severe cases. In patients
whom consciousness can be restored, cognitive and memory impairments persist through the
remainder of the patient’s life [20, 21].

Cause Severity | Chance of Recovery
1. Automobile Accidents Extreme | Mild

2. Sport Related Accidents Extreme | Mild

3. Violence Extreme | Low to Mild

4. Accidental Falls in Elderly Extreme | Low

5. Child Abuse (Shaken Baby) | Extreme | Minimal to None

6. Intoxicated Related Falls Extreme | Mild

Figure 1. Most common causes of diffuse axonal injury. Listed from the highest to the lowest occurrence.
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Figure 2. The Glasgow Coma Scale.
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The GCS ranges from 3 to 15, three being coma/death and 15 being a fully functioning and
awake person. These scores can be the summation of the visual, motor, and verbal scores.

2.3. Medical diagnosis

Due to the fact that there are no distinctive clinical symptoms that patients present with that
allow medical professionals to immediately diagnose DAI, physicians must rely on neurologi-
cal examinations and radiographic imaging to diagnose patients and predict their prognosis.
Magnetic resonance imaging (MRI) is the preferred examination for DAI, accompanied with
computed topography (CT) scans [22]. A key indicator for the onset of DAI is the minimal yet
visible bleeding within the region of the corpus callosum and/or the cerebral cortex. It is essen-
tial to note that while trauma may cause axonal disconnect, the vast majority of axonal damage
occurs through secondary biochemical degradation. Thus, patients may first appear to be in
a functional state, but over 1-6 hours, a patient’s condition may drastically change [23, 24].

2.4. Use of DTI to diagnose DAI

Newer radiographic studies such as diffusion tensor imaging (DTI) is an MRI technique,
which enables radiologists to measure the diffusion of water in the tissue to then create
neural tract images. This method provides pertinent structural information and can even
do so for cardiac muscles and prostate muscles [25]. In cases where MRI may demonstrate
a negative result to DAI, DTI has been able to show a degree of injury to the white matter
fiber tract [26].

2.5. Use of evoked potential to diagnose DAI

Sensory-evoked potential examination studies the electrical activity within the brain and its
responsiveness to stimulations such as light, sound, and touch. Neuronal impulses travel via
chemical and electrical pathways; these studies detect electrical potentials within the cerebral
neuronal network. When patients present to medical centers already in a state of a coma,
medical teams must perform a series of neurological examinations which may be challenging
when patients are unconscious. A neurological examination conducted typically by neurosur-
geons is to test all the 12 cranial nerves and observe appropriate reflexes; a positive result indi-
cates the level of intactness of the central nervous system [27]. Visual-evoked response (VER)
test can be used to test and diagnose nerves that affect sight; these are called optic nerves.
Electrodes placed along the patient’s scalp can detect and record electrical signals as the
patient’s eyes are exposed to light stimuli [28]. Brainstem auditory-evoked response (BAER)
test examines one’s hearing ability and the neuronal network involved in the detection of
sound. Results that signify a compromised neuronal network can be indicative of brainstem
damage or the presence of a tumor within the brainstem; for the sake of this chapter, we will
assume that head trauma was the result of brainstem damage. Once again, through electrodes
placed on the patients scalp and earlobes, auditory stimuli are presented to the patient, and
the patient’s reactions are recorded. Auditory stimuli must vary in frequency and tone to
establish a complete understanding of the patient’s responses [29]. Lastly, somatosensory-
evoked response (SSER) examinations can be utilized to detect issues within the spinal cord
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often seen clinically with patients presenting with numbness of the arms and legs. In patients
presenting with TBI, verbal communication is limited or unsustainable; thus SSER can be
utilized to detect any neurological issues present within the spine [30]. Mild electrical stimuli
will be presented to the patients scalp via electrodes; nerves will then transfer the electrical
signal to the brain through which reading can be visualized on a medical recorder device. The
duration of time which it takes for electrical signals to travel can indicate the presence of spi-
nal trauma or compromise [31]. These examinations are utilized quite commonly throughout
medical practice especially when neurological compromise is suspected; through the detec-
tion of electrical impulses through the scalp, medical personnel can gain an understanding of
the patient’s neurological state, especially in suspected DAI patients where an unconscious
state is commonly presented with.

2.6. Use of electroencephalogram to diagnose DAI

Traumatic brain trauma is indicative of patients with suspected DAI; electroencephalograms
provide medical teams a sufficient amount of information regarding a patient’s state of
consciousness and cognitive processing. DAI patients have experienced a traumatic injury,
which is accompanied with impaired consciousness and cognitive function as well as impaired
motor functions with severe cases posing with damage to vital neuronal structures such as the
brainstem [32, 33]. Essentially, the severity of the traumatic impact on the brain may alter or
completely change the prognosis and outcome of rehabilitation efforts [34]. Within the chronic
stage of diffuse axonal injury, it has been observed that the mean frequency of the brain alpha
wave activity was dramatically low and remained low over the mean of all the wave peaks.
Brain waves are monitored via electroencephalogram, and low alpha waves do indicate an
abnormal brain function. In addition, brain spindle activation in normal patients appears to
have similar activity and strengths; in patients presenting with DAI, activation spindle activ-
ity varies across the brain and greatly varies among slow to fast spindle fibers. Despite the
low alpha waves observed in patients presenting with a coma, delta and theta waves are also
diminished; thus, sleep cycles are dysregulated and abnormal adding to the uphill climb dur-
ing the rehabilitation process [35-37]. While electroencephalograms carry a stigma that they
present no meaningful results which a diagnosis can be based off of, we would like to empha-
size the impactful contribution electroencephalograms have on medical diagnosis as well as
their daily use in medical centers worldwide.

2.7. Radiological findings: computed topography (CT)

As we have discussed previously, diffuse axonal injury (DAI) is characterized through lesions
within the white matter of one’s brain; severe case lesions are present within the corpus cal-
losum and brainstem. Thus far, we have discussed many of the electro-neuromonitoring tech-
niques utilized within medical centers, but to obtain a clear diagnosis, radiographic imaging
techniques are coupled with electro-neuromonitoring practices and physician neurologi-
cal exams to yield a confirmed DAI diagnosis. Within this section we discuss in depth the
radiological examinations conducted to confirm DAI diagnosis. Computed topography (CT)
scans is typically utilized first, while CT scans are not entirely as sensitive to visualize subtle
DAL a slight abnormality observed in a CT scan can spark the interest for further investigation
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by MRI. A non-contrast CT scan of the brain with head injury is a routine and can allow visu-
alization of lesions which are overtly hemorrhagic. A hemorrhagic lesion within the brain will
appear hyperdense and present as a few millimeters in diameter [38].

While lesions may be apparent on CT imaging following trauma, the highest visibility will be
observed a few days after the trauma, followed by a significant amount of cerebral swelling,
compression, and intracranial pressure [39, 40]. While computed topography is not recom-
mended for the sole diagnosis of TBI, coupling with additional diagnostic data allows CT
scans to add to the holistic diagnosis. CT scans have been shown to identify TBI in only 19%
of nonhemorrhagic lesions; however, when utilizing T2-weighted imaging (T2WI), identi-
fication rate rises to 92% accurate diagnosis [41]. T2-weighted imaging (T2WI) is the basic
pulse sequence within an MRI; weighting highlights the variability between T2 relaxation
times. When lesions are of hemorrhagic entity, CT scans are sensitive enough to visualize
lesions quite well; only for nonhemorrhagic lesions do CT scans have difficulty visualizing
with appropriate detail. A general rule of thumb is that if small lesions are visible in CT scans,
then the overall damage is greater than expected and often classified as severe trauma.

As we mentioned above, a significant amount of damage results after the initial traumatic
impact; Figure 4 illustrates the CT scan of a patient’s head for whom was diagnosed with DAI.

2.8. Radiological findings: magnetic resonance imaging (MRI)

While computed topography (CT) scans provide valuable information to the medical care
team, the use of magnetic resonance imaging (MRI) is by far the modality of choice when a
DALI is suspected [43]. If a CT scan shows a normal pathology, an MRI will be performed to
validate those results. There are specific series of MRI’s that can be completed to assess for
the presence of a DAL In this section, we will discuss two forms of MRI. The first form is
gradient-recalled echo (GRE) sequence imaging, and the second is susceptibility-weighted

Figure 4. Computed topography scan of patient diagnosed with DAI [42]. From left to right, CT scan of day 1 vs. 11.
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imaging (SWI) [44]. GRE imaging methods utilize gradient fields to produce transverse
magnetism and flip angles that are less than 90°. SWI is an MRI sequence, which is particu-
larly sensitive to substances which disturb the magnetic field; this method of MRI is extremely
useful in detecting blood [45-47]. The use of SWI and GRE is paramount in analyzing the
severity of lesions that occur in TBI and suspected DAI. As the junction point of white-gray
brain matter is most susceptible to lesions, the use of MR, specifically GRE and SW], is crucial
in obtaining a diagnosis and severity of DAI [48]. As lesions can be both hemorrhagic and
nonhemorrhagic, the use of MRI with increasing fluid-attenuated inversion recovery (FLAIR)
signal can be utilized to study lesions that are completely nonhemorrhagic [49]. A FLAIR is
fluid attenuation inversion recovery, which utilizes a long inversion time (TI) of the pulse
sequence such that at equilibrium there is no net-transverse magnetism of the fluid and thus
is visualized. The use of FLAIR is quite common in evaluation of the central nervous sys-
tem (CNS), especially for head injuries [50, 51]. While MRI technologies are among the most
accurate in the field of medicine and modern technology has opened the door to even more
precise medical diagnosis, just because the MRI does not show a problematic pathology for
the diagnosis of DAL it does not mean the patient is clear of that diagnosis.

In Figure 5 through Figures 6-8, we can see the MRI scans of patients who were diagnosed
with DAI using the GRE and SWI technologies we discussed earlier, as well as the T2 W1 and
FLAIR methodologies.

2.9. Treatment options for DAI

While there are many events that may bring on DAI, the treatment is very much similar to
that of any head trauma. DAI-suspected patients present to medical centers worldwide with

Figure5. (A) MRI-GRE image of a 30-year-old male patient presenting with head trauma. (B) Image depicting hemorrhagic
DAI [52]. Magnetic resonance imaging (MRI) of a 30-year-old patient which presented to medical professionals in an
unconscious state of mind with a severe brain injury. (A) Arrows pointing to high-signal foci within the corpus callosum,
a structure responsible for cerebral cortex communication between paralleled structures on the two hemispheres. Arrows
indicate a restricted diffusion, technically known as abnormally low ADC (apparent diffusion coefficient) values. (B)
Appearance of “blooming,” indicated by the arrow, apparent in a gradient-recalled echo (GRE) sequence, much similar
to a spin-echo MRI. Blooming is an artifact of radiological images which exaggerates the presence of lesions which is
extremely useful in the detection of small lesions. Blooming may be seen when certain elements/compounds are present
during imaging such as hemosiderin or metals (calcium).
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Figure 6. A 21-year-old patient presenting to ER following traumatic bicycle accident. Glasgow coma scale score of
6 (see Figures 2-3). Patient presents with nonhemorrhagic lesions visualized through high signal intensity at T2 W1,
discussed above. This image is shown under high signal intensity at T2ZW1 indicating lesions within the corpus callosum
of a 21-year-old patient following a traumatic brain injury resultant of a bicycle injury. The arrow is indicative of a
nonhemorrhagic lesion at the splenium (posterior end) of the corpus callosum [53].

Figure 7. Additional imaging of the 21-year-old bicycle accident patient described above. Image captured using the
FLAIR methodology also discussed above. Same patient as above (21-year-old bicycle accident patient) presenting with
traumatic brain injury and nonhemorrhagic lesions of the splenium of the corpus callosum. This image is obtained using
the fluid-attenuated inversion recovery MRI sequence, often called FLAIR sequence. This form of imaging is useful in
suppressing the cerebrospinal fluid (CSF) effects on radiological imaging allowing the higher-intensity appearance of
lesions. In this image, the FLAIR imaging also confirms the initial diagnosis [53].
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Figure 8. Hemorrhagic DAI [54]. An 83-year-old female patient presenting to the clinic post-fall. The image above is an
axial gradient-recalled echo (GRE) image, which indicates and draws focus to the right temporal lobe which, indicated
by the white arrows, shows the resulting injury of a hemorrhagic diffuse axonal injury.

symptoms of being unconsciousness and/or in a severe coma to which the patient has sustain
mild to severe brain damage often of the irreversible form. In the event that a patient regains
consciousness and makes a near-full recovery through the management of brain swelling,
hemorrhage, and neurological network status, there are a multitude of therapeutic modalities
that can be pursued to maximize the chance of a near-full recovery. This plan entails a variety
of medical professional care for the patient each in a specific regard [55]. Upon discharge
from trauma and emergency centers, patients enter a long and intensive program for multiple
forms of therapeutic care consisting of the following modalities: speech therapy, physical ther-
apy, occupational therapy, recreational therapy, adaptive equipment training, and counseling
[56]. Deficits resulting from TBI include impairments in movement, balance, and coordina-
tion, accompanied by sensory deficits, behavioral changes, cognitive defects, and communica-
tive defects. In our efforts to restore quality of life back to the patient’s life, we will discuss the
several modalities of therapy and their application to patients recovering from DAL

Speech therapy, conducted by a licensed speech and language therapist, first completes a
formal evaluation of patients cognitive and communication skills as well as their swallow-
ing skills. An oral examination is also conducted to ensure the strength and coordination of
the muscles involved in producing speech. Following the assessment, therapists will engage
in a series of short conversations to gage the patient’s ability to form understandable and
coherent speech; patients are often presented with a series of questions relating to their life
and daily tasks prior to the traumatic accident. In the event that a patient presents difficulty
utilizing muscles involved in speech or forming speech in itself, therapists will then evaluate
the patient’s ability to swallow or gag in the presence of a gag stimulus. Concluding the series
of examination, the therapist conduct is a developed plan that highlights the focus areas for a
patient, often separated into primary, secondary, and tertiary goals. Primary goals are to get
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the patients general responses to sensory stimuli to appropriate levels, followed by educa-
tion of the patient’s family and friends on proper interactions with a person going through
speech therapy. Secondary goals are to build cognitive skills such as attention and reduce
any confusion a patient may have. Gaining a sense of balance while sitting and standing is
also a secondary goal of therapists, allowing the patient to reestablish the necessary muscle
memory and neuronal demands balance has on a human body. Later on, through the process
of recovery, tertiary goals include the patient reestablishing cognitive maps and problem-
solving skills. Often hard to accomplish even for the first time, therapists work on these skills
as well as social skills for life outside of the medical center. While the title of speech therapy
seems limited to the physical act of producing speech, it is actually a major component of not
only speech-forming techniques but also techniques that must be remastered in areas such as
cognition and basic physical skills such as balance [57-60]. The process of relearning task one
learned earlier in life, involves the reconstruction of neuronal networks, is an example of the
many neuronal networks and pathways within a human mind [61].

In addition to speech therapy, patients also go through extensive physical therapy to restore
the patient’s life as close to their pre-trauma life as possible. Physical therapists work closely
with both the patient and their family to develop goals and an individualized treatment plan
pertaining to the symptoms displayed by the patient. Depending on the severity of damage
the brain has sustained and the patient’s level of consciousness, a series of daily task-specific
trainings will be conducted. A patient who is said to be in a “vegetative state” has retained basic
brain function but is unaware of their surroundings and requires assistance with body posi-
tioning. Additionally, patients who are said to be in “minimally conscious state” show begin-
ning signs of inconsistent awareness; however, they require assistance with almost all physical
movement. A vast majority of patients presenting to physical therapists are in a form of a veg-
etative state following a mild to severe head trauma, specifically when a DAI is diagnosed [62].
The primary goals for physical therapy are to aid the patient in regaining a sense of alertness,
the understanding of physical movement, and the ability to follow commands. Secondary goals
include movement, muscle strength, and flexibility. Additionally, movement around common
daily objects such as beds is also a secondary concern for physical therapists. The activities
conducted within physical therapy sessions include a tremendous amount of both mental and
physical learning, balance and coordination, as well as strength and energy [63-65].

While physical therapy focuses on movement, strength, and balance as a whole, occupational
therapy takes a more targeted approach in dealing with day-to-day activities such as walking
down stairs, brushing one’s teeth, and opening a door, to name a few. Occupational therapists,
just like any other therapist, begin therapy by assessing the severity of the patient’s physical dis-
ability. Often, the Canadian Occupational Performance Measure (COPM) is used to assess the
patient’s performance and life satisfaction [66]. Additionally, patient questionnaires are utilized
to gain a psychological baseline as the school of thought behind occupational therapy strongly
believes in the patient’s psychological motivation. The Community Integration Questionnaire
(CIQ) and the Satisfaction with Life Scale (SWLS) both assess a patient’s social interaction,
productivity, and cognitive judgments. With these metrics, occupational therapists are able to
design personal goals for the patient to first improve self-awareness, then improve physical
activity which related to daily life, and lastly to restore as much as memory recall as possible
[67, 68]. Occupational therapy is not as structured as speech or physical therapy; this form of
therapy truly evaluates a patient’s quality of life and psychological state prior to beginning any
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form of therapy which involves movement. Figure 9 illustrates the many factors of occupational
therapy in a primary care setting, highly correlative to what is seen in post-trauma care [69].

While patients receive a tremendous amount of in-hospital care, they also receive a unique and
more social form of treatment called recreational therapy. This form of therapy involves the
therapist designing activities to improve and enhance the patient’s self-esteem and social skills
while also practicing balance, coordination, strength, and additional motor skills. These thera-
pists aim to design social outings for the patient and their friends/families to allow the patient
to not only feel loved and supported but to also reintroduce key life skills such as team build-
ing and social interaction. Within this form of therapy, highly trained canines may be utilized
as well as more hobby-like activities such as gardening, recreational sports, and even holiday
functions, such as decorating or baking [70, 71]. While this form of therapy is less aggressive
and directed, data has continuously shown the remarkable outcomes that recreational therapy
has not only on the patient’s physical abilities but also on the overall happiness of the patient
and their quality of life, a truly life-changing treatment in the posttraumatic realm [72].

For many patients that have suffered from a severe form of DAI, adaptive assistive tech-
nologies will be essential to restoring the quality of life back for the patient. Adaptive assis-
tive technologies are medical devices that are used to aid the patient in completing daily
living activities such as bathing, walking, and eating [73]. These forms of medical devices
are crucial for the treatment of DAI in that they provide patients who otherwise would be
confined to a bed the ability to be mobile again. Common forms of these devices include
wheelchairs, crutches, prosthetics, and orthotics. Despite the mobility, these devices can also
assist with sensory such as hearing and touch, as well as safety with devices that alert the
patient when an alarm may sound or a door bell may ring. For many of us, we take these
devices for granted and do not understand their true lifesaving powers, especially for DAI
patients who have experienced a great deal of trauma and require these devices in order to
live a quality of life [74, 75]. Engineers today are working on the development of novel assis-
tive technologies, such as the intelligent power wheelchair seen in Figure 10, which will allow
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Figure 9. Factors involved in occupation therapy [69].
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Figure 10. Assistive technology: Intelligent power wheelchair prototype for clinical applications.

many DAI patients who may never have the ability to walk again to be able to venture the
world and be more independent. Many posttraumatic DAI patients buffer from immobility
and are confined to the limits of a wheelchair; with technological advances such as these, we
expect to see a tremendous gain in patient’s quality of life [76].

We have currently discussed the many forms of treatment available to patients who have sus-
tained a TBI, specifically DAI; however, despite all form of treatment to restore mental and
physical quality of life, counseling is also just as an important characteristic. Any injury to the
brain is catastrophic and especially for the patient and their family. One of the most highly uti-
lized forms of treatment is counseling, often for patients that present with a sense of worthless-
ness, loneliness, and frustration over their predicament [77, 78]. Counseling sets out to answer
a series of questions regarding the patient’s life; these questions tend to deal with first, identi-
fying the problem and then understanding the severity of the problem. Through every second
of counseling, it is important that the patient feels that counseling will be the solution to many
of their problems as well as that patient’s privacy will be upheld to the maximum extent [79].

Through the many different modalities of therapy, the treatment for DAI is one that can span
over the year with no real guarantee that progress will be made. The diagnosis of DA is life-
changing at best and is often the result of severe brain trauma. In the event that a patient is
successful in the battle to regain consciousness and expelled out of their coma, the uphill bat-
tle to restore a quality of life begins [80]. Through the many forms of DAI treatment available
to patients today, slight improvements are possible, and faith in the various treatment meth-
ods is at an all-time high [81, 82]. The primary form of counseling patients receives frankly
a conversation regularly with therapists focusing on reducing frustration and anxiety and
resorting the sense of self-worth. At the end of the day, the patient must come to term with
their new situation and establish a new life; while this is easier to be said than done, counsel-
ing has successfully completed this task multiple times. To patients climbing the uphill battle
of DAI treatment, we wish you the best of luck and a speedy recovery.

2.10. The history behind DAI

In 1956, Sabina Strich, the scientist known to have first identified and described the diffuse
degeneration of white matter and white-gray matter lesions, published the first ever study
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focused on the matter seen within the cerebral region of five patients that had sustained closed-
head injuries of severe form [83]. A case study of five patients set the landmark for pathological
investigations into brain damage and traumatic head injuries, specifically diffuse axonal injury
[84]. While in 1956, the human brain was not entirely understood as well as technology was
not at the level it is today to have been able to radiographically or investigatingly screen for
the presence of head trauma, thus the rate of mortality was strikingly high. Of the five subjects
Strich was investigating, all patients succumbed to their brain injuries weeks to months after
the initial trauma. While there was no striking evidence for the presence of DAI, Strich came
to the realization that extended degeneration of axons over a time period after the trauma was
responsible for the high rate of mortality. The pathologic term DAI was established after Strich
published her findings; later, it was agreed that DAI was a multipart pathology in that not only
does the initial trauma cause severe damage, but also secondary factors such as biochemical
cascades, edema, and hypoxia also contribute to the pathology as a whole [85, 86]. It was in the
early 1980s where the official term, DAI, was introduced and accepted worldwide as a pathol-
ogy which played a key integral role in the posttraumatic development of the patient [87].

2.11. Neuroinflammation: a novel understanding

Inflammatory response within the brain resulting after a traumatic brain injury, specifically a
DA, is mediated by microglia. Oehmichen et al. conducted an experiment in which microglia
were immunohistochemically labeled to enable their ability to track areas of axonal injury by
observing infiltration [88-90]. Microglia will localize to the region of trauma and become activated
such that they are able to isolate compromised structures and locate injured axons. Infiltration
mentioned briefly above will become evident after 24 hours in young patients or 48 hours in elder
patients and can last for as long as 2 weeks or even a month for particular cases [91]. Cytokines
are the key factor involved in inflammation; interleukin (IL) families 1, 6, and 10 also play a role as
mediators of inflammation, accompanied by TNF, a tumor necrosis factor which is a cell signal-
ing protein utilized by the body during inflammation. Within a rat model, traumatic brain injury
is correlated with a rapid increase in cortical IL-1 alpha and beta sub-factors of the IL-1 family.
These interleukins were demonstrated to rapidly increase the rate of inflammation within the rat
model [92]. Additionally, interleukin-6 (IL-6) family has also been shown to increase in expres-
sion 1-6 hours after the traumatic brain injury. The highest levels of IL-6 mRNA transcription and
IL-6 cytokine expression occurred in regions where diffuse axonal damage was the greatest [93].
Within the body, interleukin (IL)-6 plays a key role in the homeostatic control of inflammation-
activating cofactors such as granulocytes, lymphocytes, and NK, which rapidly diffuse within
the blood in the event of a traumatic injury [94, 95]. The inflammatory response while deadly if
not controlled actually increases the likely hood of neuronal damage recovery; however, due to
the constant volume of the given region and risk of cerebral compression, inflammation must be
controlled to minimize any risks of mortality or compression-induced damage.

2.12. Conclusion

In this chapter, we have discussed in detail the pathology of diffuse axonal injury (DAI) as
a result of traumatic brain injury (TBI). Although this pathology represents a mild to severe
disease which complicates or often deprives patients from a normal life, implementation of
effective therapy and rehabilitation treatment, along with the adaptation of novel therapy
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Figure 11. Demonstration of the most common form of DAI impact injury [96].

methodologies, patient course and prognosis may be substantially improved, mitigating trau-
matic sequelae and long-term posttraumatic outcomes. We hope that you have learned a great
deal in regard to DAI, its pathology, and biochemical characteristics. In Figure 11, we hope
to visualize the most common physical action that results in DAL Axonal injury is typically
resulting from an external force that is acted upon the brain causing a rotational force to be
acted upon the axon along with a severe impact of the brain along the skull. Stay safe!
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Abstract

Fibrinogen (Fg) is one of the biomarkers of inflammation and a high risk factor for many
cardiovascular and cerebrovascular diseases. Elevated levels of Fg (hyperfibrinogenemia,
HFg) are also associated with traumatic brain injury (TBI). HFg in blood alters vascular
reactivity and compromises integrity of endothelial cell layer that ultimately can result in
extravasation of Fg and other plasma proteins. Proteins deposited in extravascular space
may form plaques which can lead to neurodegeneration. Among these plasma proteins
are amyloid beta (AP) and/or cellular prion protein (PrP‘) that can form degradation
resistant complexes with Fg and are known to be involved in memory impairment. The
purpose of this chapter is to propose and discuss some possible mechanisms involved in
HFg-mediated cerebrovascular dysfunction leading to neuronal degeneration during TBI.

Keywords: astrocytes, fibrinogen deposition, neuroinflammation, neurodegeneration,
neurovascular unit

1. Introduction

Traumatic brain injury (TBI) is the devastating cause of death and disability worldwide, for
which no effective treatment exists other than supportive care [1]. It is a heterogeneous disease
that is classically classified as mild, moderate, and severe TBI according to clinical severity
using the Glasgow coma scale (GCS) for evaluation [2]. According to epidemiological data
falls are the leading cause of TBI, followed by vehicle accidents and physical assaults includ-
ing sports-related head traumas along with blast injuries that mainly occur in war zones.
Pathoanatomic classification of TBI includes penetrating (open) or closed (blunt) head injuries,
hemorrhages (epidural, subdural, subarachnoid, intraparenchymal, intraventricular) as well as
focal and diffuse patterns of lesions. Classification of TBI by outcome includes categories such
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as death, vegetative state, disability (severe or moderate) and good recovery. Etiologically TBI
is subdivided into “primary” and “secondary” injury based on their triggering mechanisms.
Thus, while “primary” injury occurs immediately after a direct physical impact of damaging
force, the “secondary” injury is a result of adverse effects of responses in the parenchymal tis-
sue developing due to the “primary” injury. Defining TBI classification is very important for
further diagnostic, treatment, clinical management, and prevention and prediction of outcome
in patients with TBI [3].

TBI is associated with systemic inflammation [4, 5] that includes elevation of plasma content
of fibrinogen (Fg, called hyperfibrinogenemia, HFg). According to clinical data blood level
of Fg is elevated after mild-to-moderate TBI (when vascular ruptures are minimal or nonex-
istent) [6]. It is known that formation of Fg-containing protein complexes is associated with
memory reduction emphasizing role of this inflammatory protein. Therefore, in this chapter
we propose and discuss possible mechanisms involved in alterations of neuronal function
associated with systemic inflammation particularly with HFg during TBI. Since at elevated
levels Fg affects vasculature and only then it is involved in vasculo-astrocyte uncoupling [7],
the main emphases are given to neuronal degeneration or dysfunction that occurs due to
changes in cerebrovascular properties.

2. Traumatic brain injury and blood-brain barrier

The harmful effects of TBI occur during primary injury and secondary complications. Primary
damage is induced by a mechanical force that causes compression and physical damage of
brain parenchyma that leads to changes in neurovascular unit (NVU) [8, 9]. The second-
ary complications can occur days or months or years after the initial insult due to further
development of chronic inflammation, vascular impairment, chronic ischemia or progressive
neurodegeneration [9, 10]. They may involve blood-brain barrier (BBB) impairment, cogni-
tive decline, and memory deficiency [11]. Disruption of BBB has often been documented in
patients with TBI[12], but the role of vascular pathology and its consequences in neurological
dysfunction has only recently become a sphere of high interest.

BBB is the regulated interface between the peripheral circulation and the central nervous sys-
tem (CNS). BBB is constituted by the cerebrovascular endothelial cells (ECs) and vascular
smooth muscle cells, and together with astrocytes, pericytes, neurons, and associated extra-
cellular matrix proteins represents a NVU [13]. Majority of CNS diseases are associated with
mechanical and functional disruption in NVU. The changes and regulation of ion balance
and homeostasis, oxygen and nutrition supply, transport of hormones and neurotransmitters
depend on normal function of cerebral vessels and blood flow properties. Therefore, because
of events initiated in the vasculature as a result of vascular dysfunction, alterations in blood
flow and/or changes in blood component properties, which prompt or exacerbate neuronal
dysfunction/degeneration, the term “vasculo-neuronal” dysfunction seems more appropriate
to emphasize the source of destructive effect in CNS [10].

Studies have shown that increased BBB permeability is involved in initiation of pathological
changes in the neuro-vascular network leading to neuronal dysfunction and degeneration.
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BBB breakdown in patients with TBI usually confirmed with brain imaging results, and it is
suggested to use it as a biomarker in the clinical studies and in drug trials.

The disruption of integrity of vascular walls caused by injury allows proteins such as throm-
bin, albumin, and/or Fg to enter CNS parenchyma. These proteins have the ability to activate
astrocytes and microglia, which are the integral components of the NVU. These effects can be
the cause of an increase in synthesis of pro-inflammatory cytokines, including tumor necrosis
factor (TNF-a), interlukin-1 (IL-1), interlukin-6 (IL-6), and others [14].

3. Inflammatory markers during TBI

The inflammatory markers can be defined as pro- and anti-inflammatory. The most com-
monly observed pro-inflammatory cytokines such as TNF-a, IL-1, IL-6 are elevated during
TBI [14]. Interestingly, levels of an anti-inflammatory interlukin-10 (IL-10) are also elevated
during TBI [15].

TBI-induced inflammation activates acute-phase responses. One of the most known acute-
phase proteins is C reactive protein (CRP), which perceptibly increases during inflammation
and rapidly decreases after inflammation subsides [16]. On the other hand, blood level of
another acute-phase protein —Fg increases slowly and returns to its normal level about 21 days
post-inflammatory stimuli [16]. Since Fg itself results in inflammatory responses [17-26],
besides being an inflammatory marker, it is considered as a pro-inflammatory protein.

In brain tissue, TNF-a, a well-known pro-inflammatory cytokine, is produced by microglia,
astrocytes, endothelial cells, and neurons. The effects of TNF-« are associated with apoptotic/
necrotic cell death induction [27]. TNF-a expression takes place shortly after neuronal injury
and it is actively involved in process of neutrophil and monocyte recruitment to the site of
the damage. The appearance of TNF-a varies from 1 to 24 h following the trauma (the peak
is considered at 4-12 h following initial insult). Some scientists consider TNF-a as a marker
of severe TBI [28]. There are data indicating a significant association of TNF-a with cognitive
impairment during TBI [29]. However, it is known that in addition to induction of apoptotic/
necrotic cell death, TNF-a is also involved in stimulation of cell growth and differentiation.
Therefore, the role of TNF-a during TBI may still remain unclear since it has been shown to
possess both neurotoxic and neuroprotective effects [27].

The main function of IL-1 is regulation and release of other cytokines. It is expressed in mul-
tiple cell types in the brain tissue. Expression of IL-1 is mostly associated with acute TBI [30].
There is a discrepancy in literature regarding the IL-1 detection in serum and cerebrospinal
fluid (CSF) during TBI. One of the most reported isoforms of IL-1 family in TBI patients is
IL-1p. Itis highly involved in release of prostaglandins, apoptosis, leukocyte adhesion to ECs,
BBB disruption, and edema formation. The use of IL-1 receptor antagonist, which improves
cellular and behavioral outcomes emphasizes the basic pro-inflammatory and neurotoxic
effect of IL-1 during TBI [30].

While some consider IL-6 a highly sensitive, but not specific biomarker for neurotrauma [28],
others claim that it is not exclusively expressed in response of head trauma and predominantly
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indicates state of BBB integrity [31]. IL-6 is expressed by astrocytes, glial cells and neurons.
Normally it is not detectable in serum and plasma but under pathological conditions level
of IL-6 increases and points to mainly axonal injury [28]. Drastically increased levels of IL-6
are observed in CSF during severe TBI that reaches its maximum levels in about 3 to 6 days
after the initial insult. The involvement of IL-6 in cognitive impairment during TBI in mice
is shown [32]. However, although IL-6 can be a strong marker of TBI-induced inflammation,
use of IL-6 as a possible therapeutic target is limited as it cannot readily cross the vascular
wall [30].

Interlukin-8 (IL-8) belongs to chemokines, a special class of small cytokines. It is secreted by
endothelial cells, glial cells, neurons, macrophages, lymphocytes and neutrophils [28]. IL-8
induces chemotaxis and neutrophil phagocytosis and causes its attraction to the site of dam-
age and inflammation. Generally the persistence of the activated leukocytes in brain from 1
to 4 weeks after injury is neurotoxic, and exacerbates the ongoing neuronal damage [28]. The
level of IL-8 in CSF is greater than in plasma or serum during head injuries.

The most well-known anti-inflammatory cytokine IL-10 serves as an inhibitor of pro-inflam-
matory mediators and regulates the cytokines. It is suggested that IL-10 reduces the neuro-
inflammation during TBL. It increases 24 hours after severe initial insult and coincides with
decrease in TNF-a levels. In rat model of TBI, treatment with IL-10 results in reduction of
IL-1B and TNF-a levels in brain tissue and improves neurological recovery [28].

Activation of transcription factor, nuclear factor kappa B (NF-kB) that is also considered as
an inflammatory marker, has been shown to play a key role in inflammatory response, neu-
ronal survival and signaling [33]. First appearance of NF-kB occurs in axons shortly after
trauma (1-2 h), and then in neurons (24 h) and lasts up to 1 week. Later (24 hours after initial
insult), activated NF-kB is detected in microglia, macrophages, and astrocytes in cortexes [33].
Activated NF-kB is also detected in ECs, as early as 1 h after initial insult, and persists there
for up to 1 year [33]. Hence, it can be suggested that NF-kB activation plays a role in long-term
inflammatory processes during TBI.

4. Fibrinogen (Fg)

One of the inflammatory mediators which is released after TBI-induced inflammation is Fg.
It is a high molecular weight (~ 340 kD) plasma adhesion glycoprotein, that is primarily syn-
thesized in hepatocytes. Inflammatory cytokines such as IL-1 and IL-6 are involved in Fg syn-
thesis and stimulation of its synthesis, while increased plasma level of albumin suppresses it.
Overexpression of these cytokines, that occurs during inflammation leads to HFg [34], which is
a biomarker of inflammation and high risk factor for many cerebrovascular disorders [35-38].
Normally Fg concentration in blood is around 2 mg/ml. Higher content of Fg in blood is consid-
ered as a state of inflammation [39, 40] and it can be a cause of inflammatory responses [41]. It
was shown that at high (>4 mg/ml) levels Fg increases arteriolar constriction [18], regulates pro-
duction of endothelin-1 (ET-1) [19], enhances vascular layer permeability [21] to proteins, and
can itself leak through the EC layer [20]. Since Fg is synthesized in hepatocytes and circulates
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in blood, it may appear in extravascular space only after crossing the vascular wall. In brain,
it may occur only if BBB is dysfunctional. Gradual deposition of Fg accelerates neurovascular
damage and promotes neuroinflammation [42, 43].

Some clinical studies indicate that TBI is accompanied by hypo-fibrinogenemia, abnormally
decreased blood level of Fg [44]. During severe brain injury that results in rapture of brain ves-
sels and hemorrhage, blood cells and plasma components, including Fg come out of vessels.
Particularly in the first 72 hours, the hemorrhage is an obvious cause of hypo-fibrinogenemia
[44, 45]. In addition, activation of fibrinolytic system exacerbates hypo-fibrinogenemia [46].
However, 2 weeks after severe trauma and/or mild-to-moderate brain injury (when vascular
ruptures are minimal or nonexistent), blood content of Fg increases [6, 47]. HFg can be notice-
able in patients even 12 hours after initial insult [45]. Therefore, Fg crossing of vessel walls
and its subsequent deposition in extravascular space, after the initial injury, can be a result of
systemic or local inflammation.

5. Inflammation / vascular permeability / edema

Inflammation is a complex of different biological responses of vascular tissue to harmful stim-
uli. The actions of various inflammatory mediators cause significant vascular changes such as
increased permeability (hyper-permeability), vasodilation, and worsening of hemorheology
[48]. Majority of vascular diseases that are associated with inflammation include stroke [49],
myocardial infarction [50], hypertension [51, 52], diabetes [53, 54], atherosclerosis [55], and
TBI [4, 5, 12]. Inflammation is a key contributor to many vascular diseases and plays a major
role in autoimmune diseases [56], allergic reactions [57], and cancer [58]. Neuroinflammation
is one of the crucial stage of injury after brain trauma [28].

Inflammatory processes may induce endothelial dysfunction and vascular remodeling [51, 59].
The normal endothelium forms a stable anti-inflammatory interface between circulating blood
components and cells within tissues. The endothelium builds a barrier, which along with its
associated structures such as basement membrane and/or glycocalyx maintain the relatively
constant plasma volume and venous return, and prevent tissue edema [60]. Maintaining tis-
sue homeostasis and contributing the functions of the vessel wall by establishing communica-
tions between blood and adjacent tissue are the two pivotal functions of vascular endothelium,
which functions as a barrier and a permeable filter at the same time [61].

Increase in vascular permeability is one of the indications of inflammation. In result of hyper-
permeability, blood plasma substances and proteins move out of the blood stream and deposit
in subendothelial matrix (SEM) and interstitium and may cause edema [41, 62]. This phenom-
ena can occur during mainly an early stages of acute inflammation [63].

One of the most dangerous secondary consequences of TBI with significant morbidity and
mortality is cerebral edema. It is an abnormal accumulation of fluid within the brain paren-
chyma and is classified as vasogenic and cytotoxic [31]. Vasogenic edema is defined as fluid
originating from blood vessels that accumulates around cells. Cytotoxic edema is defined
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as fluid accumulating within cells as a result of injury. The most common cytotoxic edema
occurs in cerebral ischemia. Heretofore, the edema specific to TBI has generally been consid-
ered to be of vasogenic origin, secondary to traumatic opening of the BBB. However, lately
clinical studies showed the significant role of cytotoxic edema [31]. It is possible that both
forms of edema can coexist. To define the type of edema (mostly by imaging technique) may
be a decisive moment, as effective treatment will clearly depend on the major type of edema
contributing to the brain swelling process.

6. Transvascular transport pathways

There are two major transport pathways for blood plasma components to pass through the
endothelial barrier: transcellular and paracellular [62, 64, 65]. Paracellular pathway takes
place when plasma components move between the ECs. It involves alterations in junction
proteins and their interbinding forces [62]. It is implied that low molecular weight molecules
take this pathway as oppose to transcellular transport of high molecular weight molecules
such as proteins, which occurs mainly through the ECs and involves formation of functional
caveolae (and/or fenestrae, and/or transendothelial channels [64]) and its motility [66]. Thus,
movement of proteins across the vascular wall via transcellular transport pathway can be
defined as caveolar transcytosis [67]. At elevated levels Fg can enhance caveolar transcytosis
[68, 69]. The net transport of blood plasma substances in microcirculation is governed by the
combination and the functional balance of transcellular and paracellular pathways.

Head injury-induced inflammation leads to an increased blood content of Fg [6, 47]. At ele-
vated levels, Fg increases vascular permeability to other proteins and itself crosses the vas-
cular wall [20, 47]. During majority of cardiovascular and cerebrovascular inflammatory
diseases, increased levels and/or activity of the plasminogen system have not been observed.
For example, activity of tissue plasminogen activator (tPA) is diminished in brains of patients
with Alzheimer’s disease (AD), mouse models of the disease [68], and during various inflam-
matory traumas [46]. Thus, an increased leakage of Fg, in the context of decreased or unaltered
activity of the plasminogen system, leads to an enhanced deposition of Fg in extravascular
space in pathologies such as TBI and AD. There, immobilized Fg can form different protein
complexes [47, 70]. Furthermore, immobilized Fg is converted to fibrin by thrombin. Since
protein fibrinolytic system can no longer counterbalance excess formation of fibrin, enhanced
deposition of fibrin exacerbates neurovascular damage and neuroinflammation [42, 71].

7. Fg-containing complexes

After extravasation Fg deposits into parenchyma and makes complexes with other proteins.
The most known is Fg amyloid beta (Af) protein complex, called amyloid plaque [72], which
is a hallmark of AD and it is associated with loss of memory [73]. The defects in AP and its pre-
cursor protein (APP) are considered a cause of AD and dementia. The neurotoxic A3 peptide
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(oligomers of Ap) is derived from the APP and it is considered as a major constituent of the
plaques. After deposition in SEM, Fg becomes readily available for binding to A3 oligomers
and even APP. The appearance of Fg-A{3 and/or Fg-APP complexes can be a result of vascular
hyper-permeability leading to transcytosis of Fg to SEM [74]. It has been shown that binding
of AP to Fg leads to its oligomerization [70], and Fg-Ap complex is highly resistant to degra-
dation [75]. Similarly, there is a strong evidence that Fg, which is found immobilized in extra-
vascular space, besides being associated with A{3, can also be associated with other proteins,
such as collagen and cellular prion protein (PrP¢). Alteration of collagen content in SEM is one
of the indications of vascular remodeling. Increased collagen level in cerebral microvessels
during AD has been shown [76]. It was shown that collagen can serve as a substrate for Fg-Af3
complex deposition in SEM [74]. The present results indicate an increased formation of col-
lagen along with increased expression of A3 and enhanced deposition of Fg and Af. Data sug-
gest that during inflammation, increased cerebrovascular permeability leads to an enhanced
deposition of Fg on SEM collagen through formation of Fg-Ap-collagen complex, which was
found to be correlated with reduction of short-term memory [74].

Some studies indicate that AP has a limited effect on memory and point to a greater role of PrP¢
[77, 78]. It was found that Fg interacts with non-digested scrapie prion protein [79]. Results
of our studies also point to the role of PrP¢ in memory impairment during HFg [80] and TBI
[47]. Therefore, formation of Fg-A{3 and/or Fg-PrP“ complexes may indicate a mechanism for
memory reduction seen in diseases such as TBI, associated with inflammatory cerebrovascu-
lar impairment. As a result, these findings highlight a new role of Fg during inflammation-
induced impairment of vascular wall properties and thus, vasculo-neuronal unit dysfunction.

8. Oxidative damage and neurodegeneration

TBI-induced inflammation and increased cerebrovascular permeability lead to translocation
of Fg from vessels to the extravascular space, and its deposition most likely in the vasculo-
astrocyte endfeet interface, which may cause astrocyte activation and vascular and astrocyte
physical and functional uncoupling [7]. This may result in neuronal degeneration and possi-
ble decline in short-term memory [7]. Possible mechanism for this vasculo-neuronal dysfunc-
tion can be an activation of astrocytes leading to tyrosine kinase receptor B (TrkB)-mediated
enhanced production of reactive oxygen species (ROS) and nitric oxide (NO), which result in
neuronal degeneration [81].

Oxidative damage and free radical formation remains one of the important contributors to
the pathophysiology of TBI. Generation of ROS causes damage of neuronal membranes,
which results in subsequent disruption in ion balance and homeostasis, mitochondrial func-
tion failure, and microvascular damage [82]. ROS such as hydrogen peroxide, hydroxyl radi-
cal, superoxide onion, peroxyl radical (hydroperoxyl), singlet oxygen, and NO are the highly
reactive molecules produced during monocyte migration. They contribute to BBB impairment
and inflammation in brain after trauma [83]. The cascade of ROS production begins immedi-
ately within the first hours after initial insult and lasts for several days [82]. The amplification
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of neurodegeneration can be caused by neuronal NO production. This process is highly
dependent on TrkB receptor regulation on astrocytes. It was shown that depletion of TrkB
protected experimental animals from neurodegeneration [81]. Fg prompts rapid microglial
responses toward the cerebrovascular system and axonal damage during neuroinflammation
[84]. Extravasation of Fg and deposited fibrin correlate with axonal damage and cause ROS
formation in microglia [84]. In vitro, it was shown that astrocytes remove Fg coating from the
growth surface that results in their activation and disappearance [85]. Reduction in astrocyte
population may be due to their death. Fibrin activates astrocytes by transforming the growth
factor beta receptor pathway and promotes astrocyte scar formation after vascular rupture
during severe TBI [71]. These findings suggest that there is a strong interactive association
between Fg/fibrin and astrocytes [7, 71].

9. Role of Fg in loss of memory during TBI

Cognitive impairment and particularly memory deficiency is a result of neurodegeneration
and is one of the devastating problems of people with neurotrauma [86]. The role and con-
tribution of Fg in development of AD is known [70, 72, 75]. Strong association of Fg-Af3
complex formation is linked to severity of AD [70, 72, 75]. Thus, deposition of Fg in extravas-
cular space and formation of Fg-A3 complexes can be a major indicator for memory reduc-
tion during TBI. Similarly, possible formation of Fg-PrP¢ complexes may result in memory
impairment.

The Prion diseases, one of the forms of encephalopathies, are the group of progressive neuro-
degenerative conditions with memory impairment. The role of PrP¢ in cognitive dysfunction
has been shown [77, 78]. Increased formation of Fg-PrP“ complex in mice during TBI was
accompanied by reduction in short-term memory [47]. Combined, these results indicate that
PrP¢ alone as well as its possible association with Fg can have a role in memory reduction
during inflammatory cerebrovascular diseases.

10. Conclusion

Thus, TBI-induced inflammation besides directly affecting neurons, leads to vasculo-neuronal
dysfunction resulting in Fg deposition in extravascular space and formation of Fg-containing
protein complexes between the vessels and astrocyte endfeet. Enhanced cerebrovascular per-
meability can be a first and the most important step in the process leading to alterations in
cognitive function. Thus, at elevated levels, Fg can play a significant role in vascular cognitive
impairment and dementia (VCID) (Figure 1). There is a great attention to the problems related
to VCID in the past few years. Presented review indicates that Fg has a significant role in
vascular permeability, neuroinflammation and cognitive impairment. Therefore, as a possible
diagnostic or outcome predicting approach, it seems important to carefully monitor plasma
levels of Fg during TBI. Simultaneously targeting multiple mechanistic components of an
altered vasculo-neuronal interaction after head injury, such as blood level of Fg and PrP may
be an effective therapeutic approach to ameliorate TBI-induced neurovascular inflammation.
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Figure 1. Possible mechanism of traumatic brain injury (TBI)-induced cognitive impairment. TBI causes inflammation
leading to an increase in inflammatory markers including C reactive protein (CRP), interleukins 1 and 6 (IL-1 and IL-6,
respectively) and fibrinogen (Fg). The latter exacerbates TBI-induced cerebrovascular permeability resulting in enhanced
deposition of Fg in vasculo-astrocyte endfeet interface, and formation of Fg-containing complexes with proteins A3 and
PrP<, which are known to be involved in cognitive decline. In addition, activation of astrocytes causing upregulation of
tyrosine kinase receptor B (TrkB) results in formation of reactive oxygen species leading to neurodegeneration.
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Abstract

Introduction: Almost 50 years ago, computed tomography (CT) revolutionized the
management of traumatic brain injury (TBI) by imagining intracranial hematomas. This
allowed prompt and accurate selection of patients who would benefit from surgical evac-
uation. Since then, unenhanced CT has been the gold standard imaging modality for
patients with acute TBIL. Today, multidetector CT can track intravenous contrasts flowing
through brain creating maps that depict the speed and the amount of blood at capillary
level. This imaging modality takes the name of perfusion CT. Perfusion CT is routinely
used during the hyperacute phase of patients suffering from stroke to diagnose areas of
penumbra (poorly perfused but still viable brain tissue) that may benefit from revascu-
larization. Here, we summarize the current status of the research on the role of perfusion
CT in patients suffering from TBIL.

Methods: Inclusive literature research conducted on PubMed using the keywords “per-
fusion,” “computed tomography” and “traumatic brain injury.” Only articles published
in English were considered for this review.

Conclusion: With a minimal logistic effort, perfusion CT provides clinicians with a mul-
titude of additional information. Most patients with TBI show altered perfusion patterns.
The maps generated with perfusion CT can predict the final size of cerebral contusions
better than unenhanced CT. These maps can be used to clarify the status of brain autoreg-
ulation and possibly guide targeted therapies for intracranial hypertension. The integrity
of the blood-brain barrier can also be evaluated with this technology and this might be
crucial to predict and treat brain edema. Furthermore, perfusion maps can help physician
to promptly and accurately predict the long-term functional outcomes of patients suffer-
ing from both mild and severe TBI.

Keywords: perfusion CT, severe traumatic brain injury, neuroimaging
Subject area: neuroimaging in traumatic brain injury
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1. Introduction

Traumatic brain injury (TBI) remains a major cause of death and disability [1]. The heteroge-
neity of TBI is considered to be a one of the most significant obstacles to the development of
effective therapeutic interventions [2, 3]. Physicians in order to understand, treat and prog-
nosticate patients suffering from TBI do rely mainly on three parameters: [1] the Glasgow
Coma Scale (GCS) is a rapid and reproducible test, which assesses overall neurologic func-
tion; [2] the unenhanced CT findings, which can detect skull fractures, hematomas, cerebral
contusions and some indirect sign of brain swelling (i.e., ventricles size, midline shift, uncal
herniation); [3] the intracerebral pressure (ICP) monitoring, which requires a quite invasive
intracerebral or intraventricular probe, to calculate and help maintaining adequate cerebral
perfusion pressure (CPP) [2-10]. This information routinely utilized in clinical management
algorithms tend to compromise accuracy for simplicity and suffer from several weaknesses.
For example, all patients with GCS below nine will be diagnosed as having a severe degree of
TBI and, as such, will be admitted to intensive care intubated and pharmacologically sedated.
Instead, patients with GCS higher than nine are most often discharged home or admitted
to low intensity wards (especially if screening unenhanced CT appears normal). But GCS
can also be affected by drug/alcohol assumption, and by systemic hypoperfusion making
decision based on GCS alone often inaccurate [5]. Similarly unenhanced CT, despite its sta-
tus of “gold standard imaging” for acute TBI, deprives clinicians from crucial information
on brain tissue vascularity, perfusion and viability. Unenhanced CT underestimates the
ultimate size of parenchymal lesions and does not afford insight into secondary ischemic
injuries related to systemic hypotension, traumatic cerebral edema and intracranial hyperten-
sion [8]. Lastly, the clinical use of ICP monitors in patients at risk of brain swelling, which is
often burdened by complications from its invasiveness, can often only provide an inaccurate
reading. Calculating CPP using ICP and mean systemic arterial pressure (MAP) does not
take into account cerebral vasculature autoregulation or cerebral regional differences often
observed with more advanced technology [9, 10]. The efficacy of ICP monitoring-based treat-
ment has been recently challenged in a large-scale randomized trial on more than 300 severe
TBI patients. It appeared that ICP-based treatment (focused on maintaining ICP <20 mmHg)
was not superior to that based on imaging and clinical examinations alone in terms of survival
and functional outcome [9].

It is of no wonder that these three pillars of TBI management have come under scrutiny
recently, making sensible and grounded clinical decisions based on these limited and biased
information alone resemble a dangerous gamble. As a possible result, most interventional
studies investigating otherwise sensible therapeutic options have failed to identify successful
treatments [4].

In terms of imaging, several relatively new technologies are available to better understand
the complexity of TBI. Many are still research tools; some require long acquisition times and
some others are poorly available and/or logistically difficult to organize in critically ill ven-
tilated patients. Perfusion CT instead is a not logistically demanding imaging technique that
provides detailed maps of intracerebral vascular flow and brain tissue perfusion and affords
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direct insight into cerebral infarct and penumbra. Today, perfusion CT is routinely used in the
early care of patients with acute stroke and other cerebrovascular disorders [11].

The aim of this chapter is to evaluate potential benefits and limitation of perfusion CT as
advanced diagnostic modality for patients suffering from TBI. Specifically, we overview the
technical aspects, present published research and try to predict the future role of this diagnos-
tic approach in patients suffering from TBI.

2. Description of perfusion CT technology

Several advanced imaging techniques exist, which can provide information about cerebral
perfusion, such as stable xenon-enhanced CT (Xe-CT), single photon emission CT (SPECT)
and perfusion-weighted magnetic resonance imaging (MRI) [12]. These techniques have
logistic barriers to routine universal clinical use as they require specialized equipment and
staffing and are burdened by long acquisition times [12]. Some, such as the 33% xenon mix
used in Xe-CT that causes transitory ICP raise, can also be deleterious for patients [13].
These constrains are particularly relevant during the acute phase of severe TBI; when
patients, often seriously injured polytrauma patients are intubated and ventilated, with
ongoing needs for blood transfusions, vasoconstrictors. These patients need prompt and
straightforward imaging to guide subsequent therapeutic options. Perfusion CT provides
information about brain circulation and cerebral perfusion which can be obtained rapidly
using wildly diffuse multidetector CT scanners [11, 14]. A perfusion CT can be obtained
in few minutes utilizing a standard of care (more so in trauma centers) multidetector CT
scanners (and dedicated post processing software) and does not require specialized tech-
nologists. The effective dose of ionizing radiation required for a head perfusion CT is about
5 mSv. The radiation-associated risks are believed to be low and approximately equivalent
to about 2 years of background radiation [equates to an excess lifetime cancer risk = 0.025%
(about 1:4000)] [15].

Acquisition of perfusion CT involves the administration of intravenous iodine contrast with
concurrent acquisition of images using a helical CT multidetector scanner in cine mode. This
allows for measurement of the movement of contrast material through the vessels and tissues
over time. Perfusion data are obtained by monitoring the first pass of a contrast material bolus
through the cerebral vessels. The relationship between the contrast agent concentration and
attenuation can be used to calculate the amount of contrast agent in a region. Time versus con-
trast concentration curves are generated for a reference arterial region and venous region as
well as each pixel of the scan [11, 15]. Post processing of the data allows the generation of color
coded maps and quantification of the perfusion parameters of cerebral blood flow (CBF), cere-
bral blood volume (CBV) and mean transit time (MTT) [16]. The CBF for each area is calculated
as CBV/MTT. CBF is measured in milliliters per 100 g of tissue per minute (ml/100 g/min), and
normal tissue has values around 40 ml/100 g/min while values of 20 m1/100 g/min or less are
diagnostic for ischemia. The CBV is calculated as the area under the curve in a parenchymal
pixel divided by the area under the curve in the reference venous pixel. CBV is measured in
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Figure 1. Axial computed tomography (CT) obtained 18 h from admission following a motor vehicle accident in a young
male. (A) Noncontrast CT shows a left subgaleal hematoma, but no intracranial pathology. (B) Perfusion CT identifies
an area of reduced perfusion on the right temporo-frontal lobe (white arrow): Cerebral blood volume (CBV) is reduced
as per darker color, time-to-peak (TTP) is increased as per lighter color, and mean transient time (MTT) is decreased as
per darker color. The axial image on the bottom right represents the delayed phase (which can be utilized by specific
software to extrapolate permeability of brain-blood barrier).

Hounsfield
Units

Maximum
slope (CBF)

Area under the
curve (CBV)

TR N T NN VO T T A SO

Time to peak (TTP) Seconds

Figure 2. (A) An arterial input function (AIF, arrow on the axial CT scan) is used to calibrate the whole brain contrast
change when post processing a CT perfusion. (B) the drawing depicts the rise and fall of the contrast over time (in seconds).
The time from the start of the scan to the peak signal intensity is the time-to-peak (TTP); the maximum slope of the contrast
enhancement being measured is the cerebral blood flow (CBF); and the area under the curve of the whole AIF is the
cerebral blood volume (CBV). The time it takes for contrast to enter and leave the voxel is the mean transit time (MTT).

milliliters per 100 g of tissue (ml/100 g) and normal tissue has values around 4 ml/100 g, while
values of 2 m1/100 g are indicative for a degree of ischemia. MTT is the average time taken by
blood to cross the capillary network and is calculated from a deconvolution operation from
the time concentration curve of each particular voxel and the arterial reference region. MTT is
measured in seconds, and normal tissue has values around 5 s while values above 8 s are the
rule in ischemic areas [11]. Perfusion CT thus provides a readily available means of examining
brain perfusion and, by calculating MTT, CBV and CBF for different areas, can identify areas
of abnormal perfusion and ischemia (Figures 1 and 2).
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3. Perfusion CT and traumatic brain injury

Perfusion CT has revolutionized the diagnostic and therapeutic approach to acute ischemic
stroke [17]. The prompt availability of perfusion maps and CT angiogram has transformed an
irreversible condition requiring only supportive care and rehabilitation to a treatable neuro-
logical emergency. Neurologists use perfusion CT maps to define areas of ischemic penumbra
and guide decisions on thrombolytic therapy [17]. As such, perfusion CT has now a well-
established role in the acute management of stroke.

The potential role for perfusion CT in the management of TBI is still under investigation. A
literature research including the terms “traumatic brain injury” and “perfusion CT” or “perfu-
sion computed tomography” returned 185 results. Critical screening of the abstracts selected
18 papers that were considered as pertinent and relevant to this review and therefore they
were analyzed and discussed in detail [16, 18-33]. Table 1 illustrates the studies” characteris-
tics and main findings. It appears that the published experience with perfusion CT in patients
suffering from TBI is quite limited with a total of 540 patients investigated. Only three papers,
including a total of 50 patients, were prospectively designed [24, 31, 33]. Almost all papers

First author, journal, Patients Severity of TBI Timing of Covered Studies’ main findings
year CTP cerebral tissue
Wintermark [18] 130 Severe TBI Admission 2 x 10 mm Outcome
Radiology, 2004 thick sections ~ prognostication
Predicts raised ICP

Wintermark [19] 42 Severe TBI and Admission 2 x 10 mm Correlation between

) ICP monitor follow-up thick sections ~ CPP and CTP diagnose
Crit Care Med, 2004 subgroup preserved or impaired

[18] autoregulation
Soustiel [20] 30 Severe TBI and Within48h 4 x6mm CBV maps depict
cerebral contusion thick sections  pericontusion

Neuroradiology, 2008

penumbra that later
results in necrosis

Metting [21] 76 Mild TBI with Admission 2 x 14 mm Decreased CBF and

normal CT thick sections  CBV in frontal regions
is associated with
worse functional

Ann Neurol 2009

outcome

Escudero [16] 26 TBI or cardiac Unknown 4 x 8 mm CTP can confirm brain
arrest thick sections  death

Neurocrit Care, 2009

Huang [22] 22 Contusion on Admission Not specified =~ Contrast extravasation
unenhanced CT predicts hemorrhage

J Trauma, 2011 progression

Bendinelli [23] 30 Severe TBI Within 48 h Whole brain CTP provided

) 5-mm thick additional diagnostic
Injury, 2013 ?;Egroup sections information in 60% of

patients
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First author, journal, Patients Severity of TBI Timing of Covered Studies” main findings
year CTP cerebral tissue
Metting [24] 18 Mild TBI with Admission 2 x 14 mm CTP maps can predict
normal CT thick section ~ brain dysfunction
PLoS One, 2013
Sarubbo [25] 6 Cranioplasty Before and Not specified ~ Cortical perfusion
after craniectomy  after progressively declines
Neurorad, 2014 after craniectomy
Wen [26] 9 Cranioplasty Before and Not specified  Cranioplasty increases
after craniectomy  after CBF
Brain In, (2015)
Honda [27] 90 Severe TBI Not specified 50-mm thick ~ Higher CBF and lower
section MTT predictive for
Neurol Med, 2015 improved functional
outcome
Jungner [28] 17 Severe TBI or 24 h Whole brain Tracer extravasation
) cerebral contusion 5-mm thick shows altered blood—
Minerva Anest, 2016 sections brain barrier around
contusion
Trofimov [29] 25 Dishomogenous  Not specified Single 32 mm  Positive correlation
TBI patients section between cerebral
Adv Exp Med, 2016 oxygen saturation and
CBV in frontal lobe
Songara [30] 8 Cranioplasty Before and Unclear Brain perfusion
after craniectomy  after improvement after
W Neurosurg, 2016 cranioplasty
Bendinelli [31] 50 Severe TBI Within 48 h Whole brain Perfusion abnormalities
5-mm thick predict poor functional
W] Surg, 2017 sections outcome at 6 months
Honda [32] 25 Severe TBI with Within 7 days Single slice Cerebral perfusion
) ICP monitor disturbance when ICP
Neurocrit Care, 2017 >20 mmHg
Cooper [33] 28 Severe TBI with Within 48 h Whole brain Perfusion disturbance
) ) ICP monitor 5-mm thick predicts therapeutic
Injury, (submitted) subgroup sections requirement for
[31] intracerebral
hypertension

Table 1. Studies published in English on the use of perfusion CT in patients with traumatic brain injury (in chronologic

order of publication).

obtained a perfusion CT on admission following the standard of care unenhanced brain CT
[18, 19, 21, 22, 24], while some timed the perfusion CT at the time of the first follow-up unen-
hanced CT [24, 31, 33], and two just before and after cranioplasty [25, 26]. Patients with severe
TBI were most often investigated, with only one group investigating a total of 94 patients suf-
fering from mild to moderate TBI [21, 24]. Most studies report perfusion CT maps produced
using 64-slice multidetector CT scanner, which are limited to a small portion of the brain
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(usually two or four adjacent slabs taken just above the orbit), while a few and more recent
papers benefited from technology improvements (320-slice CT scanner) and investigated the
whole brain [23, 28, 31, 33].

4. Outcome prediction

Several authors have investigated the role of perfusion CT to help functional outcome predic-
tion in the heterogeneous population of patients suffering TBI. Wintermark et al. investigated
with perfusion CT performed at admission a consecutive series of 130 patients with severe TBI
(following standard unenhanced CT). The perfusion maps, specifically the number of arterial
territories with oligemia (reduced regional CBV and CBF but not to the severity of ischemia),
predicted poor functional outcome at 3 months, while hyperemia (increased regional CBV and
CBF) was associated with a favorable functional outcome [18]. The subcohort of these patients
who received an ICP monitor were presented in a subsequent study: perfusion parameters were
correlated with CPP allowing to discriminate between patients with preserved or disrupted vas-
cular autoregulation, and this was associated with functional outcome at 3-month follow-up [19].

A prospectively designed study aimed at investigating the relationship between whole brain
perfusion CT and functional outcome [31]. Fifty patients with severe TBI and who required
follow-up unenhanced CT within 48 h from admission (the design selected the sickest TBI
patients, excluding those whose neurology improved quickly, and did not require follow-
up imaging) were examined with whole brain perfusion CT. This was a selected severe TBI
population burdened by high (14%) mortality, and the perfusion maps were found to be often
(67%) abnormal with areas of ischemia in 35% of patients. Poor functional outcome (defined
as a Glasgow outcome scale-extended of four or less at 6-month follow-up) occurred to more
than half of the population and was best predicted by perfusion CT findings. Logistic regres-
sion analysis showed that, among the most commonly used parameters used for outcome
prognostication, preintubation GCS was a moderate predictor (AUC = 0.74), thus confirming
several prior studies, but the inclusion of perfusion CT variables (specifically the presence
of abnormal findings) in the model improved the performance of the prediction model to
AUC=0.92 [31]. Similarly, a study on 90 patients with severe TBI investigated with Xe-CT and
perfusion CT confirmed that perfusion abnormalities (specifically low CBF and high MTT)
were predictive for poor functional outcome [32].

Furthermore, overall absence of CBF has helped a prompt diagnosis of brain death as dem-
onstrated in a study on 27 patients investigated with perfusion CT and CT angiogram [16].

The role of perfusion CT in outcome prediction of patients with mild-to-moderate TBI has
been investigated by the van der Naalt group [21, 24]. In 76 patients with mild TBI and normal
unenhanced CT, a perfusion CT was obtained on admission. Perfusion maps with decreased
CBF and CBV in the frontal and occipital gray matter were associated on logistic regression
analysis with a poorer functional outcome at 6-month follow-up [21]. Furthermore, when
compared to the healthy controls, patients with post-traumatic amnesia were found to have
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reduced CBF in frontal gray matter and caudate nucleus [24]. Similarly, when neuropsycho-
logical tests were obtained in a subgroup of these patients, reduced perfusion of the frontal
and parietotemporal regions was associated with impairment in executive functioning and
emotion [24].

Taken together, these studies suggest a potential role for perfusion CT in early prediction
of functional outcome in both the severe and less severe TBI population. These promising
results are burdened by the limited experience but are consistent with similar previous stud-
ies, which utilized Xe-CT to prove the concept that an insight in cerebral circulation allows a
more accurate functional outcome prediction [34, 35].

5. Perfusion CT and cerebral contusion

The role of perfusion CT in patients with cerebral contusions has been investigated by Soustiel
et al. [20]. In this retrospective study on 30 patients, perfusion maps obtained 48 hours from
injury predicted contusions progression better than unenhanced CT. Specifically, areas of hypo-
perfusion around the contusions resulted in areas of brain necrosis at follow-up unenhanced CT
(CBV-derived maps showed congruence with the unenhanced CT at 7 days in 60% of lesions).
This small study confirms the presence of a degree of ischemia around cerebral contusion
(a regional secondary brain injury), which without perfusion CT would run completely undiag-
nosed till fully established and irreversible, and therefore, visible on unenhanced CT. Although
not investigated in this study, it is foreseeable that overall intracerebral pressures (as measured
by an ICP monitor) would be completely normal in these patients as the remaining brain adapts
to the localized swelling. This kind of findings is exactly what physicians treating TBI patient
need in order to craft appropriate and individualized therapeutic options. For example, in a
recent study on 22 TBI patients with cerebral contusions, who were investigated acutely with
contrast-enhanced CT and perfusion CT, the presence of contrast extravasation (identified in
40%) was predictive for hemorrhage progression [22]. Usually, hemorrhage progressions are
otherwise diagnosed either by observing increased ICP (if monitored) or worsening GCS (if not
three already) or by scheduling follow-up unenhanced CT (which may cause deleterious delays
to diagnosis and treatment).

6. Cerebral perfusion pressure and perfusion CT

Wintermark et al. [19], in a subgroup of the previously mentioned severe TBI patients, studied the
correlation between invasive ICP, CPP and perfusion CT findings. About 60% of patients were
shown to have a weak dependence between CBF and corresponding CPP values (most likely
due to preserved autoregulation), while the rest of the patients showed a strong dependence
between CPP and CBF (disrupted autoregulation group). The relationship between perfusion
CT findings and invasive ICP and calculated CPP has been more recently investigated by Honda
etal. [27]. The perfusion maps of 25 patients with severe TBI and ICP monitor were obtained with
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combination of Xe-CT and perfusion CT. The CPP values were positively correlated with CBF,
negatively correlated with MTT and did not correlate with CBV. If this well reflects the expected
physiology and Monro-Kellie hypothesis, it is interesting to notice that the correlation between
CPP and CBF was disturbed by intracerebral hypertension (defined as ICP above 20 mmHg). In
patients without intracerebral hypertension, CBF values did not correlate with CPP (preserved
autoregulation), while in patients with cerebral hypertension, the CBF negatively correlated
with the CPP value (disrupted autoregulation). In our experience, with 28 patients with severe
TBI and ICP monitor investigated with perfusion CT within 48 h from trauma, the presence of
abnormalities on perfusion maps (specifically, the presence of ischemia) was associated with
the requirement for increased level of intervention for cerebral hypertension [33]. Two small
studies investigated the functional outcomes before and after cranioplasty in patients suffering
from severe TBI treated with decompressive craniectomy. An improvement of neurocognitive
functions was observed after cranioplasty (especially if done within 3 months from trauma).
Interestingly, serial perfusion CTs (performed in a subgroup of nine patients) also confirmed an
improvement in cerebral perfusion in both the operated and the contralateral side [26, 30].

It certainly appears that we have a very limited understanding of the degree and location of
perfusion abnormalities and that we do not know how to act once these are identified and
quantified; it also appears that physicians tend to treat severe TBI patients and their CPP very
homogenously despite quite obvious differences in autoregulation mechanisms and degree
of hypoperfusion and ischemia. These interesting studies, albeit preliminary, certainly sug-
gest a potential crucial role for perfusion CT. Perfusion maps will clarify almost real time the
extent and the degree of perfusion deficits and the association with MAP and CPP. This will
help physicians to diagnose disrupted autoregulation and predicting patients who will ben-
efit from ICP monitors and aggressive treatment of cerebral hypertension.

7. Cerebral oxygen saturation and perfusion CT

The relationship between cerebral oxygen saturation and brain perfusion maps has been
investigated in a heterogeneous cohort of patients with a degree of TBI ranging from severe to
moderate [29]. The authors obtained perfusion maps using single slice technology and com-
pared with frontal cerebral oximetry in 25 patients (16 with cerebral ischemia on perfusion
CT maps). A proportional dependence was observed between cerebral tissue oxygenation
and CBYV, but not with CBF and MTT. Possibly, vasospasm and cerebral autoregulation were
responsible for the lack of maintained relationship between cerebral oxygenation and CBF
(which should otherwise be observed considering that CBF=CBV/MTT) [29].

8. Cerebral permeability perfusion CT

When the blood-brain barrier is altered, contrast material extravasation can be observed during
the delayed phase of perfusion CT. This has been observed in stroke patients and recently in a
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small study of TBI patients. Seventeen patients with severe TBI and three controls were inves-
tigated with perfusion CT within 48 h from admission. Increased permeability was observed in
the pericontusional area in patients who later developed increased ICP [28]. This is extremely
relevant as small molecular permeability will influence capillary hydrostatic and oncotic pres-
sures and influence edema development. Possibly, osmotic treatment (such as hypertonic
saline) might be efficient only when all or most of the brain has an intact blood-brain barrier.
The implications of understanding and diagnosing blood-brain barrier dysfunction are huge.
Potentially perfusion CT might help selecting patients for osmotic therapy rather than the use
of sedation agents and/or craniectomy.

9. Future of perfusion CT

The routine imaging protocol for multiple injured trauma patients includes an unenhanced
cerebral and cervical CT and an enhanced thoracic-abdominal-pelvic CT. Routinely, also
patients with risk factors for cerebrovascular injuries (deceleration, seatbelt mark on the neck,
massive facial bleeding) will have the neck and cerebral vasculature evaluated by enhanced
CT. Early detection of cerebrovascular injuries is crucial as these arterial injuries can be
repaired, stented or otherwise medically treated to minimize the risk or the extent of embolic
strokes. We can foresee a near future in which brain perfusion CT becomes part of admission
imaging for patients with TBI. The prompt availability of brain perfusion maps might have a
huge impact on understanding and treating TBI. With or without the involvement of neurolo-
gist and interventional neurologist, these patients might be offered a better targeted treatment
and their families are made aware of long-term outcomes by making decisions such as pallia-
tion or further treatment based on a more thorough understanding of cerebral perfusion and
secondary brain injury.

10. Conclusion

In this chapter, we have identified, reviewed and discussed several aspects of implemen-
tation of perfusion CT in clinical diagnostics and research of TBI disease. These include
assessment of TBI pathogenesis and prediction of functional outcomes, development of
guidance for osmotic treatment, selection of patients for trial inclusion and development
of regiments for surgical intervention. Perfusion CT imaging is a technology readily avail-
able and ripe for use in the vast majority of patients suffering from TBI. Perfusion CT
should be considered in the context of audited research in patients with clinically proven
severe TBI and possibly in patients with a less severe degree of TBI. Evidently, perfusion
CT possesses eminent potentials and demonstrates a superior efficacy when compared to
traditional noncontrast CT.
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Abstract

Mild traumatic brain injury (TBI) is a subtype of TBI that is classified by the severity of
head trauma, whereas traumatic axonal injury (TAI) is a diagnostic term with a patho-
logical meaning. In this chapter, TAI in patients with mild TBI is described in terms of
definition, history, and diagnostic approach. The presence of TAI in patients with mild
TBI has been demonstrated by autopsy studies since the 1960s. However, because con-
ventional brain CT or MRI are not powered with contrast resolution to determine TAI
in mild TBI, diagnosis of TAI in live patients with mild TBI was impossible. Since the
introduction of diffusion tensor imaging, hundreds of studies have demonstrated TAI
in live patients with mild TBI in the 2000s. The precise diagnosis of TAI in patients with
mild TBI is clinically important for proper management and prognosis prediction fol-
lowing mild TBI. Several requirements are necessary for diagnosis of TAI in mild TBI:
first, head trauma history; second, development of new clinical symptoms and signs after
head trauma; third, evidence of TAI of the neural tracts on diffusion tensor imaging or
diffusion tensor tractography; and fourth, coincidence of the newly developed clinical
features and the function of injured neural tracts.

Keywords: diffusion tensor imaging, diffusion tensor tractography, mild traumatic brain
injury, traumatic axonal injury, concussion

1. Introduction

Traumatic brain injury (TBI) is a major cause of disability in adults, and is classified as mild,
moderate, and severe according to the severity of head trauma [1]. Mild TBI poses a significant
public health problem: it composes 70-90% of all TBI [1-4]. The incidence of hospital-treated
patients with mild TBI is 100-300/100,000 population although the true population-based rate
including mild TBI not treated in hospitals is estimated above 600/100,000 [1-4]. Mild TBI
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Pathoanatomy
Diffuse Focal
Concussion Contusion
Traumatic axonal injury/diffuse axonal Penetrating
injury
Blast Hematoma
Abusive head trauma - Epidural
- Subarachnoid
- Subdural
- Intraventricular
- Intracerebral
Severity of head trauma Loss of Post-traumatic Glasgow Coma
consciousness amnesia Scale
Mild <30 min <24 hours 13-15
Moderate >30 min, <24 hours  >24 hours, <7 days 9-12
Severe > 24 hours >7 days 3-8

Table 1. Traumatic brain injury subtypes.

and concussion (a transient disorder of brain function without long-term sequelae) have been
used interchangeably, although the two terms have different definitions and belong to differ-
ent subtypes of TBI (Table 1) [5-7].

Since the 1980s, the term “traumatic axonal injury (TAI)” that describes impaired axoplasmic
transports, axonal swelling and disconnection after the head trauma, including mild TBI, has
been used in pathological studies using animal brain [8-11]. Since the 1960s, pathological
studies using autopsy reported axonal injury in patients with mild TBI or concussion [12-14].
However, because conventional brain CT or MRI are not powered with contrast resolution
to determine TAI in mild TBI, diagnosis of TAI in live patients with mild TBI was impossible
for a long time. Since the development of diffusion tensor imaging (DTI) in the 2000s, many
researchers demonstrated TAI in live patients with mild TBI [15-85]. Because mild TBI and
TAI are different TBI subtypes, the precise diagnosis of TAI in patients with mild TBI is clini-
cally important for proper management and prognosis prediction (Table 1) [6, 7].

In this chapter, TAI in patients with mild TBI is described in terms of definition, history, and
diagnostic approach.

2. Traumatic axonal injury in patients with mild traumatic axonal injury

2.1. Definition and problem of the term “mild traumatic brain injury”

The American Congress of Rehabilitation Medicine in 1993 defined mild TBI as a traumatically
induced physiological disruption of brain function resulting from the head being struck or
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striking an object, or an acceleration and deceleration movement of the brain, as manifested by
at least one of the following: any period of loss of consciousness up to 30 min, post-traumatic
amnesia not exceeding 24 hours, and an initial Glasgow Coma Scale score of 13-15 [86-89].
Blast may also cause mild TBI [90].

Opinions critical of the use of the term “mild TBI,” as indicating a benign condition, have been
expressed [5, 91, 92]. In 2012, Rapp et al. insisted that mild TBI is a category mistake because
of the heterogeneity of the clinical population and features, and the complex idiosyncratic
time course of the appearance of these deficits in patients with mild TBI [92]. Subsequently,
McMahon et al. reported that the term “mild TBI” is a misnomer because some of the patients
with mild TBI show severe neurological sequelae [91]. In 2015, Sharp and Jenkins insisted
that mild TBI is not always a benign condition as its name implies and patients with mild TBI
sometimes fail to recover [5]. These critical opinions appear to stem from the observations of
concurrent TAI in patients with mild TBI that cannot be detected on conventional brain CT
or MRI. Such lesions have been described by hundreds of DTI studies since the 2000s [15-85].

2.2. Definition and diagnostic history of traumatic axonal injury in mild TBI

Neural axons in the white matter are particularly vulnerable to diffuse head trauma due to
mechanical loading of the brain during TBI [8, 93]. TAI, a pathological term, is defined as tear-
ing of axons due to indirect shearing forces during acceleration, deceleration, and rotation of
the brain, or direct head trauma [6, 9, 10, 15-23, 94, 95].

Since the 1980s, many researchers, including Povlishock, have used the term “TAI” in their
pathological studies using animal brain [8-11]. In the human brain, several studies have dem-
onstrated trauma-related axonal injury in pathological autopsy studies of patients who died
of other causes following TBI, including concussion or mild TBI, since the middle of the last
century [12-14, 96]. However, due to insensitivity of conventional brain MRI for detection of
TAIin mild TBI, diagnosis of TAI in live patients with mild TBI was impossible for a long time.
In the 1990s, the development of DTI opened a new era for diagnosis of the subcortical white
matter pathology in the live human brain. Because DTI provides invaluable information about
subcortical white matter that cannot be obtained by conventional MRI, DTI was initially used
to detect white matter pathology undetectable by conventional CT or MRI in brain pathologies
such as cerebral palsy, hypoxic-ischemic brain injury, and congenital brain disease [97-99].
Since Arfanakis’s study in 2002, TAI has been demonstrated in hundreds of DTI studies in
mild TBI [15-85]. As a result, DTI become an important diagnostic tool for TAl in patients with
mild TBI, particularly in patients whose conventional brain CT or MRI is negative.

The history of the use of term TAI with regard to the term “diffuse axonal injury (DAI)” has
given rise to some confusion [6]. Adams et al. began to use the term “DAI” by defining DAI as
the presence of microscopic axonal injury in the white matter of the cerebral hemisphere, cor-
pus callosum, and brainstem caused by mechanical forces during head injury [100-102]. After
that, instead of DAI, “TAI” or “diffuse TAI” was used to correct the mistaken term “diffuse”
(because the distribution of the lesions of axonal injury is not diffuse but multifocal), and to
include the meaning of trauma in terms of the etiology of axonal injury [6-8, 93]. Generally, the
traditional definition of DAI indicates patients in profound and prolonged coma at the onset of
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head trauma, and who suffer a poor outcome [6-8, 93, 102, 103]. Because more restricted pat-
terns of axonal injury than the traditional DAI were detected in milder TBI with the develop-
ment of DTI, the term “TAI” is used for these more limited injuries: in practice, TAI indicates
milder injury than DAI [6-8, 93, 98, 103].

2.3. Comparison of diffusion tensor imaging and diffusion tensor tractography in
detecting TAI in mild TBI

The left corticospinal tract shows partial tearing (arrow) at the subcortical white matter. When
a researcher measures diffusion tensor imaging parameters using the region of interest (ROI)
method, if the ROI is placed in the partially torn area (B), traumatic axonal injury of the left
corticospinal tract can be detected, whereas if the ROl is placed in the normal-appearing area
(D), traumatic axonal injury of the left corticospinal tract cannot be detected.

Two methods are used to detect TAI in mild TBI: (1) region of interest (ROI) method: measure-
ment of DTI parameters in a certain ROI of the brain, and (2) diffusion tensor tractography
(DTT) for the neural tracts (Figure 1). DTT allows for visualization and estimation of the neu-
ral tracts three dimensionally by reconstruction from DTI data: measurement of DTT param-
eters and configurational analysis of the reconstructed neural tracts [19, 20, 24-56, 61, 72, 98].
Many more studies have used the ROI method than DTT; however, this method can yield
false results for the following reasons. First, high individual variability of the anatomical loca-
tion of the neural tracts in the human brain can lead to measurement of DTI parameters in a
false location for the target neural tract, especially in compact areas such as the corona radiata,
posterior limb of the internal capsule, or brainstem [104]. In addition, the results can differ
depending on whether a ROl is placed in a TAI lesion (for example, a partially torn area) or
normal-appearing area. For example, when a neural tract was partially torn by TAI following
mild TBI, if the ROI was placed in the normal-appearing area, TAI cannot be detected using
the ROI method although this patient had TAI following mild TBI (Figure 1). Second, high
interanalyzer variability of the ROI method can lead to false results [105].

By contrast, DTT for reconstruction of the neural tracts usually employs a combined ROI
method that reconstructs only neural fibers passing more than two ROI areas. The ROI areas
and reconstruction conditions for the neural tracts are well defined for each neural tract [6,
50, 106-113]. High repeatability and reliability of DTT method for the neural tracts have
been demonstrated in many studies [6, 24, 50, 106111, 113]. Therefore, experienced analyz-
ers can reconstruct the neural tracts without significant inter- and intra-analyzer variation.
The main advantage of DTT over DTT is that the entire neural tract can be evaluated in terms
of DTT parameters, including fractional anisotropy, mean diffusivity and tract volume, and
configurational analysis. Fractional anisotropy value indicates the degree of directionality of
microstructures, such as axons, myelin, and microtubules, while mean diffusivity value sug-
gests the magnitude of water diffusion [114]. Tract volume is determined by counting the
number of voxels contained within a neural tract [114]. Therefore, a significant decrement of
fractional anisotropy or tract volume, or increment of mean diffusivity compared with nor-
mal subjects, indicates injury of a neural tract. In addition, on configuration analysis of the
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Figure 1. Possible false measurement of diffusion tensor imaging parameters in a partially torn corticospinal tract in a
patient with mild traumatic brain injury.

reconstructed neural tracts, abnormal findings including tearing, narrowing, or discontinu-
ation have been used to detect TAI of the neural tracts in patients with mild TBI (Figure 2)
[19, 20, 24, 26-37, 39-56]. As a result, DTT would be better than DTI to detect TAI in a neural
tract in an individual patient. More than 30 papers have demonstrated TAI in individual
patients with mild TBI in the corticospinal tract, corticoreticulospinal tract, spinothalamic
tract, fornix, cingulum, optic radiation, ascending reticular activating system, papez circuit,
pre-fronto-thalamic tracts, inferior cerebellar peduncle, corticofugal tracts form the second-
ary motor area, arcuate fasciculus, corticobulbar tract, and dentatorubrothalamic tract [19,
20, 24, 26-37, 39-56]. However, DTT may underestimate the neural tracts due to regions
of fiber complexity and crossing that can prevent full reflection of the underlying fiber
architecture [105, 115, 116]. In addition, TAI on DTT often cannot be discriminated from
abnormalities by previous head trauma, other concurrent neurological diseases, aging, or
immaturity, although some findings suggest characteristic features of TAI in several neural
tracts [26, 28, 29, 39, 48, 51-54].
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Figure 2. Configurational analysis of the spinothalamic tract in patients with mild traumatic brain injury.

2.4. Diagnostic approach of traumatic axonal injury in patients with mild TBI

TAl is a diagnostic term with a pathological meaning; therefore, pathological study by brain
biopsy is required to confirm TAI of a neural tract in patients with mild TBI. However, per-
forming brain biopsy for an injured neural tract in patients with mild TBI is impossible
because mild TBI is not a life-threatening disease like, for example, brain tumor. The sensitiv-
ity and specificity of DTT for diagnosis of TAI of a neural tract in patients with mild TBI can
be calculated only through direct comparison of DTT findings of an injured tract with the
pathological results of brain tissue, if we accept the latter as the diagnostic “gold standard.”
As a result, precise demonstration of sensitivity and specificity of DTT for diagnosis of TAI
of an injured neural tract in live patients with mild TBI is impossible. However, in 2007, Mac
Donald et al. demonstrated that TAI on pathological and DTI results agree in a mouse model
of mild TBI that showed normal findings on conventional MRI [117]. They concluded that
DTI is highly sensitive for detection of TAI and conventional MRI is not as sensitive as DTI for
axonal injury [117].

There are more than 30 recent papers that reported TAI in individual patients with mild TBI
using DTT [19, 20, 24, 26-37, 39-56]. The methods to diagnose TAI of the neural tracts of the
above studies can be summarized as follows (Flow Sheet 1). First, head trauma history com-
patible with mild TBI is required. According to the definition of mild TBI from the American
Congress of Rehabilitation Medicine, the patient must have a head trauma history with three
conditions of mild TBI: loss of consciousness, post-traumatic amnesia, and Glasgow Coma
Scale [86]. If a patient did not suffer loss of consciousness, any alteration in mental state (feel-
ing dazed, disoriented, or confused) at the time of the accident is necessary. Second, develop-
ment of new clinical symptoms and signs after head trauma is required. The patient must
show new clinical features after the head trauma, which were never observed before the head
trauma. The possibility of delayed onset of the clinical symptom due to secondary axonal
injury that refers to a condition in which axons were not damaged at the time of injury, but
undergo axonal injury caused by the sequential neural injury process of an injured neural
tract, should also be considered [9, 10, 24, 26, 27]. Third, evidence of TAI of a neural tract on
DTT is required [19, 20, 24, 26-37, 39-56]. TAI of a neural tract can be detected by configura-
tion (tearing, narrowing, or discontinuation) or DTT parameters (significant decrement of
fractional anisotropy or tract volume, or increment of mean diffusivity) on DTT for a neural
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Head trauma history compatible with mild TBI
!

Development of new clinical symptoms and signs after head trauma
!
Traumatic axonal injury findings on DTT for clinically relevant neural tracts
-Configuration: tearing, narrowing or discontinuation
-Significant change of DTT parameters: decreased fractional anisotropy or
tract volume, or increased mean diffusivity

l

R/O Previous head trauma, concurrent neurological disease, aging or artifact of DTT

!
R/O Other pathologies

(peripheral nerve injury, spinal cord injury, and musculoskeletal problems)

!

Consider response to management for clinical symptoms

l

Consider other clinical features and DTT findings of other neural tracts,

!

Diagnosis

Flow Sheet 1. Diagnostic approach of traumatic axonal injury of a neural tract in patients with mild traumatic brain
injury.

tract (Figure 2). Fourth, DTT abnormality by previous head trauma, concurrent neurologi-
cal disease, aging, immaturity, or artifact of DTT should be ruled out. In addition, the newly
developed clinical features and the function of the injured neural tracts must coincide. Fifth,
other pathologies including peripheral nerve injury, spinal cord injury, and musculoskel-
etal problems should be ruled out through other studies such as electromyography study,
radiological study, or ultrasonography. Additionally, improvement of a clinical symptom
with management of an injured neural tract could be an additional evidence for TAI. For
example, when a patient develops central pain due to injury of the spinothalamic tract follow-
ing mild TBI, and if the patient’s pain improves with the administration of specific drugs for
central pain, it would be an additional evidence for TAI in this patient. In addition, the clinical
features and DTT findings of other neural tracts should be considered because TAI usually
occurs in multiple neural tracts following diffuse head trauma like mild TBI [29, 30, 34].

For example, a 43-year-old female patient suffered injury from a car accident. She hit her head
on the seats with acceleration-deceleration injury while sitting in a passenger seat in a minibus
after a collision with a car from behind. She had no head trauma history, and findings were
consistent with the three conditions of mild TBI [86, 87]. Since the head trauma, she noticed
memory impairment, mild weakness of both hands, and central pain of the entire body. On
DTT, the injuries of cingulum (discontinuations of both anterior cingula), the fornix (discon-
tinuation of the left fornical crus), corticospinal tract (partial tearing at the subcortical white
matter of both corticospinal tracts), and spinothalamic tract (partial tearing of the left spinotha-
lamic tract) were detected (Figure 3). In this patient, TAI by this car accident was confidently
diagnosed by the head trauma history, development of new clinical features, and injury evi-
dence of the various neural tracts on DTT. The patient provided written informed consent.
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Cingulum

Figure 3. Traumatic axonal injuries of several neural tracts in a patient with mild traumatic brain injury. (->:traumatic
axonal injury, *suspicious traumatic axonal injury).

3. Conclusion

In this chapter, TAI in patients with mild TBI is described in terms of definition, history, and
diagnostic approach. Precise diagnosis of TAI in patients with mild TBI is clinically important.
The introduction of DTI has enabled diagnosis of TAI in the live patients with mild TBI [15-85].
Several requirements are necessary for diagnosis of TAI in patients with mild TBI: head trauma
history, development of new clinical symptoms and signs after head trauma, evidence of TAI
of the neural tracts on DTI or DTT, and coincidence of the newly developed clinical features
and the function of injured neural tracts. DTT seems a better tool than the ROI method on DTI
to locate partial injury in a neural tract in an individual patient, because DTT can evaluate
the entire neural tract. Limitations of DTT should be considered, although the reconstruction
methods of various neural tracts have been well defined, and high repeatability and reliability
of these methods have been demonstrated [6, 24, 50, 105-111, 113, 115, 116, 118, 119]. Further
studies of the diagnostic criteria for TAI with sensitivity, specificity, and reliability in mild TBI
should be encouraged.
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Abstract

This chapter constitutes a review of the recent literature on metabolic response and pro-
filing of bioorganic phosphates and phosphate metabolites in disease related to traumatic
brain injury (TBI). In this report we emphasize the emerging role of advanced imaging
techniques in both the translational research of TBI biology and in the development of
new modalities for the diagnosis and therapy of TBI-related diseases. To date, several
neuroimaging techniques have been used for assessing phosphate metabolites related
to TBIL These techniques include *'P-MRI/MRS imaging, magnetic resonance imaging,
and incorporation of phosphate derivative hydrogels, all of which are of particular inter-
est in identifying TBI. These advanced neuroimaging techniques are currently under
investigation in an attempt to optimize properties for therapeutics purposes. In addition,
this chapter also discusses the role of endogenous and exogenous phosphates related
to TBI. TBI imaging is a rapidly evolving field, and a number of the recommendations
presented will be updated in the future to reflect the advances in medical knowledge.

Keywords: phosphate, TBI, molecular imaging, phosphorylation, brain edema, MRI
contrast agents

1. Introduction

As progress of medical science/technology and imaging accelerates into the future, this
work is intended as an important review regarding the related chemistry and biochemistry

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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of traumatic brain injury (TBI). While some pertinent reviews have also appeared [1], we
review what is known regarding phosphate chemistry. This is of critical importance for future
researchers, and relates to brain-related injury, especially TBI. We sought to cover phosphates
and phosphorylation in this context. From a database search, a list of keywords (phosphate,
phosphonate, phosphorylation, traumatic brain injury, and probe, imaging, or sensor) and
approximately 35 references have been acquired (ISI Web of Science, accessed in 2017).
[1-35]. Instrumental techniques are also critically important and certain physical techniques
are introduced and described as well (Figures 1 and 2). Reviews of biological phosphate
imaging have emerged in the literature [36-39] and a combination of clinical and research
aspects are presented. In addition, critically important phosphate species, probes, proteins,
and related medicinal molecules are illustrated (Figures 3-6).

Figure 1.Dynamic 31P-magnetic resonance spectroscopy (http://www.mrtm.ethz.ch/research/mr-spectroscopy/
physiological-projects/muscle-physiology.html).

Figure 2. Instruments used in the scientific laboratory such as the multinuclear NMR spectrometer (left), high-resolution
mass spectrometer (middle), and fluorimeter (right). (Photos acquired at KAIST (Daejeon, Korea); high-resolutionmass
spectrometer photo taken from kara.kaist.ac.kr.).
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Figure 6. Some of the important proteins under discussion including apolipoprotein (APOE), the CREB protein, etc.
(Copied without permission from the Internet, accessed in September 2017, Wikipedia.). CREB (top) is a transcription
factor capable of binding DNA (bottom) and regulating gene expression.

2. TBI introduction

According to the US Centers for Disease Control and Prevention (CDC), every year in the
United States approximately 1.7 million individuals receive an injury classified as a TBI), and
52,000 of these cases led to death [40]. TBI can be defined as alterations in brain functions and
brain metabolism due to head collision with a stationary or moving object, or striking of a
physical subject or coupling of an external mechanical force (e.g., g-force, blast shockwave)
with the head [41-44]. Research has revealed that TBI can be associated with a variety of
outcomes, from mild shock upon a single impact, to developing chronic traumatic encepha-
lopathy (CTE) at a later time, a neurodegenerative disorder linked to repetitive brain injuries
[45]. Each damaging event may lead to a specific clinical condition, which requires specific
observation and care to prevent long-term neurological damage.
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Related head injuries can involve different motions of the event that ultimately impose a
stretching force on neurons, commonly resulting in the dangerous formation of edema in
the tissue, which increases tissue volume. Brain edema is influenced by complex molecular
and cellular changes in blood-brain barrier (BBB) function, as well as cell volume regulation.
These changes may also develop into pathological pathways. Edema resulting from the origi-
nal sustained injury has a devastating impact on morbidity and mortality. These downstream
effects of TBI increase intracranial pressure, impair cerebral perfusion and oxygenation, and
contribute to additional ischemic injuries [46]. Therefore, these changes may also develop
into pathological pathways. Other issues related to cerebral hypoperfusion range from loss
of consciousness to devastating neuronal damage. The reason for these symptoms is the lack
of high-energy phosphate compounds and high-energy metabolic demand caused by disrup-
tion of the continuous oxygen supply in the blood to the brain.

In general, there are three major types of traumatic brain edema. The first is vasogenic due to
disruption of the BBB, which results in extracellular water accumulation. The second is cyto-
toxic/cellular due to sustained intracellular water collection. The third is called osmotic brain
edema, which happens because of osmotic imbalances between blood and tissue. Rarely after
TBI do we encounter a “hydrocephalic edema/interstitial” brain edema related to an obstruc-
tion of cerebrospinal fluid outflow [47]. Various detailed case studies have emerged that con-
tinue to raise the alarm and grab the attention of researchers to understand the effects of
TBI. For many repeated types of injuries to the head, in certain individuals CTE has similari-
ties to age-related neurodegenerative diseases [1]. Model systems such as rats [4, 6, 12, 13, 15,
17, 28, 29, 32, 33] and mice [5, 9, 11, 12, 18, 20, 25] have been employed to better understand
the mechanisms of TBI.

Phosphorus is a very important element in the body and is responsible for approximately
1.1% of total body mass. In the body, almost all of the phosphorus is combined with oxygen,
forming phosphate. Phosphate acts as a body’s electrolytes, carrying an electric charge in
body fluids such as blood. The majority of phosphate in the body (85%) comes from bone [48].
The rest is stored as high-energy phosphate or in its free form, where it acts as a substrate for
adenosine triphosphate (ATP) production. Even though phosphate metabolism in trauma has
not been well studied, there are some interesting reports on phosphate in TBI that involve
hypophosphatemia. In 2010 Lindsey et al studied 25 patients with TBI and found out that
these individuals had a lower serum phosphorus concentration than those without TBI, sug-
gesting ongoing phosphate loss in the TBI patients [49].

To date, conventional computed tomography (CT) is the main technique for the evaluation
of TBI for patients” diagnoses. However, CT and magnetic resonance imaging (MRI) still can-
not be used to predict neurocognitive functional deficits at any stage of TBI, because they
do not image the functional pathology for the neurocognitive outcome [50]. Therefore, other
techniques such as *P-magnetic resonance imaging/spectroscopy (*'P-MRI/MRS) and posi-
tron emission tomography (PET) are used as alternatives to provide insight into the metabolic
changes that arise from TBI and to reveal the damage that contributes to short- and long-
term impairment. In this chapter, a review of several relevant contributions of neuroimaging
towards an improved understanding of TBI is presented, using both PET and *P-MRI/MRS.
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3. MRI techniques for TBI that involve phosphates

In terms of MRI for TBI, various techniques have been employed (Figures 1 and 2). For
example, T -weighted MRI has been used [5]. Interestingly, in 1990 Heiss et al. used PET of
[*F]fluorodeoxyglucose (FDG)coupled with *'P-MRS to diagnose tumors in the brain. The
study suggested that both methods can examine different aspects of tumors in the brain and
can be used as a tool for further classification of brain tumors or diseases related to the brain
such as TBI [51]. A further study in 2002 by Greenman et al. used a method called three-
dimensional rapid acquisition with relaxation enhancement (RARE) pulse sequence for
direct measurement of phosphocreatine (PCr) images of the human myocardium. The aim
of this study was to assess the metabolic state of myocardial tissue in several disease states
and determine the efficacy of therapeutic mediation [52]. Then, in 2005, Greenman et al.
published a work related to *'P-MRS to evaluate the metatarsal head region of the foot in
neuropathic diabetic patients. The study concluded that a very uniform net magnetization
can be achieved and the use of double-tuned birdcage radiofrequency coils can improve
the quality of MRI/MRS examinations [50]. A study in 2018 conducted by Chen et al. using
in vivo *’P-MRS magnetization transfer (MT) suggested that MRS provides a direct mea-
sure of neuronal activity at the metabolic level by investigating the change in cerebral ATP
metabolic rates in healthy adults upon repeated stimulation [45]. *P-MRS has also proven
effective in detecting a selective saturation sequence for ATP and phospholipids. Thus, the
IP-MRS-MT technique at 3 T is a good candidate for neurological and neuropsychiatric
disorders because of the noninvasive nature of NMR studies. Additionally, *'P-MRS was
reported and discussed in 2004 by Cernak et al. [6] The technique involving metals such as
manganese is also applicable: manganese-enhanced MRI was used in a 2011 study by Tang
et al. [29] Additionally, ex vivo diffusion tensor imaging was implemented in a study in
2012 by Jin and coworkers [5].

'H, 3P, and “C in vivo MRS are complementary techniques that allow noninvasive mea-
surement of different aspects of brain metabolism that may contribute to the clinical man-
agement of patients with acute TBI [53]. ®C-MRS measures the breakdown of intake of
BC-labeled sugar (e.g., glucose) via glycolysis and the tricarboxylic acid cycle. Even though
not many PC-MRS studies have been conducted, the development of in vivo hyperpolarized
techniques shows a potential to detect TBI. On the other hand, *P-MRS allows measure-
ment of high-energy phosphates (ATP and PCr) produced by oxidative phosphorylation
and creatine kinase in mitochondria [54]. Changes in these metabolites have been noted in
several patients and animal studies (further study might reveal the role of the high-energy
phosphates). 'H-MRS is the most commonly used MRS technique for studying brain metab-
olism following TBI. It has the potential to measure various metabolites: some are associ-
ated such as lactate, Glu and GIn, which can also be measured by *C-MRS. Creatine and
N-acetylaspartic acid are associated with the ATP and PCr, which can also be measured with
JIP-MRS. Thus, the ratios of high-energy phosphates are thought to represent a balance in
the brain. In addition, the chemical shift difference between inorganic phosphate and PCr
enables calculation of intracellular pH. PC-MRS detects the C isotope of carbon in brain
metabolites [55].
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4. Molecules of importance

There are various small molecules used either as diagnostic agents or potential therapies in
the context of phosphate TBI studies. We can also consider small molecule probes and those
coupled with the use of pharmaceuticals (Figures 3-6).

5. PET imaging

PET is an important clinically used instrumental technique that requires an administration
of artificial diagnostic agents (Figure 1). The artificial agents used involve one disintegrating
atom such as the '*F or ""C isotope. The isotope is generated and then covalently attached (by
a simple chemical reaction and protocol) to a small molecule prior to nuclear medical exami-
nation [13, 21].

PET imaging is well known for its sensitivity for small molecular changes (nanogram scale)
compared to milligram or microgram for MRI or CT. PET also is able to provide important
information on brain metabolism. As a result, PET imaging is used to measure a change in the
glucose metabolism after TBI. The magnitude and duration have been correlated with worse
behavioral and cognitive outcomes [56]. These results regarding cerebral glucose utilization
were obtained using deoxyglucose (DG) labeled with C and autoradiography [57]. DG was
chosen because DG is phosphorylated but not further metabolized, becoming trapped in the
cell with a slow clearance rate. For noninvasive imaging, a positron-emitting isotope such as
'8F can be incorporated within DG, resulting in the production of [*F]JFDG; this then accumu-
lates in brain tissue in proportion to glucose uptake and the level of phosphorylation and is
quantifiable using the technique of PET imaging [58].

For more information on nuclear chemistry and the mechanism of positron/electron capture
as well as the preparative chemistry, please see other sources.

6. Phosphate species

There is a range of phosphate species used in biology. In some ways, the phosphates are cen-
tral to the discussion, but in other ways they are peripheral to the thrusts of literature reports.
The phosphates under discussion are shown in Figure 3 and listed below.

7. Phosphorylation

Phosphorylation of proteins (serine, threonine, and tyrosine), for example, is an essential
theme in biology. It is a constantly monitored and investigated process in biological systems,
and continues as a vital aspect in the study of neurodegenerative disease research because it
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relates to kinase and phosphatase activity (Figure 3). For example, tau protein has been cen-
tral in Alzheimer’s disease (AD) hypotheses for many years. Hyperphosphorylation is consid-
ered to be an important step in disease pathology [59].

Among many kinases proteins, mitogen-activated protein kinases (MAPKSs), protein kinase
B (also known as Akt), and glycogen synthase kinase (GSK) are the major kinases involved
in cellular signaling, and as confirmed by the study from Joseph T. Neary, MAPKSs, Akt, and
GSK respond to trauma of the central nervous system (CNS). Therefore, it is very important
to conduct further studies of these proteins to provide a better understanding of their role in
the pathogenesis of many disorders, including traumatic injuries of the brain [58]. A study
by Naoki Otani et al. showed that the extracellular signal-regulated kinase (ERK) pathway
is triggered in lesions in regions of selective vulnerability after TBI and has a devastating
effect on the hippocampus. The results show that pretreatment with U0126 (an ERK inhibitor)
decreases neuronal cell loss after TBI [60]. Meanwhile, a study conducted by Noshita et al.
also suggested that phosphorylation of Akt at serine-473 and DNA fragmentation after TBI in
mice showed that phospho-Akt was decreased in the injured cortex 1 h after TBI and tempo-
rarily increased at 4 h in the perifocal damaged cortex. They concluded that the degree of Akt
phosphorylation is dependent on the intensity of cellular damage after TBI [61].

Another study revealed that MAPKs are involved in pathophysiological TBI. Thus, regulat-
ing the MAPK pathway-mediated cerebral damage after acute injury could be a direction for
the development of the novel therapeutic target in TBI [62-64]. Study of a simple chemical
compound, sodium selenite, was performed. Sodium selenite was found to upregulate pro-
teins that help to remove the phosphorylation group from its position on the amino acids in
particular proteins. The specific enzyme is called PP2A/PR55 (protein phosphatase 2A regula-
tory subunit PR55). In a study from 2014 by Zhu et al., phosphorylation of various molecules
was considered as a result of cerebral contusion (mouse model). The following molecules
were studied: Akt, mMTOR (mammalian target of rapamycin), and S6RP [35]. For example, the
Thr308 and Ser473 sites of Akt are important phosphorylation sites for activating Akt. Thr308
becomes phosphorylated by PKD1 and other enzymes, including PDK2 phosphorylate Ser473.
Activated Akt mediates several responses, including phosphorylating a range of intracellular
proteins. mToR and S6RP are downstream targets of the PI3K/Akt pathway. Phosphorylation
of a precursor stimulates activation of mTOR and S6RP [65-67]. Some phospholipids are ubig-
uitous and have been the subject of imaging regarding cell membrane dynamics.

8. Other phosphates

Various free, small, and organically bound phosphates are encountered in the phosphate
imaging TBI literature:

¢ Pentose phosphate (see Figure 3)

e ATP and its dynamics [8]

* Reduced nicotinamide adenine dinucleotide phosphate (NADPH)
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* N-acyl-phosphatidylethanolamines [20]
* Lysophosphatidylcholine [20]

¢ Ceramide phosphate [20]

¢ Bis(monoacylglycero)phosphate [20]

* Sphingosine-1-phosphate [20]

¢ Lysophosphatidylserine [20]

* N-acylethanolamine phospholipids

The result from Emily V. Mesev et al. proposes that the endogenous production of ceramide-
1-phosphate (C1P) via ceramide kinase in brain tissue increases the basal activity of P-glycoprotein
and contributes to general neuroprotection in healthy brains within the BBB. In cases of cellular
injury or stress, it is possible that increases in C1P would act as a neuroprotector [68].

A study from Alice E. Pasvogel et al. showed that following TBI, membrane integrity of neu-
rons and neuroglia is compromised resulting in elevated phospholipid levels in the cere-
brospinal fluid. The pattern of change and the concentration of each of the phospholipids
were different for those who died and those who survived following TBI. In conclusion, the
study found the increase concentration of lysophosphatidylcholine in those who died. These
findings give a preliminary proof of greater disruption of central nervous system membrane
phospholipids in patients who died after TBI [69, 70].

9. Extracellular phosphates

In addition to the endogenous phosphate species that are produced in the biological system,
there are also exogenous or xenobiological compounds that can be discussed. Chitosan com-
bined with 3-glycerophosphate disodium ((3-GP) for use as a thermosensitive hydrogel was first
reported by Chenite in 2000. This gel-forming biopolymer can be used for the development of
therapeutic implants. Further study by Dong et al. from 2015 involved a hydrogel that consisted
of derivatives of phosphate groups [10]. The result suggests that an injectable thermosensitive
chitosan/gelatin/pB-glycerol phosphate (C/G/GP) hydrogel could release the phenolic antioxidant
ferulic acid (FA), which can inhibit the neurological oxidative stress and effectively protect the
brain from further impairments. Another study from Ibrahim Jalloh et al. in 2015 also suggested
that there was a shift in glucose metabolism from glycolysis to pentose phosphate pathways
(PPPs) with decreasing brain tissue oxygen concentrations after TBI. This finding gives another
perspective on the roles of PPPs and glycolysis after TBI, and whether they can be manipulated
to enhance the potentially antioxidant role of PPPs and give better outcome to TBI patients [71].

In 2014, Brend L. Fiebich et al. suggested that prostaglandin E2 (PGE2), produced by the
enzymatic activity of cyclooxygenases (COX) 1 and 2, is the common mediator for the inflam-
matory brain that leads to TBI. The group proposed a two-hit model for neuronal injury. First,
an initial localized inflammation mediated by PGE2 was then followed by the release of ATP
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by injured cells (second hit). In this study, it was concluded that by inhibiting the P2 recep-
tor in the second hit using P2 receptor-based antiinflammatory drugs (PBAIDs) the activity
of specific ectonucleotidases and release of excessive ATP could be increased and is another
approach to counter neuroinflammation [72, 73].

10. MRI contrast agents

In TBI phosphate literature, MRI contrast agents have been previously described [31]. Structural
information about the brain can be quantified using brain volume based on T -weighted
MRI. Even though the most common contrast agents are based on gadolinium, new pharma-
ceuticals (for example, gadobenate benate dimeglumine (Gd-BOPTA)) have been developed
with higher T, and T, relaxivity to improve signal intensity enhancement and thereby improve
lesion visualization [74]. Garcia-Martin et al. used a phosphonated Gd*-based contrast agent
to measure intravascular acidification in rat gliomas. To distinguish the differences in pH, [75,
76] the contrast agent used undergoes changes in T, relaxivity over a broad range from pH 6 to
8 [77]. This application is an example of an alternative for TBI symptom detection.

Another study using manganese-enhanced MRI (MEMRI), in which the manganese ion acts
as an MRI contrast agent, was used to study rats subjected to a controlled cortical impact. The
results suggest that MEMRI detected early indications of excitotoxic injury and BBB disruption
that preceded vasogenic edema in the hyperacute phase and offer a novel contrast that comple-
ments conventional MRI in the study of TBI [78, 79]. In 2009 Chapon et al. revealed that MRI con-
trast agent can detect the inflammatory progression by radiolabeled peptide (IELLQAR) to target
E-selectin, an important intercellular adhesion molecule involved in the leukocyte cycle [78].

11. Therapeutics tested

Small molecules are at the heart of medically treating people who have received TBI. (R,S)-2-
Chloro-5-hydroxyphenylglycine (CHPG [5]) was studied. This compound has been studied
by David J loane et al. in 2013 [80] and the result in mice model demonstrate that activation
of mGIuR5 using the selective agonist and CHPG, within 30 minutes after the moderate-
level TBI significantly improved sensorimotor and cognitive function recovery and reduced
TBIl-induced lesion volumes in the mice model. Next, edaverone (Figure 5) was used [11];
it was found to be effective in the mouse model under study. The theme of concussion-
induced depression is elucidated in this paper [11].

12. Proteins and enzymes

There are also related proteins in these studies. Perhaps the most central protein in a discus-
sion of neurodegeneration is the beta amyloid protein (Ap)—one of the hallmarks of AD. It
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can be used as a baseline measurement. Studies by the Smith [81] and Sharp groups [82]
showed that A3 plaques may be found within TBI patients. The study also suggests that rapid
A plaque formation may result from the accumulation of amyloid precursor protein in dam-
aged axons and a disturbed balance between Af3 genesis and catabolism during the process of
TBI. In this study, the authors took an image of AP plaque burden in long-term survivors of
TBI and made determinations to generate a correlation between traumatic axonal injury and
A concentration. By comparing the distribution of Af to AD, they found that AB-comprised
plaque in the TBI survivors decreased in neocortical regions but increased in another brain
region, the cerebellum. This then suggested that TBI may dispose one to an AD-like fate [25].
There are also phosphate-related reports involving studying the reduction of certain pro-
teins after the onset of TBI. Such proteins include CREB and PSD95 [26]. Then there is car-
bamylated erythropoietin (EPO) [4]; EPO is a pleiotropic cytokine that identified its role in
erythropoiesis (the process by which red blood cells are produced) [83]. EPO was recognized
for its hematopoietic properties; however, many researchers around the globe were attracted
by its function as a tissue protector. In 2004, a study from Leist et al. showed that the carba-
mylation of EPO formed a kind of nonhematopoietic derivative, cEpo. This reaction surpris-
ingly eliminated its erythropoietic effects; however, it keeps its function in tissue protection
[84]. These results led to another study conducted by Fiordaliso et al. from 2004, which sug-
gested that the erythropoietic and tissue-protective effects of EPO were based on different
receptors [85]. These discoveries have brought many researchers to design and synthesize
EPO derivatives with tissue-protective effects only. To date, there are two major, developed,
modified EPO molecules that have tissue-protective effects: cEpo and asialoerythroprotein
(asialoEpo). Interestingly, the first modification of EPO through carbamylation was reported
by Leist et al.; however, the method of producing cEpo was described in a patent by Warren
Pharmaceuticals [86]. This newly reported research may shed new light on the development
and application of cEpo, a prospective drug candidate for neuroprotection. There are studies
that involve delayed mGluR5 activation and targeting of intermediate proteins [3]. One study
found that activation of metabotropic glutamate receptor 5 (mGIluR5) by CHPG decreases
microglial activation and release of associated proinflammatory factors in vitro, which is
mediated, in part, through inhibition of reduced NADPH oxidase. These results suggested
that treatment with CHPG may significantly limit lesion progression in TBI through mGIluR5
receptors [87].

13. Conclusions and future outlook

There are various ways that the wide variety of phosphates that exist in biology are involved
in health and disease; ions such as phosphates can be exploited in many prospective ways
in the future and in particular they could be imaged in new ways. This review concerned
phosphates and TBI reports in which the discussion or study involved molecular imaging.
The reports were clinical and involved laboratory studies. Animal models were often used. A
great deal of biochemistry was described; often, enzyme activities were monitored and these
trends were published.
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This fresh review was intended to help medicinal chemists make new connections. The major
goals are intended to help achieve future innovation of potential treatment of TBI with chemical or
biological agents. Administration within the “golden hour” for the best efficacy is an essential point
to make. In terms of imaging there are new MRI techniques and experiments that are avail-
able as well. Some of the most important instrument manufacturers such as GE Healthcare
(Milwaukee, WI), Bruker, Hitachi Medical Corporation, Phillips, and Toshiba Medical
Corporation provide the current hardware for the task at hand [88-92]. However, biochem-
istry can allow for additional innovative imaging to be undertaken. Below are a few detailed
aspects for future study with regard to TBI and phosphate research.

13.1. Future

More commonly, research in the future will prominently feature the effects on phosphate
metabolism. With phosphate metabolism still in its infancy [93], a fuller treatment would
involve a great deal of related research. Therefore, we have described some related papers
that involve important points about phosphates.

* Much research effort involves the status of enzyme activity. The importance of accurately
carrying out immunohistochemistry involving phosphorylated proteins can be under-
scored [16, 47]. How well Western blots and other related assays are prepared and con-
ducted by laboratory personnel and how they can be best carried out and executed are
extremely important for the field.

® The theme of subcellular redistribution of phosphates can be made more pronounced [16].
Novel chemical probes that can “chase” the constituents between different cellular com-
partments can be designed and studied.

¢ The importance of the maintenance of vasculature and smooth muscle cells that help con-
stitute the microvessels within neurological tissue can be further studied. How these struc-
tures are effected by TBI in, e.g., mouse models can be further determined [16].

¢ Overabundant Reactive Oxygen Species (ROS) concentration driven by Fenton reaction has
major role in the transformation of many highly radical species such as ROS/RNS. These
highly reactive species, can lead to many disturbances such as TBI. See references herein
and elsewhere for an introduction to ROS and their analysis. MRI is a very common theme
in research [1, 15, 28, 29, 31], as well as the closely related instrumental technique of NMR
spectroscopy.

* How phosphates are interrelated (via brain injury) with the range of ROS is an important
quest in basic science.

* More research about phosphates in gliosis needs to be researched. How can gliosis best be
imaged and can it relate to the homeostasis of phosphates?

¢ What is the range of factors that delays mGIuR5 activation and how do phosphates or
phosphonates become involved?

* How can researchers parse between secondary and primary pathology at the chemical level
regarding both experimental and clinical research of TBI phosphate activity?
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e What divergent effects might arise from prior organophosphate/organophosphonate pesti-
cide exposure (a history of exposure) in which phosphonates are located where phosphory-
lation usually takes place? How does this effect hinder or perhaps help in etiology? How
can medicine take advantage of this artificial preloading?

Abbreviations

AD Alzheimer’s disease

ADP adenosine diphosphate.

ATP adenosine triphosphate

Akt protein kinase B

APOE apolipoprotein

BBB blood brain barrier

C1p ceramide-1-phosphate

CBF cerebral blood flow.

COX cyclooxygenases

CREB cAMP response element-binding protein
CTE chronic traumatic encephalopathy
Gd-BOPTA gadolinium benate dimeglumine
Gln glutamine

Glu glutamic acid

HR-MS high resolution—-mass spectroscopy.
KCl potassium chloride.

KH,PO, monopotassium phosphate.
MEMRI manganese-enhanced MRI
mGluR5 metabotropic glutamate receptor 5
MRI magnetic resonance imaging

MRS magnetic resonance spectroscopy
mTOR mammalian target of rapamycin
NAA N-acetylaspartic acid

NADPH nicotinamide adenine dinucleotide phosphate
NaCl sodium chloride.

Na,HPO, sodium hydrogen phosphate.
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NMR nuclear mass resonance

NOX2 nicotinamide adenine dinucleotide phosphate oxidase.
PGE2 prostaglandin E2

PBAID P2 receptor-based antiinflammatory drugs

PBS phosphate buffered saline.

PET positron emission tomography

PP2A/PR55 protein phosphatase 2A regulatory subunit PR55
PSD95 postsynaptic density protein 95

TBI traumatic brain injury

Tg mice transgenic mice.

TP triphosphate

S6RP phosphorylation of S6 ribosomal protein
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Abstract

Traumatic brain injury (TBI) is the result of an external force acting upon the head,
causing damage to the brain. The severity of injury, mechanism by which the injury
occurs, and the frequency of the high-force impact all play a role in the determination
of a TBL. TBI describes a wide range of traumatic pathologies which is comprised of
damage done to a multitude of cranial central nervous system components. TBI patients
typically present with a series of symptoms are correlated with the presence of an intra-
cranial injury, such as physical/cognitive difficulties. A major concern associated with
intracranial injuries is the management of intracranial pressure (ICP), a resulting fac-
tor of a TBI which facilitates into intracranial hematoma and/or cerebral edema. These
conditions have adverse effects on one’s brain, and the immediate management and
relief of intracranial pressure are crucial in avoiding hydrocephalus and brain hernia-
tion, conditions which lead to sensory loss and even death. In this chapter, we will begin
by thoroughly understanding what a TBI is, its clinical presentation, and the first-tier
examination to determine severity. Then, we will progress into the anatomy of the brain,
followed by a thorough investigation into intracranial pressure management strategies
and prognosis.

Keywords: intracranial, ICP, trauma, head injury, brain herniation, cerebral edema,
hydrocephalus, shunt, skull, blood, cerebral fluid, pressure, relief

1. Introduction

The onset of increased intracranial pressure is often attributed to many pathologies such as
large artery acute ischemic stroke, intracranial neoplasms, or disorders such as meningitis.
The most common reason for which the onset of intracranial pressure is observed is due to
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traumatic brain injuries, such as colliding one’s head into a hard object as a result of an acci-
dent. By definition, an intracranial pressure that exceeds 20 mm Hg is considered high and
indicative for the need of immediate treatment [1]. Through the advancement of medicine
and technology, the variety of treatment options available to relieve patients of increased
intracranial pressure has grown tremendously. In practice today, there exists a multitude
of treatment options ranging from nonsurgical interventions to surgical interventions [2, 3].
In this chapter, we will discuss the primary pathology of patients presenting with increased
intracranial pressure (ICP) as a result of traumatic brain injuries (ITBIs), and we will take a
generalized perspective on this pathology by discussing a multitude of topics we find crucial
to your understanding of the management of ICP in TBI patients.

2. Intracranial pressure management of traumatic brain injury

2.1. The occurrence of traumatic brain injury

Traumatic brain injury (TBI) is composed of an external mechanical force, whether it be a
change in acceleration or impact by projectile that causes a temporary or at times a perma-
nent brain function impairment as well as physical damage to the human brain anatomy. It
is important that we establish a clear understanding of the term TBI and its partnering term
non-TBI. A traumatic brain injury is brought on by the impact generated by an external force,
while a nontraumatic brain injury is brought on by internal forces such as a stroke or infec-
tion. A traumatic brain injury, which we have now learned arises from external forces, can
come in two pathological forms: penetrating and nonpenetrating. This classification presents
as simply as it is defined. A penetrating TBI results in several lesions starting from one’s head
down to the cerebral level, and these often occur in severe accidents or injuries. A clear and
prime example of a penetrating TBI is one that occurs all too often to members of our mili-
tary, a foreign projectile being discharged from an external high-force machine, which then
strikes a human head [4]. A nonpenetrating TBI is the form that we will cover more in depth
within this chapter and results from an external force acting upon the head, but it does not
penetrate any layer of human anatomy. Within the clinic, the formal classification of TBIs may
be reduced to open-head injury for patients presenting with traumatic brain injuries of the
penetrating type, and for patients presenting with a traumatic brain injury of the nonpenetrat-
ing type, the term closed head-injury may be assigned [5]. The simplification made to these
terms adds an element of simplicity for when medical professionals present cases to patient’s
families and loved ones.

2.2. Anatomical description of the brain, relevant to penetrating traumatic brain injuries

To aid in our understanding of traumatic brain injuries and later on the rise of intracranial
pressure, it is imperative we touch upon the anatomy of the human brain such that successive
sections of this chapter can be understood with a greater degree of clarity. The human brain,
the core of the central nervous system, controls a vast majority of bodily processes and func-
tions. The center of knowledge and core processing is perhaps the most important regulator
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of human life, yet only weighs between three to five pounds. The first line of defense for
the brain is called the cranium, often referred to as the skull, and this shields the brain with
a tough bone structure [6]. The brain covering itself contains three layers: the dura, arach-
noid and pia. Interestingly enough, there also exists a space between the pia and arachnoid
referred to as the subarachnoid complex. This area houses a vast network of veins, arteries,
and nerves, which channels both blood and electrochemical potential to the heart and back to
the brain. This subarachnoid complex is prone to trauma as well as constriction or full block-
age. Any trauma that may cause constriction or blockage will also pose a greater threat to the
tissue of the brain. Thus far, we have discussed the cranium and the brain that it encloses;
however, the brain does not fill the entire volume of the cranium, and the volume remaining
is filled by cerebrospinal fluid (CSF), serving as a nutrient-rich cushion around the brain, and
blood-vessels. It is important to note that the volume of the cranium is fixed, and the brain
fills a fixed volume of the cranium and the cerebrospinal fluid (CSF); therefore, any trauma
that may alter the volume of the cranial region can be devastating, a concept referred to as
increased intracranial pressure (ICP), which we will discuss in immense detail throughout
this chapter [7].

A common misconception we wish to clear up is the designation of the upper and lower brain,
and it is often misunderstood that the brain is a term used only for the upper brain, the ovular
shaped region; however, the lower brain that houses vital components such as the brainstem is
also indeed part of the human brain. At the lowest point of the brain (brainstem), there exists a
small circular opening for which the skull and the spinal cord merge to form the complete cen-
tral nervous system. As we mentioned above, the brainstem in fact is one of the most important
parts of the lower brain as it houses a plethora of intricate nerve fibers, which pass information
from the brain to the spinal cord and to the body as a whole. Another crucial component of
the lower brain is the cerebellum, a small mass of neuronal tissue that is responsible for the
regulation and coordination of motor skills and balance. Without this region of the brain, the
miracle of the human touch, whether it be the detailed touch of an artist or the intricate lifesav-
ing work done at the microscopic level by a neurosurgeon, will not be possible. The ovular
region of the human brain, known as the upper brain, is a large mass of neuronal tissue divided
into white and gray matter. Gray matter houses neuronal cell bodies, axons, and dendrites,
while white matter is entirely made up of axons, which connect other gray matter components
together [8]. The upper brain is composed of the cerebral cortex, which is the largest component
of the human brain, and this region is divided into two hemispheres: left and right. Uniquely
enough, the right side of the brain will control left side of the body and vice versa. Despite the
left and right hemisphere designations of the cerebral cortex, there are also various other desig-
nations called regional designations, and these include the frontal lobes, temporal lobe, parietal
lobe, and occipital lobe. The frontal lobes are comprised of the left and right lobes, which are
located directly behind the forehead, and these control one’s intellectual abilities, decision mak-
ing, behavior, and emotions. The temporal lobe is behind the ear and extends to the center of
the head; from a bird’s eye view of the brain, it is directly behind the frontal lobe and extends
outward from both ears. This lobe controls speech, understanding, memory, and information
retention [9]. Our ability to read, write, and understand spatial relationships is due to the efforts
made by the parietal lobe, which is located at the rear of the head, specifically the upper section
of the convex ovular protrusion site. Also at the rear of the head, but significantly lower, is the
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occipital lobe, which controls sight. While we have covered the brain as a whole, it is important
to note that throughout the cerebral cortex there are also several sites that are denoted by spe-
cific names, which we will discuss when the pathology becomes relevant to those particular
areas, and these sites are rich in nerves and also house nerve centers. These are called diencepha-
lons; a more notable diencephalon is the hypothalamus, which regulates homeostasis of the
body. These include control over body temperature, hunger, thirst, and arousal. Why discuss
the anatomy of the brain to this extent? We hope that since we have discussed anatomy to this
extent, the discussion of traumatic brain injury to regions of the brain can be better understood.
Damage to any area of the brain can result in both impairment to the functions they regulate and
permanent damage to the physical anatomy leading to cognitive deficiencies as well [10, 11].

2.3. Classifying traumatic brain injuries using GSC

The immediate identification of traumatic brain injuries is crucial for the positive-outlook prog-
nosis of a patient, and injuries of this nature present in a spectrum of severities each consisting
of unique clinical presentations. To simplify the spectra of severity, a classification system has
been established that rates injuries in three categories: mild, moderate, and severe. This clas-
sification system is called the Glasgow Coma Scale (GSC), a system readily utilized for the clas-
sification of thousands of traumatic brain injury cases per year [12]. The Glasgow Coma Scale is
used in evaluating a patient’s level of consciousness based on a sum of several categories rang-
ing between 3 and 15. Evaluation of patient consciousness is based upon his or her responsive-
ness to general verbal, visual, and motor stimuli [13]. The numerical score of this assessment
will classify the severity of a patient’s brain injury; a score closer to 15 demonstrates near-full
neurological ability and consciousness, while a score closer to 3 demonstrates a case in which
severe brain injury has occurred and the patient is in a deep coma. A Glasgow Coma Scale score
of 13-15 indicates a mild brain injury, while a score of 9-12 indicates a moderate brain injury,
and any patient scoring 8 or below is said to have incurred a severe brain injury [12, 14]. Table 1
demonstrates the rating categories medical staff use to generate a Glasgow Coma Scale score.

To generate the Glasgow Coma Scale (GSC) score, a score will be determined for each cat-
egory, followed by the summation of all three categories to generate a score between 3 and 15.

2.4. Introduction to intracranial pressure

An accumulation of pressure above the normal standard within the skull is denoted as elevated
intracranial pressure (ICP), a severe condition that requires immediate remediation. While the

1 2 3 4 5 6
Visual Eyesclosed Eyes open to Eyes open to Eyes open without
sharp stimuli ~ sounds induced stimuli
Motor No Movement to  Muscle flexion =~ Muscle flexion and ~ Able to localize Appears to have
movement  sharp stimuli  to sharp stimuli bodily movement touch normal movement
Verbal Nosounds Slow intensity Incoherent Understandable Normal
sounds words words spoken conversation

Table 1. The Glasgow Coma Scale (GSC) rating score sheet.
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initial cause for the onset of ICP may vary greatly from patient to patient, the anatomical factors
that play a role in intracranial pressure are simply the cranium, the brain, and the cerebrospinal
fluid that fills the volume in between the cranium and the brain. Within medicine, the standard
unit to measure pressure is “mm Hg,” which stands for millimeters of mercury, the distance
mercury travels in a closed system to indicate pressure. For a normal adult, at rest, and in
good health, the intracranial pressure should remain between 6 and 16 mm Hg [15]. A unique
high-order organismal advantage humans possess is the ability to maintain homeostasis, much
like many functions of the body, and homeostasis is crucial to the long-term survival of the
human. Within the brain, there are also many hemostatic mechanisms in place to maintain a
healthy and acceptable pressure within the cranium. The management of intracranial pressure
is in fact done through the regulation of the metabolism and production of cerebrospinal fluid
(CSF). Since CSF is the only liquid occupying the volume between the cranium and brain, there
is no other regulation factor that the body can maintain. The size of the brain and skull only
grows slightly after birth and cannot be altered freely to reduce pressure; thus, the regulation
of CSF metabolism and production are crucial in maintaining a healthy and acceptable intra-
cranial pressure [16]. In the event that intracranial pressure rises to the limits of the normal
and healthy range, immediate remediation is necessary. When the ICP reaches 17-18 mmHg,
concern should be raised, and when ICP ranges between 19 and 25 mmHg, immediate relief of
pressure is required to prevent damage to regions of the brain [17].

2.5. Monro-Kellie hypothesis

The Monro-Kellie hypothesis was proposed by Doctors Alexander Monro and George Kellie in
correspondence to the impact cerebrospinal fluid (CSF) has on the pressure-volume relationship
within the cranium. This particular hypothesis describes the intracranial volume-pressure rela-
tionship, which we briefly mentioned above. According to the Monro-Kellie hypothesis, the fixed
volume of the cranium is comprised of the brain, cerebrospinal fluid, blood, and the pressure of
blood flowing to the brain called cerebral perfusion pressure (CPP). Within the fixed volume,
the cranium and all components within come to form a state of equilibrium, which we discussed
as homeostasis. This hypothesis states that an increase in volume of any one of the cranial con-
stituents results in an increase of pressure within the cranium unless there is an equal or greater
reduction of volume in another cranial constituent [18]. Buffers within the cranium respond to
increases in cranial constituent volume in hopes to reduce pressure to avoid brain damage. In the
event that cranial pressure rises, typically due to an increase in lesion volume, a decrease in blood
and cerebrospinal fluid is observed in hopes to reduce intracranial pressure [19].

2.6. Rise of intracranial pressure resulting from brain injury

The most common cause of increased intracranial pressure, also known as intracranial hyper-
tension, is traumatic brain injuries. The neurological complication that is accompanied by
a traumatic brain injury is the loss of pathophysiologic regulators of the brain that results in
deregulation of intracranial pressure management [20]. The volume of an average adult’s skull is
approximately 1500 mL, in which over 85% is occupied by the brain, 10% by arterial blood, and
5% by cerebrospinal fluid [21]. Cerebral profusion pressure (CPP), which we briefly mentioned
above as the pressure created by cerebral blood flow, is dependent on two factors: both mean sys-
temic arterial pressure (MAP) and ICP. Mean systemic arterial pressure (MAP) and intracranial
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pressure (ICP) are related to cerebral perfusion pressure (CPP) based on the relationship that:
CPP = MAP - ICP. Mean systematic arterial pressure (MAP) is calculated by the summation of
one-third systolic blood pressure (SBP) and two-thirds diastolic blood pressure (DBP), in abbrevi-
ated form as: MAP =1/3 SBP + 2/3DBP [22]. In line with the Monro-Kellie hypothesis, an increase
in intracranial pressure (ICP) is remediated physiologically by a decrease in cerebral perfusion
pressure (CPP) [23]. Through the relationship we described above, a decrease in CPP dictates that
there is a decrease in blood pressure and therefore autoregulation of intracranial pressure. While
a decrease in CPP regulates ICP, it is also vital that a minimum CPP be maintained such that the
brain can receive adequate amounts of blood. Normal CPP ranges between 50 and 165 mmHg,
and in the event that CPP drops below 50 mmHg, the brain will not receive adequate amounts
of blood, thus creating further complications with maintaining normal cerebral blood flow [24].
When the brain is subjected to injury, the physiological homeostatic functions of the brain may
be deregulated or not functional at all. A normal pathology will maintain the normal CPP of
50-165 mmHg while regulating an appropriate ICP level as well. In the event that the intracranial
pressure (ICP) rises past 16 mmHg, blood vessels within the brain will constrict to reduce the
blood to flow to cranium thus lowering the intracranial pressure. Thus, when a traumatic brain
injury occurs, to the extend where the brain’s homeostatic functions are lost, intracranial pressure
(ICP) increases and physiological regulatory functions are nonoperable [25].

2.7. Negative outlook of untreated increased intracranial pressure

The management of an increased intracranial pressure is vital for the successful outcome of the
patient. In the event that an elevated intracranial pressure goes untreated, two major complica-
tions arise. The first is the temporary or permanent loss of vision (depending on severity) and the
second is development of a severe headache that lasts for more than 48 hours [26]. Additionally,
patients will also begin to exhibit irritability, lethargy, slow cognitive processes, as well as abnor-
mal behavior. Untreated elevated intracranial pressure may subject the patient to enter a state of
near-unconsciousness, coma, or even death [27]. Another concern for patients presenting with ele-
vated intracranial pressure is the possibility for damage incurred through brain herniation. Brain
herniation is a deadly condition that arises when the ICP is extremely high, and this condition
presses the brain tissue against the hard cranium causing compression damage to the brain. This
extreme pressure may also cause the brain to shift across vital structures that connect the brain to
the spinal cord, such as the falx cerebri [28]. While brain herniation may also occur in the absence
of an elevated ICP, it is more frequently seen in patients that do in fact present with a severely
elevated ICP. High pressure within the cranium induces brain herniation and that can constrict or
block arterial blood flow to various parts of the brain, proving to be fatal. In Figure 1, the CT scan
of a patient presenting with left-side brain herniation of the parahippocampal gyrus, a structure of
the brain that is paramount in memory encoding and memory retrieval, is shown, and damage to
this area may result in memory disturbances and schizophrenia [29].

2.8. Clinical presentation of patients with ICP resulting from TBI

Patients presenting with elevated intracranial pressure (ICP) resulting from traumatic brain
injury (TBI) exhibit symptoms very much similar to patients presenting solely with elevated
ICP due to other factors. Traumatic brain injury patients, depending on severity, will present



Management of Intracranial Pressure in Traumatic Brain Injury
http://dx.doi.org/10.5772/intechopen.72829

Figure 1. CT scan demonstrating brain herniation on left side due to temporal lobe hemorrhage [29].

with a series of symptoms that are generally along the lines of unconsciousness/coma, head-
ache, vomiting, nausea, compromised motor function, blurred vision, headache, perception
of noise that is not present (ringing sounds), as well as difficulty keeping balance. The one
symptom we did not mentioned above that we will discuss in depth now is elevated intracra-
nial pressure resulting from traumatic brain injury. Alongside all the symptoms a TBI patient
will exhibit, ICP will also cause several symptoms to be present much similar to those already
seen in TBI patients [30]. Typical elevated ICP patients present clinically with headache, vom-
iting, nausea, reduced state of consciousness, and vision blurriness. Figure 3 demonstrates the
overlap of the symptoms a TBI patient will exhibit versus symptoms an elevated ICP patient
will exhibit. But do note that a common symptom of a TBI patient is in fact also elevated
ICP, but elevated ICP in not only brought on my a TBI, and other factors may contribute to
elevated ICP such as hydrocephalus and intracranial hemorrhage [33].

Now that we understand the clinical features of traumatic brain injury (TBI) patients as well
as elevated intracranial pressure (ICP) patients, let us combine the two as one pathology,
elevated intracranial pressure due to a traumatic brain injury. Referring back to Table 2, we
know how similar the presenting symptoms may be; thus, let us briefly discuss how a diag-
nosis may be made. First and foremost, if the history of the patient prior to clinical presenta-
tion involves any form of trauma to the head, a TBI can be easily diagnosed. The next step
will be to conduct a neurological evaluation, often using the Glasgow Coma Scale (GCS).
A symptom of a TBI may be elevated intracranial pressure (ICP), which can be diagnosed
primarily through a neurological exam conducted by a neurologist or neurological surgeon.
Additionally, radiological imaging via computed topography (CT) scan and magnetic reso-
nance imaging (MRI) can be utilized to determine the presence of the cause as well as the
severity of the elevated intracranial pressure [34].
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Clinical presentation TBI patient ICP patient

Table 2. Comparison of TBI and ICP symptoms.

Regions of common trends in radiological findings

Table 3. CT and MRI radiological findings for ICP resultant of TBIL

2.9. Radiology of intracranial pressure caused by TBI

Radiographic imaging to determine the presence of a traumatic brain injury that results in
the onset of elevated intracranial pressure is crucial for the high-certainty diagnosis medical
professionals seek to provide. Radiographic methods utilized in the diagnostic process are
CT scans and MRI, and over the years, a series of common trends have been documented in
regard to radiological findings, which we will discuss in this section. In Table 3, we highlight
the core radiological findings that we will discuss in this section.

The second cranial nerve, also known as the optic nerve, transmits visual information from the
retina through a complex nervous network to the brain. This cranial nerve develops from optic
stalks during early embryonic development and is supported by nonneuronal glial cells [35].
In patients presenting with elevated intracranial pressure, the optic nerve region of the CT and
MRI scan shows a clear area of prominence. Within this region, approximately 40% of elevated
ICP patients present with optic nerve tortuosity, a condition in which optic nerve is twisted
or alerted slightly from physiologically normal conditions [36, 37]. In approximately 45% of
patients, the subarachnoid space surrounding the optic nerve is highly prominent and pro-
trudes the space of the optic nerve [38]. This region is comprised of delicate connective tissue as
well as channels that contain cerebrospinal fluid (CSF), and this region plays a role is creating
channels for intercommunication between the arachnoid, the pia mater, and the CSF. The optic
disk, also referred to as the optic nerve head, is the terminal point for ganglion cells leaving
the eye. The region is a physiologically normal blind spot each eye possesses due to the lack of
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photoreceptors, rods, and cones in that region [39]. A condition involving the swelling of optic
disk is called papilledema, and in patients that present with elevated ICP, this is a common
occurrence [40]. Due to the fact that the optic disk is continuous with the subarachnoid space,
swelling of this region contributes greatly to elevated intracranial pressure. This swelling can
manifest itself into two forms: either as an intraocular protrusion of the optic nerve or as seen in
a vast majority of papilledema patients, a flattening of the posterior white of the eye, sclera [41].
In Figure 2, the nodular enhancement of the optic nerves is seen, from a case study on irregular
papilloedema [42]. The last pathology we will discuss in relevance to the optic nerve is the MRI
enhancement of the intraocular optic nerve, which is anterior to the sclera’s lamina cribrosa.
This pathology is seen in approximately 50% of elevated ICP due to TBI and adds to the intra-
cranial pressure via degeneration of optic nerves, causing damage to axonal components lead-
ing to increased ICP and irreversible blindness in a vast majority of glaucoma patients [43].

Another pathology consistent with the increase in intracranial pressure is bilateral venous
sinus stenosis, which may be prevalent in segments of the transverse sinus. Stenosis involves
the constriction of a venous tract, in this case of the sinus [44].

Pseudotumor cerebri (PTC) is a clinically relevant pathology that presents with increased
intracranial pressure, but the etiology is not entirely understood. This syndrome tends to
target women over men, and specifically obese women. PTC, as mentioned above, results
from increased ICP and presents clinically with headaches, nausea, as well as changes in
vision. Through radiographic efforts, this pathology is linked with elevated CSF, a connec-
tion that was dismissed in the earlier years of medicine. Interestingly enough, patients with
elevated ICP who also present with PTC have the following pathologies: an empty sella, an
enhancement of the optic nerve head, and a tortuosity of the optic nerve [45]. An empty sella,
otherwise known as empty sella syndrome (ESS), is where the pituitary gland is physically
altered, and thus the sella turcica becomes filled with CSF [46]; see Figure 3. ESS is usually
highly indicative of an increased intracranial pressure.

Thus far, we have discussed three of the most common radiological findings, in a nonspecific
order. The next pathology we will discuss is the enlargement of the arachnoid resulting from
an increase of ICP due to TBI. ESS, or empty sella syndrome, we just discussed also plays

Figure 2. Papilledema, enhancement of optic nerve leading to increased ICP [42].
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Figure 3. Sagittal T2-weighted image of ESS in an elevated ICP patient [31, 32]. (Left) Pathological findings of “empty
sella syndrome” where the arrow points at a completely empty sella. (Right) Anatomically and pathologically healthy
individual, for comparison.

a major role in the enlargement of the arachnoid. Actually, approximately 70% of enlarged
arachnoid cases due to increased ICP are because of empty sella syndrome, replacing the
void volume of the pituitary gland with CSF [47, 48]. Some cases of arachnoid enlargement
are attributable to an enlarged Meckel cave [49]. The Meckel cave, previously known as the
trigeminal cave, is a CSF-filled arachnoid pouch, which protrudes from the posterior cranial
fossa, the most posterior segment of the cranium base where the cerebellum and brainstem
reside. In the event of a TBI, cerebrospinal fluid (CSF) fills into this cavity, expanding the
volume of this cavity, resulting in an increase of intracranial pressure due to the narrow and
space-limited anatomy of this brain region [50, 51].

The next pathology that we will discuss that is commonly observed in radiological investiga-
tions of increased ICP in TBI patients is tonsillar ectopia, synonymous to cerebellar tonsils, a
disorder of the papa-axial mesoderm. In this pathology, the cerebellar tonsils elongate due to
pressure, leading the cerebellum to be pushed through the foramen magnum of the cranium
resulting in additional increased intracranial pressure as well as tonsillar herniation [52]. This
condition is life threatening, as cranial pressure is heavily diverted onto the medulla oblon-
gata, a vital sector of the brain that controls cardiac and respiratory functions [53, 55].

As we have now discussed the most common radiological presentation for patients present-
ing with increased intracranial pressure due to a traumatic brain injury, we will begin our
discussion on the treatment pathways to remediate these issues. Management and treatment
for increased intracranial pressure can utilize both a nonsurgical and surgical intervention,
and in the sections to follow, we will discuss both management options.

2.10. Nonsurgical care of increased intracranial pressure

Nonsurgical management of increased intracranial pressure can take on a multitude of forms.
In this section, we will discuss the many medicinal options available to patients presenting with
increased intracranial pressure resulting from a traumatic brain injury. The quickest and least
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invasive method to reduce a patient’s ICP to a normal range is by elevating the patients head to
30° with respect to the horizontal plane [56]. The elevation of a patient’s head does not directly
act toward lowering the ICP; in fact, an elevated head aims to reduce CPP, which in turn reduces
ICP by increasing venous drainage (based on the relationship we discussed in an earlier section
of this chapter) [57]. A common practice typically conducted by first responders to patients that
show clear signs of a traumatic brain injury and increased intracranial pressure in the field is to
medically induce a state of minimal hyperventilation. In 1970, hyperventilation of a patient with
an increased ICP was a common practice and used readily, and it was not until a study came out
stating the adverse outcomes of a prolonged state of hyperventilation; in fact, it was shown to
have caused cerebral ischemia, a condition where an insufficient amount of blood is delivered
to the brain. Today, hyperventilation is still used in the treatment of an increased ICP but only
to a pCQO, level of 25 mmHg. Immediate initial treatment may call for the hyperventilation of a
patient to pCO, levels of 3040 mmHg but for no greater than 2-5 min, before returning back
to 25 mmHg. More often than not, hyperventilation is not necessary for the treatment of an
increased ICP, and there are better methods that were developed compared to the hyperventila-
tion that was introduced in the 1970s [58, 59]. An organic biological medication, mannitol, which
is a sugar alcohol typically administered intravenously is used to decrease high blood pressure
in the eyes as well as to decrease intracranial pressure [60]. With effects seen 10-20 min after
administration and lasting up to 8-10 h, mannitol is metabolized by the liver and excreted mostly
by the kidney. Mannitol has a biological half-life of 100 min and is mostly a synthetic drug, with
only a 7% bioavailability [61]. The biochemical mechanism by which mannitol acts on human
physiology is bimodal, meaning the drug can mechanistically act in two ways. The first pathway
is to lower osmotic diuresis through the reduction of swelling within the cerebral parenchyma.
The second pathway is to lower the viscosity of the blood, therefore allowing for more lami-
nar blood flow through veins and arteries eventually causing a state of vasoconstriction, which
decreases the intracranial volume of blood and thus a lowered intracranial pressure [62, 63].
The mechanistic bimodal action by mannitol makes the drug a popular choice among patients
presenting with an increased ICP due to TBI [64]. A class of drugs known as barbiturates has
been widely debated in its effects on lowering intracranial pressure, while this class of drugs can
successfully complete the task at hand, the use of barbiturates often causes a state of decreased
myocardial function and decreased CPP, which can cause higher rates of morbidity and mor-
tality if left unmonitored. Thus, we do not advocate the use of barbiturates as a drug for the
treatment of elevated ICP, unless as a last resort option. For your understanding, a barbiturate is
a synthetic chemical drug that acts as a depressant of the central nervous system capable of pro-
ducing a wide spectrum of effects [65]. While barbiturates are not a recommended class of drugs
to utilize in the treatment of elevated ICP due to TB], it in fact can and has been utilized as a last
resort option for a procedure called “barbiturate-induced coma,” which aims to immediately
reduce intracranial pressure in patients that are unresponsive to any other form of nonsurgical
medical treatment. The barbiturate of choice for this procedure is pentobarbital, which requires
electroencephalogram (EEG) monitor during intravenous use. While using this drug, it is of key
importance to monitor the blood pressure of the patient such that the patient does not slip into a
hypotensive state. Hypotension resulting from the use of a barbiturate dramatically increases the
rate of mortality two-fold, from 25 to 50% mortality [66]. In addition to the intravenous medica-
tion administered to patients presenting with increased ICP due to TBI, the administration of a
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hypertonic solution to maintain a state of euvolemia, a condition in which bodily liquid volume,
viscosity, and circulation are all normal, is also imperative. These hypertonic solutions depend
on the results of a complete blood diagnostic panel and differ from patient to patient, and the
most common intravenous hypertonic solution administered is a 0.8-8% NaCl solution [67]. In
patients where intravenous euvolemia cannot be established and maintained, remediation of
coagulopathy must be placed as a medical team’s highest priority [68]. Coagulopathy is a state
in which the blood’s ability to coagulate is diminished or impaired, resulting in a variable vis-
cosity of the blood and therefore further complications in the treatment of elevated intracranial
pressure. Normal human physiology tightly regulates the viscosity of blood and its coagulating
ability, and in patients that have suffered a traumatic brain injury, the release of biochemical
pathway intermediate, thromboplastin, causes abnormal blood clotting. These abnormal clotting
factors can be fatal if not remediated quickly; therefore, blood transfusions for these patients is
the quickest and most preferred method in correcting blood coagulating abilities and eliminating
coagulopathy. Patients on anticoagulating mediations due to high cholesterol, such as heparin
or warfarin, who sustain a traumatic brain injury that results in elevated intracranial pressure
are typically at risk and thus require immediate blood transfusion [69]. Approximately 1 in 10
TBI patients that present with elevated ICP also demonstrates a fever 24—48 hours after the initial
injury, and this elevation in temperature is in fact part of the body’s inflammatory response [70].
Often in patients where the hypothalamus has been damaged, elevated body temperature is
noticed due to an underlying infection of the region. While the biochemical mechanism of this
observation is not understood, what is understood is that immediate elimination of the infec-
tion is required for a successful recovery. This unexplained fever is often called “neurological
fever,” and unlike a fever caused by a cold or viral infection, neurological fever tremendously
increases metabolic demand [71]. In patients with GCS scores less than or equal to 8 with imag-
ing that demonstrates signs of cerebral edema, placement of external ventricular drain in a sterile
fashion is recommended to allow CSF drainage. This procedure can be completed at bedside or
in the operating room with the overall goal of decreasing cerebral edema by CSF drainage. In
cases where intracranial pressure remains at or above 22 mmHg, despite all strategies discussed
above, surgical intervention will need to be considered. In this section, we have discussed the
nonsurgical and medicinal approach in resolving an elevated intracranial pressure; however,
in any remedy for the management of ICP, it is important to remember that the overall goal is
to reduce and prevent any agitation of the intracranial region. In the section to follow, we will
discuss the surgical option for the management of intracranial pressure in the event that nonsur-
gical interventions do not remediate the issue.

2.11. Surgical care of increased intracranial pressure

Immediate and rapid surgical care of patients presenting with elevated intracranial pressure
due to a traumatic brain injury is vital for the positive prognosis of the patient, especially if non-
surgical routes did not suffice in the remediation of intracranial pressure. Intracranial lesions
resulting in an increased ICP typically present in patients as a state of reduced consciousness,
and this pathology requires a surgical procedure called “rapid decompression.” This surgery
is self-explanatory at the elementary level, as the surgical efforts aim to reduce intracranial
pressure (“decompress”) and do so as soon as possible. Prior to operation, a complete patient
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profile must be reobtained, meaning that radiological evidence alone is not enough to proceed
with decompression surgery; a neurological examination coupled with radiological evidence
that is convincing without any doubt is what surgical staff must aim to achieve. Similar to
many forms of surgery, patient age plays a major role. For decompression surgeries, patients
that are young (12 years old or younger) or elder (70 years old or older) pose a greater risk to
surgical harm, and this harm is referred to as intracranial hemorrhage, excessive bleeding from
tissue and venous tract within the intracranial region [72]. The first form of decompression sur-
gery that we will discuss is decompressive craniotomy, a procedure in which a segment of the
cranium is removed to relieve intracranial pressure and to create additional room for the brain
swelling. This decompressive surgery evolved from a primitive form of surgery called trephin-
ing. Today, this surgical practice is a last resort option and has been more successful in younger
patients rather than in older patients, another surgical option is craniotomy for evacuation of
focal hemorrhage which can be subdural, epidural or intraparenchymal in nature [73]. The next
surgical practice we will discuss that is used in the treatment of elevated intracranial pressure
due to a TBI, which causes an over production of CSF, is a ventriculoperitoneal (VP) shunt.
A VP shunt is a medical device that relieves pressure from the brain due to fluid accumula-
tion, and this shunt drains the excess fluid and allows it to be metabolized and reabsorbed.
Normally, CSF will coat the brain and spinal cord and be reabsorbed into the blood, and in a
disrupted flow, the CSF can build up and create pressure on the brain causing damage. A com-
mon source for deregulation for CSF production and reabsorption is traumatic brain injury,
and in these cases, it is common for CSF to cause damage to the brain [74]. Prior to surgery, a
patient will be instructed to halt any consumption of food and water by mouth (PO) at least
8-12 h before surgery. Then a surgical nurse will prepare the area behind the ear for surgical
incision. The shunt is a catheter, a thin flexible but heavy-duty tube that is used to drain excess
liquid. A neurological surgeon will then make a small incision behind the ear and using a
burr-drill will create a small hole within the patient’s scalp [75]. With the hole in the cranium,
surgical staff will insert one catheter into the brain and another subdermal catheter will be
placed behind the ear. A thin tube will travel down the patient’s torso and into the abdominal
cavity. The excess CSF will drain into the abdominal cavity relieving intracranial pressure [76].
In patients that present with intracranial pressure regularly, a pump may be placed to activate
this channel when ICP rises. For the context in which we have been discussing, this shunt will
be used to relieve patients of increased ICP following a TBI.

2.12. Medication utilization

Management of elevated intracranial pressure due to a traumatic brain injury requires the utili-
zation of many forms of medication. Thus far, we have discussed a few drugs that directly target
elevated intracranial pressure, but often these pathologies require surgical intervention. For that
to occur, a wide variety of drugs must be utilized to stabilize the patient from common complica-
tions that arise. In this section, we will touch upon the class of drugs utilized prior to neurologi-
cal surgery. The most prevalent presurgical complication presenting in medical centers today is
intracranial hemorrhages; see Figure 4. Intracranial hemorrhages denote bleeding of the brain;
medical personnel often utilize prophylactic anticonvulsants, and the term prophylactic refers
to the act of committing an action before hand and the term anticonvulsants refers to a set of
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Figure 4. CT scan of subdural in a TBI patient presenting for surgical intervention [77]. Presentation of severe intracranial
pressure buildup resulting from TBI. Images depict transverse CT images from ventral (left) to dorsal views (right),
respectively, 5 h after injury with a Glasgow Coma Scale (GSC) score of 3 (an extremely severe form). This imaging depicts
right focal subdural hematoma.

pharmacological drugs that block sodium channels or enhance GABA (gamma-aminobutyric
acid) function [78, 79]. Physiologically, these drugs can save a life in the event of a seizure as
well as reduce bleeding in the brain prior to surgery [80]. There are many drugs that can be used
that are considered in this pharmacological class, and the first of its kind was discovered in 1882
(paraldehyde); today, the drug of choice is phenytoin or fosphenytoin [81]. In adults, a loading
dose of phenytoin or fosphenytoin is administered, typically in adults 18 mg anticonvulsant per
kilogram (kg) of patient body weight. Then, therapeutic levels of 20 milligram (mg) per decili-
ter (dL) are maintained until intracranial hemorrhage subsides [82]. Prolonged use of anticon-
vulsant drugs may result in gingival hyperplasia, an enlargement of one’s gingiva (commonly
known as gums) as well as randomized hair growth in men and unwanted male-hair growth in
women, known as hirsutism [83-85]. In the unfortunate case where a pediatric patient is sub-
jected to elevated intracranial pressure due to a traumatic brain injury that is accompanied by
intracranial hemorrhage, the drug of choice changes to phenobarbital, where a 20 mg/1 kg body
weight loading dose is given, followed by a therapeutic dose of 10-50 mg/dL.

2.13. Patient follow-up and future care

Many patients that present to medical centers for treatment of mild to severe traumatic brain
injury and are subjected to an elevated intracranial pressure will tremendously benefit from
numerous outpatient care options. As traumatic brain injury patients typically have difficulty
with daily tasks, physical and occupation therapy is highly recommended as patients try to
regain a normal lifestyle. Additionally, times following a traumatic incident can be hard emo-
tionally and spiritually, and thus it is also beneficial for patients to receive counseling care
from professional as well as from family and loved ones. The initial efforts to reestablish the
life the patient once had is difficult and both mentally and physically taxing, and support and
counseling are of key essence.
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3. Conclusion

Throughout this chapter, we have discussed the many applications and forms of medical
care pertaining to the presence of elevated intracranial pressure resulting from traumatic
brain injury. Throughout this chapter, we hope that you have learned the key diagnostic
characteristics, medical treatment, and future outcomes for patients experiencing this trau-
matic pathology. While we hope no patient has to suffer from TBI, we wish all medical staff
best of luck in their efforts to remediate these conditions and for continual excellence in
patient care.
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Abstract

Traumatic brain injury (TBI) remains an important health problem worldwide. Patho-
physiology of TBI has been intensively investigated. Many novel theories related with
pathophysiology of TBI have been regularly proposed. Targeted temperature management
(TTM), previously known as therapeutic hypothermia, has a well-established benefit for
application as neuroprotective therapy and intracranial pressure (ICP) control. With the
novel automatic feedback machine, application of TTM in clinical practice becomes much
feasible and safe. Many pre-clinical trials of TTM in models with TBI demonstrated useful-
ness in multiple aspects. The successful story of TTM in patients with restore of spontaneous
circulation (ROSC) after cardiac arrest is a good example for bench to bedside. In the past
decade, many clinical trials of TTM in patients with TBI have been conducted with the hope
to be another successful study.

Keywords: targeted temperature management, traumatic brain injury, intracranial
pressure, surface cooling, endovascular cooling, shivering, skin counter warming

1. Introduction

Therapeutic hypothermia provides neuroprotective effects against acute brain injury with
hypoxic ischemic encephalopathy in patients with post-cardiac arrest [1, 2]. However, since
the meeting of five major professional physician societies, the term “therapeutic hypother-
mia” has been substituted with “targeted temperature management (TTM)” [3]. TTM is char-
acterized as a kind of therapy that patient’s core temperature is reduced until a therapeutic
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target with the rationale in salvaging or relieving damaged brain [4]. TTM is accepted as
an established treatment in patients with restored spontaneous circulation following cardiac
arrest [5]. Pertaining to standard guidelines for resuscitation, TTM is a class I recommenda-
tion in the post-cardiac arrest care section [6-10].

Traumatic brain injury is a catastrophic health problem with high morbidity and mortality
rate throughout the world [11]. One of the most important characteristics of TBI is its hetero-
geneity [12]. The heterogeneous nature of TBI leads to broad spectrum of clinical features,
variable in outcomes, and unpredictable prognosis [13]. These heterogeneities are also related
with failure to demonstrate effectiveness of the treatment in many clinical trials leading to
the wide gaps of evidence-based treatment for TBI [14]. Among several options of treatments
available for TBI, TTM is one of the potentially effective treatments in patients with TBI.

2. Pathophysiology of traumatic brain injury (TBI)

The primary pathological damage of brain in TBI derives from two important mechanisms.
The first mechanism is mechanical insult or direct brain injury that leads to parenchymal
contusion, bruise, laceration, and hemorrhage [15-17]. This direct brain injury leads to auto-
regulation break down and then impairment of cerebral blood flow (CBF) [15]. This so-called
“neurometabolic cascade” mechanism resembles the ischemic-mimic pathophysiology [18].
In this cascade, brain tissue switches the energy resource to anaerobic metabolism, leading to
the collection of lactate and sodium-potassium pump failure [19]. Cells become depolarized
after the pump failure before calcium gets influx [20]. Accumulation of intracellular calcium
leads to uncontrolled release of excitotoxic proteins [21]. Mitochondrial dysfunction and cell
membrane disruption produce necrotic cells and then programmed cell death by apoptosis.
Excitotoxic proteins and other toxic chemicals, including free oxidative radicals, reactive oxy-
gen species, endonucleases, phospholipases, and ATPases, are released into the surrounding
by these death cells [22]. These insults further harm adjacent cells. Immunoinflammatory cells
come in to eat up death cells and liberate many mediators and cytokines [23]. Blood-brain bar-
rier (BBB) is destroyed by this immunoinflammatory process before leakage of large protein
molecules from disrupted BBB especially albumins lead to cerebral edema causing pressure
effect and further destruction to environmental brain tissue [24-26]. The inducible nitric oxide
syntase (iNOS), which is related to severity of TBI, is significantly expressed during day 3-7
after onset of TBI [27]. Autophagy, previously known as autophagocytosis, is a housekeeping
mechanism to remove cellular degradation [28]. Autophagy plays a major role in eliminating
debris after TBI [29]. Dysfunction of autophagic activities leads to neuronal cell death in ani-
mal models with TBI. Autophagy has neuroprotective properties against TBI [30].

Another primary damage is indirect brain injury related with acceleration or deceleration of
the brain. This indirect insult leads to widespread axonal injury and then generalized brain
edema. Clinical manifestations of these primary insults begin right at the initiation of TBI. The
secondary injury subsequently comes after the primary damage. Therefore, the clinical pre-
sentations of this secondary injury, including elevated intracranial pressure (ICP) and brain
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ischemia, come a bit late [31]. Once the primary damage occurs, it is almost impossible to be
salvageable. Any treatments seem to be not effective to relieve the primary pathological dam-
age [32]. The secondary insults may show responsiveness to the treatments [15, 16].

3. Pathophysiology of intracranial pressure (ICP)

Alexander Monro was the first scientist who presented the theory about intracranial pressure
during eighteenth century before George Kellie presented his article confirmed Monro’s the-
ory 40 years later, known as Monro-Kellie doctrine [33, 34]. This doctrine describes that due to
the brain which is surrounded by rigid meninges and skull with constant volume, increment
in the quantity of the intracranial compartments will have an effect on intracranial pressure
(ICP) [35]. The intracranial compartments, which are actually persistent, consist of brain tis-
sue, cerebrospinal fluid (CSF), and blood. An expansion in either compartment or growth of
a space-occupying lesion is going to raise intracranial pressure and may need a reduction in
other compartments so as to maintain the constant intracranial volume [36]. A further volume
expansion can firstly push CSF and venous blood away from the skull to avoid ICP elevation.
However, the ability for ICP protection from volume expansion has significant restriction.
If the expansion still goes on until beyond capacity of compensation, ICP finally becomes
elevated [37]. ICP elevation produces cerebral herniation [38]. Cerebral perfusion pressure
(CPP), which is calculated by mean arterial pressure (MAP) minus ICP, is lower when ICP is
elevated. Then, depressed CCP leads to diminution of cerebral blood flow (CBF) [39].

The neurometabolic cascade from primary brain damage leads to cerebral edema and then ele-
vated ICP as mentioned above. This secondary damage by ICP elevation is due to depressed
CPP and declined CBF [40]. When CPP or CPF is declined, there is no enough blood to deliver
nutrients for the cells [41]. Elevated ICP, particularly which of more than 20 cm of water,
in patients with TBI is associated with unfavorable outcomes and increased mortality [42,
43]. The level of CPP in patients with severe TBI should be kept above 60 mm of mercury to
achieve favorable outcomes [44].

4. Mechanisms of TTM actions on TBI

The defensive properties of TTM on neurometabolic cascade of TBI are considered to be
numerous mechanisms of actions [45]. The best known effect of TTM is the protective func-
tion against hypoxic/ischemic encephalopathy [46]. Similar protective actions of TTM against
ischemic cascade, for example, reduction of oxygen free radical, inhibition of excitatory amino
acid release, prevention of calcium influx, and reduction of cytokines and mediator release
are all protective effect against neurometabolic cascade [6, 45, 47]. TTM also relieves TBI via
its alternative actions including brain metabolism reduction, prevention of cortical spreading
depolarizations, mitochondrial protection, and preventive effect on cell membrane disruption
[40, 47]. These effects can delay the neurons and the glials to deteriorate into apoptosis [48].
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TTM suppresses iNOS expression leading to outcomes improvement in animal models with
TBI [49]. Protective effect on blood-brain barrier disruption is another well-known action of
TTM, which helps to reduce brain swelling and lower ICP [48, 50]. Effectiveness of ICP reduc-
tion by TTM in various models with TBI has been demonstrated in many clinical and experi-
mental studies [51-53]. However, the benefit of ICP control by TTM in various clinical entities
needs to be proven in large-scale trials [54].

5. The course of TTM in clinical practice

The process of TTM is ideally separated into three stages including induction, sustainment,
and rewarming [45, 51]. The induction is the initial stage of TTM. The core temperature is rap-
idly declined to the target during induction stage [55, 56]. The rate of temperature reduction
usually depends on the performance of available methods in the center [45]. With effective
methods of cooling, core temperature can be brought down with the rate of 2-4°C/h [51]. The
target temperature then is smoothly maintained during sustainment stage. Good methods
should not allow more than 0.5°C fluctuation of temperature [4]. After the target temperature
is sustained until the setting duration, it is slowly elevated back to normal destination during
rewarming stage [46]. The rate of temperature rising depends on the indication of TTM. The
usual recommended rate of rewarming is 0.2-0.5°C/h. The rapid increasing temperature is
associated with rebound rising of ICP and higher risk of infection [57].

6. Methods of TTM

Effective methods are the key of success to achieve excellent process of TTM. Although there
are several methods available to use, some of them are not quite popular and no longer in use
as a solitary method in clinical practice [46]. According to some pilot studies, the selective
brain TTM with cooling helmet or cap may be safe and feasible; however, this method is not
accepted to use as a principle method for TTM in patients with TBI [58-61]. The antipyretic
drugs alone or combination with other conventional methods may be useful for fever con-
trol; however, they are not effective enough to be used as solitary method for TTM [62-64].
The intravenous 4°C normal saline may be advantageous to launch TTM in the absence of
energy condition such as pre-hospital setting [65-67]. However, huge volume of saline infu-
sion requirement to lower temperature is usually associated with complications and becomes
a major disadvantage to its use as a principle method for TTM [62]. The endovascular cooling
technique is somehow invasive but very effective and reliable to use as a principle method for
TTM [68, 69]. The surface cooling technique is the most popular method for TTM due to its
feasibility, noninvasiveness, and effectiveness [70].

6.1. Invasive endovascular methods

A central venous heat exchange catheter connected with extracorporeal cooling machine is an
important characteristic of invasive endovascular techniques [4]. This intravenous catheter is able
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to insert through femoral, subclavian, or jugular vein [68, 71]. The auto-response temperature
modulated system is integrated with the extracorporeal cooling machine [71]. The advantage of
invasive endovascular method is efficient accomplishment including fast temperature lowering
to the destination, smoothly maintenance during sustainment stage and rewarming with reliably
controlled rate [72, 73]. Shivering is a common physiological reaction in patients treated with
TTM [74]. Shivering control is an important step during the course of TTM [46]. Anti-shivering
therapy includes pharmacologic treatment with many kinds of sedative drugs and nonphar-
macologic treatment with skin-counter warming [51, 75]. Sedative effects from pharmacologic
anti-shivering therapy may lead to impairment of consciousness and associated complications
in patients undergoing TTM [75]. These complications are associated with unfavorable outcome
in patients treated with TTM [76]. Skin counter warming can help to avoid many complications
by lessen use of pharmacologic anti-shivering therapy [77]. As compared with surface technique,
application of skin counter warming as nonpharmacologic anti-shivering therapy is much more
possible during treatment with endovascular technique [78]. Due to lacking of drowsiness effect
from pharmacologic anti-shivering therapy, skin counter warming can be applied in patients
treated with TTM without need of intubation [79]. For this reason, endovascular technique is the
most recommended method for patients with conditions that basically do not need intubation
and require neurological observation such as patients with acute ischemic stroke [78, 80, 81].
However, not only technical difficulties in venous access but also complications associated with
catheter are disadvantage concerns for endovascular technique [82, 83].

6.2. Noninvasive surface methods

The easiest technique for surface method is application of ordinary ice packs to neck, axilla,
and groin. Before the era of automatic feedback machine, this simple ice pack was the most
popular technique recommended in clinical practice [1, 2, 84]. However, the care team usually
becomes exhausted after ice pack application because the team needs to give a very strenu-
ous care and monitoring during the procedure [85]. Other than that, limitations of ice packs
include its clumsiness, difficulty in temperature management, and high rate of adverse reac-
tions [86]. The novel machine with automatic feedback temperature modulated system offers
favorable temperature control, effortlessness of application, and rapid initiation [87]. This sys-
tem facilitates its use in clinical practice [57]. This TTM machine is connected with circulating
cold water blankets/pads or cold air-blow blankets [88, 89]. Core temperature measurement
is mandatory for automatic feedback system. Temperature probe straight connected to the
machine provides input data for automatic feedback system [90, 91]. The temperature of fluid
or air within the pads or blankets is automatically modulated by the system dependent on the
setting of target temperature and input data from the temperature probe [92]. The effective-
ness of this system helps to achieve the ideal process of TTM including rapid lowering the
temperature to the target, smooth maintenance of the target temperature, and slow rewarm-
ing back to the normal setting [46].

There is a surface cooling technique which is designed to use under the circumstance of lacking
electrical source. EMCOOLS® HypoCarbon pads consist of graphite elements. This graphite
has prominent heat conductivity. The pads are able to apply directly to the superficial skin.
Before application, these pads must become frozen up in regular freezer. Electrical supply is
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not necessary during application. For this reason, HypoCarbon pads are feasible to apply for
TTM induction in pre-hospital setting [93-96].

6.3. The novel cooling method

RhinoChill intra-nasal cooling system is a portable device for selective brain cooling. It has
a nasal tube to disperse evaporating coolant liquid in nasal cavity [97]. The coolant does not
need to be frozen up, and the device is battery-based operation. This system should be fea-
sible for pre-hospital setting [98, 99]. An observational study enrolled 17 patients with out-
of-hospital cardiac arrest showed that the intra-nasal cooling device was safe and feasible
to apply in pre-hospital setting. Two events of nonfatal adverse reactions included epistaxis
and white nose were reported [100]. Rising blood pressure during treatment by this device
in patients with acute ischemic stroke was concerned in another observational study [101].
Moreover, there was a case report of a serious adverse event with fatal pneumocephalus. The
authors postulated that the air from nasal tube penetrated cribriform plate of ethmoidal sinus
leading to pneumocephalus [102]. This serious adverse effect raises concerns to apply the
intra-nasal device in patients with traumatic brain injury.

The novel esophageal cooling device helps to achieve rapid induction in patients with post-
cardiac arrest [103]. According to its noninvasive property, it is also feasible for fever control
in intensive care unit [104]. The device has been approved by The United States Food and
Drug Administration (USFDA) and clinical trial [105].

7. Shivering and common physiologic response

When temperature starts to decline, the early physiologic response, such as peripheral vaso-
constriction, occurs [57]. Behavioral compensations are the next response. When temperature
continues to go down below the threshold, shivering inevitably develops [4, 75]. Shivering is
the last resort of the defensive mechanisms against hypothermia, which occurs when vaso-
constriction and behavioral compensations are not enough to prevent hypothermia [75]. Heat
production increases two-fold to five-fold with shivering [106]. Appearance of shivering may
indicate unimpaired neurophysiologic response and should be related with favorable neuro-
logic outcomes [107]. Shivering management is a milestone in the course of TTM and should
be integrated in the protocol of TTM [77, 108]. Bedside shivering assessment score (BSAS) is
helpful for measuring degree of shivering (Table 1) [76].

0 No shivering
1 Mild: shivering confines to cervical and/or thorax only
2 Moderate: shivering extends to whole movement of upper limbs

3 Severe: shivering spreads to overall movement of trunk, upper limbs, and lower limbs

Table 1. Bedside shivering assessment score (BSAS) [76].
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Increased peripheral arterial resistance during induction stage of TTM is common but usu-
ally temporary and does no harm to systemic blood pressure [51]. Sinus bradycardia is also
commonly presented during sustainment stage. Heart rate usually lowers less than 50 beats
per minute without any effect to hemodynamic status, therefore, requires no treatment [109].
However, this bradycardia should represent intact autonomic function and indicate favorable
outcomes [110]. In the experimental animal model with hypothermia, prolonged coagulation
and diminution of platelets function are common [111]. However, in the real world practice,
clinical bleeding associated with hypothermia is not quite common [112]. During sustainment
stage, kidneys are influent by hypothermia to excrete more water leading to volume con-
traction [113]. Serum potassium is significantly declined during sustainment stage [114]. The
most likely mechanisms of hypokalemia are hypothermia induced both intracellular shift-
ing and renal loss of potassium [115]. However, serum potassium is anticipated to become
elevated when temperature gets raised during rewarming stage [116]. It is safe and practical
to keep serum potassium above 3.0 milli-equivalents per liter during sustainment stage to
avoid both related fatal arrhythmia during sustainment stage and overt hyperkalemia dur-
ing rewarming stage [114, 116]. Raised serum amylase is also common during sustainment
stage; nonetheless, this elevated serum amylase is not related with clinical pancreatitis any
more [117]. Sustained hyperglycemia (serum glucose > 8 mmol/L for at least 4 hours dura-
tion) is common during the course of TTM and may be associated with unfavorable out-
comes [118]. Multiple mechanisms associated with hypothermia-induced hyperglycemia are
postulated including decreased sugar utilization, reduced endogenous insulin production,
and elevated resistance to exogenous insulin [119]. However, supplementary insulin during
sustainment stage may shift potassium into cells then worsen the pre-existing hypokalemia
[120]. Infection, particularly pneumonia and sepsis, is the most unwanted adverse event in
patients treated with TTM, however only uncontrolled infection that should lead to unfavor-
able outcomes [57, 121].

8. Application of TTM in traumatic brain injury (TBI)

8.1. TTM in animal model with TBI

Benefits of TTM in animal experimental models with TBI have been demonstrated in several
studies. Protective effects of TTM against neurometabolic cascade of TBI were proved with
many studies in animal models. These protective effects were also histopathologically dem-
onstrated in rats with a liquid percussion TBI. Overall number of necrotic neurons in both
CA3 and CA4 layer of hippocampus and thalamus was reduced with hypothermia [122].
Post-traumatic hypothermia is able to suppress both glutamate release and hydroxyl radical
elevations in rat models with induced TBI [123]. As mentioned above, disruption of BBB is
one of the important steps in neurometabolic cascade leading to cerebral edema. The leakage
of endogenous vascular proteins from the disrupted BBB was reduced with hypothermia in
rats with the acute hypertensive response after TBI [124]. In the developing brain, TBI may
also cause neonatal seizures and epilepsy due to the hyperexcitability of neurons and neural
circuits, resulting in long-term functional impairments. Hypothermia improved functional
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recovery after TBI in developing brain of neonatal rats [125]. As mentioned above, autoph-
agy plays a major role in eliminating function after TBI and has neuroprotective effects.
Hypothermia enhances autophagy resulting in improved behavioral outcomes in rats with
lateral fluid percussion TBI [126].

Most of studies, animal models demonstrated protective effects of TTM against catastrophic
cascade of TBI in many aspects. However, confirmation of its benefit in clinical trials is neces-
sary before application in routine practice.

8.2. Clinical trials of TTM in patients with TBI

Pertaining to very promising outcome of TTM for TBI in pre-clinical trials, many clinical trials
have been conducted to prove its benefit in human. Earlier, small scale, single-center, clinical
trials demonstrated benefit of TTM in patients with TBI. In 1997, Marion et al. reported a land-
mark clinical trial of TTM in patients with severe TBI. This study recruited 82 patients with
Glasgow Coma Score 5-7 which was relatively small sample size. The favorable outcomes
were demonstrated in 3-6 months after treatment with TTM, but no benefit was presented
when following up at 12 months [127]. The similar benefit was again supported by later sin-
gle-center trials. Two clinical trials in patients with severe TBI from China demonstrated good
effect of TTM on ICP control with favorable outcomes after 6 months to 1 year [128, 129].
However, the National Acute Brain Injury Study Hypothermia (NABISH), the multi-center
landmark trial, reported not only lack of benefit but also potentially harmful of TTM in patients
with TBI [130]. Moreover, the following systematic review and meta-analysis, which includes
clinical trials before 2003, reveal no benefit of TTM in patients with TBI [131-133]. The inter-
center variance in NABISH, which could confound the outcomes of the study, was reported
thereafter [134]. This leads to conduct the National Acute Brain Injury Study Hypothermia II
(NABISH II) many years later. Unfortunately, as well as the initial one, the NABISH II proved
no benefit of TTM in patients with TBI [135]. The negative results in the NABISH I and II were
confirmed by the Brain-Hypothermia (B-HYPO) Study from Japan. The B-HYPO showed that
TTM with target temperature between 32 and 34°C did not provide any benefit as compared
with fever control in patients with TBI [136].

As mentioned above, elevated ICP is a common secondary insult in patients with TBI and
associated with unfavorable outcomes [137, 138]. Most of the previous clinical trials of TTM
in patients with TBI start rewarming when the peak of ICP is approaching at around 48 h
after the onset of TBI, leading to augmentation of ICP [139]. This phenomenon is presumed
to be one of the important reasons of negative results in previous clinical trials of TTM in
patients with TBI [54]. As mentioned above, ICP reduction is one of the well-known prop-
erties of TTM. ICP reduction with TTM should provide some benefit to the specific group
of patients with elevated ICP in TBI [52]. Clinical trial of TTM pertaining to level of ICP in
patients with TBI was then conducted [140]. A small-scale, single-center, prospective clini-
cal trial demonstrated improvements of survivals and neurological outcomes with TTM in
patients with TBI plus refractory intracranial hypertension [141]. Unfortunately, the large
scale, multi-center, clinical trial of TTM in patients with TBI pertaining to elevated ICP more
than 20 mm Hg (Eurotherm3235 Trial) again reported no clinical benefits [142]. Large scale,
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multi-center, clinical trial of TTM as second-line treatment for elevated ICP in patients with
TBI has still been ongoing [143].

Recent systematic review and meta-analysis of TTM versus normothermia in adult patients
with TBI reveals not only no clinical benefit of TTM as compared with normothermia but also
increased risk of developing pneumonia and cardiovascular complications associated with
TTM [144]. At this moment, application of TTM as routine practice in adult patients with TBI
without enrolment into clinical trial is not recommended [145].

As well as in adult, similar results of clinical trials for TTM in children with severe TBI
revealed no benefit. Clinical trial of TTM in children with severe TBI conducted by Hutchison
et al. reported not only no evidence of a benefit with respect to any short-term or long-term
outcomes but also potential complications related with TTM particularly critical hypotension
[146]. Several confounding factors in Hutchison’s trial such as late treatment initiation, too
short treatment duration, and rapid rewarming were reported. However, without all these
confounding factors, the Cool Kid Trial reported no benefit of TTM in children with severe
TBI [147]. Moreover, preliminary report of early initiation of TTM in children with severe TBI
revealed infeasibility with low rate of recruitment [148]. The recent systematic review and
meta-analysis confirmed no benefit of TTM in both adults and children with TBI [149].

9. Conclusions

Neurometabolic cascade is a key of primary pathologic damage in traumatic brain injury
(TBI). Elevated intracranial pressure (ICP) is a well-known secondary damage related to unfa-
vorable outcomes in patients with TBI. Targeted temperature management (TTM), previously
known as therapeutic hypothermia, has many well-established protective effects against cata-
strophic cascade in TBI. TTM is also a good option for ICP reductive treatment. However,
how to transfer from bench to bedside is still controversial for TTM in patients with TBI. The
available methods for TTM are feasible and effective to apply in patients with TBI. The course
of TTM is easy to achieve under the novel automatic feedback machine. The physiologic
response and related complications with TTM are able to be controlled and treated. Routine
use of TTM in patients with TBI outside clinical trial is still not recommended.
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Abstract

The number of cases of traumatic brain injury (TBI) is increasing daily, predominantly
because of the increasing rate of motor vehicle accidents. TBI has become one of the
major causes of mortality and morbidity worldwide among individuals of all ages. TBI-
inducing accidents usually occur very suddenly, leading to a heavy burden for both fami-
lies and society at large. Beside conventional treatments such as surgery, medication,
and rehabilitation, traditional Chinese medicine (TCM) is a promising complementary
therapy that is practiced worldwide. This chapter will investigate the advances in TCM
therapy for TBL

Keywords: traumatic brain injury, traditional Chinese medicine, herbal medicine,
acupuncture, Tai Chi Chuan

1. Introduction

1.1. Definition

Traumatic brain injury (TBI) is defined as an impairment of brain function that is caused by
an external force [1].

1.2. Epidemiology

TBI has becoming a major health and socioeconomic problem all over the world [1]. It affects
people of all ages including those living in both low-income countries and high-income
countries [2]. TBI contributes largely to worldwide mortality and morbidity. According to
the Centers for Disease Control and Prevention of the United States, in 2013, there were a
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recorded 2.8 million TBI-related emergency department visits, hospitalizations, and deaths in
the United States alone; there were nearly 50,000 TBI-induced deaths and 282,000 TBI-related
hospitalizations [3]. The World Health Organization (WHO) has predicted that, by 2020,
TBI will be one of the main health problems and the principle cause of disability [4]. Blunt
head injury caused by motor vehicle crashes is most common in young adults and children,
whereas falling is the most common cause of TBI in older individuals. The incidence of TBI is
twice as much for men than for women [5]. Although the average mortality rate appears to be
decreasing, a review published in 2015 has indicated that there are, nonetheless, still no signs
of a decreasing incidence of TBI in Europe [2].

1.3. Impact

The high incidence of TBI-associated disability and death incurs many costs and social chal-
lenges [5]. In the United States, the cost of TBI has been estimated to be greater than USD 75
billion per year, and the cost for one patient in their whole lifetime is estimated at USD 396,000
[6]. Indeed, even after emergency treatment and hospitalization, deficits persist, even in cases
of mild TBI. These include both physical and neurobehavioral impairments, which result
in activity limitations, a lack of social participation, and communication difficulties [7], and
potentially years of rehabilitation are required after acute treatment. Therefore, it is crucial to
raise concern for the recruitment of healthcare resources for TBI treatment and rehabilitation
and even to consider potential alternative treatments for survivors of TBI.

2. Etiology

In the United States, the top three major etiologies of TBI are falls, motor vehicle accidents,
and being struck by an object. Each of these has been reported to account for 47, 15, and 14%,
respectively, of all TBI-related emergency department visits, hospitalizations, and deaths [8].
Moreover, blast-induced TBI accounted for 67-88% of all the TBIs among the casualties in war-
fare [9]. Falls were reportedly more common in the youngest and oldest age groups. Motor vehi-
cle accidents have the highest fatality rate, followed by intentional self-harm [3]. Other etiologies
include assault, “unknown,” bicycle and other transport accidents, and suicide attempts [10].

3. Classification

TBI is classified into mild, moderate, and severe on the basis of Glasgow Coma Scale (GCS)
score, which ranks functional ability from 1 to 15. Mild TBI (GCS 14-15) accounts for 80% of
TBI [5]. Although it is termed “mild,” the sequelae may be long lasting. Moderate TBI (GCS
9-13) accounts for 10% of TBI [5]. The mortality rate of TBI without other physical injuries is
less than 20%. Among patients with moderate TBI, 40% demonstrated abnormal computed
tomography (CT) findings, and 8% required neurosurgery [5]. Severe TBI (GCS 3-8) has a
mortality rate approaching 40%, and less than 10% of patients are reported to experience a
good recovery [5].
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TBI can be categorized into primary and secondary brain injury based on whether the damage
is directly or indirectly caused by the trauma.

4. Pathophysiology

4.1. Primary brain injuries

Primary brain injuries are those caused by direct mechanical forces to the brain, which
contribute to deformation of brain tissue and disruption of normal brain function. When
encountering a force against the head, the soft brain hits the intracranial surface of the skull,
resulting in brain damage at the area of contact and at the area opposite to the point of con-
tact. The location and severity of such an impact directly influence the patient’s outcome.
Penetration to the brain can tear axons and damage neuron conduction, and vascular dam-
age could lead to blood and leukocyte migration into the normally immune-privileged brain
[11]. Primary brain injuries include contusions, intracranial hematomas, diffuse axonal inju-
ries, direct cellular damage, loss of electrochemical function, and blood-brain-barrier (BBB)
dysfunction.

4.2. Secondary brain injuries

Secondary brain injuries are caused by a cascade of secondary events after primary injuries of
the brain. One common example is secondary neurotoxic cascade, which leads to progressive
brain damage and eventually results in poor outcomes. The process of secondary neurotoxic
cascade involves a massive release of neurotransmitters into synaptic clefts; this ultimately
induces mitochondrial damage and leads to cell death and necrosis [12, 13]. The inflamma-
tory response can also cause secondary damage in TBI, especially around the locations of
contusions and hemorrhages. Neurotransmitter release and inflammatory responses can last
days after TBI, leading to BBB dysfunction and immune-mediated activation of cell death and
apoptosis.

5. Conventional treatment and rehabilitation

5.1. Conventional treatment

Emergent treatment for TBI, including surgery and intensive care, is crucial because cerebral
edema can lead to several pathologies associated with primary and secondary injuries [14].
Initially, prehospital care is primarily aimed at preventing hypoxia and hypotension, which
can lead to secondary brain injury; hence, fluid resuscitation with crystalloids and colloids
and oxygen supplementation are implemented. Osmotherapy with rapid infusion of man-
nitol, which creates an osmolality gradient to maintain fluid in vessels, therefore, improves
focal cerebral blood flow. Decompressive craniectomy has also been practiced on TBI patients
to lower intracranial pressure and treat brain edema for decades [1].
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5.2. Rehabilitation treatment

Further rehabilitation strategies include hyperbaric oxygen therapy, noninvasive brain
stimulation, and limb or organ function reconstruction [4]. Hyperbaric oxygen therapy
has been shown to inhibit apoptosis, suppress inflammation, protect the integrity of the
BBB, and promote angiogenesis and neurogenesis [15, 16]. Several studies have revealed
that noninvasive brain stimulation, including transcranial magnetic stimulation and tran-
scranial direct current stimulation, can reduce TBI-associated depression, tinnitus, neglect,
memory deficits, and attention disorders [4]. Another study demonstrated that electrical
stimulation enhanced energy and glucose metabolism in patients who could not voluntarily
exercise [17].

5.3. Outcomes and prognosis

Experience has shown that about 85% of recovery occurs within 6 months after head injury
[1]. The most frequently used scale for outcome prediction is the GCS scale; however, further
detailed functional and neuropsychological assessment is required during rehabilitation to
fully assess outcomes. Early and intensive rehabilitation is recommended in order to obtain
the best possible functional outcome and social reintegration [1].

6. Traditional Chinese medicine in the treatment of TBI

Traditional Chinese medicine (TCM), which has been practiced in China for thousands of
years, has attracted increasing attention in recent years. There is sufficient evidence support-
ing the clinical benefits of TCM in the treatment of TBI, including Chinese herbal medicine
compounds, acupuncture, and electroacupuncture [18-20]. This chapter will thus discuss the
complementary treatment of TBI with TCM.

6.1. Chinese herbal medicine for TBI

Chinese herbal medicine treatment comes in different forms, including decoctions, pills, and
powders. Numerous studies have suggested that Chinese medicine has multiple neuroprotec-
tive effects, including improvement of brain edema, anti-inflammatory responses, and anti-
oxidative effects. Reviews of several studies have concluded that TCM plays an important
role in the prevention and treatment of neural diseases and is potentially effective in neural
regeneration and CNS functional recovery [21, 22].

6.1.1. Single Chinese herb for TBI

Ginseng, the root of Panax ginseng C.A. Meyer (Araliaceae), has been widely used for treating
qi depletion patterns. Generally, qi represents the energy flow in the meridian that maintains
the proper function of the organs, and therefore, qi depletion represents a decrease of function
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of the organs. The biologically active substance in Ginseng is ginsenoside, which has been
reported to have neuroprotective effects, regulate nerve-regulating factors, and improve the
proliferation of neural stem cells. This suggests that ginsenoside might improve the recov-
ery of neurological functions, such as memory and learning [23, 24]. Rhein (the active part
of Rheum rhabarbarum) also has the potential to be utilized as a neuroprotective drug in TBI
because of its anti-oxidative effects and its ability to cross the BBB and it increases permeabil-
ity the BBB [25, 26] (Table 1).

6.1.2. Traditional Chinese herbal formulae for TBI

TCM formulae are potentially neuroprotective and beneficial in cases of brain edema through
a reduction of brain water content, improvement of the permeability of the BBB, and reduc-
tion of tumor necrosis factor-alpha (TNF-a)/nitric oxide (NO) levels after TBI [27]. One study
has demonstrated that the Sheng-Nao-Kang decoction, which contains 15 different traditional
Chinese medicines, has a protective effect against ischemia and reperfusion injuries [28]. The
Shen-Nao-Kang decoction was developed to activate blood circulation, dissipate blood stasis,
and dredge meridians and collaterals [28]. The Xuefu-Zhuyu (XFZY) decoction is also docu-
mented to have multiple benefits for TBI, including improving neurological recovery after
TBI, reducing TBI-induced elevation of arachidonic acid (a precursor of prostaglandins and
leukotrienes) levels in the brain, restraining the TBI-induced increase of pro-inflammatory
factors in the brain, and inhibiting the inflammatory pathways mediated by Akt/mammalian
target of rapamycin (mTOR)/p7056 kinase [29]. NeuroAid is a TCM compound that contains
14 different herb components and has been found to have neuroprotective and neurorestor-
ative actions in animal models and, hence, leads to improved cognitive function following
TBI [30, 31] (Table 2).

Study N Design Herb Conclusion
extracts
Huetal. 48 (1) Animal GTS GTS alleviates secondary brain injury and improves neurological
[23] model function through regulation of the expression of nerve growth
(2) RCT related factors
Jietal. 24 (1) Animal GTS GTS has a neuroprotective effect after TBI
[24] model
(2)RCT
Xu et al. 36 (1) Animal Rhein Rhubarb (and its component rhein) has anti-oxidative properties
[25] model and decreases the overproduction of free radicals after oxidative
(2) RCT stress in TBI
Tangetal. 6:6:6 (1) Animal Rhein Rhubarb could ameliorate cerebral edema; rhein may inhibit the
[26] model transcription and translation of the aquaporin-4 gene
(2)RCT

GTS, ginseng total saponins; TBI, traumatic brain injury; RCT, randomized controlled trial

Table 1. Studies on the effects of single herbal medicines on brain injury.
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6.2. Acupuncture and electroacupuncture for TBI
6.2.1. The benefit of treating patients with TBI through acupuncture and electroacupuncture

In TCM theory, acupuncture regulates the function of qi, blood, and organs through the stimula-
tion of acupoints and eliminates pathogenic factors [32]. Acupuncture plays an important role in
treating TBI, and its popularity as a supplementary treatment continues to increase. In the first
year after TBI, patients in one study that received acupuncture treatment experienced a decreased
risk of hospitalization and lower use of emergency medical care compared to patients who did
not receive acupuncture treatment [33]. In an animal study, early, low-frequency electroacupunc-
ture treatment after TBI was shown to be beneficial, decreasing TNF-a expression in activated
microglia and astrocytes and reducing neural apoptosis and, therefore, improving functional
outcome after TBI [34]. Neural stem cell proliferation and differentiation could also be affected by
acupuncture, by upregulating gene expression, shortening the time for recovery, and regulating
astrocyte proliferation and differentiation [35, 36]. Despite these aspects of neural recovery, some
sequelae after TBI have also been shown to be benefited by acupuncture. Insomnia after TBI is
a common complaint; one study has found that acupuncture has beneficial effect on the percep-
tion of sleep or sleep quality as well as benefiting cognition in 24 adult patients with TBI [37]. In
patients with spastic muscle hyperactivity and chronic disorders of consciousness following TBI,
evidence has shown that acupuncture can immediately reduce the excitability of spinal motor
neurons [38]. However, another study has shown that acupuncture could increase the excitability
of the corticospinal system; this suggests that acupuncture might accelerate the recovery of motor
function in patients with disorders of consciousness following TBI [20]. Moreover, a cohort study
has demonstrated that patients with TBI who received acupuncture had a lower risk of new-
onset stroke than those who did not receive acupuncture [39] (Table 3).

Study N Design TCM compound Conclusion
Yangetal. 25 (1) Systematic TCM compound recipes may improve brain edema
[27] review via increasing BBB permeability and decreasing
(2) Animal TNF-a/NO expression after TBI
model
Chenetal. 36 (1) RCT Sheng-Nao-Kang Sheng-Nao-Kang demonstrates a protective effect
[28] (2) Animal against cerebral ischemia/reperfusion injury
model
Xing et al. 64 (1) RCT XFZY decoction XFZY decoction reduces mNSS, AA, TNF-«, and
[29] (2) Animal IL-13 levels and downregulates AKT/mTOR/p70S6K
model proteins in the brain; XFZY decoction may reduce

TBI-associated inflammation

Quitard 6:6:6 (1) RCT NeuroAid MLC901 has neuroprotective and neurorestorative
et al. [30] (2) Animal (MLC901) effects in TBI animal models
model

TNF-a, tumor necrosis factor o; NO, nitric oxide; TBI, traumatic brain injury; RCT, randomized controlled trial; mNSS,
modified neurologic severity score; AA, arachidonic acid; mTOR, mechanistic target of rapamycin; XFZY, Xuefu-Zhuyu

Table 2. Studies on the effects of traditional Chinese medicine compounds in the treatment of brain injury.
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6.2.2. Zusanli (ST36)

Zusanli (5T36) is an acupoint on the stomach meridian that is rich in blood and qi. Stimulation
of this point has several effects in TCM theory, including supplementing the qi and blood,
fortification of the spleen, and harmonizing the stomach. Several neuroprotective effects of
ST36 have been noted in recent studies, including enhancing neural plasticity, suppressing
neuron apoptosis, increasing cerebral blood flow, and improving microcirculation [40]. One
study found that acupuncture performed at certain acupoints, including Baihui (DU20),
Renzhong (DU26), Hegu (LI4), and Zusanli (ST36), improved neurological recovery after TBI
through the brain-derived neurotrophic factor (BDNF)/tropomyosin receptor kinase B (TrkB)
pathway; not only was this effect immediate, but it persisted for 168 hours after acupunc-
ture [32]. Electroacupuncture at ST36 might also encourage neurological recovery through
upregulation of angiopoietin-1 and angiopoietin-2 [40]. Moreover, electroacupuncture at
ST36 could enhance endothelial cell proliferation and, consequently, upregulate the level of
hypoxia-inducible factor-1a (HIF-1a) protein, which accelerates angiogenesis [41] (Table 4).

6.2.3. Baihui (DU20)

DU20, also named GV20, when the ears are folded, DU20 is located at the midpoint of the
connecting line between the auricular apices [42]. According to TCM theory, DU20 belongs

Study N Design  Test group Control Acupoints  Conclusion
group

Zhou 30:30:30 RCT Stroke-EA group (1) Sham ST36 EA in ICH rats

etal. animal (2) Stroke-no remarkably

[40] model acupuncture increases

Angiopoietin-1
and -2 levels

Lietal. 20:20:20:20 RCT (1) TBI + Acupuncture group (1) TBI DU20, Acupuncture
[32] animal  (2) TBI + Acupuncture + K252«  (2) TBI- DU26, LI4, aids neurological
model  group placebo- ST36 recovery through
acupuncture activation of
group the BDNF/TrkB
pathway
Luo 24:24:24:24  RCT (1) ICH + Acupuncture (1) Sham ST36 EA at ST36
etal. animal (2) ICH group increases
[41]. model (3) ICH the number
non-acupoint of cerebral
acupuncture endothelial cells

and increases
the expression
of HIF-1 and
may, therefore,
accelerate
ICH-induced
angiogenesis

EA, electroacupuncture; ICH, intracranial hemorrhage; TBI, traumatic brain injury; BDNF, brain-derived neurotrophic
factor; TrkB, tropomyosin receptor kinase B; HIF-1, hypoxia-induced factor-1; RCT, randomized controlled trial

Table 4. Studies on the effects of acupuncture at ST36 for the treatment of brain injury.
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to the governor vessel, which governs the yang qi all over the body. The function of DU20 is
to wake the brain and open the orifices, lift the spirit, tonify yang, strengthen the ascending
function of the spleen, dredge qi and the blood, and lift up yang qi [43]. Therefore, research-
ers have targeted a combination of DU20 and ST36 for the treatment of cerebral injury; results
revealed that rats with cerebral ischemia reperfusion injuries had better neurological scores
and reduced volumes of brain infarction than those who did not receive postoperative treat-
ment [44]. Another study found that acupuncture and electroacupuncture at DU20 and ST36
could decrease the infiltration of inflammatory cells and pro-inflammatory enzymes [45].
More importantly, acupuncture and electroacupuncture significantly attenuate the expres-
sion of aquaporins in the ischemic brain, including aquaporin 4 and aquaporin 9, indicating
that protective mechanisms are partially dependent on the reduction of inflammation-related
brain edema [46]. One study of electroacupuncture at DU20 demonstrated improvements in
the microenvironment via neural regeneration and neuroprotection in newborn rats with
TBI [47] (Table 5).

6.3. Tai Chi Chuan for TBI

Tai Chi Chuan (also known as “Tai Chi”), as a traditional Chinese aerobic exercise, has been
popular in both the Western and Eastern worlds for years. Tai Chi Chuan was used as a
novel supplementation to a comprehensive rehabilitation program [48]. Many studies have
demonstrated the physiological and psychological benefits of Tai Chi Chuan in chronic condi-
tions, including benefits in cardiovascular function, musculoskeletal condition, and reduction
of anxiety [49]. In one randomized pilot study, patients with TBI were allocated to either a Tai
Chi group (n = 20) that received supervised Tai Chi instruction for 8 weeks (1 h per week) or

Study N Design  Test group Control group  Acupoints Conclusion
Chen  24:24:24 RCT Acupuncture (1) Sham- DU20, ST36 Acupuncture at DU20
etal. animal group operated group and ST 36 in rats could
[44] model (2) Model group upregulate miRNA 124
and reduce the expression
of laminin and integrin 31
Xu 48:48:48:8 RCT Acupuncture (1) Sham DU20, ST36 Acupuncture at DU20 and
etal. animal group operated ST36 could reduce or delay
[45] model (2) Model the expression of HSP70
(3) Normal and TNF-a, which are
related to neuroprotection
Chen  6:6:6:6 RCT 20-min fetal (1) Blank control DU20 EA regulates NeuroD
etal. animal distress + DU20 group expression by affecting the
[47] model group (2) 20-min fetal brain’s microenvironment

distress group
(3) 20-min fetal
distress-non-
acupoint group

RCT, randomized controlled trial; miRNA, micro ribonucleic acid; HSP-70, heat-shock protein 70; TNF-a, tumor necrosis

factor-a; EA, electroacupuncture

Table 5. Studies on the effect of acupuncture at DU20 on brain injury.
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a control group (n = 20) that performed a non-exercise leisure activity for the same amount
of time. The results revealed that the Tai Chi group had a better mood and higher self-esteem
scores [50]. Another study investigated the effects of a 6-week Tai Chi practice in patients with
TBI and revealed increased happiness and energy, with significant improvements in sadness,
confusion, anger, tension, and fear compared to a control group [51]. However, there was no
significant difference in fatigue between the intervention group and control group. Although
our knowledge of the mechanisms underlying such effects of Tai Chi Chuan is still lacking,
evidence suggests that smooth exercise can improve mood and self-esteem and might, there-
fore, help patients with TBI become more involved in social activities.

7. Conclusions

The use of TCM as a complementary treatment for TBI is becoming increasingly popular.
Although more evidence on the effects and mechanisms of TCM therapy is certainly required,
previous results are encouraging. Chinese herbal medicine, acupuncture, and Tai Chi Chuan
were found to have beneficial effects in patients with TBI. The possible mechanisms and effects of
TCM for the treatment of TBI have been shown and proven to be effective based on animal stud-
ies mostly. Nevertheless, we are optimistic regarding the results of further TCM studies and look
forward to more evidence confirming the TCM theory, as this would be beneficial for all patients.
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