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Preface

Traumatic Brain Injuries (TBI) represent a significant and growing concern in
modern medicine, affecting individuals across all age groups and professions, from
athletes and military personnel to the general population. Mild traumatic brain
injury (mTBI) can have lasting effects on cognitive function, emotional well-being,
and overall quality of life. As our understanding of the pathophysiology, diagnosis,
and management of TBI advances, this volume brings together leading experts to
present a comprehensive overview of the latest developments in the field.

This book explores fundamental and emerging aspects of TBI research, covering
key areas such as the biomechanics of brain injury, advancements in neuroimag-
ing, biomarkers for diagnosis, and evidence-based rehabilitation strategies. We
delve into the clinical presentation of TBI, discussing the acute and chronic conse-
quences of head trauma and the importance of early and accurate diagnosis. Special
emphasis is placed on objective assessment tools, including neurocognitive testing
and eye-tracking technologies, which enhance diagnostic precision and treatment
monitoring. Furthermore, this volume addresses the complex intersection of TBIs
with neurodegenerative diseases, post-traumatic stress disorder, and functional
neurological disorders, highlighting the long-term implications of repeated head
injuries.

The book also provides insights into the medicolegal aspects of TBI, including
forensic evaluations, return-to-play protocols in sports, and disability assessments in
occupational settings. By integrating perspectives from neurology, sports medicine,
neuropsychology, and rehabilitation sciences, this volume serves as a vital resource
for clinicians, researchers, and policymakers seeking to enhance patient care and
public health outcomes.

I extend my deepest gratitude to the contributing authors for their expertise and
dedication in advancing the science of TBIs. I also wish to thank the editorial team
for their invaluable assistance in compiling this volume. Finally, I am grateful to
my colleagues and mentors who have shaped my understanding of traumatic brain
injury and its broader implications.

Dr. Ioannis Mavroudis MD, PhD, FRCP
Consultant Neurologist,

Department of Neuroscience,

Leeds Teaching Hospitals,

NHS Trust,

Leeds, UK
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Chapter1

Perspective Chapter: A Case
Presentation — The Progression of
an Unrecognized Traumatic Brain
Injury from Childhood to Young
Adulthood

Leighton ]. Reynolds

Abstract

This chapter explores how a concussion sustained during childhood becomes a
neurodegenerative disease process in the brain, first manifesting symptoms during
adolescence. The patient (Mr. A), a 21-year-old college student, initially presented with
serious issues related to cognitive decline. These issues had forced him to drop out of
college because he could not focus effectively during his classes. Cognitive decline is
one of the four baskets of symptoms used to diagnose concussion and post-concussion
syndrome symptoms. The other three baskets of symptoms include physical symp-
toms, social and emotional issues, and sleep disturbances. The author tracks this case
using a model developed for understanding and working with traumatic brain injury
(TBI) patients: the four interlocking architectures the brain develops in response to
being traumatized. They are: ARCHITECTURE ONE: A Shock Trauma/Traumatic
Shock. ARCHITECTURE TWO: Electrical and Chemical Imbalances in the Brain.
ARCHITECTURE THREE: Disrupting Homeostatic Balance and the Development of
Allostatic Load. ARCHITECTURE FOUR: The Perfect Storm in the Brain. This chapter
will focus on the symptomatology of Architecture Two: what is happening with the
brain/mind during this architecture, how this is manifested in the patient’s behavior, and
how to treat a brain injury at this stage of the interlocking architectures. Architectures
here refer to the brain’s response to being traumatized and its attempts to reorganize
itself. This model can also be applied to other injuries to the brain including strokes,
seizures, transient ischemic attacks, infections, and autoimmune responses in the brain.

Keywords: traumatic brain injury, concussions, post-concussion syndrome,
brain/mind, neuro-psychoanalysis, four baskets of symptoms
1. Introduction

A 21-year-old college student (Mr. A) was referred with the presentation: “I'm
confused all the time, and I have no idea why?” At the time he began treatment with,
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no one had ever mentioned that he might be suffering from post-concussion syn-
drome (PCS). He had suffered an obvious concussion at age 8, and there were several
probable concussions after that. However, up until adolescence, his development
appeared to be normal, so everyone assumed he was just fine. The original concussion
had occurred when he slipped off a picnic bench and struck his head on concrete,
causing him to black out. He had minor complaints when his parents brought him to
the ER (nausea and vomiting), but after an MRI, which showed nothing significant,
he was sent home with his parents. Everything appeared normal following this
incident and for years afterward. The idea that he had, or could have had, post-
concussion syndrome, was nowhere on anyone’s medical radar.

When Mr. A hit adolescence (ages 14, 15, 16), he began to struggle with a host of
“weird issues” that he kept mostly to himself. By this time in his life, he was on his
way to becoming a third-degree black belt in Karate, so what could have been going
wrong? But listening to him in my office at age 21, I understood the symptomatology
he described as falling into the category of cognitive decline, one of the four baskets
of symptoms that occur following a concussion. The other three are physical symp-
toms, social and emotional issues, and sleep disturbances.

What exactly was he having difficulty with? He listed the following as his “new
normal,” which he believed began when he was a sophomore in high school:

Blurred vision (that made it difficult for him to focus on anything, especially when
he was stressed).

Chronic fatigue (which was a constant struggle for him).

Increased sensitivity to light and sound (especially when he as around bright
lights).

Increased inflammation in his body (although he was not exactly sure how he
knew this). His motto was: above all do not complain about anything.

During his college classes he had difficulty focusing. And this was causing him
a lot of problems because he could not track the lectures, and he could not follow
through with his homework.

He noticed that his memory was a problem (especially his short-term memory).

He noticed that his brain was easily overwhelmed (and that it would shut down
under these circumstances).

Several years before he began working with me, he had a serious meltdown during
which he was hallucinating, felt he was going off the deep end, and then abruptly
withdrew from the university and returned home.

He was aware that he had experiences of depersonalization (during which he did
not know that he was a real person) and derealization (during which he did not feel
that his surroundings were real).

He was taking Strattera (an anti-psychotic medicine) for a while (which helped
him focus and do better in school, but it tended to magnify his emotional states, mak-
ing them very difficult to manage, and he stopped the medication).

Hence, his major complaint when he began treatment with me: “I do not know how
to understand why I am so confused all the time and everything I do is a struggle.”

How do we understand the above symptomatology, which is very wide-ranging
and identical to the symptomatology of post-concussion syndrome? And could any of
his presenting symptoms have anything to do with the concussion he sustained at age
8? Over the past 7 years (working with traumatic brain injury patients), I have devel-
oped a model for understanding the progression of a traumatic brain injury. In my
experience, all serious trauma to the head creates a neurodegenerative disease process
in the brain/mind, especially if not treated immediately. It is progressive across four
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interlocking phases as the brain/mind works to adjust to being traumatized. I describe
these interlocking phases as architectures the brain/mind constructs in response to
being traumatized in “The Complex Architecture and Healing of Traumatic Brain
Injuries: Listening To The Brain” (Cambridge Scholars Press, August 2023). The four
architectures are:

o ARCHITECTURE ONE: Shock Trauma/Traumatic Shock'.
¢ ARCHITECTURE TWO: Electrical and Chemical Imbalances in the Brain.

* ARCHITECTURE THREE: Disrupting Homeostatic Balance and the
Development of Allostatic Load”.

e ARCHITECTURE FOUR: The Perfect Storm in the Brain.

And my answer to the question is yes! The effects of one concussion and post-
concussion syndrome can last years, especially if unrecognized and untreated. This
case is an example of what I see all too often in my office, the long-term effects of
concussion and post-concussion syndrome. All too often, this symptomatology
goes unrecognized and hence untreated. In this chapter, I explore how Architecture
Two is played out in the life of this patient. The question here is: What do electrical
and chemical breakdowns in the brain have to do with the symptoms my patient is
experiencing?

2. Dialog

Let us begin with the patient.

P. “Dr. Reynolds, I think this is my new, new normal!”

Dr. R. “And how would you describe this new, new normal for you?”

P. “I'm not saying that I like this, but here goes.”

P. “I'm actually depressed and anxious all the time.”

P. “I do realize that I dissociate a lot, especially when I'm under a lot of stress.”

P. “I get lost a lot going from one place to another.”

P. “It’s easy for me to get overstimulated.”

P. “I am aware of the fact that I do not absorb and process information very well.”

P. “I often feel that I am just walking around in a dream state, just like I was
dreaming.”

P. “I'm always trying to keep face, and not let anyone see how much I'm suffering”

P. “Depending on what I define as my element, I get very anxious when I know
that ’'m not in control of things.”

P. “I am sadly aware that I cannot keep up with the pace of life.”

P. “I’'m always in fear of the unknown.”

Dr. R. “Any ideas of what would help you in the face of the unknown to you?”

! For a further description of Architectures One, Two Three, and Four see “The Complex Architecture and
Healing of Traumatic Brain Injuries,” from Cambridge Scholars Publishing, August 2023.

* For a further detailed presentation of Architecture One see: “Listening To The Brain/Recovering The
Brain,” at SOJ Medical and Clinical Case Reports (23-CR-524) from Stephypublishers.group (2023).
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P. “Well...I can think of 3 things: (1) Reduce the demands on my brain as you have
suggested. (2) Pre-plan things so there are fewer unknowns and uncertainties. (3)
Make sure that I'm in control of my surroundings.”

Fortunately for my patient, he was able to follow through on his own suggestions
and thus begin his healing process (his healing ecology).

3. The brain injury

If these are examples of Mr. As behavior and what he struggles with, what exactly
is going on in his brain/mind?

Moving from the Behavior to the Biology:

We know that a traumatic brain injury can lead to a range of pathophysiological
changes that are serious and very wide ranging. Including:

* Dysregulated cerebral blood flow.

* Impaired cerebral oxygenation.

* Glutamate excitotoxicity (see below for an explanation).
* Blood-brain Barrier.

* Cerebral edema (swelling in the brain).

¢ Ocxidative and nitrative (nitrosative) stress (see below).
* Cerebral inflammation.

* Hypo and hyper-perfusion (see below).

* Mitochondrial dysfunction.

* Hemorrhage.

* Hyperemia (blood vessels are filled with more blood than usual).

I understand the above physiological problems as evidence that normal brain func-
tion has been disrupted. Further over time, disruptions in brain/mind functioning lead
to a breakdown in brain/mind functioning. This is what my patient was dealing with
when he began treatment: the transition from brain/mind dysfunction to a brain/mind
breakdown as the disease process of neurodegeneration continues on its downward, cas-
cading course. These are the dynamics of Architecture Two as the brain/mind is working
to readjust itself to being traumatized. But not doing it very well.

Let us look at several of these troubling areas exploring the arena of neurodegen-
eration, which I believe is causing my patients difficult symptoms.

Oxidative stress is caused by an imbalance of free radicals and antioxidants in the
brain that leads to cell and tissue damage and death. Normally, cells will produce free
radicals as a part of the normal metabolic process. And normally, cells also produce
antioxidants that neutralize the damaging effects of free radicals, such that a balance is
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created, in this case in the brain, between free radicals and antioxidants. This balance,
however, is disrupted by the advent of a traumatic brain injury and can quickly lead

to chronic inflammation in the brain. The brain is particularly vulnerable to oxidative
stress because brain cells require substantial amounts of oxygen to function properly.
Oxidative stress not only disrupts this process but also causes a breakdown of the normal
balance between free radicals and antioxidants. In turn, this imbalance can alter essential
proteins in the brain, leading to the accumulation of amyloid plaques that eventually lead
to neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease, ALS,
MS, or chronic traumatic encephalitis (CTE). Here is an example of the progression of
neurodegeneration at work, slowly but surely over time. See references [1] and [2] for
further information on the process of oxidative stress.

Another example of this neurodegenerative process within Architecture Two:
is glutamate excitotoxicity. Glutamate excitotoxicity refers to the toxic actions of
excitatory neurotransmitters, primarily glutamate. Exacerbated and prolonged acti-
vation of glutamate receptors in the brain begins a cascading process of neurotoxicity,
leading to the loss of neuronal functioning and cell death, killing part of the neuron
through the overactivation of glutamate. Here again, we see the disruption of normal
brain/mind functioning, leading to a breakdown of what is normal functioning, and
in the case of my patient, leading to his severe symptoms (listed above). See reference
[3] for further information on glutamate excitotoxicity.

A third example of the processes of neurodegeneration within Architecture Two is
hyper-perfusion. This might appear to be a stretch, but let us consider the following.
Hyper-perfusion refers to the dysregulated state of blood flow in the brain following the
restoration of arterial blood flow to the brain. This is usually considered in the context
of treatments for carotid artery stenosis and can be a serious problem because it can lead
to severe swelling in the brain, intracranial bleeding, and even death. Hyper-perfusion
becomes an issue when the normal mechanisms the brain utilizes for autoregulation
(to maintain a constant state of pressure in the brain even when there are changes in
blood flow to and within the brain) fail. What I am suggesting here (and this does fall
into Architecture Three as well) is that when the brain is traumatized, there are many
disruptions to brain/mind functioning. But if this process continues, this cascading
neurodegeneration, the brain/mind goes from disruption to breakdown. And hyper-
perfusion is an example of how this can happen when autoregulation fails. The brain/
mind must maintain a constant, finely tuned balance, that is easy to disrupt and easy
to overlook. And this is why I believe we need to recognize, worldwide, how often the
brain/mind is involved in illness, disease, and injury and how serious the consequences
are when medicine, psychology, and the legal system do not recognize this. Again, the
four architectures help us understand the details of this neurodegenerative disease in the
brain/mind resulting from trauma to this marvelous organ. See references [4] and [5] for
further information on the process of hyper-perfusion in the brain.

4, Back to behavior

Now, turning from biology back to behavior. What can be done to treat Mr. A’
symptomatology? No easy task!

Toward this understanding, my patient and I had the following interaction:

Dr. R. “What do you think are the impairments you face as a result of the TBI? Ata
conference I recently attended it was brought to our attention that understanding the
patient’s impairments is actually more important than understanding their diagnosis.

7
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We know that you are struggling with a TBI (post-concussion syndrome), but what
exactly are the impairments that follow this diagnosis?”

P. “I'm thinking about my college classroom. I easily lose focus and I have difficulty
retaining the information I am learning. My process is: lose focus, start to fall behind
in the classroom, feel stressed out, and then start to panic.”

Dr. R. “Are you ever able to regain your focus in the classroom?”

P. “Not really. I just remain drifting off somewhere. I think 'm dissociating at that
point”

Dr. R. “When the brain gets overwhelmed, I believe this is exactly what it does. It
dissociates to conserve energy. Or it shuts off through an Absence Seizure, when the
person goes totally blank and has no memory of what just happened.”

P. “I think I probably am dissociating every class then, right at the point where I
start to get overwhelmed.”

Dr. R. “What do you think would help you be able to focus better and not dissoci-
ate so often?”

R. “You had asked me if I thought our work together was like you providing
me with an auxiliary ego. I think it is more accurate for me to say that in our work
together you are more like an auxiliary organizer. You help me understand why I am
having these problems and what I need to do to fix them.”

It is fascinating to me that despite a significant cognitive handicap, Mr. A. was able
to use his intellect to find a way around his processing problems, and eventually arrive
at a solution to his math and statistics class. It is also fascinating to me that traumatic
brain injuries do not diminish the individual’s intelligence or consciousness. What is
affected is the execution of their intelligence. Further, I agree with Mr. A’s point that
in our sessions, the doctor functioning as an auxiliary-organizer, is the most accurate
description of our work together (as opposed to an auxiliary ego, which is similar but
not quite the same). This is why I believe “listening to the brain” and simply being
with TBI patients is so crucial to understanding their impairments and doing the
repair work. And this is why I find processing the injury, through neuro-psychoana-
lytic work, so important to the patient’ recovery.

In working with TBI patients I use the concept of the “Basket of 4 Symptoms” as
a means of organizing the patient’s everyday life and organizing our work together
during sessions. My patients and I have found the four baskets a very helpful way of
organizing their daily lives and their treatment sessions. How well are they doing in
each of these areas is a primary concern during each of our sessions.

The four baskets are:

* Physical Symptoms.
* Cognitive Decline.
* Social and Emotional Issues

¢ Sleep Disturbances.

5. Conclusions

In closing, I want to share a few thoughts about neuro-psychoanalytic theory and
practice as being the most effective approach to working with brain-injured patients
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and how this works with the architecture model. Neuro-psychoanalysis is an approach
to understanding and treating human behavior that integrates neuroscience and
psychoanalysis, mind and brain, brain and mind. I believe the best way to understand
brain/mind integration is the conception that the human mind is the subjective
experience of the brain.

I noted that neuroscience works through brain imaging, post-mortem dissection,
neurological examinations, and testing to understand how the brain functions. And
psychoanalysis works through understanding the patient’s unconscious agenda, their
resistances, and the patient’s psychic structure (how they construct both their inter-
nal and external worlds). Woven together, neuro-psychoanalysis appreciates that our
reality is dependent on the neuro-biological functioning of the brain and our psycho-
logical interpretation of this experience.

Asis evident in this chapter, I learned a lot about Mr. As neurological and psy-
chological impairments by listening carefully to his experiences in coping with his
post-concussion syndrome. And I was able to do this through having created a physi-
cal and psychological space within which he could express his day-to-day experiences.
This is the neuro-psychoanalytic approach that allows me to listen effectively to his
brain/mind. What he struggled with the most were the issues of cognitive decline (in
the four baskets of symptoms), most clearly manifested in Architecture Two (disrup-
tions in electrical and chemical communications in the brain). These disruptions in
electrical and chemical communications in the brain led to his struggles with cogni-
tive decline: difficulties with focus, concentration, and attention, decision making,
problem solving, memory and easily being overstimulated by his environment at
work, and with family and friends. Because the internal “hardware” in his brain was
simply not connecting normally.

Finally, listening to my patients over the past 7 years, I developed the following
treatment protocol, designed uniquely for each patient, and based on the conception
that every TBI is also a person bringing with them their own developmental history,
values, ideas, beliefs, conflicts, and motivations that affect the healing process.

1. A pharmacology (I prefer nutrients and supplements to drugs).

2. Stimulating the Brain (I find music with noise-canceling headphones the best
way to stimulate healing in the brain).

3. Total Immersion (I have found that demands on the brain for any kind of effort
interfere with healing and need to be reduced in favor of reduced demands,
physical or mental, on the brain).

4. The Creation of Flow Activities that reduce demands on the brain and allow for
healing to occur.

5.Neuro-psychoanalytic sessions that process the injury, and the effects of the
injury on the individual’s personhood.
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Chapter?2

Diagnosis and Management Process
in Traumatic Brain Injury

Pauline N. Kariuki and Motari Omariba

Abstract

Every year, over 10 million people worldwide suffer from traumatic brain injury.
A shock, blow, or bump to the head, as well as a penetrating head injury, can all result
in traumatic brain damage (TBI), which is a disturbance of normal brain function.
It also comes with potential side effects, like oxygen deprivation-induced damage,
increased intracranial pressure, and cerebral edema. Traumatic brain damage comes
in two primary forms: closed and open. Both primary and secondary effects might
result from an injury that is localized (focal injury) or diffuse (widespread). In order
to prevent the secondary injuries brought on by conditions like hypoxia and hypoten-
sion, management of severe TBI entails receiving acute care with close attention to
the airway, oxygenation, and appropriate hemodynamic support. Treating people
with traumatic brain injuries remains difficult. Research has made a substantial
contribution to our understanding of how injuries occur and how general hospital
care is provided. Further research is required to help build evidence-based therapy
techniques that can be used to improve functional results and lessen patient manage-
ment variability.
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1. Introduction

Each year, traumatic brain injury (TBI) affects over 10 million individuals world-
wide. This is according to the World Health Organization’s global road safety status
report as cited by Hyder et al. [1], which vividly voices the severity of the issue, both
currently and in the future, and demonstrates the critical need for well-thought-out
assessment plans for prevention, management, and rehabilitation programs. Centers
for Disease Control and Prevention (CDC) [2] asserts that TBI is an abnormality in
the way the brain normally functions and can be brought on by a blow, jolt, or shock
to the head as well as penetrating head injuries. On the other hand, TBI can also
result from side effects such cerebral edema and elevated blood pressure that happen
after oxygen-related injuries. There are two main types of TBI. These are: closed and
open TBI.
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Raskin and Mateer [3] assert that, even in situations when there is not a direct hit
to the head, like whiplash, brain damage can still happen. Long-range connecting
fibers in the brain may be stretched or even severed by twisting or rotational pres-
sures when the head is abruptly accelerated and decelerated, as in a car collision.
When these fibers are damaged, nerve cell communication is hampered, which lowers
the effectiveness of large-scale brain networks.

Neurons are the nerve cells that are charged with the responsibility of sending
messages all over the body for normal body functions to occur. However, they are
weak and are easily destroyed by stretching, cutting, or pressure. An injury to them
therefore interferes with signals transmitted to and from the brain causing disruption
in communication even in circumstances where there is no direct hit to the head.

In the US, almost 2.8 million individuals are treated in the hospitals annually
for TBIs [4]. Based on crude clinical symptoms, including a patient’s gross levels of
consciousness (e.g., Glasgow Coma Scale (GCS) scores of 13-15), the majority of
TBIs are classified as moderate (mTBI). Despite the widely acknowledged possibil-
ity of persistent incapacity resulting from moderate to severe TBIs, large-scale brain
networks remain effective [5], despite the disagreements regarding the anticipated
path of clinical recovery for individuals with mTBI [6]. Even though it has been docu-
mented that acute symptoms are typically caused by mTBI [7], and cognitive impair-
ment with challenges in daily functioning [8], however, results differ about whether
individuals continue to show signs of mild traumatic brain damage months or years
after the incident [9]. Moreover, CDC [2] highlights that TBI continues to be the
top cause of mortality in the US for all people aged 1-44, ranks third for those aged
45-64, ranks fifth for newborns under a year old, and ranks seventh for people aged
65 and over. The public health importance of TBI therefore cannot be underestimated.

Large-scale brain networks are graphical representation of brain structure consist-
ing of nodes and edges between pairs of nodes. Some of the brain networks include
sensory motor, limbic system, visual system, central executive network (CEN),
default mode network (DMN), and salient network.

Severe TBI (sTBI) has traditionally been defined as that presenting with head
trauma and brain injury with a post-resuscitation GCS score between 3 and 8, despite
existence of other alternative classification schemes. Patients requiring intensive care,
often for many days to a few weeks, include those with sTBI and some with so-called
mild TBI, defined as a GCS score of 9-12. The initial blow (primary injury) that can
cause a variety of structural diseases as well as initiation of chemical, electrical, and
inflammatory cascade of physiological events that make up the secondary brain injury
are all part of the pathophysiology of traumatic brain injury (TBI). Moreover, the
degree of secondary injury sustained and, eventually, the functional result of patients
are significantly influenced by secondary insults, including hypotension, hypoxia,
seizures, and other physiological events. Patients with sTBI and polytrauma pose a
serious risk due to the possibility of persistent secondary insults from vascular and
musculoskeletal trauma as well as other organ injuries [10].

The areas of the brain that are prone to secondary hypoxic and hypotensive
damage include the hippocampus, thalamus, cerebral cortex, and cerebellum. Some
of the clinical signs that manifest include impaired awareness levels, coma, seizures,
and stroke. The brain is normally sensitive to hypoxia because of its high energy
level requirements compared to the low energy reserves that renders it vulnerable to
hypoxic conditions. Hypoxia occurs when there is serious blood loss that leads to low
blood pressure or as a result of brain edema that restricts oxygen supply to brain.

14



Diagnosis and Management Process in Traumatic Brain Injury
DOI: http://dx.doi.org/10.5772/intechopen.1005056

2. Categories of TBI

TBI can be classified into three groups based on the distinct physical processes of
injury as follows: closed head injury (i), penetrating injury (ii), and explosive blast
injury (iii). Some of the clinical signs of traumatic brain injury include prolonged
coma, headache, nausea, aphasia, seizures, amnesia, and aberrant behaviors includ-
ing aggression and anxiety. These symptoms typically manifest seconds to minutes
after the injury, although some of them might last for months or even years [11, 12].

Black et al. [13] claim that blunt impact injuries, primarily from road traffic acci-
dents (RTA), falls, and sporting activities are the predominant cause of closed head
traumatic brain injuries (TBI). This type of TBI has the highest incidence rate among
common people. The brain’s regular functioning is disrupted immediately underneath
the hit site due to a powerful, blunt contact force that causes compression, directly
damaging the brain’s vascular and neuronal cells. The authors further note that pen-
etrating traumatic brain injury (TBI) happens when a foreign body enters the skull,
passes through the dura, and enters the brain parenchyma. Similar to closed head
trauma, localized injuries, intracranial hemorrhage, cerebral edema, and ischemia are
the main outcomes of brain tissue laceration.

Experience has shown that young children and the elderly aged over 65 years are
more likely to suffer from TBI than other age groups. Risk factors that expose young
children to TBI include impaired judgment and poor motor coordination that eas-
ily exposes them to unintentional accidents, for example, in instances where they
practice to cycle or to skid. The elderly are likely to be exposed due to accidental falls
such as in the shower rooms. The falls maybe fatal or may lead to longer periods of
hospitalization.

Warden [14] assertions point that the twentieth century saw severe brain dam-
age from combat caused explosive explosions and their consideration in TBI was
added as a new category. Ling and Ecklund [15] confirm that, in contrast to closed
head injuries and penetrating TBI, the brain is damaged by explosive pressure shock
waves that transfer a massive amount of energy from the skull into the enclosed brain
parenchyma. They also note that, depending on the outcome of the injury at various
stages of the blast-induced injury, the effects of blast injury can be further classified
into four patterns: (i) primary (shock wave causing internal damage), (ii) secondary
(penetrating), (iii) tertiary (physical injury by blast wave), and, finally, (iv) quater-
nary (other than the first three classes).

Primary blast-induced injuries result from high pressures arising from flying
objects that travel through the body at high velocity from explosives. The strong and
fast-moving force can shatter an individual’s body and cause massive damage to inter-
nal organs such as the kidney, liver, the ears, abdomen, and so on. The secondary blast
injuries result from sharp objects and other flying debris carried by strong winds that
accompany the primary blast hitting the body causing closed or penetrating injuries.
The tertiary blast waves are normally caused by strong pressure gradients accom-
panied by strong winds that accelerate an individual to hit a solid object such as a
stationary vehicle, wall, or other hard surface, just like in typical road traffic accidents
(RTAs) resulting in fractured bones, severed limbs, and open or closed injuries on the
brain. Quaternary blast injuries occur as a result of other explosive products such as
massive heat and toxic substances, for instance, gas or fuels that can cause burns of
varied degrees on the body, loss of eyesight, or inhalation of noxious fumes, which
can lead to breathing problems.
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3. Pathophysiology of TBI
3.1 Primary brain injuries

Risdall and Menon [16] observe that there are two types of damage to the neuronal
tissues linked to TBI: (i) primary injury, which is directly brought on by mechanical
forces during the initial insult, and (ii) secondary injury, which is defined as addi-
tional tissue and cellular damages that occur after the primary insult.

Skandsen et al. [17] note that focal and diffuse brain injuries are the two main
forms of primary injuries that can result from the initial impact of various mechanical
assaults to the brain. Research findings indicate that patients with moderate to severe
traumatic brain injury frequently have both types of damage concurrently. However,
Schmidt et al. [18] write that about 70% of cases of traumatic brain injury (TBI) are
caused by diffuse axonal damage (DAI). Closed head TBI and penetrating TBI show
focal brain damage with signs of a fractured skull and localized contusion in the cen-
ter of the injury site as a result of lacerations, compressions, and concussion forces.

Hemiparesis, behavioral abnormalities, and cognitive disabilities might result
from an injury, depending on its severity. Unlike focal injury, diffuse brain injury is
mostly caused by noncontact forces of fast acceleration and deceleration, which injure
the cerebral brain tissues by shearing and stretching them. Strong tensile strains harm
blood vessels, oligodendrocytes, and neuronal axons, resulting in ischemic brain
injury and brain edema [19].

Hemiparesis is one the most common effect of TBI. Its presentation depends on
the severity of the TBI. The more severe the TBI, the more severe the loss of motor
control, in which case it is referred to as hemiplegia (paralysis on either the right or
left side of the body) as opposed to hemiparesis (weakness on either the right or left
side of the body). TBI can cause behavioral abnormalities due to changes on how
the brain functions. There may be some dysregulation in an individual’s personality
as well as an increased risk of depression. Experience has shown that patients with
moderate to severe TBI normally suffer from a range of long-term neurocognitive
consequences such as memory loss, loss of executive functions, and attention deficits.

3.2 Secondary brain injuries

The physiological, cellular, and biochemical processes that take place during a
primary injury can result in secondary damages that are delayed and extended and
can endure for hours or years. Mechanistically, excitotoxicity, mitochondrial dysfunc-
tion, oxidative stress, lipid peroxidation, neuroinflammation, axon degeneration, and
apoptotic cell death are some of the causes that lead to secondary injuries [20].

Figure 1 (on the left) portrays diagrammatic representation of physiology of TBI.
It shows how an increase in cell adhesion molecules facilitates activated leukocyte
transmigration into the damaged brain parenchyma as a result of blood-brain barrier
(BBB) due to traumatic brain injury.

Reactive oxygen species (ROS) and inflammatory chemicals including chemokines
and cytokines are produced by activated leukocytes, microglia, and astrocytes and
can impair neuronal activity by causing demyelination, axonal cytoskeleton disrup-
tion, axonal swelling, and an accumulation of transport proteins at the terminals.

Neurodegeneration results in progressive axonal injury. Further, glial scar devel-
opment brought on by astrogliosis at the lesion site produces an environment that
is nonpermissive and inhibits axonal regeneration. However, glutamate-induced
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Figure 1.
Schematic representation of pathophysiology of TBI.

aggravated release from presynaptic nerve terminals, excessive accumulation of
glutamate and aspartate neurotransmitters in the synaptic space as a result of spillage
from severed neurons, and impaired reuptake mechanisms in traumatic and ischemic
brain activate N-methyl-d-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMDA) receptors on postsynaptic membranes, allowing
calcium ions to enter. These processes cause the release of Ca** ions from the endo-
plasmic reticulum (ER), an intracellular storage, which in turn causes the genera-
tion of reactive oxygen species (ROS) and the activation of capillaries. Molecules
including cytochrome c and apoptosis-inducing factor (AIF) are released into the
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cytosol due to mitochondrial malfunction. Neuronal cell death that is both caspase-
dependent and -independent is the result of these cellular and molecular processes,
which also involve the interaction of Fas and Fas ligand [20].

4. Diagnosis of TBI

Teasdale and Jennett [10] recommend that assessment and treatment of TBI
should be done concurrently, starting with the ABC, that is, airway, breathing/
respiration, and then circulation. Next, D should follow. The D component includes
assessment and management of neurological status. As part of the motor examina-
tion, patients’ responsiveness to eye opening, motor activity, and speech is evaluated,
and a GCS score is given both before and after resuscitation. It is important to take
note of any lateralizing signals, which are significant indicators of presence of a
concomitant spinal cord injury or cerebral lesions as well as a neurologic deficit along
the spinal cord which can be determined through neurologic examination. After
GCS had been documented, lateralizing signs that should be examined that include
checking for symmetry in pupil of the eyes and their response to light, movement in
the all the upper and lower extremities, planter reflexes, and deep tendon reflexes.

If the pupils are unequal, it signals lateralizing motor weakness. Muscle power in the
extremities will indicate if there is any indication of paralysis. A disruption of the
corticospinal and other descending pathways that affect the reflex arc resulting from
a suprasegmental lesion is indicated by abnormal deep tendon reflexes. A structural
or metabolic anomaly in the corticospinal system above the segmental reflex will be
indicated by an aberrant planter reflex.

4.1 Glasgow coma scale (GCS)

The GCS has been in use for many years. It has a good predictive value for mortal-
ity and morbidity in large populations in addition to its high inter-rater reliability. TBI
treatment outcome relies on the post-resuscitation score. Special emphasis needs to
be on motor assessment during patient examination due to its sensitivity in patients
with TBI. However, depending on the type of structural injury, relative degree of
secondary injury burden, the emergence of neurologic or systemic complications, and
other known and unknown genetic and epigenetic factors, patient presenting with
a particular GCS scores may ultimately have a wide range of outcomes. The goal of
treatment therefore is to maximize the healing environment by reducing harmful and
disabling events. It is imperative to promptly conduct a thorough survey of traumatic
findings related to traumatic brain injury (Table 1 and Figure 2) [21].

The GCS helps medical providers determine how conscious (or how deeply in
a coma) one is based on eye, speech, and movement responses. Davanzo et al. [22]
recommend that traumatic findings associated with TBI should include the pupils,
cranium, eyes, ears and nose, face, and neck.

4.1.1 Pupils

Other neurological signs include pupil size, symmetry, and reactivity. Anomalies
in these areas are useful in identifying whether or not a brain herniation necessitating
immediate medical attention is present. However, they are also linked to other types
of trauma, such as direct damage to the globe, direct injury to the oculomotor nerve,
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Figure 2.
GCS assessment (Source: Cleveland Clinic).

or blunt vascular injury (Horner syndrome) (as opposed to the compression brought
on by a herniated brain) [22]. Brain herniation among patients with traumatic brain
injury can be detected through pupil examination. It maybe indicated when the
pupil(s) is dilated and may not narrow in response to light. However, brain herniation
can also be detected through CT scan and MRI. The most common brain herniation is
subfalcine hernia also called midline shift or cingulate hernia.

4.1.2 Cranium

Signs of head and neck trauma must be examined for after the quick neurologic
examination and GCS score are determined. In order to accurately assess the type
and degree of scalp abrasions, contusions, and lacerations as well as the existence of
open depressed skull fractures within lacerations, it may necessary to shave the head
to necessitate physical examination. Basilar skull fractures are frequently linked to
the occurrence of bilateral periorbital ecchymoses, also known as raccoon eyes, or
mastoid ecchymoses, also known as Battle’s sign. It is important to feel the calvarium
for abnormalities that could indicate closed skull fractures [22]. Raccoon eyes,
another name for Battle’s sign, are characterized by a broad bruise that covers the
entire back of the ears and sometimes even reaches the top of the neck. Battle’s sign
patients can develop raccoon eyes, which is a term for ocular bruises associated with a
skull fracture.

4.1.3 Eyes

As soon as patients are able to obey commands, extraocular motions should be
evaluated since cranial nerve palsies might result from initial damage to the nuclei,
compression within the cranium, or impingement in the orbit. A fixed gaze among
BTI patients could indicate nonconvulsive seizure activity or status epilepticus.
Important danger signs (indicators) like subconjunctival hemorrhage or hyphemia,
which are usually considered as ophthalmologic emergencies, should be reported
immediately after they are spotted. These may be signs of hypoxemia and direct
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trauma to the globe and conjunctival petechiae [22]. A buildup of blood in the ante-
rior chamber of the eyes is called hyphemia. This is the typical point of entry and exit
for fluid that nourishes the tissues around the eye. Blunt trauma is the most common
cause of hyphemia.

4.1.4 Ears and nose

When hemotympanum or external auditory canal hemorrhage is observed
during an otoscopic examination, the source and any related injuries (such as a
fractured skull, a ruptured tympanic membrane, or damage to the ossicles and
other ear structures) should be carefully checked for and managed. The presence
of cerebrospinal fluid (CSF), otorrhea, or rhinorrhea indicates a fracture to the
base of the skull and a dural laceration. It also increases the chances of BTI patients
developing meningitis later on. Nonetheless, the majority of CSF leaks linked to
skull base fractures resolve on their own and do not need to be treated. The patient
therefore needs frequent observations to monitor their progress [22]. If the depres-
sion is more than 5 mm below the inner table of the adjacent bone, elevating the
depressed skull fracture is the recommended surgical treatment for dural lacera-
tion and base of the skull fracture. Reducing contamination is the indication for
elevation.

4.1.5 Face

Soft tissue injuries and concurrent face fractures are common among BTI patients.
Their nature of presentation can therefore influence the choice of surgery. Therefore,
a very comprehensive evaluation of these injuries is required, along with imaging if
necessary and careful repair and management of any bleeding that may be present.
Craniofacial bone structural integrity is necessary for maintaining cranial integrity
after numerous fractures. However, the presence of brain edema frequently causes
fracture repair to be delayed; therefore, surgical techniques need to be coordinated
among doctors [22]. As soon as brain edema subsides, the multidisciplinary surgical
team can then coordinate and commence any surgical and or conservative treatment
that maybe needed to improve the patients’ recovery process.

4.1.6 Neck

Watridge et al. [23] observe that in the following clinical circumstances, concomi-
tant blunt vascular injury (BVI) may occur and should therefore be considered.

* A neurological deficiency in the brain that is not evidenced through computed
tomography (CT).

* Monoparesis in conscious individuals who are not diagnosed with brachial plexus
injury

* Lucid interval followed by a decline in neurologic function
* Unexplained dysphasia

* One sided headache after the injury
21
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* Arterial nose-bleeding

* Horner syndrome resulting from damage of some pathways in the sympathetic
nervous system causing ptosis, miosis, anhidrotic, and so forth

* Evidence of bleeding in the neck that may result from blunt neck trauma among
the BTI patients neck hematoma, ecchymosis resulting from blood leaking from
broken blood vessels into the tissues of the skin or mucus membranes or crepitus
resulting from gas in soft tissues.

Anecdotal evidence suggests that other clinical signs noted in such patients include
spasticity, which may set in 1 week after injury that maybe evidenced through hyper-
tonicity and spasms of the affected muscles and exaggerated deep tendon reflexes.

Biffl et al. [24] caution that some of obvious risk factors for blunt cerebrovascular
injury are:

Cervical injury resulting from its overextension with rotation:

* GCS rated at 8 or below
* Neck, hanging, or strangulation or mechanical injuries caused by seatbelts

* Fractures of the base of the skull, particularly into the carotid canal or foramen
lacerum

* Fractures of the face specifically Le Fort IT and III
* Fracture of the cervical spine
* Other injuries of vascular nature, for instance, thoracic aorta.

Miller et al. [25] recommend that the multidisciplinary team involved in the man-
agement of TBI patients should be keen and examine for any possible blunt vascular
injury (BVI) because traumatic cervical artery dissection, thromboembolism, and
occlusion are preventable secondary insults to the brain that can cause large areas
of ischemia, which can be fatal in addition to increasing the burden of neurologic
deficits.

5. Cognitive challenges after TBI

Cognitive function has been defined as “the mental action or process of acquir-
ing knowledge and understanding through thought, experience, and senses” [26].
It includes processes such as knowledge, attention, memory and working memory,
judgment and assessment, reasoning and “computation,” problem-solving and
decision-making, comprehension, and language production. Studies indicate that
cognitive functions create new knowledge by applying preexisting knowledge.
Following a traumatic brain injury, cognitive dysfunction, which includes issues with
planning, problem-solving, attention, and timing, and cognitive-behavioral and
psycho-behavioral disorders are common symptoms. After a traumatic brain injury,
persistent memory loss and executive function impairment are also prevalent [27].
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Experience shows that BT patients lose both long- and short-term memories. It is
commonly observed that such patients present with short term memory seen through
trouble grasping and remembering new information, what happens on day-to-day
basis as well as recalling recent events that have occurred.

Lennon et al. [28] argue that, although controversial debates still exist on the
exact cognitive domains most affected by TBI, there is consensus that TBI produces
cognitive impairment. However, investigations of mild-to-severe TBI reveal a
higher mixture of positive and negative results, despite the fact that moderate-
to-severe TBI is considered to be harmful to the patients. Lennon et al. [28]
conducted a study that looked at the number of mTBIs and the severity of TBIs in
later life and their longer-term cognitive effects. The study employed a subgroup
(n = 15,764) of the PROTECT, a cohort that evaluated risk factors for cognitive
impairment in people between the ages of 50 and 90. For 4 years, participants
underwent cognitive tests annually. Principal component analysis (PCA) was used
to categorize the results of cognitive tests into working memory, episodic memory,
attention, processing speed, and executive function. Participants used the Brain
Injury Screening Questionnaire (BISQ) to retrospectively recollect the number
and severity of TBIs they had experienced over their lifetime. The impact of head
injury severity (non-TBI head hit, mTBI, and moderate-severe TBI) and the num-
ber of mTBI at baseline and throughout time were investigated using linear mixed
models (LMMs). mTBI was divided into five groups: 0 mTBI, 1 mTBI, 2 mTBIs,

3 mTBIs, and 4+ mTBIs. It was regarded as a continuous and categorical variable.
Of the individuals, 3711 (23.5%) had at most experienced a non-TBI head impact,
510 (3.2%) had at least one moderate-severe TBI, and 5725 (36.3%) had no head
injuries at all. The average standard deviation (SD) of the individuals’ most recent
reported head injury was 29.6 (20.0) years ago before the study began. In terms of
results, longitudinal cognitive trajectories did not worsen across the course of the
trial, but there were notable cognitive abnormalities linked to TBI at baseline.

Individuals with at least one moderate-severe traumatic brain injury (TBI) at
baseline showed significantly lower executive scores (B = 0.151, p = 0.004), process-
ing speed (B = 0.075, p = 0.033), and attention (B = —0.163, p < 0.001). At baseline,
the group with at least one mTBI showed significantly lower attention scores than the
group without a head injury (B = —0.052, p = 0.001). The individuals in the 3 mTBI
group showed lower baseline executive function (B = —0.149, p = 0.025) and attention
scores (B = —0.085, p = 0.015) in comparison to those without mTBI. When com-
pared to individuals who reported no mTBI, those who had experienced four or more
mTBIs at baseline showed worse attention (B = —0.135, p < 0.001), processing speed
(B =-0.072, p = 0.009), and working memory (B = —0.052, p = 0.036). Cognitive
deficits related to traumatic brain injury are dose-, fixed-, and severity-dependent.
When compared to working memory and processing speed, the effects of attention
and executive function are almost twice as strong, making them the most sensitive
cognitive domains. According to their recommendations, domain-specific effects
should be properly targeted in post-TBI cognitive rehabilitation. Furthermore, having
three or more lifetime mTBIs was linked to significant long-term cognitive abnormali-
ties. This is important to keep in mind when counseling people who have had a TBI
against continuing high-risk activities.

Teasdale and Jennett [10] note that the incidence estimates for sTBI, which are
based on a GCS of 3-6, are significantly lower, at 4-6/100,000/year. Nonetheless,
because of the significant functional impact of the injuries and the personal pain
that patients and their families endure, sTBI is a serious health issue. The spectrum
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of deficits and impairments associated with severe traumatic brain injuries varies in
complexity, potentially impacting an individual’s physical and emotional well-being.

Anecdotal evidence suggests that some of the deficits and impairments include
impaired consciousness with post-traumatic amnesia. Physical deficits include loss of
balance and coordination, difficulties in ambulation, loss of fine motor skills and loss
of strength, and lack of exercise tolerance, while cognitive deficits include difficult in
communication and information processing with altered perceptual skills. Patients
with TBI are urged to use memory aids such notepads, daily task lists, calendars,
schedules, and reminder apps as part of their cognitive rehabilitation. In addition,
they must regularly practice newly learned material, manage their anxieties, and get
adequate sleep.

Dahm and Ponsford [29] note that it has been demonstrated that, throughout
time, neurobehavioral and cognitive deficits have a greater total disability following
TBI than physical impairments.

6. Treatment goals

Goal-directed TBI treatment should include maintaining certain clinical con-
siderations. While some of the objectives, like cerebral perfusion pressure (CPP),
intracranial pressure (ICP), and continuous brain tissue oxygenation (PbtO,) moni-
toring are particularly pertinent to patients receiving care in an intensive care unit
(ICU), maintaining normocapnia and adequate oxygenation is crucial to all other BTI
patients. Pulmonary-specific characteristics may be necessary for patients with severe
respiratory problems (such as acute respiratory distress syndrome). To prevent hypo-
tension, it is important to regularly monitor both mean arterial pressure and systolic
blood pressure (SBP). Regular temperature monitoring is important in TBI patients to
maintain normothermia at 38°C [30].

Electrolytes should be kept within a typical range. It is critical to pay close atten-
tion to the salt level to avoid hyponatremia in TBI patients since it can exacerbate
cerebral edema. It has been observed that if electrolytes are not kept within normal
levels, they can trigger serious health problems such as kidney problems, hyperten-
sion, and cardiac arrythmias. Patients with traumatic brain injury may also experi-
ence the syndrome of inappropriate antidiuretic hormone (SIADH) or diabetes
insipidus (DI). Patients’ serum sodium and osmolality levels should be checked often.
Hypoglycaemia and hyperglycaemia can have a negative impact on TBI patients’ prog-
nosis. Every TBI patient needs to have their serum glucose levels regularly checked.
After nutritional therapy is started, more frequent monitoring is necessary, especially
for patients with known or suspected diabetes mellitus [30].

Anemia and abnormal coagulation are common in patients with TBI, thus should
be strictly monitored. However, there is considerable practice variability in hemo-
globin transfusion thresholds for TBI patients. A recent randomized clinical research
examined two thresholds for hemoglobin transfusion following traumatic brain injury
(7 and 10 g/dl). The neurological result was the same in both cases. The 10 g/dl barrier
however was linked to a higher frequency of adverse outcomes, bolstering the 7 g/dl
transfusion threshold suggested as best practices. In order to identify medical, iatro-
genic, or early posttraumatic coagulopathy when present, TBI patients should have
early screening for coagulopathy, including testing for direct and indirect coagulation
cascades using the international normalized ratio (INR). The use of more recent
coagulation capacity testing (such as platelet function assays, thromboelastography,
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> 95% in pulse oximetry ICPbetween 20 and 25 mmHg Sodium in serum, 135-145
Pa0; < 100 mmHg PbtO, < 15 mmHg INR less than 1.4
PaCO, between 35 and 45 mmHg CPP more than 60 mmHg Platelets less than 75 x 103/
3
mm

SBP greater than or equal to 100 mmHg Temperature between 36.0 and 38°C > 7 g/dl of hemoglobin

PH 735-745 Blood sugar 80-180 mg/dL

Key: PaO;: partial oxygen pressure; PaCOy: partial pressure of carbon dioxide; SBP: blood pressure in systolic
form; ICP: internal cevebral pressure; PbtO,: oxygen tension in brain tissue; CPP: cevebral perfusion pressure; INR:
international normal vatio; * based on the state of brain auto-regulation.

Table 2.
Goals of treatment.

or rotational thromboelastometry) may yield more information about the necessity of
focused therapy to reverse coagulopathy (Table 2) [30].

7. Management of traumatic brain injury
7.1 Prehospital management

There are two main categories for TBI: primary and secondary brain injuries.
Primary brain injury is the outcome of kinetic energy transfer causing damage
to brain tissue. The phrase “secondary brain injury” refers to the worsening of
traumatic brain injury (TBI) over the course of minutes to hours due to a variety
of circumstances, including hypoxemia, hypotension, hypo- or hypercarbia,
hypo- or hyperglycaemia, hypo- or hyperthermia, and seizures. The main goal of
therapeutic measures after traumatic brain injury (TBI) is to prevent further brain
injury, which is best handled by specialists such as the anesthesiologist, preferably
neuro-anesthesiologist [31]. In order to protect the patient’s airway and ensure proper
breathing and circulation, care for a patient with a traumatic brain injury should start
as soon as possible after the damage (Table 3) [32].

As soon as feasible, patients with moderate or severe TBI should be sent to a tertiary
referral care facility equipped with neurosurgical facilities. Transport techniques,
distance from tertiary referral care facility, duration of travel to the tertiary referral
care facility, and whether a doctor or a paramedic leads the responding team have all
been demonstrated to affect the outcomes for TBI patients. The principal objectives of
therapy are to prevent hypoxia and hypotension, as even a moment of hypotension has
been linked to a two-fold increase in mortality and a heightened risk of morbidity [33].

7.2 Neurological assessment

Since Teasdale and Jennett’s 1974 [10] initial publication of the most popular tech-
nique, the GCS, it has been found useful in documenting patients’ state of conscious-
ness during initial assessment and in later evaluations. Nonetheless, some authors
have challenged the GCS, claiming that it has low interobserver variability, which
results in a limited prognostic value. Scales such as Full Outline of Unresponsiveness
score and the Simplified Motor Score have been developed as potential enhancements
to the GCS, despite controversies. Despite having a better interobserver reliability,
they are nevertheless not widely used [34].
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Control of breathing and oxygenation

Treatment, diagnosis, and prevention of hypoxia (O, saturation less than 90% and/or cyanosis). Maintain
constantly high-flow of oxygen for every possible case of TBI

!

Maneuvers to realign the airways are carried out

|

When doing bag-valve-mask (BVM) ventilation, airway adjuncts such as an oropharyngeal airway are used

!

If a qualified ALS provider is present, endotracheal intubation is carried out

Controlling ventilation

* For intubated patients, the goal for ETCO, is 40 mmHg, and it should be carefully maintained between
35 and 45 mmHg. Aim to keep ventilation rates at the following levels: Breath rates for babies are 25/min,
children are 20/min, and adults and adolescents are 10/min.

Mechanical ventilation: Ventilators will be utilized to maximize O, treatment and ventilation parameters when
they are available. In order to keep the ETCO, within the goal range, the target tidal volume should be 6-7 ml/kg,
with rates adjusted accordingly.

* Mode of breathing in case of a brain herniation: Even in cases of severe brain injury, recommendations
for early TBI therapy (prehospital/emergency department) explicitly advise against any “prophylactic
hyperventilation” due to compelling evidence against it.

* Only when there are clear indications of a herniation, use recommended guidelines for hyperventilation.
It is advised to only mildly hyperventilate in such circumstances. Between 30 and 35 mmHg is the ETCO,
goal range during “mild therapeutic hyperventilation.”

Control of blood pressure

* Low blood pressure (hypotension): SBP < 90 mmHg has been utilized in the majority of TBI research to
diagnose hypotension in adults and older children. Hypotension is defined by the pediatric guidelines as an
SBP that is lower than the fifth percentile for the age. The calculation for this is [70 mmHg + (age x 2)].

* Treatment for low blood pressure: SBP > 90 mmHg is advised according to TBI recommendations.
Intravenous (IV) fluid resuscitation will be started with an initial bolus of 1 L of normal saline or Ringer’s
lactate in adults and adolescents, and 20 ml/kg in older children, upon a single SBP measurement of less
than 90 mmHg. IV fluid treatment at a rate and volume sufficient to sustain SBP > 90 mmHg will follow.

o Treatment of high blood pressure (hypertension): It is not advised to treat acute hypertension in TBI patients.
However, in patients with SBP > 140 mmHg, IV fluids will be limited to a modest “keep open” rate.

Table 3.
Protocols for prehospital management [32].

7.3 Management of the Airway and Ventilation

Hypoxemia’s unfavorable results have been linked in a number of researches.
Studies indicate that TBI patients who were intubated at the scene of trauma
had worse results, even though airway control may be our main priority in these
individuals [35]. Experience has shown that intubation outside the hospital is a com-
plex and delicate procedure that can expose BTI patients to fatal outcomes resulting
from hypoxia, hypotension, or hypertension. Outcomes in such patients are worse
especially those who are far from static healthcare facilities.

Preferable anesthetics are those that provide hemodynamic stability, prevent an
increase in intracranial pressure (ICP), and enable quick control of the airway.

The most often prescribed medications are thiopental and propofol, though both
might result in hypotension. Although etomidate offers benefits for cardiovascular
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stability, there are chances that it may decrease adrenal function. Ketamine is often
prescribed to trauma victims, though recent studies indicate that its impact on ICP is
limited [36].

7.4 Blood pressure and cerebral perfusion pressure (CPP)

Vasopressors are frequently used to increase CPP in the context of TBI, despite the
fact that there is little information about these medications. Studies indicate that dopa-
mine use results in increased ICP levels, whereas norepinephrine has a more constant
and predictable influence on CPP [37]. To reduce mortality and improve outcomes,
it is recommended to maintain SBP at >100 mmHg for patients 5069 years old, or at
>110 mmHg or higher for patients 15-49 or older than 70. Recommended mmHg level
is between 60 and 70 mmHg, which is the recommended target CPP value for survival
and favorable outcomes. It is uncertain what the lowest ideal CPP threshold is—60 or
70 mmHg—and it might depend on the patient’s autonomic state [31].

7.5 Fluid management

First and foremost, hypovolemia from extracranial hemorrhage should be checked
out in a patient with hypotensive TBI. Transcapillary leakage can cause hypovolemia
even in the absence of extracranial hemorrhage. The degree of hypovolemia can be
roughly determined using established techniques, such as assessments of the arterial
pulse pressure fluctuation, blood pressure response after a fluid challenge, or a pas-
sive leg raise, even though it may be difficult to give accurate results. Research studies
appear to indicate that the amount of fluid infused irrespective of the fluid type
affects the outcome after traumatic brain injury [31].

7.6 Sedation and analgesia

A key element in the treatment of traumatic brain injury is lowering stress and the
adrenocortical response [38]. Due to this stress reaction, even TBI patients who are
unconscious may have elevated ICP and blood pressure. By lowering cerebral metabo-
lism and oxygen consumption in a dose-dependent manner, sedative medications
might lessen metabolic stress on recently injured brain tissue. This lowers cerebral
blood flow (CBF), which lowers intracranial pressure (ICP). Throughout the period of
sedation, care should be taken to maintain an appropriate mean arterial pressure [39].

7.7 ICP monitoring and management

It has been demonstrated that patients with raised ICP have worse outcomes and
are more likely to die [40]. It has been observed that raised ICP among such patients
may lead to severe headache and pressure that may cause severe damage to the brain,
restrict blood flow to the brain, and worsen brain herniation leading to severe disrup-
tion of brain function.

According to the most recent version of the Brain Trauma Foundation (BTF)
guidelines, the following are the indications of ICP monitoring in TBI: (i) ICP
monitoring-based treatment of severe traumatic brain injury patients may lower
in-hospital and two-week post-injury mortality; (ii) the guidelines no longer pro-
vide guidance on which patients should be selected for follow-up due to a lack of
high-quality data; and (iii) when a patient is at a high risk of experiencing a clinical

27



Traumatic Brain Injury — Recent Advances and Challenges

deterioration, intracranial monitoring should be started using clinical judgment.
BTF guidelines recommend that treating an ICP with more than 22 mmHg can lower
mortality, and ICP monitoring is recommended at level IIB. Standardized techniques
employing an increasing treatment intensity in a “staircase approach” are part of the
management of elevated ICP as shown in Figure 3.

In contrast, a three-tiered strategy is suggested by the American College of
Surgeons’ (AMCS) TBI Guidelines for the treatment of elevated ICP [41]. The
standard operation procedure of ICP monitoring is invasive monitoring with the
external ventricular drain (EVD) approach, which involves inserting a catheter
through a burr hole into one of the ventricles. This method can be used to measure
ICP as well as drain CSF and deliver medication intrathecally, such as an antibiotic
for ventriculitis patients. Placing an EVD may also be necessary to drain post-
traumatic bleeding. An ICP monitor is useful when ICP monitoring is required
when there is no need to drain CSF, for example, in instances where there is need
to investigate chronic headache. Consequently, at this point, modest drops in CSF
can have a significant effect on ICP control. Similarly, craniectomy and duraplasty,
which enlarge the cerebral compartment and remove mass lesions, can efficiently
manage intracranial pressure [10].

Depending on the amount of space that hemorrhagic lesions and cerebral edema
occupy in the intracranial compartment, managing intracranial pressure (ICP) can
be quite challenging. According to the Monroe Kellie theory, cerebral tissue, cerebral
blood, and CSF all have fixed volumes inside the intracranial compartment. To keep
the ICP normal, compensation must take place when the volume of one compartment
rises or a mass lesion is added to the compartment. The first step in this adjustment is
the movement of venous blood and CSF into the spinal canal. However, when cerebral
compliance declines and elastance rises after a critical volume is reached in the intra-
cranial compartment, this leads to greater changes in ICP and less changes in volume.

GCS < B with ICP = 22 mmHg

a

« Secure airway and ensure adequate venlilation
= Sedation and analgesia in intubated patients
« Neuromuscular blocking drugs if required

a

i Ensure PaCO, between 35-40 mmHg |

&

External ventricular drain to allow
intermittent CSF drainage

&

Brief period of hyperventilation if ICP is
sustained > 22 mmHg

«

or
Hypertonic Saline (3%) in a dose of 3-5 celkg
Serum osmolalily and serum sodium to be charted

&

| Decompressive craniectomy I

&

Barbiturate or propofol coma may be induced for
patients who have failed to respond to above measures

é

| Moderate Hypothermia (33-34°C) may be used ]

Figure 3.
Stepladder approach to the management of intracranial hypertension (ICP > 22 mmHg) after severe TBI
(GCS < 8).
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7.8 Osmotherapy

Since the 1960s, mannitol for osmotherapy has been the primary treatment
for elevated ICP, and it is still included in TBI management protocols. For the past
20 years, hypertonic saline has gained popularity as an alternative treatment of choice;
nevertheless, disagreements among TBI management specialists still exist on the ideal
agent and delivery system. Mannitol promotes osmotic diuresis, lowers blood viscosity
through distorted erythrocytes, and raises CBF by expanding plasma. By increasing
the plasma volume, hypertonic saline facilitates the passage of water across the blood-
brain barrier and enhances blood flow. Equiosmolar dosages of hypertonic saline and
mannitol were compared by Cottenceau and his research associates for the treatment
of elevated ICP. Human subjects treated with hypertonic saline experienced a consid-
erably greater drop in baseline ICP compared to those treated with mannitol [31, 42].

7.9 Multimodal neuro-monitoring

The brain oxygen supply and absorption balance can be estimated using jugular vein
oxygen saturation (SjvO,). To reduce contamination from extracranial venous return,
a catheter is advanced to the jugular bulb by being placed into the prominent internal
jugular vein. A fall in jugular SvO, levels below 55% suggests that cerebral oxygen
demand may not be sufficient, typically as a result of vasoconstriction linked to hyper-
ventilation or diminished CPP. On the other hand, elevated SjvO, signifies excessive
perfusion occurring due to elevated CBF or reduced oxygen consumption as a result of
cell death. After TBI, lower SjvO, levels (less than 50%) and higher SjvO, levels (more
than 75%) are usually danger signs that are linked to worse outcomes. After a traumatic
brain injury, regular SjvO, monitoring may produce better results [43].

7.10 Anticonvulsant therapy

Convulsive activity after TBI raises intracranial pressure and modifies the flow of
oxygen to the wounded brain. Numerous studies have sought to investigate the benefits of
seizure prevention in order to prevent subsequent brain injury. Research findings indicate
that phenytoin medication was successful in reducing the incidence of post-traumatic
seizures during the initial 7 days following injury; however, it did not have a meaningful
impact in preventing post-traumatic seizures beyond the first week following injury [44].

7.11 Control of temperature

Temperatures can cause more edema and inflammation; even moderate hyper-
thermia has been linked in clinical practice to worse results and longer hospitalizations
especially in the intensive care unit for patients with traumatic brain injury. On the
other hand, cooling has been observed to enhance outcomes after global brain hypoxia
and may even be neuroprotective. Because of impaired circulation and hypoxia in the
penumbra zone, the damaged brain is very vulnerable to the adrenergic stress brought on
by the brain injury itself, which might worsen with active hypothermia [31, 45].

7.12 Control of glycaemia

Following TBI, there is a notable increase in catecholamines, cortisol release,
and glucose intolerance that results in significant hyperglycemia. Cerebral edema
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and neuronal dysfunction may emerge from the brain’s acidotic state brought on by
anaerobic glucose metabolism. Hyperglycemia after traumatic brain injury has also
been linked to impaired cerebrovascular control and poor outcomes. Avoid glucose-
containing liquids and keeping an eye on patients’ blood sugar levels to keep them
between 4 and 8 mmol/L [46].

713 Decompressive craniectomy

A decompressive craniectomy is a surgical technique in which a significant portion of
the skull is removed. By providing more room for the enlarged brain, a craniectomy low-
ers ICP and may immediately stop brainstem herniation [31]. Postoperative management
includes avoiding exertion for at least 4 weeks after surgery, advising patients to do mild
active exercises to maintain joint range of motion, and keeping the surgical site clean.
Once regular exercise routine commences and patients complain of headache or fatigue,
reducing the amount of exercises and gradually building tolerance is advised.

714 Nutrition support

Better results are linked to early nutritional supplementation and enteral feed-
ing has been shown to be advantageous. The BTF advises basal calorie replacement
between the 5th and 7th day following injury. Additionally, transgastric jejunal feed-
ing may lower the incidence of pneumonia linked to ventilator use. Patients suffering
from sTBI may experience difficulty with stomach emptying due to elevated ICP and
opioid use. Metoclopramide is one example of a prokinetic drug that may enhance
feeding tolerance [31].

7.15 Antibiotic therapy

Patients with TBIs are more likely to require intrusive monitoring and therapeutic
interventions, such as mechanical ventilation, which increases their risk of infection.
It is important to locate possible infection sources and start the right treatment [31].
Invasive ICP monitoring is a common source of infection, and it has been observed
that the frequency of ICP device infections varies between 1% and 27% [47].

CDC [2] argues that in order to prevent further harm from hypoxia and hypotension,
treatment for TBI should involve intensive care, with a focus on the airway, oxygenation,
and adequate hemodynamic support. Close monitoring in intensive care for TBI patients
is important in order to avoid some of the secondary injuries that may be associated
with hypoxia and hypotension. Combined effect of hypoxia and hypotension has been
associated with high rates of mortalities among patients with TBI. It is also important to
note that adequate ventilation strategy should be in place especially in the 24 hours after
traumatic brain injury so that cerebral oxygen delivery is adequately monitored through
either jugular oxygen saturation (SjO,) or brain oxygen tension (PbrO,).

Teasdale and Jennett [10] confirm that as soon as first responders assess a patient
with sTBI, treatment must start. In order to improve long-term outcomes after sTBI,
emergency personnel and physicians in multiple specialties need to be knowledge-
able about the diagnosis and treatment of sTBI. This includes minimizing secondary
cerebral injury, promptly coordinating surgical care for structural injuries requiring
surgery, and preventing secondary insults to the greatest extent possible.

TBI patients may present with brain damage that is structural in nature that results
from the main injury. Effects of the structural damage must therefore be lessened.
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When treating a range of structural injuries, surgery is frequently performed
either early (for compressive lesions pressing on the brain) or later (for example,
when treating CSF leaks or infections, treating developing cerebral edema, and per-
forming craniofacial repairs). Extra-axial mass lesions are located outside the brain
tissue but inside the cranium, whereas intra-axial mass lesions are located within the
brain tissue. Certain intracranial hemorrhages, usually those large enough to cause
a complete cerebral herniation or cerebral compression that is symptomatic, that is,
causing a coma, a neurologic deficit, or intracranial hypertension, need to be surgi-
cally removed immediately [10].

If the initial and subsequent management of patients with TBI is not done well,
patient may succumb to their injuries or end up with severe negative long-term
complications. Patients with TBI have been reported to have reduced life expectancy
by at least 9 years. Some of the long-term negative complications may include pre-
mature deaths resulting from seizures, accidental falls, drug poisoning, infections
such as pneumonia, frequent hospitalization, high dependence on others for support
in activities of daily living (ADLs), increased use of illicit brews, and moderate or
severe disabilities. Other complications include impaired physical abilities, cognitive
impairments such as memory loss, attention deficit, altered behavior and personality
that may present through lethargy, depression, temper tantrums, and communication
difficulties due to speech impairments.

8. Conclusion

Treating patients with severe TBI is still a challenge. Studies have significantly
contributed in understanding the mechanism of injury and general hospital care.
There is need for more studies to support in establishment of evidence-based thera-

peutic approaches to reduce variations in patient management and improve func-
tional outcomes.

Author details
Pauline N. Kariuki™* and Motari Omariba?

1 Department of Nursing, Mongoni Dispensary, Masaba North Sub-County,
Nyamira County, Keroka, Kenya

2 Department of Physiotherapy, Kenya Medical Training College (KMTC), Homa Bay,
Kenya

*Address all correspondence to: pnjoki2019@gmail.com

IntechOpen

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

31



Traumatic Brain Injury — Recent Advances and Challenges

References

[1] Hyder AA, Wunderlich CA,
Puvanachandra P, Gururaj G,
Kobusingye OC. The impact of traumatic
brain injuries: A global perspective.
NeuroRehabilitation. 2007;22:341-353

[2] Centers for Disease Control and
Prevention. National Center for Injury
Prevention and Control. Web-Based
Injury Statistics Query and Reporting
System (WISQARS). 2005. Available
from: https://www.cdc.gov/injury/
wisqars [Accessed: January 29, 2024]

[3] Raskin S, Mateer C, editors.
Neuropsychological Management of
Mild Traumatic Brain Injury. New York:
Oxford University Press; 2000

[4] Taylor CA, Bell JM, Breiding MJ,
Xu L. Traumatic brain injury-related
emergency department visits,
hospitalizations, and deaths—United
States, 2007 and 2013. MMWR
Surveillance Summaries. 2017;66(9):1-
16. DOI: 10.15585/mmwr.ss6609al

[5] Dikmen SS, Machamer JE, Powell JM,
Temkin NR. Outcome 3 to 5 years after
moderate to severe traumatic brain
injury. Archives of Physical Medicine and
Rehabilitation. 2003;84(10):1449-1457.
DOI: 10.1016/50003-9993(03) 00287-9

[6] Maas Al, Stocchetti N, Bullock R.
Moderate and severe traumatic brain
injury in adults. Lancet Neurology.
2008;7(8):728-741. DOI: 10.1016/
S1474-4422(08)70164-9

[7] Nelson LD, LaRoche AA, Pfaller AY,
et al. Prospective, head-to-head study
of three computerized neurocognitive
assessment tools (CNTs): Reliability
and validity for the assessment of
sport-related concussion. Journal of
the International Neuropsychological

32

Society. 2016;22(1):24-37. DOI: 10.1017/
$1355617715001101

(8] Nelson LD, Furger RE, Ranson J, et al.
Acute clinical predictors of symptom
recovery in emergency department
patients with uncomplicated mild
traumatic brain injury (mTBI) or non-
mTBI injuries. Journal of Neurotrauma.
2018;35(2):249-259. DOI: 10.1089/
neu.2017.4988

[9] Dikmen S, Machamer J, Temkin N.
Mild traumatic brain injury: Longitudinal
study of cognition, functional status,
and post-traumatic symptoms. Journal

of Neurotrauma. 2017;34(8):1524-1530.
DOI: 10.1089/neu.2016.4618

[10] Teasdale G, Jennett B.

Assessment of coma and impaired
consciousness: A practical scale. Lancet.
1974;2(7872):81-84

[11] Bruns J, Hauser WA. The
epidemiology of traumatic brain injury:
A review. Epilepsia. 2003;44:2-10.

DOI: 10.1046/j.1528-1157.44.510.3.x

[12] Andriessen TM, Jacobs B,

Vos PE. Clinical characteristics and
pathophysiological mechanisms of
focal and diffuse traumatic brain injury.
Journal of Cellular and Molecular
Medicine. 2010;14:2381-2392.

DOI: 10.1111/j.1582-4934.2020.01164.x

[13] Black KL, Hanks RA, Wood DL,
Zafonte RD, Cullen N, Cifu DX,

et al. Blunt versus penetrating violent
traumatic brain injury: Frequency
and factors associated with secondary
conditions and complications.

The Journal of Head Trauma
Rehabilitation. 2002;17:489-496.
DOI: 10.1097/00001199-200212000-
00001



Diagnosis and Management Process in Traumatic Brain Injury

DOI: http://dx.doi.org/10.5772/intechopen.1005056

[14] Warden D. Military TBI during
the Iraq and Afghanistan wars.

The Journal of Head Trauma
Rehabilitation. 2006;21:398-402.
DOI: 10.1097/00001199-200609000-
00004

[15] Ling GS, Ecklund JM. Traumatic
brain injury in modern war. Current
Opinion in Anaesthesiology.
2011;24:124-130. DOI: 10.1097/
ACO0.0b013e32834458da

[16] Risdall JE, Menon DK. Traumatic
brain injury. Philosophical Transactions
of the Royal Society of London. Series B,
Biological Sciences. 2011;366:241-250.
DOI: 10.1098/rstb.2010.0230

[17] Skandsen T, Kvistad KA, Solheim O,
Strand IH, Folvik M, Vik A. Prevalence
and impact of diffuse axonal injury

in patients with moderate and severe
head injury: A cohort study of early
magnet resonance imaging findings

and 1-year outcome. Journal of
Neurosurgery. 2010;113:556-563.

DOI: 10.3171/2009.9JNS09626

[18] Schmidt OI, Infanger M, Heyde CE,
Ertel W, Stahel PF. The role of
neuroinflammation in traumatic brain
injury. European Journal of Trauma.
2004;30:135-149. DOI: 10.1007/
s00068-004-1394-9

[19] Smith DH, Meaney DF, Shull WH.
Diffuse axonal injuryin head

trauma. The Journal of Head Trauma
Rehabilitation. 2003;18:307-316.

DOI: 10.1097/00001199-200307000-
00003

[20] Ray SK, Dixon CE, Banik NL.
Molecular mechanisms in the
pathogenesis of traumatic brain
injury. Histology and Histopathology.
2002;17:1137-1152. DOI: 10.14670/
HH-17.1137

33

[21] Teasdale G, Jennett B. Assessment
and prognosis of coma after head injury.
Acta Neurochirurgica. 1976;34(1-4):45-
55. DOI: 10.1007/BF01405862

[22] Davanzo J, Sieg E, Timmons S.
Management of traumatic brain injury.
Surgical Clinics of North America.
2017;97(6):1237-1253. DOI: 10.1016/j.
suc.2017.08.001

[23] Watridge CB, Muhlbauer MS,
Lowery RD. Traumatic carotid
artery dissection: Diagnosis and
treatment. Journal of Neurosurgery.

1989;71(6):854-857

[24] Biffl WL, Moore EE, Ryu RK, et al.
The unrecognized epidemic of blunt
carotid arterial injuries: Early diagnosis
improves neurologic outcome. Annals of
Surgery. 1998;228(4):462-470

[25] Miller PR, Fabian TC, Bee TK. Blunt
cerebrovascular injuries: Diagnosis

and treatment. The Journal of Trauma.
2001;51(2):279-285

[26] Oxford University Press. Oxford
English Dictionary. Oxford: Oxford
University Press; 2022

[27] Wolf JA, Koch PF. Disruption of
network synchrony and cognitive
dysfunction after traumatic brain injury.

Frontiers in Systems Neuroscience.
2016;43:1-14

[28] Lennon M]J, Brooker H, Creese B,
Thayanandan T, Rigney G, Aarsland D,
et al. Lifetime traumatic brain injury and
cognitive domain deficits in late time:
The PROTECT-TBI cohort study. Journal
of Neurotrauma. 2023;7:1423-1435.

DOI: 10.1089/neu.2022.0360

[29] Dahm ], Ponsford J. Comparison of
long-term outcomes following traumatic
injury: What is the unique experience
for those with brain injury compared



Traumatic Brain Injury — Recent Advances and Challenges

with orthopaedic injury? Injury.
2015;46(1):142-149

[30] American College of Surgeons
Trauma Quality Improvement Program
(ACS TQIP). Best practices in the
management of traumatic brain injury.
In: Feliciano D, Mattox K, Moore E,
editors. Trauma. 6th ed. New York:
McGraw-Hill Professional; 2008

[31] Dash H, Chavali S. Management
of traumatic brain injury patients.

Korean Journal of Anaesthiology.
2018;71(1):12-21

[32] Dash HH. Prehospital care of head
injured patients. Neurology India.
2008;56:415-419

[33] Chesnut RM, Marshall LF,
Klauber MR, Blunt BA, Baldwin N,
Eisenberg HM, et al. The role of
secondary brain injury in determining
outcome from severe head injury. The
Journal of Trauma. 1993;34:216-222

[34] Wijdicks EF, Bamlet WR,
Maramattom BV, Manno EM,
McClelland RL. Validation of a new
coma scale: The FOUR score. Annals of
Neurology. 2005;58:585-593

[35] Davis DP. Prehospital intubation of
brain-injured patients. Current Opinion
in Critical Care. 2008;14:142-148

[36] Bhalla T, Dewhirst E, Sawardekar A,
Dairo O, Tobias JD. Perioperative
management of the pediatric patient

with traumatic brain injury. Paediatric
Anaesthesia. 2012;22:627-640

[37] Fontanilla L. Dopamine raises ICP.
Critical Care. 2001;5:73300

[38] Chou A, Krukowski K, Jopson T,
Zhu PJ, Costa-Mattioli M, Walter P,

et al. Inhibition of the integrated stress
response reverses cognitive deficits after

34

traumatic brain injury. Proceedings
of the National Academy of Sciences
of the United States of America.
2017;114:E6420-E6426

[39] Oddo M, Crippa IA, Mehta S,
Menon D, Payen JF, Taccone FS,
et al. Optimizing sedation in patients

with acute brain injury. Critical Care.
2016;20:128

[40] Balestreri M, Czosnyka M,
Hutchinson P, Steiner LA, Hiler M,
Smielewski P, et al. Impact of intracranial
pressure and cerebral perfusion pressure
on severe disability and mortality

after head injury. Neurocritical Care.
2006;4:8-13

[41] Nathens AB, Cryer HG, Fildes]J.
The American College of Surgeons
trauma quality improvement program.
The Surgical Clinics of North America.
2012;92:441-454

[42] Cottenceau V, Masson F, Mahamid E,
Petit L, Shik V, Sztark F, et al.
Comparison of effects of equiosmolar
doses of mannitol and hypertonic saline
on cerebral blood flow and metabolism
in traumatic brain injury. Journal of
Neurotrauma. 2011;28:2003-2012

[43] Murr R, Schiirer L. Correlation of
jugular venous oxygen saturation to
spontaneous fluctuations of cerebral
perfusion pressure in patients with severe
head injury. Neurological Research.
1995;17:329-333

[44] Temkin NR, Dikmen SS,
Wilensky AJ, Keihm ], Chabal S,

Winn HR. A randomized, double-
blind study of phenytoin for the
prevention of post-traumatic seizures.
The New England Journal of Medicine.
1990;323:497-502

[45] Sadaka F, Veremakis C. Therapeutic
hypothermia for the management of



Diagnosis and Management Process in Traumatic Brain Injury
DOI: http://dx.doi.org/10.5772/intechopen.1005056

intracranial hypertension in severe
traumatic brain injury: A systematic
review. Brain Injury. 2012;26:899-908

[46] Shi ], Dong B, Mao Y, Guan W,

Cao J, Zhu R. Review: Traumatic brain
injury and hyperglycemia, a potentially
modifiable risk factor. Oncotarget.
2016;7:71052-71061

[47] Rebuck JA, Murry KR, Rhoney DH,
Michael DB, Coplin WM. Infection
related to intracranial pressure monitors
in adults: Analysis of risk factors

and antibiotic prophylaxis. Journal

of Neurology, Neurosurgery, and
Psychiatry. 2000;69:381-384

35






Chapter 3

Perspective Chapter: Bambi
Trauma — Surviving TBI Twice

Leslie Griffin

Abstract

This essay tells you about my two experiences with traumatic brain injury. In 1993,
a woman drove into me from behind as I was walking across the street (with the walk
sign!). I had two brain surgeries, and was not expected to live or work again. I did. By
2016 I was a chaired professor of law. Then a young stranger attacked me, throwing
me to the ground and leaving me bleeding from my head on the street. I survived that
attempted murder. I am still a law professor, teaching, writing, and thinking. This
essay tells you about the attacks and my recoveries, and how I learned to take care of
my brain.

Keywords: intracranial hemorrhage, hematoma, trauma, left epidural hematoma
intracranially, right temporal intraparenchymal hemorrhage, recovery, time, patient,
patience, assault

1. Introduction

I woke up in a hospital in Houston, Texas. I could hear some news about the
presidential election on TV or from people talking about it in the hospital. It was
November 2016. Why was I in Houston, as my home was in Nevada? Medical person-
nel and my brother told me a stranger had attacked me in Nevada. He threw me to the
ground and told people there I was dying. I was in Houston to get the best medical
care I could, at a hospital that specializes in brain injury.

2. The beginning

Bambi Trauma. That’s what they called me at the Las Vegas hospital where, on
October 7, 2016, I was delivered after a stranger threw me to the ground and left me
bleeding from my head on the sidewalk. It was an otherwise-peaceful Friday after-
noon in Henderson, Nevada. The paramedics took me to the hospital; the police took
my attacker to jail. Today, in 2024, I still do not know why I did not have my wallet on
me, as [ usually carry it with me. It took everyone a few days to find me.

My records tell you a story that I cannot remember. I've paged through the
detailed records that the hospital gave me. I'm a good lawyer, and teach in a law
school, so I always have records of everything. I am Bambi Trauma on the forms at
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the beginning, as no one knew who I was. Several things stand out to me. I was the
victim of “assault,” suffering from “closed head injury” and “respiratory failure” [1]. I
understand the first, as I was thrown on my head. But it is interesting to see how much
work they had to do to keep me breathing. I was intubated at the scene of the accident
asI could not breathe there. Apparently I suffered from “dyspnea,” or shortness of
breath. My files report a “tracheostomy tube” I learned online that a “tracheostomy is
an opening created at the front of the neck so a tube can be inserted into the windpipe
(trachea) to help you breathe” [2]. Tracheostomy is the hole and tracheotomy is the
surgery. I also had to look up the word “atelectasis,” which is the “collapse of a lung or
part of alung,” as it is listed I had that [3]. I also had a feeding tube.

I noticed a few times in my files the words “intracranial hemorrhage,” which is
not something you want to have on your brain. They also talk about hematomas, or
bruises on the brain, which are not good either. The records say they had to do an
EVD on me. What is that? An External Ventricular Drain. Physicians teach me that if
your spinal fluid is not working well, your brain is not really working in the right way.
Sometimes they put in an EVD to get the fluid moving. Did they really carve an inch
in my head and stick a drain in? Yikes! [4]. I think that’s what they did to impose a
right frontal ventriculostomy catheter.

As [ was leaving Nevada to go to Houston, the physicians summarized my medical
experience this way:

p:

Neuro: Pt initially GCS 10T, intubated by EMS prior to arrival and remained
intubated until she was trached on 10/12/16. GCS has continued to improve to a max
of GCS 14 trach collared. Neurosurgery followed pt initially and besides R frontal
subgaleal drain placement, didn’t require any other neurosurgical intervention. R
Frontal ventriculostomy drain was removed 10/15. Completed > 14 doses of Keppra
500mg BID.

C-spine: C-spine precautions always in place and cleaved after MRI c-spine negative
for any ligamentous injury.

Facial Fractures: R temporal & maxillary bone fracture (non-displaced) on CT scan.
ENT recommended non-surgical and for pt to remain under R ear water precautions
¢ f/u outpatient PRN.

CV: Was initially bradycardic- in the 405, which EKG demonstrated sinus brady w/o
any heart blocks or abnormal rhythms. That has since vesolved. Hemodynamically
stable during hospital stay, not requiring any pressors.

Resp: Intubated prior to hospital arrival and had Trach placed 10/12. Had moder-
ate R pleural effusion and atelectasis-resolved after switching Vent to APRV mode.
No thoracentesis required. Has been using trach collar for move than 48 hours and
tolerating well without any hypoxic events.

GI/Nutrition: Initially was NPO. PEG placed 10/12. Tolerating tf at goal. On
Dulcolax for bowel regimen.

Hematologic: Thrombocytosis -resolved.
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MSK: No injury. Initially had flaccid RUE but has regained some strength and is now
3/5 and equal with other extremities Has been OOB with PT/OT and tolevating well.

ID: Received 1 week of Ancef, after subgaleal drain placement. No evidence of infec-
tion during hospital stay [5].

I cannot tell you anything about the month from October to November. Many other
helpers have filled in the details for me. I was in Las Vegas’s Sunrise Hospital, and then
my family flew me to Houston, Texas, where I became a patient at the TIRR Memorial
Hermann Hospital, which specializes in brain injury. The attack was October 7, 2016,
and the flight to Houston was October 27. I do not remember what day I woke up in
Houston. I was awake by the presidential election day, November 8, 2016. I was upset
that I had not been able to vote. I was trying to figure out what I had missed as Donald
Trump defeated Hillary Clinton. I am a tenured constitutional law professor, so of
course the presidential election received most of my attention. I always tell people that
when you vote for the president, you vote for the Supreme Court. I knew the Court
was at stake in that election, and later events proved that it was.

That means I have not one single memory of the attack or of my comatose and
near-death state in the hospital. Everyone wondered if I would survive.

I did. I went from TIRR to a Houston rehab clinic, then to a hotel on the University
of Houston campus, and finally to a friend’s house in Houston. I used to teach at
the University of Houston, which is why everyone had chosen Houston as the place
to go post-Las Vegas. They took good care of me there. I went home to Nevada on
December 23.

Why did I survive and work again? I provide here some reasons why I think I did.

3. The relevant past

I was and am an independent person, with strong opinions and a lot of determina-
tion. That helped my recovery post my almost-murder. Why? You will be amazed to
hear that on April 6, 1993, in Phoenix, Arizona, I was hit by a car from behind as I
was a pedestrian crossing the street with the walk sign (Figure 1). Smash to the back
of my head. I had two brain surgeries on consecutive days in 1993. I was in a coma
for a while. All the news was bad. Many people told me that brain-damaged people
could not survive, work, or function, and that they had to live permanently in rehab.
Some of my rehab associates told me that I should stay in Phoenix for long-term
rehabilitation.

I did not. My terrific surgeon, Dr. Arnold B. Calica, wrote a letter about me on
April 20, 1993, explaining I “underwent two craniotomies within 48 hours after being
struck by an automobile. Her life was in serious danger, and her condition was criti-
cal” [6]. Even reading the records today, 30 years later, my medical picture appears
grim. The documents record my “left epidural hematoma intracranially” and my
“right temporal intraparenchymal hemorrhage” [7]. Other reports said: “She did have
loss of consciousness and was reportedly combative. She has remained somewhat
inappropriate since that time” [8]. One word I saw a lot in reviewing my day-to-day
medical records was ... headache! I apparently had a lot of headaches, which is unsur-
prising after two brain surgeries. Tests showed a lot of deficits with memory and
reasoning problems. I went to in-hospital rehab on April 12, when “cognitive dysfunc-
tion was present” [9]. They sent me off to the non-hospital rehab center on April 23rd.
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Figure 1.
That’s what it looks like to be hit by a car!.

I burst out laughing when I read the chart from April 13, 1993. “Nursing states pt
awoke during middle of night last pm wanting a snack. Requests an hs-snack. One
is being set up” [10] Why did I laugh? Even today, when I am hungry, I want food
immediately. No delay acceptable. Without food I get completely cranky. True in 1993,
true in 2024! Later, on April 16, I rejected the hospital’s worksheets, saying they were
“silly” and that I was “too tired to participate” [11]. That sounds like me too. I appar-
ently complained “I’'m being held against my will” [11].

At first rehab review, “[i]t was determined on her psychometric evaluation,
she was having a wide variety of neurocognitive memory and attentional deficits
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with visual spatial and frontal areas impaired. Her overall intellectual function was
thought to have probably dropped and that was specifically in the performance area,
visual spatial areas and verbal cognitive areas” [12].

I spent April 23-30, 1993 at one rehab hospital. After that, I visited the Adult Day
Center at Barrow Neurological Institute from May 3 to May 14 [13]. At Barrow they
noted “deficits in the area of visual perception and executive functioning. There were
also some indications of memory deficits” [13]. My medical history shows problems
with the Wisconsin Card Sorting Test. After that, I was not so good on the Booklet
Category Test and the Oral Symbol Digit Test, the Trail Making Test, and the Tactile
Performance Test. I suffered “moderate impairment” [13]. “They noted there are
still a number of areas which are significantly below her premorbid abilities. These
include delayed visual recall, overall speed of information processing, tactile percep-
tion, psychomotor tracking and simple motor speed” [13].

I observe in the reports that my communication was above average, and I had high
reading comprehension. On those issues, I had a “superior level of functioning” [13].
My picture naming, however, was slow. It remained slow in later months when I faced
more tests about how well I could copy a picture. And definitely my neuromuscular
tests and balance were not as good as my words skills.

That is what the papers say. I remember hating rehab, and in particular many of
the neuro games we played. On one test, the staff said I was too slow, and did not use
the fastest way to solve the problem. I responded that I had to consider every option
slowly, as I was a law clerk who always had to see all the options. I had a different
problem with the Wisconsin Card Sorting Test. They ask the patient to identify the
criterion determining their movements. But the criterion always changes. I thought
they should have said criteria instead of criterion. I saw that as an inconsistency and
therefore did not like the test. And kept failing it. People to this day say I am much too
literal and the Wisconsin test probably proves that.

Once [ went to out-patient rehab I was living back in my apartment. I needed a
Lifeline machine that will beep and notify people if you fall or hurt yourself. I had
generous neighbors who always kept an eye on me to make sure everything was okay. I
was not allowed to drive, and had to spend time going to rehab, which, let me repeat,
I did not enjoy at all. The one medical issue I faced was that I developed vertigo, and
went to the hospital once to check on that.

I went back to work in Judge Schroeder’s office on May 17, where everyone wel-
comed my return and supported my recovery.

On June 3, 1993 Dr. Calica wrote a memo about my frustration with intense neu-
ropsychiatric therapy and noted I would like to stop. He thought I could leave it, and
noted I was working half days at my legal job without frustration. It is true doctors
always expect frustration from a brain injury patient. You get frustrated if your brain
is not working the way it used to. In a later memo, July 13, 1993, Calica told the state of
California that I was capable of driving.

The rehabbers noted my hyperverbality and gave me an MMPI-2 test. They wanted
to keep an eye on me because of some weaknesses in all my testing.

Today, I still have stacks of files connected to this accident. The files remind me
I had lawyers who handled everything, collected all my bills, made sure everything
was legally sound, checked with my insurance and the driver who hit me. The bills
are enormous, and both times my insurance covered most of them. That experience is
why I always want everyone to have health insurance. I had federal employee health
insurance the first time and state employee insurance the second. It does pay most of
your bills, which is much better than paying thousands of dollars yourself.
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Figure 2.
My brain (1), October 2016.

I left Phoenix, and attended the Harvard fellowship I had won before the accident.
I had a doctor there who had worked with a brain-injured patient and knew the
patient had recovered. Her confidence in that patient added to my own growing sense
that I could be okay. Neuropsychologist Dr. Dorene Rentz guided me through the ups
and downs of brain recovery and stress.

For the record, the medical tests that my Nevada doctors did on me in 2016
observe that I had had two craniotomies (Figures 2 and 3) [14]. The effects of surgery
stay on your brain! The experience of Phoenix stayed with me in Nevada. I had
survived brain injury before and knew that I could do it again.

4. My characteristics

How did I survive this? First, I was almost always cranky. There’s no way around
that. In my mind, there is nothing good about being in a hospital. Nothing at all. All of
it is terrible. I expressed my crankiness quite frequently.

My friends have all told me that no matter what anyone did, I was always try-
ing to get free of the hospital, of the room, and of any restraints they placed on me.
Everyone was horrified by my actions, and I think some believed it was proof of my
brain damage. My attempts meant I did not have the discipline to stay put. The hos-
pital staff closed my bedroom door, blocked the elevator, kept their eyes on me, etc.,
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Figure 3.
My brain (2), October 2016.

etc., etc. It bothered the rest of you that all  wanted was to be free. In my mind, itisa
sign of health. No healthy person wants to be in a hospital, and so I joined the healthy
in trying to escape. I was always cranky when I could not.

My brother tells me he has a friend who works with brain patients. She warned
him that once I came to, I would be horrible to deal with. He tells me that I was. I kept
telling him negative things and how I did not like anything, including him. He dealt
with it because she told him that being cranky is part of recovery. I am proof of that.

This cranky person is also independent. 1 like that word, “independent,” more than
the word “autonomy,” a word we traditionally use in bioethics. I teach Bioethics,
which is the ethics of medicine and medical research. In Fall Semester 2016 I was
using the first edition of my casebook, Practicing Bioethics Law, to teach a seminar at
the law school. So I knew a lot—academically—about patient autonomy, a term that
usually means that the patient gets to hear full information from the doctor and to
give her informed consent to any procedures she undergoes.

I was independent in Nevada and Texas because I had that 1993 experience in
my brain and in my body. I had definitely beaten the odds in Round One. Let me
emphasize, it was not easy. Nevertheless, from 1993 to 2016 I attended my fellowship
at Harvard University, received a tenure-track position at a law school, worked in the
Office of Professional Responsibility at the U.S. Department of Justice, got law-school
tenure, received a chaired position at one law school, and then a chair at another
school, wrote many articles and textbooks, and filed some amicus briefs in different
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courts of appeals. By October 2016 I was leading the good life, and not even thinking
about whether I was brain damaged way back in 1993.

My attacker tried to take all that away from me in 2016, as the car driver had in
1993. Why was I independent as well as cranky? Because #o one was going to tell me
that my brain did not work. No one. Period. Family, friend, doctor, researcher, genius.
I did not listen. I told myself they had been wrong before and now were wrong again.

Admittedly, it is easier the second time than the first. By then you know better
than anyone what to expect, and have learned life lessons that never desert you. Brain
Injury 2? I had survived Round One so I knew what I had to do.

Do you prefer the word stubborn or resilient? Allied to my independence was a
stubborn commitment to my well-being, through thick and thin, good and bad. A
good friend who works in medicine tells me stubborn sounds negative, and resilient is
more positive. I agree. It is. But I think stubborn describes me better. Whatever hap-
pened, I stubbornly proceeded as if I were healthy and my brain was still functioning.
From Injury 1, I knew that recovery would take time, so I gave it to myself. I knew
recovery was not a sign of permanent damage. It was just part of the long slow process
that recovery involves.

For every medical person reading this, I want you to acknowledge that recovery
takes time. I knew that, so I waited for it. My insurers were not as patient. At the begin-
ning of my injury, they were ready to give up on me after 2 weeks, suggesting I be sent
to a permanent rehab home because the 2 weeks made it clear I was not going to heal.
My insurance law colleague had to fight with them to extend their coverage. My advice?
Do not watch the clock. Rehab takes time. Families, do not give up on your loved ones
too early. Many of us are still in there, recovering, and just waiting for the opportunity
to tell you how terrible the whole experience is and how glad we are to see you.

Traumatic Brain Injury also involves sorrow. I will not pretend that going through
brain injury once or twice was fun or relaxing. I was filled with sorrow. I could not
believe that I would have to prove my intellectual talents again, as I had been required
to do in 1993. Then 59 years old, with my chaired professorship, would I really have to
convince people I could still think? By pure coincidence I was on sabbatical in spring
2017, so I used the time to rest. I gave three talks, two that were scheduled pre-attack.
At a bioethics conference, I talked about my experience of attack and injury. No one
seemed to believe I was too injured to work.

Imagine going back to UNLV in Fall 2017 to teach my first law class after everyone
knew about the whole trauma from reading it in the newspapers and talking about
itat school. And, of course, there were all those students who had lost me halfway
through the Fall 2016 semester. I kept wondering if students would quickly recognize
I was brain damaged and start talking about it among themselves. That was a lot of
stress. Recovery from brain injury is bound to give you stress.

Yet I kept going. But I felt incredible sorrow that I had to go through this a second
time. I had strength from having learned about it the first time, but sorrow that I had
to prove myself again.

I believe that my strength came from the first experience. I had learned once that
the brain can recover. It was a lesson I knew and remembered, and I did not have to
learn it again. I knew it with all my heart, soul, and mind, and that memory kept me
going even when times were hard, even when everyone else was giving up on me.

Were times hard? Yes. In 2017, I wrote about the attack, and noted that I felt fear
and caution [15].1did and I do. I think any hospital experience of illness brings about
those reactions. It is hard to live when your body has been beaten to a pulp, or to sur-
vive when you have almost died. Your body needs recovery time to get your strength
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back. Recovery does not come all in 1 day. It takes time for the various parts of the
body to heal. Any patient knows this and may show it in fearful and cautious use of
their body parts. We do not want to reinjure body parts that have already survived an
attack and much illness.

I had an additional fear and caution, both times. A driver ran me over, and a
stranger tried to kill me. Neither illness started in my own body. The injuries were
imposed by others. Post-1993, I used to joke that you could tell me I was winning the
Nobel Prize in a crosswalk and I would not hear you because my eyes were always
on the traffic. Today I do not let anyone walk behind me. I live in a beautiful Nevada
park. I'm sure it looks weird that I always look behind me and sometimes stop so
people can pass me. Why? Because someone tried to murder me from behind. I do
not remember the attempted murder, but my body is always protecting itself. Why?

I think fear and caution are a normal part of the patient’s life, and being an attacked
patient makes them worse. I accept my fear and caution as a normal part of an attack
victim’s life, and never dismiss them as a weakness.

I also know that you have to respond to brain injury with confidence. To get through
the hell of brain injury, you need to have confidence. Why? Because in my view the
best thing you can do is keep your brain working, not accepting that its prime is past.
You've got to believe your brain is working and keep using it to show it can work.
Otherwise, it will just rest until it gets worn out from not working at all. It matters
if you keep telling patients they can and should use their brains. That is much better
than telling them to rest all the time, as my hospital doctors used to do. You cannot
work all the time, but you can use your brain and keep it active.

I really know this lesson about confidence. In 1993, no one was confident about
me. A lot of doctors told me the brain could not heal at all. Once it was hurt, they said,
it was gone. They gave me tons of tests in rehab to prove that. They urged me to rehab
my way through life and accept all the limitations that a car driver had imposed on
me. All those negative talks influenced me in the post-1993 years. I always felt that I
had to prove myself to other people. I did feel like I had to show I was not the brain-
injured legal clerk who had lost her career on the streets of Phoenix. Being told you
are brain damaged and cannot do anything because everyone will notice your injury
does not aid your health. It is a terrible way to go through life. The negative message
undermined my confidence for years. But I stubbornly kept that confidence because it
was the only thing that kept me going.

For the record, I think all those brain tests proved I am not an athlete! I later
learned from my athletic coach that no one can survive negative people with negative
world views. Athletes take failure as a lesson, not as a reason to stop working. Many
brain-injured people stop thinking because their helpers keep telling them they are
brain injured and cannot get better. That discouragement takes recovery away from
people. I know that because I faced it and confronted it. For the first injury, the
rehabbers’ negative remarks stayed with me long-term. I had to face the negative
down. Fortunately, my neurosurgeon and my Massachusetts doctors were much more
positive, so I kept strong in my own confidence by hearing their confidence in me and
in their other patients.

5. Others

That’s why every patient needs at least one advocate. I was lucky because I had
many, through first and second injuries. My mother was still alive during the first,
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and my siblings during the second. They flew in to see me and to help however they
could. Many people, including my colleagues and students, visited me repeatedly,
keeping me company through my agony. Or, at the beginning, they told me, they

just stood there hoping I would wake up and talk to them. Colleagues whose career is
studying insurance and health law made sure my insurance would give me full cover-
age and help instead of hurt. Many friends stayed up on my down days. They did tons
of work that I have completely forgotten. Pulling for me and, of course, taking over
my classes when I could not teach anything.

I'll say it a million times. TBI is a terrible experience. It tests every element of you
and your life. After the second attack, I thought a lot about quitting. Retiring. When
someone almost takes your life away, you wonder if you should keep working. You
wonder if it is not better to quit, especially as many people think you cannot work. So
why try? Let me repeat what I said above. Your brain will not work if you do not use it.
It’s like any other part of body exercise that I learned from my coach. If you do not use
it, you lose it. So TBI survivors everywhere, do not let anyone tell you to stop trying.
Do not overwork your brain. But use it to keep it strong. You can retire from many
things, but do not quit. Be patient with a slow recovery, but do something for your
recovery every day.

I’'m grateful for all the help I received from so many, family, friends, colleagues,
students, nurses, doctors, and rehab experts. UNLV had to fill in for me with other
professors when I could not show up, mid-semester, to do my job. And there was
never any thought that they were going to fire or replace me because of my illness.
That is lucky, because some TBI patients lose their jobs very quickly.

Yet you also may have to recover alone. Especially women. There are many stud-
ies now that show that women receive different medical treatment than men [16].
Medicine is often geared to men’s bodies more than women’s, and women’s complaints
of pain are also taken less seriously than men’s [17]. I have seen studies that women
patients lose caretakers more quickly than men do, and that many women lose their
spouses because the husbands cannot tolerate the wives’ injuries. Without a caretaker,
you are alone. Women often are, as I have been. Recently I told my athletic coach what
I concentrate on and what’s important in my thinking of day-to-day life as someone
who has recovered from brain injury. And he said, “no man would want to put up with
that” It’s a stark statement, but there is some truth to it. If you are focused on rehab-
bing your brain so that it works as it always did, you may spend a lot of time alone,
just making sure your brain can work. That may not appeal to you, but it also may be a
part of recovery for many women who suffer TBI.

6. Lessons learned

I wrote in such detail about my TBIs because I think it is very important for people
to understand the lived experience of the patient’s brain injury. Dr. William Winslade
was my colleague at the University of Houston Law Center, and then invited me back
to the University of Texas Medical Branch (UTMB) at Galveston post-my attempted
murder. Winslade has had a significant effect on bioethics and medicine. The title of
his book, Confronting Traumatic Brain Injury: Devastation, Hope, and Healing, cap-
tures much of what brain injury patients go through [18]. I hope this chapter shows
you how devastation, hope and healing affected me. Twice.

Like me, Winslade faced a brain injury that was supposed to kill him or ruin
his life. It did not. He has lived a full and happy life. He knows, as I know, that one
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successful patient can help another to heal. If I can heal twice, you can heal too.
Medicine needs to be full of the stories of patients who heal, not only of those who
do not.

Doctors need to remember this. Sometimes doctors expect everyone to follow the
same scientific experience. As they told me in Phoenix, brain damage ends your life.
Period. Do not ask us about that, they said. Just know your life has changed.

In contrast, some doctors have emphasized that, while technology gives great
insight into human health, medicine should never lose sight of the “physical exam and
humanistic aspects of medicine. Overall, a machine cannot offer a shoulder to cry on,
a'warm hand to hold or words of comfort during a life-altering diagnosis” [19]. The
“iPatient” [19] is never the whole patient. These doctors hope that artificial intel-
ligence “can allow us to spend more time interacting with our patients” [19]. This is
what patients look for. Doctors who understand their experience and give them hope.

I still hate to look at the brain slides I attached to this chapter. But my story should
tell you I am much more than the iPatient pictures the doctors interpreted. They had
to deal with me and not just with my technology.

Neuroscientist Adrian Owen explained this in his book, Into the Gray Zone. He
learned that medicine involves both caring for people and scientific discovery [20].

Joseph Fins is a doctor who has taught us so much about the brain. Dr. Winslade
introduced me to Dr. Fins when Fins gave one of his brilliant lectures at UTMB.
Unbelievably, before Fins met me, some of my colleagues had asked him at a different
conference if I would be able to recover. As a surgeon, Fins understood that patients
are in different circumstances. He explained that some patients achieve a minimally
conscious state that gives them the ability to communicate and relate with other
people [21].

Fins emphasized that brain injury had taught him, and should teach us, that
patients have a right to care. In law and bioethics, we frequently discuss the right to
die. There are lead Supreme Court cases on death that are in the early chapters of my
bioethics book. Remember Karen Ann Quinlan and Nancy Cruzan, two cases about
just what rights individuals have about their deaths and how to manage them? [22].

Dr. Fins says brain injury should teach people to care for our patients, who are all
in different circumstances, not just about their deaths. He invited me to talk about
Neurorehabilitation and Society: Going through Hell, at the 2022 International
Neuroethics Meeting. His important book has another inspirational title: Rights Come
to Mind: Brain Injury, Ethics, and the Struggle for Consciousness [23]. Rights. That’s
what bioethics is supposed to support. Patients’ rights to live and be healthy. My
insurance company, you learned above, was ready to give up on me too early. Patients
need care and attention, and it usually takes time and patience for them to heal.

As I've tried to explain in my story, brain injury patients are often ignored, told
they cannot live well and that they cannot recover. Fins’s awareness of the treatment
of brain-injured patients made him a member of the community of advocates for the
disabled. In one article, he joins a group of scholars explaining that the Americans
With Disabilities Act has not done enough to integrate the disabled into society. These
authors propose instead an Americans With Abilities Act. They identify different
ways the law can help people live lives of ability. They explain how their statute will
work “prospectively through the provision of technologies that help individuals achieve
their forward-looking potential” [24].

Abilities, even in the saddest circumstances. Their message is positive. As the
message must be if patients are to recover. It was the positive, pro-future people who

always helped me.
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Asalast note, I rarely talk about any books or articles on insurance. I know people
who do not believe in health insurance, or do not want to pay anything for it. I have
a very strong message on this, and it does not rely on anything I've read. I tell people
you never know when one—or two—days may require you to pay a lot of health bills
for injury to your brain. Be sure to get insurance so that if TBI happens to you, you
will not have to pay thousands and thousands of dollars in bills.

7. Conclusion

I hope you never have to join me on the recovery road. For those of you who do,
stay positive. You can do it. With the help of your medical personnel, who should
know they should always send you a positive message that you can do well. That you
can use your brain and build your future.

But remember it is your brain, not mine. Mine is good at communication and
writing, which are academic skills. Today it just amuses me that my athletic and other
talents are not as good. I can accept that. I am happy I am still working. The rest of
you may have different talents. Do what your brain allows you to do.

The brain is remarkable. So be sure to use yours.
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Abstract

The concept of brain concussion is still controversial among researchers and
clinicians who address this type of head injury from different perspectives. Some
clinicians prefer the term “concussion,” while others favor the term “mild traumatic
brain injury” (mTBI). Brain concussion, or mild head injury, affects temporary
brain function with clinical symptoms that may include loss of consciousness,
memory loss, blurred vision, and confusion. The main etiology includes road traffic
accidents, falls, and sports injuries. Brain concussion, or mTBI, is the most common
type of head injury. The definition and pathophysiology of this condition are still
controversial since research on this topic has been mainly based on animal experi-
mentation. However, recent advances, including neuroimages and neurophysiology,
have improved the understanding of brain concussion. This chapter will address the
history, background, definition, classification, diagnosis, symptoms, complications,
outcome, treatment, prevention, and challenges related to this condition.

Keywords: brain concussion, mild traumatic brain injury, post-concussion syndrome,
sports medicine, outcome

1. Introduction
1.1 History of brain concussion

The Hippocratic Corpus, a collection of ancient Greek texts written in the fifth
and fourth centuries BCE, used for the first time the term concussion (Figure 1). This
term was later translated to “commotion cerebri” and included the loss of speech,
hearing, and sight that could result from a “commotion of the brain” [1]. Hippocratic
Corpus mentioned concussion.

Muhammad Ibn Zakariya Razi was the first to differentiate between brain concus-
sions and other types of head injuries in the tenth century [2]. He is also believed to
have been the first to adopt the term “cerebral concussion.” In his definition of brain
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Figure 1.
The Hippocratic Corpus mentioned brain concussion.

concussion, he included a transient loss of function in the absence of physical damage,
which set the basis for the understanding of this entity in the coming centuries [3].

Lanfrancus in the thirteenth century expanded this concept of brain concussion as
brain commotion and described the difference between concussion and other types
of head injuries. And described the post-concussion symptoms as a consequence of
the transient loss of consciousness [4]. In the fourteenth century, Guy de Chauliac
described the relatively good outcome of brain concussion. In the sixteenth century,
the term concussion was used for symptoms such as confusion, lethargy, and memory
problems [4]. Ambroise Pare used the term “shaking brain” for brain concussion [1].
In 1839, Dupuytren Guillaume differentiated between brain contusion, which was
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considered a head injury associated with brain damage, and brain concussion, which
was not associated with brain damage [4]. In 1940, animal experiments showed no
microscopic damage after brain concussions [5].

1.2 The terminology of brain concussion

The World Health Organization’s (WHO) Collaborating Centre Task Force on Mild
Traumatic Brain Injury has observed that there are 38 definitions used in literature
to define brain concussion, as well as numerous terminologies (i.e., mild Traumatic
Brain Injury (mTBI), minor TBI, concussion, etc.) [6].

The most common (TBI) severity classification is the Glasgow Coma Scale
(GCS), which ranges from 13 to 15 for brain concussion. However, infants, young
children, and patients with pre-existing neurological disorders are difficult to assess
using this scale [7].

Accordingly, mTBI is defined by a 30-minute post-trauma GCS score between 13
and 15, in addition to one or more of the following: <30 minute loss of consciousness;
<24 hour impaired mental state; confusion or disorientation at the time of the acci-
dent; and transient neurological deficit. Some authors prefer to use the term “compli-
cated mild TBI” in patients with visible lesions on the (Computerized Tomography)
CT scan and/or MRI. Whereas, other researchers suggest that these cases should be
defined as “moderate TBI” [8].

Concussion has been defined as a complex pathophysiological process as a result
of head trauma, which leads to a series of non-specific signs or symptoms and/or
changes in mental function [9].

Concerning the American Association of Neurosurgery (AANS), the definition
of brain concussion is an injury to the brain that results in temporary loss of normal
brain function. Medically, it is defined as a clinical syndrome characterized by an
immediate and transient alteration in brain function, including an alteration in the
mental status, or level of consciousness, that results from the mechanical force of the
initial trauma [10]. Mild traumatic brain injuries have a temporal effect on brain func-
tion [11]. causing loss of consciousness, memory loss, headache, difficulty in thinking
and concentration, blurring of vision, and mood changes [12]. These symptoms may
appear immediately or days after the injury. In the case of sport-related concussions,
10% may be associated with loss of consciousness [12].

2. The epidemiology of brain concussion

The prevalence of mTBI is difficult to measure; some authors have found that up to
36.4% of the population may experience at least one mTBI during their lifetime [13].
The overall incidence rate of TBI in the US for 2002-2006 was 579 per 100,000 inhab-
itants [14]. However, these numbers include all TBI of different severities. Moreover,
the hospitalization rate related to TBI in the US was 93.8 per 100,000 inhabitants. In
a meta-analysis that reviewed TBIs from different European countries from the 1990s
and the 2000s, it observed a TBI rate of 235 per 100,000 inhabitants [15, 16].

The vast majority of TBIs (up to 90%) are classified as “mild” (mTBI) [17]. The
incidence of mTBI has been reported to range between 200 and 300 and 100,000 per-
sons per year for hospitalized patients and probably twice as high if non-hospitalized
patients are included. However, a few recent population-based studies reported a
much higher rate (>700/100,000) [18].
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There is a significant variation in the incidence of head injuries depending on the
sport and age of the athletes. Moreover, many head injuries are underreported due to
their mild nature and sometimes due to the fear of medical disqualification [19]. The
incidence of mTBI in high school athletes is 0.59/1000 males (i.e., this incidence is
almost twice as high in females), and it accounts for 15% of all sport-related injuries
in high school athletes [20]. It is estimated that in the USA it may range between 1.4
and 3.8 million cases per year [21]. The annual prevalence of Canadians reporting
a concussion was 110 per 100,000 population; it was more likely to affect younger
males, mainly between the ages of 16 and 34. And more than 54% of all concussions
were sport-related [22].

A changing pattern in the epidemiology of TBI has been found in high-income
countries, related to a decrease in the incidence of road traffic accident-related inju-
ries, especially in young adults. In contrast, these injuries have become more common
in the elderly population as a result of accidental falls [18].

3. Etiology of brain concussion

A concussion occurs as a result of direct or indirect force. The head trauma can
lead to an acute acceleration-deceleration injury to the brain, which consequently
leads to a concussion [23]. As mentioned above, common causes of brain concussion
include road traffic accidents (RTAs), falls, sports injuries, and bicycle accidents [24].
Risky factors may include alcohol, physical violence, and a prior history of concussion
[25]. Elderly patients and children under the age of 4 years are also at a greater risk of
suffering concussions. TBIs are commonly caused by bicycle falls in adolescents and
exposure to explosive devices in military staff [26]. In athletes, the risk for concussion
is greatest in American football, rugby, hockey, and soccer players, respectively. In
young women and girls, the risk is greatest in soccer and basketball. An athlete who
has a history of one or more concussions is at greater risk of being diagnosed with
another concussion [27].

3.1 Sport: Brain concussion

The risk of injury is inherent to the practice of sports. This risk depends on
the nature of the game and the specific activities of the participants. For example,
American football and ice hockey are known to result in more acute traumatic injuries
than other sports, and boxing is associated with a high number of head-related trau-
mas. Each sport may have specific types of injuries, some of which could be unique
to the sport. However, brain concussions may occur in any sport or physical activity.
Accordingly, the number of collisions in a practice or game is directly related to the
potential for concussion [28], which is the most common type of acute brain injury in
sports. Accordingly, brain concussion is most frequently associated with ice hockey,
boxing, American football, and martial arts [29].

Research has shown that up to 20% of high school football injuries were brain
concussions. Moreover, up to 14% of the high school football players reported to have
experienced at least one episode of concussion with loss of consciousness [30].

In another study, the brain concussion rate (i.e., per 100 player seasons) was found
to be 1.14 for female soccer, 0.92 for male soccer, 3.66 for American football, 1.58
for wrestling, 0.46 for softball, 0.23 for baseball, 1.04 for female basketball, 0.75 for
male basketball, 0.46 for field hockey, and 0.14 for volleyball. The median time lost
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after a brain concussion was 3 days, and 76.1% of the athletes missed <8 days. Brain
concussion rates were overall higher in games than in practice, except in the case of
volleyball. [31].

Some brain concussion monitoring programs have been described to reduce its
frequency through ongoing surveillance programs [32]. Any program must emphasize
the prevention of brain concussions by focusing on the rules and regulations of the
different sports. In addition, the coaches must be trained with the appropriate skills to
guarantee the safety of the players.

The assessment of sport-related injury patterns has evolved significantly over time
in order to improve safety and to create accurate prevention programs. For example,
Haddon’s model includes 3-time phases, which include variables associated with the
athlete, sport, and environment [33]. The early identification of brain concussions
is essential to provide adequate management of these injuries, reduces the risk of
potential negative outcomes, and increases the probability of returning to competi-
tion without exposing the athlete to a high risk of re-injury. The follow-up of brain
concussions should include athlete-reported symptoms, potential signs of incomplete
recovery, and protocols to assess the neuropsychological function of the brain.

3.2 Military: Brain concussion

Brain concussion is the most common traumatic brain injury affecting military
personnel [34]. The prevalence of mTBI among returning service members ranges
from 15.2% to 22.8% [35]. In combat zones, the majority of brain concussions result
from blunt traumatisms from explosive devices [36]. Moreover, approximately
10-15% of patients may develop long-term symptoms or post-concussive syndrome
(PCS). The signs and symptoms of PCS may include irritability, sleeping disorders,
memory loss, anxiety, headaches, and concentration problems [37].

A blast injury results in blast winds, a rapid acoustic wave that passes through the
brain tissue [38]. Approximately 80% of all the traumatic brain injuries resulting from
blasts are brain concussions [39]. The degree of the damage that results from the blast
depends on many factors, such as the explosive type, distance, its occurrence in an
open or closed space, and the presence of interposing solid structures. The reflection
of the blast waves on different surfaces can result in multiple pressure waves, which
may continue to impact the victim from different angles after the initial blast [40].

Military-related concussions are difficult to evaluate and may vary significantly
in severity. Moreover, there are still no validated biomarkers for the assessment of
these injuries. Acute blast-related brain concussions are characterized by multifocal
axonal injury, neural inflammation, vascular damage, and high p-tau levels. These
changes are generally reversible and usually improve with rest. However, there are no
well-established tools to follow up on the status of these patients or to predict their
prognosis.

3.3 RTA and falls and brain concussion

The two most common causes of traumatic brain injury are falls and RTAs, which
include vehicle collisions, car-motorcycle collisions, pedestrians run over by a vehicle,
vehicle-cyclist accidents, and bicycle and motorcycle accidents. Road traffic accidents
have been traditionally considered to be the most common cause of traumatic brain
injury. However, a study published in 2013 reported that falls are now the leading
cause of traumatic head injury [41].
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3.4 Shaken baby syndrome

It is considered to be a type of physical child abuse, which is defined as the manual
shaking of an infant who is being held by the extremities or shoulders, leading to
whiplash-induced intracranial and intraocular bleeding and no external signs of head
trauma. [42]. The majority of the victims are between 3 and 8 months of age. However,
shaken baby syndrome may occur in children up to 5 years of age [43]. A rotational
acceleration and deceleration force on the infant’s head cause the brain to rotate in the
skull. Causing retinal hemorrhages, which are frequently extensive and may extend to
through the layers of the retina and much of the circumference of the globe [44, 45]. In
a neuropathological study, hypoxic—ischemic findings were detected rather than the dif-
fuse axonal injury usually seen in older children and adults with fatal head trauma [46].

4. Biomechanics of brain concussion

It is broadly defined as the interrelation between the forces experienced during the
impact, the head and neck movements, and the stiffness of the tissues that compose
the head/neck complex. The deformation of structures at the macroscopic and micro-
scopic level, and the biological responses to the various loading conditions imposed
on the head. The biological responses may be structural (torn vessels and axons) or
functional (changes in blood flow or neurological status), and they may be immediate
or delayed.

A good understanding of the biomechanics of brain concussions in children is
essential to designing specific protective devices for this age group. In addition, this
understanding would aid sports experts in creating sport-specific rules aimed at
reducing the risk of brain concussion in children. [42].

5. Pathophysiology

After a brain concussion, a complex set of processes occurs that disrupt neuronal
functioning and result in different signs and symptoms [47]. Immediately after a
traumatic event to the brain, the acceleration and deceleration force trigger a com-
plex neurometabolic response [48]. This response begins with an alteration of the
neuronal cell membranes and axonal stretching, resulting in an abnormal flux of ions
through ion channels and potential transient physical membrane defects [49]. This
process will cause a significant release of neurotransmitters, especially excitatory
amino acids (EAAs) [50], which may result in additional ionic flux. The Nal/K1 ATP-
dependent pump is activated to reestablish ionic balance while depleting energy stores
(Figure 2). This response may result in subsequent brain hypofunction and even
permanent damage [52]. In brain concussion, these changes are generally considered
self-limited and transient. However, some reports have shown that repeated brain
injuries can have long-term consequences. The incapacity to deliver energy to the
brain tissues after a concussion, combined with high energy requirements to restore
damaged functions, results in an energy mismatch [47]. In response to the concussion
cascade, pathophysiological events occur simultaneously, leading to potential changes
in mental status, symptoms, cognitive function, or motor control.

In 2018, the first serum TBI marker test was approved by the US Food and Drug
Administration [53]. The test was designed to detect the presence of two proteins in
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Figure 2.

Metabolic cascade indicates a gap between clinical recovery as defined as a veturn to pre-injury values on clinical
measures of Sports-Related Concussion (SRC) in conjunction with a clinical examination and physiological
recovery, which is defined as persisting physiological deficits despite achieving clinical vecovery [51].

the brain: ubiquitin carboxy-terminal hydrolase-L1 (UCH-L1) and glial fibrillary acid
protein (GFAP). However, other biomarkers are also under current investigation [52].
The calcium-binding protein S100B is a glial-specific protein found in the cytoplasm
of astrocytes as the result of the breakdown of the BBB [54]. However, this biomarker
has not been approved as a specific biomarker for TBI. Cytokine CCL11 is an inflam-
matory marker that is elevated in the cerebrospinal fluid (CSF) of individuals with
chronic traumatic encephalopathy (CTE) [51, 55].

The neurofilament light polypeptide is an intermediate filament that can be
found in the neuronal cytoskeleton and provides structural support to the axon.
Interestingly, it has also been detected in the CSF of individuals who have suffered
a TBI and may have a prognostic value [56]. Brain concussion patients often cannot
remember the incident; therefore, these biomarkers may help physicians determine if
a patient suffered this type of injury and may also quantify the severity of the injury.
However, further research should be focused on the potential applications of these
biomarkers.

Researchers hypothesize that pathophysiological changes that take place in the
brain following a concussion are the result of neuronal depolarization, changes in
glucose metabolism, excitatory neurotransmitter release, abnormal cerebral blood
flow, and altered axonal function. These changes may occur concurrently at different
stages after the injury [56].

In the pediatric age group, axonal myelination can affect the degree of disruption.
Due to the ongoing myelination during the development of the brain, the axonal
fibers and related microstructures could be more vulnerable to traumatic brain
injuries in childhood compared with adults [57].

In animal models, inflammatory genes have been reported to upregulate acute
neuroinflammatory responses [58]. Accordingly, a microglia and macrophage pres-
ence, as well as reactive astrogliosis, has been observed [59]. Therefore, inflam-
mation could be a source of neuronal disruption following a brain concussion.
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The larger concentrations of inflammatory markers in the brain could reduce
behavioral responses and metabolites such as myo-inositol (mi.: an osmolyte).
These have been used as markers of neuroinflammation [60]. Moreover, myo-isotol
is an astrocyte activity marker that becomes hypertrophic during an inflamma-
tory response to injury [61] and increases following concussion due to membrane
damage [62].

6. Diagnosis of brain concussion
6.1 Clinical evaluation

The neurological signs and symptoms of brain concussion can be relatively
subtle and transient. However, some patients may experience persistent sequelae,
such as impaired attention and imbalance, which make them particularly vulner-
able to new traumatisms. There is still no consensus on the definition of brain
concussion or on its diagnostic criteria. In addition, there are no single specific
assessments capable of identifying all patients with concussion, nor a minimum
number of symptoms for its diagnosis [63, 64]. The diagnostic interview for brain
concussion includes a history of the injury (sequence of the event and surrounding
injury, intensity, memory), clinical evaluation (mental status after the impact), and
risky factors (alcohol and drug use), which are useful tools in the diagnosis of brain
concussion [65]. These are also useful in identifying patients at increased risk for
severe or prolonged early impairments, neurologic catastrophe, or chronic neurobe-
havioral impairment [66]. Diagnostic tools can also be used to identify athletes with
concussion-related early impairments and sports-related neurologic catastrophes
(e.g., subdural hematoma).

Various standardized diagnostic tools may be used in the pre-hospital setting
after an acute head injury to help determine the presence of a brain concussion. In
athletes aged above 13 years, the Sideline Concussion Assessment Tool 5 (SCAT5) can
be particularly useful. The memory assessment (Maddocks Questions) can be used
in boys below the age of 12 years, whereas the Child-SCATS5 is a standardized tool for
the evaluation of children between the ages of 5 and 12 years [47]. A recent report has
shown that the Child SCATS was the most effective assessment tool for the differen-
tiation between concussed and non-concussed middle school children.

It is also important to follow up with patients to detect any signs and symptoms of
neurologic deterioration after the initial post-injury assessment, due to the frequent
development of delayed symptoms and objective findings [67]. These signs and
symptoms may include focal neurologic deficits, loss of consciousness, severe head-
aches, seizures, and altered mental status. If the patient deteriorates, it may indicate
a more serious head injury and should be referred to an emergency department for
further assessment [9].

6.2 Classification of brain concussion

At least 41 classification systems have been described to determine the severity
and grade of a brain concussion. However, there is little consensus among profession-
als on the use of these systems in a clinical setting [68]. Many of these classifications
rely on loss of consciousness and amnesia as their primary determinants for the
severity of the traumatism:
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¢ Cantu Scale [68]:
o Grade I: Post-traumatic amnesia <30 min, no loss of consciousness.
o Grade II: Loss of consciousness <5 min or amnesia lasting 30 min-24 h
o Grade III: Loss of consciousness >5 min or amnesia >24 h
* Colorado Medical Society [69]:
o Grade I: Confusion, no loss of consciousness
o Grade II: Confusion, post-traumatic amnesia, no loss of consciousness.
o Grade III: Loss of consciousness >5 min or amnesia >24 h.
* American Academy of Neurology guidelines [70, 71]:
o Grade I: Confusion, symptoms last <15 min, no loss of consciousness
o Grade II: Symptoms last >15 min, no loss of consciousness.
o Grade III: Loss of consciousness (IIla, coma lasts sec, IIIb for min)
* Other classifications of brain concussion also add medical imaging
to their criteria (Available from: https://broadviewhealthcentre.com/

concussion-grades-how-to-distinguish-degrees-of-concussions/):

o GradeI (mild): Post-traumatic amnesia <24 h. Loss of consciousness 0-30 min,
medical images normal, and symptoms: headache, dizziness, nausea.

o Grade II (moderate): Post-traumatic amnesia >7 days. Loss of consciousness
30 min-24 h, medical images normal, and symptoms, headache, dizziness, and
memory loss.

o Grade III (severe): Post-traumatic amnesia 24 h-7 days. Loss of consciousness
>24 h, medical images normal, and symptoms: headache, dizziness, memory
loss, nausea, and difficulty focusing.

6.3 Neuroimaging and brain concussion

Brain concussion cannot be diagnosed with a routine computed tomogram (CT) scan
or magnetic resonance imaging (MRI) scan. CT imaging should not be used to diagnose
brain concussion. However, it can be performed to rule out more serious TBI, especially
if there has been an associated LOC, post-traumatic amnesia, persistently altered mental
status, focal neurologic deficit, evidence of a skull fracture on examination, or signs of
clinical deterioration (Level C) [63]. Specific MRI sequences, such as diffusion tensor
imaging and functional MRI, may result in an earlier diagnosis of concussion [72].

New advanced neuroimaging techniques may provide insights into the disrupted
axonal structures. Diffusion Tensor Imaging (DTI) has been used to measure the
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diffusion properties of water, therefore providing a detailed view on how micro-
structural tissues may function [73]. However, the use of advanced neuroimaging
approaches for clinical purposes is not widely used. However, recent research is
highlighting their potential use in the future [74, 75].

7. Treatment of brain concussion

The treatment for brain concussion typically includes bed rest and clinical moni-
toring for worsening of symptoms.

The use of helmets in brain concussion has shown no clear benefit in American
football. Although athletes should be immediately removed from the game after a
brain concussion, there is no evidence supporting absolute rest after a concussion
[76]. Before the return to sports, athletes must initiate a progressive exercise pro-
gram, be completely asymptomatic, and complete a standardized neuropsychologi-
cal test. Moreover, a continuous evaluation for any recurring signs or symptoms
should be performed. The recovery of pediatric and adolescent athletes is generally
longer compared with older individuals [76]. Overall, the symptoms resolve in
approximately 1-4 weeks. Finally, active rehabilitation may accelerate the recovery
from a brain concussion.

8. Complications of brain concussion

Brain concussion may lead to serious long-term neurological effects, including
impairments of cognitive functions, coordination, and social behavior [77].

8.1 Post-concussion syndrome

Post-concussion syndrome (PCS) is a heterogeneous condition that includes signs
and symptoms of somatic, cognitive, and emotional domains. Whereas symptoms
of concussion resolve in most individuals over days to weeks, in a small number of
patients, symptoms could persist for months or years.

As mentioned earlier, the clinical consequences of concussion may present in
an early post-traumatic stage as headache, dizziness, imbalance, fatigue, insomnia,
impaired cognitive function, and phonophobia. However, late post-concussion
symptoms may manifest as persistent somatic, emotional, and cognitive symptoms.
This phase is highly affected by psychosocial factors. A successful treatment requires
a thoughtful differential diagnosis that takes into account comorbidities and possible
contributing factors. Its treatment should include a sequential approach that manages
treatable symptoms that impact the functionality of the patient, such as depression,
anxiety, insomnia, headache, musculoskeletal pain, and vertigo. In addition, the
prescription of physical exercise is useful for disorders after a concussion [78].

9. Outcome

The outcome of a brain concussion is usually favorable [79]. The symptoms
usually improve within the first one to two weeks. And the recovery timeframe after
a concussion is typically 10 days [63]. The severity of the symptoms within the first
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few days after a head injury is the most consistent prognostic indicator [9]. However,
there are still no definitive predictors for the recovery time after a concussion, and the
anticipated recovery timeframe should be individualized for each patient [80].

Brain concussions are a public health problem that affect vulnerable populations,
including young athletes, children, and the elderly. As awareness increases, more
patients with acute concussions seek medical evaluations. The management of brain
concussion includes a rapid removal from play, symptomatic treatment, and return to
the sport with recommendations once the patient is asymptomatic. The inappropriate
management of brain concussions may lead to recurrent injuries, prolonged recovery,
and potential long-term sequelae. Understanding the key diagnostic features, post-
injury assessment tools, symptomatic treatment, and management steps is essential
for primary care providers [80, 81].

10. Future and research challenges

A universally agreed definition of brain concussion should be reached by profes-
sionals. Moreover, more robust diagnostic criteria based on neuroimaging or neuro-
physiological tests should be established. The diagnosis of post-concussion syndrome
should be based on more objective criteria. These challenges should be addressed by a
multidisciplinary international research team of expertise in brain concussion.

11. Conclusion

Concussion is the most common type of traumatic brain injury. However, there
are different definitions and classification systems used to define this condition. The
diagnosis is still based mainly on the clinical history and symptoms, which are often
subjective. Neuroimaging and brain markers are not conclusive nor pathognomy of
brain concussion. The diagnosis of post-concussion syndrome is based fundamentally
on subjective symptoms, without objective standard parameters or neurophysiologi-
cal or neuroimaging studies. Further investigations are needed for a better under-
standing of the brain concussion.
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Abstract

Post-Concussion Syndrome (PCS) represents a complex constellation of symp-
toms that persist following a concussion or mild traumatic brain injury (mTBI),
with significant implications for patient care and outcomes. Despite its prevalence,
diagnosing PCS presents considerable challenges due to the subjective nature of
symptoms, the absence of specific diagnostic tests, and the overlap with other neuro-
logical and psychiatric conditions. This review explores the multifaceted diagnostic
challenges associated with PCS, including the heterogeneity of symptom presenta-
tion, the limitations of current neuroimaging techniques, and the overlap of PCS
symptoms with other disorders. We also discuss the potential of emerging biomarkers
and advanced imaging modalities to enhance diagnostic accuracy and provide a
more objective basis for PCS identification. Additionally, the review highlights the
importance of a multidisciplinary approach in both diagnosing and managing of PCS,
integrating clinical evaluation with innovative diagnostic tools to improve patient
outcomes. Through a comprehensive analysis of current practices and future direc-
tions, this review aims to shed light on the complexities of PCS diagnosis and pave the
way for improved strategies in the identification and treatment of this condition.

Keywords: concussion, post-concussion syndrome, mild cognitive impairment,
salivary biomarkers, micro-RNAs, tau protein, GFAP

1. Introduction

The term concussion, also known as mild traumatic brain injury (mTBI), lacks a
universally accepted definition, reflecting diverse interpretations within the medical
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community [1]. The 2012 Zurich Consensus Statement on Concussion in Sport differ-
entiates concussion from mTBI, describing it as a complex pathophysiological process
affecting the brain, characterized by symptoms indicating a functional disturbance
rather than structural damage [2]. These symptoms often resolve on their own and
are not detectable through imaging. The American Academy of Neurology’s 2013
guidelines, however, do not distinguish between TBI and concussion, instead defining
it as a syndrome caused by biomechanical forces altering brain function, leading to
changes in memory, orientation, and possibly consciousness [3].

Globally, TBI is a significant public health issue, being the leading cause of death
and disability from trauma, with an estimated 69 million people affected annually
worldwide. In the United States, mild cases represent 75% of the approximately 1.5
million TBIs each year [4].

Post-concussion syndrome (PCS) occurs after mild brain injuries, with a preva-
lence of 29-90% among head injury patients. It is characterized by symptoms like
irritability, headaches, and concentration issues, which develop soon after the injury
and can last for weeks to months. Persistent PCS is identified if symptoms continue
beyond six months [5-10]. Diagnosis of PCS is complicated by the absence of objec-
tive findings and symptom variability, with criteria including a history of TBI and
at least three specific symptoms such as insomnia and dizziness [11-13]. The DSM-5
categorizes PCS under neurocognitive disorders due to TBI, emphasizing the need
for evidence of TBI and associated symptoms or neurological signs. Recent studies
suggest PCS might involve long-term neurodegenerative processes, highlighting the
potential for extended impacts beyond immediate neurological symptoms.

2. Post-concussion syndrome epidemiology

The diagnosis of Post-Concussion Syndrome (PCS) relies on two primary clini-
cal frameworks: the Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition (DSM-IV), 10th Revision (ICD-10), and the International Classification of
Diseases. Although these criteria are useful, their application to identical populations
can result in disparate outcomes, leading to divergent incidence rates documented in
literature [14]. Research findings indicate that anywhere from 30 to 80% of indi-
viduals with mild to moderate traumatic brain injury (TBI) may display symptoms
aligning with PCS (Table 1) [14].

Literature reviews have explored the link between TBI severity and PCS occur-
rence in individuals with mild TBI. Still, findings regarding the correlation between
injury severity and PCS risk have been inconsistent. Factors considered in these
analyses include the Glasgow Coma Scale (GCS) score at presentation, duration of
consciousness loss, post-traumatic amnesia, and evidence of trauma on CT scans or
MRI [14-18]. However, at least one study has identified a history of recent or multiple
concussions as a significant risk factor for developing prolonged post-concussion
symptoms [19].

Recent cohort studies and analyses have identified women as being particularly
vulnerable to persistent PCS symptoms [14, 16, 20, 21]. Women are more prone to
reporting symptoms such as irritability, headaches, concentration difficulties and
fatigue. Additionally, increasing age is linked to a heightened PCS risk. In pediatric
populations, gender-based symptom reporting differences have been noted, with
female minors more frequently reporting symptoms and male minors more com-
monly experiencing loss of consciousness at injury time and seeking emergency
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Symptom Description
Headaches Frequent and persistent, varying in intensity.
Dizziness Sense of spinning or loss of balance.
Fatigue Persistent tiredness not alleviated by rest.
Irritability Increased frustration or anger with little provocation.
Sleep Disturbances Difficulty falling or staying asleep; altered sleep patterns.
Memory and Concentration Problems with short-term memory and focusing on tasks.
Difficulties
Sensitivity to Light and Noise Discomfort or increased symptoms in response to bright lights or loud
sounds.
Table 1.

Common symptoms of post-concussion syndrome.

medical care. It is also posited that minors may have a lower PCS risk due to greater
neuroplasticity compared to adults. While these observations primarily emerge from
sports-related TBI research, experts suggest these patterns are likely applicable across
various TBI causes [2].

3. Pathophysiology

The underlying mechanisms of concussion encompass metabolic disturbances,
physiological alterations, and microstructural damage within the brain. Some
research suggests a psychogenic origin for these symptoms, but it is likely that both
biological and psychogenic factors significantly contribute to the development of
Post-Concussion Syndrome (PCS) [22]. Symptoms associated with PCS often stem
from damage to the autonomic nervous system, specifically affecting the white matter
tracts that connect cortical control centers to the vagal nerve control through the
spinal cord. Consequently, disruptions occur in both the sympathetic and parasym-
pathetic nervous systems, often manifesting in symptoms reminiscent of depression.
Damage to the autonomic nervous system can also disrupt cerebral blood flow, blood
pressure, and heart rate regulation, which may manifest as dizziness, headaches,
orthostatic intolerance, concentration difficulties, and confusion. The reduction
in cerebral blood flow shortly after an injury can explain many PCS symptoms. In
contrast, an elevation in cerebral blood flow following an injury can result in symp-
toms such as headaches, alterations in vision, dizziness, and intolerance to physical
exertion. Moreover, fluctuations in heart rate due to damage in the vagal nerve tract
can induce irregular spikes in blood pressure and heart rate during physical exertion,
exacerbating premature fatigue [23].

Regarding the neurobiological aspects of PCS, both structural and biochemical
alterations, including brain atrophy and regional volume loss, have been observed in
animals and humans [24].

Psychogenic factors also play a role in PCS, as evidenced by empirical and clinical
studies. The primary symptoms of PCS, such as headache, dizziness, and sleep distur-
bances, closely resemble the somatic manifestations seen in psychiatric disorders such as
anxiety, depression, and post-traumatic stress disorder (PTSD). Moreover, the cognitive
impairments associated with anxiety and depression closely resemble those seen in PCS,
and these symptoms often improve following antidepressant therapy [25, 26].
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4. Neuropathology of concussion
4.1 Diffuse axonal injury

Diffuse axonal injury (DAI) is a major neuropathological condition stemming
from traumatic brain injury (TBI) due to shearing forces damaging the brain’s axons
[27-30]. It is mostly linked to moderate to severe TBI but also occurs in mild cases,
with severity reflecting the force of impact (Table 2) [31, 32]. Traditional imaging
techniques struggle to detect DAI, whereas advanced MRI, particularly diffusion
tensor imaging (DTI), effectively identifies axonal damage, making it invaluable
for diagnosing athletes with mild TBI from sports injuries [33-35]. Initially, DAI
manifests as axonal shearing, leading to disrupted axonal transport, swelling, and
ultimately, Wallerian degeneration [27].

Key in the progression of DAI is the disruption of axonal membranes, precipitat-
ing calcium influx, neurofilament compaction, and microtubule disassembly—pro-
cesses primarily driven by calcium dysregulation and calpain activation, which breaks
down essential cytoskeletal elements [36-39]. Blast injuries, significant in civilian and
military contexts, lead to both immediate and long-term cognitive and psychiatric
effects, with autopsy findings in veterans showing signs of chronic traumatic enceph-
alopathy (CTE) similar to those in athletes with repeated concussions [40]. Symptoms
include cognitive decline and emotional disturbances.

4.2 Microtubule disorganization

The disorganization of microtubules, stemming directly from the dynamic
stretching of axons, leads to the immediate breakage and buckling of microtubules
following injury [41]. This exacerbates the process of microtubule disassembly [41].
This disassembly leads to the accumulation of organelles within axons and subsequent
swelling, ultimately resulting in axotomy and disconnection [36, 37]. Neuronal dam-
age, characterized by swellings and axonal bulbs, is commonly found at the gray and

Neuropathological Description

feature

Diffuse Axonal Injury Shearing of brain axons due to acceleration/deceleration forces, leading to
(DAI) disrupted axonal transport and secondary degeneration.

Microtubule Immediate breakage and disassembly post-injury, causing axonal swelling and
Disorganization disconnection.

Role of Microglia Activated microglia migrate to injured areas, potentially acting as a barrier and

mediating inflammation.

Dendritic and Axonal Increased dendritic arborization and synaptogenesis indicating regenerative
Changes responses post-injury.

TDP-43 Protein Suggests involvement in mild TBI and CTE pathogenesis, representing a response
Accumulation to axonal damage.

Tau Protein Alterations Critical in maintaining axonal cytoskeleton structure; changes correlate with

neurodegeneration following TBIL.

Table 2.
Neuropathology of post-concussion syndrome.
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white matter interface within cortical sulci [42]. DTI studies link the DAI extent after
mild TBI to cognitive issues post-concussion [43].

4.3 The role of microglia

Microglia are pivotal in the brain’s immune response, mediating inflammation
post-TBI. Research using animal models has demonstrated that activated microglia
rapidly migrate towards areas of tissue damage, potentially serving as a protective
barrier between unaffected and injured regions, highlighting their role in respond-
ing to axonal damage [44, 45]. This microglial activation involves the upregulation
of inflammatory genes, chemokines, and mediators [46], though the therapeutic
implications of modulating this response remain under exploration.

4.4 Dendritic and axonal changes

Post-TBI, dendritic and synaptic changes occur, including heightened synaptogen-
esis and dendritic branching, indicating a regenerative reaction [47]. Factors such as
c-Jun and ATF-3 are linked to axonal regeneration post-DAI, with structural proteins
like GAP-43 associated with neurite outgrowth from damaged axons after acute TBI
phases [48, 49].

4.5 TDP-43 protein

The TAR DNA-binding protein 43 (TDP-43) accumulation, noted in athletes and
boxers diagnosed with CTE following repeated brain trauma, suggests its involve-
ment in the pathogenesis of both mTBI and CTE. The TDP-43 buildup, a common
feature in various neurodegenerative diseases, could potentially serve as a physiologi-

cal response to axonal damage [50-52]. Animal studies have indicated an increase in
TDP-43 expression following TBI [50-52].

4.6 Tau protein

Tau protein is critical in maintaining axonal cytoskeleton structure within the
central and peripheral nervous systems [53, 54]. While tau’s primary presence is in the
brain, it is also found in other tissues [55]. Research on TBI biomarkers has focused
on tau variations, with studies showing tau level increases in cerebrospinal fluid and
plasma following TBI, correlating with long-term outcomes [56-58]. Elevated tau
levels have been documented in athletes and military personnel following concussions
and blast exposures, respectively, with a connection between tau levels and neurologi-
cal outcomes [59-76].

4.7 Inflammatory response

The inflammatory response in mild TBI involves activating immune cells and
releasing pro- and anti-inflammatory mediators, with studies indicating early activa-
tion post-TBI that may persist for weeks or months. Biomarkers like IL-1, TNF-a,
IL-6, and CRP have been linked to the severity and outcomes of mild TBI, highlight-
ing inflammation’ role in concussion pathophysiology and symptom persistence
[77-84].
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5. Neuroimaging biomarkers
5.1 Conventional MRI and DWI

In the study of Post-Concussion Syndrome (PCS), MRI and Diffusion-Weighted
Imaging (DWI) reveal key differences in detecting brain abnormalities (Tables 3 and 4).
Structural MRI is valuable for assessing brain damage, with T1-weighted sequences
showing brain volume changes indicative of moderate to severe injuries. Notably, the
anterior cingulate and left cingulate gyrus isthmus show atrophy, linked to cognitive
deficits like impaired working memory [24], while the fusiform gyrus and ventrome-
dial prefrontal cortex (vmPFC) volume correlate with emotional dysfunction in PCS,
due to the vmPFC’s connection to the amygdala [85, 86]. DWT is crucial for analyzing
white matter integrity, focusing on mean diffusivity, axial diffusivity, radial diffusiv-
ity, and fractional anisotropy. Alterations in these parameters, particularly decreased
fractional anisotropy and increased diffusivity, signify axonal injury in key tracts
such as the corpus callosum, internal capsule, and longitudinal fasciculi [87-91].
These injuries affect cognitive functions, stemming from concussion-induced rota-
tional forces [92]. Tractography enhances DWI by mapping structural connectivity,
showing distinct patterns in PCS, especially between the hippocampus and striatum
[93]. Structural neuroimaging has pinpointed the cingulate gyrus and prefrontal
regions, alongside the corpus callosum and internal capsule, as critical areas affected
in PCS. This variability reflects the diverse symptoms and populations studied,
underscoring PCS’s complexity [94].

5.2 Functional MRI

In functional MRI (fMRI) research, analyses either focus on Blood Oxygen Level
Dependent (BOLD) activation levels or investigate the functional connectivity and
network topology within the brain. These approaches offer insights into both norma-
tive and pathological brain states, with graph analysis metrics providing a sophisti-
cated framework for understanding brain network topology in depth. This summary
categorizes findings from Post-Concussion Syndrome (PCS) related fMRI studies
under these analytical frameworks.

Biomarker Type Relevance

S100B Serum Indicates astroglial injury; elevated post-TBI.

GFAP Serum/ Reflects astrocytic response to neuronal damage.
CSF

Tau Protein Serum/ Associated with axonal injury; levels correlate with TBI
CSF severity.

Neurofilament Light Chain Serum/ Structural component indicating axonal injury and

(NfL) CSF degeneration.

IL-1, IL-6, TNF-« Serum Inflammatory markers linked to severity and outcomes of

TBIL
Table 3.

Serum and CSF biomarkers for post-concussion syndrome.
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Biomarker Type Description Relevance to PCS
Conventional MRI Detects structural changes in Identifies anatomical and structural damage but
and DWI the brain. may not capture subtle changes associated with

PCS.

Diffusion Tensor

Measures the diffusion of

Highlights microstructural alterations in white

Imaging (DTI) water molecules in brain matter tracts; sensitive to axonal injury.
tissue.

Functional MRI Assesses brain activity by Evaluates functional connectivity and neural

(fMRI) detecting changes associated activity patterns; useful for understanding

with blood flow.

cognitive impairments in PCS.

Magnetic Resonance

Non-invasive method to

Provides insights into metabolic disturbances

Spectroscopy (MRS) measure biochemical changes post-TBI; can detect neuronal injury and

in the brain. neuroinflammation.
Susceptibility Sensitive to magnetic Detects microhemorrhages and iron deposits
Weighted Imaging susceptibility differences in indicative of traumatic vascular injury.
(SWI) tissue.

Positron Emission
Tomography (PET)

Imaging test that uses a
radioactive substance to look
for disease in the body.

Can identify metabolic abnormalities and
neuroinflammation; potential for detecting tau

pathology in CTE.

Table 4.
Neuroimaging biomarkers for post-concussion syndrome.

6. BOLD activation level analysis

Research has primarily examined deficits in selective attention and working mem-
ory, crucial cognitive domains affected after mild Traumatic Brain Injury (mTBI).
Key brain regions implicated include the premotor area, dorsolateral and ventrolateral
prefrontal cortex, posterior parietal area, supplementary motor area, and anterior
cingulate cortex, with activation levels correlating with PCS severity [95-97].
Increased activation in the posterior cingulate cortex and the parahippocampal gyrus,
associated with episodic memory, suggests a compensatory response to microstruc-
tural damage in PCS [96]. Additionally, the left angular gyrus shows hyperactivity
to maintain working memory performance, indicating that PCS patients may utilize
additional cognitive resources for task execution [98]. A noted decrease in activation
within the medial prefrontal cortex, vital for emotion regulation and executive func-
tions, suggests significant cognitive and affective impairments in PCS. Enhancements
in this region’s activity, possibly through transcranial magnetic stimulation, have been
linked to reduced PCS symptoms [99-101]. Studies also highlight increased BOLD
activity in response to visual stimuli in regions processing motion and objects, linking
this to heightened sensitivity in PCS patients [102].

7. Functional connectivity analysis

Alterations in functional connectivity are evident across various networks in PCS,
with reports of both hyperconnectivity and reduced whole-brain connectivity, partic-
ularly during the acute phase [103-105]. The Default Mode Network (DMN) and the
thalamus are notably affected, with the DMN showing altered connectivity patterns
that disrupt the balance between internal and external attention processes. Decreased
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connectivity in the DMN’s posterior regions and altered interactions with the visual
and left fronto-parietal networks are observed, alongside compensatory mechanisms
in the medial prefrontal cortex to mitigate neurocognitive deficits [103, 106, 107].
Increased thalamo-cortical connectivity in PCS suggests inefficient neuronal activity,
possibly due to changes in GABAergic inhibition, indicating disrupted modulatory
interactions essential for cognitive and attentional functions [108-110].

8. Graph analysis

Graph analysis reveals topological changes in brain networks, highlighting altera-
tions in modularity within temporal and frontal regions during different PCS phases.
These changes, associated with executive functions and attention, are integrated
with diffusion-weighted imaging to link functional network efficiency with diffuse
axonal injury. Decreased local relative betweenness centrality in functional networks
correlates with reduced fractional anisotropy, underscoring the impact of structural
changes on network efficiency [109, 111-113].

9. Fluid biomarkers
9.1 Serum biomarkers

Fluid biomarkers offer a window into the pathophysiological processes activated
by repeated head impacts, serving as vital tools for diagnosis, prognosis, and under-
standing the biological response to injury.

Among the serum biomarkers, neurofilament light polypeptide (NFL) is indica-
tive of axonal injury in TBI. A study involving 19 American football athletes and an
equal number of swim athletes highlighted the NFL increased levels in the football
players, which notably did not normalize even nine months following the injury [113].
This persistence underscores the long-term impact of TBI on neural integrity.

Similarly, serum S-100 calcium-binding protein B and neuron-specific enolase
(NSE) have been investigated for their roles in indicating astroglial and general
neuronal injury, respectively, in PCS. In a study involving 47 preseason and 28 PCS
professional ice hockey players, researchers noted an elevation in S100B levels among
those with PCS, while NSE levels remained constant. This suggests that increases
in S100B and NSE levels may also occur following physical exertion [106]. Another
study, which compared 44 amateur boxers with 23 healthy controls, found elevated
serum NSE levels in the boxers without concurrent changes in S100B levels [107],
highlighting the differential response of these biomarkers to neurotrauma.

Further investigations into serum neurofilament H and SNTF have pointed
towards their association with the neuronal axons stretch injury in TBI. In one study,
SNTF and NFH heightened levels were detected in the sera of TBI patients undergo-
ing surgical brain pressure release [72], while another study found elevated levels of
SNTF in 28 concussed professional ice hockey players compared to 45 non-concussed
players [114], suggesting their potential as diagnostic markers.

The significance of serum glial fibrillary acidic protein (GFAP) in reflecting the
astrocytic response to neuronal damage was confirmed by a study involving 215 acute
TBI patients, which observed elevated serum GFAP levels [115]. Additionally, serum
interleukins (IL6, IL8) and tumor necrosis factor-alpha (TNF-a) have been linked
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to neuroinflammation in TBI. A study involving 24 TBI patients showed increased
serum levels of these cytokines, possibly correlating with adverse outcomes and
further brain damage [116].

9.2 Cerebrospinal fluid biomarkers

Turning to cerebrospinal fluid (CSF) biomarkers, research has illuminated the
significance of YKL-40, GFAP, and amyloid p40, p42 in PCS, with a study reporting
YKL-40 and GFAP increased levels, alongside AB40 and Ap42 decreased in 28 PCS
professional athletes compared to 19 controls [117]. This suggests a specific glial
response to injury.

Following a similar pattern, heightened levels of NF light protein and diminished
amyloid p CSF levels were detected in 16 ice hockey players diagnosed with PCS,
in contrast to 15 control individuals [118], pointing towards axonal injury and the
potential disturbance of amyloid processing.

Moreover, CSF total tau levels have been scrutinized for their correlation with
axonal injury in TBI. Research with 68 former NFL players revealed that elevated CSF
total tau levels correlated with the cumulative head impact index [119], suggesting a
direct link between repeated head impacts and tau pathology. The study also found
increased levels of STREM2 in the CSF of these players, significantly associated
with elevated CSF T-tau levels [119], pointing to microglial activation in response to
repeated concussions.

Inflammatory markers in the CSF, such as IL1 and IL6, have been shown to cor-
relate with TBI severity. In a study involving 37 severe TBI patients, elevated levels of
these cytokines were observed, and they were associated with outcomes as assessed
by the Glasgow Outcome Scale [120], highlighting the inflammatory cascade trig-
gered by severe head injuries.

This body of research underscores the potential of fluid biomarkers in advancing
our understanding of TBI and PCS. By quantifying specific proteins and cytokines,
clinicians and researchers can gain insights into the molecular and cellular responses
to brain injury, paving the way for improved diagnostic criteria, prognostic assess-
ments, and the development of targeted therapies. As the field progresses, these
biomarkers hold the promise of elucidating the complex landscape of neurotrauma,
offering hope for more effective management and treatment strategies for those
affected by TBI and its long-lasting consequences.

9.3 Salivary biomarkers

Although seemingly unrelated to the saliva’s primary functions, salivary molecules
can serve as potent indicators of local and systemic health issues despite their roles
not being fully understood yet [121]. The utility of saliva in molecular diagnostics
is particularly appealing due to its non-invasive, cost-effective collection, trans-
portation, and processing advantages. The diagnostic potential of saliva has been
highlighted, given its inclusion of serum constituents that migrate from the salivary
glands’ local vasculature into the gingival fluid flow, as discussed by Kaufman and
Lamster [122]. This allows for the cost-effective assessment of systemic disease
biomarkers by acquiring viable biological fluid samples with minimal effort, training,
risk, and discomfort. Furthermore, saliva sampling is the preferred method for repeat
collections among patients undergoing biological fluid sample collection [123]. It
has been recognized as a viable source for complex molecular assessments like DNA
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sequencing compared to blood samples [124]. Lucia Melguizo-Rodriguez [125] identi-
fied over thirty-five salivary biomarkers specific to oral diseases, and transcriptomics
studies have revealed more than 3000 mRNA species and over 300 miRNAs [126].

The challenge in diagnosing TBIs, particularly due to the brain tissue lesions
caused by concussions, necessitates early identification of potential brain damage fol-
lowing mild head impacts [127]. Recent literature primarily focuses on blood and CSF
biomarkers, such as S100B protein, GFAP, neurofilament light chain, a-II spectrin,
UCHL-1, tau protein, and y-enolase whose levels are altered after head traumas [128,
129]. Although not disease-specific, these biomarkers indicate the brain’s response
to injury and stress. The ongoing search for TBI, PCS, and CTE-specific biomarkers
highlights the need for fast, reliable, and non-invasive diagnostic methods, with
recent studies suggesting saliva as a promising medium for concussion and TBI
diagnostics [125, 126].

In the context of TBI and PCS diagnostics, emerging research on salivary biomark-
ers underscores their diagnostic significance [130]. The discussion surrounding the
extracranial origins of these biomarkers highlights blood-brain barrier permeability
as a potential constraint for blood-based biomarkers. This limitation may not apply to
salivary biomarkers. Understanding how central nervous system-produced molecules
reach the saliva is crucial [130], with Murcko et al. [131] suggesting various distribu-
tion pathways beyond typical tissue damage or blood-brain barrier disruption. Saliva
has been shown to contain microRNA, S100B, NfL, and extracellular vesicles associ-
ated with traumatic events [125, 126, 130], indicating its potential as a diagnostic tool
for TBI and PCS.

S100 proteins, including S100B, play roles in various physiological processes and
are found in the muscles, central nervous system, and vascular endothelium, with
both intracellular and extracellular functions [130, 131]. S100B’ interaction with
RAGE receptors is crucial for its role in neuroinflammation [132], and its signal-
ing pathways are involved in cellular responses to stress and gene expression [133].
Despite S100B being present in multiple organs, its clinical significance remains intact
following a TBI-induced blood-brain barrier disruption [130]. Salivary S100B levels,
significantly higher than blood levels irrespective of pathology [134] and effective in
differentiating TBI patients from control subjects [135], highlight its potential as an
alternative diagnostic biomarker for TBI. However, its association with head impact
exposure remains to be conclusively demonstrated [136].

Neurofilament light chain (NfL), abundant in the nervous system, serves as a
structural component and a biomarker for neurodegenerative conditions, reflecting
axonal injury and degeneration [137, 138]. Its increased levels in peripheral fluids
suggest significant nerve damage [139], with studies linking serum NfL levels to TBI
severity and PCS extent [140]. Salivary NfL, potentially indicating axonal injury
following repeated head impacts [136], emphasizes the diagnostic relevance of saliva
in TBI and PCS.

MicroRNAs in saliva offer a non-invasive diagnostic avenue for mild TBI and PCS
[141], with studies demonstrating their predictive value for TBI and association with
post-concussion symptoms [142, 143]. The expression of salivary miRNAs, alongside
neurocognitive testing, enhances the diagnostic accuracy for mild TBI [144], suggest-
ing their utility in distinguishing between concussed and non-concussed individuals
[145, 146].

Extracellular vesicles (EVs), as carriers of cellular communication, play roles
in protein dissemination and pathological protein spread in conditions like TBI
[147, 148]. Salivary EVs have been explored as biomarkers for mild TBI, revealing
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genetic overlaps with Alzheimer’s disease and illustrating the potential of saliva in TBI
diagnostics [149, 150].

This exploration into salivary biomarkers enriches our understanding of TBI
diagnostics, indicating a promising future for non-invasive, saliva-based detection
methods that could revolutionize diagnosing and understanding TBIs and their long-
term impacts.

10. Post-concussion syndrome diagnostic challenges

The Post-Concussion Syndrome (PCS) diagnosis presents significant challenges to
clinicians due to the heterogeneity of symptoms, the absence of definitive diagnostic
tests, and the overlap with other conditions. These challenges complicate the clinical
management and treatment of PCS, necessitating a nuanced approach to diagnosis.

10.1 Heterogeneity of symptoms

PCS symptoms are highly variable and subjective, including headaches, dizziness,
fatigue, irritability, and cognitive disturbances. This variability poses a diagnostic
challenge, as there is no single symptom or objective finding that definitively con-
firms PCS. The subjective nature of many symptoms further complicates diagnosis,
as similar symptoms can be reported in other conditions, such as chronic pain syn-
dromes, depression, and anxiety disorders.

10.2 Lack of definitive diagnostic tests

Currently, there are no definitive imaging or laboratory tests for PCS.
Conventional neuroimaging techniques, such as CT and standard MRI, often fail to
detect the subtle brain changes associated with PCS. Advanced imaging techniques
like functional MRI (fMRI) and diffusion tensor imaging (DTI) show promise in
identifying microstructural and functional brain changes, respectively, but are not
routinely available in clinical practice. Moreover, these imaging findings are not
specific to PCS and can be observed in other neurological conditions.

10.3 Overlap with other conditions

PCS shares symptoms with several other conditions, including migraine head-
aches, depression, anxiety disorders, and chronic pain syndromes. This overlap can
lead to misdiagnosis or underestimation of the impact of concussive injury on the
patient’s symptoms. Differentiating PCS from these conditions is crucial for appro-
priate management but requires careful clinical evaluation and, often, a multidisci-

plinary approach.
10.4 Reliance on clinical criteria

The PCS diagnosis relies on clinical standards, such as those delineated in the
ICD-10 and DSM-5. While these criteria provide a framework for diagnosis, their
application can be subjective and depends on the clinician’s judgment. The reliance
on clinical criteria without objective biomarkers for PCS adds to the diagnostic
uncertainty.
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10.5 Emerging biomarkers

Research into fluid biomarkers, including serum and cerebrospinal fluid
(CSF) biomarkers, offers hope for more objective diagnostic criteria in the future.
Biomarkers such as S100B, GFAP, and tau protein have been associated with brain
injury and PCS. However, these biomarkers are not yet widely available for clinical
use and require further validation to determine their diagnostic utility in PCS.

11. Conclusion

The diagnostic challenges of PCS require clinicians to adopt a comprehensive,
multidisciplinary approach that considers the broad spectrum of symptoms and the
potential overlap with other conditions. Advances in imaging and biomarker research
hold promise for improving the diagnostic process, but until these advances are
integrated into clinical practice, the diagnosis of PCS will remain a clinical challenge
based on a combination of patient history, symptomatology, and exclusion of other
conditions.
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Chapter 6

The Ferroptosis in Traumatic Brain
Injury: The Future Direction?

Lifeng Qian, Sunfeng Pan, Yanbing Feng, Hangiang Shi,
Lie Xiong, Fuxiang Zhu, Yanbo Shi and Zhongwei Yu

Abstract

Traumatic brain injury (TBI) is a severe acute brain injury caused by external
mechanical force, resulting in temporary or permanent impairment of physical,
psychological, cognitive functions, and altered consciousness states. Cognitive
dysfunction commonly leading to symptoms such as inattention and decline in
learning and memory abilities, and may also result in irritability, anxiety or depres-
sion. The underlying pathology involves significant neuron loss and limited synaptic
remodeling. Abnormal iron metabolism is common in the brains of patients with TBI
and cognitive impairment. However, effective intervention measures are still lacking
which prompts us to explore new therapeutic targets and develop novel therapies for
TBI. As a newly discovered form of regulated cell death, ferroptosis occurs due to
excessive iron accumulation in the brain, leading to cellular and neuronal damage.
Iron overload and ferroptosis play a significant role in the pathophysiology of second-
ary brain injury. Therefore, potential therapeutic approaches may involve targeting
factors such as iron deposition and ferroptosis inhibition. This chapter provides an
overview of ferroptosis’ role in traumatic brain injury (TBI) and advance investiga-
tion in related research fields with the aim of enhancing our understanding of TBI
treatment through ferroptosis inhibition, ultimately guiding new clinical directions
for further TBI research.

Keywords: traumatic brain injury, ferroptosis, iron metabolic disorder, iron chelator,
reactive oxygen species, blood-brain barrier

1. Introduction

Traumatic brain injury (TBI) is a frequently occurring disease resulting from inju-
ries in the emergency department. It is also a leading cause of disability and paralysis
worldwide among trauma-related injuries. According to statistics, approximately
50 million individuals suffer from varying degrees of TBI annually. The primary
causes of TBI include traffic accidents, falls from heights, violent attacks, slips and
falls. In addition to direct trauma-induced injury, patients typically experience
severe neuronal necrosis, brain tissue edema, disruption of the blood-brain bar-
rier (BBB), heightened oxidative stress, and excessive inflammation following TBI.
Several factors mechanistically contribute to secondary injury including excitability,
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mitochondrial dysfunction, oxidative stress, lipid peroxidation neuroinflammation,
axonal degeneration, and apoptotic cell death (Figure1).

These factors result in consequences such as disruption of the blood-brain barrier
(BBB), release of blood metabolites, activation of microglia, thrombin activity, excit-
atory amino acids, and proinflammatory cytokines (Figure 1). This creates a harmful
cycle [1]. Patients with varying degrees of traumatic brain injury (TBI) may experi-
ence different levels of secondary damage [2]. Some evidence suggests an increased
occurrence of neurodegenerative diseases like Alzheimer’s disease, Parkinson’s
disease, and chronic traumatic encephalopathy caused by head trauma. Treatment
for TBI may involve options such as pharmacotherapy, cognitive therapy, or surgery.
There is a growing demand for agents that can potentially alleviate primary brain
injury aspects and mitigate the secondary pathological deficits associated with TBI.

In recent years, several studies have indicated that abnormal iron metabolism is
prevalent in the brains of patients with traumatic brain injury and cognitive impair-
ment. Furthermore, an increase in brain iron content has been linked to cognitive
decline. Iron, as an essential trace element for maintaining normal physiological
functions in the human body, plays a crucial role in various aspects such as electron
transport, cell respiration, and DNA synthesis. However, like everything else, iron
also has its drawbacks and can be a “double-edged sword.” Its balanced metabolism
is vital for sustaining overall bodily function; any imbalance can lead to a range of dis-
eases. Studies on chronic traumatic encephalopathy have revealed that tau overdepo-
sition and neurofibrillary tangle formation are typical pathological features observed
during autopsies [3, 4]. Excessive deposition of iron has also been found within
these neurofibrillary tangles where oxidative stress-induced phosphorylation of tau
occurs [5, 6]. Interestingly, earlier reports demonstrated non-heme iron deposition in
the deep cortex and hippocampus of postmortem brain tissue from mTBI patients [5].
Consequently, iron has gradually emerged as a potential target for intervention in TBI
research. Therefore, it is believed that imbalances in iron homeostasis play a signifi-
cant role in influencing the pathological processes associated with TBI.
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The pathophysiological mechanism of primary and secondary brain injury.
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Iron is the most abundant metal trace element in the brain and plays a crucial
role in the development of the central nervous system (CNS), contributing to the
synthesis of myelin and various neurotransmitters [7, 8]. Insufficient iron levels
during lactation can impair neurotransmitter synthesis, leading to developmental
disorders in behavioral functions. Conversely, excessive intracellular iron can disrupt
neurological function, particularly in brains affected by traumatic brain injury (TBI).
TBI-induced damage to brain tissue, disruption of the blood-brain barrier, increased
cerebral vascular permeability, and severe local inflammatory reactions result in an
influx of iron from the bloodstream into the brain parenchyma. Neuronal death is one
of the most serious consequences following TBI.

Ferroptosis is a newly discovered mode of cell death characterized by iron-
dependent lipid peroxidation. Specifically, excess iron, in the form of divalent ferrous
ion Fe*, can react with hydrogen peroxide (H,0,) or organic hydrogen peroxide
(ROOH) to produce soluble hydroxyl (HO) or lipid alkoxy (RO*) groups, respectively.
These reactions are the main source of reactive oxygen species (ROS), known as the
Fenton reaction [9], which ultimately leads to cell death. Neurons, being terminally
differentiated cells, experience various cellular stresses throughout their lifespan.
Oxidative stress is one of the key ones, which is caused by excessive accumulation
of intracellular ROS. Neuronal membranes contain high levels of cholesterol and
polyunsaturated fatty acids (PUFAs), making them susceptible to oxidation by ROS
and resulting in oxidative damage [10]. Additionally, neurons have limited ability to
scavenge ROS autonomously due to relatively low levels of antioxidant factors such
as superoxide dismutase (SOD) and glutathione peroxidase (GPX) compared to
other tissues in the brain [11, 12]. The aforementioned evidence further supports the
notion that neurons are particularly vulnerable to iron overload. These findings have
led researchers to speculate that ferroptosis may play a significant role in cognitive
dysfunction resulting from traumatic brain injury (TBI). Furthermore, recent studies
have indeed demonstrated activation of the ferroptosis pathway after TBI leading to
neuronal death.

The aforementioned studies all indicate a strong correlation between disrupted
iron homeostasis and unfavorable prognosis in patients with traumatic brain injury
(TBI). In this chapter, we aim to delve into the role of iron and ferroptosis in brain
injuries, enhance our comprehension of iron metabolism and the significance of fer-
roptosis in TBI, as well as explore novel effective treatment approaches for managing
iron dysregulation and ferroptosis following TBI.

2. Brain iron metabolism

Iron is the most abundant trace element in the brain and is crucial for brain
development and proper functioning. Iron can be found in various components of
the brain, including neurons, astrocytes, oligodendrocytes, axons, microglia, and
myelin [7, 13, 14]. It plays a vital role in processes such as myelination, neuroectoderm
development, oxygen transport, neurotransmitter transmission, and mitochondrial
energy production [8, 15].

To reach the CNS, iron must pass through either the blood-brain barrier or the
blood-CSF-brain (BCSF) and be taken up by brain tissue cells. The blood-brain
barrier is crucial in protecting the brain from fluctuations in systemic iron levels and
plays a vital role in brain iron uptake. Iron enters capillary epithelial cells of brain
tissue via endocytosis, with Fe** most likely transported out by Fpn1. Similar cells
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include BBB endothelial cells, neural tube cells, oligodendrocytes, astrocytes, choroid
plexus cells, and ependymal cells.

Iron in the bloodstream enters the brain through the blood-brain barrier in two
main forms: the transferrin-bound iron-transferrin receptor complex and non-
transferrin-bound iron [16].

Studies have reported that endothelial cells in the choroid plexus also play a role
in regulating iron entry into the central nervous system [17]. Astrocytes facilitate
the redistribution of iron within the central nervous system with the assistance of
ceruloplasmin, which has already crossed the blood-brain barrier to other cells [13].
Ceruloplasmin oxidizes divalent iron to Fe**, which then binds to transferrin and
enters the cerebrospinal fluid (CSF) [16].

In addition, in cells that do not express the transferrin receptor, significant
amounts of non-transferrin binding iron circulate in the cerebrospinal fluid (CSF)
along with ATP, citrate, and ascorbic acid [7, 18]. Oligodendrocytes possess the high-
est iron content in the brain [19], which may explain their heightened susceptibility to
oxidative stress [20]. While oligodendrocytes are primarily responsible for expressing
and secreting transferrin, they also uptake non-transferrin-bound iron through Tim-2
receptors via ferritin. Astrocytes acquire non-transferrin-bound iron through DMT1
uptake [17, 21-23]. Neurons obtain iron from CSF and interstitial fluid by binding it to
transferrin.

Lactoferrin [24] and its receptor, lactoferrin receptor (LfR), as well as glycosyl
phosphatidylinositol (GPI)-anchored melanotransferrin (MTf) and secreted melano-
transferrin, may also contribute to the transportation of iron across the blood-brain
barrier [25, 26].

At acidic pH, trivalent iron (Fe*") is released from endosomes and subsequently
reduced to divalent iron (Fe**). Divalent metal transporter 1 (DMT1, also known
as SLC11A2) facilitates the release of Fe** from endosomes into unstable iron stores
in the cytoplasm [7]. Ceruloplasmin is a GPI-linked membrane protein expressed
mainly in astrocytes surrounding brain microvessels within the mammalian central
nervous system [27]. Following the discovery of ceruloplasmin’s ferroxidase activity,
it was suggested that its role in iron metabolism involves aiding the cellular export of
iron by binding to membrane ferroportin [28, 29].

Abnormalities in iron metabolism, including both iron deficiency and iron over-
load, have a negative impact on overall bodily functions and are associated with vari-
ous diseases. Iron deficiency specifically reduces cytochrome oxidase activity in the
brain, particularly in the hippocampus and prefrontal regions [30], potentially lead-
ing to disorders in brain development such as motor skills and cognitive memory [31].
Conversely, excessive levels of iron can accumulate in the brain and contribute to
neurodegenerative diseases like Parkinson’s disease (PD) and Alzheimer’s disease
(AD) [32, 33]. Additionally, neuroferritinopathies associated with traumatic brain
injury (TBI) have also been identified as neurodegenerative conditions characterized
by abnormal iron accumulation [34].

3. Ferroptosis and its regulation

3.1 Ferroptosis is a new type of iron-dependent cell death

Ferroptosis is a new mode of cell death discovered by Stockwell’s group at
Columbia University in the past decade [9]. When they observed that the small
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molecule compound Erastin killed RAS mutant tumor cells, they found that the
death mode was different from apoptosis, necrosis or autophagy, etc., but it could be
effectively inhibited by the iron chelator deferoxamine (DFO), so they named this
iron-dependent cell death ferroptosis [35, 36].

3.2 The regulatory mechanism of ferroptosis is complex

With the deepening of research, scientists have found that there is a complex and
fine regulatory network of ferroptosis, including inhibition of ferroptosis pathway
and activation of ferroptosis pathway (Figure 2).

3.2.1 Inhibition of ferroptosis pathway

The regulatory system of GPX4, along with the GPX4-independent resistance
ferroptosis pathway, are included in these mechanisms.

(1) The GSH-GPX4 antioxidant system in the cytoplasm and mitochondria is an
important pathway for cells to defend against ferroptosis. The cystine/glu-
tamate antiporter (SLC7A11/SLC3A2, also known as System Xc") on the cell
membrane transports cystine into the cell and releases glutamate into the extra-
cellular space at a 1:1 ratio [31]. Once inside the cell, cystine can be converted
to cysteine, which is further processed by glutamate cysteine ligase (GCL)
and glutathione synthetase (GSS). The reduced form of nicotinamide adenine
dinucleotide phosphate (NADPH) serves as an important reducing agent for
synthesizing Glutathione (GSH). By utilizing GSH as a reducing cofactor, lipid
peroxidases are ultimately converted to lipid alcohols by cytoplasmic and mito-
chondrial glutathione peroxidase GPX4 [37].

(2) The GPX4-independent pathway of ferroptosis resistance involves the FSP1-
CoQqp pathway, a cell membrane-based inhibitor that prevents lipid peroxide
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generation by trapping lipophilic free radicals. Myristoylated FSP1 (also
known as apoptosis-inducing factor mitochondrial 2, AIFM2) acts as an
oxidorereductase of CoQ at the plasma membrane and plays a crucial role
in this process [38, 39].

(3) GPX4-independent ferroptosis resistance pathway, GTP cyclohydrogenase
1-tetrahydrobiopterin (GCH1-BH4) pathway in cytoplasm. GCHI1 and its meta-
bolic derivative, tetrahydrobiopterin/dihydrobiopterin (BH4/BH2), protect
against ferrodeath by selectively inhibiting the depletion of phospholipids
containing two polyunsaturated fatty acyl groups [40, 41].

(4) GPX4-independent ferroptosis resistance pathway, known as the dihydrooro-
tate dehydrogenase (DHODH-CoQ;oH,) pathway in mitochondria, plays a
crucial role in protecting against ferroptosis. Dihydroorotate dehydrogenase
(DHODH), an enzyme dependent on flavin, is located in the inner mitochon-
drial membrane and primarily functions to catalyze the fourth step of pyrimi-
dine biosynthesis. During this process, dihydroorotate (DHO) is oxidized to
orotate (OA), while simultaneously transferring electrons to ubiquinone in the
mitochondrial inner membrane. This leads to the reduction of ubiquinone into
dihydroubiquinone (CoQoH,), which contributes to mitigating ferroptosis
within mitochondria. Furthermore, it was found that DHODH inhibits lipid
peroxidation and suppresses ferroptosis within mitochondria when GPX4 ex-
pression is low. However, under conditions of high GPX4 expression, a combi-
nation of ferroptosis inducers such as sulfasalazine and DHODH inhibitors can
activate ferroptosis [42].

3.2.2 Activation of fervoptosis pathway

Lipid peroxidation is the main driver of ferroptosis. Intracellular accumula-
tion of free fatty acids is induced by acetyl-CoA carboxylase (ACAC)-mediated
fatty acid synthesis or lipophagy-mediated fatty acid release, ultimately leading to
ferroptosis [43]. Acyl-coa synthetase long-chain family member 4 (ACSL4) con-
nects polyunsaturated fatty acids (PUFAs), including arachidonic acid and doco-
satetraenoic acid [44]. These PUFAs are then incorporated into phospholipids by
lysophosphatidylcholine acyltransferase 3 (LPCAT3), forming polyunsaturated fatty
acid binding phospholipids (PUFA-PLs). PUFA-PLs are susceptible to lipid peroxida-
tion induced by arachidonate lipoxygenase (ALOXs)-mediated free radicals, which
ultimately play a crucial role in triggering ferroptosis [45].

Iron ion involvement is a fundamental characteristic of ferroptosis. Iron catalyzes
the formation of unstable hydroxyl radicals through the Fenton reaction, which
participates in the oxidation of polyunsaturated fatty acids and generates conjugated
dienes. This process further leads to the production of lipid peroxidation products
such as 4-hydroxynonenoic acid (4-HNE) and malondialdehyde (MDA). It enhances
the vulnerability of various cell membranes, impairs cellular function, and ultimately
promotes ferroptosis [46, 47]. Wang’s group discovered that key genes involved in
iron metabolism pathway, including transferrin and SLC39A14 ferrotransporter [48],
ferritin heavy chain (FTH) [35, 49], transferrin receptor (TFR1) [50], FPN pump
ferritin [51, 52], iron chaperone binding protein (PCBP1), [53], and nuclear receptor
coactivator 4(NCOA4) [54, 55] reported by other research groups have been found to
regulate ferroptosis by controlling iron metabolism. It is evident that understanding
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the biological role of iron and its metabolic pathways in ferroptosis is crucial; there-
fore, further exploration into underlying mechanisms is necessary.

4. The roles of iron and ferroptosis in TBI
4.1 Imbalance of iron homeostasis in TBI

Studies have confirmed that iron homeostasis in the brain is disrupted following
TBI (Figure 3). Several potential causes include abnormal iron deposition due to
erythrocyte lysis, mitochondrial and lysosomal dysfunction, and regulatory effects
on iron metabolism networks.

TBI encompasses both primary and secondary impairments. Primary injury refers
to fractures of the head caused by external forces, resulting in cortical or subcorti-
cal contusions and lacerations, intracranial hemorrhage (subarachnoid hemorrhage
or subdural hematoma), and disruption of the blood-brain barrier (BBB). Diffuse
axonal injury (DAI), which is the hallmark injury of TBI, is primarily responsible for
long-term complications that may arise from a combination of neuroinflammation
and neurodegeneration [56]. Following trauma, axons in the brain’s white matter
are particularly vulnerable to damage. The main effects of DAI include mechanical
rupture of the axonal cytoskeleton, leading to disrupted axonal transport, resulting
in swelling and proteolysis within the axons themselves [57]. Secondary injury refers
to subsequent molecular and chemical inflammatory reactions such as release of
blood hemoglobin and iron, dysfunction in brain metabolism and cerebral blood flow,
further triggering processes related to neuroinflammation, oxidative stress, glutama-
tergic excitotoxicity, mitochondrial dysfunction, etc., all contributing to additional
damage within the brain [58].

Some studies have reported intracerebral iron deposition in TBI patients due to
the release of heme iron from intracranial hemorrhage. As brain-specific phagocytes,
microglia phagocytose red blood cells and then release degraded iron into the brain
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Imbalance of iron homeostasis in TBI.
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interstitium [59]. These mechanisms contribute to an excess accumulation of iron in
nerve cells after TBI. The increased levels of iron in both the interstitium and cere-
brospinal fluid can be transported to various types of nerve cells through different
pathways, ultimately leading to oxidative stress and exacerbating secondary injury
following TBI [60].

Iron homeostasis is a dynamic equilibrium regulated by a dynamic network
of multiple genes. Following intracerebral hemorrhage, there is an increase in the
expression of ferritin, transferrin, and transferrin receptors in the brain, facilitating
iron uptake by neurons and oligodendrocytes. Excess Fe can suppress the expres-
sion of IRPs in cells and then regulate the increase of ferritin and Fpnl expression to
enhance the capacity of iron pool storage and iron efflux [31, 61]. In patients with
TBI, microglia are activated and release toxic substances such as proinflammatory
cytokines interleukin (IL-6) and tumor necrosis factor a (TNF-a), complement
proteins, and proteases, which contribute to brain injury [62]. With the destruction
of the blood-brain barrier and the increase of permeability after TBI, neutrophils
and macrophages further infiltrate into the brain tissue [63-65]. They participate
in autophagy, secrete anti-inflammatory factors, enhance the clearance of damaged
cells, and reduce the toxic effects caused by cellular degradation. Additionally, they
promote cellular repair and restore neural plasticity. However, hepcidin expression
also increases during inflammation and iron overload in cells [66]. Studies have indi-
cated that hepcidin has the ability to cross the blood-brain barrier and enter the cen-
tral nervous system [67]. When the blood-brain barrier is compromised, a significant
amount of hepcidin can enter brain tissue. The weakened ability of iron efflux further
exacerbates the excessive accumulation of iron, resulting in increased production of
toxic free radicals and reactive oxygen species (ROS) such as superoxide free radicals
and nitric oxide. This ultimately leads to cognitive dysfunction, brain edema, and
other detrimental effects. In addition to ROS generation, it also impairs mitochondrial
function, reduces mitochondrial respiration, causes lipid peroxidation, and disrupts
protein and enzyme oxidation processes, all contributing to neuronal damage [68].
The increased toxicity of extracellular glutamate and the over-stimulation of gluta-
mate N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid receptors can affect calcium uptake, leading to neuronal damage and
cell death [69]. Patients with TBI exhibit elevated levels of extracellular glutamate
in the cortex and hippocampus, along with reduced glutamate transporters. These
alterations result in decreased gabaergic control and heightened epileptic activity,
ultimately causing cell death and affecting cognition in a mouse TBI model [70, 71].
At the same time, it can result in mitochondrial dysfunction and excessive production
of free radicals, leading to the activation of the caspase signaling pathway and pro-
moting cell apoptosis. The characteristic features of ferroptosis such as mitochondrial
destruction, iron deposition, and accumulation of lipid ROS can be observed [72].

4.2 Iron-related brain injury after TBI
4.2.1 Brain edema after trauma

Brain edema after traumatic brain injury (TBI) is the most common and important
pathophysiological reaction, which can lead to increased intracranial pressure (ICP)
and even lead to brain tissue displacement and herniation. It is a major cause of clinical
death and severe disability, with approximately 50% of TBI patients dying from cerebral
edema and its associated lesions [73-76]. Typically, brain edema peaks within 2 to 3 days
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after TBI. Eliminating brain edema has become a key target for the treatment of TBI,
which is directly related to the prognosis of patients with traumatic brain injury.

There are two main types of brain edema after TBI, including vasogenic edema
and cytotoxic edema. Vasogenic edema is caused by fluid and protein leaking into
the brain tissue space due to increased capillary permeability after damage to the
blood-brain barrier (BBB), resulting in edema around the brain tissue, which can
be seen as a widening of the intercellular space. Cytotoxic edema is caused by an
increase in intracellular osmoactive substances, usually due to ion pump dysfunction
or subsequent entry of extracellular hypotonic fluid into cells, leading to cell edema.
Therefore, cytotoxic edema does not lead to an increase in ICP because it refers only to
an increase in intracellular water without a change in overall brain water content [77].
This type of edema occurs in all cell types but mainly results in astrocyte cell edema
during the acute phase of TBI. The mechanism of traumatic brain edema is still
not fully understood. So far, it is believed that the occurrence and development of
traumatic brain edema involve a variety of mechanisms, including blood-brain barrier
destruction, Ca®* overload, oxygen-free radical toxicity, cerebral microcirculation
disorders, energy metabolism disorders, neurotransmitter toxicity, cytokine release,
and autonomic nervous dysfunction.

Recent studies have shown that ferroptosis is also involved in TBI, and ferroptosis
inhibitor Ferrostatin-1 can mitigate the levels of IL-1b and TNF-a levels as well as the
destruction of BBB, thereby reducing brain edema [78]. At the same time, TBI can
disrupt the balance between oxidative and antioxidant systems, potentially leading
to brain edema [79]. A decrease in GPX4 is a characteristic marker of ferroptosis
occurrence, which is caused by the increase of ROS. In animal models of TBI, over-
expression of GPX4 reduced brain edema and blood-brain barrier disruption [78].
PUFAs such as arachidonic acid increase the amount of ROS, leading to ferroptosis.
An increase in AA and polyunsaturated fatty acids in the brain leads to an elevation in
water and sodium levels, while causing a reduction in potassium and ATP-dependent
NaC/KC pumps; consequently, this leads to the development of brain edema [80].

4.2.2 Posttraumatic cognitive dysfunction

Posttraumatic cognitive dysfunction primarily presents as disturbance of
consciousness, memory, attention, and learning and processing abilities [81, 82],
significantly impacting the patients’ quality of life. Individuals with mild TBI may
experience temporary disruptions in consciousness, mild confusion, lack of focus,
and amnesia immediately following the injury; however, most recover within 6
months [83], with a favorable long-term prognosis. Only a small percentage of
individuals with mild TBI will suffer from persistent cognitive impairments [84].
Patients with moderate or severe TBI endure the loss of consciousness for more than
30 minutes or posttraumatic amnesia lasting over 24 hours [85].

Currently, the etiology of cognitive dysfunction remains inconclusive; however,
research has postulated the involvement of ferroptosis, diffuse axonal injury (DAI),
neuronal abnormalities, and blood-brain barrier (BBB) disruption in this process.
Studies have demonstrated reduced levels of glutathione in patients with traumatic
brain injury (TBI) [86], as well as iron deposition, which may be associated with
cognitive impairment [87]. Intraventricular administration of ferrostatin-1 in animal
models of TBI has shown a significant reduction in iron deposition and neuronal
degeneration along with improved cognitive function, suggesting a potential role
for ferroptosis in the pathogenesis of cognitive impairment [88]. Many studies have
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demonstrated that head injury is a risk factor for Alzheimer’s disease (AD) [89]. The
primary characteristic of AD patients is cognitive impairment. Neuronal deficits in
AD patients, particularly hippocampal neuronal damage accompanied by increased
ferroptosis, suggest the activation of the Nrf2/GPX4 signaling pathway, which may
also contribute to cognitive impairment in traumatic brain injury (TBI) patients
[90, 91]. Animal models of AD have indicated that blood-brain barrier (BBB) dam-
age occurs early in the course of the disease [92]. Therefore, BBB impairment in TBI
patients may also play a role in cognitive dysfunction.

DAI often occurs after TBI and is characterized by loss of consciousness and
extensive axonal damage in the cerebral hemispheres, cerebellum, and brain stem.
White matter axons are particularly susceptible to injury following TBI. The shear
stress caused by head trauma on white matter axons can result in their rupture,
leading to disrupted transport and subsequent physiological changes such as swelling.
Almost all patients with severe TBI present with DAI [93]. Studies have demonstrated
that axonal abnormalities persist in the brains of TBI patients for years after the initial
injury, and DAI may trigger long-term progressive neurodegenerative processes [94].

4.2.3 Posttraumatic epilepsy (PTE)

Posttraumatic epilepsy (PTE) is a common symptom following traumatic brain
injury (TBI), with approximately 30% of severe TBI patients developing PTE [95].
About 80% of PTE patients experience seizures within 2 years after the initial
injury [96]. Risk factors for PTE include the severity of brain injury, acute cerebral
or subdural hematoma, diffuse hydrocephalus, and penetrating brain injury [97].
Posttraumatic seizures (PTS) occur once after head trauma, while PTE is character-
ized by recurrent epileptiform symptoms in temporal or frontal lobes that can worsen
memory and cognitive impairment, sleep disorders, and depression caused by TBI.
Antiepileptic drugs such as phenytoin, phenobarbital, levetiracetam, and carbamaze-
pine are commonly used to prevent acute attacks after TBI.

The occurrence of PTE may be associated with damage to the blood-brain barrier
(BBB) and intracranial hemorrhage caused by TBI. Infiltration of red blood cells and
blood components leads to hemolysis and breakdown of hemoglobin, resulting in the
accumulation of free iron and iron-rich compounds such as heme. Studies have indicated
that metals can trigger seizures [98]. Iron and ferrous ions initiate an inflammatory
response that enhances the generation of free radicals and fragmentation of mitochon-
dria. Oxidative stress leads to lipid peroxidation, causing damage to lipids and promoting
the development of epilepsy. This theory was supported by evidence showing thata
model of epilepsy could be created by injecting FeCl; into mice [99]. In TBI epilepsy
models, Nrf2, a transcription factor involved in ferroptosis, is significantly reduced,
which promotes the expression of multiple antioxidant, anti-inflammatory, and neuro-
protective proteins [100]. NMDA receptor-mediated glutamate excitotoxicity, formation
of reactive oxygen species (ROS), subsequent membrane lipid peroxidation, and neuro-
nal cell death can exacerbate cerebral ischemia in TBI patients. Further depolarization
results in a lower seizure threshold, leading to seizures [101].

4.2.4 Posttraumatic hydrocephalus

Posttraumatic epilepsy, which is a specific type of hydrocephalus occurring after
TBI, was first identified in children by Dandy in 1914 [102]. It is more commonly
observed in the pediatric population [103]. The cause of PTH may be associated with
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intracranial hemorrhage and the adhesion of inflammatory mediators following

TBI, affecting the outflow and absorption of cerebrospinal fluid (CSF) [104, 105].

Additionally, iron excess in the brain might also contribute to its occurrence. A study

demonstrated that injecting red blood cells into the cisterna magna of dogs resulted in

increased iron levels and hydrocephalus formation [106]. Furthermore, another study

revealed significantly elevated levels of iron and ferritin in the CSF of SAH patients.
Patients with ubarachnoid hemorrhage (SAH) after TBI are more likely to

develop PTH, with a significantly higher risk than patients with other types of TBI

[107]. The elevated ferritin may be attributed to the robust inflammatory response

in the subarachnoid space, leading to an influx of inflammatory cells and stimula-

tion of ferritin synthesis by inflammatory cytokines. Animal studies have also

demonstrated that hemoglobin injection enhances heme oxygenase (HO) activity,

accelerates heme metabolism [108, 109], induces erythrocyte lysis, and results in

iron overload in the brain. Iron accumulation can contribute to ventricular dilata-

tion. Deferoxamine (DFO), an iron chelator, can upregulate HO-1 expression and

reduce acute hydrocephalus caused by ventricular dilatation following TBI [110].

DFO has a concentration-dependent ability to bind and remove iron from ferritin

and eliminate approximately 10-15% of iron from saturated transferrin but not

from hemoglobin [110]. Additionally, increased lipid peroxidation leads to vascular

changes that can also contribute to hydrocephalus development [111].

5. Agents targeting iron and ferroptosis for TBI treatment

Traumatic brain injury (TBI) can result in neuronal damage and even cell death
while frequently causing various neurological dysfunction encompassing motor defi-
cits, cognitive impairment, dementia, as well as psychiatric disorders like anxiety and
depression. These studies indicate a correlation between iron overload, lipid peroxi-
dation along with GSH depletion with neurodegeneration, and subsequent neurologi-
cal impairments post-TBI. Here, we summarized an overview of the current research
on the treatment of TBI in cases involving ferroptosis (Figure 4 and Table1).
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Scheme of several pathways implicated in ferroptosis in neurons.
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Given the evidence of iron overload in the brain tissue of TBI patients, drug
removal of excessive deposited iron might be an effective therapeutic approach for
improving the prognosis of TBI patients. Desferriamine (DFO), as an iron-chelating
agent, can bind to excess deposited iron in tissues and cells under pathological condi-
tions. It undergoes oxidative deamination and excreted through the kidney into urine.
DFO is commonly employed in clinical treatment for iron overload diseases. Clinical
trials have demonstrated that DFO can facilitate hematoma and edema absorption
following TBI, while also reducing neuronal degeneration, myelin injury, and inflam-
mation after experimental cerebral hemorrhage. DFO has been shown to alleviate
long-term neurotoxicity induced by iron as well as acute cerebral edema caused by
TBI in the mouse model, thus alleviating brain damage and cognitive dysfunction in
mouse models of TBI [113, 132].

Liproxatin-1 (Lip-1) is a potent antioxidant and ferroptosis inhibitor, comprising
amides and sulfonamide subunits that directly inhibit ferroptosis by trapping ROS
through the inhibition of xCT or inactivation of GPX4 [94]. It effectively protects
cells from ferroptosis. Lip-1 has demonstrated superior efficacy compared to other
ferroptosis inhibitors such as DFO and Fer-1. Moreover, Lip-1 exhibits the ability to
preserve the integrity of the blood-brain barrier (BBB) in animal models of subarach-
noid hemorrhage by inhibiting ferroptosis, suggesting its potential therapeutic value
in central nervous system repair by effectively suppressing GPX4-induced oligo-
dendrocyte ferroptosis. In mouse models of TBI, Lip-1 reduces brain injury volume,
mitigates neurodegeneration, and improves cognitive dysfunction [116]. These
findings provide a promising avenue for clinical treatment of TBI.

Fer-1 is a specific inhibitor of ferroptosis [88, 115, 116], and it has been demon-
strated its ability to inhibit cell death in various disease models, including HD, acute
brain injury, periabdominal leukomalacia, and kidney failure. It has also shown
promising results in stroke and PD models by effectively inhibiting glutamate-
induced ferroptosis. In TBI models, intraventricular injection of Fer-1 has been
proven to reduce iron accumulation, alleviate neuronal degeneration, and improve
cognitive and motor impairment caused by TBI. However, further studies are still
needed to validate other clinically applicable methods of administration such as
intraperitoneal or intravenous administration.

Melatonin, a hormone secreted by the pineal gland, possesses anti-inflammatory
and antioxidant properties. Its lipophilicity enables easy diffusion across cell mem-
branes and subcellular components, effectively blocking a wide range of reactions
triggered by TBI, including the ferroptosis pathway. Recent studies have demon-
strated that melatonin improves neurological dysfunction following TBI by reducing
iron deposition and neurodegeneration [116]. Furthermore, it has been shown that
melatonin can effectively enhance nerve function and alleviate motor dysfunction
after TBI through inhibition of ferritin heavy chain-mediated ferroptosis [117].

Baicalin (BAI) is a natural flavonoid compound found in the scutellaria plant. It acts
as a polyphenol antioxidant and 12/15-LOX inhibitor, possessing anti-inflammatory
and antioxidant effects that are widely utilized in clinical practice. Numerous stud-
ies have demonstrated the diverse physiological and pharmacological effects of BAL
BAI has been shown to be effective in treating cerebral ischemia by reducing cerebral
infarction size and improving neurological deficits in rats with focal cerebral ischemia.
Furthermore, it significantly enhances motor function scores and improves motor coor-
dination in animal models after cerebral ischemia, potentially through its involvement
in regulating synaptic plasticity and axon growth. Additionally, when injected into the
brain tissue of TBI mice, BAI improves memory dysfunction following TBI [120].
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Polydatin is a plant extract known for its potent antioxidant and neuroprotective
effects. Studies conducted on mouse models of traumatic brain injury (TBI) have
demonstrated that polydatin can safeguard neurons, enhance motor deficits in these
models, reverse the accumulation of free iron, increase MDA levels, and reduce GPX4
activity in affected brain regions. In vitro studies have also revealed that polydatin can
effectively counteract the damage caused by chlormethemoglobin-induced oxidative
stress on Neuro2A cells [118].

miR-212-5p, found in various tissues, plays a crucial role in synaptic plasticity,
memory formation, and maintaining the integrity of the blood-brain barrier in the
brain. In HT-22 and neuro2A cell lines, overexpression of miR-212-5p has been shown
to mitigate iron-induced ferroptosis, while downregulation of miR-212-5p promotes
ferroptosis through targeting prostaglandin intracperoxidase synthase 2 (PTGS2)
[119]. Furthermore, it has been demonstrated that miR-212-5p can significantly
enhance spatial learning and memory abilities in TBI mice [119], suggesting its
potential to alleviate neuronal iron-induced ferroptosis by targeting PTGS2.

Prokineticin-2 (Prok2) is an important secreted protein likely involved in the
pathogenesis of several acute and chronic neurological diseases through currently
unidentified regulatory mechanisms. Following traumatic brain injury, neurons
undergo mechanical damage which triggers multiple secondary responses including
cell death programs such as ferroptosis. It was reported that Prok2 prevents neuronal
cell death by inhibiting the biosynthesis of lipid peroxidation substrates, arachidonic
acid-phospholipids, via accelerated F-box only protein 10 (Fbx010)-driven ubiq-
uitination and degradation of long-chain-fatty-acid-CoA ligase 4 (Acsl4), thereby
suppressing lipid peroxidation. Mice injected with adeno-associated virus-Prok2
before controlled cortical impact injury exhibit reduced neuronal degeneration and
improved motor and cognitive functions [121].

Ruxolitinib, a JAK1/2 inhibitor, is utilized for treating myeloid fibroma. Research
has demonstrated that rusotinib exerts neuroprotective effects by inhibiting the
JAK-STAT pathway in experimental TBI models [49]. Additionally, it can reduce
iron deposition, neurodegeneration, brain edema, and brain injury volume in TBI
model mice. This is evidenced by improved motor deficits, memory dysfunction, and
anxiety-like behaviors.

Sumac acid (AA), the natural component extracted from cashew nut shells, has
been found to have neuroprotective effects in cases of traumatic brain injury. Studies
conducted on mouse models with TBI have shown that AA has a strong inhibitory
effect on ferroptosis, significantly reducing neural function damage and cognitive
impairment caused by TBI [122].

Orexin A (OXA) has been shown to have a protective effect against neuronal dam-
age in various neurological diseases. Studies indicate that OXA effectively inhibits
brain tissue injury and nerve function deficits in rats with traumatic brain injury
(TBI), while also reducing oxidative stress and iron deposition in the cerebral cortex
of these rats. Additionally, OXA may reduce brain damage after TBI by activating the
Nrf2/HO-1 signaling pathway, which helps prevent iron-induced ferroptosis [123].

Tetrandrine (Tet) is a natural bibenzyl isoquinoline alkaloid that exhibits promis-
ing anticancer, anti-inflammatory, and analgesic properties [124]. Tet effectively
mitigates neurotoxicity in 5XFAD mice with cognitive dysfunction by suppressing
microglial inflammatory activation. Furthermore, it can alleviate subacute neuronal
damage caused by ischemia/reperfusion (I/R-) through the reduction of oxidative
stress, apoptosis, and autophagy. Additionally, Tet treatment improves modified NSS
(mNSS) scores following traumatic brain injury (TBI), thereby alleviating cerebral
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contusions and edema in TBI mice [124]. Tet has the potential to ameliorate TBI by
attenuating iron-induced cell death via autophagy activation. These findings suggest
that Tet may hold promise as a clinical drug for treating TBI.

Hinokitiol (B-thujaplicin, HIK) is a natural monoterpene small molecule that
possesses various biological effects, including antibacterial, anti-inflammatory,
and anti-tumor activities. Studies have demonstrated that cypress oleophenol
can mitigate glutamate-induced intracellular reactive oxygen species (ROS), lipid
peroxidation, and Fe** accumulation in HT-22 cells. Furthermore, it upregulates
the expression of heme oxygenase-1 (HO-1), promotes the nuclear translocation of
nuclear factor erythroid 2-related factor 2 (Nrf2), inhibits microglia and astrocyte
activation after traumatic brain injury (TBI). Additionally, cypress oleophenol
significantly reduces brain tissue damage and neuronal loss while alleviating iron
deposition in an in vivo TBI model constructed by controlled cortical impact (CCI),
thereby mitigating nerve damage. These findings suggest that cypress oleophenol
exhibits neuroprotective effects by rescuing cells from TBI-induced neuronal iron
enrichment. Moreover, Hyacinol effectively reduces neuronal damage through
activation of the Nrf2/Keapl/HO-1 signaling pathway, highlighting its potential as a
therapeutic candidate for TBI [125].

Pioglitazone is a specific agonist for peroxisome proliferator-activated
receptor-y (PPARY), which has been shown to have a protective effect against
damage in the central nervous system [126]. PPARy levels are reduced in neurons
that have undergone iron-induced cell death after traumatic brain injury (TBI), but
pioglitazone can reverse this reduction [126]. Further studies have demonstrated
that PPARy activation can prevent iron-induced neuronal death. Administration of
pioglitazone effectively reduces oxidative damage, as well as nerve severity scores
(NSS), damaged areas, and neuronal loss in TBI mice. These findings suggest that
pioglitazone may have potential therapeutic effects against iron-induced cell death
in the treatment of TBI. Additionally, rosiglitazone (RSG), another PPARy agonist,
exhibits similar neuroprotective effects to pioglitazone by reducing inflammation
and neuronal loss after TBI, inhibiting autophagy and apoptosis in cortical neurons.
This suggests that RSG could also be used to improve clinical treatment outcomes
for TBI patients.

Mouse models demonstrated an upregulation of Netrin-1 (NTN1) mRNA and
protein levels following TBI. The administration of NTN1 shRNA resulted in an
increase in the number of FJB-positive cells, as well as elevated levels of malondial-
dehyde (MDA) and reactive oxygen species (ROS). Conversely, the application of
NTN1 recombinants had the opposite effect. Furthermore, knockdowns or inhibition
of GPX4, Nrf2, and UNCSB counteracted the effects caused by NTN1 recombinants.
Intravenous administration of NTN1 recombination reduced neuronal loss after CCI
and improved motor and cognitive function [127]. Therefore, it can be concluded that
NTNI1 exhibits a neuroprotective effect after TBI while inhibiting iron enrichment
through activation of the UNC5B/Nrf2 pathway. These findings may offer potential
treatment strategies for TBI.

Ferristatin II (Fer-II) is a substance that inhibits iron uptake and TfR1, leading
to the down-regulation of TfR1 through receptor degradation. When administered,
Fer-II can reduce the expression of TfR1 in neurons, which helps protect them from
damage and neurodegeneration caused by TBI [98]. The molecular mechanism
behind Fer-II involves reducing Fe3+ content and iron deposits; reversing the expres-
sion of proteins related to iron homeostasis such as R1 and lipid peroxidation genes;
and lowering high levels of MDA after TBI [128].
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When recombinant Annexin A5 (A5) was administered via the tail vein in TBI
mice, it exhibited ameliorative effects on neurological deficits, weight loss, cerebral
hypoperfusion, cerebral edema, blood-brain barrier disruption, neuronal apoptosis,
and iron-induced cell death. Moreover, A5 effectively attenuated neuronal iron
accumulation, p53-mediated cell death, and oxidative stress damage. Additionally,
A5 downregulated the HMGB1 and NF-kB signaling pathways while upregulating
the nuclear factor erythroid 2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1)
pathway. Collectively, these findings demonstrate that A5 exerts neuroprotective
effects in traumatic brain injury by modulating the NF-kB/HMGB1 pathway and
Nrf2/HO-1 antioxidant system to mitigate neuroinflammation, oxidative stress dam-
age, and ferroptosis [129].

The N-acetyl-5-hydroxytryptamine (NAS), acting as a TrkB agonist and direct
melatonin precursor, exhibits multiple advantageous effects on traumatic brain injury
(TBI) [130]. Administration of NAS reduces TBI-induced neurobehavioral deficits,
lesion volume, and neurodegeneration. Moreover, NAS effectively mitigates TBI-
induced mitochondrial contraction, alterations in iron enrichment-related molecular
expression, and iron accumulation in the ipsilateral cortex. Additionally, NAS
activates the TrkB/PI3K/Akt/Nrf2 pathway in mouse models of TBI. Inhibition of
PI3K and Nrf2 weakens the protective effect of NAS on iron enrichment both in vitro
and in vivo. These findings suggest that the TrkB agonist therapy with NAS improves
brain function following TBI by inhibiting iron enrichment through activation of the
PI3K/Akt/Nrf2/Fth pathway. Consequently, these results provide evidence supporting
the potential use of NAS as a promising agent for combating iron enrichment during
further treatment of TBI.

Researchers established mouse and neuronal models of traumatic brain injury
(TBI). Following treatment with exosomes derived from human umbilical cord
mesenchymal stem cells (HUCMSCs), it was observed that exosome therapy can
enhance neural function post-TBI, mitigate brain edema, and alleviate brain dam-
age. Administration of exosomes suppressed TBI-induced cellular death, apoptosis,
pyroptosis, and ferroptosis. Mitochondrial autophagy mediated by the PINK1/Parkin
pathway plays a pivotal role in neuroprotection following TBI [131].

6. Conclusions and prospects

The excessive accumulation of iron and ferroptosis, along with disturbances in
iron metabolism, is closely associated with traumatic brain injury (TBI). Iron over-
load can lead to cell death through processes like ferroptosis and autophagy. It also
contributes to the phosphorylation of tau protein in brain tissue, leading to the forma-
tion of neurofibrillary tangles. Furthermore, it increases the risk of neurodegenera-
tive diseases such as Alzheimer’s disease and Parkinson’s disease among TBI patients.
The potential for neural network damage is also a concern. However, our current
understanding of these processes in TBI remains in its early stages, underscoring the
importance of delving deeper into their intrinsic relationship.

There are many aspects worth considering. Firstly, in terms of translational
medicine, the majority of existing studies primarily focus on a singular factor, and
the strategies that can be effectively translated into treatments remain immature.
What is the specific regulatory mechanism of ferroptosis on the clinical manifesta-
tions of TBI? Sole treatment with antioxidants and anti-excitatory amino acids
cannot alleviate cell damage induced by iron overload. Correspondingly, there are
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certain limitations to improving cognitive function. This suggests that comprehensive
consideration of multiple factors is more suitable for selecting clinical treatments.
Although iron chelators have been utilized in treating diseases related to iron over-
load, they have not yet been formally employed in clinical treatment for TBI patients.
Rigorous clinical experiments are required to verify their efficacy, which constitutes

a long-term project necessitating multi-party cooperation. Secondly, regarding
mechanism research, most experimental animal models are used to simulate the
pathophysiological characteristics of TBI in humans; while some substances with
protective effects on nerve function have been discovered, these animal models fail to
fully reflect the complete pathological characteristics observed in humans [112]. The
role of iron in the production of ROS and neurotoxicity requires further investigation.
Iron chelators are currently only utilized experimentally due to their nephrotoxic and
cardiotoxic effects. The clinical application and long-term prognosis of iron chelation
therapy in TBI patients also deserve further study. Most likely, the investigation of
drug research targeting ferroptosis holds the potential to usher in a new era in the
treatment of traumatic brain injury.
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Chapter7

The Research Progress of Molecular
Hydrogen in the Treatment of
Traumatic Brain Injury: A Review

Jiayuan Zhai and Wanchao Yang

Abstract

Molecular hydrogen, a medical gas with potent antioxidant and anti-inflammatory
effects, exhibits significant therapeutic potential for various diseases. Traumatic brain
injury (TBI) is often accompanied by extensive cognitive dysfunction, characterized
by complex pathogenesis and poor prognosis. Recent studies have demonstrated that
inhalation of a high concentration of molecular hydrogen can improve the prognosis
of TBI; however, the specific mechanism remains unclear. This article provides a
comprehensive review on the mechanisms underlying the action of a high concentra-
tion of molecular hydrogen in TBI and discusses its association with AMPK, HDACS,
acetyl-CoA, microglial histone acetylation, and GSK3p/PTEN/Akt axis. These find-
ings offer a theoretical foundation for further experimental and clinical research of
molecular hydrogen in TBI treatment.

Keywords: molecular hydrogen, traumatic brain injury, neuroinflammation, microglial
histone acetylation, AMPK

1. Introduction

Traumatic brain injury (TBI), also known as cranial injury, is a form of brain
tissue damage resulting from trauma that can have significant and far-reaching
consequences [1]. It has emerged as a prominent concern in contemporary society.
According to statistics, the global annual incidence of moderate to severe traumatic
brain injuries leading to disability reaches up to 80,000 individuals [2]. This condi-
tion primarily affects children and young adults, making it one of the leading causes
of mortality and disability rates in China [2, 3]. Post-traumatic TBI patients often
experience a wide range of cognitive dysfunctions including reduced attention span,
impaired reasoning abilities, diminished memory capabilities, decreased intellectual
functioning, and compromised motor skills. For an extended period, cognitive impair-
ment has been identified as the primary factor contributing toward psychological
distress, lifestyle challenges, and societal burdens faced by individuals affected by TBIs
[4, 5]. Currently, no effective treatment for cognitive dysfunction in TBIs exists [4, 6,
7]. Therefore, it remains imperative to explore novel therapeutic approaches. In a 2007
publication, Ohsawa reported that the inhalation of 2% molecular hydrogen selectively
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eliminates hydroxyl (-OH) and peroxynitrite anions, thereby significantly ameliorat-
ing oxidative stress injury induced by cerebral ischemia/reperfusion [8]. Subsequently,
the medical significance of molecular hydrogen has garnered considerable atten-

tion. Moreover, molecular hydrogen possesses attributes such as facile preparation,
low cost, rapid onset of action, non-toxicity, and absence of residue, thus, offering
promising prospects for its clinical application in the treatment of brain injury disor-
ders. This review mainly introduced the latest research progress in the treatment and
underlying mechanisms of molecular hydrogen in TBI to provide new ideas for further
experimental and clinical research of molecular hydrogen in TBI treatment.

2. Immune response and regulation following TBI

TBI involves two main pathological stages: primary and secondary brain injury.
Primary brain injury results from direct mechanical force during trauma, which dam-
ages blood vessels, neurons, and glial cells around the brain tissue, leading to multiple
chronic injuries. Over time, these factors trigger secondary brain injury by causing
hypoxia and ischemia in the brain tissue resulting in edema of brain cells, increased
intracranial pressure, decreased cerebral perfusion pressure further aggravating
hypoxia and ischemia. The process of TBI involves various mechanisms such as
depolarization and ion homeostasis disorder, neurotransmitter release, mitochondrial
dysfunction, nerve cell apoptosis, inflammatory factor release, initiation of immune
response among others [9, 10].

Studies have demonstrated that excessive immune regulation following traumatic
brain injury often gives rise to a cascade of post-traumatic complications, which
constitutes a significant etiology of mortality in TBI patients [11-13]. Microglia, the
principal cellular component of the innate immune system within the central nervous
system, serves as the first line of defense against injury or disease and plays a pivotal
role in neuroinflammation after TBI. Research has indicated that microglial activation
within the central nervous system is heterogeneous and contingent upon pheno-
typic activation, thus capable of exerting cytotoxic or neuroprotective effects [14].
Activated microglia exhibit classical (M1) and alternative (M2) activation phenotypes.
M1 microglia demonstrate pro-inflammatory properties through the release of inflam-
matory mediators associated with cell death. Conversely, M2 phenotype assumes a
reparative and protective function by releasing neurotrophic factors and other anti-
inflammatory agents. Within an appropriate temporal window, phenotypic conversion
from M1/M2 microglia at specific stages may confer therapeutic benefits [15, 16].

More and more evidence indicate that activated microglia play a crucial role in the
inflammatory response following TBI [17]. During the secondary injury phase of TBI,
M1-type microglia primarily contribute to the damage, whereas M2-type microglia
have a neuroprotective effect [18]. Wen et al. discovered that after TBI, there was a
significant increase in the M1 phenotype of microglia, accompanied by a decrease
in the M2 phenotype. Activation of PPAR-y by rosiglitazone promoted microglial
polarization toward the M2 phenotype, thereby reducing inflammation, alleviating
cortical axonal injury, and improving neurological function. Conversely, GW9662
inhibited microglial polarization toward M2 phenotype and exacerbated inflamma-
tion and axonal injury [16].

The immune response is traditionally categorized into the innate immune response
and adaptive immune response. Following injury, the innate immune system modu-
lates bodily functions to prevent reinfection, a phenomenon known as innate immune
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memory [19]. Furthermore, immune stimulation can also alter the pathological
characteristics following stroke and exert a significant protective effect against cere-
bral ischemia [20]. The latest evidence also points to a role of the adaptive immune
response in the pathogenesis of Alzheimer’s disease (AD) [21].

At the same time, studies have also demonstrated that the intrinsic reprogramming of
microglia and astrocytes is implicated in innate immune memory, while the activation of
innate immune responses plays a pivotal role in stimulating the adaptive immune system
[22]. Innate immune training enables innate immune cells to recall prior inflammatory
episodes, serving as a crucial mechanism for bone marrow cell plasticity and facilitat-
ing subsequent inflammation modulation. Previous investigations have indicated that
brain immunological memory primarily relies on microglia, which occurs in response
to environmental stimuli and subsequently alters immune responses [23]. Therefore,
exploring the regulatory process of microglial immunological memory holds significant
implications for post-traumatic neurological function treatment and recovery.

Epigenetic modification involves the regulation of gene expression levels and is
considered to be a fundamental component in the pathogenesis of numerous diseases
[24]. The regulation of gene expression, known as epigenetics, plays a critical role in
maintaining normal cellular function. Histone acetylation serves as one of the key
mechanisms involved in this process, promoting an active form of DNA transcription,
while histone deacetylation leads to relative transcriptional silence [25]. The epigenetic
modification of microglia is triggered by surrounding immune stimulation, resulting
in subsequent alterations in the transcription and functionality of associated genes. It
has been confirmed that changes occur in histone acetylation modification during the
processes of immune memory and immune tolerance within microglia [26, 27].

The efficacy of HDAC inhibitors in increasing histone H3 acetylation and reduc-
ing microglial inflammation induced by TBI has been demonstrated. The acetylation
status of chromatin histones is dependent on the activity of two enzymes, namely
histone acetyltransferase (HAT) and histone deacetylase (HDAC), which compete for
lysine residue acetylation within the histones. Typically, HAT functions to acetylate
lysine groups in histones, thereby neutralizing their charge and promoting a more
open chromatin structure that is transcriptionally active. Conversely, HDAC acts
to deacetylate and inhibit transcription. Any alteration in the balance of chromatin
acetylation can lead to changes in gene expression regulation patterns [28].

Acetylated histones exert neuroprotective effects by attenuating inflammation and
inhibiting neuronal apoptosis, thereby enhancing neurological function in various neuro-
logical disorders such as cerebral ischemia [29], brain injury [30], and spinal cord injury
[31]. Moumita et al. [32] discovered that the depletion of histone deacetylases HDAC1
and HDAC?2 from adult microglia can effectively reduce amyloid plaques and ameliorate
spatial learning and memory deficits. In vitro investigations also have revealed that
HDAC inhibitors not only decrease inflammatory markers but also mitigate traumatic
brain injury-induced reductions in histone H3 acetylation, while exhibiting a tendency to
alleviate neuronal degeneration, thus displaying robust neuroprotective properties [28].
Therefore, modulation of histone acetylation can regulate microglial immune memory
and consequently contribute to the progression of traumatic brain injury.

3. Molecular hydrogen

Molecular hydrogen is well known as a novel safe and effective antioxidant and
anti-inflammatory agent characterized by its ROS scavengingand anti-inflammation
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abilities by decreasing the level of hydroxyl radicals (-OH), reducing the expressions
of pro-inflammatory cytokines and activating anti-oxidative stress and anti-inflam-
matory pathways in various diseases such as cardiovascular and cerebrovascular
diseases [33], tumor [34] and neurodegenerative diseases [35]. Up to know that no
endogenous cells capable of directly producing molecular hydrogen have been identi-
fied in the human body [36]. Currently, molecular hydrogen can be administered
through various methods including inhalation at high or low concentrations, intrave-
nous injection of hydrogen-rich saline, oral administration [37]. Research conducted
by Chen et al. [38] suggests that the neuroprotective effects of molecular hydrogen
may be positively correlated with its concentration and dosage. Compared to a low
concentration inhalation of molecular hydrogen, a high concentration of molecular
hydrogen exhibits superior antioxidant stress response, anti-apoptotic properties,
and anti-inflammatory effects due to its high diffusivity, excellent biomembrane
permeability and tissue dispersion ability. Therefore, inhaling a high concentration of
molecular hydrogen can rapidly reach target organs and exert corresponding thera-
peutic effects.

Randomized controlled clinical studies have demonstrated the neuroprotective
effects and high biosafety of molecular hydrogen inhalation in patients with acute
cerebral infarction [39]. Additionally, our research team demonstrated that molecular
hydrogen inhalation in a high concentration could promoting neurological functional
recovery, reducing postoperative brain edema formation, mitigating pathological
damage and neuronal apoptosis in brain tissues after TBI [40-43]. Collectively, these
findings suggest that molecular hydrogen exhibits substantial protective effects
against acute traumatic brain injury by reducing secondary injury, however, further
research is needed to elucidate its specific mechanism.

4. Therapeutic effect of a high concentration of molecular hydrogen in TBI

The therapeutic mechanism of molecular hydrogen in TBI is multifaceted, with
early studies primarily focusing on its antioxidant, anti-inflammatory, and anti-apop-
totic effects. However, in this paper we highlighted the crucial role of immune memory
regulation in TBI induced inflammatory response and the therapeutic effect of molecu-
lar hydrogen modulating phenotypic changes of microglia, maintaining a dynamic
balance between M1 and M2 microglial cells and exerting anti-inflammatory effects in
the pathological state of TBI, which may present a novel therapeutic target for TBI.

Studies have demonstrated that activated microglia play a pivotal role in brain
injury through the production of various pro-inflammatory cytokines and release
of oxidative products [44]. Researches have found that molecular hydrogen exhib-
its neuroprotective effects by inhibiting the upregulation of M1 microglia and
pro-inflammatory cytokines and promoting microglial M2 polarization, thereby
demonstrating its neuroprotective properties [45-48]. Consequently, the therapeutic
effect molecular hydrogen in TBI may be associated with the modulation of microglial
polarization.

The adenosine monophosphate-activated protein kinase (AMPK) serves as an
important regulator of cellular energy homeostasis, orchestrating catabolic processes
and suppressing anabolic pathways under metabolic stress conditions [49]. It actively
participates in the modulation of enzymes involved in overall cellular and organismal
energy equilibrium, as well as glucose and lipid metabolism. AMPK exhibits robust
expression within neurons, astrocytes, and microglia, exerting diverse functions in
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promoting M2 polarization of macrophages/microglia [50]. Research has demon-
strated that hydrogen-rich saline can enhance M2 polarization of microglia and coun-
teract complement-mediated synaptic loss by activating AMPK, thereby ameliorating
behavioral impairments following neonatal hypoxia-ischemia events [46]. In our
unpublished data, we also proved that AMPK expression levels were down-regulated
following TBI insult, and molecular hydrogen treatment activated AMPK expression
and inhibited HDAC5/GSK3p/AKT signaling along with restored neuronal function.

The cofactor acetyl-CoA (CoA), primarily generated through glucose metabo-
lism, is essential for the activity of acetyltransferase. Acetyl-CoA homeostasis
plays a crucial role in regulating histone acetylation, which is closely associated
with cell proliferation [25]. Previous studies have demonstrated that AMPK main-
tains target gene expression by modulating both acetyl-CoA levels and chromatin
recruitment of BET proteins (Bromodomain and Extra-Terminal domain) [51].
Moreover, Metformin can enhance the expression of brain-derived neurotrophic
factor (BDNF) by activating AMPK-mediated histone acetylation, thereby improv-
ing stress-induced depression-like behavior [52]. Recent studies have reported that
AMPK can also promote the nucleation of HDACS5 by phosphorylating HDAC5
at Ser259 and Ser498 residues, inhibiting its role as a histone deacetylase [53].
Consequently, the loss of AMPK leads to decreased levels of acetyl-CoA and histone
acetylation and molecular hydrogen may regulate microglial histone acetylation by
inhibiting HDACS and increasing acetyl-CoA.

The GSK3p/PTEN/Akt axis and its signaling pathway are implicated in the patho-
genesis of TBI [54]. GSK3p protein is a transcriptional product regulated by HDAC,
while PTEN acts as a negative regulator of PI3K/Akt signal transduction. Wang et al.
[54] have demonstrated that HDAC inhibitors modulate microglia/macrophage
polarization through the GSK3p/PTEN/Akt axis to mitigate white matter damage in
TBI. By enhancing the expression of GSK3p, HDAC inhibitors facilitate cytoplasmic
PTEN phosphorylation/inactivation, thereby suppressing PI3K/Akt signal transduc-
tion and potentially exerting anti-inflammatory and phagocytic effects on microglia.
Consequently, it is plausible that HDAC5 may regulate microglial polarization and
exacerbate TBI by promoting deacetylation of the GSK3p promoter. Activation of the
GSK3p/PTEN/Akt axis might represent a downstream mechanism underlying hydro-
gen treatment for TBI.

5. Summary

Molecular hydrogen, recently proven as an ideal antioxidant and anti-inflam-
matory substance, exhibiting anti-inflammatory, antioxidant, and anti-apoptotic
properties, exerts protective effects against various oxidative stress and inflam-
matory injuries. It has demonstrated therapeutic potential for a wide range of
diseases without any observed toxic side effects. However, the specific mechanism
underlying molecular hydrogen treatment for traumatic brain injury (TBI) remains
unclear. From preceding text, we can presume that molecular hydrogen can pro-
mote microglial histone acetylation and further regulate microglial polarization
toward the M2 phenotype through the GSK3p/PTEN/Akt axis, ultimately exerting
therapeutic effects on TBI. This concept reveals the epigenetic regulating mecha-
nism of molecular hydrogen targeting TBI treatment, thus providing a theoretical
basis for targeted treatment strategies and basic research regarding molecular
hydrogen in TBI treatment.
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Chapter 8

Exploring the Physical

and Emotional Damage Legal
Proceedings Cause Traumatic Brain
Injury Patients

Leighton ]. Reynolds

Abstract

This article challenges the current structure regarding legal proceedings with
traumatic brain injury cases. Although the legal system most often considers a brain
injury to be a single isolated event, that will heal fairly quickly with rest, a traumatic
brain injury is more accurately understood as the beginning of a neurodegenera-
tive disease process. The article establishes the neurological and psychological links
between stress, brain injuries, and long-term disease. Explores the specific stressors
inherent in legal proceedings. And points to the fact that these legal proceedings,
which are inherently stressful to begin with, only add further damage to the already
fragile health of brain injured persons. The article concludes with strong suggestions
regarding how these types of legal cases can be settled more sanely, in a timely man-
ner, and a win-win for everyone. Finally, the author shares his 4 Architecture Model
for understanding the neurodegenerative course of a traumatic brain injury with
references for further consideration of this model. And how using the “4 Baskets of
Symptoms” can help with the diagnosis and treatment of brain injured patients.

Keywords: traumatic brain injuries, concussions, neurodegenerative disease processes,
litigation/brain injuries, stress

1. Introduction

Having been involved in legal cases (Workman’s Compensation and Personal
Injury) over the past 8 years, I have observed the damage that legal proceedings
inflict on traumatic brain injury patients. I am writing in the interest of recognizing
and changing this fact! The medical and legal perspective I find most often in these
cases suggests that concussions involve a single event that will heal, given a few weeks
of rest. As Dr. Brent E Masel points out in a ground-breaking article regarding the
“standard view” of concussions: “TBI is seen by the insurance industry and many
health care providers as an event. For them, once treated and provided with a brief
period of rehabilitation, the perception exists that patients with a TBI require little
further treatment and face no lasting effects on the CNS or any other organ system in
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the body.” In his view: “TBI increases long-term mortality and reduces life expectancy.
TBI are “associated with increased incidences of seizures, sleep disorders, neurode-
generative disorders, neuroendocrine dysregulation and psychiatric diseases, as well
as non-neurological disorders such as sexual dysfunction, bladder and bowel inconti-
nence, and systemic metabolic dysregulation that may arise and/or persist for months
to years’ post-injury” [1].

My experiences with traumatic brain injuries concur with his view. I have observed
repeatedly that trauma to the head (at all levels) can be the beginning of a neurode-
generative disease process in the brain over time. In fact, I have never observed an
exception to this neurodegenerative disease process following a blow to the head. Sadly,
this is too often the beginning of a process that impacts multiple systems in the body
and is disease causative and accelerative. Exactly what Dr. Masel was bringing to our
attention. In my recently published book, “The Complex Architecture and Healing of
Traumatic Brain Injuries: Listening to the Brain” [2]. I present a model of how this dete-
rioration proceeds in the brain/mind, through four interlocking architectures the brain
develops in response to being traumatized. These four interlocking architectures are:

Avrchitecture one: shock trauma/traumatic shock.

Avrchitecture two: electrical and chemical disruptions in the brain.
Avrchitecture three: homeostatic breakdown in the mind/brain/body.
Avrchitecture four: the perfect storm in the brain.

(For a detailed description of the four architectures see: “The Complex
Architecture and Healing of Traumatic Brain Injuries: Listening to the brain” [2]).

I note further this statement by one of the leading researchers in the world regard-
ing CTE, Dr. Ann C. McKee, that: “All grades of TBI can be associated with long-term
physical, emotional, behavioral, and cognitive consequences that permanently affect
an individual’s ability to perform routine activities and return to work” [3]. Based on
my experiences over the past 7 years, [ agree with these authors that traumatic brain
injuries have long term consequences that need to be addressed. And I would add that
brain injuries are not easy to work with because the brain/mind is very complicated,
and always involves the person (their developmental history, personality, values, and
character) who has the injury. These two issues, the brain injury and the personality
who sustained the injury, interact in any treatment situation presenting many com-
plex issues to be dealt with.

Over the past 8 years that I have been working with traumatic brain injury patients
I have encountered a lot of resistance to what I am attempting to point out. My
credibility has been attacked, I have been accused of creating the patient’s illness, and
doctors working for the defense have concluded that the plaintiff’s current difficulties
have nothing to with the concussion or concussions they have suffered. I am challeng-
ing current legal proceedings here, because it is my clear and consistent experience
that dragging out a legal case is harmful to anyone’s health. But it is especially harmful
for TBI patients whose health is already very fragile. And my reply is always the same:
there is plenty of proof through clinical assessments and brain imaging (Spect scans
and fMRIs) that these individuals are struggling with serious disruptions to their
normal brain/mind functioning. For a detailed look at these cases see the clinical cases
presented in my recent book entitled “The Complex Architecture and Healing of
Traumatic Brain Injuries: Listening to The Brain,” [2].

Here is what I understand regarding my patients: from healthy, high function-
ing adult, most working full-time, they now spend much of their time managing
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deteriorating health, going to a continuous series of doctor’s appointments for yet
another useless evaluation, while the legal process drags on and on and on. I am
very clear that with brain injured patients, demands on the brain, of any kind, take
away from the healing process in the brain, and result in even further deterioration
of brain functioning. As I point out in my Architecture Model, over time this dete-
riorating process goes from disruptions in brain/mind functioning to a breakdown
of brain/mind functioning. As one of my patients described this deteriorating
process: “My brain injury is retarding all my normal responses to life, and this keeps
getting worse.” This is a serious situation for TBI patients too often unrecognized
and hence untreated.

2. Stress and the complex course of a brain injury

Regarding the role stress plays in the lives of victims/patients/clients during their
legal proceedings. In my experience the health of the group with the longest exposure
to legal proceedings has the most deteriorated medical condition [4]. I also note
that the sudden, drastic, and unexpected changes brought about by a brain injury
exacerbate the symptoms of stress and mediate poor daily functioning and impaired
recovery from the injury. The normal response to stress is worsened after a brain
injury as noted below:

In general, TBI patients suffer from a much lower stress tolerance.

They suffer with serious impairments in their ability to evaluate the stressors in
their lives.

There is poor initiation and cessation of neuroendocrine stress responses, specifi-
cally the role of HPA axis (Hypothalamus-Pituitary-Adrenal).

TBI patients are disproportionately vulnerable to:

* Disease states

* PTSD substance abuse Increased anxiety and depression
* Cardiovascular disease

* Stroke and hemorrhage

* Chronic fatigue and pain

* Cognitive decline

* Sleep disturbances

* Vision and hearing problems

* Serious dissociation (see the neurobiological links between stress, brain injury,
and disease [5]).

In addition to the above, the chronic stress of struggling with a traumatic brain
injury can alter and damage the Central Nervous System leading to a cascading series
of negative outcomes:
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Over activation of the neuro-endocrine stress response (HPA axis).

Rising extra-cellular excitatory amino acids (EAA concentrations).

Downstream changes in neuronal structure and function.

Over time then, chronic stress results in permanent alternations in neuroendo-
crine functioning (HPA axis), the physical structure of the brain, and the individual’s
behavior.

In summary, I believe medicine, law, and psychology need to understand a TBI as
a physical and emotional stressor that produces many parallel physiological and psy-
chological responses: over activation of the HPA stress response axis, inflammatory
signals in the body, metabolic dysfunction, excess EAA release, and increases in anxi-
ety, depression, and episodes of dissociation. All of this is directly damaging to the
neural structures in the body that mediate the appraisal of physical and psychological
threats, and the regulation of neuroendocrine functioning. See The Neurological
Effects of Stress on The Brain” [6]: “Left unchecked, there are negative neurological
effects of stress on the brain including mental illness, and neurodegenerative diseases
like dementia” [7].

The specific stressors TBI patients encounter from our legal system following their
injury include:

* Prolonged medical intervention.

* Adapting to a possible prolonged hospitalization.
* Absence from work and when to return.

* Chronic pain.

* Chronic fatigue.

* Disruptions in relationships and family.

* Accumulating new disabilities.

* Disruptions in normal sleep patterns.

* Anincrease in anxiety and depression.

All the while, the above is superimposed on a nervous system that is impaired in
its ability to respond optimally to physical and psychological stressors. TBI patients
do not need more stress in their lives such as that which comes along with the legal
process.

3. Litigation

Given the above, that a traumatic brain injury is disabling to a person on a wide
range of physical and psychological issues, why is the litigation process adding
even more stress to an already overtaxed system with all these patients? Look at the

list of the increased stressors a TBI person undergoes as a result of the litigation
process:
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* Finding appropriate medical care.

* Returning to work or not and filling out endless forms.

* Dealing with insurance companies that do not want to pay.
o If a car accident is involved, damage to the vehicle.

* Added burdens to relationships and family.

* The court process itself adding endless (and useless) evaluations, depositions
and delays.

All of which can best be understood as Critogenic (law caused) Harm, that is
unfortunately intrinsic to the legal process causing inescapable damage to the client/
patient both physically and psychologically. This problem is also understood as the
“litigation response syndrome.” Here complaints arise from the client/patient due
solely to the experience of being involved in a lawsuit as opposed to the events that
precipitated the injury and the litigation.

In my experience the legal process causes increased stress, anxiety, and depres-
sion as the client/patient goes through endless medical evaluations and depositions,
repeating and reliving injury details. Sadly, all of this severely impacts the individual’s
mental, emotional, and physical life. And causes a negative impact on relationships,
family and friends. All just when support is most needed as the person struggles with
their injury and the legal process.

4. Example

Several years ago, I was involved with a high profile TBI case concerning a NHL
player (National Hockey League). Sadly, the medical reports detailing his stressed
induced epilepsy were covered up, only coming to light years after his initial concus-
sion and the incident of a Grand Mal Seizure. During the litigation proceedings which
dragged on for 7 years, I wrote in my medical reports that further depositions would
be detrimental to his health, quite possibly causing him to have another Grand Mal
Seizure. Low and behold this is exactly what happened. This incident occurred in
November and his case was finally settled the following August.

For me, there are larger issues here such as why it appears that law trumps medi-
cine. I have no doubt that the health of the patient/client should be number one, but
in my experience, it is, sadly, not number one by far.

5. Discussion

In doing the research for this chapter, I did come across statements from persons
and legal firms that recognized the following: That a traumatic brain injury can
significantly impact an individual’s competency by affecting cognitive functioning,
memory, focus and attention span, judgment, decision making, problem solving
(executive functioning), and increase problems with major depression, anxiety
and panic attacks, mood swings, behavioral changes and sleep disturbances. These
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abilities are crucial for understanding and proceeding within the legal system. And
itis noted in these articles that proper consideration needs to be given to the unique
challenges of TBI patients and the appropriate accommodations they need [8].

There are other articles in the literature that address traumatic brain injuries and
the legal process. See:

“Lawsuits and Traumatic Brain Injuries: The Relationship Between Long-Lasting
Sequelae and Financial Compensation in Litigants,” Results from the Paris-TBI-Study,
in Frontiers in Neurology 2019; 10:330 by Eleonore Bayen et al.

“Neuropsychological Aspects of Brain Injury Litigation: A Medicolegal Handbook
for Lawyers and Clinicians, Review by Simon F. Crowe in Psychiatry, Psychology and
Law 2022; 29 (6): 976-979.

“Understanding Traumatic Brain Injury and It’s Legal Implications,” by James
Schwartz of Schwartz and Schwartz Attorneys at Law, 4/26/2023.

All the above articles address the need for special consideration with traumatic
brain injury patients when they are involved in legal proceedings. However, in the
8 years that I have been involved with traumatic brain injuries and I have never seen
the court process address what happens in the traumatized brain during the original
traumatic event, and what are the consequences of this for brain injured persons. Nor
is there any consideration for the individuals who are literally held hostage by the
trigger cues that occur long afterward their initial brain injury and are triggered by
legal proceedings.

Lastly, I note the following article in Neuro Ethics, “TBI, Neuroscience and The
Legal System,” [9]. This article explores the role of neuroscience data in the courtroom
and suggests addressing the fundamental tension between how the legal system views
the causes of behavior and medicine, and how neuroscience and psychology do. Sadly,
I have never seen such a discussion in any of the legal cases I have been involved in.

To reiterate, I believe the legal system makes a grave error by not understanding
that traumatic brain injuries are always neurodegenerative in nature (different than
all other kinds of injuries to the body) and that this is a cascading process in the brain/
mind (see the Complex Architecture Model above) that quickly leads to disruptions
in brain functioning. If this cascading process in the brain/mind is not treated and
healed, then the brain/mind continues its downward course leading to a breaking
down in brain/mind functioning and eventually to serious disease processes and
illnesses (including Alzheimer’s Disease, Parkinson’s Disease, Multiple Sclerosis, ALS,
CTE, seizures, strokes, and infections). And once again, the stressful processing
of legal settlements, by increasing demands on an alright injured brain, push these
disease processes forward rather than work to halt them.

6. Conclusion

I do have a suggestion about how these cases can be settled more sanely, in a timely
fashion, and a win-win for everyone.

To begin with, I believe all serious blows to the head should be treated in the
following manner. An MRI is done immediately to determine if there is any bleeding
in the brain, or skull fractures. This should be followed up in the next 2-3 weeks with
an fMRI, a functional MRI that looks at the brain in motion, as it is functioning. This
is where I see the most damage has occurred. The individual’s intelligence will remain
intact, and consciousness will remain intact, but it is the execution of intelligence
that is so affected. And this situation will deteriorate over time, especially if there is
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no intervention. Then several months later another fMRI and in 6 months another
fMRI to track the neurodegenerative disease process cascading. In my experience, this
disease process is always present in one form or another. And this neuro-degenerative
process can begin almost immediately following trauma to the brain [10].

As an assessment tool I use the 4 Baskets of Symptoms which I review with my
patients every week:

Physical symptoms (chronic fatigue, chronic pain, difficulty breathing, frequent
headaches, frequent migraines, blurred vision, double-vision, tinnitus, frequent
urination).

Cognitive decline (brain fog, frequent confusion, declining memory, inability to
focus, attend or concentrate, difficulties with judgement and decision making).

Social and emotional Issues (increases in anxiety, depression, dissociation, deper-
sonalization, derealization, and social withdrawal).

Sleep disturbances (loss of normal sleep patterns, insomnia, and the loss of normal,
restorative sleep).

Finally, I have found “listening to the brain” (see “The Complex Architecture and
Healing of a Traumatic Brain Injury: Listening to the Brain,”) [2], and paying close
attention to the 4 Baskets of Symptoms (see above), more helpful in the long run than
the brain imaging, because it identifies the impairments the patient is struggling with
rather than looking only at the diagnosis (which is important in its own way but not
sufficient). Working with traumatic brain injuries is difficult, complex, and requires
a lot of doctor-patient cooperation. Nonetheless, following the above two guidelines,
I have found that traumatic brain injuries can be healed, and patients can return to a
normal life.

It is my hope that the above perspective will help to change how TBI cases are
processed within the legal system in ways that benefit all.
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Abstract

Spinal cord injuries commonly impact the complex neurological control of
micturition leading to lower urinary tract dysfunction. It can present with lower
urinary tract symptoms impacting quality of life, or sequele of incomplete emptying
including renal impairment, stones or recurrent infections. It can be classified by
location of the injury, however the pattern of symptoms and urodynamics find-
ings may not always directly correlate. Assessment involves a thorough history,
examination and investigations, including blood tests, upper tract imaging, bladder
diary and urodynamics. Management and ongoing surveillance are tailored to the
patient, taking in to account their injury, functional status and trajectory, symptoms
and any coexisting bowel or sexual dysfunction. Intermittent catheterisation is the
preferred bladder management strategy for incomplete emptying in suitable patients.
Anticholinergics and Beta 3 agonists are used for symptoms of overactivity, or alter-
natively intravesical botulinum toxin injection has been used with high success rates.
In select patients, sacral neuromodulation or more complex reconstructions includ-
ing augmentation or diversion may be required. The overarching goals of treatment
are to improve quality of life, maintain social continence, protect the upper tracts
and reduce the frequency and severity of infections. This requires a multidisciplinary
team to tailor an individualised approach for each patient.

Keywords: spinal cord, neurogenic, dysfunction, urinary tract, management

1. Introduction

The development of neurogenic lower urinary tract dysfunction (NLUTD)
following a spinal cord injury (SCI) can have a significant impact on a patients’ qual-
ity of life, as well as potentially leading to life-threatening complications. 80-90% of
patients with SCI will develop some degree of NLUTD [1]. This chapter provides a
comprehensive review of the pathophysiology, clinical evaluation and management.

2. Physiology of micturition

Before understanding the pathophysiology of NLUTD in SCI patients, we must
first have an understanding of the normal micturition cycle. The micturition cycle is
a complex interplay of several structures that are under dynamic neuronal control.
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The primary role of the bladder is to store urine until a socially appropriate time to
void. The two phases of bladder function, the storage phase and the voiding phase,
are dichotomous. The bladder spends 99% of its time in the storage phase and just 1%
in the voiding phase [2]. This is just a brief overview of the physiology and for a better
understanding, we recommend the use of a dedicated physiology textbook.

2.1 Storage and voiding phase
2.1.1 Storage phase

The bladder is primarily in the storage phase. During this phase, the bladder
slowly fills with urine made from the kidneys via both the ureters through the ure-
teric openings. During filling, the bladder maintains a constant pressure despite the
increasing volume, which is referred to as its compliance (change in V/change in P).
There are several mechanisms that assist in maintaining its low pressure, including
the bladder walls’ elastic properties, the smooth muscle’s intrinsic ability to maintain
a constant tension at different volumes and spinal reflexes that control the detrusor
muscle during this phase. When these mechanisms are intact, the bladder is able to
store urine at a low pressure. When these mechanisms fail, the pressure in the bladder
can overcome that in the ureters leading to reflux of urine, or overcome the urethral
sphincter mechanism leading to incontinence.

2.1.2 Voiding phase

In the voiding phase, the bladder and sphincteric mechanisms must do the opposite.
Voiding should be efficient so that most of the urine is removed from the bladder. Prior
to bladder contraction, the sphincters and pelvic floor relax, creating low pressure in the
bladder outlet. Following this, there is contraction of the detrusor muscle, which creates
a funnel shape of the bladder neck leading to forceful expulsion of urine out of the inter-
nal urethral meatus into the urethra. It is important to note here that during contraction
of the detrusor muscle, the distal portion of the ureter which has tunnelled obliquely
through the detrusor muscle is constricted, preventing retrograde flow of the urine.

2.1.3 Lower urinary tract symptoms as it velates to bladder physiology

Lower urinary tract symptoms (LUTS) are characterised according to the time
that they occur in the micturition cycle, hence when describing LUTS, they can
be described as storage LUTS, voiding LUTS or mixed LUTS, which encompasses
features of both storage and voiding LUTS. Storage LUTS, which includes urgency,
urinary frequency, urge incontinence and altered bladder sensation are indicative
of an issue with the storage phase of voiding [3]. Voiding LUTS, which includes
hesitancy, intermittency, slow stream, straining and terminal dribbling [3] are due
to a problem with the voiding phase, which is most commonly due to bladder outlet
obstruction causing an increase in ureteric pressure in the voiding phase.

2.2 Neuronal control

The neuronal control of the bladder involves a complex series of pathways in both
the central and peripheral nervous system. It provides coordination of the muscles
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in the bladder and bladder outlet, receptive relaxation of the bladder, maintains conti-
nence with increasing volume in the bladder, sensation of bladder fullness and the
initiation of voluntary voiding.

It is under both autonomic and somatic control. The involuntary autonomic con-
trol is mediated by sympathetic and parasympathetic pathways and voluntary somatic
control by the pudendal nerve. Sympathetic innervation comes from the thoraco-
lumbar outflow and parasympathetic and somatic innervation comes from the sacral
segments of the spinal cord. The lower urinary tract is either in its storage phase or
voiding phase. During the storage phase, the innervation is under sympathetic control
and during the voiding phase it is under parasympathetic control.

In the sympathetic pathway, the postganglionic fibres originate in the T11-L2
spinal cord segments to form the inferior mesenteric ganglia and hypogastric nerve
to travel to the bladder and urethra [4]. They release noradrenaline which acts
on the bladder and the bladder outlet. In the bladder, noradrenaline activates B3
B-adrenergic inhibitory receptors, resulting in relaxation of the detrusor muscle [5].
In the urethra, noradrenaline activates a-adrenergic excitatory receptors causing
contraction of the smooth muscle of the sphincteric mechanism and increasing blad-
der outlet pressure [4].

In the parasympathetic pathway, postganglionic fibres travel from S2-S4 spinal
segments through the pelvic nerves to release acetylcholine (ACh), which effectively
has the opposite effect of noradrenaline in the bladder [4]. Acetylcholine targets M3
muscarinic receptors causing contraction of the detrusor muscle and elimination
of urine. In the urethra, postganglionic cells release nitric oxide that inhibits their
contraction, lowering the pressure in the bladder outlet [4].

The external urethral sphincter is striated muscle under somatic control, allowing
it to be voluntarily contracted and relaxed. It is supplied by the pudendal nerve, which
may get damaged during parturition. It also releases ACh, resulting in activation of
nicotinic receptors and contraction of the external sphincter [4]. The motor neurons
controlling this arise from S2-S4 motor neurons in an area called Onuf’s nucleus. The
pelvic floor is also under somatic control, which is supplied by a motor nucleus at the
same spinal level medial to Onuf’s nucleus [4].

When the bladder is stimulated or filled, afferent sensory fibres are carried to
the spinal cord by pelvic and hypogastric nerves. Bladder distention is carried by Ad
fibres, and noxious stimulus including cooling or irritation is carried by unmyelinated
C fibres. These signals are conveyed to S2-4 and T11-L2 spinal segments and commu-
nicate both with interneurons in the spinal cord to create spinal reflex arcs and also
projecting to higher brain centres [4].

These afferent signals from the filled bladder are integrated at the pontine mic-
turition centre (PMC). The PMC also receives input from multiple higher cortical
structures including periaqueductal grey matter (PAG), prefrontal cortex and the
hypothalamus that determine whether it is an appropriate time to void [4-6]. During
the storage phase, the PMC is inhibited by higher centres. When PMC is inhibited,
it leads to activation of sympathetic pathways, and inhibition of parasympathetic
pathways. Overall, this causes detrusor relaxation and internal urethral sphincter
contraction which allows for filling. When the bladder reaches larger volumes, the
afferent signals increase. Higher centres will release their inhibition of PMC. This
causes a shift in the balance of autonomic outflow to increase parasympathetic action
and decrease sympathetic. This allows contraction of detrusor and voluntary somatic
relaxation of the external urethral sphincter.
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3. Pathophysiology

Knowledge of the location and extent of a spinal cord injury can provide a theo-
retical explanation of that patient’s neurogenic lower urinary tract dysfunction.
However, it should be noted that this is only an association and each patient will pres-
ent with their own clinical manifestations. There are several reasons that SCI patients
have their own unique presentation. Firstly, the SCI may be complete or incomplete,
for those that have incomplete SCI, there can be partial transmission of the nervous
pathways. Secondly, there will be a variable amount of nervous degeneration and
reorganisation distal to the SCI. Thirdly, many patients will have complex SCI with
variable degrees of injury at different levels of the spinal cord that are unable to be
detected clinically. Regardless, with the current level of understanding of the neuro-
nal control of micturition, the pathophysiology can be described to a degree.

The location of the SCI can be described as suprasacral, sacral/infrasacral or
mixed. For suprasacral injuries, or upper motor neuron lesions, communication
between the PMC and sacral reflex is disrupted. As the sacral reflex remains intact,
the detrusor and external sphincter both become hyperreflexic leading to detrusor
overactivity (DO) [5]. The normally coordinated detrusor contraction and sphincter
relaxation also becomes disconnected. This leads to simultaneous contraction of
both muscles called detrusor sphincter dyssynergia [4]. The loss of compliance of the
detrusor muscle and uncoordinated contraction will lead to high intravesical pres-
sures risking damage to the upper tracts [5]. This is effectively a dysfunction of the
storage phase of micturition.

A sacral/infrasacral lesion, or a lower motor neuron lesion, will disrupt the sacral
reflex arc whilst leaving the PMC intact. Both the detrusor muscle and sphincteric
mechanism will be flaccid, hence the detrusor muscle will not contract to void [5].
The pressure remains low in the bladder as its compliance is increased, so the upper
tracts are less at risk. When the bladder contains very high volumes of urine, the
patient will experience overflow incontinence. This is effectively a dysfunction of the
voiding phase of micturition.

Some patients will have an injury that affects the suprasacral area as well as the
sacral/infrasacral area. This can encompass dysfunction of both the storage phase
and voiding phase of the micturition cycle. The patient may have disruption of the
communication pathways of the PMC and sacral reflex and dysfunction of the sacral
reflex itself. This can lead to detrusor overactivity or areflexia with increased or
reduced bladder compliance. Similarly, the sphincteric mechanism may be hyper-
reflexic or areflexic, hence these patients may also have DSD. The upper tracts may
be at risk if there is reduced bladder compliance and incontinence may occur due to
detrusor overactivity or overflow.

4. Classification and aetiology of neurogenic lower urinary tract
dysfunction

NLUTD constitutes a vast number of diseases that affect the neurological func-
tion of micturition. There are classification systems that exist to assist the clinician
to understand the potential clinical consequences for the patient depending on the
severity and location of the pathology. Whilst the relationship between the location
and severity of disease and the clinical manifestations is not always a direct correla-
tion, it still provides some benefit in predicting the potential outcomes for this patient
if their disease is not managed appropriately.
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One of the simplest ways to categorise the causes of NLUTD is by the location
of the pathology. This can be divided into three or four locations in the central and
peripheral nervous system that controls micturition. The four locations are supra-
pontine, pontine, suprasacral spinal cord and sacral and subsacral [7]. The European
Association of Urology (EAU) guidelines divide the causes into three anatomical
locations with multiple sclerosis in its own category called disseminated disease [8].

Unsurprisingly, SCI is located in the spinal region, hence these patients may
develop both storage and voiding symptoms, have an elevated PVR and on urody-
namics have both DO and DSD. The other causes of spinal pathology may be expected
to have a similar presentation in terms of their neuro-urological clinical manifesta-
tions but can be easily differentiated on history from SCI patients.

Comprehensive detail on all the causes of NLUTD is beyond the scope of the
chapter. This is a list of some of the common causes and their locations:

4.1 Suprapontine lesion

* Cerebrovascular accident

* Brain tumour

* Traumatic head injury

* Dementia

* Parkinson’s disease

* Cerebral palsy

* Normal pressure hydrocephalus
4.2 Spinal (infrapontine-suprasacral)

* Spinal cord injury

* Multiple sclerosis

* Spina bifida

* Hereditary spastic paraplegia
4.3 Sacral/infrasacral

* Myelomeningocele

* Spina bifida

* Multiple sclerosis

¢ Diabetes mellitus

* latrogenic
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* Lumbar spine degenerative disease
* Lumbar spine disc prolapse
* Lumbar canal stenosis

The level of the SCI can provide further clues as to what clinical manifestations the
patient may have. The spinal control of micturition is at S2-S4, hence the level of SCI
can be categorised into suprasacral, sacral and infrasacral. Suprasacral lesions can be
considered as upper motor neuron lesions, resulting in DO and DSD. Sacral lesions
and infrasacral lesions can be considered lower motor neuron lesions, causing detru-
sor hypo/areflexia and an underactive or denervated external sphincter.

These patterns are not universal and each patient will present with their own
spectrum of symptoms. As discussed in pathophysiology, multiple factors influence
symptoms including completeness of injury, reorganisation of pathways post injury
and complex injuries with variable degrees of dysfunction at different levels of the
spinal cord that are unable to be detected clinically.

Perhaps the most useful way to classify NLUTD is based on the results of urody-
namics, which will determine the pattern of dysfunction regardless of the anatomical
location of the SCI. Clinically, this will be the most beneficial when determining an
appropriate management plan for the patient.

5. Evaluation of the neurogenic lower urinary tract disease

There are various guidelines available for the evaluation of NLUTD, (EAU,
American Urological Association) however these encompass all causes of NLUTD.
Although these guidelines are useful for assessment of this cohort of patients, the
evaluation of the SCI patient can be more focused. There are three distinct periods in
SCI patients that require different types of evaluation and management, these are the
first few weeks after injury, the acute rehabilitation period and lifelong management.
In the acute period, the patient requires adequate bladder drainage, with a suprapubic
or transurethral catheter until they can safely perform IC. After this period, the
patient will require a more comprehensive Urological assessment.

5.1 History and examination

A full history and examination is an essential part of the evaluation. Whilst all
components of standard history are important, a thorough discussion focused on the
biopsychosocial health of the patient is paramount to determining the most appropri-
ate bladder management strategy and how to support your patient best.

The first part of the history is to characterise their injury. Determine the timing,
extent and the mechanism of the injury. The ASIA impairment scale (AIS) score
should be documented as part of the assessment of injury. This will help stratify the
level of “completeness” of the injury [5].

Both urinary symptoms and their potential complications should be reviewed -
including their severity, current management strategies and impact to their quality
of life. As discussed earlier in pathophysiology, assess storage symptoms including
frequency, urgency, nocturia, incontinence and bladder sensation, as well as void-
ing symptoms including their stream, intermittency, hesitancy, straining, terminal
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dribbling or retention. Remember that the presenting LUTS do not necessarily
correlate well with the type, extent or level of injury. Complications of urinary tract
dysfunction including recurrent infections, renal failure, stone formation should

be reviewed. The symptoms may be insidious or vague, but red flags including

pain, haematuria or fevers require further investigation [8]. Medications and other
medical conditions can also contribute to voiding dysfunction, and it is crucial to
recognise other causes for LUTS including bladder outlet obstruction, particularly in
older males. Baseline pre-morbid LUTS should be considered. Issues with associated
systems often coexist, including bowel and sexual function, and should be included
in the assessment [8].

Particular attention should be made to a thorough social and functional history, as
this is a strong determinant in which bladder management options are most appro-
priate. Take note of their dominant hand. The level and degree of injury influences
hand fine motor function, mobility, transfers and their overall functional outcomes.
Consider not only their current functional status, but also the likely trajectory of their
functional status which may change over time. Social factors including their support
network, home setup and equipment, financial circumstances and impact to employ-
ment, cultural or spiritual beliefs and whether they have close and easy access to
specialised healthcare also strongly influences what additional supports are required.

The physical assessment should include examination of the abdomen and exter-
nal genitalia, neurological system and digital rectal exam. Rectal tone, presence of
the bulbocavernosus reflex or sphincter contraction should be assessed [5]. Patient
quality of life questionnaires can be used to evaluate the effect of treatment and is an
essential component to consider in management. Multiple questionnaires exist, but
the one chosen should be validated in the neuro-urological population and take into
account the patients’ literacy and primary language [8].

5.2 Investigations

Unfortunately, the bladder tends to be an unreliable witness due to multiple factors.
These include subjective bias from the patient history, the significant overlap of symp-
toms between different conditions, the existence of multiple conditions that influence
LUTS and the poor correlation between the extent/level of the SCI and LUTS.

There are simple, non-invasive tests that the majority of patients will initially have
which include bedside assessments, blood tests and imaging. If an answer from these
tests is provided, they will not need to progress to more invasive testing, however the
vast majority of patients with a SCI will require more invasive investigations. The
invasive tests will have to be rationalised based on the injury and impairment level.

Urodynamics is an umbrella term that includes several non-invasive and invasive
investigations. It includes: a post-void residual, voiding diary, pad testing, uroflow-
metry, pressure/flow studies and video urodynamics. The aim of urodynamic testing
is to reproduce the patient’s LUTS and provide an objective analysis of this. This will
provide a precise diagnosis and dictate further management. It should be noted here
that in clinical practice, the term urodynamics is often used to refer to cystometry
with or without video urodynamics.

The underlying principles of urodynamic evaluation is to reproduce the patients’
abnormalities in the micturition cycle to provide an objective and pathophysiology
explanation for their symptoms. The correct study needs to be chosen to reproduce
the symptoms to provide an answer. For this reason, urodynamics can only be prop-
erly evaluated when there is accompanying clinical information for correlation.
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5.3 Blood tests and imaging

Baseline biochemistry and imaging form part of the assessment, especially to
screen for any complications that have arisen from incomplete emptying. Blood tests
for renal function should be done as a baseline and can be monitored to signal evolv-
ing renal impairment [8].

Ultrasound imaging of the renal tract is used to assess the upper tracts for hydro-
ureter, the bladder for post void residual (PVR) as well as assessing for any coexisting
urological issues including prostatomegaly [8]. This should be included as part of the
initial assessment, and the frequency of ongoing upper tract surveillance is based on
the patients risk of developing high bladder pressures, reflux and renal impairment [5].

5.4 Non-invasive urodynamics
5.4.1 Post-void residual

A simple yet extremely useful test. It can be done in any clinical setting in which
abladder scanner or ultrasound is available or an in and out catheter at the end of a
spontaneous void. However, this requires voluntary control over voiding, which is
likely impaired in the SCI patient.

PVR is variable for each patient and will increase in the elderly. There is a lack of
consensus for absolute cut off values, however it is generally accepted that a PVR of less
than 50 mL is considered normal [9]. A PVR of >200-300 mL or 30% of the voided
volume suggests dysfunction of bladder emptying and may be significant [9, 10]. It
is important to note that these numbers can be deceiving. The true assessment of the
significance of a PVR requires a voided volume for comparison. An elevated PVR may
be due to detrusor underactivity, bladder outlet obstruction or rarely a combination
of both. An elevated PVR could indicate acute or chronic urinary retention and is an
indication for prostate-reductive surgery in males with bladder outlet obstruction. An
elevated PVR is considered a risk factor for recurrent UTIs [9]. It may also be associated
with hydronephrosis which may indicate a high pressure system, and this would ideally
prompt further evaluation with formal urodynamics or effective bladder emptying
either by utilising clean intermittent catheterisation or indwelling catheterisation.

5.4.2 Bladder diary

Another simple and extremely useful test. For the most meaningful results, it
requires a motivated patient who is willing to do the bladder diary at home prior to the
consultation. It gives objective evidence of the patient’s voiding pattern and demon-
strates the severity and impact on the patient’s life. Over a 3-day period, the patient
should record when they go to sleep, when they wake up, fluid intake, time of void,
volume of void and include a comments section to mention sensations of urgency or
episodes of incontinence [8]. An example of a bladder diary is provided below and
patient instructions is provided (Figure1).

In SCI patients, a voiding diary will not always be possible. It is can be useful if
the patient is performing IC and redundant if they have an in-dwelling catheter.
Regardless, in patients that can do a bladder diary, a pattern of voiding can be deter-
mined. For example, in patients who void frequently with low volumes and document
a sense of urgency and urge incontinence, this points towards a diagnosis of detru-
sor overactivity. It may demonstrate the patient has urinary frequency with normal
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a)
Input/Output Day One
Time Type In Out Wet
This “bladder diary” is used to assess how much fiuid you drink, to measure your urine you make, lo record how often you
jpass urine over 24 hours and to show any episodes of urine leak.
‘You should fill in the chart as accurately as possible over three days.
‘You will need a measuring jug to measure the urine you pass. You could measure how much your cup holds to make it
easier 1o estimate how much you are drinking.
Every time you have a drink, make a note of how much it is (in mL if possible) and antar this value in the “IN" column and
nota the tima. Try to recard avery drink, day and night. Record tha type of drink (water, squash, coffes, tea, baar atc) in tha
“TYPE" column because this can help us identify any triggers for your symptoms.
Each time you pass urine, collect it in your measuring jug, measure the amount (in mL, if possible) and record it in the
“QUT" column and note the time. If, for any reason, you are not able to measure how much urine you have passed, simply
jput a tick in the appropriate “OUT" box.
If you have any urine leakage by night or day, mark the box under the column heading “"WET" against the appropriate time
slol. You can add mild, moderate of severe.
Figure 1.

(a) An example of a bladder diary for patient to complete, and (b) the instructions provided to the patient.

volumes being voided, which may be associated with high fluid intake or diabetes
mellitus. It is a crucial tool to diagnose nocturnal polyuria which is the excessive and
disproportionate excretion of urine during the patients main sleep period [11]. Itis
often expressed as a proportion of the 24 hour voided volume, and is said to be pres-
ent if nocturnal output is >20% of the total in younger patients and > 33% in those
>65 years old [11]. If there is incontinence, it can be useful adjunct to assess volume
of incontinence and can be further supported by pad weights. And of course, it may
show the patient is voiding at a normal frequency with normal volumes.

5.5 Invasive urodynamics

As mentioned above, urodynamics refers to all investigations that objectively
demonstrate the function of the lower urinary tract. However, in practice, albeit
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incorrectly, the term urodynamics is primary used to describe pressure/flow cys-
tometry. The benefit of this study is that it provides simultaneous information on
bladder pressures and voiding function so that the precise site of dysfunction can be
determined. The most important urodynamic assessment in SCI patients is cystom-
etry, which measures the pressure in the bladder during the micturition cycle. Video
urodynamics is the gold standard, but is not always readily available. Some patients
will also require a flexible cystoscopy to supplement urodynamic evaluation.

It is important that correct terminology is used when describing urodynamics. As
described in the micturition cycle above, the bladder and urethra must be coordinated
to have appropriate voiding function and continence. During the storage phase,
the bladder should be relaxed and the urethra active. During filling in cystometry,
the bladder and urethra should be described as active or underactive. If the bladder
pressure is higher than expected during the filling phase, this may be due to detrusor
overactivity or if sustained, due to poor compliance of the bladder. If the urethra
pressure is low during the storage phase, this represents an incompetent urethral
sphincter. Conversely, during the voiding phase, the detrusor should be active and
urethra relaxed. If the pressure is lower than expected in the bladder, this represents
detrusor underactivity. If the pressure is high in the urethra during contraction of the
detrusor, this represents detrusor-sphincter dyssynergia.

Sensation is also recorded for degrees of subjective fullness. It can be normal,
oversensitive, reduced or absent, or other abnormal sensations including tingling,
non-specific awareness or pain [3].

5.5.1 Common findings in SCI patients
* Detrusor overactivity (thoracic SCI)
* Detrusor-sphincter dyssynergia (thoracic SCI)
* Detrusor underactivity (sacral SCI)
* Sensory deficit
5.6 Common presentations of NLUTD

There are multiple possible ways in which a patient with a spinal cord injury may
present with NLUTD. As discussed above, this is influenced by many factors includ-
ing the level and severity of injury, any coexisting pathology and whether complica-
tions have developed. Some of the common presentations are spinal shock, urinary
retention, urinary incontinence, recurrent UTIs and deteriorating renal function.

Injuries at a suprasacral level will typically have storage dysfunction due to detru-
sor overactivity and DSD as they lose the higher control from PMC and rely on spinal
reflexes. Patients may present with bothersome incontinence, frequency and urgency.
If Detrusor sphincter dyssynergia (DSD) is significant they may also have hesitancy,
an interrupted stream and need for double voiding or the inability to generate a void.
The urodynamic findings which support this are an increase in detrusor pressure, the
filling of the proximal urethra and closure of the sphincter complex. Fluoroscopic
views demonstrate the classic finding of a “goblet” shape with attenuation of the
column of contrast at the sphincter with minimal onward passage. Bladder pressures
during urodynamics are crucial to stratify risk of upper tract in this patient group.
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These patients are more likely to develop upper tract complications as a result of
higher pressures, which is defined as bladder pressures in excess of 40cmH20 (DLPP
>40cmH2)) with a subsequent impairment of upper tract anatomy (hydronephrosis
and attenuation of renal parenchyma) and renal function.

The aetiology of voiding dysfunction in sacral/infra sacral injuries is considered
to be the impairment of the spinal voiding reflexes. This produces decreased detrusor
contraction and may have impaired sphincter contraction leading to a large, poorly
contractile bladder [3]. They can present with incontinence, which is typically as a
result of overflow. Post void residuals are elevated and urodynamics features include
poor detrusor contraction on voiding with a large compliant/“hypercompliant” blad-
der. The urethral sphincter can be normoactive or under active. As these patients main-
tain lower bladder pressures due to increased compliance, they tend to have a lower risk
of upper tract complications than those with higher injuries. Mixed upper motor and
lower motor neuron lesions can present with any constellation of the above findings.

Patients can also present with the complications of their voiding dysfunction.
Urinary tract infections are common complications in spinal cord injury patients
irrespective of what bladder management strategy they choose. They can present with
multiple possible local symptoms including pyuria, new incontinence, pain or pres-
sure, or systemic symptoms including fevers, malaise, anorexia, spasms or autonomic
dysreflexia. Recurrent or relapsing infections can signal incomplete bladder emptying
or a structural abnormality as a contributing cause. Foreign bodies, bladder stones or
tumours can become a nidus for infection and should be excluded [2]. Technique and
hygiene should also be assessed as a potential modifiable factor. Deteriorating renal
function can have a myriad of causes. In the spinal cord injury patient, a full assess-
ment including PVR and urodynamics can assess whether there is a post renal cause
due to high intravesical pressures or incomplete emptying.

6. Management of neurogenic lower urinary tract dysfunction

The management of these patients requires a personalised approach. The key
treatment goals are to attain social continence, protect upper tracts, maintain the
renal function and reduce the frequency and severity of UTIs [8]. However, each
patient may have their own personal treatment goals and the care provided should
be individualised. A conservative management approach is the preferred option, as it
gives the patient the best opportunity to continue their life with a degree of normalcy.
A conservative approach includes regular counselling, lifestyle/behavioural changes,
adequate bladder emptying, pharmacological management and annual surveillance.
As the patient ages, their pathology progresses or they develop other conditions con-
tributing to LUTS, their targeted management plan should be adapted to meet their
requirements. If there are signs that a conservative approach is not sufficient, such as
incontinence, recurrent UTIs or deteriorating renal function, the patient may require
more invasive management options. A flow diagram of the management is shown
below. This section will discuss the conservative management approach, operative
options and management of UTIs (Figure 2).

6.1 Conservative management

Whenever possible, conservative management is the best option to start the
treatment journey. In the acute phase of recovery following a traumatic spinal cord
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injury in patients who are unable to void, a permanent catheter should be placed for
adequate bladder emptying. Certain centres advocate the early utilisation of intermit-
tent catheterisation often by a third party. This approach will depend on the skill,
resources and equipment available to the unit. The patient should be given the oppor-
tunity to spontaneously void after they have recovered from the acute phase. Further
investigation should be delayed until after the acute phase, so that their neurological
deficits can be assessed to guide long-term management.

When commencing management, the first component is to determine some
key aspects about the patient that will impact whether or not they are suitable for
conservative measures. Take note of the patient’s level and extent of SCI and make
an assessment of their underlying neurological function. The patients’ age, cogni-
tive status, hand dexterity, hand dominance and mobility will impact their ability
to empty their bladder safely. It should also be considered if the patient has any
other medical conditions that may impact their bladder emptying, such as bladder
outlet obstruction, cardiac failure and subsequent diuretic use, diabetes mellitus and
metabolic syndrome.

An important aspect of this patient cohort to consider is the impact on the patients
sexual function and fertility. Patients require appropriate counselling on this as it can
significantly impact their quality of life. Male patients can have altered ejaculation
and erectile function, which may affect fertility. For erections, medications such as
phosphodiesterase5-inhibitors, which can be given orally or as an intracavernosal
injection. If there is not success with medications, external pumps or a penile prosthe-
sis can be used. Female patients may also experience an altered orgasm as well.

Bladder emptying is an important element of the management of these patients.
For patients unable to spontaneously void safely, their options for bladder empty-
ing are intermittent catheterisation (IC), indwelling urethral catheter (IDC) or
suprapubic catheter (SPC). The preferred option is IC, as not only does this reduce
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the risk of UTIs, it also allows patients to be more comfortable in social settings [8].
Unfortunately, not all patients will be appropriate for IC, such as patients with cogni-
tive deficits without bladder sensation who may not remember to perform IC, severe
neurological deficits or arthritis affecting their dexterity, disorders of vision, anatom-
ical issues such as obesity or a buried penis and finally patient preference. If unable to
perform IC, an IDC or SPC must be placed. These both carry similar risks of UTI. The
preference is for an SPC when possible, to allow for easier catheter changes, prevent
urethral erosion or bladder neck dilation from a urethral catheter. An SPC may not be
possible for all patients, such as patients who have had extensive previous abdominal
surgery, bladder cancer or obesity. For selected patients with urinary incontinence, a
urodome may be an option if it can be applied anatomically.

Bladder storage impairment should concomitantly managed. In detrusor overac-
tivity, the recommendations must include modification of fluid intake if appropriate,
reducing caffeine and carbonated drinks. The use of pelvic floor exercises and bladder
retraining can be helpful, as well as vaginal oestrogen cream or pessary. A bowel
management program should be in place to assist in overall management.

Pharmacological therapies can then be introduced as second-line treatment.
Medications for storage LUTS include anticholinergics and beta-3 agonists. The medi-
cation chosen should be a shared decision between the clinician and the patient. Local
pharmaceutical benefit schemes should be reviewed for the cost of each medication,
as this may influence which option is feasible for the patient. If there is no improve-
ment with one medication, another within the same class should be considered as an
alternative. The patient should be counselled on possible adverse effects, such as dry
mouth, constipation, retention and cognitive decline in the case of antimuscarinic
therapy. The mechanism of an anticholinergic is to competitively inhibit the musca-
rinic receptors that acetylcholine targets, leading to relaxation of the detrusor muscle.
If there is no improvement on an anticholinergic, a beta-3 agonist, such as mirabe-
gron, can be either used with or instead of an anticholinergic. Mirabegron targets beta
receptors in the bladder leading to detrusor relaxation. The most important adverse
effect is hypertension, and the patient should have their blood pressure monitored,
with cessation of mirabegron if they become hypertensive.

6.2 Operative management

Third-line options consist of surgical management of varying degrees of invasive-
ness. These options include Botox administration, sacral neuromodulation, percuta-
neous tibial nerve stimulation, mid-urethral slings, artificial urinary sphincters and
urethral bulking agents [2, 5, 8].

Neurogenic detrusor overactivity dry/wet can be managed well with intravesical
botulinum toxin administered under local anaesthetic or under sedation. Success rates
are quoted as >90% in this cohort and is a robust and safe option in the long term
[12]. Botulinum toxin is a toxin extracted from the bacteria Clostridium Botulinum.
The toxin works by decreasing the release of acetylcholine at the neuromuscular
junction, therefore reducing muscle contraction. This is a reversible process, with
the effects being variable for each patient, with an estimated effect of 9 months [5].
The introduction of this therapy has reduced the need for further surgical interven-
tion in the modern management of neurogenic detrusor overactivity. Systematic
instillation of Botox into the bladder is administered in several injections to the base
of the bladder carefully avoiding administration into the trigone or near the ureteric
openings. However, there is heterogeneity of botulinum toxin delivery with no clear
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template demonstrably better than another. Patients will have a variable response to
the dose as well and will require titration with each injection. For patients who do not
have a permanent catheter, they are at an increased risk of urinary retention in the
post-operative period and must be educated on performing IC prior to being given
Botox [13]. This procedure may also cause autonomic dysreflexia in SCI patients with
injuries T8 and above. For these patients, Botox should be administered with anaes-
thetic support and monitoring, as well as prophylactic antihypertensives for those
with a history of autonomic dysreflexia.

Sacral neuromodulation is postulated as a minimally invasive therapy that is
increasing in its utilisation. It has the advantage of not impairing voiding function
and can be attractive to patients who do not want to be exposed to the risk of detrusor
failure that Botulinum toxin can afford. The postulated mechanisms include activa-
tion of C fibre pathways, activation of sacral voiding reflexes or dampening guard-
ing reflexes. With the advent of MRI compatible leads with the associated benefit
of improved bowel function, there is an increase in the utilisation of this therapy
particularly in the MS population of ambulant patients. A pulse generator is inserted
in the upper outer quadrant on the same side as the patients’ dominant hand. A test
stimulator is used prior to surgery to determine if the patient has any response to
neuromodulation. The disadvantage of SNM, is that the patient must have reasonable
hand function, cognition and mobility to be able to operate the device. The battery
life varies depending on the manufacturer from 10 to 15 years, hence will require to be
changed periodically.

Percutaneous tibial nerve stimulation can be helpful in this presentation, but suc-
cess rates are variable and less effective than botulinum toxin or sacral neuromodula-
tion. Emerging therapies including intracranial stimulation have been described but
are not in use outside research settings.

In cases of concomitant stress incontinence, the volume of incontinence will
dictate the therapy. Pelvic floor exercises are difficult with poor recruitment of
muscles, poor sensation and in the case of some patients, previous pelvic trauma
scarring the pelvic floor and impairment of pelvic nerve function. Biofeedback can
be a useful adjunct in this setting, usually undertaken by skilled physiotherapists. To
supplement this in low volume stress incontinence, urethral bulking can be a robust
and repeatable, low impact procedure. With the advent of hyaluronic acid deriva-
tives, the risk of erosion and migration is mitigated to a degree, and is well tolerated
in patients injected by an experienced surgeon. In moderate incontinence, a number
of adjunctive devices/artificial slings can be considered. However, in this population
with an increased risk of erosion and high likelihood of concomitant IC, it would
be prudent to be thoughtful in considering insertion. Artificial urinary sphincters
placed either at the bulbar urethra, transcorporal or around the bladder neck can
be an excellent option for high volume incontinence. The well placed fascial sling in
either gender can be a well tolerated safe procedure to increase outlet resistance. The
final option of bladder neck closure should not be considered unless all other options
have been exhausted as this can impair emergency access to the bladder increasing
the risk to the patient.

In the motivated patient, alternative reconstructive options remain available.
Mitrofanoff formation, augmentation cystoplasty or ileal conduit diversion remain
options to support continence and self-management of the urinary tract while reduc-
ing the risk of upper tract compromise. These procedures must be part of the arma-
mentarium of the Neuro-Urologist to ensure that a complete management plan can be
delivered through the lifetime of bladder evolution in this patient population.
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6.3 UTI management

The management of UTIs in SCI patients poses many challenges as they are com-
mon, initially subtle or atypical in presentation and can rapidly deteriorate. It is a cru-
cial part of their management as this group is at a higher risk of complications, such
as pyelonephritis, renal damage, urosepsis and death, as well as the risk of autonomic
dysreflexia in patients with a SCI above T6. There are several factors that increase the
complexity of their management, including the use of catheters, incomplete empty-
ing of their bladders, overtreatment of asymptomatic bacteriuria and subsequent
multidrug resistant organisms. When SCI patients present unwell, there should be a
high index of suspicion that it may be due to a UTI, as they can present with atypical
or vague symptoms.

When managing recurrent UTIs, it is important to use local practices protocols. A
urine dipstick is often inaccurate and a urine culture may miss a significant number of
infections, and conversely, a positive urine culture is often due to contamination [14].
For some patients, the best tool for diagnosing a UTI is a clinician who is familiar with
the patient with a good rapport who can detect the patients’ unique symptoms when
they have a UTL

The frequent use of antibiotics when not required can lead to the occurrence of
multi-drug resistant organisms, which are more difficult to treat. The guidelines for
treatment of UTIs will continue to evolve as new drug-resistant organisms arise and
guidelines should be continually updated as new evidence emerges. There is much
debate over the use of long-term, low-dose prophylactic antibiotics in these patients,
which should follow local guidelines.

Adjunctive therapies such as D-mannose, Hiprex with Vitamin C, UTI vaccines
and intravesical antibiotic therapy can be utilised in selected patients with good
effect. Good bowel management should be advocated with every patient in the
holistic management of recurrent UTI. Supportive allied health professionals are also
key in the interdisciplinary care.

6.4 Surveillance

Long term management of SCI patients requires a multidisciplinary care approach.
The follow-up of these patients is variable and should follow local practices. For
high-risk patients who are stable, annual follow-up is advised with upper tract imag-
ing and renal function evaluation [5, 8]. These follow-ups review the patients LUTS,
frequency of UTIs, presence of stones, upper tract dilatation and renal function,
which may be a sign the patient requires adjustment to their management plan. The

presence of bladder stones may be a sign that the patient is inadequately emptying
their bladder.

6.5 Autonomic dysreflexia

Patients with SCIs at T6 and above are at risk of developing autonomic dys-
reflexia. Autonomic dysreflexia is an exaggerated sympathetic response due to a
stimulus below the level of the SCI. Possible stimuli include UTIs, bladder stones,
urinary retention and urological procedures such as catheter insertion, cystoscopy
and urodynamics. The patient will develop severe hypertension, headaches, sweat-
ing and bradycardia. This should be treated as an emergency. The patient will
require blood pressure monitoring and treatment such as a GTN patch. The causative
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stimulus should be removed or treated. Patients who have had autonomic dysreflexia
should be counselled on the symptoms so that they can seek medical attention
urgently in the future.
7. Conclusion

The urologist is a key member in the multidisciplinary team to provide both acute
care and lifelong surveillance in spinal cord injury patients. As circumstances evolve
over time, conservative, pharmacological and surgical options should be utilised from
the armamentarium of management strategies to create an individualised approach
for the patient.
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Chapter 10

Rehabilitation of Spinal Cord
Injury

Zeynep Karakuzu Giingor

Abstract

Spinal cord injury (SCI) involves damage to the spinal cord, extending from the
foramen magnum to the cauda equina, resulting from either traumatic or nontrau-
matic causes. The extent of functional impairment is closely associated with whether
the injury is categorized as complete or incomplete, as well as its specific level. SCI
exerts a multi-systemic impact on patients, leading to various complications includ-
ing orthostatic hypotension, autonomic dysreflexia, neurogenic bladder, neurogenic
bowel dysfunction, urinary tract infections, pressure ulcers, fractures, deep vein
thrombosis, spasticity, heterotopic ossification, contractures, and pulmonary and
cardiovascular issues, in addition to depressive disorders. Timely initiation of reha-
bilitation plays a pivotal role in fostering patient independence and averting potential
complications post-SCI. Employing an interdisciplinary approach is imperative in SCI
rehabilitation due to its multifaceted nature. The rehabilitation journey following SCI
is protracted and arduous, necessitating both the patient’s resilience and motivation.
Our decision has been made to conduct a comprehensive review encompassing all
facets of rehabilitation for SCI patients.

Keywords: spinal cord injury, rehabilitation, physical therapy, neurological
rehabilitation, interdisciplinary care

1. Introduction

Spinal cord injury (SCI) represents a sudden and enduring neurological condi-
tion associated with substantial morbidity and mortality throughout an individual’s
lifetime [1]. The etiology of SCI can be categorized into two main groups: traumatic
and nontraumatic. Traumatic SCI typically results from significant trauma, such as
traffic accidents, falls, or violence, while nontraumatic causes encompass infections,
inflammatory myelitis, vascular or noninflammatory myelopathies, various tumors,
or congenital anomalies. This manuscript primarily focuses on traumatic SCI due to
its prevalence and distinct characteristics [2, 3].

SCI constitutes a formidable medical challenge, marked by a high incidence of
disability and mortality [4]. Globally, there are over 27 million individuals living
with SCI, with approximately one million new cases emerging annually, with falls
and motor vehicle accidents being the primary causes [5]. Notably, there’s a rising
trend of SCI affecting younger individuals, predominantly under 30 years of age
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[6]. The irreversible motor and sensory deficits ensuing SCI have profound implica-
tions for affected individuals, often leading to higher rates of depression or anxiety
compared to the general population [7-9]. Moreover, the financial burden per SCI
patient is typically substantial [10], encompassing physical, psychological, and
financial domains.

Despite advancements, the precise pathological mechanisms underlying spinal
cord injury (SCI) remain complex and undefined, necessitating clinical diagnosis
primarily through physical examination, imaging techniques, and relevant biochemi-
cal markers [11]. SCI is broadly categorized as either complete or incomplete, with
complete SCI characterized by the absence of preserved motor or sensory function
below the level of injury [12]. Depending on the level of the lesion, SCI can present
as paraplegia (impairing only the lower limbs) or tetraplegia/quadriplegia, affect-
ing sensory and motor function in all four limbs. It is crucial to note that manage-
ment approaches vary according to the completeness and level of the lesion [12].
Systematic reviews suggest no significant disparity in frequency between complete
and incomplete SCI or between paraplegia and tetraplegia, although such trends may
differ between developed and developing nations [13, 14]. Despite recent progress,
individuals with SCI continue to face an elevated risk of mortality, especially during
the early stages following trauma [15].

As a result of trauma, important psychological, physiological, and social problems
are experienced. In the past, SCI was seen as an incurable disease for many years,
but in parallel with the developments in medicine in the twentieth centuries, the
survival rates and life spans of patients have gradually increased and approached the
values of normal society. The aim of spinal cord injury rehabilitation is to maximize
physical independence, improve quality of life and make the patient a productive
individual who undertakes age-appropriate social roles. Determining the patient’s
expectations and achievable goals significantly affects the motivation for follow-up
and treatment. With early rehabilitation, acute complications can be prevented and it
is easier to achieve functional gains in the chronic period. Rehabilitation is an inter-
disciplinary teamwork; the leader of the team is the physiatrist. Other members of
the team are the patient and his/her family, physiotherapist, occupational therapist,
nurse, social worker, orthotist, dietician, specialist physicians from other branches
(such as an orthopedist, neurosurgeon, urologist, plastic surgeon, internal medicine
specialist, psychiatrist). In addition, respiratory therapists and speech therapists can
be added when necessary. Patients treated in special SCI units are reported to have
higher survival rates, fewer complications, shorter hospitalization periods and better
rehabilitation outcomes [16].

Rehabilitation is expected to be more satisfactory with a team trained and experi-
enced in the care of patients with SCI. Early rehabilitation after injury is very impor-
tant for the person’s adaptation to life and achieving the goals set.

2. Classification

The functional status of individuals with spinal cord injury (SCI) is intricately
tied to the type and level of injury sustained. Complete injury results in a complete
loss of motor and sensory functions beyond the injury site. In contrast, incomplete
injury involves partial preservation of sensory and motor functions below the neuro-
logical level, including the lower sacral segments, allowing for the retention of deep
anal sensation and/or superficial anal mucocutaneous sense. The determination of
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lesion status remains uncertain until the conclusion of the spinal shock period, with
an increase in reflex activity serving as a positive indicator, despite ongoing debates
regarding definitive signs marking the end of this period.

The classification of spinal cord injuries is established by the American Spinal
Injury Association (ASIA) based on motor and sensory functions. In the 2011
revision of the ASIA Impairment Scale, the term “deep anal pressure” replaced
“deep anal sense”. However, in the latest iteration of the International Standards for
Neurological Classification of Spinal Cord Injury (ISNCSC), the concept of skeletal
level is omitted [17, 18].

The ASIA Impairment Scale categorizes spinal cord injuries as follows:

A. Complete injury, where no motor or sensory function is retained in the sacral
segments S4-S5.

B. Incomplete injury, characterized by preserved sensory but not motor function
below the neurological level, encompassing the sacral segments S4-S5.

C. Incomplete injury, with preserved motor function below the neurological level,
where more than half of key muscles below that level exhibit a muscle grade less
than three.

D. Incomplete injury, featuring preserved motor function below the neurological
level, with at least half of key muscles below that level demonstrating a muscle
grade of three or higher.

E. Normal function.

3. Mechanism of injury

The natural progression of spinal cord injury (SCI) comprises two principal
phases: primary injury and secondary injury. Primary injury results from the direct
damaging impact of the causative agent on the spinal cord tissue, whereas second-
ary injury ensues from subsequent events following neural tissue damage and the
infiltration of immune-inflammatory cells into the injured area [19]. Primary injury is
typically irreversible and occurs abruptly, often with unpredictable outcomes, while
secondary injury may exhibit a delayed onset.

Clinically, secondary injury can be delineated into acute (minutes to hours),
subacute (hours to 3-4 months), and chronic (months to years) phases. During these
phases, SCI patients may experience distinct phenomena such as spinal shock, lasting
8-12 weeks, neurogenic shock, persisting for 3-4 months, and immunoinflammatory
shock, spanning 1-4 months [20-22].

4. Rehabilitation
4.1 Acute period

After stabilization of the spine, acute care units/rehabilitation in patients referred
to intensive care units the process begins. Neurological examinations of the patients

169



Traumatic Brain Injury — Recent Advances and Challenges

are carried out in detail the presence of early complications or risk is assessed.
Secondary rehabilitation in early rehabilitation prevents complications, accelerates
neural recovery and injury maximizing functional status after target.

After the examination of the patient, the evaluation is completed with laboratory
and imaging methods. These include routine biochemical tests, urine culture, wound
or ostomy culture, chest and injury radiographs, and pulmonary function tests in
upper-level injuries.

In addition, urodynamics, venous Doppler ultrasonography, tomography, or
magnetic resonance imaging is performed when necessary, and may be requested.

After these evaluations are completed, the most appropriate rehabilitation pro-
gram for the patient is prepared and implemented by the rehabilitation team.

The most important condition in early rehabilitation is positioning. The appropri-
ate position for bed is defined as hip and knees in extension and feet and ankles in
900 dorsiflexion position. To prevent the development of contractures and pressure
sores, it is recommended that the patient be positioned appropriately in bed, rotated
frequently (average 2 hours) and use an air mattress. The most basic approaches are
to start passive, active-assistive, active range of motion (ROM), stretching exercises,
preparation of resting splints, and teaching their use.

At least once a day during the flaccid period to maintain ROM, ROM 2-3 times a
day after spasticity starts to develop exercises should be done. Bed if sitting balance is
available exercises for sitting on the edge are given [23].

Despite significant advancements, individuals with spinal cord injury (SCI)
continue to face a heightened risk of mortality, particularly in the initial stages fol-
lowing a traumatic event [15]. Furthermore, approximately 40% of patients require
hospitalization within the first year post-SCI, a trend that persists over time, with
urinary tract infections (UTIs), respiratory issues (including pneumonia), and skin
complications such as pressure ulcers being the primary reasons for rehospitalization
[24, 25]. Additionally, the socioeconomic impact of SCI is substantial, stemming from
lost productivity alongside healthcare expenses. In the United States alone, annual
direct hospitalization costs exceeded $2.2 billion in 2019, with indirect costs estimated
at $77,334 per person [26].

Common complications following spinal cord injury (SCI) include pressure sores,
pulmonary infections, urinary tract infections (UTIs), and venous thromboembolism
(VTE), all of which pose significant risks to patient health [2, 27-29]. Pressure sores,
characterized by localized injuries to the skin and underlying tissue, can escalate to
serious infections and mortality if not properly addressed [30]. Pulmonary infec-
tions, often stemming from impaired cough and secretion clearance due to expiratory
muscle dysfunction post-SCI, rank among the leading causes of mortality in these
patients [2, 31].

UTIs can profoundly impact the daily activities and social functioning of indi-
viduals with SCI in the absence of effective management [32, 33]. The onset of VTE,
encompassing deep vein thrombosis and pulmonary embolism, presents insidiously
and poses a grave threat, contributing to elevated mortality rates among SCI patients
[34]. Hence, the implementation of effective and standardized management proto-
cols for these prevalent and detrimental complications is imperative for individuals
with SCIL.

The degree of respiratory system problems seen in patients with spinal cord
injuries is related to the level and severity of the injury. Respiratory dysfunction is
not expected in patients with lesions at or below the T12 level. In patients with lesions
between T6 and T12, loss of function in abdominal and intercostal muscles may lead
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to difficulties in forceful expiration and coughing. Patients with lesions between T1
and TS5 experience loss of function in intercostal muscles, resulting in severe problems
with inspiratory and expiratory activities. In individuals with lower-level tetraplegia
(C4-C8), there is no function in the intercostal and abdominal muscles, and expira-
tory power only occurs through the passive elasticity of the chest cage.

In patients with a last intact level at C3-4, accessory muscles can provide support
to the acutely injured patient until they reach the emergency department, but respira-
tory failure is inevitable due to the inability of the diaphragm to generate sufficient
contraction. In complete injuries at the C2 and above levels, mechanical ventilator
support is required as the diaphragm and accessory muscles cannot function.

There are two important ways to prevent pulmonary complications in the early
period: clearing secretions and ensuring the expansion of lung tissue. Assisted cough-
ing, deep breathing and coughing, glossopharyngeal breathing, strengthening of
respiratory muscles, and positioning are some of the approaches used in pulmonary
rehabilitation for this purpose [35].

Patients with spinal cord injuries are at risk for deep vein thrombosis (DVT) and
pulmonary embolism (PE) due to the combination of stasis, hypercoagulability, and
intimal vascular damage known as Virchow's triad [36].

DVT prophylaxis should be initiated promptly after spinal cord injury. Mechanical
prophylaxis in conjunction with anticoagulant therapy is recommended in all
guidelines. Mechanical prophylaxis includes pneumatic compression, compression
stockings, and bandaging with passive exercises. Anticoagulant prophylaxis should
be initiated within the first 72 hours. Low molecular weight heparin (LMWH) has
been found to be more effective and reliable compared to unfractionated heparin for
anticoagulant prophylaxis [37].

According to the Spinal Cord Injury Guidelines Consortium, DVT prophylaxis is
recommended until discharge in cases of motor incomplete injuries and for 8 weeks
in uncomplicated complete injuries. For individuals with lower extremity fractures,
prior thrombosis, cancer, heart failure, obesity, or age over 70 years with complete
injuries, prophylaxis is recommended for 12 weeks [38].

4.2 Subacute period

During the transition from the intensive care unit to the rehabilitation unit/
clinic, the goals are centered around restoring functionality. Activities on the mat-
tress include turning, positioning on elbows and hands, short sitting, long sitting,
and transfer training [39]. Using sliding boards to facilitate transfer is a fundamental
step for transitioning to a wheelchair. Once the patient’s sitting balance is established,
ambulation with a wheelchair is taught. Patients with sensory impairment often
should use an air mattress and perform push-ups at specific intervals (every 30 min-
utes, 15 seconds), which involves lifting the body with elbow extension [23].

The goal of balance and standing is initiated with the tilt-table period to stimulate
necessary reflexes and regulate blood pressure (prevent orthostatic hypotension). In
patients with upper thoracic lesions who tolerate the tilt-table period, verticalization
exercises are introduced with a standing table. Parallel bar exercises are prioritized
for walking initiation. Exercises at the parallel bars include standing up, maintain-
ing balance, doing push-ups, turning while standing, advancing lower extremities
with pelvic elevation, stepping, and practicing swing-through gait [39]. Device
support may be necessary for ambulation; patients with complete thoracic injuries
may require orthoses to support the knee and ankle. For patients performing only
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therapeutic ambulation, posterior-shell and dorsiflexor straps supporting the knee
joint may be sufficient [23, 39, 40]. Although functional goals according to the level
of injury are described in various sources (Table 1), achieved ambulation levels vary
from person to person based on age, gender, upper extremity strength, body weight,
patient motivation, and social support status [39].

4.3 Chronic period

The primary objective for both complete and incomplete paraplegic patients
during the chronic phase is achieving independent mobilization. Ambulation serves
various purposes including social interaction, domestic tasks, and exercise. For
social ambulation, patients should be capable of walking unaided or with assistive
devices for a distance of 50 meters. Domestic ambulation entails independent walk-
ing or requiring partial assistance, while exercise ambulation necessitates advanced
assistance for walking or transferring. Ambulation potential is influenced by factors
such as injury level, age, weight, general health status, motivation, and spasticity.
Typically, patients with injuries at or above the T10 level can ambulate for exercise.
Those with injuries ranging from T11 to L2 can manage domestic ambulation, while
patients with more distal injuries can engage in social ambulation [40].

For patients who have completed the rehabilitation process, the necessary steps
before discharge are summarized in Table 2. All devices for discharge should be

C2-3: Requires artificial respiration device, completely dependent on activities of daily living (ADL)

C4: Tongue, jaw, or pneumatically controlled motorized wheelchair, completely dependent on ADL

C5: Can perform ADL with special equipment, hand-controlled motorized wheelchair

C6: Grip achieved with tenodesis, joystick-controlled wheelchair, hand-controlled car

C7: Independent in transfers, except for ramp access, with standard wheelchair (WC)

C8-T1: Independent in ADL, WC mobility

T2-10: Standing with orthosis and therapeutic ambulation

T11-L2: Walking with long leg braces and crutches for household ambulation

L3-S3: Walking with short leg braces and forearm crutches for community ambulation.

Table 1.
Complete spinal cord injury level and targeted functional status [11].

Preparation of medication, supplies, devices, and rest report

Procurement of necessary devices and equipment

Provision of orthoses

Provision of medications

Supply of catheters

Home modifications

Scheduling follow-up appointments

Table 2.
Pre-discharge procedures [40].
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prepared, catheters should be provided, and home modifications (such as toilet,
bathroom handrails, widening doorways to accommodate wheelchair access, etc.)
should be explained since the rehabilitation process will continue at home. Patients
and their families should be informed about possible complications [23, 39].
Returning to work or gaining employment after spinal cord injury is among the most
important indicators of community participation. This contributes to the individual’s
societal value and provides economic independence. According to a study conducted
by Giindiiz et al. in our country, the employment rate of individuals with spinal cord
injury ranges from 14-36% [41]. Following discharge, patients diagnosed with spinal
cord injury are recommended to be followed up by an experienced team; however,
there are no guidelines regarding the content and frequency of these follow-ups.

The first follow-up after discharge is reccommended 3 months later, followed by
every 3-6 months in the first 2 years depending on the patient’s condition, and then
annually for stable patients after 2 years [40]. Recommendations for the follow-up of
individuals with spinal cord injury are reviewed below [42].

4.4 Transportation

Daily Follow-up Patients with SCI should perform daily skin checks for pressure
ulcers.

Monthly Follow-up Individuals with SCI should perform monthly self-
examinations; women should examine their breasts, and men should examine their
testicles.

Annual Follow-up Both healthy individuals and those with SCI should undergo
annual general health check-ups, fecal occult blood testing, mammography for
women over 40 years of age, detailed eye examinations for those over 55 years of age,
and prostate-specific antigen (PSA) testing and digital rectal examination for men
over 75 years of age.

Individuals should undergo a complete blood count, biochemical tests, breast
examinations for women, gynecological evaluations, and Pap smears at least every
2-3 years. In addition to these, individuals with SCI should have their weight and
blood pressure checked regularly, and those with injuries at thoracic levels eight and
above should receive flu vaccinations. Patients should undergo annual follow-ups in
the first 5 years and then at least every 2-3 years, including medical history, complete
physical examination (ISNCSCI assessment, joint range of motion, contractures,
functional status, etc.), urological system assessment, posture, orthoses and devices,
and full skin assessment.

4.5 5-year follow-up

For healthy individuals, lipid profiling after the age of 35, sigmoidoscopy, and
CT colonography after the age of 50 are recommended. In individuals with SCI, in
addition to these, respiratory function testing and a review of lifestyle changes are
recommended.

4.6 10-year follow-up

For healthy individuals, tetanus vaccine boosters and colonoscopy are recom-
mended. Additionally, pneumococcal vaccination is recommended for patients with
injuries at thoracic levels eight and above.
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5. Conclusion

Spinal cord injury (SCI) is a devastating condition, one of the most complex
clinical situations a physician may encounter, affecting nearly all systems of the body.
Ensuring psychological adaptation and providing rehabilitation that teaches daily life
activities are essential for individuals with SCI to be productive members of society.
Necessary adjustments should be made to facilitate patients’ return to society, and the
community should be educated about the primary prevention of SCI.
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