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Preface

Traumatic brain injury (TBI) is the leading cause of mortality and morbidity with a 
high incidence in young people all over the world. Post-concussive syndrome (PCS) 
is an international public health concern with 5–10% of mild TBI (mTBI) cases 
experiencing concussion in their lives and about 20% of patients having persistent 
PCS within 6 months to 1 year after mTBI. There are many advanced techniques 
and methods for the investigation of brain changes and treatments in TBI patients 
and each of these techniques provides important insights into pathophysiology due 
to head injury but may not be limited to conventional methods. This new informa-
tion emerges to give a broad picture of TBI research and clinical evaluation such as 
cumulative mild head injury (CMHI), novel neuroimaging findings and biomark-
ers, neuroprotective treatments, brain cooling, and sedation in TBI patients, as well 
as neuronal and glial biomarkers.

The first section of the book introduces disease neurobiology and PCS. Chapter 1 
“Post-Concussion Syndrome” describes the definition of PCS, classification, and 
association with brain dysfunction, blood flow regulation, intracranial pressure 
change, and the role of neuroinflammation, as well as long-term sequelae such as 
chronic traumatic encephalopathy and treatment. Discussing PCS problems in TBI 
for the improvement of clinical diagnosis based on several definitions is challenging 
given subjective and gross aspects of the assessments of PCS, e.g. Glasgow comma 
scale and loss of conscious. This chapter provides many characteristics of PCS, 
including classification, association with autonomic nervous system dysfunction, 
brain changes, and treatment that could serve as a reference resource for further 
research. Chapter 2 “Neuroprotection, Photoperiod, and Sleep” investigates the 
neurobiological basis of neuroprotective activation, and correlation with PCS, 
including sleep. The authors attempt to explain the neurobiological basis of neuro-
protective activation, adaptive response to photoperiod possibly due to injury of the 
suprachiasmatic nucleus, and correlation with post-traumatic symptoms, including 
sleep, as well as limitations. This chapter provides clues to studying the relation-
ships between neuroprotection and sleep as well as the involved neurotransmission 
systems.

The second section of the book covers the imaging diagnosis and biomarkers in 
TBI. Chapter 3 “Cumulative Mild Head Injury (CMHI) in Contact Sports” provides 
a CMHI review, brain changes, and risk factors. This chapter briefly overviews the 
structure and neuroanatomy of brain change to illustrate the pathophysiological 
mechanisms involved in primary and secondary head injuries. Some relatively new 
imaging perspectives, including diffusion axonal injury, close-head injury, homeo-
stasis irregulation, and tauopathy, are illustrated concisely. Risk factors for all types 
of CMHI are described further with details for early prevention and cure. Chapter 4 
“Neuronal and Glial Biomarkers Research for Traumatic Brain Injury” studies 
multiple biomarkers, including S-100β, UCH-L1, and GFAP for blood–brain barrier 
breakdown and neuronal injury. The sensitivity and specificity of each biomarker 
from published articles as well as the ratio between GFAP and UCH-L1 are reported 
with confirmative statistical results and table summaries. This chapter gives a full 
overview of the most promising biomarkers studied as predictors of the severity 
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of TBI, with a special focus on their nature, location, basal concentrations, and 
methods by which they can be quantified efficiently in blood samples.

The third section refers to the treatment of and multiple therapeutic strategies in 
TBI patients. Chapter 5 “Use of Neuroprotective Agents for Traumatic Brain Injury” 
evaluates more than 12 neuroprotective agents from 32 studies with objective data 
and statistical analyses. Complete descriptions of significance, improvements, and 
side effects of each agent are covered in detail with the conclusion that a few agents, 
including oxygen, cyclosporine A, and rivastigmine use for different phases of TBI, 
show promising treatment effects. Authoritative statements, comprehensive cita-
tions, and confirmation with scientific and solid evidence are strong points of this 
chapter. Chapter 6 “Direct Brain Cooling in Treating Severe Traumatic Head Injury” 
addresses the interesting and promising topic of hypothermia as a neuroprotective 
effect in TBI patients. The benefits of cooling, especially of mild cooling such as 
brain oxygen level reaching desirable levels and a better Glasgow outcome scale at 
6 months follow-up, are described and analyzed scientifically with a new cooling 
machine D-Brain therapy. This chapter highlights the encouraging results of pilot 
research on direct focal brain cooling therapy in severe head injury patients with 
significant clinical outcome results in a mild cooling group due to elevations in oxy-
genation level of injured and decompressed brain tissues. The last chapter “Sedation 
in TBI Patients” discusses sedation in TBI as a neurocritical and therapeutic strategy 
with different assessments. The main pharmacological principles, neurophysiology, 
and neuropathology of sedatives and analgesics, including propofol, benzodiaz-
epines, and opioids, are outlined and evaluated. Several topics and properties based 
on new technologies, including physiological indications, status epilepticus treat-
ment, management, monitoring in the neuro-ICU with various scales and neuro-
logic examinations, are integrated for better diagnosis and treatment improvement.

Yongxia Zhou, PhD
Imaging Scientist,

University of Southern California and Columbia University,
Los Angeles, California, USA
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Chapter 1

Post Concussion Syndrome
Mohammad Nadir Haider and Itai Bezherano

Abstract

Post-concussion syndrome (PCS) is a complex disorder and the complete 
pathophysiology is still not completely understood. PCS can be subcategorized into 
physiological PCS, vestibulo-ocular PCS, cervicogenic PCS, and mood-related PCS 
based on predominant clinical signs and symptoms. Physiological PCS is the most 
classic type of PCS and is due to global metabolic dysfunction in the brain which 
affects the autonomic nervous system (ANS) and cerebral blood flow (CBF) auto-
regulation. This is suspected to be the cause for symptom-limited exercise intoler-
ance which is a characteristic finding in this subtype. In this chapter we discuss the 
definition of PCS and the main subtypes. We further discuss possible causes for 
symptoms of PCS based on research that have studied this disorder using advanced 
imaging, cardiovascular and cerebrovascular metrics, and intracranial pressure. 
Finally, we discuss the treatment of PCS and the possible long-term effects.

Keywords: mild traumatic brain injury, concussion, post-concussion syndrome, 
autonomic nervous system dysfunction, cervical post traumatic disorder,  
vestibulo-ocular post traumatic disorder, exercise treatment

1. Introduction

Concussions are defined as reversible neurological dysfunction in the absence of 
gross brain lesions [1], caused by either a direct blow to the head, neck, or elsewhere 
on the body with an impulsive force transmitted to the head [2]. Although there is 
some ambiguity in the definitions of mild traumatic brain injury (mTBI) and concus-
sion, the term concussion usually refers to a milder head injury (GCS = 15) and 
generally used in the context of sport-related injuries while mTBI are a broader term 
that includes concussion [3]. Concussions have become an international public health 
concern and it is estimated that about 42 million people suffer from some form of 
mTBI every year [4]. In the US alone, it is estimated that 1.6–3.8 million mTBI occur 
each year [5] and approximately 5–10% of the population will experience a concus-
sion in their lives [6]. Some populations, like military personnel, are at a higher 
risk for concussions and mTBI. It is estimated that approximately 19.5–22.8% of all 
returning deployed US troops suffer exposure to blast and/or concussive TBI [7].

The pathophysiology of concussion has been studied in great detail, yet it is 
one of the least understood injuries facing the neuroscience or sports medicine 
community [8]. It is hypothesized that acceleration/deceleration and rotational 
forces cause diffuse injury to the neurons, which causes an ionic imbalance and 
release of a cascade of neurotransmitters [9–11]. To restore homeostasis, membrane 
pumps become activated which results in a brief hyper-metabolic state. Lactate 
is produced, which further impairs neuronal function [12]. Intra-axonal altera-
tions within in the subaxolemmal, neurofilament, and microtubular cytoskeleton 
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network with impairment of axonal transport as well as impaired glucose metabo-
lism have been observed in the acute and subacute phase after mTBI, which support 
the hypothesis of metabolic and cellular disruptions in the brain [13].

The typical duration of clinical recovery in majority of concussions is 7–10 days, 
but it is estimated that 10% [14] to 30% [15] of adolescents and 10–15% [16, 17] of 
adults take much longer to recover. These statistics have ranged from 5% to more 
than 50% in the published literature; the primary cause of this variation is due to the 
different criteria used to measure dysfunction [18]. If symptoms persist for more 
than 2 weeks in adults, or 1 month in adolescents, then the diagnosis of post-concus-
sion syndrome (PCS) is made [19]. However, this terminology is incorrect because 
technically it is not a syndrome. A syndrome is a consistent set of findings associ-
ated with a condition with symptom linkage and of symptom resolution [20], but 
currently there is no gold-standard symptom or set of symptoms that are diagnostic 
of PCS [21] or its recovery [22]. PCS is defined in the World Health Organization’s 
International Classification of Disease 10 (ICD-10) as history of head trauma with 
or without loss of consciousness preceding at least three of the following symptoms: 
headache, dizziness, malaise, fatigue, noise tolerance; irritability, depression, anxi-
ety, emotional lability; subjective concentration, memory, or intellectual difficulties 
without neuropsychological evidence of marked impairment; insomnia; reduced 
alcohol tolerance; and preoccupation with above symptoms [23].

Self-reported symptom checklist have been used to report the symptoms of a 
concussion, the most common being the post-concussion symptom scale (PCSS) 
[24]. It is a list of 22-symptoms, which can be rated on a Likert scale (no symptom 
to severe symptom), with a maximum possible score of 132. Unfortunately, these 
symptoms are not specific to concussions or PCS and the healthy population has an 
average score of 6 out of 132 [25], hence several studies use the cutoff of 7 on the 
PCSS to diagnose concussion and PCS [22]. However, there is no symptom cutoff 
limit that can reliably identify people with concussion and/or PCS. One study 
[26] showed this cutoff criterion (7 out of 132) incorrectly labeled 34% of healthy 
people with PCS, which is higher than people with a concussive head injury (31%). 
Self-reported symptom checklists have also been criticized because there is varia-
tion in symptom reporting between people. Athletes are known to under-report 
their symptoms, whereas people with secondary gain are known to over-report 
them [27]. Another potential downside of symptom checklists is that it is suggested 
to reinforce illness behavior and encourages over-endorsement of symptoms that 
might not otherwise have been reported on free recall [28, 29]. Still, this is a useful 
tool for clinicians because it helps track symptoms longitudinally, so it is always 
advised to compare symptom reports with previous ones. Another popular symp-
tom checklist is the post-concussion symptom inventory (PCSI), it has an added 
benefit which allows patients to report symptoms before and after head injury 
which makes is easier for clinicians to interpret its findings [30].

2. Post-concussion syndrome classification

PCS have been subcategorized based on their predominant pathophysiology 
as shown in Figure 1 [31, 32]. These classifications may overlap as it is possible 
to have one or more associated conditions after a head injury. Physiological PCS 
are believed to be true concussions because these patients typically present with 
minimal physical examination abnormalities but can have signs of oculomotor and/
or vestibular dysfunction. They often complain of cognitive fatigue, headaches, and 
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balance problems [33], but the most objective biomarker of physiological dysfunc-
tion is symptom-limited exercise intolerance at a low heart rate [34]. These patients 
have worsening of existing symptoms, or onset of new symptoms, when they begin 
to exercise. This exacerbation occurs at below 70% of their age appropriate maxi-
mum heart rate [32]. The pathophysiology of this type of PCS will be discussed later 
in more detail.

Vestibulo-ocular and cervicogenic PCS are not true concussions since they do 
not involve global metabolic disturbance of brain function, rather post-traumatic 
disorders of isolated subsystems from which the symptoms originate, i.e., the central 
oculomotor and vestibular systems and upper cervical spine respectively [35]. They 
present with predominantly vestibulo-ocular/cervical signs and symptoms, respec-
tively, and may demonstrate exercise intolerance during graded treadmill testing, but 
symptom exacerbation typically occurs at a significantly greater workload (beyond 
70% of age-predicted maximum heart rate) than in physiological PCS [34]. This late 
symptom exacerbation is thought to be due to stress on the vestibular/ocular systems 
or excessive motion of the cervical spine characteristic of walking/running at higher 
workloads. Abnormal physical examination findings that point towards a vestibular 
or ocular pathology, such as smooth pursuits, repetitive saccades, vestibulo-ocular 
reflex, near point convergence (binocular vision), abnormal accommodation (mon-
ocular vision), and benign paroxysmal positional vertigo, are present in almost 70% 
of patient with mTBI [36, 37]. Clinical predictors of vestibulo-ocular PCS include 
female sex, pre-injury depression, post-traumatic amnesia, history of motion sick-
ness, dizziness, blurred vision, and difficulty focusing at the time of injury [38, 39]. 
The neck and suboccipital regions are also frequently involved in head injuries and 
can cause headaches, persistent dizziness, and balance difficulties [40]. Isolated per-
sistent dysfunction (beyond the normal duration of recovery) may suggest lesions 
in cranial nerves, their nuclei, or the brain stem, and are associated with prolonged 
recovery [41]. These overlapping symptoms make the diagnosis of PCS difficult and 
it is possible that patients with physiological PCS can also have isolated dysfunction 
in the vestibular, ocular, and cervical systems at the same time.

The last subtype, mood-related PCS, presents with symptoms that are primarily 
affective and/or cognitive in nature, have minimal physical examination signs, and 
are capable of exercising to exhaustion without significant symptom exacerba-
tion. The management of this sub-type is challenging, even for an experienced 

Figure 1. 
Post-concussion syndrome subtypes. Classification of the different types of PCS based on predominant clinical 
signs and symptoms.
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minimal physical examination abnormalities but can have signs of oculomotor and/
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balance problems [33], but the most objective biomarker of physiological dysfunc-
tion is symptom-limited exercise intolerance at a low heart rate [34]. These patients 
have worsening of existing symptoms, or onset of new symptoms, when they begin 
to exercise. This exacerbation occurs at below 70% of their age appropriate maxi-
mum heart rate [32]. The pathophysiology of this type of PCS will be discussed later 
in more detail.

Vestibulo-ocular and cervicogenic PCS are not true concussions since they do 
not involve global metabolic disturbance of brain function, rather post-traumatic 
disorders of isolated subsystems from which the symptoms originate, i.e., the central 
oculomotor and vestibular systems and upper cervical spine respectively [35]. They 
present with predominantly vestibulo-ocular/cervical signs and symptoms, respec-
tively, and may demonstrate exercise intolerance during graded treadmill testing, but 
symptom exacerbation typically occurs at a significantly greater workload (beyond 
70% of age-predicted maximum heart rate) than in physiological PCS [34]. This late 
symptom exacerbation is thought to be due to stress on the vestibular/ocular systems 
or excessive motion of the cervical spine characteristic of walking/running at higher 
workloads. Abnormal physical examination findings that point towards a vestibular 
or ocular pathology, such as smooth pursuits, repetitive saccades, vestibulo-ocular 
reflex, near point convergence (binocular vision), abnormal accommodation (mon-
ocular vision), and benign paroxysmal positional vertigo, are present in almost 70% 
of patient with mTBI [36, 37]. Clinical predictors of vestibulo-ocular PCS include 
female sex, pre-injury depression, post-traumatic amnesia, history of motion sick-
ness, dizziness, blurred vision, and difficulty focusing at the time of injury [38, 39]. 
The neck and suboccipital regions are also frequently involved in head injuries and 
can cause headaches, persistent dizziness, and balance difficulties [40]. Isolated per-
sistent dysfunction (beyond the normal duration of recovery) may suggest lesions 
in cranial nerves, their nuclei, or the brain stem, and are associated with prolonged 
recovery [41]. These overlapping symptoms make the diagnosis of PCS difficult and 
it is possible that patients with physiological PCS can also have isolated dysfunction 
in the vestibular, ocular, and cervical systems at the same time.

The last subtype, mood-related PCS, presents with symptoms that are primarily 
affective and/or cognitive in nature, have minimal physical examination signs, and 
are capable of exercising to exhaustion without significant symptom exacerba-
tion. The management of this sub-type is challenging, even for an experienced 

Figure 1. 
Post-concussion syndrome subtypes. Classification of the different types of PCS based on predominant clinical 
signs and symptoms.
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concussion expert, because of the extensive overlap with symptoms of primary 
mood disorders. The most recent concussion in sport group (CISG) guidelines 
recommend a multidisciplinary team approach to treatment that may involve a 
psychiatrist, a psychologist and/or a neuropsychologist [21]. Other disorders, such 
as chronic post-traumatic headaches and migraines, are treated in a similar fashion 
and should be referred to their corresponding specialist, i.e., a neurologist.

3. Sex differences

The duration of recovery is suggested to be longer for females with males recov-
ering in an average of 7–10 days where as females recovering in an average of 14 days 
[21]. Healthy females at baseline are also reported to have higher symptom severity 
on concussion symptom scales than healthy males [42]. A study [43] suggests that 
adolescent females were more likely to be diagnosed with PCS due to increased 
symptom load as well as the duration of symptoms because males returned to being 
asymptomatic by the fourth week of recovery, missing the PCS diagnostic criteria. 
Another study suggests the female sex to be a significant predictor of prolonged 
PCS, which they described as symptoms that lasted for more than 3 months [44]. 
Interestingly, the same study found this association to be more prominent between 
the ages of 14 and 56, which is characterized by drastic fluctuations of hormone 
levels. This calls into question the role of female sex hormones in recovery trajecto-
ries and symptom resolution. Some critics have suggested that the above theories 
overestimate sex effect on PCS, suggesting that the increased relative rates of 
females entering PCS and experiencing PCS symptoms are more often due to differ-
ing societal pressures and perceived stigma experienced by the sexes causing many 
males to perceive their symptoms as resolved [45, 46].

A topic of more recent research is the morphological and structural differences 
in females that could predict PCS. It has been well established by the literature that 
female athletes, given equal exposure and risk, are more likely to sustain a concus-
sion [47]. The reasoning behind a female’s increased vulnerability is still under 
debate, with decreased neck girth and differences in play style all seeming to play a 
role [48, 49]. A recently [50] identified difference in female brains is decreased axon 
size and density. This decreased axon size complimented with an increased density 
of axonal fibers could predispose females to having more severe consequences than 
males when given the same impact. More research in the cellular differences between 
males and females could address the differences observed in PCS incidence.

4. Imaging

Currently, the ICD-10 states that no advanced imaging methods can diagnose 
a concussion [21], but some studies have shown that certain types of PCS have 
observable differences from each other on advanced imaging. PCS patients with 
neuropsychiatric complains have significant differences than PCS patients without 
them. Diffusion tensor imaging (DTI) studies [51] have shown decreased fractional 
anisotropy (FA) in the superior longitudinal fasciculus, vermis, and white matter 
around the nucleus accumbens and anterior limb of the internal capsule which cor-
relates to symptoms of depression and anxiety. A larger meta-analysis [52] showed 
patients who had predominantly cognitive/affective symptoms 1 month post-mTBI 
had significantly increased FA and reduced mean diffusivity (MD) than those with 
other symptoms. Increased FA indicates faster unidirectional flow within neurons 
and decreased MD indicates better axonal integrity [53], which is surprising after the 
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brain is injured. Another way to interpret these findings is that there is more activ-
ity within each neuron, which is more consistent with the hypothesized post-mTBI 
hyper-metabolic state described above. Long-term changes have also been shown to 
occur after mTBI and PCS. A study [54] that longitudinally assessed regional brain 
volumes at 1 month post-injury and again at 1 year post-injury. They found significant 
reductions in the anterior cingulate white matter, left cingulate gyrus isthmus white 
matter, and right precuneal gray matter. The reduction in left cingulate gyrus isth-
mus correlated with clinical scores on anxiety and depression, which is a prominent 
symptom of PCS. Similarly, electrophysiology studies have also provided evidence for 
this. Electroencephalographic (EEG) studies [55] have shown altered frontal-alpha 
asymmetry and beta asymmetry in patients who self-reported depression/anxiety and 
anger post-mTBI respectively. A magneto-encephalography study [56] has reported 
high accuracy in identifying patients with mTBI, with a much higher reliability for 
blast injuries. More research is warranted to identify imaging biomarkers that can 
diagnose mTBI, the different PCS sub-types, as well as their recovery.

5. Autonomic nervous system (ANS) dysfunction and PCS

The Autonomic Nervous System (ANS) control centers are located in the brain-
stem and can be damaged when rotational forces are applied to the upper cervical 
spine [57]. This damage has been confirmed in a recent DTI study [58] in patients 
with PCS, with PCS patient displaying a significantly higher percent high and low 
voxels upon follow up scan. The ANS dysfunction could be due to damage to these 
centers are/or due to uncoupling of these centers and cardiovascular system [8, 59]. 
This may cause reduced heart rate variability, a measure of sympathovagal reactiv-
ity. This stunted reactivity has been documented at rest and during exercise in the 
acute phase after concussions, as well as several months after [60]. Cardiovascular 
dysfunction in PCS may manifest as symptoms of orthostatic hypotension, pos-
tural orthostatic tachycardia syndrome, and altered heart rate and blood pressure 
responses at rest and during exercise, all which are common in PCS [31]. Studies 
have also shown abnormal ANS function, as assessed by heart rate variability 
metrics, when moving from rest to a state of increased metabolic demand in PCS, 
and this dysfunction can persist even after the patient is clinically recovered [61].

Patients with acute concussions and PCS have also been found to have higher 
rates of sympathetic nervous system output than controls, as exemplified by higher 
resting heart rates [62] and higher heart rates during cognitive [63] and physical 
exercise [64]. A study done on acutely concussed adults showed a blunted para-
sympathetic response to stimuli, with concussed athletes showing a stunted mean 
arterial pressure and first-minute high frequency power rise when compared to 
controls, as well as altogether lack of significant changes in heart rate upon face 
cooling [65]. This abnormal sympathovagal imbalance may help explain some of 
the clinical symptoms of PCS. One example is sleep disturbances in PCS because it 
involves activation of the parasympathetic drive [66]. This increased sympathetic 
drive may interfere with the onset and maintenance of sleep [67].

6. Cerebral blood flow and PCS

The brain needs a constant perfusion pressure, i.e., the supply of blood and 
nutrients, irrespective of changes in cerebral blood flow (CBF) or systemic blood 
pressure. Increases or decreases in CBF are detected by a series of receptors which 
provide local and systemic responses [68]. Local responses include constriction 
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volumes at 1 month post-injury and again at 1 year post-injury. They found significant 
reductions in the anterior cingulate white matter, left cingulate gyrus isthmus white 
matter, and right precuneal gray matter. The reduction in left cingulate gyrus isth-
mus correlated with clinical scores on anxiety and depression, which is a prominent 
symptom of PCS. Similarly, electrophysiology studies have also provided evidence for 
this. Electroencephalographic (EEG) studies [55] have shown altered frontal-alpha 
asymmetry and beta asymmetry in patients who self-reported depression/anxiety and 
anger post-mTBI respectively. A magneto-encephalography study [56] has reported 
high accuracy in identifying patients with mTBI, with a much higher reliability for 
blast injuries. More research is warranted to identify imaging biomarkers that can 
diagnose mTBI, the different PCS sub-types, as well as their recovery.
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The Autonomic Nervous System (ANS) control centers are located in the brain-
stem and can be damaged when rotational forces are applied to the upper cervical 
spine [57]. This damage has been confirmed in a recent DTI study [58] in patients 
with PCS, with PCS patient displaying a significantly higher percent high and low 
voxels upon follow up scan. The ANS dysfunction could be due to damage to these 
centers are/or due to uncoupling of these centers and cardiovascular system [8, 59]. 
This may cause reduced heart rate variability, a measure of sympathovagal reactiv-
ity. This stunted reactivity has been documented at rest and during exercise in the 
acute phase after concussions, as well as several months after [60]. Cardiovascular 
dysfunction in PCS may manifest as symptoms of orthostatic hypotension, pos-
tural orthostatic tachycardia syndrome, and altered heart rate and blood pressure 
responses at rest and during exercise, all which are common in PCS [31]. Studies 
have also shown abnormal ANS function, as assessed by heart rate variability 
metrics, when moving from rest to a state of increased metabolic demand in PCS, 
and this dysfunction can persist even after the patient is clinically recovered [61].

Patients with acute concussions and PCS have also been found to have higher 
rates of sympathetic nervous system output than controls, as exemplified by higher 
resting heart rates [62] and higher heart rates during cognitive [63] and physical 
exercise [64]. A study done on acutely concussed adults showed a blunted para-
sympathetic response to stimuli, with concussed athletes showing a stunted mean 
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controls, as well as altogether lack of significant changes in heart rate upon face 
cooling [65]. This abnormal sympathovagal imbalance may help explain some of 
the clinical symptoms of PCS. One example is sleep disturbances in PCS because it 
involves activation of the parasympathetic drive [66]. This increased sympathetic 
drive may interfere with the onset and maintenance of sleep [67].
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The brain needs a constant perfusion pressure, i.e., the supply of blood and 
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pressure. Increases or decreases in CBF are detected by a series of receptors which 
provide local and systemic responses [68]. Local responses include constriction 
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or dilation of cerebral blood vessels and systemic responses include altering the 
cardiac contractibility and systemic blood pressure. This protects the brain from 
changes in sympathetic nerve activity, mean arterial blood pressure, and arte-
rial CO2 levels [69]. Of relevance to physiological PCS, the ANS controls the CBF 
response to exercise which is suspected to be the cause of symptom exacerbation on 
physical exertion [70]. Evidence to support this hypothesis includes lower resting 
global CBF detected beyond symptom recovery using MR-angiography, with 64% 
of sport-related concussion patients showing CBF improvements within 30 days 
[71, 72], and regional alterations in resting CBF in patients with PCS [73–75]. Taken 
together, there is an abundance of evidence that cerebral autoregulation is impaired 
in PCS, a likely explanation for many physiological PCS symptoms.

Functional magnetic resonance imaging (fMRI) have also been used to assess 
patients with concussion and PCS. fMRI can assess task-evoked blood-oxygen-
level-dependent (BOLD) responses either during resting state or during cognitive 
tasks [76]. PCS patients have cognitive intolerance so it logical to assess for differ-
ences in activation/inactivation during cognitive tasks. Changes in regional deoxy-
hemoglobin concentrations can also been assessed using functional near-infrared 
spectroscopy (fNIRS) [77]. Abnormal CBF regulation should lead to differences in 
BOLD responses in the PCS brain so research is currently being done to find objec-
tive biomarkers for PCS. Unfortunately, the literature is not decisive [78]. Studies 
have shown decreased BOLD activity in thalamus and hypothalamus as well as fron-
tal/temporal regions but increased functional connectivity in certain brain circuits 
including enhanced thalami-cortical functional connectivity based on resting-state 
BOLD responses in TBI patients in comparison to healthy controls. There could 
be several reasons for these differences, it could be due to the multiple sub-types 
of PCS, some causing an increases response whereas other causing a decreased 
response, or due to the time since injury with acute cases showing more activation 
due to neuro-metabolic activity and chronic cases showing decreased activity. More 
research is warranted to understand the pathophysiology of CBF autoregulation 
disturbances in PCS.

7. Intra-cranial pressure (ICP) and PCS

Intra-cranial pressure (ICP) is the pressure of the cerebrospinal fluid in the 
subarachnoid space and is between 7 and 15 mmHg in a healthy supine adult and 
-10 mmHg in the standing position [79]. Since the brain is inside a stiff skull with 
fixed volume, an increase in ICP could lead to impaired CBF and is an important 
cause of secondary insult due to ischemia [80, 81]. ICP can be measured using 
direct and indirect methods. Direct methods, such as intraventricular catheter, 
are invasive, have high risk of complications and are not justified for mTBI [82]. 
Indirect methods, like ultrasonographic or ophthalmological, are noninvasive but 
have a downside of being less sensitive and less reliable [83]. Increased ICP has 
already been documented in moderate and severe traumatic brain injury (TBI) and 
their treatment includes monitoring and normalization of the ICP. Due to the mild 
nature of mTBI, directly measured ICP has not been studied in much detail in this 
population but there is one systematic review that suggests a prolonged increase 
in ICP after an mTBI and recommends further research [84]. One particular 
study [85] of interest used intravenous hypertonic 3% saline on acutely concussed 
patients. Hypertonic saline is a commonly used pharmacotherapy for treatment of 
increased ICP and its efficacy has been documented in moderate to severe forms 
of TBI [81, 86–89]. The study showed a significant decrease in concussion-specific 
symptoms after an infusion of hypertonic saline but did not measure ICP, hence the 
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ICP response to hypertonic saline is an assumption. More research needs to be done 
in PCS to investigate this possible alternate method of treatment.

8. Neuroinflammation

Neuroinflammation is the inflammation of nervous tissue and is present in sev-
eral pathological conditions such as infection, injury, autoimmunity, toxicity and 
aging [90]. The central nervous system (CNS) has its own native cells, the microglia 
and astrocytes, capable of initiating the inflammatory response [91–93]. While 
neuroinflammation is recognized to promote protective and regenerative effects 
by activating alternative pathways, persistent neuroinflammation is considered 
detrimental in several diseases and is an area of interest in several neurodegenera-
tive diseases [94]. Among the several inflammatory mediators released after TBI, 
some of the most researched include tumor necrosis factor-α (TNFα) [95] and 
interleukin-1β [96]. TNFα has been shown to be produced early after experimental 
mTBI, generally returning to baseline levels within 24 hours of injury. Mice with 
dysfunctional TNFα systems have prolonged recovery (2–3 weeks versus >4 weeks), 
increased cell damage, and increased blood brain barrier permeability (BBB) with 
the extent of BBB breach being 0.9mm3 greater in TNFα receptor lacking mice 
after TBI [97, 98]. However, the literature on TNFα role in mTBI is controversial. 
Older studies have shown that inhibition of TNFα after mTBI in animal models can 
be beneficial by improving neurological outcome, motor function recovery, and 
decreasing edema size [99, 100]. However, a newer study has shown that TNFα 
knockout mice performed poorly when compared to wild type mice after concus-
sive brain injury [101]. The authors of that study also concluded that TNFα inhibi-
tion influence cognitive deficits independent of mTBI so these therapies are not 
appropriate for mTBI.

9. Treatment of PCS

Treatment of concussion and PCS has changed significantly over that past 
decade. The previous standard of care used to be complete physical and cognitive 
rest with a high degree of social isolation until symptoms resolve [102]. This “rest 
is best” model of care was supported by evidence that showed that the brain is 
vulnerable immediately after a concussion with cognitive or physical stress [12] and 
excessing physical activity [103, 104] would prolong the recovery. Forced aerobic 
exercise imposed upon rodents within 2 weeks of fluid percussion-simulated con-
cussion was shown to be detrimental to recovery of cognitive function. However, 
exercise administered three or more weeks after injury in rodents was beneficial 
to both. A recent randomized controlled trial in humans compared prolonged 
rest to a short period of rest followed by a step-wise return to activity and found 
that the strict rest group reported more daily symptoms and a prolonged duration 
of recovery [105]. Another observational study suggests that moderate levels of 
physical activity, specifically aerobic exercise, within the first week after injury 
reduces the incidence of PCS in children and adolescents [15]. This growing body of 
evidence has changed the management of concussions and PCS and the most recent 
CISG guidelines [21] recommend a short period of rest (24–48 hours) post-injury, 
followed by a graded return to sub-threshold activity. There have been more studies 
[106] that have shown the benefits of early sub-threshold aerobic activity in concus-
sion and PCS since guideline came out. A recent randomized controlled trial [107] 
of over a hundred acutely concussed adolescents showed a significant reduction in 
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that the strict rest group reported more daily symptoms and a prolonged duration 
of recovery [105]. Another observational study suggests that moderate levels of 
physical activity, specifically aerobic exercise, within the first week after injury 
reduces the incidence of PCS in children and adolescents [15]. This growing body of 
evidence has changed the management of concussions and PCS and the most recent 
CISG guidelines [21] recommend a short period of rest (24–48 hours) post-injury, 
followed by a graded return to sub-threshold activity. There have been more studies 
[106] that have shown the benefits of early sub-threshold aerobic activity in concus-
sion and PCS since guideline came out. A recent randomized controlled trial [107] 
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recovery time from a median of 17 days in the placebo group to a median of 13 days 
in the aerobic exercise group (p = 0.006). This study is a turning point and will 
affect the approach to concussion treatment worldwide [108].

There are several theories why light to moderate levels of exercise can improve 
recovery from PCS. The neurocognitive benefits of exercise, such as attenuation of 
cognitive impairment and reduction of dementia risk in humans, have been known 
for years [109]. The proposed mechanism of brain health is due to the action of 
factors that promote neuron growth and repair. Brain derived neurotrophic factor 
(BDNF) is one of these factors that increase hippocampal volume and improves 
spatial memory [110]. BDNF levels have been shown to increase after exercise in 
animals [109] which has provided pre-clinical support for the observation that 
patients with PPCS recover much faster with sub-threshold aerobic exercise treat-
ment [29]. In humans, studies have shown that exercise increases BDNF level as 
early as 5–6 weeks after initiation of aerobic training, which has a positive influ-
ence on brain neuroplasticity [111, 112]. In regards of CBF regulation, physical 
deconditioning from prolonged rest has been shown to impair CBF regulation 
[113], which is already impaired in PCS as discussed above, whereas exercise has 
been shown to be beneficial in improving CBF regulation [114]. The rapidity of the 
beneficial effect of exercise on neuroplasticity suggests improved neuronal function 
rather than reduced cerebrovascular disease risk being the cause for increased brain 
health and function. An interesting finding is that not all light to moderate exercise 
causes an increase in BDNF. Rats who were “forced” to exercise after concussion 
did not increase BDNF levels and showed an increase in stress hormone levels, 
which was not seen in rats who exercised voluntarily [115, 116]. This emphasizes the 
benefits of voluntary, sub-symptom threshold exercise during PCS.

Currently, there are no pharmacological therapies that are recommended for 
PCS [117]. Several pharmacological therapies have been researched but there is not 
enough empirical evidence to suggest their efficacy. A randomized controlled trial 
[118] studied the effects of the anti-Parkinson drug, amantadine, in adolescents 
with PCS and found that it significantly improved symptomology and cognitive 
function (as assessed by a computerized neurocognitive test). However, more 
evidence is needed to recommend these therapies. Psychostimulants such as meth-
ylphenidate and amphetamines, have been considered as pharmacological therapies 
for cognitive dysfunction after PCS [117]. This is based on studies that have proven 
their efficacy in moderate and severe forms of TBI [119–121]. Research is required 
on patients with mTBI before it can be recommended for PCS.

10. Long-term sequelae

There has been an increase in the awareness of long-term consequences of repet-
itive concussions and PCS since the discovery of chronic traumatic encephalopathy 
(CTE) in a retired American football player in 2005 [122]. CTE is a neurodegenera-
tive disorder characterized by significant emotional disturbances, cognitive decline, 
and deposition of Tau proteins in the brain [123]. The Tau proteinopathy seen in 
CTE is different from the Tau proteinopathy seen in Alzheimer’s disease because it 
is found widespread in the frontal and temporal lobes [124], as opposed to local-
ization in the limbic system in Alzheimer’s. There is no uncertainty that CTE is 
caused by repetitive head injuries, and has been described as early at 1928 in boxers 
[125], and the increased awareness of long-term consequences of repetitive head 
injuries, concussive or sub-concussive, have made it a popular topic in the media 
and research. The National Institutes of Health held a consensus meeting in 2016 
with the aim of defining the neuropathological criteria for CTE diagnosis [126]. 
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They blindly evaluated 25 cases of various tau proteinopathies, including CTE and a 
number of dementing brain diseases, and the results demonstrated reasonably good 
agreement and improved specificity to the diagnosis of CTE.

There is some controversy in the incidence rate of CTE and if the presence of tau 
protein represents trauma-induced CTE versus normal deposits as a result of age and 
other life factors [127]. Some researchers suggest a very high incidence of CTE in 
anyone who participated in a contact sport, with rates as high as 75–99% [124, 128]. 
All of these studies have been done by post-mortem analysis of brain tissue, which 
is currently the only way to definitely diagnose CTE [129]. However, several studies 
have been performed since 2017 which have brought uncertainty to the clinical mani-
festations and incidence of CTE, i.e., the patterns of behavior and cognitive deficits 
experienced by the living individual affected by CTE. Retired contact-sport athletes 
have be shown to have no differences in cognition [130, 131], mild cognitive impair-
ment [132], executive function [133], or structural or functional brain differences 
[134]. This suggests that although Tau proteins may deposit in the brain after head-
injuries, they do not causes significant decrease in function unless it is very severe.

11. Conclusion

PCS is a complex disorder and its pathophysiology is not clearly understood. 
There are no symptoms, or group of symptoms, that can accurately diagnose 
PCS. Females may be at a higher risk of developing PCS than male. Although 
there are no advanced imaging biomarkers for PCS, some studies present differ-
ences in those patients who predominantly complain of mood-related or cognitive 
symptoms when compared with other sub-types of PCS. Longitudinal changes in 
the brain have been identified in PCS up to 1 year since concussive head injury. 
ANS dysfunction is observed in PCS, which could be due to damage to the ANS 
control centers located in the hindbrain or uncoupling of the connections between 
the central ANS and cardiovascular system. Abnormal cardiovascular metrics 
suggest ANS dysfunction and impaired CBF regulation, which may explain the 
characteristic finding of symptom-limited exercise intolerance in physiological 
PCS. Functional imaging, like fMRI, has shown differences between healthy people 
and patients with PCS, but these differences are not consistent in the literature. 
Long term consequences of PCS or repetitive concussions include CTE, but the 
clinical manifestations of CTE need to be studied in greater detail. Therapies for 
PCS include sub-threshold aerobic exercise, which may increase neuroplasticity 
and decrease neuroinflammation through release of BDNF. More research needs to 
be done to identify objective biomarkers of concussion, PCS, and recovery, as well 
as therapies for PCS.
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Abstract

After an acquired brain injury, responses that induce cell death are activated; 
however, neuroprotective mechanisms are also activated. The relation between 
these responses determines the destination of the damaged tissue. This relation 
presents variations throughout the day; numerous studies have shown that the 
onset of a stroke occurs preferably in the morning. In the rat, ischemia causes more 
damage when it is induced during the night. The damage caused by a traumatic 
brain injury (TBI), in the rat, varies depending on the time of day it is induced. 
Minor behavioral damage has been reported when the TBI occurs during the night, 
a period that coincides with the wakefulness of the rat. It also has been observed 
that sleep deprivation accelerates the recovery. Our group has documented that 
this is due, in part, to a difference in the degree of activation of cannabinergic, 
GABAergyc, and glutamatergic systems.

Keywords: circadian rhythm, sleep deprivation, traumatic brain injury, stroke, 
cannabinergic system, glutamatergic system, GABAergyc system

1. Introduction

Recent research on acquired brain injury, the pathophysiological processes 
involved, as well as the mechanisms of morphological and functional recovery, 
have led, among other essential aspects, to the concept of neuroprotection [1]. This 
term refers to the use of any therapeutic modality that prevents or delays cell death 
resulting from a neuronal injury. In this sense, neuroprotection could be considered 
as a cytoprotection technique similar to cardioprotection or vasoprotection [2, 3].

Also, the term neuroprotection has been used to refer to self-protective responses 
that the body displays when it undergoes an acquired brain injury and tries to 
maintain the integrity and functionality of the brain [4]. The management of the 
term neuroprotection, in this sense, is more recent and emphasizes the balance of 
the body’s responses to an event of ischemia and/or traumatic brain injury (TBI).

In a TBI, two types of lesions can be identified. The primary lesion, which 
corresponds to mechanical damage to the parenchyma or the vasculature, occurs 
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at the moment of impact and is not reversible or curable and the secondary lesion, 
which corresponds to late effects, which occur hours to days post-trauma, involves a 
series of functional, structural, cellular, and molecular changes that cause neuronal 
damage. Among the events that occur, ischemia has been described. When the flow 
of blood to the brain tissue ceases, the entry of oxygen and nutrients and the exit 
of potentially toxic metabolites are severely damaged, resulting in biochemical 
changes in the affected brain area. There is a depletion of glucose and glycogen and 
failure of Na/K ATPase and other pumps, which result in a decrease in excitation 
threshold, presence of action potentials, release of excitatory neurotransmitters 
such as glutamate, massive entry of calcium, and activation of proteases, lipases, 
and nucleases, among other enzymes [5]. However, as mentioned earlier, neuropro-
tective responses are also induced; for example, the GABAergic and cannabinergic 
systems are activated [6, 7]. The balance between both responses will determine the 
outcome of the damaged tissue [4].

Indeed, the release of glutamate and the activation of its ionotropic receptors 
are the main events that result in cell death as a consequence of a TBI or cerebral 
ischemic attack with acute hypoxia [8–10]. The increase in GABAergic synaptic 
transmission may have neuroprotective effects against cerebral ischemia, and its 
inhibition increases the alterations induced by this event, while the inhibition of 
excitatory signals or excitatory neurotransmitters results in the cytoprotection of 
ischemic brain tissue [6, 11]. GABA mimetic drugs have a protective effect. Thus, 
administration of GABAA agonists such as benzodiazepines or muscimol attenuates 
the damage produced by a TBI [12, 13], while bicuculline, a GABAA antagonist, 
increases it [12].

In vitro and in vivo data suggest that the cannabinergic system is a component of 
mammalian neuroprotective mechanisms that an organism displays after suffering 
an insult such as a TBI [7, 14–17]. Endocannabinoid anandamide and 2-arachi-
donoylglycerol (2-Ag) increase after an acquired brain injury [14, 15] and serve as 
signaling mediators in integrating inhibitory and excitatory synaptic transmission, 
as they could regulate glutamate and GABA release [17]. Besides, recently it has 
been reported that 2-Ag keeps brain homeostasis by exerting anti-inflammatory 
effects in response to harmful insults [17].

2. Neuroprotection and photoperiod

The cerebral ischemic attack, similar to the heart attack, has a marked diurnal 
rhythm. Numerous studies have shown that the time of onset of cerebral vascular 
accidents, as well as transient ischemic attacks, occurs preferably between 6:00 
and 12:00 h in the morning that is, after the subject gets up and begins to pres-
ent activity [18–20]. Numerous variables have been mentioned as responsible for 
this circadian pattern, among which are postural changes, circadian variations of 
platelet aggregation, thrombolysis, blood pressure, cardiac rhythm, and circulating 
concentrations of catecholamines, whose maximum levels occur just in this period. 
In the rat, ischemia causes more significant damage if it is induced in the hours of 
darkness compared to the hours of light [21].

Our group has analyzed the severity of a TBI concerning the photoperiod. 
Using the rat as a model, we have found that the recovery from a TBI induced by 
the technique of “closed head injury” presents diurnal variations, recovery being 
better if the trauma occurs in the hours of darkness concerning daylight hours 
[22–24]. In other words, there seems to be a greater neuroprotection response in 
the hours of darkness. The fact that the functionality of the brain is not the same 
in the hours of light as in the hours of darkness is not surprising; many pieces of 
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evidence indicate the importance of rhythms in general, and in particular of the 
circadian rhythms in physiology. The presence of circadian rhythms has been 
explained as an adaptive response of the different organisms to the environmental 
variables. All species from cyanobacteria to humans have these rhythms that serve 
to anticipate the daily variations of different variables such as temperature, light, or 
food intake. It is accepted that virtually any physiological parameter that has been 
measured for a period of 24 h in humans has fluctuations [25, 26]. Several aspects 
of brain physiology, neuronal activity, and secretion of neurotransmitters, among 
others, change throughout the day, in such a way that the cerebral functions present 
circadian variations, dependent on the time of day, although it should be noted that 
they also depend on the sleep-wake cycle [27, 28]. Circadian rhythms in mammals 
are generated by the suprachiasmatic nucleus (SCN) of the hypothalamus, and both 
GABA and glutamate are intimately related to the function of this nucleus. Indeed, 
the photic information received by the SCN comes directly from the retina through 
the hypothalamic retinal tract, which releases glutamate, and indirectly through the 
hypothalamic geniculate tract that releases GABA and neuropeptide Y [29]; besides, 
GABA is one of the main neurotransmitters present in the SCN.

The variability in neuroprotection associated with the photoperiod can be 
explained by considering that the endogenous levels of practically any endogenous 
molecule present variations during the different phases of photoperiod. Diurnal 
variations have been reported in the circulating levels of heat shock proteins (HSPs) 
[30], as well as brain-derived neurotrophic factor (BDNF) and its receptors in the 
prefrontal cortex [31], of anandamide in cerebrospinal fluid, pons, hippocampus, 
and hypothalamus [32]. Our group found diurnal variations in CB1 cannabinoid 
receptor expression in the hippocampus [33], pons [34] and cerebral cortex [23]. 

Figure 1. 
Mechanisms of neuronal damage, endogenous neuroprotection, and its relationship with photoperiod, 
sleep deprivation for short periods, and sleep rebound. BDNF: brain-derived neurotrophic factor; CB1: 
cannabinoid receptor type 1; GABA: gamma-aminobutyric acid; HSP: heat shock proteins; NMDA: 
N-methyl-d-aspartate receptor; 2-Ag: 2-arachidonoylglycerol; and SWS: slow wave sleep. Data obtained 
from Refs. [4-7, 23, 24, 31-34, 71-86, 92-95].
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series of functional, structural, cellular, and molecular changes that cause neuronal 
damage. Among the events that occur, ischemia has been described. When the flow 
of blood to the brain tissue ceases, the entry of oxygen and nutrients and the exit 
of potentially toxic metabolites are severely damaged, resulting in biochemical 
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excitatory signals or excitatory neurotransmitters results in the cytoprotection of 
ischemic brain tissue [6, 11]. GABA mimetic drugs have a protective effect. Thus, 
administration of GABAA agonists such as benzodiazepines or muscimol attenuates 
the damage produced by a TBI [12, 13], while bicuculline, a GABAA antagonist, 
increases it [12].

In vitro and in vivo data suggest that the cannabinergic system is a component of 
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signaling mediators in integrating inhibitory and excitatory synaptic transmission, 
as they could regulate glutamate and GABA release [17]. Besides, recently it has 
been reported that 2-Ag keeps brain homeostasis by exerting anti-inflammatory 
effects in response to harmful insults [17].

2. Neuroprotection and photoperiod

The cerebral ischemic attack, similar to the heart attack, has a marked diurnal 
rhythm. Numerous studies have shown that the time of onset of cerebral vascular 
accidents, as well as transient ischemic attacks, occurs preferably between 6:00 
and 12:00 h in the morning that is, after the subject gets up and begins to pres-
ent activity [18–20]. Numerous variables have been mentioned as responsible for 
this circadian pattern, among which are postural changes, circadian variations of 
platelet aggregation, thrombolysis, blood pressure, cardiac rhythm, and circulating 
concentrations of catecholamines, whose maximum levels occur just in this period. 
In the rat, ischemia causes more significant damage if it is induced in the hours of 
darkness compared to the hours of light [21].

Our group has analyzed the severity of a TBI concerning the photoperiod. 
Using the rat as a model, we have found that the recovery from a TBI induced by 
the technique of “closed head injury” presents diurnal variations, recovery being 
better if the trauma occurs in the hours of darkness concerning daylight hours 
[22–24]. In other words, there seems to be a greater neuroprotection response in 
the hours of darkness. The fact that the functionality of the brain is not the same 
in the hours of light as in the hours of darkness is not surprising; many pieces of 
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evidence indicate the importance of rhythms in general, and in particular of the 
circadian rhythms in physiology. The presence of circadian rhythms has been 
explained as an adaptive response of the different organisms to the environmental 
variables. All species from cyanobacteria to humans have these rhythms that serve 
to anticipate the daily variations of different variables such as temperature, light, or 
food intake. It is accepted that virtually any physiological parameter that has been 
measured for a period of 24 h in humans has fluctuations [25, 26]. Several aspects 
of brain physiology, neuronal activity, and secretion of neurotransmitters, among 
others, change throughout the day, in such a way that the cerebral functions present 
circadian variations, dependent on the time of day, although it should be noted that 
they also depend on the sleep-wake cycle [27, 28]. Circadian rhythms in mammals 
are generated by the suprachiasmatic nucleus (SCN) of the hypothalamus, and both 
GABA and glutamate are intimately related to the function of this nucleus. Indeed, 
the photic information received by the SCN comes directly from the retina through 
the hypothalamic retinal tract, which releases glutamate, and indirectly through the 
hypothalamic geniculate tract that releases GABA and neuropeptide Y [29]; besides, 
GABA is one of the main neurotransmitters present in the SCN.

The variability in neuroprotection associated with the photoperiod can be 
explained by considering that the endogenous levels of practically any endogenous 
molecule present variations during the different phases of photoperiod. Diurnal 
variations have been reported in the circulating levels of heat shock proteins (HSPs) 
[30], as well as brain-derived neurotrophic factor (BDNF) and its receptors in the 
prefrontal cortex [31], of anandamide in cerebrospinal fluid, pons, hippocampus, 
and hypothalamus [32]. Our group found diurnal variations in CB1 cannabinoid 
receptor expression in the hippocampus [33], pons [34] and cerebral cortex [23]. 

Figure 1. 
Mechanisms of neuronal damage, endogenous neuroprotection, and its relationship with photoperiod, 
sleep deprivation for short periods, and sleep rebound. BDNF: brain-derived neurotrophic factor; CB1: 
cannabinoid receptor type 1; GABA: gamma-aminobutyric acid; HSP: heat shock proteins; NMDA: 
N-methyl-d-aspartate receptor; 2-Ag: 2-arachidonoylglycerol; and SWS: slow wave sleep. Data obtained 
from Refs. [4-7, 23, 24, 31-34, 71-86, 92-95].
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Besides, we recently reported diurnal variations in the expression of the NMDA 
receptor in motor cortex [24] (see Figure 1).

On the other hand, it has been reported that the TBI causes circadian dysregula-
tions of blood pressure, heart rate, body temperature [35], hormonal cycles [36], 
and the sleep-wake cycle [37, 38]. Patients who suffered a severe TBI do not have a 
perceptible sleep/wake rhythm on the first or second day after the injury, and only 
half of them will have recovered a consolidated day/night pattern of wakefulness 
and sleep, 8 days later. The recovery of a circadian organization is a predictive 
factor of patient wellness [39]. It has been suggested that patients with lesions in 
the hypothalamus and the SCN will have poor outcomes [40]. Recent data from the 
literature indicate that even a mild TBI causes damage in hypothalamic structural 
and functional connectivity [41]. Also, it has been shown that the expression of 
clock genes such as BMAL1 and Cry1 is disrupted in the SCN and hippocampus of 
rats that are subjected to TBI [42].

3. Neuroprotection and sleep

Numerous studies have documented sleep-wake disturbances (SWD) in adults 
post-TBI, with excessive diurnal somnolence and insomnia being the biggest com-
plaints. However, other sleep disorders such as narcolepsy, restless leg syndrome, 
parasomnias, and obstructive and central sleep apnea have also been reported [39]. 
Several studies indicate that hypersomnia following TBI has a prevalence varying 
between 50 and 85% [39, 43]. If the onset of hypersomnolence is from the traumatic 
event, it is called posttraumatic hypersomnia (PH) and is a hallmark of severe 
TBI. It has been reported that PH is related to direct injury to the alerting histamin-
ergic tuberomammillary neurons, which are reduced by approximately 40% after 
severe TBI [44]. Also documented are fatigue and hypersomnia following mild TBI 
associated with the injury of the lower portion of the ascending reticular activat-
ing system between the pontine reticular formation and the intralaminar thalamic 
nucleus, using diffusion tensor tractography [45].

Botchway et al. [46] reported that even 20 years after a TBI in childhood, young 
adulthood present increased risk of SWD and that this is more common after a 
moderate TBI than after a severe one.

Haboubi et al. [47] found that up to 46% of patients reported insomnia that 
persisted beyond 6 months after mild TBI. Insomnia is reported more frequently 
with milder forms of TBI injuries [48] and has been associated with head trauma 
involving lower frontal and anterior temporal regions, including the basal forebrain 
as it affects the area involved in sleep initiation [39, 49].

Zhou [41], using advanced quantitative magnetic resonance imaging techniques, 
showed that disruption of functional and structural hypothalamic connectivity in 
patients with mild TBI was associated with fatigue and sleep problems.

Hypersomnolence has been associated with a decrease in the number of hypo-
cretin-positive cells in experimental TBI models [50–52]. Also, an increased number 
of awakenings associated with an increase in reactive microglia in thalamic regions 
have been reported [53].

On the other hand, there are few data in the literature that support the neuro-
protective role of sleep or wakefulness. Although, when a child falls and hits his/
her head, a general recommendation says: “Do not let him sleep”; there is no reliable 
data in the literature to support that this sleep deprivation will have some protec-
tive effect. More informed recommendations indicate that if the child is sleepy, he/
she is allowed to sleep, but that he must be awakened every 2 h to verify that he/she 
speaks, moves the four extremities and that is oriented [54].
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It is worth noting that there is extensive literature that supports that sleep depri-
vation for prolonged periods impairs many physiological functions and causes death 
[55–58]. Total sleep deprivation (TSD) in rats causes deterioration in health whose 
end is death in a period between 11 and 32 days [56], while selectively rapid eye 
movement sleep deprivation (REMSD) causes death between 16 and 54 days [57].

Nevertheless, recent evidence suggests that sleep deprivation for shorter periods 
may be neuroprotective. Indeed, several studies in focal and global cerebral ischemia 
[59, 61, 65–67], cardiac arrest [60] or TBI [64, 68, 69] murine models have documented 
that both TSD [59, 61, 64–66, 69] and REMSD [60, 64, 67] have neuroprotective 
effects, whether they are applied before the insult [59–61, 65, 66] or after it [64, 67, 69] 
as summarized in Table 1. However, some studies indicate that sleep deprivation for 
short periods had no effect [68] or, its effect was deleterious [62, 63] (see Table 1).

As can be seen in Table 1, in some of the cases, sleep deprivation for short periods 
of time was applied before the noxious stimulus so it could be considered as a precon-
ditioning stimulus [70], that is, a stimulus that triggers the activation of the endog-
enous neuroprotection response and prepares the organism against a harmful event 
of greater wingspan. However, in other studies indicated in Table 1, sleep depriva-
tion for short periods was applied after the noxious stimulus, so it would rather act as 
a neuroprotective factor by delaying and/or decreasing the secondary lesion. In this 
sense, several reports in the literature suggest that sleep deprivation for short periods 
increase the expression of neuroprotective molecules like HSP, growth factors, and 
plasticity-related genes [71–73]. It also has been reported that TSD for short periods 
produces neurogenesis in the hippocampus [74, 75] (see Figure 1).

Another factor that could be participating in the neuroprotective role of sleep 
deprivation for short periods is the balance between glutamatergic and GABAergic 
systems, which both sleep deprivation and TBI produce. In the literature, there are 
reports that TBI increases both glutamate [76–78] and GABA [79]. Also, the expres-
sion of GABAA receptors [80, 81] and NMDA [82] is modified; there are also several 
reports that indicate that sleep deprivation for short periods changes the release of 
both glutamate and GABA. REMSD increases the level of glutamate [83], as well 
as that of GABA but reduces the glutamate/GABA ratio [84]. These modifications 
could be significant in events such as TBI or ischemia since they would be regulating 
the excitotoxicity produced by glutamate. They could also be correlated with reports 
showing that sleep deprivation for short periods modifies the expression and/or 
replacement of NMDA receptors [85, 86]. For example, McDermott [87] shows 
that the REMSD for 72 h increases the intracellular NMDA levels, which could be 
interpreted as a down-regulation in response to the increase of glutamate; in the 
same way, several investigations show that the sleep deprivation for short periods 
can be an event that prevents the glutamate toxicity mediated by NMDA receptors 
[88]. As for GABAA receptors, there are reports that sleep deprivation for short 
periods increases their expression [89, 90], and/or modifies the expression of some 
subunits, which may explain functional changes in GABAergic transmission [91].

The cannabinergic system could also be participating in the neuroprotective 
effect of sleep deprivation for short periods. It has been reported that circulating 
2-Ag increases with sleep deprivation [92].

Also, it is worth noting that TSD induces a subsequent increase or rebound in 
slow-wave or high-amplitude electroencephalographic activity during slow wave 
sleep (SWS) while REMD induces an increase or rebound in REMS [93], so it is 
possible that the sleep rebound is the neuroprotective factor. This is in agreement 
with the findings of Brager et al. [94] who utilized remote preconditioning to prevent 
damage in a focal brain ischemia model. They found that remote preconditioning 
was associated with an increase of SWS. Also, sleep rebound appears to reduce the 
cerebral cortex level of glutamate [83] and increase that of GABA [95]. Besides, we 
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Besides, we recently reported diurnal variations in the expression of the NMDA 
receptor in motor cortex [24] (see Figure 1).
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tions of blood pressure, heart rate, body temperature [35], hormonal cycles [36], 
and the sleep-wake cycle [37, 38]. Patients who suffered a severe TBI do not have a 
perceptible sleep/wake rhythm on the first or second day after the injury, and only 
half of them will have recovered a consolidated day/night pattern of wakefulness 
and sleep, 8 days later. The recovery of a circadian organization is a predictive 
factor of patient wellness [39]. It has been suggested that patients with lesions in 
the hypothalamus and the SCN will have poor outcomes [40]. Recent data from the 
literature indicate that even a mild TBI causes damage in hypothalamic structural 
and functional connectivity [41]. Also, it has been shown that the expression of 
clock genes such as BMAL1 and Cry1 is disrupted in the SCN and hippocampus of 
rats that are subjected to TBI [42].

3. Neuroprotection and sleep

Numerous studies have documented sleep-wake disturbances (SWD) in adults 
post-TBI, with excessive diurnal somnolence and insomnia being the biggest com-
plaints. However, other sleep disorders such as narcolepsy, restless leg syndrome, 
parasomnias, and obstructive and central sleep apnea have also been reported [39]. 
Several studies indicate that hypersomnia following TBI has a prevalence varying 
between 50 and 85% [39, 43]. If the onset of hypersomnolence is from the traumatic 
event, it is called posttraumatic hypersomnia (PH) and is a hallmark of severe 
TBI. It has been reported that PH is related to direct injury to the alerting histamin-
ergic tuberomammillary neurons, which are reduced by approximately 40% after 
severe TBI [44]. Also documented are fatigue and hypersomnia following mild TBI 
associated with the injury of the lower portion of the ascending reticular activat-
ing system between the pontine reticular formation and the intralaminar thalamic 
nucleus, using diffusion tensor tractography [45].

Botchway et al. [46] reported that even 20 years after a TBI in childhood, young 
adulthood present increased risk of SWD and that this is more common after a 
moderate TBI than after a severe one.

Haboubi et al. [47] found that up to 46% of patients reported insomnia that 
persisted beyond 6 months after mild TBI. Insomnia is reported more frequently 
with milder forms of TBI injuries [48] and has been associated with head trauma 
involving lower frontal and anterior temporal regions, including the basal forebrain 
as it affects the area involved in sleep initiation [39, 49].

Zhou [41], using advanced quantitative magnetic resonance imaging techniques, 
showed that disruption of functional and structural hypothalamic connectivity in 
patients with mild TBI was associated with fatigue and sleep problems.

Hypersomnolence has been associated with a decrease in the number of hypo-
cretin-positive cells in experimental TBI models [50–52]. Also, an increased number 
of awakenings associated with an increase in reactive microglia in thalamic regions 
have been reported [53].

On the other hand, there are few data in the literature that support the neuro-
protective role of sleep or wakefulness. Although, when a child falls and hits his/
her head, a general recommendation says: “Do not let him sleep”; there is no reliable 
data in the literature to support that this sleep deprivation will have some protec-
tive effect. More informed recommendations indicate that if the child is sleepy, he/
she is allowed to sleep, but that he must be awakened every 2 h to verify that he/she 
speaks, moves the four extremities and that is oriented [54].
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It is worth noting that there is extensive literature that supports that sleep depri-
vation for prolonged periods impairs many physiological functions and causes death 
[55–58]. Total sleep deprivation (TSD) in rats causes deterioration in health whose 
end is death in a period between 11 and 32 days [56], while selectively rapid eye 
movement sleep deprivation (REMSD) causes death between 16 and 54 days [57].

Nevertheless, recent evidence suggests that sleep deprivation for shorter periods 
may be neuroprotective. Indeed, several studies in focal and global cerebral ischemia 
[59, 61, 65–67], cardiac arrest [60] or TBI [64, 68, 69] murine models have documented 
that both TSD [59, 61, 64–66, 69] and REMSD [60, 64, 67] have neuroprotective 
effects, whether they are applied before the insult [59–61, 65, 66] or after it [64, 67, 69] 
as summarized in Table 1. However, some studies indicate that sleep deprivation for 
short periods had no effect [68] or, its effect was deleterious [62, 63] (see Table 1).

As can be seen in Table 1, in some of the cases, sleep deprivation for short periods 
of time was applied before the noxious stimulus so it could be considered as a precon-
ditioning stimulus [70], that is, a stimulus that triggers the activation of the endog-
enous neuroprotection response and prepares the organism against a harmful event 
of greater wingspan. However, in other studies indicated in Table 1, sleep depriva-
tion for short periods was applied after the noxious stimulus, so it would rather act as 
a neuroprotective factor by delaying and/or decreasing the secondary lesion. In this 
sense, several reports in the literature suggest that sleep deprivation for short periods 
increase the expression of neuroprotective molecules like HSP, growth factors, and 
plasticity-related genes [71–73]. It also has been reported that TSD for short periods 
produces neurogenesis in the hippocampus [74, 75] (see Figure 1).

Another factor that could be participating in the neuroprotective role of sleep 
deprivation for short periods is the balance between glutamatergic and GABAergic 
systems, which both sleep deprivation and TBI produce. In the literature, there are 
reports that TBI increases both glutamate [76–78] and GABA [79]. Also, the expres-
sion of GABAA receptors [80, 81] and NMDA [82] is modified; there are also several 
reports that indicate that sleep deprivation for short periods changes the release of 
both glutamate and GABA. REMSD increases the level of glutamate [83], as well 
as that of GABA but reduces the glutamate/GABA ratio [84]. These modifications 
could be significant in events such as TBI or ischemia since they would be regulating 
the excitotoxicity produced by glutamate. They could also be correlated with reports 
showing that sleep deprivation for short periods modifies the expression and/or 
replacement of NMDA receptors [85, 86]. For example, McDermott [87] shows 
that the REMSD for 72 h increases the intracellular NMDA levels, which could be 
interpreted as a down-regulation in response to the increase of glutamate; in the 
same way, several investigations show that the sleep deprivation for short periods 
can be an event that prevents the glutamate toxicity mediated by NMDA receptors 
[88]. As for GABAA receptors, there are reports that sleep deprivation for short 
periods increases their expression [89, 90], and/or modifies the expression of some 
subunits, which may explain functional changes in GABAergic transmission [91].

The cannabinergic system could also be participating in the neuroprotective 
effect of sleep deprivation for short periods. It has been reported that circulating 
2-Ag increases with sleep deprivation [92].

Also, it is worth noting that TSD induces a subsequent increase or rebound in 
slow-wave or high-amplitude electroencephalographic activity during slow wave 
sleep (SWS) while REMD induces an increase or rebound in REMS [93], so it is 
possible that the sleep rebound is the neuroprotective factor. This is in agreement 
with the findings of Brager et al. [94] who utilized remote preconditioning to prevent 
damage in a focal brain ischemia model. They found that remote preconditioning 
was associated with an increase of SWS. Also, sleep rebound appears to reduce the 
cerebral cortex level of glutamate [83] and increase that of GABA [95]. Besides, we 
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have documented that the rebound after REMSD increases the expression of the CB1 
cannabinoid receptors in the rat pons [34], which could have a neuroprotective effect.

Also, during sleep rebound, the function of the glymphatic system is favored 
and therefore the elimination of toxic brain substances [96–98].

Reference Damage 
model

Sleep deprivation (method 
and schedule)

Main findings Outcome

Hsu et al. [59] Global 
cerebral 
ischemia 
in rat

TSD for 5 days before a 
transient global cerebral 
ischemia

Attenuation of the damage of 
pyramidal cells in the hippocampal 
CA1 and glial reactions

⇑

Weil et al. [60] Cardiac 
arrest in 
mice

48 h of REMSD immediately 
before cardiac arrest

Improved ischemic outcome. Lesser 
neuronal hippocampal damage and 
increased gene expression of IL-6 
and IL-10

⇑

Moldovan  
et al. [61]

Focal 
cerebral 
ischemia 
in rat

6 h of TSD immediately 
before focal cerebral 
ischemia

Decreased loss of functions and a 
smaller infarct volume

⇑

Gao et al. [62] Focal 
cerebral 
ischemia 
in rat

TSD for 12 h, 12 h after focal 
cerebral ischemia. TSD for 
12 h, for consecutive 3 days 
12 h after ischemia

Both sleep deprivation schedules 
increased the infarct volume and the 
number of damaged cells

⇓

Zunzunegui 
et al. [63]

Focal 
cerebral 
ischemia 
in rat

TSD for 12 h, for consecutive 
3 days 12 h after ischemia

Lower recovery of forearm motor 
skills, reduction in axonal sprouting, 
and synaptophysin expression

⇓

Martinez Vargas 
et al. [64]

TBI in rat REMSD and TSD for 24 h 
immediately after a  
moderate TBI

Increase in the neurobehavioral 
recovery and reduction in the 
histological damage

⇑

Cam et al. [65] Focal 
cerebral 
ischemia 
in rat

6 h of TSD immediately 
before focal cerebral 
ischemia

Reduction in infarct volume 
associated with an increase in the 
amount of SWS and REMS.

⇑

Pace et al. [66] Focal 
cerebral 
ischemia 
in rat

6 h of TSD immediately 
before focal cerebral 
ischemia

Reduction in infarct volume associated 
with a reduction in up-regulation of 
genes involved in cell cycle regulation 
and immune response.

⇑

Cheng et al. [67] Global 
cerebral 
ischemia 
in rat

REMSD for 12 h/day for 
3 days 48 h after global 
cerebral ischemia and 
reperfusion

Improvement in cognitive function, 
increased number of BrdU- and 
BrdU/NSE-positive cells as well as 
hippocampal BDNF expression

⇑

Caron and 
Stephenson [68]

TBI in rat TSD for 48 h or chronic sleep 
restriction (6 h of sleep/
day for 10 days) following 
mild TBI

TSD or CSR did not exacerbate the 
neuronal damage induced by TBI

=

Morawska  
et al. [69]

TBI in rat Increased sleep with 
sodium oxybate or TSD 
(6 h daily/5 d) starting 
1 day after TBI

Enhanced encephalographic slow-
wave activity. Markedly reduced 
diffuse axonal damage in the cortex 
and hippocampus, and improved 
memory impairment

⇑

SWS, slow wave sleep; REMS, rapid eye movement sleep; TBI, traumatic brain injury; and CSR, Chronic sleep restriction.

Table 1. 
REMSD, rapid eye movement sleep deprivation. TSD, total sleep deprivation.
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4. Sleep deprivation in humans

The TSD or REMSD data for short periods indicated in the previous section were 
obtained in animal models, but what is known in humans?

Recent studies indicate that our society is sleeping less and less and that this 
has a negative impact on health and wellbeing. Between 7 and 8 h/night of sleep is 
recommended in adults, although this time varies from person to person. Having 
an insufficient sleep in quantity or quality for multiple nights causes a debt of sleep 
that cannot be recovered and increases the risk of stroke, obesity, diabetes Mellitus 
type 2, and cardiovascular disease [99].

However, numerous studies have reported the effectiveness of TSD for one night 
in patients with depression; the first to report this were Pflug and Tolle, in 1971 
[100]. Subsequently, Vogel et al. [101] described that the REMSD was also effec-
tive. Gillin [102], in 1983, pointed out that of a total of 852 patients who were TSD 
or REMSD for one or more nights, 493 (57.9%) were reported to have “improved”, 
but it is recognized that this improvement in mood is transient and it is currently 
recommended that the TSD or REMSD be combined with sleep phase advance 
(SPA), pharmacotherapy, and sometimes also phototherapy [103].

Several studies have tried to find the mechanism by which the TSD or REMSD 
are effective in mood improvement. In this sense, some of the effects of sleep depri-
vation or the rebound could be considered as neuroprotective; for example, Davies 
et al. observed that TSD for 24 h increases the serum levels of tryptophan, taurine, 
and serotonin, which could explain, in part, the antidepressant effect of depriva-
tion [104]. It is worth noting that taurine has been related to cell volume changes 
triggered by different neurological diseases that produce secondary damage to 
ischemia [105]. This role is associated with its participation as osmolyte, which has 
been demonstrated by characterizing the increase in its extracellular concentration 
and its decrease in the intracellular one. Taurine can regulate the edema induced by 
the glutamate released during the excitotoxic cascade after a TBI. The nonvesicular 
release of taurine is an essential protective mechanism to prevent cell lysis, since, 
upon release to the extracellular environment, there is a change in the direction of 
mobilization of ions and water [106].

Hefti et al. [107] showed an increased expression of mGluR5 glutamate recep-
tor in the cingulate cortex, insula, medial temporal lobe, parahippocampal gyrus, 
striatum, and amygdala of healthy men after 33 h of TSD. Previously, some authors 
had reported that the activation of this receptor decreases the damage, using animal 
models of cerebral focal ischemia [108] and spinal cord injury [109].

Gorgulu and Caliyurt [110] demonstrated an increase in the concentration of 
serum BDNF in patients with depression treated with three overnight TSD over a 
week; nevertheless, in healthy subjects, TSD did not affect the level of BDNF.

In the course of TSD, the concentration of cortisol increases considerably as a 
result of stimulation of the hypothalamic-pituitary-adrenal axis. The rebound after 
TSD resulted in a significant reduction of cortisol and increase of growth hormone 
(GH) secretion driven by the increase of SWS [111]. Recently, neuroprotection has 
been identified as one of the functions of GH [112, 113].

Also, the level of thyroid hormones increases during sleep deprivation. It is the 
result of the stimulation of the hypothalamic-pituitary-thyroid axis [114]. It has 
also been described that thyroid hormones play a neuroprotective role in acute 
cerebrovascular disorders [115].

However, some studies show effects of TSD that could not be considered as 
neuroprotective; for example, Trivedi et al. [116] found that glutathione, ATP, 
cysteine, and homocysteine levels in plasma were significantly reduced as a result 
of one night of TSD, while Meier-Ewert et al. [117] reported that one night of TSD 
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have documented that the rebound after REMSD increases the expression of the CB1 
cannabinoid receptors in the rat pons [34], which could have a neuroprotective effect.

Also, during sleep rebound, the function of the glymphatic system is favored 
and therefore the elimination of toxic brain substances [96–98].

Reference Damage 
model

Sleep deprivation (method 
and schedule)

Main findings Outcome

Hsu et al. [59] Global 
cerebral 
ischemia 
in rat

TSD for 5 days before a 
transient global cerebral 
ischemia

Attenuation of the damage of 
pyramidal cells in the hippocampal 
CA1 and glial reactions

⇑

Weil et al. [60] Cardiac 
arrest in 
mice

48 h of REMSD immediately 
before cardiac arrest

Improved ischemic outcome. Lesser 
neuronal hippocampal damage and 
increased gene expression of IL-6 
and IL-10

⇑

Moldovan  
et al. [61]

Focal 
cerebral 
ischemia 
in rat

6 h of TSD immediately 
before focal cerebral 
ischemia

Decreased loss of functions and a 
smaller infarct volume

⇑

Gao et al. [62] Focal 
cerebral 
ischemia 
in rat

TSD for 12 h, 12 h after focal 
cerebral ischemia. TSD for 
12 h, for consecutive 3 days 
12 h after ischemia

Both sleep deprivation schedules 
increased the infarct volume and the 
number of damaged cells

⇓

Zunzunegui 
et al. [63]

Focal 
cerebral 
ischemia 
in rat

TSD for 12 h, for consecutive 
3 days 12 h after ischemia

Lower recovery of forearm motor 
skills, reduction in axonal sprouting, 
and synaptophysin expression

⇓

Martinez Vargas 
et al. [64]

TBI in rat REMSD and TSD for 24 h 
immediately after a  
moderate TBI

Increase in the neurobehavioral 
recovery and reduction in the 
histological damage

⇑

Cam et al. [65] Focal 
cerebral 
ischemia 
in rat

6 h of TSD immediately 
before focal cerebral 
ischemia

Reduction in infarct volume 
associated with an increase in the 
amount of SWS and REMS.

⇑

Pace et al. [66] Focal 
cerebral 
ischemia 
in rat

6 h of TSD immediately 
before focal cerebral 
ischemia

Reduction in infarct volume associated 
with a reduction in up-regulation of 
genes involved in cell cycle regulation 
and immune response.

⇑

Cheng et al. [67] Global 
cerebral 
ischemia 
in rat

REMSD for 12 h/day for 
3 days 48 h after global 
cerebral ischemia and 
reperfusion

Improvement in cognitive function, 
increased number of BrdU- and 
BrdU/NSE-positive cells as well as 
hippocampal BDNF expression

⇑

Caron and 
Stephenson [68]

TBI in rat TSD for 48 h or chronic sleep 
restriction (6 h of sleep/
day for 10 days) following 
mild TBI

TSD or CSR did not exacerbate the 
neuronal damage induced by TBI

=

Morawska  
et al. [69]

TBI in rat Increased sleep with 
sodium oxybate or TSD 
(6 h daily/5 d) starting 
1 day after TBI

Enhanced encephalographic slow-
wave activity. Markedly reduced 
diffuse axonal damage in the cortex 
and hippocampus, and improved 
memory impairment

⇑

SWS, slow wave sleep; REMS, rapid eye movement sleep; TBI, traumatic brain injury; and CSR, Chronic sleep restriction.

Table 1. 
REMSD, rapid eye movement sleep deprivation. TSD, total sleep deprivation.
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Gorgulu and Caliyurt [110] demonstrated an increase in the concentration of 
serum BDNF in patients with depression treated with three overnight TSD over a 
week; nevertheless, in healthy subjects, TSD did not affect the level of BDNF.

In the course of TSD, the concentration of cortisol increases considerably as a 
result of stimulation of the hypothalamic-pituitary-adrenal axis. The rebound after 
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(GH) secretion driven by the increase of SWS [111]. Recently, neuroprotection has 
been identified as one of the functions of GH [112, 113].

Also, the level of thyroid hormones increases during sleep deprivation. It is the 
result of the stimulation of the hypothalamic-pituitary-thyroid axis [114]. It has 
also been described that thyroid hormones play a neuroprotective role in acute 
cerebrovascular disorders [115].

However, some studies show effects of TSD that could not be considered as 
neuroprotective; for example, Trivedi et al. [116] found that glutathione, ATP, 
cysteine, and homocysteine levels in plasma were significantly reduced as a result 
of one night of TSD, while Meier-Ewert et al. [117] reported that one night of TSD 
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increased serum C reactive protein concentrations. Also, one night of TSD causes an 
increase of serum concentration of interleukin 6 (IL-6), a proinflammatory cyto-
kine in depressive patients as in healthy subjects; but in healthy individuals sleep 
rebound increased the level of interleukin-1-receptor antagonist (IL-1RA) [118], 
which inhibits the action of the proinflammatory interleukins 1alpha and 1beta.

Some deleterious effects attributed to the TSD may be influenced by the depri-
vation method; for example, Gil-Lozano et al. [119] reported that overnight TSD 
with nocturnal light exposure disrupted the melatonin and cortisol profiles and 
increased insulin resistance. These alterations were not observed in TSD partici-
pants maintained under dark conditions.

5. Limitations

Studies on the impact of acute sleep deprivation and its neuroprotective effects 
in humans against acquired brain damage are scarce. However, studies performed in 
subjects without brain injury indicate the existence of neuroprotective mechanisms, 
as long as it is a TSD for short or acute periods (24 h). In order to propose sleep 
deprivation as a neuroprotective mechanism and incorporate it as part of the treat-
ment against TBI, more studies are still needed.

6. Perspectives

The importance of the TBI as a public health problem worldwide requires us to 
understand the pathophysiological changes underlying this neurological event, as 
well as the processes that favor the activation of endogenous neuroprotection, in 
order to apply them as a possible therapeutic strategy.

The previous evidence highlights the importance of considering the time 
of the day when acquired brain injury is established. The alterations found as a 
consequence of this event are heterogeneous and complex, ranging from molecular 
changes to behavioral modifications; as pointed before, TBI causes dysregulation 
of sleep-wake cycle and homeostasis unbalance including many neuropeptide and 
hormones changes.

In many of the alterations induced by an acquired brain damage, the participa-
tion of neurotransmission systems such as GABAergic, glutamatergic, and can-
nabinergic is fundamental. These, like all endogenous molecules, have a diurnal 
variation; such variations, in the same way, affect the sleep-wake cycle. Evidence in 
animal models of the neuroprotective effect of sleep deprivation for short periods 
encourages us to continue researching this.

Knowing the relationship between neuroprotection, photoperiod, and sleep, 
as well as the participation of the neurotransmission systems involved in the TBI, 
opens a window in their study as potential biomarkers or therapeutic targets. With 
this approach, it will probably benefit a higher number of patients with acquired 
brain damage.
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Chapter 3

Cumulative Mild Head Injury
(CMHI) in Contact Sports
Kathryn Nel and Saraswathie Govender

Abstract

The effect of cumulative mild head injury (CMHI) in contact sports such as
rugby union and football (soccer) is seen at all levels as more concussive injuries are
reported each year globally and in South Africa. This is problematic as repeated
concussions may lead to cognitive deficits in attention and poorer overall cognitive
profiles both in the short and long term. The aim of this chapter is to present a brief
review of research on CMHI in football and rugby and other sports (briefly) both
international and South African underpinned by an overview of the anatomy and
neuroanatomy of the brain to illustrate the mechanisms involved in head injuries.
Risk factors for all types of MHI are also given.

Keywords: rugby (union), football (soccer), concussion

1. Background

Concussions, described as a traumatically induced disturbance of brain function
involving complex pathophysiological processes, are a major concern in a number
of contact and collision sports. Multiple concussions can be referred to as cumula-
tive mild head injury (CMHI), and are problematic particularly if athletes have
competed from a very young age. There is a concern about the sequelae of repeated
concussions which has gained prominence in sports psychology [1].

Rugby union and football are examples of designated contact sports where this
occurs as a result of collision injuries and in football because of repeated heading of
the ball [2]. Rugby union (hereafter referred to as rugby) players (both backs and
forwards) are involved in tackling where head to head, head to body or head to
ground impact occurs also resulting in concussive injury [3].

Various kinds of head injury occur ranging from severe to mild. Traumatic Brain
Injury (TBI) refers to a catastrophic event in which a closed or open head-injury
results in serious neural damage which causes permanent cognitive damage [4].
Lack of oxygen to the brain (anoxia) and Cerebrovascular Accidents (CVAs), com-
monly called ‘strokes,’ also fall under TBIs.

This chapter focuses on CMHI in the contact sports soccer (hereafter referred to
as football) and rugby union (rugby). A description of CMHI will be undertaken
however, in order to contextualise this properly TBI and MHI (sometimes called
Mild Traumatic Brain Injury—MTBI) will be described. After this a brief review of
research, referring to international studies generally and South African studies in
particular will be undertaken with specific reference to those involving the author(s).
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Nonetheless, international studies on rugby, football and other contact sports are
included. It must be noted that this is a complex topic which, cannot be covered
comprehensively in a chapter, thus it is a contextual overview of the subject.

1.1 Head injury

Traumatic Brain Injury (TBI) is a catastrophic brain injury. The vast majority of
TBIs are closed meaning that the brain is not exposed (the skull is not opened).
Closed head injuries (CHIs) are usually called blunt head trauma injuries. This
means that the skull can have a fracture but the injury is still closed. Penetrating
head injuries (PHIs) are referred to as open head injuries. PHI can include injuries
from any source in which the skull and dura are penetrated. The term TBI also
encompasses other aetiologies for instance, CVAs (cerebrovascular accidents or
strokes) and lack of oxygen to the brain (anoxia) which can be catastrophic [4].

1.2 Frontal lobes of the brain

The frontal lobes of the brain are very vulnerable to damage because of their
position (at the front of the head = forehead). Damage to these lobes can be caused
by illness (for instance, viral meningitis) or any kind of head injury from a blow to
the head caused by a fall, being hit with an object or repeated blows to the head (for
instance, in a sport such as boxing). A blow to another part of the head can also
cause damage to the frontal lobes of the brain. This happens because the brain is not
attached to the inside of the skull and moves around when a head injury is incurred.
When the skull hits the back of the head the brain moves and hits the bony pro-
tuberances in the skull. This causes bruising (or bleeding) in the brain from slight to
catastrophic, depending on the force of the blow to the skull [4, 5]. Figure 1 is used
to illustrate where the frontal lobes of the brain lie illustrating their larger size,
which makes them vulnerable to damage from multiple contexts for instance,
MVAs (Motor Vehicle Accidents), to illness (Meningitis) and/or sporting injuries
(Concussion and CMHIs).

1.3 Open head injury

An open head injury occurs when the skull is penetrated by force which results
in a perforated skull [5]. Damage that is incurred is usually in the pathway of the
foreign object which often results in the exposure of the intra-dural contents of the
brain [6]. Damage may occur because of tangential injuries when something strikes
the skull and bone fragments are driven into the brain. These objects may pass
through the brain or become embedded in it for instance, bullets causing either/or
entrance and exit wounds [5]. There is specific neurological symptomology associ-
ated with different types of wounds in this regard [7]. For instance, severe scalp
wounds resulting in loss-of-blood may cause low blood pressure (hypotension) and
gunshot wounds can cause severe bruises in the brain (contusions) particularly
where the enter and leave the skull (countercoup sites). The brain swells and fill
with blood and intracranial haematomas can occur [4–6] (Figure 2).

1.4 Closed head injury

There are various causes of closed-head injury however, the most common cause
is when the skull is injured and the brain suffers acceleration or deceleration and/or
both [8]. This can happen in sport for instance, when the skull is hit by something
moving quickly such as ball or bat of some kind. This type of accident commonly
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occurs in MVAs when a fast moving vehicle stops suddenly which can cause any-
thing from mild to massive brain trauma. However, repeated blows to the head in
sport can cause mild brain injury (CMHI) which can be chronic rather than acute
and, as a result, the injury effects may not be noticed [9, 10] (Figure 3).

1.5 Mild head injury (MHI)

Mild head injury (MHI) and its effects are controversial particularly with regard
to definition and classification. For instance, the classification of mild to moderate
head injuries is problematic in the research field [11]. MHI refers to an injury in
which loss of consciousness (LOC) and/or Post Traumatic Amnesia (PTA) is quite
brief and where there is no pathology (or noticeable injury) to the skull [12].
Criterion used to define MHI is underpinned by states of consciousness defined by
the Glasgow Coma Scale (GCS) [13]. Problematically, when these are used to
define CMHI or MHIs they are unreliable. A classification of MHI in terms of a
LOC lasting 30 minutes or less, which is not linked to more neurological
symptomology, is often used [14].

A broader definition of MHI includes different grades of injury and: (a) any
period of LOC for less than 30 minutes, with GCS of 13–15 following the LOC;
(b) any loss of memory for events immediately before or after the accident with

Figure 1.
Lobes of the brain.
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PTA of less than 24 hours; (c) any alteration in mental state at the time of the
accident (for instance, double vision, loss of balance, taste or smell) that may or
may not be transient [11].

1.6 Cumulative mild head injury (CMHI)

There is increasing evidence that CMHI can cause more neuropsychological
impairment as a result of neural attrition, which can cause athletes problems later in
life [15]. Cumulative damage to hippocampal cells can cause cognitive damage [16].
Moreover, CMHI which occurs over months or years is likely to cause neurological
and cognitive deficits [17]. The effects of MHI and concussions in the sporting arena
are likely cumulative which has significant implications for athletes who play con-
tact sports where concussion and CMHI occur frequently [18, 19]. Research sug-
gests that permanent cognitive deficits are increasing as a result of CMHI [20].

1.7 Concussive injuries (Concussion)

Concussion is any head injury which causes headaches and/or changed levels of
consciousness. Fundamentally, an immediate change in neurological functioning
because of a blow or injury to the head which results in diffuse axonal injuries
(DAI) in the brain structures [20]. This suggests that even short-lived impairment
to neural function, after a head injury resulting in a LOC or alteration of conscious-
ness, disturbance of vision and/or equilibrium, is referred to as a concussion. Con-
cerns about the various concussion categories making medical and other research

Figure 2.
Schematic diagram of an open head injury.
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difficult resulted in guidelines for cerebral concussion [21]. Grade 1 (mild) = tran-
sient confusion; no loss of consciousness with symptoms resolving in 15 minutes or
less: Grade 2 (moderate) = transient confusion, no loss of consciousness and symp-
toms lasting longer than 15 minutes and lastly, Grade 3 (severe): any loss of con-
sciousness (brief or prolonged) [22].

The authors in this chapter often use terms like concussion, mild head injury
(MHI), mild traumatic brain injury (MBTI) and cumulative mild head injury
(CMHI) interchangeably as in the sporting arena to all intent and purpose they
often refer to the same thing depending on the sporting code and/or country the
injury.

At the first International Conference of Concussion it was stated that concussion
was a complex pathophysiological caused by biochemical forces impacting on the
brain [23]. The definition included the following concussion: (1) may be caused by a
blow to the head face, neck, or elsewhere with force that is transferred to the brain;
(2) characteristically causes the speedy onset of brief impairment of neurological
functions that resolve spontaneously; (3) results in neuropathological changes
however, acute clinical symptomology reflects functional disturbances as opposed
to structural injury; (4) is a set of clinical syndromes that sometimes (but not
always) involves a LOC. Symptomology is resolved following a specific sequence
and (5) it is characteristically associated with fundamentally normal structural
neuroimaging. A later addition to this was that in some cases post-concussive
symptoms can be protracted and persistent [19]. It is used to refer to a closed, MHI
such as those incurred by athletes who play contact sports. It falls within the ambit

Figure 3.
Schematic representation of a closed head injury.
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of MHI and CMHI and can be difficult to detect as symptoms can last from a few
seconds to minutes [5]. In this chapter this type of head injury denotes any impact
to the head which often go un-reported (Figure 4).

1.8 Occurrence of mild head injury (MHI)

Reliable statistics about the occurrence (prevalence) of MHIs that are closed are
quite difficult to ascertain. This is as a result of different names for instance, mild,
minor, moderate, and minimal being applied to this type of head injury.

The incidence of MHI is difficult to determine because the majority of country
health surveys only look at patients who have been hospitalised. This means that
patients who have suffered a MHI or CMHI are not included in survey data. The
International Classification of Diseases (ICD 10, 2010) has specific terms of refer-
ence for instance, for maxillofacial injuries and scalp lacerations but do not specify
CMHI or MHI. Individuals admitted to hospitals who have multiple injuries are
usually classified in terms of their most severe injuries (thus an MHI goes
unreported [24]).

In South Africa there are few statistics on MHI however, an average of 316 per
100,000 incidents of brain injuries per year was reported in the early nineties [25].
It is estimated for instance, that up to 89,000 brain injuries (mostly TBIs) are seen
per year in the country [26]. Moreover, rugby has the highest incidence of concus-
sion amongst contact sport with up to 50% of athletes suffering from a concussion
in their playing careers [11].

Figure 4.
Schematic representation of how a concussion occurs.
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1.9 The mechanics of mild head injury (MHI)

Mild head injury (MHI) involves primary and secondary brain injury. Primary
injury occurs on impact and secondary injury occurs after the impact. Secondary
brain injury can stem from complications arising out of a primary brain injury. The
time-span in which secondary damage can be from seconds, minutes to hours and/
or days after the first injury [27].

1.10 Primary brain injury

The contact force is the major origin of brain damage in so-called still injuries
where an immobile victim receives a blow to the head. The knock to the head results
in movement of the head and neck on impact and causes angular acceleration, a
combination of translational and rotational acceleration [5]. Cerebral bruises or
contusions are made up of focal damage to the brain tissue which can result in a tear
or laceration as a result of head trauma. The coup is an injury that results from a
direct blow to the head and appears below the site of impact. A countercoup is when
the brain sustains contusion(s) in an area opposite the blow which occurs mostly in
the frontal and temporal lobes [5].

The major theories which explain countercoup injuries are: (1) vibration or Echo
theory which states that the traumatic impact sets up vibrations which are reflected
in damage to the opposite pole of the brain; (2) Transmitted Force Theory which
suggests that traumatic impact results in a transmission of applied force through
brain tissue which causes the contralateral structures of the brain to be pushed
against the inside of the skull; (3) Brain Displacement Theory which posits that
countercoup injuries are a result of avulsion of the cerebral cortex from the overly-
ing meninges; (4) Pressure Gradient Theory suggests that when there is a sudden
fall in intracranial pressure, opposite to the point of impact, blood vessels rupture;
and (5) Rotational Theory posits that after a blow to the skull the brain is set in a
centrifugal motion in line with the direction of the original force or impact. The
brain is then thrust against the bony protuberances on the interior of the skull [4].

1.11 Secondary brain injury

Secondary brain injury occurs at different lengths of time after head trauma. It is
important to recognise that Mild Traumatic Brain Injury (MTBI) is a dynamic
process as the symptomology and pathology evolves hourly and sometimes days
after an injury occurs [28]. In fact, much of the brain damage which eventually
ensues is as a result of the secondary injury [1]. Hypoxia or low oxygen to the brain
and/or insufficient blood supply (ischemia) are the mechanisms through which it
suffers an insult [29]. Haematoma, oedema (swelling) in the white matter of the
brain next to focal mass lesions, intracranial haemorrhage, diffuse brain swelling,
ischaemic brain damage, raised intracranial pressure, brain shift and herniation are
other conditions which cause secondary brain injury [28]. Furthermore, although
far less common, the risk of Second Impact Syndrome (SIS), a very serious and even
fatal brain injury may occur even after a relatively mild impact, which can be
significant in young rugby players. SIS occurs when an athlete suffers a concussion
and before the first injury has recovered suffers another injury to the head. In SIS it
is possible for rapid deterioration and even death. This happens because the brain
has not recovered from the first injury and the second injury results in rapid
swelling and pressure within the skull. This intracranial pressure, if uncontrolled,
can lead to death [30].
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1.12 The pathophysiology of mild head injury (MHI) and CMHI

1.12.1 Diffuse Axonal Injury (DAI)

Diffuse Axonal Injury (DAI) is caused through acceleration-deceleration trauma
when the brain twists or rotates inside the skull (rotational acceleration). Focally
diffuse axonal strain and tensile stress results in one of the most compromising
types of injury in brain trauma [31]. Fundamentally, after a serious head injury it is
probably the major cause of unconsciousness and persistent vegetative states. It was
first described in the late 1950s after post-mortems conducted on individuals who
had died as a result of severe head trauma [32]. This kind of injury has a serious
impact on the executive functioning of the brain and alters for instance, the speed
of information processing, working memory and attention span [4]. It is postulated
that DAI is involved in persistent post-concussive symptomology and attentional
deficits following MTBI [33] (Figure 5).

1.13 Post-concussive syndrome (PCS)

Minor impacts to the head cause a pattern of self-reported symptomology
referred to as post-concussive syndrome (PCS). These symptoms can persist long
after the original injury, and can be both acute and/or chronic. They are categorised
into three main symptom areas: cognitive, physical and psychological [34].
Although symptoms generally resolve within a period of a week to 3 months there
can be chronic symptomology which occurs from months to years after the initial
trauma [5]. These reactions to MHI are facilitated by various issues and are based on
an interaction between organic and psychological factors basically, they begin at an
organic level and sometimes persist and are experienced at a psychological level.
Somatic symptomology includes dizziness, tiredness and headaches whereas psy-
chological symptomology is related to: poor concentration and memory; irritability,
emotional lability and depression and anxiety [4].

Figure 5.
Schematic representation of a diffuse axonal injury.

50

Traumatic Brain Injury - Neurobiology, Diagnosis and Treatment

In the sporting arena there are various physical and neurological symptoms
experienced by athletes for instance, headaches and dizziness, impaired concentra-
tion and memory plus poor problem solving ability. This type of symptomology
may be based on personality characteristics in athletes or be related to malingering
and/or the possibility of financial gain [5].

1.13.1 Post-concussive syndrome (PCS) diagnostic criteria

The two most commonly cited systems for defining and diagnosing PCS are the
10th edition of the International Classification of Disease [35] and the Diagnostic
and Statistical Manual of Mental Disorders—DSM-5 [36]. In this chapter we present
the ICD-10 (2010) diagnostic criteria as it is more universally applied and many
individuals do not meet the DSM-5 criteria pertaining to cognitive deficits and
clinically significant criteria (which can also be problematic in terms of finding
incidence and prevalence of PCS): (a) history of head trauma with loss of con-
sciousness precedes symptoms onset by maximum of 4 weeks and (b) symptoms in
three or more of the following categories:

• Headache, dizziness, malaise, fatigue, noise tolerance;

• Irritability, depression, anxiety, emotional lability;

• Subjective concentration, memory, or intellectual difficulties without
neuropsychological evidence of marked improvement impairment;

• Insomnia;

• Reduced alcohol tolerance;

• Preoccupation with above symptoms and fear of brain damage with
hypochondriacal concerns and adoption of sick role.

The grading of concussions is also important in this regard see Table 1 [22].

1.13.2 Recovery and symptomology related to post-concussive syndrome (PCS)

Diagnosis of PCS is based on the subjective symptomology reported by individ-
uals as is recovery (based on symptom resolution) [5]. Adults’ cognitive deficits and
symptoms in terms of PCS are commonly found in the acute stage and resolve
within 3–12 months [37]. The duration of amnesia related to any LOC is also very
important [4] (Table 2).

Table 1.
Concussion grading.
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MHI symptomology are often non-specific and may be the same as those
reported after for instance, orthopaedic injuries. The most frequently reported
symptoms are headaches, blurred vision, dizziness, subjective memory problems
and sleep disturbance [35] (Table 3).

Return to play protocols for professional athletes in football and rugby are the
norm and well-defined (see Tables 4 and 5) but this is not the case in the amateur
spheres of the game where injuries may be more severe because of the poorer skill
levels of the athletes [38].

1.14 Neuropsychological sequelae of mild head injuries (MHIs)

Individuals who sustain MTBI often report symptomology comparative with
PCS. It has been reported that 10–20% of MTBI patients report PCS that go beyond
a recovery period of 6–12 months [39]. Severe tiredness (up to 50% of individuals
who report PCS) is often reported which impacts on an individual’s cognitive ability
and can cause day-to-day problems in living relating to work, exercise and sports
participation as well as social interactions. Psychological symptomology for
instance, depression is also associated with MHIs as well as anxiety and irritability
[40]. Children who experience MHI are more likely to experience impulse control
problems and, as a result, have poorer planning ability. They are at a higher risk of
difficulty with high-level cognitive functions [41]. As many children and adoles-
cents play rugby and football this is a problematic finding.

1.14.1 Changes to the neurochemical make-up of the brain after a head injury

Neurochemical change as a result of head injury is facilitated by damaged brain
cells and occurs within an hour and up to 10 days post-injury [18]. This creates a
metabolic dysfunction which means there is an imbalance between the demand of
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the brain for energy (to heal itself) and for it to work at its usual capacity. This may
be one of the reasons for SIS. The protein S-100 has been found at higher than
normal levels for around a year after MHIs which impairs neurological functioning
in the brain [42].

1.14.2 Imbalances in hormones after a head injury

Damage to the hypothalamus and/or the pituitary gland can cause hormonal
problems as these glands regulate hormones in the body [4]. Changes in sexual
function, depression, headaches and tiredness may occur. As these are also linked to
concussive injury, hormonal damage can be overlooked. In one study after severe

Table 4.
Management of concussion and return to play protocols.

Table 5.
Graduated return to play protocol.
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TBIs abnormal hormone levels were found in 60% of patients [43]. This could occur
in some cases of MHI and CMHI (Figure 6).

1.15 Neuropsychological recovery following mild and cumulative mild head
injuries (CMHI)

Some pundits suggest that acute sequelae resolution of any MHI neuropsycho-
logical deficits takes from 4 to 5 weeks post the initial head trauma but that there
still might be problems with psychosocial capabilities. These can be mild cognitive
insufficiencies related to slower information processing and slower visuomotor
speed. Deficits pertaining to tiredness, dizziness and headaches often reduce after a
period of 2 months post-injury but some patients still report PCS 3 months post-
injury. These symptoms are often mild and may go unnoticed at medical follow-ups
[34]. Return to play protocols are thus very important [38].

1.16 Neuropsychological assessment of deficits related to CMHI

In the mid-1980s medical and allied health professionals started neuropsycho-
logical testing [22] because head injuries in professional sports (especially contact
sports) were noted as potentially keeping the athlete of the field of play (and sport
requires its sporting heroes in order to make money). A number of high profile
professional athletes who played American Football incurred head injuries and did

Figure 6.
The pituitary gland.
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not recover timeously, costing their franchises much money. As a result baseline
neuropsychological testing was used by several major American Football franchises.
The National Hockey League (NHL) in the United States of America (USA)
authorised this type of testing for comparable reasons. Baseline neuropsychological
testing has, since then, become the norm in some countries in collegiate and pro-
fessional sport and has allowed post injury evaluation of subtle cognitive functions
linked to CMHIS. In turn, this data has supported intervention (and treatment)
protocols for various professional sporting codes [4].

This suggests that the assessment of cognitive functions is critical in terms of
amateur and professional sport particularly in contact sports, and should include
baseline cognitive and postural stability testing for athletes in high-risk contact
sports [44, 45].

Different types of attention can be assessed using various neuropsychological tests
for instance, arousal and alertness can be evaluated using an electroencephalography
spectral analysis because the hippocampal theta rhythm is linked to heightened
attention [5]. Selective attention can be assessed by using different neuropsycholog-
ical measures such as hemi-spatial inattention using Line Bisection, Letter cancella-
tion, and the drawing of symmetrical figures. Focused attention can be assessed using
the Stroop Color and Word Test. Fundamentally, focused attention is usually evalu-
ated in the visual and auditory areas by utilising dichotic listening tasks. In this type
of test an individual listens to various kinds of auditory stimuli and is asked to make
specific choices. Other tests of focused attention are the Letter Cancellation Task, the
Trail Making Tests and Reaction Time with Distraction tests. Divided attention defi-
cits are usually seen by lower speeds in performance tasks and assessed using for
instance, the Paced Auditory Serial Addition Test where the degree of deficit com-
pares positively with the severity of injury. Individuals suffering mild concussion
have been found to be up to three times slower than control group individuals with
no concussive injury. Athletes who experienced severe concussion were found to be
up to five times slower than control group members with no concussive injury.
Sustained attention deficits can be seen as time-on-task deficits. In other words, an
individual takes longer than the norm to complete a task. Other neuropsychological
tests for sustained attention are for instance, the Letter cancellation test, Vigilance
tests and Perceptual Speed tests [4, 5].

Computerised cognitive tests (CCTS) are available that evaluate changes in
cognition [46]. For instance, the Post-Concussion Assessment and Cognitive Test
(ImPACT). These can be more accurate than pen-paper tests but qualitative data
from interviewing patients must also be used to give a complete report on any head
injured athlete.

1.17 Reaction time related to head injuries

Reaction time (RT) is the period in milliseconds from when a test stimulus is
presented to the time the individual reacts. In simple RT testing (using a
computerised programme) there is only one stimulus and one response which
measures psychomotor skills [46]. In choice RT testing the testee gives a response
when presented with a stimulus on the computer screen [4]. Computerised assess-
ment is more accurate than older pen-paper tests and, because of high overall use of
smart phones and computers, all populations are able to complete these tests [45].
The two critical measurements taken during this type of assessment are reaction
time (RT) and movement time (MT). RT, according to some pundits, reflects
decision time which is defined as the length of time for stimulus evaluation and
response programming. Conversely, movement time (MT), is the measure of the
time it takes to complete a response. RT is reflective of cognitive processes while
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Computerised cognitive tests (CCTS) are available that evaluate changes in
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(ImPACT). These can be more accurate than pen-paper tests but qualitative data
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computerised programme) there is only one stimulus and one response which
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MT is linked to the motor component of the RT. RT can be defined as the sum of RT
and MT which equals Total Reaction Time. Good RT is needed by athletes in order
to perform well in any given sporting code and a head injury, which results in
poorer RT, is a challenge (caused by for instance, CMHI, MHI). Factors that influ-
ence good RT are high stimulation, tiredness, alcohol consumption and any type of
brain injury [45].

1.18 Use of neuroimaging techniques in diagnosing MHI deficits

Traditional neuroimaging devices for instance, Magnetic Resonance Imaging
(MRI) and Computerised Tomography (CT) scans are not appropriate for MHI and
CMHI as they do not pick up the pathophysiological processes in this type of head
injury [18]. However, newer structural MRIs which include gradient echo perfusion
and diffusion imaging are more sensitive to structural abnormalities so may be more
useful [19]. Traditional neuropsychological assessments (pen and paper and
computerised tests) have proven their usefulness in diagnosing MHI deficits and are
very sensitive to diffuse axonal damage thus are used successfully in the sporting
environment.

1.19 Cross-cultural neurological assessment

The culture and ethnicity of an athlete must be looked at carefully when
interpreting data from any kind of neuropsychological/neurological assessments.
Many of these tests have not been standardised on people from non-westernised
Caucasian backgrounds which could prove problematic. Construct equivalence for
the assessment of individuals who are not from the culture that a test has been
standardised and validated on usually does not exist. The assessment of an athlete’s
responses on a neurological/neuropsychological evaluation must take into account
their socio-cultural context and experiences [4, 5]. If these are overlooked there
may be a culturally inappropriate analysis which can result in false positive or false
negative results.

1.20 Examples of research on CMHI in the contact sports rugby union, rugby 7s
and football

Cumulative mild head injury (CMHI) research, to a large extent, has been
conducted on rugby union players. Players are fit, the forwards are heavy (up to
140 kg) and it is described as a very physical sport [4]. Although the sport origi-
nated in, and was initially played, in Europe it is a very popular sport in the
southern hemisphere (for instance in Australia (AUS), South Africa (SA) and New
Zealand (NZ)). It is becoming increasingly popular in Japan and the USA which has
prompted more research in the field.

In 2000 an investigation looked at the cumulative effects of concussion and
CMHI on professional rugby players. A group of 26 professional rugby players and a
control group of non-contact sports (professional cricketers) athletes was used. In
the rugby group forward and backline players were compared over a neuropsycho-
logical test-battery. Results indicated that rugby players, particularly the forwards,
had deficits in verbal, working and visual memory as well as visuoperceptual track-
ing skills as compared to the cricket playing controls. It was also found that within
the rugby group mean score test comparisons indicated that the forwards displayed
greater cognitive deficits than the backline players [47]. Conversely, research into
intellectual deficits incurred by CMHI in high school rugby players, revealed no
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significant association between the actual reported MHIs and intellectual or cogni-
tive dysfunction [48].

In 2001 an investigation into CMHI amongst schoolboy rugby players and a
hockey playing control group revealed more variability, on a battery of neuropsy-
chological tests, amongst the forward rugby playing group (as compared to the
backline rugby players) as well as the hockey playing group. Working memory and
visuospatial processing skills were more impaired in the rugby forwards than the
backline and hockey players and the entire rugby playing sample showed more of
these deficits than the hockey playing control group [49].

Enduring PCS amongst school boys and adult players (at the national level) was
looked at using visuomotor processing speed tests. Results suggested that the rugby
playing group had less capability on various tests post-season. It was postulated that
this was probably due to unreported concussions and/or the cumulative effect of
mild head injuries. It was also reported that the rugby forwards (who engage in
more scrummaging and heavy tackling) showed more cognitive deficits than the
rugby backline players [50].

In 2010 an investigation, using a neuropsychological test battery, was carried out
into the effects of three or more concussive injuries in adult male rugby players. It
was found that rugby players who had suffered multiple concussive injuries
performed lower on the test-battery than those who had no previous history of
concussion. The results suggested that rugby players who had incurred three or
more concussions were likely to suffer cognitive dysfunction [3].

On the other hand, an investigation into CMHI using computerised testing, on a
sample of high school rugby players, did not support research which indicates that
concussive injury and/or CMHI results in cognitive deficits. The major body of
research in SA indicates that CMHI results in some cognitive deficits particularly in
rugby forwards. In this research neither rugby forwards or backs showed cognitive
dysfunction post-season relative to the hockey controls. It was anticipated that, as
the computerised test was very sensitive to diffuse brain injury, some cognitive
dysfunction would be found. The research concluded that perhaps MHIs in this
group (adolescent boys) does not have a cumulative effect as previously
postulated. It was also suggested that factors such as education and age may miti-
gate against CMHI [9] however, as this was a small sample results were considered
provisional [51].

Conversely, a small 2017 study looking at CMHI in college rugby union players
found that there was significant variability on mean scores between rugby frontline
and backline players on verbal memory, concept formation, cognitive flexibility,
working memory and visual-motor processing speed on a pen-paper neuropsycho-
logical test battery. In this research it was postulated that poor scores on PCS might
also indicate depression in the rugby playing group as insomnia and anger were
frequently reported [52].

An Australian study found that in a sample of 104 amateur rugby sevens players
(males and females) in one season thirty-one injuries occurred. These were mostly
caused by contact at speed and tackling. In the investigation it was noted that head,
neck and shoulder injuries made up 50% of all injuries however, CMHI was not
investigated. It was reported that athletes that were slower and less agile were at
more risk of injury as were female 7s players. The study concluded that there are
limited studies on risks factors associated with rugby sevens player and that more
pre and post season assessment was required [53].

A study on school level rugby union players in Australia looked at 332 injuries in
different age ranges over a season (10–18 years). It was found that the incidence of
supposed concussion injuries was 4.3/1000 players and that the most usual way of
incurring this injury was tacking. Risk factors were that the game itself is a
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had deficits in verbal, working and visual memory as well as visuoperceptual track-
ing skills as compared to the cricket playing controls. It was also found that within
the rugby group mean score test comparisons indicated that the forwards displayed
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significant association between the actual reported MHIs and intellectual or cogni-
tive dysfunction [48].

In 2001 an investigation into CMHI amongst schoolboy rugby players and a
hockey playing control group revealed more variability, on a battery of neuropsy-
chological tests, amongst the forward rugby playing group (as compared to the
backline rugby players) as well as the hockey playing group. Working memory and
visuospatial processing skills were more impaired in the rugby forwards than the
backline and hockey players and the entire rugby playing sample showed more of
these deficits than the hockey playing control group [49].

Enduring PCS amongst school boys and adult players (at the national level) was
looked at using visuomotor processing speed tests. Results suggested that the rugby
playing group had less capability on various tests post-season. It was postulated that
this was probably due to unreported concussions and/or the cumulative effect of
mild head injuries. It was also reported that the rugby forwards (who engage in
more scrummaging and heavy tackling) showed more cognitive deficits than the
rugby backline players [50].

In 2010 an investigation, using a neuropsychological test battery, was carried out
into the effects of three or more concussive injuries in adult male rugby players. It
was found that rugby players who had suffered multiple concussive injuries
performed lower on the test-battery than those who had no previous history of
concussion. The results suggested that rugby players who had incurred three or
more concussions were likely to suffer cognitive dysfunction [3].

On the other hand, an investigation into CMHI using computerised testing, on a
sample of high school rugby players, did not support research which indicates that
concussive injury and/or CMHI results in cognitive deficits. The major body of
research in SA indicates that CMHI results in some cognitive deficits particularly in
rugby forwards. In this research neither rugby forwards or backs showed cognitive
dysfunction post-season relative to the hockey controls. It was anticipated that, as
the computerised test was very sensitive to diffuse brain injury, some cognitive
dysfunction would be found. The research concluded that perhaps MHIs in this
group (adolescent boys) does not have a cumulative effect as previously
postulated. It was also suggested that factors such as education and age may miti-
gate against CMHI [9] however, as this was a small sample results were considered
provisional [51].

Conversely, a small 2017 study looking at CMHI in college rugby union players
found that there was significant variability on mean scores between rugby frontline
and backline players on verbal memory, concept formation, cognitive flexibility,
working memory and visual-motor processing speed on a pen-paper neuropsycho-
logical test battery. In this research it was postulated that poor scores on PCS might
also indicate depression in the rugby playing group as insomnia and anger were
frequently reported [52].

An Australian study found that in a sample of 104 amateur rugby sevens players
(males and females) in one season thirty-one injuries occurred. These were mostly
caused by contact at speed and tackling. In the investigation it was noted that head,
neck and shoulder injuries made up 50% of all injuries however, CMHI was not
investigated. It was reported that athletes that were slower and less agile were at
more risk of injury as were female 7s players. The study concluded that there are
limited studies on risks factors associated with rugby sevens player and that more
pre and post season assessment was required [53].

A study on school level rugby union players in Australia looked at 332 injuries in
different age ranges over a season (10–18 years). It was found that the incidence of
supposed concussion injuries was 4.3/1000 players and that the most usual way of
incurring this injury was tacking. Risk factors were that the game itself is a
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physically challenging contact sport where many tackles are made at high speed.
Over a third of injuries in this sample were to the head and face and overall there
were 61 reported concussion. As this was a high incidence it was recommend that
prevention programmes need to be put in place [54].

A recent study in Ireland looking at recurrent injuries in teenage rugby in 15–
18 year olds (15–18 years) found that recurrent injuries numbered 426. Eighty-one
concussions were reported of these, 5% were recurrent (in the season under inves-
tigation). Although these were the lowest number of recurrent injuries it was noted
that any concussive injury that occurs on multiple occasions could be potentially
disastrous [55]. In this regard the evaluation and management of concussive injury
in young contact sports players is very important because they may have a long-
term effect on the athletes to heal [56, 57] for instance, the development of chronic
traumatic encephalopathy [55].

There has been very little research into CMHI in football (soccer) players in
South Africa. Originally the sport was a non-contact sport but the contemporary
game is a designated contact sport [4]. It has been reported that concussive injuries
in football are often not reported (players do not wish to leave the field as they do
not want to be ‘benched’ for 6 weeks or until recovery) and, as a result, are under-
diagnosed [4]. Athletes involved in football may incur head-to-head, head-to-
ground (or post) and head-to-ball injuries thus there is the likelihood of CMHI.
Although head-to-ball injuries may seem unlikely a ball kicked at half-speed travels
between 22 and 83 km an hour and can hit the skull with a force of 116 km an hour
[59]. A full powered kick could hit the head at around 200 km an hour. As there are
about five possibilities a match for any team member to head the ball [60], there is
the possibility of CMHI. As early as 1989 research concluded that 12 of 37 football
players in a study had slightly abnormal or abnormal EEG (Electroencephalograph)
results compared to only 4 of 37 controls who had never played football [58].

In 1989 a study in Norway found that football players self-reported symptoms of
irritability, inability to sleep, poor working memory, dizziness, neck pain and
headaches after they had repeatedly headed the ball [58]. This supported another
1993 study using male and female Olympic football players. In this research 55% of
female and 54% of male football players in the sample reported concussive
symptomology after repeated headings of the ball [59]. These investigations under-
pin earlier findings in 1983 where it was reported that out of every 10 football
players 2 had abnormal EEGs when they had trained for 15 minutes in heading the
ball [60]. There is concern that youngsters who play football from an early age, and
repeatedly head the ball (or are involved in collisions), can have cognitive deficits in
later life, possibly as a result of CMHI and concussive injury in the game [4, 61].

Conversely, a study in 2000 reported no acute cognitive deficits in a sample of
male and female football players and any significant differences were reported as
due to practice effects [62]. However, a 2001 study did find cognitive dysfunction
relating to memory and planning abilities in amateur football players in an Ameri-
can college sample [18]. On the other hand, it was reported that concussion from
head to ground injuries and collisions were more likely to cause this type of brain
injury than repeated heading of the ball [63].

A 2016 study in South Africa looking at sample football players and a control
group of non-contact sport athletes (volleyball) using a computerised assessment
package (measuring reaction time) and looking at PCS found the following: pre-
season volleyball players actually had a better (or faster) reaction time than the
football players (not significant). Post-season on a test of simple reaction time there
were no significant differences. Both groups reaction times improved in relation to
their pre-season results. This may suggest that playing these sports and engaging in
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reaction time training actually improves and develops athletes reaction times. As
this was computerised testing any diffuse brain damage should have been seen in
the results, this was not the case as no significant deficits in football players were
found. Conversely, on PCS over a quarter of the football players and only 6% of the
control group experienced symptoms such as headaches, attention problems, mem-
ory problems, irritation, nervousness and anxiety. This may suggest that athletes
involved in football do sustain some CMHI and/or concussive injury which is not
reflected in their reaction time scores. This was a small sample of 15 footballers and
15 volleyball controls thus results are provisional [64].

A 2016 study looking at concussion in elite male football players found that this
type of injury was a risk factor for incurring another such injury within a year of the
first injury. Interestingly, the athletes who had a previous concussive injury also had
more other injuries than the non-concussed football players in the study. It was
suggested that this may be caused by the type of behaviour these athletes engage in
(on the field of play) and due to their inherent personality characteristics [65].

The aforementioned literature indicates why there is a debate in football as to
whether young players should be allowed to head the ball [66] particularly if
tiredness has an impact on performance [67].

1.21 Recent literature concussive injuries in other sporting codes

This section will present several studies related to head injuries in other
sporting codes so that the reader is made aware of the extent of these injuries in
the sporting arena today.

Combat sports such as wrestling, mixed martial arts, taekwondo incur many
injuries which are mostly soft-tissue and contusion injuries, however, a meta-
review found that 15% of injuries in these sports are concussive in nature (90%
classified as mild to moderate). Risk factors include age, weight category, experi-
ence, training and gender, females more likely to incur this type of injury [68].

Cricket players, although the sport is usually designated a non-contact sport, can
also receive craniofacial and head injuries if they are hit by a cricket ball (usually
when batting). Although using a helmet helped with neck and head injuries it is
possible for possible head injuries to occur [69]. Furthermore, another review
which looked at craniofacial injuries between 1870 and 2015 found a relatively small
number (36). However, 5 resulted in a fatal injury and 9 resulted in the cricketer no
longer being able to play the game. In this study it was also reported that in some
instance concussion was difficult to diagnosed. It was concluded that all cricket
clubs should have medical professionals available and that concussive injuries
needed early identification and appropriate management [70].

Boxers generally suffer more repetitive chronic traumatic brain injury (CTBI)
which is not mild or moderate in nature. However, all repetitive injuries to the brain
are cumulative in nature and, in the case of boxing, where many blows to the head
are received there is the possibility of SIS. As a result since the early twentieth
century boxing careers were, on average, 19 years in length but are now around
5 years long. There are still deaths in the sport however, recent research suggest that
CBTI caused by repetitive blows to the head will become fever because of medical
interventions such as neuroimaging and the early discovery of these injuries [71].

American football is another sport where there are many concussive injuries as it
is a contact sport that is considered both violent and dangerous. In a review of head
injuries in the game it was revealed that athletes, who have many concussions are,
as they age, at risk of non-resolving cognitive deficits, dementia and depression.
Retirement age is not prescribed in the sport however, it was suggested that risk
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physically challenging contact sport where many tackles are made at high speed.
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reaction time training actually improves and develops athletes reaction times. As
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involved in football do sustain some CMHI and/or concussive injury which is not
reflected in their reaction time scores. This was a small sample of 15 footballers and
15 volleyball controls thus results are provisional [64].
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type of injury was a risk factor for incurring another such injury within a year of the
first injury. Interestingly, the athletes who had a previous concussive injury also had
more other injuries than the non-concussed football players in the study. It was
suggested that this may be caused by the type of behaviour these athletes engage in
(on the field of play) and due to their inherent personality characteristics [65].

The aforementioned literature indicates why there is a debate in football as to
whether young players should be allowed to head the ball [66] particularly if
tiredness has an impact on performance [67].

1.21 Recent literature concussive injuries in other sporting codes

This section will present several studies related to head injuries in other
sporting codes so that the reader is made aware of the extent of these injuries in
the sporting arena today.

Combat sports such as wrestling, mixed martial arts, taekwondo incur many
injuries which are mostly soft-tissue and contusion injuries, however, a meta-
review found that 15% of injuries in these sports are concussive in nature (90%
classified as mild to moderate). Risk factors include age, weight category, experi-
ence, training and gender, females more likely to incur this type of injury [68].

Cricket players, although the sport is usually designated a non-contact sport, can
also receive craniofacial and head injuries if they are hit by a cricket ball (usually
when batting). Although using a helmet helped with neck and head injuries it is
possible for possible head injuries to occur [69]. Furthermore, another review
which looked at craniofacial injuries between 1870 and 2015 found a relatively small
number (36). However, 5 resulted in a fatal injury and 9 resulted in the cricketer no
longer being able to play the game. In this study it was also reported that in some
instance concussion was difficult to diagnosed. It was concluded that all cricket
clubs should have medical professionals available and that concussive injuries
needed early identification and appropriate management [70].

Boxers generally suffer more repetitive chronic traumatic brain injury (CTBI)
which is not mild or moderate in nature. However, all repetitive injuries to the brain
are cumulative in nature and, in the case of boxing, where many blows to the head
are received there is the possibility of SIS. As a result since the early twentieth
century boxing careers were, on average, 19 years in length but are now around
5 years long. There are still deaths in the sport however, recent research suggest that
CBTI caused by repetitive blows to the head will become fever because of medical
interventions such as neuroimaging and the early discovery of these injuries [71].

American football is another sport where there are many concussive injuries as it
is a contact sport that is considered both violent and dangerous. In a review of head
injuries in the game it was revealed that athletes, who have many concussions are,
as they age, at risk of non-resolving cognitive deficits, dementia and depression.
Retirement age is not prescribed in the sport however, it was suggested that risk

59

Cumulative Mild Head Injury (CMHI) in Contact Sports
DOI: http://dx.doi.org/10.5772/intechopen.80668



Table 6.
Risk factors in contact sports for cumulative mild head injury (CMI) and concussive injury.
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factors for neurocognitive impairment should be taken into account for instance,
age, number of concussive injuries, length of time taken to recover and any non-
resolving functional deficits [72].

Ice-hockey players are also at risk of concussive head injuries. It was found that
young and older players are more at risk due to possible lack of skills and in the
latter case tiredness causing them to be more careless in their playing style. Overall,
it was concluded that this type of MTBI is serious in nature and more research needs
undertaken in this sporting code [73].

There are many risk factors for CMHI and concussive injury in rugby union,
rugby 7s, football and other sporting codes. A summary of these is provided in
Table 6. Table 6 is not exhaustive but based on the authors reading of the literature.

2. Conclusion

Recently in South Africa (as well as internationally) there has been much inter-
est in research into the neuropsychological sequelae following concussive injuries
[1, 50, 51, 61, 63–67]. This type of research is vital in contributing to the field of
sports psychology and sports medicine in terms of understanding the clinical fea-
tures and assessment techniques, clinical management, rehabilitation, education of
athletes and their health care providers, return-to play guidelines and long-term
outcomes of concussive injuries. Although it is widely believed that athletes are fit
to return to play when observed symptoms resolve, researchers continue to inves-
tigate the prolonged effects of concussion and repeated concussion on cognitive
difficulties, emotional disturbances and behavioural issues.
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resolving functional deficits [72].

Ice-hockey players are also at risk of concussive head injuries. It was found that
young and older players are more at risk due to possible lack of skills and in the
latter case tiredness causing them to be more careless in their playing style. Overall,
it was concluded that this type of MTBI is serious in nature and more research needs
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Table 6. Table 6 is not exhaustive but based on the authors reading of the literature.
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[1, 50, 51, 61, 63–67]. This type of research is vital in contributing to the field of
sports psychology and sports medicine in terms of understanding the clinical fea-
tures and assessment techniques, clinical management, rehabilitation, education of
athletes and their health care providers, return-to play guidelines and long-term
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Research for Traumatic Brain 
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Alexander Rodríguez, Eliana Cervera and Pedro Villalba

Abstract

The potential of early neurological inaccurate assessment of severity in patients 
with traumatic brain injury (TBI) has been highlighted; in some cases, for example, 
the severity of the injury is overestimated or underestimated. These findings have 
led to the search of biomarkers associated with early brain injury. Research in this 
field has exponentially increased over the past 20 years, with most publications on 
the subject in the last 10 years, whose results range from promising findings to other 
sometimes inconclusive one. An ideal biomarker should be able to demonstrate 
high sensitivity and specificity for brain injury, among other aspects. Literature has 
shown that there is not a single biomarker that predicts the patient’s clinical decline 
with high sensitivity and specificity. Instead, it is required to use a panel of markers 
that reflect different aspects of head trauma. This chapter gives a review of the most 
promising biomarkers studied as predictors of severity of TBI, with a special focus 
on their nature, location, basal concentrations, and methods by which they can be 
quantified in blood samples.

Keywords: acute brain injury, biomarkers, blood-brain barrier, prognosis,  
Glasgow Coma Scale

1. Introduction

Every year, 1.1 million Americans are treated in emergency rooms for traumatic 
brain injury (TBI): 235,000 are hospitalized for nonfatal TBI and 50,000 died. In 
Finland, a prospective study found that 3.8% of the population had experienced 
at least one hospitalization due to traumatic brain injury before 35 years of age. 
Similarly, another study in New Zealand found that at 25 years of age, 31.6% of 
the population had experienced at least one TBI that required medical attention 
(hospitalization, emergency department, or doctor’s office). It is estimated that 
43.3% of Americans have residual disability 1 year after the damage. The most 
recent estimate of the prevalence of the US civilian residents living with disability 
after hospitalization with TBI is 3.2 million [1].

TBI is assessed and classified clinically according to the Glasgow Coma Scale 
(GCS) [2] and by imaging: axial computed tomography (CT) and magnetic reso-
nance imaging (MRI). However, the use of GCS as a diagnostic tool is subject to 
important limitations, and it is difficult to assess the eye opening in patients with 
serious lesions on the face; likewise, the verbal response cannot be correctly esti-
mated in individuals who are under the influence of psychoactive drugs  
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and/or alcohol, and in those who are intubated or sedated will have limited linguis-
tic capacities [3]. Given that the severity of the neurological injury may be under-
estimated in some cases and overestimated in others, attention has been focused on 
early assessment strategies in patients with TBI and their inaccuracy in special and 
frequent circumstances [4].

In view of the high rate of intubation and difficulties in the proper evaluation of 
the eye opening, Stocchetti et al. concluded that motor GCS score was more impor-
tant than eye opening or verbal responses to predict the severity of the neurological 
injury. Other recent research has provided evidence that the use of sedative drugs 
avoids the accurate assessment of GCS during the first 24 h [5].

Other challenges for diagnosis are presented by the progressive nature of some 
brain injuries, which can lead to further neurological deterioration. In addition, 
neurological responses after TBI may vary over time for reasons unrelated to the 
injury. For example, trauma is frequently associated with alcohol and drug intoxi-
cation [6]. These factors together place the GCS in a position full of limitations 
that diminish its reliability as a highly sensitive test in specific and not infrequent 
circumstances such as those already mentioned.

On the other hand, neuroimaging techniques are used to provide objective 
information about the injury and its location [7] and are not influenced by the 
aforementioned confounding factors. However, the CT scan has a low sensitivity for 
diffuse brain injury, when the TBI is mild [8] and the availability and usefulness of 
MRI in the acute stage is limited. These facts, among others, have led to the search 
for alternative methods to assess the damage, being of special interest, the search 
for biomarkers, which are more reliable indicators of neuronal injury, due to its 
molecular context and its early expression.

Research in this field has increased exponentially in the last 20 years, with most 
publications on the subject in the last 10 years. Most markers are associated with 
cell damage. Table 1 presents a summary of the TBI biomarkers most studied to 
date, including information about their nature, tissue location, molecular weight, 
half-life, basal levels, and physiopathological significance.

The main physiopathological mechanisms reflected by the glial or neuronal 
biomarkers are the disruption of the blood-brain barrier (BBBD) and neuronal 
injury, respectively. Taking into account this basis, it would be advantageous to have 
a panel of complementary biomarkers that show different temporal profiles and 
that reflect different physiopathological conditions subsequent to TBI. In a parallel 
manner, Papa et al. [9] propose that an ideal biomarker should have the following 
characteristics:

1. demonstrate high sensitivity and specificity for brain injury;

2. stratify the patients according to the severity of the injury;

3. have rapid appearance in the accessible biological liquid;

4. provide information about injury mechanisms;

5. have biokinetic properties;

6. monitor the progress of the disease and the response to the treatment;

7. predict the functional result; and

8. easily measured by simple techniques widely available.
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and/or alcohol, and in those who are intubated or sedated will have limited linguis-
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In this chapter, we present a compendium of the most studied biomarkers in the 
TBI, its possible applications, and the current techniques for its detection.

2. Most studied biomarkers in TBI

As explained in previous paragraphs, there is no single biomarker that is suffi-
ciently sensitive and specific to study the physiopathological mechanisms that derive 
from head trauma. Next, we will mention some of the most studied biomarkers given 
its rapid elevation after trauma and its relationship with the mechanism of injury. One 
of the most studied biomarkers is the Ca binder protein S-100β, a glial protein at the 
astrocyte level that is related to alterations in the blood-brain barrier [10]. Its rapid 
elevation and its considerable concentration release in the serum facilitate the study of 
the protein and its correlation with the severity of the injury. Due to the type of cells 
found in the central nervous system, it is necessary to study biomarkers that allow 
us to demonstrate not only glial injury but also neuronal. One of the most studied 
biomarkers in this sense is the C-terminal hydrolase of ubiquitin-L1, which is a highly 
specific cytoplasmic neuronal enzyme [11, 12]. Finally, we will delve into glial fibril-
lary acidic protein (GFAP), which is also a glial protein and is part of the cytoskeleton 
of astrocytes and is also related to the disruption of the blood-brain barrier [11, 13].

2.1 The Ca binder protein S-100β

S-100 β is a central nervous system (CNS) protein found predominantly in astro-
cytes and is the most studied peripheral biomarker of BBBD. This calcium binding 
protein (CBP) S-100β increases initially after the accident and then decreases 
rapidly after the traumatic injuries. In cell models, their release has been demon-
strated from the first 15 seconds after the trauma. In humans, the earliest that has 
been detected is 30 minutes posttrauma. The approximate half-life of this protein is 
97 minutes [10], the peak occurs on day 0, and the concentrations decrease toward 
the sixth day in both CSF and serum.

Goyal et al. [14] reported basal levels of S-100β in healthy CSF controls of 
0.0754–0.0034 ng/mL and in serum of 0.328–0.101 pg/mL. This protein has been 
studied extensively in mild TBI (mTBI), so that high levels in serum are associated 
with an increase in the incidence of post-concussion syndrome [15] and neurologi-
cal dysfunction. There are also several studies that have reported a correlation 
between serum levels of S-100β and the presence of pathological findings in 
cerebral magnetic resonance imaging (MRI), as well as abnormalities in neuropsy-
chological exploration after mTBI [16].

Most studies show that the S-100β measurement can distinguish injured patients 
from noninjured patients with an uncertain degree of utility in predicting mortal-
ity either acutely or at several points in time (Table 2) [17–19]. In general terms, 
S-100β is a sensitive but not specific predictor of CT abnormalities. Using low 
serum cut-off values, the sensitivity oscillates between 90 and 100% with a speci-
ficity between 4 and 65%.

Müller et al. [17] reported a sensitivity of 0.95 (95% CI 0.76–1.0) for S-100β 
measured within the first 12 h with a specificity of 31% (95% CI 0.25–0.38) relative 
to abnormal findings on skull CT scan in a study of 226 adult patients admitted to 
the hospital with a diagnosis of mild TBI (GCS 13–15). Biberthaler et al. [19] found 
similar results using a cut-off level of S-100β of 0.1 ng/mL, measured within the 
first 3 h posttrauma in 1309 patients with mTBI and correlating them to head CT 
findings. The sensitivity was 99% (95% CI 0.96–1.0), and the specificity was 30% 
(95% CI 0.29–0.31).
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The usefulness of S-100β as a marker does not seem to be affected by the 
concomitant consumption of alcohol. Mussack et al. conducted a study in which 
they included patients with mild TBI with demonstrated blood alcohol levels 
(mean = 182 mg/dL), and found that the sensitivity of S-100β in the first 3 h 
posttrauma was 100% (95% CI 0.83 a 1.0) and the specificity was 50% (95% CI 
0.41–0.59) [20].

On the other hand, Bazarian et al. studied 96 patients with TBI, GCS 13–15 who 
also presented trauma of extracranial localization, and found a sensitivity of 80% 
(95% CI 0.36–0.96) and a specificity of 40% (95% CI 0.01–0.09) for S-100β with a 
cut-off value of 0.08 ng/mL [21].

From the studies described above, it can be deduced that the sensitivity increases 
as the time elapsed between the trauma and the sample taking (window) decreases, 
as well as an increase in specificity is observed when the cut-off value increases. 
In contrast, the limitations of the use of S-100β as a marker are due to the marked 
decrease in sensitivity and specificity in the context of the polytraumatized patient, 
since the presence of concomitant extracranial trauma also causes the release 
and plasma elevation of this protein. The presence of S-100β has been reported 
in tissues other than the nervous one, mainly in adipose tissue [22]. From this 
observation, a negative effect on the specificity of this marker is expected, due to 
the increase that would occur in the context of extracranial lesions, as occurs in the 
polytraumatized patient.

Pham et al. [22] characterized the tissue specificity of S-100β and evaluated the 
extracranial sources of this marker and how they affect serum levels of this marker. 
For this purpose, they performed the extraction of proteins from nine different 
human tissues (liver, bladder, kidney, colon, lung, muscle, pancreas, adipose tissue, 
brain, tonsils, stomach, and skin) and their subsequent analysis through ELISA 

Reference Detection method Sample Findings

Goyal et al. 
[14]

ELISA CSF and 
serum

Increase in CSF and serum first 6 days 
post-trauma
Correlation between serum and CSF levels 
decreased over time
Level in CSF is a potential predictor of GOS 
and DRS
Mean and peak are predictors of mortality in 
severe TBI

Berger et al 
[51]

Automated LIAISON 
system [AB DiaSorin, 
Bromma, Sweden]

Serum Significantly elevated in intracranial injury
It cannot replace the clinical examination or 
the use of CT in mTBI
It can serve as support for the selection of 
patients for TC
S: 90–100%, E: 4–65%

Biberthaler 
et al [19]

Elecsys S100 [Roche 
Diagnostics, Mannheim, 
Germany]

Serum Increase was related to findings in the CT 
scan
S: 99%, E: 30%

Biberthaler 
et al [52]

Long term and Rapid test Serum Concentrations were significantly correlated 
using the two measurement techniques; 
cut-off value calculated: 0.18 ng/mL.
S: 100%, E: 46%

Bazarian, 
et al [21]

ELISA Serum S: 80%, E: 40%

Table 2. 
Summary of the evidence reported in the literature on biomarkers in S-100B.
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and Western blot in 200 subjects receiving chemotherapy for the management of 
CNS lymphomas. A dose of mannitol (1.4M) was administered intra-arterially in 
the carotid or vertebral artery, subsequently confirming the presence of BBBD by a 
head CT performed immediately after chemotherapy.

The results presented in that study showed that extracranial sources of S-100β 
do not affect serum levels. Therefore, the diagnostic value and the negative predic-
tive value of S-100β are not compromised in the context of patients with neurologi-
cal diseases, but without traumatic lesions, whether cerebral or extracranial.

Goyal et al. [14] also evaluated S-100β as a prognostic biomarker in adult 
subjects with severe TBI (sTBI) by comparing the results with the S-100β temporal 
profiles in both CSF (n = 138 subjects) and serum (n = 80 subjects) for 6 days. The 
variables used to evaluate the extracerebral sources of S-100β in serum were: long 
bone fracture, Injury Severity Score (ISS), and isolated skull trauma. After TBI, 
levels of S-100β in CSF and serum were increased compared to healthy controls 
during the first 6 days after TBI (p ≤ 0.005 and p ≤ 0.031). Although levels in CSF 
and serum had a high correlation at the early post-TCE time points, this associa-
tion decreased with time. The bivariate analysis showed that subjects who had 
temporary CSF profiles with higher concentrations of S-100B had higher acute 
mortality (p < 0.001) and worse Glasgow Outcome Scale (GOS; p = 0.002) and 
disability scores (DRS) (p = 0.039) 6 months after the injury. Temporary profiles 
in serum were associated with acute mortality (p = 0.015), possibly as a result 
of the extracerebral sources of S-100β in the serum, represented by high ISSs 
(p = 0.032).

Due to its temporal elevation profile, and the pathophysiological mechanisms 
that cause its release toward serum, S-100β constitutes an excellent candidate as an 
early biomarker of TBI, with the possible limitation in patients with concomitant 
trauma in other sites that leads to the serum elevation of S-100β from extracranial 
sources.

2.2 Ubiquitin C-terminal hydrolase-L1 (UCH-L1)

The C-terminal hydrolase of ubiquitin-L1 (ubiquitin C-terminal hydrolase-
L1, UCH-L1) is an E2 conjugation enzyme present in the cytoplasm of almost all 
neurons [13] and has previously been used as a neuronal histological marker due 
to its great abundance and specific expression in these cells [11]. Its location has 
also been shown in neurons of the peripheral nervous system, particularly in the 
neuromuscular junction [12], as well as in cells of the neuroendocrine system. In 
addition, the presence of UCH-L1 has been demonstrated in aortic endothelial cells 
and in smooth muscle and tumor cells [23]. This enzyme accomplishes the function 
of adding and removing ubiquitin from proteins in order to promote its degradation 
via the proteasome-dependent pathway [24].

UCH-L1 is one of the most recent biomarkers proposed for TBI, and for this 
reason, there are still limited data that demonstrate its usefulness (Table 3).

Three isoenzymes of UCH (UCH-L1, UCH-L2, and UCH-L3) have been identi-
fied, being UCH-L1, the only one present in high concentrations in the central ner-
vous system [24]. In a prospective case-control study with 66 patients, Papa et al. 
[24] obtained ventricular CSF samples for each patient after 6, 12, 24, 48, 72, 96, 
120, 144, and 168 h after TBI for the UCH-L1 detection by ELISA. The severity was 
determined by the Glasgow Scale (GCS) and CT findings. Mortality and neurologi-
cal sequelae were evaluated at 6 months. This study showed that patients with TBI 
had a significant elevation of CSF UCH-L1 levels at each point in time compared to 
controls, with total mean in TBI patients = 44.2 ng/mL (±7.9) vs. 2.7 ng/mL (±0.7) 
in controls (p < 0.001). Significantly elevated levels of UCH-L1 were found in 
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patients with a lower score in the GCS at 24 h, in those who had presented post-
trauma complications, in those who died within the first 6 weeks, and in those with 
severe sequelae at 6 months. These data suggest that this marker would be useful in 
determining severity in patients with TBI. Similar studies with larger samples are 
required to validate these findings.

Additional studies have confirmed the positive correlation between the concen-
trations of UCH-L1 at the CSF level and serum samples [25]. Similarly, Mondello 

Reference Detection method Sample Findings

Papa et al. 
[24]

ELISA CSF Increase at 6, 12, 24, 48, 72, 96, 120, 144, 
and 168 h post-trauma, X = 44.2 ng/mL 
(±7.9), versus controls X = 2.7 ng/mL (±0.7) 
(p < 0.001). Also elevated when it exists: lower 
GCS at 24 h, post-trauma complications, deaths 
in the first 6 weeks, or serious sequelae at 
6 months.

Brophy 
et al. [53]

ELISA CSF 
and 
serum

Significant correlation between biokinetics 
and means of (UCH-L1) in CSF and serum in 
severe TBI (rs = 0.59, p < 0.001) (AUC, rs = 0.3, 
p = 0.027). Increased levels <24 h posttrauma, 
statistically significant in Cmax (0–24 h) in CSF 
and serum in those who died.

Mondello 
et al. [26]

Sandwich ELISA CSF 
and 
serum

It remains elevated up to 7 days after TBI, serum 
AUC and statistically significant CSF at all-time 
points up to 24 h (p < 0.001). Levels in <12 h 
in GCS 3–5 > GCS 6–8 (p = 0.07 and p = 0.02, 
Mann-Whitney test, respectively). Significantly 
higher and prolonged serum and CSF levels in 
non-survivors. A level of >5.22 ng/mL was a 
predictor of mortality (OR 4.8).

Papa et al. 
[11]

ELISA Serum Elevated in GCS 15 vs. controls without trauma 
(AUC 0.8) and controls with trauma. Higher 
elevation in GCS 15 plus TAC or neurosurgical 
intervention requirement. It provides evidence 
as a potential marker of mild TBI.

Kou et al. 
[27]

Electrochemiluminescence 
immunoassay (ECL-IA)

Serum Complements brain MRI in the detection of 
injury. Significantly elevated levels in patients in 
the acute state of mild TBI.

Diaz-
Arrastia 
et al. [28]

Sandwich ELISA Serum Measurement <24 h posttrauma distinguished 
presence and absence of intracranial lesions 
(AUC of 0.713). No correlation between 
levels in mild TCE and recovery at 6 months. 
Significant increase in levels in moderate/
severe TCE compared with mild TBI. Good 
sensitivity to discriminate between TCE and 
controls (AUC 0.87). Combination with GFAP 
showed greater sensitivity and specificity for 
the diagnosis of TBI (AUC 0.94).

Puvenna 
et al. [15]

ELISA Serum There were no significant differences between 
the levels of negative controls and TCE <6 h 
posttrauma, independent of the CT.
The levels were high after each game but 
without correlation with the number of hits 
received.

Table 3. 
Summary of the evidence reported in the literature on UCH-L1.
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and Western blot in 200 subjects receiving chemotherapy for the management of 
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and serum had a high correlation at the early post-TCE time points, this associa-
tion decreased with time. The bivariate analysis showed that subjects who had 
temporary CSF profiles with higher concentrations of S-100B had higher acute 
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predictor of mortality (OR 4.8).
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the diagnosis of TBI (AUC 0.94).

Puvenna 
et al. [15]

ELISA Serum There were no significant differences between 
the levels of negative controls and TCE <6 h 
posttrauma, independent of the CT.
The levels were high after each game but 
without correlation with the number of hits 
received.
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et al. [26] conducted a case-control study with 95 patients with severe TBI in order 
to evaluate the CSF and serum concentrations of UCH-L1 by sandwich ELISA and 
its association with clinical results. The temporal profile of the marker in both CSF 
and serum was studied during the first 7 days following the trauma and compared 
with controls showing significantly higher levels compared to the controls through-
out the 7-day period, also confirming a high sensitivity and specificity for the 
diagnosis of TBI versus controls, with statistically significant serum AUC and CSF 
values at all-time points up to 24 h (p < 0.001).

The levels of UCH-L1 in the first 12 h in both CSF and serum in patients with 
GCS 3–5 were also significantly higher than in those with GCS 6–8. In addition, 
UCH-L1 levels in CSF and serum appeared to distinguish between patients with 
severe TBI survivors and nonsurvivors within the study, such that those who died 
had significantly higher CSF and serum UCHL1 levels, as well as greater perma-
nence of these levels over time. In this study, a serum level of UCH-L1 > 5.22 ng/mL 
was a predictor of mortality (OR 4.8).

Papa et al. [11] also analyzed UCH-L1 in serum taken in the first 4 h posttrauma 
in patients with mild (n = 86) and moderate (n = 10) TBI, as well as in controls 
with trauma and controls without trauma. For patients with a GCS of 15, serum 
UCH-L1 was significantly elevated compared to controls without trauma, with 
an AUC of 0.87, and was also compared with controls with trauma, and was even 
higher in those patients with GCS of 15 who also had positive findings on the CT 
scan or required some neurosurgical intervention, suggesting that UCH-L1 may 
be a potential marker of mild TBI. Additionally, 5% of patients with GCS of 15 
(4/77) required neurosurgical intervention, which was higher than the 1% found in 
patients with GCS 14–15 reported in the study by Jagoda et al., in which the samples 
were taken within the first 24 h posttrauma [10].

It is inferred from these data that the earlier it is detected posttrauma, the sensi-
tivity of this marker increases. In a smaller study (n = 9), serum UCHL1 (taken <6 h 
posttraumatic) was found to be significantly elevated in patients with mild TBI [27].

In another study focused on all levels of severity of TBI, serum UCH-1 measured 
before 24 h posttrauma could distinguish patients with intracranial lesions from 
those without intracranial lesions with an AUC = 0.713 [28]. However, there was no 
correlation between UCH-L1 levels in patients with mTBI and recovery at 6 months 
as measured by the GOSE scale. While there was a significant increase in UCH-L1 
levels in patients with moderate/severe TBI compared to mild TBI, patients with 
mild TBI were not compared with controls.

In a research carried out in a secondary school, Puvenna et al. [15] selected 15 
American football players; they obtained serum samples before and after each of 
two different games. They did not observe significant differences between the levels 
of UCH-L1 between the negative controls and the positive individuals for mild TBI 
within the first 6 h posttrauma, regardless of whether or not positive CT findings 
existed. In addition to this, there was no correlation between the serum levels of 
UCH-L1 and the number of impacts received. The levels of UCH-L1 and S-100β, 
markers of neuronal injury and BBBD, respectively, were both elevated after each 
game. However, only S-100β, unlike UCH-L1, was correlated with the number of 
hits received and the UCH-L1 elevation did not correlate with the S-100β incre-
ments. The authors suggest that elevated postgame UCH-L1 levels may be due to the 
release of this protein from the neuromuscular junction.

It can be concluded that there are very divergent data regarding the use of 
UCH-L1 as a serum biomarker of mild TBI. Some studies suggest that it is a 
promising marker, while others do not find a correlation with the lesion. Release 
from sources other than the central nervous system could contribute to elevated 
serum levels.
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2.3 The fibrillary acid glial protein (GFAP)

Glial fibrillary acidic protein (GFAP) is a protein derived from glial cells, which 
is a part of the intermediate filament of the cytoskeleton of astrocytes, where it is 
the most abundant protein. It is considered a specific marker of CNS diseases, and 
is also related to several neuronal processes’ harmful agents that compromise the 
integrity of the blood-brain barrier [29], and has been shown to be a potentially 
useful biomarker for predicting clinical outcomes in TBI. Its normal level in serum 
is <0.03 ng/mL [30], so any elevation thereof will indicate BBBD (Table 4).

Due to its great immunoreactivity, GAFP has been used as an indicator of brain 
injury in experimental models of mTCE [31]. The first successful measurement of 
GFAP in human blood was made in 1999 in 12 of 25 patients with severe TBI [32]. 
Using a weight drop model with mice [33] to evaluate two levels of mTBI, one with 
hemorrhage (complicated mTBI) and another without bleeding (uncomplicated 
mTBI), Yang et al. [34] found that serum GFAP was significantly elevated in both 
injury models at 90 minutes and 6 h after injury, but had returned to normal at 24 h.

In the study of Kou et al. [27], significantly elevated serum levels of GFAP in the 
first 24 h posttrauma in 9 mTBI patients was also reported; this elevation being even 
more significant in those with hemorrhagic lesions; however, the small size of the 
sample does not allow the conclusions to be validated.

In another study, Mondello et al. [35] evaluated whether the relationship 
between a neuronal marker (UCH-L1) and a glial marker (GFAP) correlates with 
the presence of different intracranial pathologies after brain trauma. They obtained 
serum samples from 59 patients with sTBI on admission to the hospital and mea-
sured levels of UCH-L1 and GFAP. The glial/neuronal ratio (GNR) was measured as 
the quotient between the concentrations of GFAP and UCH-L1. Logistic regression 
analysis identified variables associated with the type of injury. The increase in GNR 
was associated independently with the type of injury, but not with the age, gender, 
GCS, or trauma mechanism. This quotient was significantly higher in the patients 
who died, but it was not an independent predictor of mortality. The GNR had a 
median of 0.85 and correlated positively with age.

When evaluating the CT scan of the skull on admission, 29 patients presented 
a diffuse lesion and 30 localized lesions. The GNR was significantly higher in the 
group with focal lesions compared to the group with diffuse lesions. The receiver 
operating characteristic (ROC) analysis showed that the GNR discriminated 
between the two types of injury. GNR was more accurate when performed early 
than when it was done late (Table 4).

These data indicate that the GNR provides valuable information about the 
different types of injury, which is of great clinical utility. In addition, the GNR can 
help to identify the pathophysiological mechanisms subsequent to the different 
types of TBI. This is very useful when implementing therapeutic measures.

In an investigation carried out by Papa et al. [36], the capacity of the GFAP taken 
<4 h posttrauma was compared to predict intracranial lesions in the CT compared 
to S-100β. Although patients had GCS 9–15, only 3 of 209 patients had GCS <13 
and only 10% had intracranial lesions, both S-100β and GFAP were significantly 
elevated in all patients, and even more so in those with intracranial lesions. For 
those patients with GCS 14–15, the AUC for the identification of intracranial lesions 
was 0.82 for GFAP and 0.77 for S-100β.

In the presence of extracranial lesions and using a cut-off value of 0.067 ng/mL, 
GFAP was 100% sensitive and 55% specific in the prediction of intracranial lesions. 
With a cut-off value of 0.20 ng/mL, S-100β also had 100% sensitivity but only 5% 
specificity. This study concludes that GFAP exceeds S-100β in the identification of intra-
cranial lesions in mild and moderate TBI, even in the presence of extracranial lesions.
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In general, GFAP seems to increase in TBI and could represent a more sensitive 
marker than S-100β for the identification of intracranial lesions. However, for 
further validation, more studies are needed that focus specifically on mTBI (GCS 
13–15), which include appropriate controls and adequate statistical comparisons.

3. Discussions and conclusions

One of the main purposes of the search for potential biomarkers in the TBI is to 
predict the presence of pathological findings in head CT and brain MRI; however, 
the studies published in this regard are inconclusive, and the evidence favors the use 
of S-100β over other markers in mTBI, as a predictor of negative-CT.

For example, Posti et al. [37] showed that patients with orthopedic trauma 
had higher levels of GFAP at admission, than those with mTBI and negative-CT 
(p = 0.026), and did not show that UCH-L1 levels presented significant differences 
in both groups, performing measurements at different time points, which suggest 
that these markers are not useful for distinguishing patients with negative-CT mTBI 
from patients with orthopedic trauma, and that high levels of UCH-L1 or GFAP can 

Reference Detection method Sample Findings

Kou et al. 
[27]

Electrochemiluminescence 
immunoassay (ECL-IA)

Serum Significantly elevated in all cases of intracranial 
hemorrhage, with potential screening capacity. 
Small size of the sample does not allow to 
validate the conclusions.

Mondello 
et al. [35]

Sandwich ELISA Serum Evaluation of GNR (GFAP/UCH-L1): 
Median = 0.85, positive correlation with age 
(R = 0.45, p = 0.003). Greater in focalized 
lesions vs. diffuse lesion (1.77 vs. 0.48, 
respectively, p = 0.003). Different type of 
lesions (AUC = 0.72, p = 0.003). More precise 
early measurement (<12 h posttrauma) vs. 
late (AUC = 0.80, p = 0.002). Independent 
association with the type of injury, but not with 
the GCS. Independent predictor of mortality.

Papa et al. 
[36]

ELISA Serum S-100B and GFAP significantly elevated in all 
patients, especially in intracranial injuries. For 
GCS 14–15, AUC = 0.82 in identification of 
intracranial lesions for GFAP (0.77 for S-100B). 
With extracranial lesions and cut-off 0.067 ng/
mL, GFAP: S = 100% and E = 55% to predict 
intracranial lesions. GFAP outperforms S-100B 
in the identification of intracranial lesions in 
mild and moderate TBI, even in the presence of 
extracranial lesions.

Papa et al. 
[54]

ELISA Serum GFAP-BDP significantly elevated in mild 
TCE vs. controls with or without trauma. 
AUC = 0.88 to identify brain injury in GCS 15. 
Higher levels in GCS 15 with positive CT.

Okonkwo 
et al. [55]

ELISA Serum GFAP-BDP <24 h posttrauma distinguished 
between mild and moderate/severe TBI (AUC 
of 0.87). Controls were not included, mild to 
moderate TCE was not compared, and most of 
the statistical analysis was made with all levels 
of severity at the time.

Table 4. 
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lead to a false diagnosis of mTBI in polytraumatized patients, leading to the unnec-
essary use of neuroimaging.

On the other hand, the use of the S-100β marker has been recommended in the 
Scandinavian guidelines for the initial management of minimal, mild, and moder-
ate head injuries in adults [38] as an alternative to reduce the number of CT in the 
subgroup of mTBI with low risk of intracranial complications or surgical interven-
tions. More studies are needed that show the usefulness of S-100β as a predictor of 
neurodeterioration in moderate TBI.

The use of neuroimaging is necessary to improve the accuracy of biomarkers in 
the diagnosis and prognosis of patients who have suffered a TBI, with CT being the 
first option and the one with the most studies in relation to the release and correla-
tion of biomarkers. Some reviews report higher serum S-100β levels in more severe, 
focal lesions, compared to diffuse lesions using Marshall scale, and a strong correla-
tion between S100B increasing and the severity of the CT finding when using the 
sum of Rotterdam CT score and Stockholm CT score [54].

Olivecrona et al. reported how S-100β and neuronal specific enolase (NSE) 
levels correlate with CT findings using the aforementioned scales. Specifically, 
S-100β levels, but not to the NSE levels, correlates with Morris-Marshall score for 
the classification of traumatic subarachnoid hemorrhage (tSAH). This is probably 
associated with the physiopathological pathways described by each of these bio-
markers after a neurotrauma. Likewise, the volume of the parenchymal contusions 
is also associated with the S-100β levels. Furthermore, in mild TBI, initial low levels 
of S-100β can be used as a predictor of a stationary injury, suggesting that the CT 
classification does not evolve [55].

Diagnosis of severity and prognosis of CT findings cannot be performed by 
a single biomarker test. Instead, a combination of biomarkers of diverse origins 
and pathways displays a better performance. Thereby, the joint use of GFAP, heart 
fatty acid binding protein (H-FABP), S-100β, and IL-10 results in a more efficient 
diagnostic tool with a 46% specificity and 100% sensitivity for predicting CT 
injuries. This biomarker panel increases specificity by 14% compared to the best 
single biomarker [56].

The ALERT-TBI study, developed in 22 centers in USA and Europe, validated the 
ability of the combination of UCH-L1 and GFAP to predict CT injuries within 12 h of 
mTBI, resulting in a sensitivity of 97.6%, a negative predictive value (NPV) of 99.6%, 
and a specificity of 36.4%. Therefore, when indicating CT only in those patients with 
a positive GFAP and UCH-L1 test, the CT use could be reduced by approximately one-
third. The extent of these findings to patients with moderate TBI is uncertain [57].

The study of the available evidence on the different serum markers in TBI 
presented in this chapter allows us to conclude that, currently, there is not a single 
biomarker capable of predicting the clinical deterioration of patients with high 
sensitivity and specificity. However, the pathophysiological mechanisms of TBI 
suggest that instead, a panel of markers that reflect different aspects of traumatic 
injury should be available, including BBBD and neuronal injury.

The literature has shown that the joint use of S-100β and GFAP or UCH-L1 
would represent a valuable early prognostic and follow-up tool in TBI in addition to 
the GCS and the CT, thus guiding the decisions of initial management and aggres-
sive interventions.

Likewise, given that the kinetic profile of these markers is different, since it 
presents peaks of appearance earlier than others and different times of permanence 
in serum, its usefulness would also be correlated with different post-traumatic 
stages, so that S-100β and UCH-L1 are better early markers [24, 25], whereas GFAP 
is a better predictor of CT lesions and surgical interventions in the first 7 days post-
trauma in mild and moderate TBI [27].
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(p = 0.026), and did not show that UCH-L1 levels presented significant differences 
in both groups, performing measurements at different time points, which suggest 
that these markers are not useful for distinguishing patients with negative-CT mTBI 
from patients with orthopedic trauma, and that high levels of UCH-L1 or GFAP can 
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essary use of neuroimaging.

On the other hand, the use of the S-100β marker has been recommended in the 
Scandinavian guidelines for the initial management of minimal, mild, and moder-
ate head injuries in adults [38] as an alternative to reduce the number of CT in the 
subgroup of mTBI with low risk of intracranial complications or surgical interven-
tions. More studies are needed that show the usefulness of S-100β as a predictor of 
neurodeterioration in moderate TBI.

The use of neuroimaging is necessary to improve the accuracy of biomarkers in 
the diagnosis and prognosis of patients who have suffered a TBI, with CT being the 
first option and the one with the most studies in relation to the release and correla-
tion of biomarkers. Some reviews report higher serum S-100β levels in more severe, 
focal lesions, compared to diffuse lesions using Marshall scale, and a strong correla-
tion between S100B increasing and the severity of the CT finding when using the 
sum of Rotterdam CT score and Stockholm CT score [54].

Olivecrona et al. reported how S-100β and neuronal specific enolase (NSE) 
levels correlate with CT findings using the aforementioned scales. Specifically, 
S-100β levels, but not to the NSE levels, correlates with Morris-Marshall score for 
the classification of traumatic subarachnoid hemorrhage (tSAH). This is probably 
associated with the physiopathological pathways described by each of these bio-
markers after a neurotrauma. Likewise, the volume of the parenchymal contusions 
is also associated with the S-100β levels. Furthermore, in mild TBI, initial low levels 
of S-100β can be used as a predictor of a stationary injury, suggesting that the CT 
classification does not evolve [55].

Diagnosis of severity and prognosis of CT findings cannot be performed by 
a single biomarker test. Instead, a combination of biomarkers of diverse origins 
and pathways displays a better performance. Thereby, the joint use of GFAP, heart 
fatty acid binding protein (H-FABP), S-100β, and IL-10 results in a more efficient 
diagnostic tool with a 46% specificity and 100% sensitivity for predicting CT 
injuries. This biomarker panel increases specificity by 14% compared to the best 
single biomarker [56].

The ALERT-TBI study, developed in 22 centers in USA and Europe, validated the 
ability of the combination of UCH-L1 and GFAP to predict CT injuries within 12 h of 
mTBI, resulting in a sensitivity of 97.6%, a negative predictive value (NPV) of 99.6%, 
and a specificity of 36.4%. Therefore, when indicating CT only in those patients with 
a positive GFAP and UCH-L1 test, the CT use could be reduced by approximately one-
third. The extent of these findings to patients with moderate TBI is uncertain [57].

The study of the available evidence on the different serum markers in TBI 
presented in this chapter allows us to conclude that, currently, there is not a single 
biomarker capable of predicting the clinical deterioration of patients with high 
sensitivity and specificity. However, the pathophysiological mechanisms of TBI 
suggest that instead, a panel of markers that reflect different aspects of traumatic 
injury should be available, including BBBD and neuronal injury.

The literature has shown that the joint use of S-100β and GFAP or UCH-L1 
would represent a valuable early prognostic and follow-up tool in TBI in addition to 
the GCS and the CT, thus guiding the decisions of initial management and aggres-
sive interventions.

Likewise, given that the kinetic profile of these markers is different, since it 
presents peaks of appearance earlier than others and different times of permanence 
in serum, its usefulness would also be correlated with different post-traumatic 
stages, so that S-100β and UCH-L1 are better early markers [24, 25], whereas GFAP 
is a better predictor of CT lesions and surgical interventions in the first 7 days post-
trauma in mild and moderate TBI [27].
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In addition to the above, the literature also shows that these biomarkers are 
being measured with techniques that demand the use of complex equipment and 
procedures (such as ELISA) in which the use of labels is necessary [6, 39], display-
ing the need for the development of rapid and cost-effective techniques that allow 
the implementation of biomarkers in the clinical setting.
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Chapter 5

Use of Neuroprotective agents for
Traumatic Brain Injury
Mohammad Meshkini, Ali Meshkini
and Homayoun Sadeghi-Bazargani

Abstract

Traumatic brain injury (TBI) is the leading cause of mortality and morbidity
especially in young ages, while over 30 years of neuroprotective agents use for TBI
management provided neither any recommended agent for favorable outcome nor
less adverse effects in TBI management yet. This review got selected keywords’
search and ran in known international and local databases, with no limitation up to
September 6, 2015. Related to the subject, clinical human studies have been selected
for the review. Data from 32 studies were classified into 10 subgroups. About 18
studies with a population of 4637 participants were included in 6 topic reviews and
meta-analyses. Oxygen use in acute management of TBI to reduce mortality rates
could be recommended. Corticosteroid use in solo acute TBI management is
prohibited due to increasing risk of mortalities. However, in dual-diagnosed
patients (TBI and spinal cord injury (SCI) together), corticosteroid use should be
obtained by a Bracken protocol. The use of citicoline in acute TBI is no more
supported. The use of cyclosporine-A for ICP control depends on the resources and
physician’s decision. Rivastigmine use for chronic neurocognitive conditions of TBI
management had some beneficence in severely impaired participants. However, the
use of other agents in TBI has no field of support yet.

Keywords: traumatic brain injury, head injury, neuroprotective agents,
systematic review, meta-analysis

1. Introduction

1.1 Description of the condition

Traumatic brain injury (TBI), which is also known as head injury [1–3], is the
leading cause of mortality and morbidity [1, 4–6], especially in young ages [1]; that
is defined as “the occurrence of injury to the head, that is, associated with symp-
toms or signs attributable to the injury such as decreased level of consciousness,
amnesia, other neurological or neuropsychological abnormalities, skull fracture,
intracranial lesions or death.” [6].
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Epidemiological studies, demonstrate following statements in USA [4];

• The incidence rate of 558 cases per 100,000 person each year,

• TBI related disability estimated as 33 new cases per 100,000 people in a year,

• More than 50,000 deaths each year,

• Motor vehicle collisions (MVC) is the responsible for 50% of TBI causes,
following by falls (38%), and violence (also including attempted suicide) 4%,

• TBI costs more than $48 billion a year. About 2.5 and 6.5 million Americans
alive today have had a TBI assault. “Survivors of TBI are often left with
significant cognitive, behavioral, and communicative disabilities” [7].
According to the chronology period and the state of the condition, it
categorizes under “Primary” and “Secondary” injury [1].

1.2 Description of the intervention

According to medical subheadings (MeSH) definition, Neuroprotective agents
are “Drugs intended to prevent damage to the brain or spinal cord from ischemia,
stroke, convulsions, or trauma. Some must be administered before the event, but
others may be effective for some time after. They act by a variety of mechanisms,
but often directly or indirectly minimize the damage produced by endogenous
excitatory amino acids” [8]. As mentioned in the MeSH definition, there are variety
of drugs and their action mechanisms to minimize the TBI damage; the breadth list
of trials on www.clinicaltrial.gov for “Neuroprotective Agents” and “Traumatic
Brain Injury” terms, states this. A recent study of Burns et al. declared 30 years of
using Neuroprotective agents on animal models forecasting the same effect on
humans failed, and represents to use animal models as new cases for stem cell
studies as well, rather than formerly known for using Neuroprotective agents [9],
which is confirmed by other studies too [10, 11].

The recent challenging review and meta-analyses study of Leucht et al. about
efficacy of commonly used major drugs for medical and psychological conditions,
seems to be a practice-challenging article for all physicians over the world [12]; this
meta-analyzed article’s results on major commonly used drugs showed the small to
medium effect of 13 drugs and nearly medium to favorable effect of 3 drugs out of
19 major commonly used drugs for variety of clinical or mental conditions;
collecting these information together rings a bell; how to use the most effective
interventions for conditions?

2. Literature review

There are wide variety of Neuroprotective agents, and breadth studies on human
and animal cases, the following lists the agents which were studied on human
clinical trials:

2.1 Oxygen

The vital element of life and viability of neurons. Hypoxia leads to anaerobic
metabolism, acidosis, and reduction in cellular metabolism. Neurons messaging
conduction ability disturbs due to loss of their ability to maintain ionic homeostasis.
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Free oxygen radicals also accumulate and degrade cell membrane; which all if lead
to irreversible changes in neuron cells, it “results in unavoidable cell death.” There
are also Cochrane reviews for hyperbaric oxygen (HBO2) and hyperventilation
(NBH) use in TBI [1, 2].

2.2 Corticosteroids

Inflammatory process after TBI, which causes brain edema and intracranial
pressure (ICP) rise, performed the hypothesis of using corticosteroids for TBI, the
primary researches and studies showed the beneficial effect of this intervention,
while CRASH trial in 2005 and an updated Cochrane review after that, challenged
the efficacy of corticosteroids use for TBI [4]; further from this study’s proposal,
steroids using for spinal cord injury (SCI) seems to have beneficial effects; also
there is a Cochrane review for its neuroprotection beneficence in SCI assaults [13].

2.3 Progesterone

It has a wide variety of neuroprotection mechanisms of action, as an antioxidant
agent, by reducing brain edema and inflammatory-related factors, controlling of
vasogenic edema through blood brain barrier (BBB) reconstitution and aquaporin-4
water transporter modulation, axonal regenerating stimulant, inhibition of inflam-
matory cytokines production, synaptogenesis and dendritic arborization, altering
glutamate receptor activity to reduce excitotoxicity of injury and also taking all
these effects by its receptor’s key rolling [14–16]. Also inhibition of ion flux cell
pores like L-type calcium channel, potassium, and sodium voltage-gates, as well
GABA-A receptors, all result in vasoconstriction and reducing edema that seem
likely to dihydropyridine’s mechanism of action, without its side effects like dizzi-
ness, peripheral edema, hypotension, reflex tachycardia and headaches [17, 18].

2.4 Monoaminergic agents

Amphetamine and other promotors of neuroaminergic neurotransmission have
been suggested to improve the functional recovery of the brain after TBI. There is
also a Cochrane review for these agents [19].

2.5 Erythropoietin (EPO)

A glycoprotein hormone of cytokine type-I super family, that its anti-apoptotic
and anti-inflammatory properties, also interaction of EPO with neural voltage-
gated calcium channels, and EPO with EPO-receptors increasing of local production
after TBI, seems to be EPO’s mechanisms of action [20–22].

2.6 Magnesium sulfate and other magnesium salts

Reduction in serum magnesium levels after TBI, and beneficial effects of mag-
nesium therapy in animal models, conceptualized its use for human cases, its failure
in recent studies, came to the conclusion of blood brain barrier (BBB) effect on this
agent’s transmission [23].

2.7 Cerebrolysin

“Cerebrolysin is a peptide-preparation, produced by the bio-technologically
standardized enzymatic breakdown of purified porcine brain proteins.” mechanism
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of action is not fully understood, but animal studies, suggest improved neuronal
oxygen utilization, reduction of cerebral lactic acid concentration and free oxygen
radical concentrations [24].

2.8 Citicoline (CDP-choline) and other cholinergics

Adenosine tri-phosphate (ATP) is responsible for cell membrane sodium-
potassium (Na-K) ATPase pump’s function; TBI related cell membrane un-integrity
and accumulation of extracellular water, leads to the known brain edema, also
formation of lipid peroxidase. Cholinergic agents’ effects in cell-oxygenation cycles
and formation of ATP indirectly may cause cell wall integrity formation as well as
prevent further secondary injuries [25].

2.9 NeuroAid

A Chinese medicine, also known as MCL601 and MCL901 (a.k.a. Simplified to
NeuroAid or NeuroAid-II, respectively), which showed Neuroprotective effects in
stroke trials [26, 27].

2.10 Cyclosporine A (CsA)

Preservation of mitochondrial function after TBI is the recommended mecha-
nism of action for this agent [28, 29].

2.11 Rivastigmine

Mostly known for its cholinesterase inhibitory (ChE-inh) effects, that improves
cholinergic function of brain in Alzheimer disease (AD) trials; there are also TBI
trials based on hypothesis of post-traumatic cholinergic deficiencies [30, 31].

2.12 Piracetam

This intervention seems to improve neurocognitive state of patients without any
remarkable effects on the mortalities.

2.13 Anti-epileptic drugs

Anti-epileptic drugs may have some Neuroprotective effects as well, but they
are not included in this study, however these drugs have their own Cochrane
review [3].

2.14 Why it is important to do this review?

The review, been performed on Neuroprotective agents for TBI, fulfill the
systematic review & analysis on each one of the mentioned agents in “Literature
Review” section of this study; “Drug data is complex and requires thoughtful
consideration regarding which medication and therapies are best suited for certain
situation and patients.” Leucht et al. declared [12]. Burns et al. work didn’t clearly
demonstrate the use of new stem cell studies on TBI, but it has hopes for SCI [9].
Studies showed people may not feel comfortable with stem cell therapies because of
“don’t want to get the risk of cancer” or “don’t want to have another surgery” who
also are about 58–63% of patients [9] that may lead our current hopes to neuro-
protective use, despite stem cells.
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3. Methods

Criteria for considering studies for this review.

3.1 Types of studies

The back-bone of present study’s meta-analyses made by including RCTs, which
their reporting quality, compared to CONsolidated Standards Of Reporting Trials
(CONSORT-statement) 2010 (http://www.consort-statement.org/); other related
to subject articles, with good and qualitative methods in reporting, included
according to the study’s statistical consultant’s point of view. Guidelines or pro-
tocols, letter to editors and systematic reviews are excluded from the data analyses.

3.2 Types of participants

Humans of any age, and with any severity (mild, moderate, severe) of focal or
diffuse TBI, have been included; neither animal studies nor pre-clinical (in-vivo)
trials included in this study.

3.3 Types of interventions

The related studies about the mentioned agents in “Literature Review” section
with any frequency, any chronicity and any mode of use.

3.4 Types of outcome measures

Outcomes were analyzed in two main groups for acute TBI management:

3.4.1 Primary outcomes

• Mortality and vegetative state

• Good recovery and mild disability

As measured by Glasgow Outcome Scale (GOS) or Extended Type (GOS-E)
after 3–6 months of patient follow-up; severe disabilities weren’t included in the
analyses.

3.4.2 Secondary outcomes

• Any adverse effects or events of interventions during the trial.

For chronic TBI management, outcomes were mostly analyzed for
neurocognitive state.

3.5 Search methods for identification of studies

The search strategy was not restricted by language, date, participants race,
gender or publication status; but date limitation implemented to the referencing
databases (i.e., SCOPUS and Thomson Reuters Web of Science) for after 2000
search results, also limiting results to human studies where possible.

91

Use of Neuroprotective agents for Traumatic Brain Injury
DOI: http://dx.doi.org/10.5772/intechopen.85720



of action is not fully understood, but animal studies, suggest improved neuronal
oxygen utilization, reduction of cerebral lactic acid concentration and free oxygen
radical concentrations [24].

2.8 Citicoline (CDP-choline) and other cholinergics

Adenosine tri-phosphate (ATP) is responsible for cell membrane sodium-
potassium (Na-K) ATPase pump’s function; TBI related cell membrane un-integrity
and accumulation of extracellular water, leads to the known brain edema, also
formation of lipid peroxidase. Cholinergic agents’ effects in cell-oxygenation cycles
and formation of ATP indirectly may cause cell wall integrity formation as well as
prevent further secondary injuries [25].

2.9 NeuroAid

A Chinese medicine, also known as MCL601 and MCL901 (a.k.a. Simplified to
NeuroAid or NeuroAid-II, respectively), which showed Neuroprotective effects in
stroke trials [26, 27].

2.10 Cyclosporine A (CsA)

Preservation of mitochondrial function after TBI is the recommended mecha-
nism of action for this agent [28, 29].

2.11 Rivastigmine

Mostly known for its cholinesterase inhibitory (ChE-inh) effects, that improves
cholinergic function of brain in Alzheimer disease (AD) trials; there are also TBI
trials based on hypothesis of post-traumatic cholinergic deficiencies [30, 31].

2.12 Piracetam

This intervention seems to improve neurocognitive state of patients without any
remarkable effects on the mortalities.

2.13 Anti-epileptic drugs

Anti-epileptic drugs may have some Neuroprotective effects as well, but they
are not included in this study, however these drugs have their own Cochrane
review [3].

2.14 Why it is important to do this review?

The review, been performed on Neuroprotective agents for TBI, fulfill the
systematic review & analysis on each one of the mentioned agents in “Literature
Review” section of this study; “Drug data is complex and requires thoughtful
consideration regarding which medication and therapies are best suited for certain
situation and patients.” Leucht et al. declared [12]. Burns et al. work didn’t clearly
demonstrate the use of new stem cell studies on TBI, but it has hopes for SCI [9].
Studies showed people may not feel comfortable with stem cell therapies because of
“don’t want to get the risk of cancer” or “don’t want to have another surgery” who
also are about 58–63% of patients [9] that may lead our current hopes to neuro-
protective use, despite stem cells.

90

Traumatic Brain Injury - Neurobiology, Diagnosis and Treatment

3. Methods

Criteria for considering studies for this review.

3.1 Types of studies

The back-bone of present study’s meta-analyses made by including RCTs, which
their reporting quality, compared to CONsolidated Standards Of Reporting Trials
(CONSORT-statement) 2010 (http://www.consort-statement.org/); other related
to subject articles, with good and qualitative methods in reporting, included
according to the study’s statistical consultant’s point of view. Guidelines or pro-
tocols, letter to editors and systematic reviews are excluded from the data analyses.

3.2 Types of participants

Humans of any age, and with any severity (mild, moderate, severe) of focal or
diffuse TBI, have been included; neither animal studies nor pre-clinical (in-vivo)
trials included in this study.

3.3 Types of interventions

The related studies about the mentioned agents in “Literature Review” section
with any frequency, any chronicity and any mode of use.

3.4 Types of outcome measures

Outcomes were analyzed in two main groups for acute TBI management:

3.4.1 Primary outcomes

• Mortality and vegetative state

• Good recovery and mild disability

As measured by Glasgow Outcome Scale (GOS) or Extended Type (GOS-E)
after 3–6 months of patient follow-up; severe disabilities weren’t included in the
analyses.

3.4.2 Secondary outcomes

• Any adverse effects or events of interventions during the trial.

For chronic TBI management, outcomes were mostly analyzed for
neurocognitive state.

3.5 Search methods for identification of studies

The search strategy was not restricted by language, date, participants race,
gender or publication status; but date limitation implemented to the referencing
databases (i.e., SCOPUS and Thomson Reuters Web of Science) for after 2000
search results, also limiting results to human studies where possible.

91

Use of Neuroprotective agents for Traumatic Brain Injury
DOI: http://dx.doi.org/10.5772/intechopen.85720



3.5.1 Electronic searches

The web-based searched data-bases are:

• Cochrane CENTRAL (September 6, 2015)

• MedLine through PUBMED (September 6, 2015)

• SCOPUS (September 6, 2015)

• Thomson Reuters Web of Science (September 6, 2015)

• SID.ir (September 6, 2015)

• Barekat Knowledge Deployment Foundation (formerly known as IRAN-
MEDEX) (September 6, 2015)

• ClinicalTrials.gov (September 6, 2015).

3.5.2 Searching other resources

Other related articles, came out through Internet search for full-text articles, and
full-text requests through www.researchgate.net, and skimming in bibliographies
of articles. Also contacting with experts to enrich the including data.

3.6 Data collection and analysis

Zotero v.4.0.28 (available from www.zotero.org) was used as Reference Man-
ager of this review, while Cochrane’s Review Manager (RevMan v5.3) taken the role
of meta-analyses and conducting the whole study as well.

3.7 Selection of studies

Screening of related articles via their titles and abstracts done by two review
authors (AM and MM); further assessment of including articles obtained by apply-
ing CONSORT-statement 2010 on full-texts of the articles by two review authors
(HSB and MM), also disagreements of the screening-phase articles and the decision
to include non-RCT studies referred to statistical consultant of study (HSB). The
Preferred Reporting Items for Systematic Reviews & Meta-Analyses (PRISMA)
statement, lead authors to diagram the process of study-selection (Figure 1).

3.8 Data extraction and management

Two review authors (AM and MM) extracted data from the included studies
using CONSORT 2010 characteristics; any disagreements, referred to the third
author (HSB).

3.9 Assessment of risk of bias in included studies

Two review authors (HSB and MM) assessed RCTs using the “risk of bias”
assessment tool of “Cochrane Handbook for Systematic Reviews of Interventions v.
5.1.0” [32].
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Figure 1.
PRISMA template (study flowchart).
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3.10 Measures of treatment effect

Glasgow Outcome Scale (GOS) or its Extended type used as the assessment tool
for severe TBIs outcome, considered to take place in the analyses; otherwise,
patients preference of interventions [i.e., patient reported outcome (PRO)] in
studies’ results, were taken as outcome measurements of included studies in mild
and moderate TBIs. More information of each intervention outcome analysis is
represented under “Results” section of the study.

3.11 Unite of analysis issues

All meta-analyses of fixed effects model for dichotomous quantitative results,
done by their risk ratio and confidence interval (CI) = 95%; continuous data results
analyzed by their mean difference and CI = 95%; random effects model applied if
I2 > 50% [33].

3.12 Dealing with missing data

According to search strategy, authors have to conclude as possible as the avail-
able studies for the review, reduce selection and information biases as well; but
some data would never been available even after contacting the original investiga-
tors or correspondence authors; the authors strategy for dealing with these kind of
missing data was to ignore the missing data and to analyze only the available data,
but if it’s assumed that the missing data, had a huge effect on the analysis, in the
HSB’s point of view, using statistical models to allow missing data in analysis,
making assumptions about their relationships with the available data were taken,
fortunately there was no such conflict during this study’s process.

3.13 Assessment of heterogeneity

Any heterogeneity of studies referred to HSB, for statistical consultant’s point of
view to reassess their use in the study, if they didn’t have the availability to take
part in study, they had been excluded.

3.14 Assessment of reporting biases

Probable reporting biases of studies, reported by using “Cochrane Handbook for
Systematic Reviews of Interventions v. 5.1.0” method [32].

3.15 Subgroup analysis and investigation of heterogeneity

Data analyses based on:

• Favorable outcome of intervention (mostly based on GOS or GOS-E);

• Mortality and vegetative-state analysis

• Probable side-effects of interventions.

If some interesting results of study(ies) are brought, they’d be analyzed
separately.
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3.16 Sensitivity analysis

All of the search studies results reporting, were based on significant meaningful
of results with p < 0.05 and CI = 95%.

4. Results

4.1 Description of studies

Qualitative report of study results, was completed with RCTs meta-analyses.
Which from 38 RCTs included in this study, 18 RCTs been meta-analyzed. Also
previous review papers in this field covered RCTs which are not included in this
review again, i.e., 27 of these RCTs were discussed by Alderson et al. Cochrane
review of corticosteroids [4]; Monoaminergic agents Cochrane review by Forsyth
et al. covered 20 of them [19]. However previously discussed papers in HBO2 and
NBH Cochrane reviews, didn’t take part in this review again [1, 2], which limited
oxygen topic’s studies to seven papers and no new articles found for those other two
topics; Figure 1 and Table 1 summarize the finding information. The 18 included
meta-analyzed studies, have a population of 4637 patients, of which 3650 patients
were for four new phase-III RCTs altogether. Furthermore information is available
under each topic of “Results of the search” section.

4.2 Results of the search

4.2.1 Oxygen

This intervention is the most eligible one of all other experimental trials of TBI
neuroprotectives. Two Cochrane reviews were conducted under the title

Neuroprotective Total no.
RCTs

No. RCTs
in this
study

No. RCTs
included

No. acute
TBI RCTs

No. chronic
TBI RCTs

Studies
populations

No.
phase-3
RCTs

Oxygen 24 7 4 1 3 205 0

Corticosteroid 27 All study results from Alderson 2006 Cochrane review [4]

Progesterone 7 7 4 4 – 2320 2

Monoaminergics 20 All study results from Forsyth 2011 Cochrane review [19]

Erythropoietin 4 4 2 2 – 645 1

Magnesium 4 1 Vink et al. [23] results combined with this pilot study 0

Cerebrolysin 1 1 1 1 – 32 0

Citicoline 4 4 4 3 1 1196 1

NeuroAid 0 0 0 0 0 0 0

Cyclosporine A 5 5 2 2 – 89 0

Rivastigmine 3 3 1 – 1 157 0

Piracetam 3 0 0 unknown unknown unknown unknown

Miscellaneous unknown 6 0 – – – –

Total 102 38 18 13 5 4637 4

Table 1.
Neuroprotective RCTs for TBI at a glance.
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“Hyperventilation therapy for acute traumatic brain injury (Review),” which
established in 1997 and continued till the last updated paper of 2009 [2], and
“Hyperbaric Oxygen therapy for the adjunctive treatment of traumatic brain injury
(Review),” which started from 2004 and was last revised in 2012 [1]. These reviews
demonstrated reduction in mortality rates while using oxygen in TBI, but there was
no adequate evidences to support better clinical outcomes. This review’s search
results got eight more new additional studies. One observational study to investi-
gate guideline adherence about pre-hospital advanced airway attempt for oxygena-
tion in 54 severe TBI patients, that resulted in good adherence of performers to the
guidelines [34], which also reported in other studies aimed to assess practitioners’
adherence to guidelines, even better if they were supported by strong evidences
[35, 36], but not satisfied results which recommended revision for guidelines; and
seven clinical trials, mostly case-sham control design method, that five of them
were pilot phase-II studies supported by Department of Defense/Veteran Affair
(DoD/VA) for a huge phase-III RCT on HBO2 use [37–41], the other two trials were
Rockswold et al. and Boussi-Gross et al. for combined HBO2/NBH treatment and
HBO2 in a case control and cross-over method trials respectively [42, 43]. Except
than Rockswold et al. study on acute TBI patients, other studies’ participants were
of chronic impaired TBI patients.

Overall patients analyses without loss to follow-ups are 205 patients as 48 in
Wolf et al., 42 in Rockswald et al., 56 in Boussi-Gross et al. and 59 in Cifu et al.; This
review, include all of these trials in narrative review, but because of their heteroge-
neity in reporting outcomes, no meta-analysis conducted for the results [37, 40,
42, 43].

The only study reported mortality was Rockswold et al. for 16% in HBO2/NBH
combined group and 42% in control group, that might be due to its acute phase
design for TBI management [43] in comparison to other three trials were about mild
chronic TBI management. Boussi-Gross et al. study reports significant improve-
ments in cognitive states (memory, attention, executive function, information
processing speed) of patients with mild TBI in chronic phase, while DoD/VA related
studies didn’t state any significant changes of cognitive functions between HBO2

and sham-control groups according to their Immediate Post Concussion Assessment
and Cognitive Testing (ImPACT) and Post-Traumatic Stress Disorder Check List-
Military (PCL-M) assessment tools [37, 40, 42]; Rockswald et al. acute phase study’s
GOS outcome for HBO2/NBH combined group, demonstrated significant improve-
ments (p = 0.024), and better outcomes for cerebral metabolism, partial oxygen
pressure in brain and ICP [43].

Also only side-effect report was in Wolf et al. study that ear barotrauma
and headache were the most common conditions [41], while Cifu et al. study on
eye tracking abnormalities didn’t demonstrate any significantly meaningful
improvements for HBO2 treatment participants, Wolf et al. results on Snellen
chart assessment of visual acuity showed improvements in both HBO2 and
Sham-control groups (22 of 47 eyes and 25 of 46 eyes respectively), also reduc-
tion of visual acuity was less in the sham-control group (6 of 47 eyes and 3 of 46
eyes) [39, 41].

4.2.2 Corticosteroids

Cochrane updated review for corticosteroids in 2006, recommended no more
trials of corticosteroids for TBI according to phase-III CRASH trial’s results, another
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update of this review at January 7, 2009, found no novel study to investigate. There
was no more study in current review’s search results too.

4.2.3 Progesterone

The 2012 Cochrane review of “Progesterone for acute traumatic brain injury
(Review),” based on three phase-II trials, declared that it would be updated as two
more multi-centric clinical trials’ results came out [5]; at the time of current
review’s searching for Neuroprotective agents, those mentioned trials and one more
study been achieved [10, 11, 44]. Authors complete reading each one of the studies
by comparing them to CONSORT 2010 checklist, finally included four studies
[10, 11, 45, 46] and excluded three of them [44, 47, 48].

Included studies consisted of 2320 cases (1192 in progesterone group and 1128
in placebo-control group); SYNAPSE study and ProTECT-III respectively by
Skolnick et al. and Wright et al. (in 2014) are the new phase 3, multi-centric,
RCTs with the weight of 93.5% of whole cases [10, 11]. ProTECT-III halted in its
secondary interim analysis, but SYNAPSE completed the predicted proposal and
consists 51.5% of cases.

The analyses of favorable intervention outcome and mortality in these studies
based on GOS report analysis in current method: favorably outcome (good
recovery and moderate disability), mortality (vegetative state and death), the
severe disability didn’t included in the analysis. All of these studies analyzed their
outcomes in a 6 month period but Wright et al. (in 2007), had a follow-up of
30 days [10, 11, 45, 46].

Intervention’s side-effects also analyzed as the most happened for patients in
each group as a whole but not on each of the side-effects solely. Also two studies
didn’t take part in this analysis. Skolnick et al.’s outcome results for adverse effects
were different from case-control group’s total number. It seems that five cases from
control group have been analyzed in case group. An E-mail has been sent to the
corresponding author for this confusing part, but till date, there is no reply [11].
Xiao et al. reported no adverse effects for the intervention [46].

The analyses showed no significant differences between progesterone and
placebo groups in favorable treatment [(p = 0.75; RR 1.02, 95% CI 0.88–1.19;
participants = 2320; studies = 4; I2 = 53%) Figure 2], neither in mortalities
[(p = 0.21; RR 0.77, 95% CI 0.50–1.17; participants = 2320; studies = 4; I2 = 82%)
Figure 3], nor in adverse effects analysis [(p = 085; RR 1.03, 95% CI 0.72–1.48;
participants = 982; studies = 2; I2 = 87%) Figure 4].

Figure 2.
Progesterone favorable outcome.
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4.2.4 Monoaminergic agents

The Cochrane review of “Monoaminergic agonists for acute traumatic brain
injury,” first established in 2006, and updated later on, till its last update was in
2011 didn't included any studies [19]. Search results didn’t collect any new studies.

4.2.5 Erythropoietin (EPO)

The primary search results for this topic, consists of a review on in-vitro and in-
vivo studies till 2009 [49]. One retrospective case-control study [50] and four
prospective RCTs [20, 22, 51, 52]; two of these studies were reports of a same phase-
III multi-centric placebo-control trial known as EPO-TBI, and Nichol et al.’s
reporting was more complete than the other one, which persuades authors to
exclude Presneil et al. from quantitative analysis [21, 22]. Abrishamkar et al.’s paper
has been excluded from meta-analysis too, due to its restricted study design on male
patients [20].

The whole studies population analysis related to Aloizos et al. and Nichol et al.
were 645 patients [21, 51]. Both studies followed patient up to 6 months analyzing
total better outcomes of patients showed no significant difference between study
groups [(p = 0.30; MD 1.22, 95% CI �1.09–3.53; participants = 638; studies = 2;
I2 = 99%) Figure 5], also EPO-TBI trial’s GOS reporting outcome showed no signif-
icant difference too [(p = 0.90; RR 1.01, 95% CI 0.87–1.17; participants = 596;
studies = 1; I2 = 0%) Figure 6]. Mortality and vegetative-state analysis, was signif-
icantly skewed toward intervention group [(p = 0.04; RR 0.65, 95% CI 0.43–0.98;
participants = 644; studies = 2; I2 = 0%) Figure 7]; while side-effect analysis showed
nearly significant less vascular side effects in intervention group [(p = 0.06; RR
0.86, 95% CI 0.73–1.00; participants = 603; studies = 1; I2 = 100%) Figure 8] and no
significant difference in non-vascular side-effects between two groups of EPO-TBI

Figure 3.
Progesterone mortality.

Figure 4.
Progesterone adverse-effects.
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trial [(p = 0.73; RR 0.93, 95% CI 0.62–1.39; participants = 603; studies = 1; I2 = 0%)
Figure 9], there was no side effect report in Aloizos et al. [51].

4.2.6 Magnesium sulfate and other magnesium salts

An updated review on magnesium, published in 2009 [23]; and no new studies
been established in current review’s search results after that timeline, the only study
which was not mentioned in Vink et al. paper, was a pilot study on pediatric
population with severe TBI, to maintain magnesium’s feasibility and bio-availably
for this population [52]. The common result of these studies, could be summarized

Figure 5.
Erythropoietin total outcome assessment.

Figure 6.
Erythropoietin favorable outcome.

Figure 7.
Erythropoietin mortality.

Figure 8.
Erythropoietin vascular side-effects.
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as despite pre-clinical in-vivo studies of magnesium concentration in cerebrospinal
fluid (CSF), that decline after acute TBI, and magnesium administration enhances
its disposition in this field; no BBB feasibility seen in human studies for magnesium,
and predicted mechanisms of actions for this intervention on human-beings are out
of clinical evidence support [23, 52].

4.2.7 Cerebrolysin

There was a cohort-study by Wong et al. and a phase-II RCT by Chen et al. for
cerebrolysin use in the search results [24, 53], also an ongoing huge multi-centric
study held from third quarter of 2015 as well [54]. Cohort study, followed 42
patients with moderate to severe TBI, in 1:1 ratio, and report the outcomes in GOS
scale after 6 months, which resulted in 67% good outcomes with cerebrolysin:
placebo ratio of 19:14 in both study groups. The RCT reported cognitive outcomes
with Mini-Mental Status Examination (MMSE) and Cognitive Abilities Screening
Instrument (CASI) scales for mild TBI patients after 3 months that showed signifi-
cant favorable outcome in intervention group [(p = 0.02; MD �13.40, 95% CI
�24.87 to �1.93; participants = 32; studies = 1; I2 = 0%) Figure 10].

4.2.8 Citicoline (CDP-choline) and other cholinergics

Articles related to citicoline intervention published from 1991–2014 [55–58].
Zafonte et al.’s study was a huge multicentric study a.k.a. COBRIT (citicoline brain
injury treatment) and halted in its forth interim analysis due to non-significant
outcome differences between placebo and intervention groups, but patients
followed up to 180 days after injury, that 180 day’s results are included in this
review’s analysis. Maldonado et al. and Shokouhi et al. studies didn’t have placebo
group, they were case-control studies, both included patients with severe or mod-
erate acute TBI (216 and 58 patients respectively) [56, 57]. Leon-Carrion et al. study
was a limited RCT of 10 patients for assessing neurocognitive effects of citicoline
[55]. COBRIT planned to enroll 1292 patients, which halted in its forth interim
analysis with 1213 patients randomized in two placebo and citicoline groups, the

Figure 9.
Erythropoietin non-vascular side-effects.

Figure 10.
Cognitive changes for cerebrolysin.
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primary outcome assessment on day 90 of patients, was available for 996 cases,
while 180-day outcome enrolled 902 cases [58].

In total, this meta-analysis included four studies with 1196 patients, which
COBRIT study weighs about 75% of the analysis. The starting citicoline dose in
studies was 2 g/day in Zafonte et al. and Shokouhi et al.’s trials, 1 g/day in Leon-
Carrion et al.’s study, and 4 g/day in Maldonado et al.’s (that reduced to 3 g/day
after day 3–4 of intervention and 2 g/day in case phlebitis would recognized).

Meta-analysis of outcomes showed no significant change in GOS outcome
[(p = 0.76; RR 1.03, 95% CI 0.86–1.24; participants = 1128; studies = 2; I2 = 71%)
Figure 11], but significant favorable of neurocognitive changes in placebo-control
group despite studies heterogeneity [(p < 0.00001; SMD 1.00, 95% CI 0.75–1.25;
participants = 971; studies = 3) Figure 12]. However the comparison of COBRIT
study’s days-90 and 180 GOS outcomes, demonstrated improvements in day 180
outcomes [58]. Mortality and vegetative-state outcomes were analyzed together in
studies, which only two studies (Maldonado et al. and Zafonte et al.) reported these
outcomes with no significant difference [(p = 0.96; RR 0.98, 95% CI 0.51–1.86;
participants = 1429; studies = 2; I2 = 67%) Figure 13]. The side-effects of interven-
tion at all has no significant difference between trial groups either [(p = 0.53; RR
1.03, 95% CI 0.94–1.12; participants = 1429; studies = 2; I2 = 57%) Figure 14].

4.2.9 NeuroAid

There was no trial for NeuroAid use in TBI.

4.2.10 Cyclosporine A (CysA)

Search strategies results, brought five articles for this topic; and all were pro-
spective clinical trials, Brophy et al., Empey et al., and Mazzeo et al. (in 2008)
reported and analyzed Cyclosporine’s concentration and safety dose for human use

Figure 11.
Citicoline favorable outcome (GOS results).

Figure 12.
Citicoline favorable outcome (at all).
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were [28, 59, 60]. The other two papers’ population been analyzed at all were 89
patients [29, 61]. Cyclosporine’s favorable GOS outcome analysis showed no signif-
icant difference between two interventional and placebo groups [(p = 0.83; RR 1.28,
95% CI 0.14–11.86; participants = 75; studies = 2; I2 = 65%) Figure 15]; either there
was no significant difference in mortalities [(p = 0.76; RR 1.17, 95% CI 0.443.12;
participants = 89; studies = 2; I2 = 0%) Figure 16] but CysA had significant effect on
ICP control, and less ICP rise in comparison to placebo [(p = 0.01; RR 0.70, 95% CI
0.53–0.92; participants = 89; studies = 2; I2 = 39%) Figure 17].

4.2.11 Rivastigmine

Three articles were related to this intervention in search results [30, 31, 62].
Silver et al. [31] was the continuation follow-up of Silver et al. [30] trial, which all
placebo and rivastigmine group of 2006 study, got through rivastigmine interven-
tion for 26 extra weeks, the results of this article, didn’t differ significantly from the
last report, so the 2009 study was excluded from the analysis; Tenovuo’s study was

Figure 13.
Citicoline mortality.

Figure 14.
Citicoline side-effects.

Figure 15.
Cyclosporine favorable outcome.
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an out-patient clinic practice on 111 patients with three ChE-inh (Rivastigmine,
Galantamine, and Donepezil), randomly assigned to patients by author, was
excluded because of no placebo group, no blinding allocation statement and no
obvious concealment reporting. Which all of these three articles lead results
reporting to Silver et al. [30] trial, with 157 randomized patients in 77 placebo and
80 rivastigmine groups.

Silver et al. [30] study, has no mortality report in cases, but patients whom
completed 12 weeks of trial time-line, were 70 in rivastigmine and 64 in placebo
groups, also three patients in total lost to follow up (one in rivastigmine and two in
placebo group); There was no significant difference for favorable outcome results
of this intervention in comparison to placebo [(p = 0.80; RR 0.96, 95% CI 0.69–1.33;
participants = 143; studies = 1; I2 = 0%) Figure 18]. But authors stated that
rivastigmine was efficient for more severe impaired patients in both 2006 and 2009
reports [30, 31]; it was analyzed as a sub-group analysis of 25% of patients and its
raw results were not declared in the studies. Side-effect analysis show no meaning-
ful difference too [(p = 0.74; RR 1.04, 95% CI 0.84–1.27; participants = 157; stud-
ies = 1; I2 = 0%) Figure 19].

Figure 16.
Cyclosporine mortality.

Figure 17.
Cyclosporine side effects (ICP rise).

Figure 18.
Rivastigmine favorable outcome.
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Figure 13.
Citicoline mortality.
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Citicoline side-effects.
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an out-patient clinic practice on 111 patients with three ChE-inh (Rivastigmine,
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Figure 16.
Cyclosporine mortality.

Figure 17.
Cyclosporine side effects (ICP rise).
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4.2.12 Piracetam

Search results brought following three titles for this intervention “Clinical Eval-
uation of Nootropil (Piracetam) in Severe Craniocerebral Injuries,” “Clinical trial of
piracetam in disorders of consciousness due to head injury,” and “A controlled
clinical study piracetam V. Placebo in disorders of consciousness due to head inju-
ries” but there was no achievement to their full-texts. However attempts to contact
authors had no success too.

4.2.13 Miscellaneous findings

There were review-like studies and RCTs, further than these 12 categorized
neuroprotectives, for TBI management, that a quick review of them proceeds in the
following paragraphs

a. A 2013 “meta-analysis of treating acute traumatic brain injury with calcium
channel blockers,” of nine RCTs, showed slightly better outcome of placebo
group, but it was not statistically significant (p = 0.52; RR 1.18, 95% CI 0.72–
1.95; participants = 171; studies = 2; I2 = 52%), however there was no significant
difference between intervention and placebo groups in mortalities (p = 0.44;
RR 0.93, 95% CI 0.77–1.12; participants = 1337; studies = 5; I2 = 0%), nor
adverse effects (p = 0.33; RR 1.11, 95% CI 0.90–1.37; participants = 1358;
studies = 4; I2 = 0%) [63]. The former hypothesis of “The role of mitochondrial
calcium uni-porter in neuroprotection in traumatic brain injury” may be
disclaimed as a result of this meta-analysis [64].

b.A parallel study to COBRIT “Early trajectory of Psychiatric Symptoms after
Traumatic Brain Injury: Relationship to patient and Injury Characteristic,”
show overall an improvement process of psychiatric characteristic of TBI
patient over 180 days assessment, with better outcomes on days 30–90; better
outcomes of female participants in comparison to males; not statistical
significant but Hispanic’s most and African-American’s least improvement
process in comparison to whites as the ethnic/race analysis’ reference group [65].

• Better significant emotion recognition training outcome by the mean of
11 years after TBI in facial affect recognition better than participants of
stories group in comparison to control group, showed impaired cognitive
abilities improvement in moderate to severe TBI patients in “A
randomized controlled trial of emotion recognition training after
traumatic brain injury” [66]; however hypothetical testing of stories
group to assess their ability to infer and label their feelings in given

Figure 19.
Rivastigmine side effects.
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scenarios, showed significant improvements. Patients responses to these
emotional recognitions, was not favorable, as authors recommend further
studies to instruct participants on how to response too [66].

• Hyperthermia after acute TBI, significantly results in unfavorable
outcomes and mortality rates of especially severe head injured patients
[67]; a Cochrane review of “Cooling for cerebral protection during brain
surgery” didn’t show significant result for this intervention [68], which
might be due to different purposes of studies.

• And Finally a before-after clinical trial of 35 patients for “Effect of light
music on physiological parameters of patients with traumatic brain
injuries at intensive care units” using Dr. ArndStein’s 70–80 metronome
rhythmic melody, showed better significant physiologic outcomes in
decreasing systolic and diastolic blood pressure, pulse rate, respiratory
rate, arterial blood pressure and body temperature and increasing arterial
oxygen saturation (<0.001); however pulse pressure decreasing was not
significant [69].

4.2.14 Risk of bias in included studies

As a whole, “randomization part” of studies has a good assessment overall;
however “allocation concealment” or “how blinding participants or personnel take
place” didn’t seem to be well reported. Finally RCTs reporting didn’t accommodate
well enough to CONSORT statement (i.e., this review study’s tool for analyzing
study reports). Figures 20 and 21 are at a glance quick look assessment of risk of
bias in included studies.

4.2.15 Effects of interventions

Overall, by the analysis of only phase-III studies results, no significant difference
seen between neuroprotectives and placebo groups in favorable outcomes
[(p = 0.30; RR 0.97, 95% CI 0.90–1.03; participants = 3560; studies = 4; I2 = 0%)
Figure 22]; or mortalities [(p = 0.51; RR 0.92, 95% CI 0.73–1.17; participants = 3876;
studies = 4; I2 = 52%) Figure 23].

Figure 20.
Risk of biases graph: review author's judgments about each risk of bias item presented as percentages across all
included studies.
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Figure 21.
Risk of biases summary: review author's judgments about each risk of bias item for each included study.
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5. Discussion

5.1 Summary of main results

5.1.1 Oxygen

Despite other trials of oxygen intervention in acute phase TBI, Rockswald et al.
study’s new design in combination of HBO2/NBH, rather than solely attempt of each
one results in better and significant outcomes [43]; it could be a new recommenda-
tion for future trials of acute phase TBI management, as its mortality report was the
same as past trials, but with better GOS outcome [1, 43].

Boussi-Gross et al. study’s improvement results in cognitive function of mild
chronic TBI patients despite other DoD-/VA-related studies’ results may be due to
differences in civilian and service member populations of each study design, prob-
able posttraumatic syndrome disorder (PTSD) symptoms of DoD/VA members,
and different assessment tools; also, controversies of eye problem conditioning
between Cifu et al. and Wolf et al. may resolve in a large group study with a
common manifest of study objectives and participant evaluation [37, 38, 40–42].

In conclusion, there were lots of controversies between oxygen phase-II trials till
now, but no multi-centric phase-III trial been conducted for this intervention, the
one is strongly recommended also in a normal population and not just for DoD/VAs
[41]. A Trial of HBO2/NBH—(sham) control design may have most cost-
beneficence than other kinds of solo intervention trials especially in acute phase TBI
management [43]. Using oxygen (especially HBO2) in chronic management of TBI
has no enough evidences yet.

Figure 22.
Phase-III neuroprotectives favorable outcome.

Figure 23.
Phase-III neuroprotectives mortality (CRASH 2005 not included).
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5.1.2 Corticosteroids

CRASH study’s results that weigh about 95% of the Alderson’s Cochrane review
in “Corticosteroids for acute traumatic brain injury—last revised 2009,” made the
fact of increasing mortalities in TBI, by using corticosteroids [4]; no new trials
found on steroids effect for TBI after these papers.

Current review’s applicability on using corticosteroids for CNS acute traumas,
leads to another Cochrane review of “Steroids for acute spinal cord injury—last
revised 2012” [13]; however these conditions (TBI and SCI) may coincide (dual-
diagnoses). So what are the practical recommendations for these situations?

According to Bracken’s review “Methylprednisolone sodium succinate must be
started within 8 hours of injury, using an initial bolus of 30 mg/kg by IV for
15 minutes followed 45 minutes later by a continuous infusion of 5.4 mg/kg/hour
for 24 hours. Further improvement in motor function recovery has been shown to
occur when the maintenance therapy is extended for 48 hours. This is particularly
evident when the initial bolus dose could only be administered 3–8 hours after
injury”; dosage and limited time of intervention for SCI patients, mentioned in the
review by contemplate of situations with cohesion of TBI and SCI literally 16–59%
[70], therefore challenging decision making on using corticosteroids (especially
Methylprednisolone, as recommended in the review) on these conditions needs
awareness of reviews results combination. It’s suggested to use the recommended
methylprednisolone protocol for dual-diagnose patients only in the initial bolus
dose timing of 3–8 hours after acute injury, following therapy for only 48 hours;
neither other corticosteroids nor extensive use of this protocol, are not suggested or
acceptable for dual-diagnose patients management, also Nott et al. study brings
hopes in cognitive behavior of dual-diagnosed ones [70], that discussed by social
effects of condition in the study, this may persuade health-care practitioner and
cost-benefit analyst about using this intervention for dual-diagnoses.

5.1.3 Progesterone

SYNAPSE and ProTECT-III trials results for progesterone, changed the former
vision of this intervention’s effect on TBI management, as CRASH trial did for
corticosteroid in 2005.

Progesterones are gonadal steroids, and assume to have been more favorable in
neurodegenerative disorders like multiple sclerosis (MS), Alzheimer disease (AD),
and maybe TBI, i.e., neurodegenerative effects of microglia after injury and induced
inflammatory response in whole body [14, 16, 71], as mentioned by Beyer [15].

Leucht et al. and Burns et al. studies results are good challenging statements for
current visions of pharmaceutical interventions for major chronic disorders and
central nervous system (CNS) injuries respectively [9, 12]. The pharmaceutical
interventions failure in huge phase-III trials for TBI in the last decade (i.e., from
CRASH 2005 to EPO-TBI 2015), even as smoothly penetration of progesterone
through BBB to take its promising effects in pre-clinical studies [10, 11, 14, 15,
17, 18], made this statement from Wright et al. who designed and proceed three
trials of progesterone use in TBI [10, 45, 47] “Despite these design strategies and
extensive efforts, the trial did not confirm the efficacy of progesterone in patients
with acute TBI. It is possible that the heterogeneity of the injury, confounding
preexisting conditions, and characteristics of individual patients (e.g., resilience),
which can be well controlled in animal models, play too large a role to overcome in
human disease. Approaches are needed to reduce heterogeneity, but they come at
the cost of more homogeneous pathological findings and decreased generalization
of the results. Success at translating from bench to bedside may require new
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paradigms, including innovative clinical-trial methods (e.g., adaptive designs and
profiling of patients who have a response) in early-phase clinical trials to identify
effective drug doses and timing (e.g., pre-hospital administration), the use of
targeted outcomes based on the mechanism of injury, and rigorous preclinical
multicentric trials in animals that better simulate subsequent human trials and
make more accurate predictions regarding results.” [10] “From Bench to Bed,”
“FromMice to Mind”; these statements declare incompatibility of basic studies with
clinical trials; the basic science consortium approach, is one of good options for
pharmaceutical intervention selection on human beings trials, it’s on the way, as
part of Combat Casualty Care Research Program-Operational Brain Trauma Ther-
apy Consortium [11].

Concluding all these results together, may associate the future attempts on
medicine to cellular-molecular field of bio-medicine in all of its era, as well as
trauma management [9]. Review results should declare that using progesterone in
the recommended I.V. doses has no significant beneficial effects than placebo;
recommendation of using progesterone for pediatric patients in TBI insults [16], has
no proof, as there is no structured RCT for that, and this age group’s recovery of TBI
effects, may naturally take place with controlling the damage by current guidelines.
“Combination therapy of 17-Beta-E2 and Progesterone while applying a basis of
Emulsion I.V. together with Omega-3 fatty acids, using high short-term dosages of
treatments rather than normal long-term treatments” mentioned by Beyer as
request of expertise-comment for his interests and experience since 1988 on
Gonadal Steroids use for CNS problems [15] may present the clue for further
researches in this field. Combination therapy of progesterone and vitamin D, espe-
cially in aged TBI patients [10, 14] is not proved in human cases, and beneficence of
this combination recommended therapy, might be questioned for not significant
efficacy of progesterone use in lately human phase-III RCTs; however another RCTs
should hold for vitamin D use for TBI patients to verify this statement.

5.1.4 Monoaminergic agents

Cochrane review for this topic didn’t include any articles, also there was no new
studies in this review’s search results too, and as they recommended in their article
“in the absence of clear evidence of benefit from Neuroprotective drug use, there is
an urgent need to explore other potential modulators of late outcome from TBI. The
reported results of these studies require replication in larger studies, extended to
other groups including more severely injured patients, and children” would be the
clue of further researches and trials.

5.1.5 Erythropoietin (EPO)

The total analysis and results of this topic demonstrate that, it reduces mortality
rates but no significant efficacy of EPO rather than placebo or control groups is
noted; also EPO-TBI resulted in side-effects, which didn’t report in other two trials
[20, 21, 51], that might be due to EPO-TBI’s higher EPO dose use (40,000 IU up to
3 doses) in comparison to 10,000 IU for 7 days of Aloizos et al. and 1000 IU in
6 doses during 2 weeks of Abrishamkar et al. There were side effects in placebo
group of EPO-TBI trial too; that challenges this statement. Nearly significant better
outcome of side-effects for EPO group in Nichol et al. EPO-TBI trial is far away
from last expectations of EPO trials [21, 49] that confirms Leucht et al. statement on
drugs complexity effect [12]. All three trials administered the intervention through
subcutaneous (S.C.) route, as Abrishamkar et al. declared, despite LAB trials, it’s
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nearly impossible to gather Intra-Ventricular route for agent administration in
edematous TBI brain [20].

Final conclusion on this topic, otherwise its prospective phase-III multi-centric
placebo-controlled RCT, cannot obviously be presented, due to different dose of
interventions between studies (i.e., more than recommended does 1000–30,000 IU
in EPO-TBI trial [21, 51]; better outcomes in mortality-rate and side-effects reduc-
tion for intervention group; But overall, it showed better outcome in placebo group,
which makes the clinical decision-making a challenge on using EPO for acute TBI.
It should be recommended to conduct another prospective phase-III multi-centric
placebo-controlled RCT with intervention dose of no more than 30,000 IU during
EPO-administration to conduct better decision about choosing this intervention
wisely for acute TBI assaults.

5.1.6 Magnesium sulfate and other magnesium salts

Magnesium beneficence for human beings through its CSF concentration didn’t
proved with the former trials, and Vink et al. reported the fact in 2009 [23]. Further
trials on magnesium concentration in CSF may conducted via its administration
through Intra Ventricular route, to find out its probable Neuroprotective effect,
however it seems not to be successful [20].

5.1.7 Cerebrolysin

Limited evidences for this intervention’s effect on TBI patients, also in different
severities of TBI, mild TBI in RCT study and moderate to severe TBI in cohort study
[24, 55], couldn’t investigate its reliability for generalized use recommendation in
TBIs; Cerebrolysin Asian Pacific Trial in Acute Brain Injury and Neurorecovery
(CAPTAIN) results [54] is going to lead the future responsibilities and decisions to
use this intervention in TBI situations.

5.1.8 Citicoline (CDP-choline) and other cholinergics

COBRIT study for citicoline seems to be like CRASH, SYNAPSE and ProTECT-
III or EPO-TBI, as it was a huge multicentric placebo-control RCT of citicoline, its
halt in forth interim analysis, may resulted to less participant of patients in follow-
up process, but it was none of significantly difference between groups’ analysis,
overall assessment of outcomes didn’t demonstrate any significant effect of
citicoline favorable especially in GOS, yet in COBRIT study’s assessment of GOS for
day-90 and 180, improvements are slightly better but not significant at all (from
p = 0.97 to p = 0.43), there is significant improvement of placebo-control group
patients in neurocognitive state rather than intervention group. Yet neither mortal-
ity nor side-effects of intervention versus control groups were significant.

Maldonado et al. study was the more notable one after Zafonte et al. COBRIT in
these search results; this study, Leon-Carrion et al. and Shokouhi et al. studies’
beneficence in citicoline use for severe and moderate TBIs, questioned by COBRIT
overall outcomes both in day-90 and 180 outcomes [55–58]. Also a significant better
outcome change was obvious in mildly complicated cases on day-180 outcome in
COBRIT study [58]. Heterogeneity of intervention doses and outcome assessments
in included studies surrounded by Zafonte et al. Study’s results; though current use
of citicoline for TBI in acute or chronic phase, is no more recommended by the
results of this review, however it may have neurocognitive beneficiaries for mild
TBI, that decision of using this experiment on these conditions, belongs to attending
physician’s opinion and other assessments.
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5.1.9 NeuroAid

Trials on Neuroaid for brain injury conditions mostly studied its effects on
stroke brain injuries; none of current study’s search results, related to Neuroaid use
in TBI; that may suggest the clue for future trials.

5.1.10 Cyclosporine A (CysA)

Cyclosporine A’s use may prevent ICP rise or reduce it, in comparison to placebo
as this analysis showed. However there is no significant effect of its use in 6-month
favorable outcomes or mortality rates. Also cohort study groups of Hatton et al. and
other drug concentration studies confirm that best blood and cerebrospinal fluid
(CSF) CysA depositions resulted from its high doses and fortunately the wide
therapeutic window [28, 59–61]. Both of the included studies have a 5 mg/kg
intervention on their design protocols, also Hatton et al. recommended a 2.5 mg/kg
bolus dose in 2 hours of TBI insult following by 5 mg/kg/day for 72 hours, as optimal
dosing strategy for further clinical trials study design. As there would be a huge
multi-centric, prospective, phase-III RCT for CysA after National Institute of
Health (NIH) proves its proposal [29]; that might bring future evidences on using
this intervention for TBI (especially acute) management.

5.1.11 Rivastigmine

Rivastigmine and other ChE-inh use for TBI, mostly known for their cognitive
behavioral effects, and their trials take part in chronic TBI managements, Tenovuo’s
study didn’t show a significant difference between three drugs that patients
assigned to use, but mostly preferred Galantamine for its fewer side effects [62].
Silver et al. (both 2006 and 2009 studies) with 157 patients and better study design
in comparison to Tenovuo’s, didn’t show significant difference of rivastigmine and
placebo groups at all, but in severe impaired patients. These results support the
need of more RCTs especially multi-centric phase-III RCTs of rivastigmine and
other ChE-inh for chronic TBI management in severe impaired patients, the
recommended protocol as Silver et al. Stated, is to start with 3 mg of rivastigmine/
day and slowly increase to maximum dose of 12 mg/day if the previous dose was
well tolerated for at least 4 weeks. Routine use of rivastigmine for chronic TBI
management is not recommended, as it has no significant effect for patients rather
than placebo, as current evidences declared.

5.1.12 Piracetam

There were studies for this intervention but no achievement to their full-texts, it
may be one of this review’s reporting biases, which no clinical judgment may
presented for this intervention.

5.1.13 Miscellaneous findings

Following statements are recommendations for “Miscellaneous Findings” sec-
tion of “Results” section of the study:

• Improvement in psychiatric assessments of TBI patient, after assault differ
between individuals, there should be supportive psychological first aid (PFA)
tools for primary survivors of the assault; a Johns Hopkins University’s course
of PFA-RAPID which stands for Rapport and Reflective Listening, Assessment
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of Needs, Prioritization, Intervention, Disposition; is available at https://www.
coursera.org/course/psychfirstaid to triage and primary effective intervene of
health-care providers for trauma assaults survivors, as further than the insult,
sub-acute complications during recovery of patients, especially in two-third of
severe impaired TBI patients [72], may have affects on their family’s life too.

• Cerebral and body cooling for acute TBI impaired patients, may have better
outcomes in patients survival and reducing mortality rates, due to significant
unfavorable outcomes and mortality rates of high fevered patients after acute
TBI in Li et al. study; a strong evidence of phase-III multi-centric international
RCT, needed to prove this statement.

• Music-therapy use for TBI patient, seem to have better outcomes in physiologic
parameters, however other double-blinded RCTs need to prove this statement.
However Maleki et al. study’s aim was not to assess participants outcomes; as
well actual efficacy of this intervention on patients outcomes, might took
under survey too [9, 73, 74].

5.2 Overall completeness and applicability of evidence

All of RCTs checked with CONSORT 2010 checklist; the applicability of this tool
for further analysis of probable biases from participant randomization to outcome
report used on each of the included studies as well.

5.3 Potential biases in the review process

Primary database search strategy, didn’t consist interventions as search key-
words separately, the consultation with a medical librarian, persuade authors to
revise the strategy with search of Piracetam, NeuroAid and Citicoline (as commonly
used Neuroprotectives in their tertiary center, and for meta-analysis purpose of
these interventions), the re-run search strategy added few (about 7–10) records in
each database search, that skim review on their title and abstracts (duplicated
records, assessed with Zotero reference manager software for exclusion), didn’t
show significant change of eligible studies, and further search on all interventions as
solo keywords, didn’t take place. Current meta-analyses based on second search
strategy results. This may be a selection bias of this study and future reviews should
be aware of this bias; another probable bias in this review was in reporting out-
comes and mortalities analyses; Authors decide to report GOS or GOS-E outcomes
analyses in two groups: (1) favorable outcome, which consists of good outcome and
mild disability (GOS 4,5 and GOS-E 5-8) outcome; and (2) mortalities, that
reported vegetative state and mortalities analysis (GOS 1,2 and GOS-E 1,2). Some of
the articles, reported severe disability, vegetative-state and mortality outcomes
together; if it was possible to get special reports on outcomes, analyses get through
them, but if not, they’d been analyzed as the original article’s authors decision.

5.4 Agreements and disagreements with other studies or reviews

This review was a brand-new in interventions analyses for TBI (mostly acute)
management; other previous reviews based on significant intervention’s effect
analysis; some parts of this review used the former reviews or meta-analyses results
conducting new one, are referred through the text.
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5.5 Final pluralization

Overall conclusion of these results and outcome findings of neuroprotective
agents for traumatic brain injury management could be summarized as follows:

a. Oxygen using for acute management of TBI to reduce mortality rates is
obvious, however no significant change seen in favorable outcomes, if a setting
has HBO2 resource available, combined use of HBO2/NBH, may have better
patient outcomes than using HBO2 or NBH solely; recommended approach for
this facility is “combined HBO2/NBH treatment, which consisted of 100% FiO2

delivered for 60 minutes at 1.5 ATA followed by 3 hours at 1.0 ATA” [43]; also
there is no significant evidence for using HBO2 in chronic TBI management.

b.Corticosteroid use in solo acute TBI management is prohibited, as its increased
risk of mortalities; in dual-diagnosed patients (TBI and SCI together),
corticosteroid use, should be obtained by this protocol [13]:

i. patient came through 2–3 hours after assault (if longer, should not be
obtained)

ii. only methylprednisolone (other corticosteroids, has no beneficent effect
in SCI management) with following protocol should be administered
through IV route:

• Bolus dose: 30 mg/kg in 15 minutes,

• Following drip of: 5.4 mg/kg/day for the next 24–48 hours.

c. Current routine use of citicoline in acute TBI is no more supported, while no
significant difference in comparison to placebo been reported. Citicoline use
for managing neurocognitive conditions of chronic TBI, depends on attended
physician’s evaluation of patient’s condition and local setting’s evidence based
medicine (EBM) community’s decision. Rather its probable benefice in mild
TBI patients, it’s not recommended for all severity of TBI, while significant
improvements seen in placebo group.

d.Using of Cyclosporine A for ICP control, depends on the setting’s available
resources, and attending physician’s point of view, there is no other significant
difference for its favorable outcome in comparison to placebo. it should be
recommend to administer through IV route by following protocol in acute TBI
management [61]:

i. Bolus dose: 2.5 mg/kg in 2 hours,

ii. Following drip of: 5 mg/kg/day for the next 72 hours.

e. Rivastigmine use for chronic TBI management of neurocognitive conditions,
had some beneficence in severe impaired participants through phase-II trials of
3 mg/day and slowly increasing to 12 mg/day by adding 1.5 mg/day to previous
dose if tolerated for 4 weeks of last dose [30].

f. Other neuroprotective agents use for acute or chronic management of TBI, has
no field of support yet.
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6. Conclusions

6.1 Recommendations for practice

To use oxygen in acute management of TBI in order to reduce mortality rates
seems to be obvious, however no significant change seen in favorable outcomes;
corticosteroid use in solo acute TBI management is prohibited, as it increases risk of
mortalities, however in dual-diagnosed patients (TBI & SCI together), corticoste-
roid use, should be obtained by a protocol introduced by Bracken et al. Current
routine use of citicoline in acute TBI is no more supported, while no significant
difference in comparison to placebo been reported. Cyclosporine A usage for ICP
control, depends on the available resources, and attending physician’s point of view;
Rivastigmine use for chronic TBI management of neurocognitive conditions, had
some beneficence in severe impaired participants. However other Neuroprotective
agents use for acute or chronic management of TBI, has no field of support yet and
they needed more researches and trials.

6.2 Recommendations for research

Lastly phase-III RCTs for TBI management, change the former evidences of
Neuroprotective agents use (i.e., CRASH 2005 for corticosteroid [4], COBRIT 2012
for citicoline [58]. SYNAPSE 2014 [11] and ProTECT 2014 [10] for Progesterone
and EPO-TBI 2015 for erythropoietin [21]; despite current process of phase-I to
phase-III (IV) new drug evaluation to use in human-beings, it should be
recommended to skip phase-II trials for TBI related studies; heterogeneity of the
condition, make its accurate interpretation so difficult in restricted single-centered
phase-II trials. Scheduling large double (or more)-blinded huge multi-centric inter-
national phase-III RCTs, including low-income countries too as recommended by
Menon in “Unique challenges in clinical trials in traumatic brain injury” [75], with
acceptable design of interim analyses for number needed to harm (NNH) and
number needed to treat (NNT) at regular checkpoints, seem to have more accuracy
and cost-beneficent effects than current known processes. There was no strong-
evidenced well-designed trials for these interventions:

• Combined therapy of HBO2/NBH

• Monoaminergics;

• “High-dose, short-time administration of progesterone with 17-Beta-E2 in
emulsion of Omega-3,” as an expert advice for future studies [15] rather than
SYNAPSE and ProTECT results;

• Administering magnesium solutions via Intra-Ventricular or other achievable
routes in TBI patients for rising its concentration in TBI patient’s CSF;

• Rivastigmine use for chronic management of severe impaired neurocognitive
conditions;

• Cerebral or body cooling, especially in severely impaired patients of acute TBI
assault.

Also a Cerebrolysin phase-III trial is in the ongoing-list of current study [54].
And despite NeuroAid’s trials for stroke injured brain, there was no trial (even
phase-II) of this intervention for TBI.
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Cellular-molecular experiences in CNS conditions, has not been provided
acceptable outcomes for TBI to date, but as a recommendation of an expert “there is
potential for TBI” as “mirror pathophysiology of some of the other conditions,”
despite “the lack of sensitive outcome measures” there is hope to “promote at least
some improvement in recovery of function via immunomodulation and promoting
plasticity” [9].

It’s also recommended for RCT authors to use CONSORT-assessment guidelines
in their study designs and paper reports; and report clinical outcomes of mild,
moderate and severe suffered acute TBI patients in separate subgroup analyses,
which an eight-pointed GOS-E reporting scale is preferred to five-pointed GOS one
[75]; till better outcome assessment tool been developed; however studies on
hypotheses of drugs concentration in serum, or assessing physiological parameters
of patients; resulted in no more significant outcome of TBI patients in large phase-
III studies.
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Abstract

There are scientific evidences that hypothermia provides a strong neuroprotec-
tive effect on the brain following traumatic insults. In this chapter, we describe the 
pathophysiology of severe head injury with emphasis on benefits of hypothermia. 
To support these hypothetical or theoretical benefits, we describe our previous 
study with very encouraging findings done on severe head injuries, treated with 
direct focal brain cooling, and monitored with intracranial pressure, cerebral perfu-
sion pressure, brain oxygenation, and brain temperature. This chapter ends with 
our current and still ongoing study in which one of its main objectives is to innovate 
a direct focal brain cooling machine. This chapter briefly explains the technical part 
of this cooling machine.

Keywords: hypothermia, trauma, brain oxygenation, brain temperature,  
intracranial pressure, severe head injury, focal brain cooling

1. Introduction

Severe traumatic brain injury (TBI) is one of the causes contributed to the major 
source of death and severe disability worldwide. In some countries, the increasing 
number of severe traumatic brain injury is alarming, bringing negative impact not 
just toward the individual itself, but also the society. Patients suffering from severe 
traumatic brain injury usually will end up with disability, as they most often are 
associated with extensive irreversible damages to the brain. This makes the manage-
ment of severe TBI to be challenging and very often associate with disappointing 
outcomes. Thus, severe TBI has become a common issue or interest that requires 
appropriate attention from various levels in order to reduce the damage impacts 
often associated with it. Many clinical trials and researches were conducted to 
improve our understanding and knowledge, with various treatment protocols being 
updated from time to time [1, 2].

During the trauma impact itself, there will be energy transfer to the brain tissue 
causing direct neuronal damages, causing irreversible damages to the neuronal 
structures, and affecting the neurophysiological function of the central nervous 
system. From the initial impact, primary injuries occur due to the direct impact and 
the damage that are usually irreversible. Secondary injuries will be subsequently 
triggered by hypoxic-ischemic event, inflammatory cytokines, and free radicals, 



[69] Maleki M, Ghaderi M, Ashktorab T,
Jabbari-Noghabi H, Zadehmohammadi
A. Effect of light music on physiological
parameters of patients with traumatic
brain injuries at intensive care unit.
Ofogh-E-Danesh. 2011;18(1):66-75

[70] Nott M, Baguley I, Heriseanu R,
Weber G, Middleton J, Meares S, et al.
Effects of concomitant spinal cord
injury and brain injury on medical and
functional outcomes and community
participation. Topics in Spinal Cord
Injury Rehabilitation. 2014;20(3):
225-235

[71] Stein DG, Cekic MM. Progesterone
and vitamin D hormone as a biologic
treatment of traumatic brain injury in
the aged. PM & R Journal. 2011;3(6):
S100-S110

[72] Godbolt AK, Stenberg M, Jakobsson
J, Sorjonen K, Krakau K, Stålnacke B-M,
et al. Subacute complications during
recovery from severe traumatic brain
injury: Frequency and associations with
outcome. BMJ Open. 2015;5(4):e007208

[73] Cinotti R, Ichai C, Orban J, Kalfon P,
Feuillet F, Roquilly A, et al. Effects of
tight computerized glucose control on
neurological outcome in severely brain
injured patients a multicenter sub-group
analysis of the randomized-controlled
open-label CGAO-REA study. Critical
Care (London, England). 2014;18(5):
498

[74] Rhind SG, Crnko NT, Baker AJ,
Morrison LJ, Shek PN, Scarpelini S, et al.
Prehospital resuscitation with
hypertonic saline-dextran modulates
inflammatory, coagulation and
endothelial activation marker profiles in
severe traumatic brain injured patients.
Journal of Neuroinflammation. 2010;
7(5):1-17

[75] Menon DK. Unique challenges in
clinical trials in traumatic brain injury.
Critical Care Medicine. 2009;37
(Supplement):S129-S135

122

Traumatic Brain Injury - Neurobiology, Diagnosis and Treatment

123

Chapter 6

Direct Brain Cooling in Treating 
Severe Traumatic Head Injury
Zamzuri Idris, Ang Song Yee, Regunath Kandasamy, 
Asrulnizam Abd Manaf, Mohd Hasyizan Bin Hassan  
and Wan Nazaruddin Wan Hassan

Abstract

There are scientific evidences that hypothermia provides a strong neuroprotec-
tive effect on the brain following traumatic insults. In this chapter, we describe the 
pathophysiology of severe head injury with emphasis on benefits of hypothermia. 
To support these hypothetical or theoretical benefits, we describe our previous 
study with very encouraging findings done on severe head injuries, treated with 
direct focal brain cooling, and monitored with intracranial pressure, cerebral perfu-
sion pressure, brain oxygenation, and brain temperature. This chapter ends with 
our current and still ongoing study in which one of its main objectives is to innovate 
a direct focal brain cooling machine. This chapter briefly explains the technical part 
of this cooling machine.

Keywords: hypothermia, trauma, brain oxygenation, brain temperature,  
intracranial pressure, severe head injury, focal brain cooling

1. Introduction

Severe traumatic brain injury (TBI) is one of the causes contributed to the major 
source of death and severe disability worldwide. In some countries, the increasing 
number of severe traumatic brain injury is alarming, bringing negative impact not 
just toward the individual itself, but also the society. Patients suffering from severe 
traumatic brain injury usually will end up with disability, as they most often are 
associated with extensive irreversible damages to the brain. This makes the manage-
ment of severe TBI to be challenging and very often associate with disappointing 
outcomes. Thus, severe TBI has become a common issue or interest that requires 
appropriate attention from various levels in order to reduce the damage impacts 
often associated with it. Many clinical trials and researches were conducted to 
improve our understanding and knowledge, with various treatment protocols being 
updated from time to time [1, 2].

During the trauma impact itself, there will be energy transfer to the brain tissue 
causing direct neuronal damages, causing irreversible damages to the neuronal 
structures, and affecting the neurophysiological function of the central nervous 
system. From the initial impact, primary injuries occur due to the direct impact and 
the damage that are usually irreversible. Secondary injuries will be subsequently 
triggered by hypoxic-ischemic event, inflammatory cytokines, and free radicals, 



Traumatic Brain Injury - Neurobiology, Diagnosis and Treatment

124

which are released by the injured neuronal cells. Secondary injuries play an impor-
tant role in determining posttraumatic recovery [3–5]. Secondary injuries will lead 
to breakdown of the cerebral blood brain barrier, leading to worsening cerebral 
edema and thus forming a vicious cycle toward further neuronal damages.

The management of severe TBI is aiming for restoration and maintenance of 
adequate brain perfusion to prevent hypoxia, surgical intervention for significant 
size of hematoma or edema, and prevention or prompt treatment of cerebral edema 
and raised intracranial pressure (ICP). However, clinical studies and analysis had 
proven that ICP and cerebral perfusion pressure (CPP) guided treatment alone, 
does not necessarily prevent hypoxic-ischemic damage to the brain [6]. Despite 
knowing that ICP remains the most important determinant factors of mortality out-
come in severe head injury patients, brain hypoxia (defined as PbtiO2 < 10 mmHg 
and for more than 15 minutes) is actually more important in determining the 
morbidity and patient functional outcome [7].

Many new strategies and alternative protocols are introduced to improve the 
management and outcome of severe TBI patients. Throughout the years, the defini-
tion of adequate cerebral resuscitation including the targeted ICP and CPP values 
are often debatable. Other treatment strategy such as PbtiO2, plus ICP and CPP 
guided therapy showed promising result, with reduced hypoxic-ischemic damages 
to the brain and better patient functional outcome recovery.

Controlled systemic hypothermia treatment in managing severe head injury 
patient, is associated with neuroprotective effect to the injured brain tissue. 
Hypothermia significantly reduce metabolic rate and energy expenditure, attenu-
ate excitatory amino acids and the synthesis of free radicals, suppresses excessive 
ischemia-induced and posttraumatic inflammatory reactions, and prevent blood-
brain barrier disruption and brain edema. Furthermore, hyperthermia in head 
injury increases postischemic injury and is a significant predictor of poor outcome. 
Induced and controlled systemic hypothermia is used in patient with stroke, 
perinatal asphyxia, hypoxic encephalopathy following cardiovascular arrest with 
improved recovery, and functional outcome documented [8–11]. However, the pit-
fall of the treatment is that it is associated with alteration of the body core tempera-
ture and hence induced alteration in the systemic function and affecting the whole 
body hemostasis. Few possible adverse systemic complications that are associated 
with induced systemic hypothermia treatment include increase risk of infection 
and sepsis, pneumonia, poor wound healing and breakdown, cardiac arrhythmias, 
coagulopathy and electrolytes imbalances such as hypoglycemia and hypokalemia 
[12–18]. These systemic complications may outweigh the beneficial effect of the 
hypothermia treatment. Thus, treatment with induced and controlled systemic 
cooling therapy in head injury patient has become an interesting but controversial 
subject. Given so much controversy in inducing hypothermia for the injured brain, 
we sought to design a prospective, randomized pilot study to assess efficacy of new 
method in brain cooling called “direct regional or focal brain hypothermia.” In 
this chapter, we present our experience with direct focal or regional brain cooling, 
obtained via direct irrigation of cold fluid onto the surface of severely injured brain 
of trauma patients who required decompressive craniectomy with Glasgow Coma 
Score (GCS) of 6–7, and the chapter ends with our current and still ongoing study in 
which, one of its main objectives is to innovate a direct focal brain cooling machine.

2. Role of hypothermia in head injury patient

There have been multiple mechanisms suggesting benefit of hypothermia in head 
injury patient. However, there is likely that no single factor can be used to explain 
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the neuroprotective effect of hypothermia. Understanding the combination of the 
factors may help us understand better the effect of hypothermia [3]. The proposed 
mechanisms are summarized below [12, 19, 20] and depicted as in Figure 1.

a. Hypothermia can inhibit the activation of caspase enzymes.

b. It prevents or mitigates mitochondrial dysfunction.

c. It decreases the metabolism as well as decreases the overload of excitatory neu-
rotransmitters such as glutamate and free oxygen radicals.

d. It modifies the cellular disorders of intracellular ion concentrations.

e. It suppresses the inflammatory and immunological responses and epileptic 
activity.

f. It reduces the disruption in blood brain barrier (BBB), vascular permeability, 
and edema.

g. It improves the microcirculatory circuits and intra- and extracellular acidosis.

h. It corrects the hyperthermia after brain injury and influences the local secretion 
of various vasoactive mediators secreted by the endothelium.

i. It enhances expression of immediate early genes and cold shock proteins.

j. Hypothermia may also influence neurogenesis, gliogenesis, and angiogenesis.

Figure 1. 
Effect of hypothermia on pathophysiology of brain injury. Therapeutic hypothermia works by reducing the 
detrimental consequence of secondary brain injury (black stars).
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of trauma patients who required decompressive craniectomy with Glasgow Coma 
Score (GCS) of 6–7, and the chapter ends with our current and still ongoing study in 
which, one of its main objectives is to innovate a direct focal brain cooling machine.

2. Role of hypothermia in head injury patient

There have been multiple mechanisms suggesting benefit of hypothermia in head 
injury patient. However, there is likely that no single factor can be used to explain 
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the neuroprotective effect of hypothermia. Understanding the combination of the 
factors may help us understand better the effect of hypothermia [3]. The proposed 
mechanisms are summarized below [12, 19, 20] and depicted as in Figure 1.

a. Hypothermia can inhibit the activation of caspase enzymes.

b. It prevents or mitigates mitochondrial dysfunction.

c. It decreases the metabolism as well as decreases the overload of excitatory neu-
rotransmitters such as glutamate and free oxygen radicals.

d. It modifies the cellular disorders of intracellular ion concentrations.

e. It suppresses the inflammatory and immunological responses and epileptic 
activity.

f. It reduces the disruption in blood brain barrier (BBB), vascular permeability, 
and edema.

g. It improves the microcirculatory circuits and intra- and extracellular acidosis.

h. It corrects the hyperthermia after brain injury and influences the local secretion 
of various vasoactive mediators secreted by the endothelium.

i. It enhances expression of immediate early genes and cold shock proteins.

j. Hypothermia may also influence neurogenesis, gliogenesis, and angiogenesis.

Figure 1. 
Effect of hypothermia on pathophysiology of brain injury. Therapeutic hypothermia works by reducing the 
detrimental consequence of secondary brain injury (black stars).
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3.  Current evidences on the usage of direct brain cooling in treating 
severe head injury: animal studies

There are previously multiple papers that suggested targeted brain cooling as a 
reasonable treatment option to patient with severe traumatic brain injury [21–33]. 
Targeted brain cooling is a good alternative to systemic hypothermia, as systemic 
hypothermia has serious side effects such as circulatory constrain, increased risk of 
infection, electrolyte imbalance, and coagulopathy [15–18].

Jacek et al. [33] suggested in their animal study that selective brain hypothermia, 
which is applied via a cranial window after decompressive craniectomy seems to 
be reducing posttraumatic structural and functional damage. However, the study 
is actually limited by small rodent model and also short observational period. It is 
suggested that thermodynamic of brain of human rodent may differ as the size is 
significantly different. It may affect the penetration of the cooling effect in human 
brain, hence limiting the cooling effect to the superficial areas only.

4.  Current evidences on the usage of direct brain cooling in treating 
severe head injury: our clinical study

Here, we describe our pilot study on direct focal hypothermia therapy in treat-
ing severe head injury with positive and very encouraging results that enable us 
to proceed with another innovative study to create a direct hypothermia machine, 
which will be used in our ongoing study.

4.1 Methodology

This is a randomized controlled trial study, which is designed to answer the 
research questions regarding the effect of direct focal brain cooling treatment 
in severe head injury patients. The study has been approved by the research and 
ethics committee and is sponsored by the Research University Grant. Patients were 
randomized into two treatment groups of A and B. Group B is the control group.

Group A (treatment group) consists of patients, who have therapy with direct focal 
brain cooling. All patients have intracranial pressure monitoring, Licox (focal brain oxy-
genation and temperature) probes inserted, and blood for immunological parameters. 
The immunological blood parameters are however taken only prior and after local cool-
ing therapy to the brain. The overall monitoring and therapy period was for 48 hours.

The neurosurgical operations are standard operations, decompressive crani-
ectomy covering frontal, parietal and temporal lobes; intracranial pressure probe 
insertion into the ventricle or parenchyma of the brain, and Licox probe into 
abnormal brain areas. The monitorings and therapies given after the surgery are the 
standard therapy for severe head injury patient (Figure 2). They include sedation 
with or without muscle paralysis agents, ventilator support, hypertonic saline or 
mannitol, draining of cerebrospinal fluid (CSF) for the persistent raise in intracra-
nial pressure (ICP) of more than 20 mmHg and thiopentone coma therapy as a final 
step to treat persistently raised ICP.

Direct focal brain cooling method done through persistently irrigating the brain 
with cold Hartmann’s solution in which the temperature of the infused fluid is 
divided into two subgroups as follow:

1. Deep cooling: temperature of 20–29°C.

2. Mild cooling: temperature of 30–36°C.
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The Hartmann’s solution was infused via Neurojaf external ventricular drain-
age (EVD) catheter, which was inserted superior to the dura flap and at the inner 
surface of the dura, acting like rains flushing through the surface of the swollen 
brain (multiple extra holes are made). The catheter is in contact with the surface of 
the brain. The infusion rate is 70 mls/hr. Due to the position of the head, the second 
draining tube will be inserted at the lower part of the craniectomy flap outside the 
dura (which is closed loosely) to drain the excess fluid with low suction pressure. 
The temperature of the infused Hartmann’s solution is checked via the three-way 
connector draining the fluid out to the collection port for temperature assessment. 
If temperature reading is under or above the intended value, new solution with 
correct intended temperature will replace the previous one.

All patients will have CT scan done if the ICP shows persistently raised values 
despite of standard therapies given. This is important to exclude any new surgical 
lesion and to exclude the retention of infused solution as a cause of raised ICP. If 

Figure 2. 
Direct brain cooling monitoring and therapy. (A) intraoperative bifrontal decompressive craniectomy with 
insertion of Licox and ICP probes; (B) inset image: Post-op CT scan; (C) neurointensive care management and 
monitorings with Licox, cardiac parameters, ICP, bispectral index (BIS) and electroencephalography (EEG).

No cooling Mild 
cooling

Deep 
cooling

Total

Total patients 13 10 9 32

Variables No cooling Mild cooling Deep 
cooling

P value

Age (mean in years) [95% CI] 45.5 [35.0–56.1] 28.9 
[17.3–40.5]

26.7 
[11.9–41.4]

0.02

Gender (number):

1. Male 10 8 9

2. Female 3 2 0 0.40

GCS (median) 6 7 7 0.38

Injury Severity Score (mean) [95% CI] 27.8 [21.2–34.5] 24.0 
[18.5–29.5]

28.7 
[21.3–36.0]

0.56

Marshall Score (median) 4 4 3 0.33

Patients with disseminated 
intravascular coagulopathy (DIVC)

3 2 4 0.44

Table 1. 
Basic parameters comparison among three studied groups.
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the ICPs show normal values, the CT scan of the brain is done after 48 hours of 
therapy prior to removal of the EVD tube to document the location of the EVD tip. 
The measured outcomes are: (a) trend and values for monitored parameters (ICPs, 
CPPs, brain temperature and focal brain oxygenation), (b) Glasgow Outcome Score 
(GOS – good and poor GOS), and (c) immunological parameters.

4.2 Results

4.2.1 Social demographic data of patients included in the study

There were 32 patients recruited in this study with 27 male patients and 5 female 
patients. The median age of patients recruited were 45.5 in no cooling group, 
whereas 28.9 and 26.7, respectively, for mild cooling and deep cooling groups. 
Median GCS for the patients recruited were 6–7. The highest injury severity score 
recruited was 36, whereas the lowest was 18.5. The median Marshall score for 
patient recruited were 3–4. Patients with disseminated intravascular coagulopathy 
for no cooling, mild cooling, and deep cooling were 3, 2, and 4 patients, respec-
tively. The demographic data is shown in Table 1.

4.2.2  Effects of direct focal brain cooling on median ICP, CPP, brain oxygenation, 
and temperature

The trend of the ICPs, CPPs, brain temperature, and focal brain oxygenation for 
all studied groups are shown in Figure 3A–D. During 48 hours of observation and 
monitoring, there is no significant statistical difference in overall 4 hourly mean 
ICPs, CPPs, and brain temperature amongst the no cooling, mild cooling, and deep 
cooling groups; but there is significant statistical difference in overall 4 hourly 
mean focal brain oxygenation according to repeated measure ANOVA (between 
groups analysis based on time) (depicted in Tables 2 and 3).

Figure 3. 
(A) Trend of ICPs in the first 48 hours after the treatment. (B) Trend of brain temperature observation for the 
first 48 hours after treatment. (C) Trend of CPPs in the first 48 hours after the treatment. (D) Trend of brain 
oxygen observation for the first 48 hours after treatment.

129

Direct Brain Cooling in Treating Severe Traumatic Head Injury
DOI: http://dx.doi.org/10.5772/intechopen.84685

Table 2 shows day 1 of monitoring and treatment, mean brain oxygenation of 
mild cooling group has mostly fallen outside the 95% CI (confidence interval) of 
deep cooling group. Therefore, there is significant difference in mean brain oxygen 
between mild cooling and deep cooling; with mild cooling having significantly 
higher mean brain oxygen values. On day 2 of monitoring and treatment, mean 
brain oxygenation of no cooling group has mostly also fallen outside the 95% CI of 
mild cooling group. Therefore, there is significant difference in mean brain oxygen 
between no cooling and mild cooling. Likewise to day one findings, there is also 
a significant difference on day 2 in mean brain oxygen between mild cooling and 
deep cooling. Interestingly, in all group comparisons, mild brain cooling group has 
significantly higher mean brain oxygenation values as compared to either deep or 
no cooling group (depicted in Table 3).

4.2.3 Effect of regional brain cooling on GOS at discharge and at 6 months

There is no significant difference in GOS at time of discharge for both studied 
groups (no cooling vs. cooling groups). However, there is significant difference on 
good GOS in cooling group compared to no cooling group at 6 months follow-up 
(as shown in Table 4 with p < 0.007). On stratifying the cooling group further 
into deep and mild cooling, it shows that there is significant difference in term of 
GOS score at 6 months with significant better outcomes noted in mild cooling as 
compared to no cooling group with p < 0.013. The deep cooling group at 6 months 
outcome, failed to have significant difference value when compared with either 
no or mild cooling groups. For this reason, direct and mild brain hypothermia 

Time (Day 1) Treatment group Mean brain oxygen 95% confidence interval (CI)

0 hour No cooling 18.94 8.29–29.60

Mild cooling 28.27 15.54–41.01

Deep cooling 13.82 1.91–25.73

4 hour No cooling 20.78 11.72–29.83

Mild cooling 31.17 20.35–41.99

Deep cooling 14.43 4.31–24.55

8 hour No cooling 21.55 12.40–30.70

Mild cooling 31.39 20.45–42.32

Deep cooling 15.33 5.10–25.56

12 hour No cooling 23.27 15.31–31.22

Mild cooling 31.14 21.64–40.65

Deep cooling 16.89 8.00–25.78

16 hours No cooling 25.96 16.30–35.62

Mild cooling 36.93 25.38–48.47

Deep cooling 20.36 9.56–31.16

20 hours No cooling 26.64 16.22–37.05

Mild cooling 39.11 26.67–51.56

Deep cooling 22.51 10.86–34.15

Statistical analysis: Repeated Measure ANOVA (between groups analysis based on time).

Table 2. 
Comparison of mean brain oxygen between three treatment groups based on 4 hourly observations (day 1).
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Table 2 shows day 1 of monitoring and treatment, mean brain oxygenation of 
mild cooling group has mostly fallen outside the 95% CI (confidence interval) of 
deep cooling group. Therefore, there is significant difference in mean brain oxygen 
between mild cooling and deep cooling; with mild cooling having significantly 
higher mean brain oxygen values. On day 2 of monitoring and treatment, mean 
brain oxygenation of no cooling group has mostly also fallen outside the 95% CI of 
mild cooling group. Therefore, there is significant difference in mean brain oxygen 
between no cooling and mild cooling. Likewise to day one findings, there is also 
a significant difference on day 2 in mean brain oxygen between mild cooling and 
deep cooling. Interestingly, in all group comparisons, mild brain cooling group has 
significantly higher mean brain oxygenation values as compared to either deep or 
no cooling group (depicted in Table 3).

4.2.3 Effect of regional brain cooling on GOS at discharge and at 6 months

There is no significant difference in GOS at time of discharge for both studied 
groups (no cooling vs. cooling groups). However, there is significant difference on 
good GOS in cooling group compared to no cooling group at 6 months follow-up 
(as shown in Table 4 with p < 0.007). On stratifying the cooling group further 
into deep and mild cooling, it shows that there is significant difference in term of 
GOS score at 6 months with significant better outcomes noted in mild cooling as 
compared to no cooling group with p < 0.013. The deep cooling group at 6 months 
outcome, failed to have significant difference value when compared with either 
no or mild cooling groups. For this reason, direct and mild brain hypothermia 

Time (Day 1) Treatment group Mean brain oxygen 95% confidence interval (CI)

0 hour No cooling 18.94 8.29–29.60

Mild cooling 28.27 15.54–41.01

Deep cooling 13.82 1.91–25.73

4 hour No cooling 20.78 11.72–29.83

Mild cooling 31.17 20.35–41.99

Deep cooling 14.43 4.31–24.55

8 hour No cooling 21.55 12.40–30.70
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Deep cooling 15.33 5.10–25.56

12 hour No cooling 23.27 15.31–31.22

Mild cooling 31.14 21.64–40.65

Deep cooling 16.89 8.00–25.78

16 hours No cooling 25.96 16.30–35.62

Mild cooling 36.93 25.38–48.47

Deep cooling 20.36 9.56–31.16

20 hours No cooling 26.64 16.22–37.05

Mild cooling 39.11 26.67–51.56

Deep cooling 22.51 10.86–34.15

Statistical analysis: Repeated Measure ANOVA (between groups analysis based on time).

Table 2. 
Comparison of mean brain oxygen between three treatment groups based on 4 hourly observations (day 1).
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with coolant temperature of 30–36°C might truly be beneficial to the severely 
head injured patients. Having said that, obviously future studies are still needed to 
ascertain this finding with higher number of more homogenous recruited patients.

4.2.4 Effects of regional brain cooling on immunological parameters

There is no significant difference on immunological parameters upon comparing 
prior and after cooling therapy. Nonetheless, the postcooling immunological param-
eters seem to have lower values than the precooling ones (depicted in Table 5).

4.3 Discussion

This was a randomized controlled pilot study involving 32 patients, who were 
admitted to our hospital with severe head injury with GCS of 6 or 7. The aim was to 
study the effect of direct focal brain cooling therapy in severe head injury patients.

4.3.1 Effect of direct focal brain cooling on brain oxygen level

All the treatment groups were able to reach the desired mean brain oxygen level 
within the treatment period. Notwithstanding, the mean brain oxygen of mild cool-
ing group was significantly higher as compared to the no- and deep cooling groups. 
It remained significantly higher throughout the treatment periods (24–48 hours) 
with the level of >50 mmHg. The mean brain oxygen of deep cooling group was the 

Time (Day 2) Treatment group Mean brain oxygen 95% confidence interval (CI)

0 hour No cooling 28.00 16.98–39.03

Mild cooling 48.73 31.89–65.58

Deep cooling 28.91 14.32–43.49

4 hours No cooling 29.20 16.98–41.43

Mild cooling 50.17 31.50–68.84

Deep cooling 28.13 11.96–44.30

8 hours No cooling 28.96 17.57–40.35

Mild cooling 52.27 34.87–69.66

Deep cooling 34.39 19.33–49.46

12 hours No cooling 27.46 18.63–36.30

Mild cooling 52.00 38.51–65.49

Deep cooling 33.69 22.01–45.38

16 hours No cooling 30.63 21.34–39.92

Mild cooling 51.60 37.41–65.79

Deep cooling 35.17 22.88–47.45

20 hours No cooling 30.05 20.01–40.08

Mild cooling 50.57 35.24–65.90

Deep cooling 36.12 22.84–49.39

Statistical analysis: Repeated Measure ANOVA (between groups analysis based on time).

Table 3. 
Comparison of brain oxygen between three treatment groups based on 4 hourly observations (day 2).
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lowest but still did not reach the critical ischemic state (10–15 mmHg). Despite of 
having the lowest brain oxygen level on day 1, the improvement in brain oxygen 
level in deep cooling group was accelerated and reached the desirable range after 
16 hours of treatment (with mean brain oxygen of >20 mmHg).

Patients with severe head injury were at higher risk of developing cerebral 
ischemia particularly in the first 48 hours. Cerebral ischemia was defined by brain 
oxygen of <10 mmHg for more than 2 hours [34]. Low mean brain oxygen pressure 
often associated with poorer clinical outcome, while patients with good GOS often 
had good or normalized reading within 2 hours after the injury. Brain oxygen level is 
a good indicator of functional outcome in addition to ICP and CPP. Targeted therapy 
of ICP < 15 mmHg, CPP > 75 mmHg, and brain oxygen >25 mmHg often associated 
with good clinical outcomes. The clinical trials comparing the ICP-CPP guided 
therapy to ICP-CPP-brain oxygen guided therapy showed significant better func-
tional outcome at 6 months and lower mortality rate in the latter group [34, 35].  
This showed that ICP-CPP-brain oxygen guided therapy is beneficial in treating 
severe head injury patients as it can improve the patient outcomes.

Outcomes (GOS) No cooling  
[13 patients]

Cooling group [19 patients] p 
value

Poor GOS (GOS 1–3)

Good GOS (GOS 4–5)

Comparing 2 groups

GOS at discharge:

a. Poor GOS 12 (92.3%) 15 (78.9%) 0.307

b. Good GOS 1 (7.7%) 4 (21.1%)

GOS at 6 months:

a. Poor GOS 11 (84.6%) 7 (36.8%) 0.007*

b. Good GOS 2 (15.4%) 12 (63.2%)

Comparing 3 groups No cooling [n (%)] Mild cooling  
[n (%)]

Deep cooling 
 [n (%)]

GOS at 6 months:

a. Poor GOS 11(84.6%) 3 (30%) 4 (44.4%) 0.023*

b. Good GOS 2 (15.4%) 7 (70%) 5 (55.6%)

GOS at 6 months:

a. Poor GOS 11 (84.6%) 3 (30%) 0.013*

b. Good GOS 2 (15.4%) 7 (70%)

GOS at 6 months:

a. Poor GOS 11 (84.6%) 4 (44.4%) 0.074

b. Good GOS 2 (15.4%) 5 (55.6%)

GOS at 6 months:

a. Poor GOS 3 (30%) 4 (44.4%) 0.650

b. Good GOS 7 (70%) 5 (55.6%)

*Statistically significant. Statistical analysis: Pearson Chi-squared test.

Table 4. 
Effect of regional brain cooling on GOS at discharge and at 6 months; and effect of regional brain cooling on 
GOS only at 6 months, after stratifying the cooling group further into mild and deep cooling.
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lowest but still did not reach the critical ischemic state (10–15 mmHg). Despite of 
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had good or normalized reading within 2 hours after the injury. Brain oxygen level is 
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Outcomes (GOS) No cooling  
[13 patients]

Cooling group [19 patients] p 
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GOS at discharge:

a. Poor GOS 12 (92.3%) 15 (78.9%) 0.307

b. Good GOS 1 (7.7%) 4 (21.1%)

GOS at 6 months:

a. Poor GOS 11 (84.6%) 7 (36.8%) 0.007*

b. Good GOS 2 (15.4%) 12 (63.2%)
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Table 4. 
Effect of regional brain cooling on GOS at discharge and at 6 months; and effect of regional brain cooling on 
GOS only at 6 months, after stratifying the cooling group further into mild and deep cooling.
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4.3.2 Effect of direct focal brain cooling on ICP and CPP

The mean ICP did not show any significant difference amongst the studied groups 
as shown in the results above. There was also no evidence of refractory intracranial 
hypertension throughout the treatment period in all three groups, indicating that the 
focal cooling therapy used in this study was safe and not associated with risk of intra-
cranial hypertension. The results seemed to contradict the effect of hypothermia, 
which supposed to have better control on ICPs, and hence, leading to better CPPs 
and mean brain oxygenation. Previous clinical study on the effect of mild systemic 
hypothermia to the head injury patients clearly had established a significant reduction 
in ICPs following cooling therapy [36]. The mechanisms of reduction in ICP values 
were postulated to be due to reduced cerebral edema, following an improvement of:

1. the blood brain barrier [37],

2. vascular permeability of microvascular endothelial cells [38],

3. extravasation of hemoglobin [39],

4. membrane disintegration processes,

5. cytotoxic edema via decreased inflammatory reactions and free radical forma-
tion within the brain, and

6. ion homeostasis including calcium [40].

Reduction in ICP and improvement in CPP did not happen in our pilot study, 
perhaps, because decompressive craniectomy had been completed prior to direct 
hypothermia therapy. Hence, intracranial pressure and perfusion pressure effects 
might not be shown-up in this particular study. Nevertheless, future related study 
should be carried out with more homogenous patients to confirm this finding.

Precooling 
(mean ± SD)

Postcooling 
(mean ± SD)

Wilcoxon signed 
Ranked test (p value)

T-cell markers (cells/mm3)

CD 3 776.8 (407.5) 756.3 (339.9) 0.86

CD 4 443.1 (268.5) 429.7 (210.0) 0.64

CD 8 328.1 (183.6) 301.7 (135.7) 0.96

CD 19 284.4 (168.6) 261.5 (126.6) 0.62

CD 16 and 56 172.4 (113.8) 112.7 (80.8) 0.05

Pro-inflammatory cytokines (pg/ml)

Interleukin-1 (IL-1) 45.34 (130.7) 5.7 (13.0) 0.33

Interleukin-6 (IL-6) 278.5 (221.1) 190.0 (208.4) 0.44

Tumor necrosis factor (TNF) 34.5 (37.6) 18.1 (14.2) 0.41

Other immunological parameters

Total WBC 13.6 (5.0) 12.8 (4.0) 0.16

Table 5. 
Effect of regional brain cooling (both mild and deep cooling groups combined together) on immunological 
parameters.
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4.3.3 Effect of direct focal brain cooling on brain temperature

There was no significant difference in brain temperature in all treatment groups 
as shown above in trend-results, thus showing that focal cooling did not seem to be 
effective in reducing focal brain temperature. This study was initially designed to 
reduce brain temperature; the mechanism of temperature reduction was thought to 
be achieved through two ways, which were direct cooling effect over the brain sur-
face (via continuous irrigation of the cold Hartmann fluid) as well as through the 
indirect cooling effect (to the deeper part of the brain) via circulation and pulsation 
around the brain and cisterns. However, it seemed that the targeted effect was not 
achieved. This can be due to many factors including poor CSF circulation, and 
hence affecting the thermoregulation of the brain. It is worth mentioning that there 
is limitation of Licox probe as well. This device was specifically designed to detect 
the changes occurred around the area where it was inserted. Hence, it was unable to 
reflect accurately the whole brain temperature changes following head injury [41].

It was well documented in the literature that an injured brain might have 
significantly higher temperature compared to the core body temperature; rang-
ing from 0.1°C to more than 2°C. The difference in the temperature gradient may 
be more significant in an injured brain as a result of destructive hyperactivity 
of the injured cells [42]. Numerous clinical studies have found that higher brain 
temperature is associated with adverse outcome and negative correlation with the 
prognosis of head injury patients. Hyperthermia increases the risk of ischemic area 
to become necrotic or apoptotic. In animal model, transient increase in core body 
temperature to 39–40°C led to 2.6-fold increase in the extent of neuronal injury in 
the hippocampus [43]. Since hyperthermia was an important independent factor of 
adverse neurological outcome and increase mortality in brain injury [44], accurate 
brain temperature reading was rather essential. For future reference, focal brain 
temperature reading with Licox may be combined with adjunct devices such as CT 
thermography as it can accurately measure the focal and whole brain temperature 
for better comparison during treatment.

4.3.4 Effect of direct focal brain cooling on the Glasgow Outcome Score (GOS)

Patients GOS was the most important factor to determine the outcome of the 
focal brain cooling treatment in this study. This classification system was specifi-
cally designed to help clinicians to determine the patients response following the 
treatment by assessing their functional status at discharge and at 6 months after the 
injury; score 1 reflects mortality, score 2 and 3 reflect significant morbidity, while 
score 4 and 5 reflect ability to function normally or near normal. The outcomes were 
promising as significant difference was noted, whereby the proportion of patients 
who received direct focal brain cooling treatment showed better GOS score of 4 and 
5 at 6 months follow-up when compared to the no cooling group. However, no signif-
icant difference was established in GOS at day of discharge. The outcome of patient 
in severe head injury is actually multifactorial and could not just be attributed to a 
single factor. The age, other associated injuries, and hemodynamic instability will all 
contribute to the outcomes of the patients. The obvious contributing factor in our 
study is the increment in focal brain oxygenation during cooling therapy and it is 
markedly obvious in mild cooling group who received cold-fluid of 30–36°C.

4.3.5 Effect of direct focal brain cooling on immune responses

In this study, the T-cell markers, pro-inflammatory cytokines, and total 
white cell count show reduction in values after cooling therapy; nonetheless, no 
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is limitation of Licox probe as well. This device was specifically designed to detect 
the changes occurred around the area where it was inserted. Hence, it was unable to 
reflect accurately the whole brain temperature changes following head injury [41].

It was well documented in the literature that an injured brain might have 
significantly higher temperature compared to the core body temperature; rang-
ing from 0.1°C to more than 2°C. The difference in the temperature gradient may 
be more significant in an injured brain as a result of destructive hyperactivity 
of the injured cells [42]. Numerous clinical studies have found that higher brain 
temperature is associated with adverse outcome and negative correlation with the 
prognosis of head injury patients. Hyperthermia increases the risk of ischemic area 
to become necrotic or apoptotic. In animal model, transient increase in core body 
temperature to 39–40°C led to 2.6-fold increase in the extent of neuronal injury in 
the hippocampus [43]. Since hyperthermia was an important independent factor of 
adverse neurological outcome and increase mortality in brain injury [44], accurate 
brain temperature reading was rather essential. For future reference, focal brain 
temperature reading with Licox may be combined with adjunct devices such as CT 
thermography as it can accurately measure the focal and whole brain temperature 
for better comparison during treatment.

4.3.4 Effect of direct focal brain cooling on the Glasgow Outcome Score (GOS)

Patients GOS was the most important factor to determine the outcome of the 
focal brain cooling treatment in this study. This classification system was specifi-
cally designed to help clinicians to determine the patients response following the 
treatment by assessing their functional status at discharge and at 6 months after the 
injury; score 1 reflects mortality, score 2 and 3 reflect significant morbidity, while 
score 4 and 5 reflect ability to function normally or near normal. The outcomes were 
promising as significant difference was noted, whereby the proportion of patients 
who received direct focal brain cooling treatment showed better GOS score of 4 and 
5 at 6 months follow-up when compared to the no cooling group. However, no signif-
icant difference was established in GOS at day of discharge. The outcome of patient 
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In this study, the T-cell markers, pro-inflammatory cytokines, and total 
white cell count show reduction in values after cooling therapy; nonetheless, no 
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significant statistical difference noted in each studied immune parameters. This 
may be due to our small sample size; therefore, future related study should con-
sider to recruit more patients with better homogenous participants’ population. 
Besides this drawback, another shortcoming is no level taken from non-cooling 
group for comparison, thus the true effect of regional brain cooling on immuno-
logical biomarkers cannot be truly ascertained. This initial result, however, might 
indicate that focal brain cooling treatment has little adverse effect onto immune 
responses, which often associated with induced systemic cooling. Following head 
injury, acute immunological responses to the trauma begin around 1 hour after 
the injury until several days. Pro inflammatory mediators such as tumor necrosis 
factors-alpha (TNF-α) and IL-1 are released from injured tissues and stimulate 
the migration of the leukocytes across the BBB. These lead to accumulation of the 
inflammatory cells in the injured brain within hours. Activation of the comple-
ment systems following head injury will stimulate the neutrophil and in later 
stages, also monocytes and macrophages. These initial stages are basically causing 
granulocytosis (up to 90%), increasing immunoglobulins (Ig)-E, slight increase 
or normal level of monocytes, B-lymphocytes as well as Ig-A, -G and -M. On the 
other hand, there is suppression of the other lymphocytes subsets particularly the 
CD3, CD4 and CD8 counts [45]. Some of these changes were found to be benefi-
cial and associated with neuroprotective effects while some other inflammatory 
mediators were neurotoxic [46]. The CD3, CD4, and CD8 counts are normally sup-
pressed after few hours following severe head injury. This level will remain low for 
the next 24–48 hours and generally normalized after 3 days. The CD8 count tends 
to normalize faster than the CD3 and CD4. Increased risk of infection had been 
attributed to the suppression of these cellular immunities. Besides these mecha-
nisms in causing alterations in immune parameters, other possibilities should also 
be considered. Those possibilities include:

1. blood product transfusion pre-, intra-, or postoperatively,

2. possibility of neuroendocrine changes,

3. the duration of the surgery,

4. the incidence of pre- and intraoperative hypothermia, which were not docu-
mented, and

5. the severity of trauma with consideration of the extend of tissues damaged [47].

5.  Current innovation in direct focal brain cooling: D-Brain Cooling 
Machine™

The internal cooling methods use central venous catheters to either infuse cold 
saline or directly to reduce the blood temperature by convection. By advancement 
in microelectronic industry, instrumentation system can be integrated on chip level 
that can miniaturize the system to micro dimension. One of the advancements is 
miniaturization of micro-controller that can be easier to interface with sensing 
instrumentation system. Thus in this project, simple and intelligent localized brain 
cooling instrument by using Programmable System on Chip (PSoC) is proposed. 
Advantages of this system are simple, can localize coolant area in brain and System 
on chip (SoC) based automation system. This project involves designing temperature 
chamber to place the sterile fluid that is connected with antibiotic piping directly to 
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the brain location. This chamber will be integrated with temperature controller, then, 
processed by PSoC microcontroller, as shown in Figure 4A and B. Subsequently, 
sensing and micro-controller will be interfaced to the system for temperature display. 
This direct brain cooling machine is known as D-Brain Cooling Machine™.

6. Conclusions

This chapter highlights the fascinating result of our pilot study on direct focal 
brain cooling therapy in severe head injury patients. The significant clinical out-
come results seem in mild cooling group is thought to be due to an elevation in 
oxygenation level of injured and decompressed brain tissues. Thus, direct brain 
cooling therapy seems as a promising treatment in severe head injuries, and should 
be considered by neurosurgeon and neurointensivist as an adjunctive method to 
decompressive craniectomy. Therefore, combination of both therapies may help 
many diffused and severely injured brains secondary to neurotrauma in gain-
ing better clinical outcomes. Base on this initial and encouraging results, there is 
ongoing study by our group on direct focal brain cooling therapy in severely head 
injured patients by using newly invented cooling machine named D-Brain cooling 
machine™ therapy.
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Figure 4. 
Direct brain cooling or D-brain cooling machine™. (A) Its principles; and (B) Illustration of final image of 
adjustable temperature chamber.
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Chapter 7

Sedation in TBI Patients
Lorenzo Peluso, Berta Monleon Lopez and Rafael Badenes

Abstract

Sedation is an important topic in neurocritical patients. When compared with
general intensive care unit and traumatic brain-injured patients, sedation has its
therapeutic indications, such as management of intracranial pressure, treatment of
status epilepticus, sedation for targeted temperature management patients and
paroxysmal sympathetic activity. Nowadays, the assessment of sedation is done by
neurological evaluation and new monitors based on electroencephalography signals
that help the physician titrate the sedative agents. Therefore, the aim of this
chapter is to discuss the main pharmacological properties of sedatives and analge-
sics, their proper indications related to pathophysiological issues and their titrations
based on the abovementioned new technologies.

Keywords: TBI, sedation, sedative agent

1. Introduction

Traumatic brain injury is an acquired brain injury which occurs after a sudden
trauma.

TBI is a major socioeconomic problem. It is an important cause of death and hospital
admissions worldwide. The epidemiology in Europe is not well known, and more
rigorous epidemiological studies are needed to fully quantify the effect of TBI society.

There are primary and secondary injuries. The primary injury is the trauma
suffered by the patient itself, while the secondary injuries develop afterwards due to
hypoxia, alterations in cerebral hemodynamic and metabolism and disruption of the
blood brain barrier. Our aim is to avoid the secondary insults. Examples which can
lead to worsen primary injury are convulsions, fever or intracranial hypertension.

TBI can be divided into different categories based on clinical examination or CT
imaging. The most widely used is the Glasgow Coma Scale (GCS) based on neuro-
logical examination. Three categories can be found: mild, moderate, and severe.
Other neurological scales used are based on time of loss of consciousness (LOC)
(Tables 1 and 2) [1–3].

Many patients being admitted to the ICU are already under sedation due to
neurological reasons. Nowadays, sedative agents are used either as a tool to apply
other therapies (such as hypothermia) or as a treatment itself, for example, barbi-
turate coma for refractory hypertension.

Sedation and analgesia are practices that, all clinicians who provide care to patients
affected by traumatic brain injury, have to face daily. These patients are usually
excluded from randomized clinical trials, so the level of evidence in this setting is still
low. The aims of sedation and analgesia can be divided into two main categories.

Firstly, general objectives are to ensure the patients’ comfort, reduction of pain
and agitation, improvement of patient-ventilator synchrony and facilitation of the
nursing caring.
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Specific objectives focused on “neurotreatment” are the reduction of intracranial
pressure (ICP), the management of status epilepticus (SE), the control of targeted
temperature management (TTM), the management of paroxysmal sympathetic
activity and the decrease of cerebral oxygen consumption [1, 2].

A variety of studies show the positive outcomes of an adequate sedation and
analgesia in the general critical care patient as, for example, reduce time on the
ventilator and decrease the length of stay in ICU and prevention of neurologic
deterioration, amongst others.

The best way to assess these patients is with the physical examination, allowing a
clinical monitoring and timely detection of warning neurological signs; thus, the
removal of the sedative agent is required. However, this can lead to a cerebral and
hemodynamic derangement when sedation is abruptly stopped [3]. Cerebral
hypoperfusion and raised ICP might result in an imbalance of energy supply and
demand, especially for the injured brain and, therefore, aggravate the risk for
metabolic distress and brain tissue hypoxia. It might lead to significant ICP eleva-
tion and cerebral perfusion pressure (CPP) reduction, but it has been shown that, in
patients with a stable ICP and CPP readings, the wake-up tests remain the gold
standard for clinical monitoring and detection of neurological changes [4].

Available drugs used for sedation are analgesics and sedatives. Evidence shows
that combining them both in order to achieve the optimal level of sedation leads to a
reduction in the appearance of adverse effects.

Parameter Response Score

Best eye-opening response -Spontaneously 4

-To verbal request 3

-To pain 2

-No response 1

Best verbal response -Oriented and conversational 5

-Disoriented and conversational 4

-Inappropriate words 3

-Incomprehensible sounds 2

-No response 1

Best motor response -Obesity request 6

-Appropriate withdrawal 5

-Flexion withdrawal 4

-Flexion decorticate 3

-Extension 2

-No response 1

Table 1.
GCS classification

GCS LOC

Mild 14–15 0–30 min

Moderate 9–13 30 min–24 h

Severe 3–8 >24 h

Table 2.
TBI classification: GCS and LOC time.
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Control patients’ level of sedation plays an important role in what recently has
been described as the “ABCDE bundle.” An evidence-based clinical approach
improves patients’ outcome and recovery [5] such as duration of mechanical venti-
lation, brain dysfunction (i.e., delirium and coma), physical restraints, ICU
readmission rates, and discharge disposition of ICU survivors.

In this chapter we will go over the basis of sedation in TBI patients, as well as the
pharmacology of the different drugs used and the main indication for such patients.

2. Pharmacology of sedatives and analgesics

The ideal sedative drug for a neurocritical patient should have different proper-
ties. It should have a rapid onset and recovery for a prompt neurologic evaluation, a
predictable clearance independent of end-organ failure to avoid the accumulation of
the drug, and it should be easily titrated. It has to reduce ICP by reducing cerebral
blood flow (CBF) or cerebral vasoconstriction, however maintaining the coupling
between cerebral blood flow and cerebral metabolic rate of oxygen consumption
(CMRO2). Cerebral autoregulation should be preserved as well as normal vascular
reactivity to changes in PaCO2. Finally, the hemodynamic depression should be
minimal to avoid deleterious effects on brain circulation.

2.1 Propofol

Propofol is a central nervous system depressant which directly activates GABA
receptors and inhibits the NMDA receptor modulating calcium influx through slow
calcium ion channels. It has a rapid onset (1–2 min) and a dose-related hypnotic effect.
Its rapid onset is due to its high lipophilic property and a large volume of distribution,
leading to a rapid recovery too (10–15 min). These characteristics made propofol one
of the best alternatives for sedation in neurocritical patients allowing us to do wake-up
test daily for neurologic evaluation. Some studies show that in patients requiring >48 h
of mechanical ventilation [6], sedation with propofol results in significantly fewer
ventilator days than intermittent lorazepam when sedatives are interrupted daily.
Propofol has no active metabolites and does not produce significant drug interactions.
It reduces ICP, CMRO2, CBF and cerebral electrical activity. CO2 vascular reactivity
and cerebral autoregulation are also preserved. On the other hand, it has no analgesic
effect, and it raises tolerance and tachyphylaxis. Side effects of propofol are dose-
dependent hypotension which can decrease cerebral perfusion pressure even if it
induces a decrease in ICP [6] and dose-dependent respiratory depression. Thus, inva-
sive blood pressure and maybe cardiac output monitoring may be necessary.

Hypertriglyceridemia may appear after high-rate infusions; clinicians should
also be aware of the propofol infusion syndrome (PRIS) to detect it as soon as
possible. PRIS manifests as metabolic acidosis, hyperkalemia, rhabdomyolysis,
hypoxia and progressive myocardial failure [7–9].

2.2 Benzodiazepines

Benzodiazepines such asmidazolam, lorazepam and diazepamare sedativeswidely
used in the ICU. They have anxiolytic, sedative and hypnotic properties. Midazolam is
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blood flow (CBF) or cerebral vasoconstriction, however maintaining the coupling
between cerebral blood flow and cerebral metabolic rate of oxygen consumption
(CMRO2). Cerebral autoregulation should be preserved as well as normal vascular
reactivity to changes in PaCO2. Finally, the hemodynamic depression should be
minimal to avoid deleterious effects on brain circulation.

2.1 Propofol

Propofol is a central nervous system depressant which directly activates GABA
receptors and inhibits the NMDA receptor modulating calcium influx through slow
calcium ion channels. It has a rapid onset (1–2 min) and a dose-related hypnotic effect.
Its rapid onset is due to its high lipophilic property and a large volume of distribution,
leading to a rapid recovery too (10–15 min). These characteristics made propofol one
of the best alternatives for sedation in neurocritical patients allowing us to do wake-up
test daily for neurologic evaluation. Some studies show that in patients requiring >48 h
of mechanical ventilation [6], sedation with propofol results in significantly fewer
ventilator days than intermittent lorazepam when sedatives are interrupted daily.
Propofol has no active metabolites and does not produce significant drug interactions.
It reduces ICP, CMRO2, CBF and cerebral electrical activity. CO2 vascular reactivity
and cerebral autoregulation are also preserved. On the other hand, it has no analgesic
effect, and it raises tolerance and tachyphylaxis. Side effects of propofol are dose-
dependent hypotension which can decrease cerebral perfusion pressure even if it
induces a decrease in ICP [6] and dose-dependent respiratory depression. Thus, inva-
sive blood pressure and maybe cardiac output monitoring may be necessary.

Hypertriglyceridemia may appear after high-rate infusions; clinicians should
also be aware of the propofol infusion syndrome (PRIS) to detect it as soon as
possible. PRIS manifests as metabolic acidosis, hyperkalemia, rhabdomyolysis,
hypoxia and progressive myocardial failure [7–9].

2.2 Benzodiazepines

Benzodiazepines such asmidazolam, lorazepam and diazepamare sedativeswidely
used in the ICU. They have anxiolytic, sedative and hypnotic properties. Midazolam is
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a GABA receptor agonist. Systemic effects of these drugs are anxiolysis, sedation,
muscle relaxation, anterograde amnesia, respiratory depression and anticonvulsant
activity. It decreases CMRO2 and CBF and has a slight effect on lowering ICP too. As
with propofol, vascular reactivity to CO2 and cerebral autoregulation is preserved.
Midazolam produces amnesia and has a rapid onset of action, and it produces less
hemodynamic instability than propofol. However, they also produce tolerance and
tachyphylaxis. Their metabolism is impaired when hepatic failure because of its oxi-
dation via CYP450 enzyme system producing activemetabolites excreted in the urine,
leading to accumulation in renal dysfunction. It can prolong duration of mechanical
ventilation, and the appearance of delirium in the ICU patients is increased. A contin-
uous infusion of midazolam for more than 24 h will lose the rapid recovery properties
due to the accumulation of active metabolites. Therefore, it is recommended only for
short-term infusions. The Society of Critical Care Medicine consensus guidelines state
that midazolam should be used only for short-term (<48 h) therapy [10]. High doses
of benzodiazepines can cause respiratory depression and apnea, leading to an increase
in ICP caused by hypercapnia. Benzodiazepines’ reverser is flumazenil.

2.3 Opioids

Morphine, fentanyl and remifentanil are the most frequently used opioids in the
ICU [11]. These drugs stimulate mu, kappa and delta receptors, distributed all along
the central nervous system (CNS). They have a fast onset when given intravenous
(iv), and they are more easily titrated. Morphine and meperidine are not the ideal
sedative agent for ICU because their active metabolite can precipitate seizures [12].
Moreover, morphine has a long-lasting effect. Fentanyl with its high lipid solubility
has a very rapid onset and a short duration of action when given as a bolus; how-
ever, the pharmacokinetics change when administered in perfusion. It may increase
ICP and decrease CPP (decrease in MAP) transiently after a bolus. Remifentanil is
more powerful than morphine, and it is metabolized directly in the plasma by
nonspecific esterases, thus avoiding drug accumulation. Due to its very short dura-
tion of action, it requires a continuous perfusion [13–17]. This makes this drug very
suitable for neurocritical patients because it facilitates frequent awakening for the
neurologic evaluation [18]. Remifentanil is eliminated by the kidneys, and it does
not have to be adjusted if kidney failure. On the other side, as they act as respiratory
depressants, they may cause hypercapnia with consequent increase in ICP. They can
induce histamine release, causing urticaria and flushing, somnolence respiratory
depression, chest wall and other muscle rigidity, dysphoria or hallucinations, nausea
and vomiting, gastrointestinal dysmotility and vasodilation with hypotension. The
reverser is naloxone, which should be given slowly and be titrated.

In order to reduce and minimize the use of opioids, it is possible to add other
categories of analgesics as gabapentin and/or acetaminophen [19].

2.4 Dexmedetomidine

Dexmedetomidine is an alpha-2 agonist which has been recently introduced into
clinical practice. It has sedative, analgesic and anxiolytic properties, and it is widely
starting to spread through the neurointensive care unit (NICU). It has a short-acting
effect, and it does not accumulate, thus being very appropriate for frequently wake-
up test for neurological evaluation. The respiratory depression is minimal, and it has
been reported that it may reduce the incidence and severity of delirium. On the
other side, it is a very expensive drug, and there have been reported cases of dose-
dependent bradycardia, hypotension, arrhythmias and hyperglycemia. Deep seda-
tion is not possible with this drug [20–24]. The pharmacokinetics is influenced by
liver rather than renal function. Dexmedetomidine is metabolized in the liver by
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CYP450 enzyme system, and there are no active or toxic metabolites. Sedation with
volunteers showed a decrease in regional and global cerebral blood flow, but the
ratio with CMRO2 and flow metabolism coupling is maintained [25]. The
neuroprotective effect in animal studies has also been studied, and they showed a
preconditioning effect and attenuation of ischemia-reperfusion injury [26].

2.5 Barbiturates

Nowadays, these drugs are used only for a specific goal. They are a GABA
receptor agonist leading to a decrease in ICP and CBF that is proportional to the
decrease in CMRO2 (up to 60%) during burst suppression. Barbiturates have been
associated with a high incidence of systemic complications, such as hemodynamic
instability and immune suppression with an increased risk of infections, such as
pneumonia. Indication for barbiturates is limited to refractory intracranial hyper-
tension and refractory status epilepticus [27]. They accumulate in the tissues after
long-term infusions leading to slow recovery from sedation.

2.6 Ketamine

Ketamine is an NMDA receptor antagonist with a relatively good hemodynamic
stability. It has a fast onset and a short action. Sedation, analgesia and anesthesia can
be induced with this drug, and it does not depress the respiratory system. Potential
side effects of ketamine are increase of CMRO2, CBF and ICP (due to an increase in
cerebral blood volume). However, some reports have shown to decrease CBF and
ICP in head trauma patients sedated using both ketamine and propofol or with a
PaCO2 maintained constant [28], and in an experimental setting ketamine even had
neuroprotective properties [29]. Main advantages of using ketamine are the hemo-
dynamic stability as well as CPP and the opportunity to reduce the excessive use of
some sedative drugs as it reinforces them.

In a recent study, the use of ketamine was associated with a lower incidence of
cortical spreading depolarization (CSD) when compared with propofol, midazolam
and opioids [30].

2.7 Inhalation sedatives

Inhalative sedation in the ICU is starting to spread all over Europe and has been
recommended as an alternative in a German consensus guideline [31]. However, it
has historically been considered unsafe in the NICU around the world. Isoflurane,
sevoflurane, and desflurane have shown some benefits compared with intravenous
sedation. They have a low metabolism and, due to their low solubility, are elimi-
nated quickly and offer shorter and more predictable wake-up times than intrave-
nous agents. They give also a better hemodynamic stability. Some volatile
anesthetics abolish cerebral autoregulation at high doses; it has been reported that
with sevoflurane at MAC 1.0, the autoregulation of cerebral blood flow remained
intact, but it was impaired at MAC 2.0. They have also a dose-dependent
neuroprotective effect; sevoflurane at MAC 0.5 does not have this effect [32].

In a prospective study, it was seen that sufficient sedation levels without clini-
cally relevant ICP increases were achieved in 68% of the patients. However, MAP
had to be maintained actively to preserve the CPP. Therefore, it was concluded that
the neuroprotective effect did not outweigh the risk of adverse events, and sedation
with this agent should not be carry out in these patients [33].

A summary table can be found at the end of the chapter.
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a GABA receptor agonist. Systemic effects of these drugs are anxiolysis, sedation,
muscle relaxation, anterograde amnesia, respiratory depression and anticonvulsant
activity. It decreases CMRO2 and CBF and has a slight effect on lowering ICP too. As
with propofol, vascular reactivity to CO2 and cerebral autoregulation is preserved.
Midazolam produces amnesia and has a rapid onset of action, and it produces less
hemodynamic instability than propofol. However, they also produce tolerance and
tachyphylaxis. Their metabolism is impaired when hepatic failure because of its oxi-
dation via CYP450 enzyme system producing activemetabolites excreted in the urine,
leading to accumulation in renal dysfunction. It can prolong duration of mechanical
ventilation, and the appearance of delirium in the ICU patients is increased. A contin-
uous infusion of midazolam for more than 24 h will lose the rapid recovery properties
due to the accumulation of active metabolites. Therefore, it is recommended only for
short-term infusions. The Society of Critical Care Medicine consensus guidelines state
that midazolam should be used only for short-term (<48 h) therapy [10]. High doses
of benzodiazepines can cause respiratory depression and apnea, leading to an increase
in ICP caused by hypercapnia. Benzodiazepines’ reverser is flumazenil.

2.3 Opioids

Morphine, fentanyl and remifentanil are the most frequently used opioids in the
ICU [11]. These drugs stimulate mu, kappa and delta receptors, distributed all along
the central nervous system (CNS). They have a fast onset when given intravenous
(iv), and they are more easily titrated. Morphine and meperidine are not the ideal
sedative agent for ICU because their active metabolite can precipitate seizures [12].
Moreover, morphine has a long-lasting effect. Fentanyl with its high lipid solubility
has a very rapid onset and a short duration of action when given as a bolus; how-
ever, the pharmacokinetics change when administered in perfusion. It may increase
ICP and decrease CPP (decrease in MAP) transiently after a bolus. Remifentanil is
more powerful than morphine, and it is metabolized directly in the plasma by
nonspecific esterases, thus avoiding drug accumulation. Due to its very short dura-
tion of action, it requires a continuous perfusion [13–17]. This makes this drug very
suitable for neurocritical patients because it facilitates frequent awakening for the
neurologic evaluation [18]. Remifentanil is eliminated by the kidneys, and it does
not have to be adjusted if kidney failure. On the other side, as they act as respiratory
depressants, they may cause hypercapnia with consequent increase in ICP. They can
induce histamine release, causing urticaria and flushing, somnolence respiratory
depression, chest wall and other muscle rigidity, dysphoria or hallucinations, nausea
and vomiting, gastrointestinal dysmotility and vasodilation with hypotension. The
reverser is naloxone, which should be given slowly and be titrated.

In order to reduce and minimize the use of opioids, it is possible to add other
categories of analgesics as gabapentin and/or acetaminophen [19].

2.4 Dexmedetomidine

Dexmedetomidine is an alpha-2 agonist which has been recently introduced into
clinical practice. It has sedative, analgesic and anxiolytic properties, and it is widely
starting to spread through the neurointensive care unit (NICU). It has a short-acting
effect, and it does not accumulate, thus being very appropriate for frequently wake-
up test for neurological evaluation. The respiratory depression is minimal, and it has
been reported that it may reduce the incidence and severity of delirium. On the
other side, it is a very expensive drug, and there have been reported cases of dose-
dependent bradycardia, hypotension, arrhythmias and hyperglycemia. Deep seda-
tion is not possible with this drug [20–24]. The pharmacokinetics is influenced by
liver rather than renal function. Dexmedetomidine is metabolized in the liver by
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CYP450 enzyme system, and there are no active or toxic metabolites. Sedation with
volunteers showed a decrease in regional and global cerebral blood flow, but the
ratio with CMRO2 and flow metabolism coupling is maintained [25]. The
neuroprotective effect in animal studies has also been studied, and they showed a
preconditioning effect and attenuation of ischemia-reperfusion injury [26].

2.5 Barbiturates

Nowadays, these drugs are used only for a specific goal. They are a GABA
receptor agonist leading to a decrease in ICP and CBF that is proportional to the
decrease in CMRO2 (up to 60%) during burst suppression. Barbiturates have been
associated with a high incidence of systemic complications, such as hemodynamic
instability and immune suppression with an increased risk of infections, such as
pneumonia. Indication for barbiturates is limited to refractory intracranial hyper-
tension and refractory status epilepticus [27]. They accumulate in the tissues after
long-term infusions leading to slow recovery from sedation.

2.6 Ketamine

Ketamine is an NMDA receptor antagonist with a relatively good hemodynamic
stability. It has a fast onset and a short action. Sedation, analgesia and anesthesia can
be induced with this drug, and it does not depress the respiratory system. Potential
side effects of ketamine are increase of CMRO2, CBF and ICP (due to an increase in
cerebral blood volume). However, some reports have shown to decrease CBF and
ICP in head trauma patients sedated using both ketamine and propofol or with a
PaCO2 maintained constant [28], and in an experimental setting ketamine even had
neuroprotective properties [29]. Main advantages of using ketamine are the hemo-
dynamic stability as well as CPP and the opportunity to reduce the excessive use of
some sedative drugs as it reinforces them.

In a recent study, the use of ketamine was associated with a lower incidence of
cortical spreading depolarization (CSD) when compared with propofol, midazolam
and opioids [30].

2.7 Inhalation sedatives

Inhalative sedation in the ICU is starting to spread all over Europe and has been
recommended as an alternative in a German consensus guideline [31]. However, it
has historically been considered unsafe in the NICU around the world. Isoflurane,
sevoflurane, and desflurane have shown some benefits compared with intravenous
sedation. They have a low metabolism and, due to their low solubility, are elimi-
nated quickly and offer shorter and more predictable wake-up times than intrave-
nous agents. They give also a better hemodynamic stability. Some volatile
anesthetics abolish cerebral autoregulation at high doses; it has been reported that
with sevoflurane at MAC 1.0, the autoregulation of cerebral blood flow remained
intact, but it was impaired at MAC 2.0. They have also a dose-dependent
neuroprotective effect; sevoflurane at MAC 0.5 does not have this effect [32].

In a prospective study, it was seen that sufficient sedation levels without clini-
cally relevant ICP increases were achieved in 68% of the patients. However, MAP
had to be maintained actively to preserve the CPP. Therefore, it was concluded that
the neuroprotective effect did not outweigh the risk of adverse events, and sedation
with this agent should not be carry out in these patients [33].

A summary table can be found at the end of the chapter.
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3. Physiologic effects of sedatives on cerebral blood flow and cerebral
metabolic rate of oxygen consumption

Sedation is one of the pillars in the management of patients with TBI. It is a
treatment itself when used to prevent the secondary insult, and it allows other mea-
sures to be implemented which could not be applied otherwise, such as hypothermia.

The physiologic effects of sedatives are different, and they can be divided into
effects on CBF and CMRO2.

3.1 Effects on cerebral blood flow (CBF)

One of the main goals when treating these patients is to maintain a
sufficient cerebral blood flow. Therefore, our drugs should have little or no effect
on this matter.

The effects of intravenous sedatives on CBF have been investigated for
diazepam, midazolam and propofol. All these iv agents cause a dose-dependent
decrease in CMRO2 and CBF. CBF reduction is an adaptative phenomenon to
minimize brain metabolism. They usually have a systemic effect decreasing mean
arterial pressure (MAP), inducing myocardial depression and peripheral vasodila-
tion. Therefore, in patients with impaired autoregulation, such as those with TBI,
decreasing the MAP can lead to a critical lowering in cerebral perfusion pressure
and oxygen delivery to the brain. This can lead or worsen the secondary brain insult
(ischemia/hypoxia) [34, 35]. If autoregulation is intact, this reduction on MAP
will produce reflex cerebral vasodilation and may lead to an increase in intracranial
pressure [36]. The hemodynamic effects are usually dose dependent, so it is
important to assess the preload status of the patient in order to predict the
hemodynamic response to the sedative agent, particularly in those with previous
cardiac dysfunction.

3.2 Effects on the cerebral metabolic rate of oxygen consumption (CMRO2)

The CMRO2 and CBF are nicely connected. In TBI patients, our target is to
maintain an adequate oxygen availability and energy balance; thus, we aim to
increase oxygen delivery by optimizing cerebral and systemic hemodynamic, as
well as attenuating metabolic demands [2, 37, 38].

Patients in coma or suffering from secondary brain insults have their cerebral
metabolism decreased globally by one-third to one-half of normal levels.

Sedative agents act by reducing CMRO2, improving cerebral tolerance to ische-
mia and limiting the supply/demand mismatch in conditions of impaired
autoregulation [34, 35]. Beyond the level of isoelectric EEG, no further suppression
of cerebral oxygen consumption can take place; a minimal oxygen consumption is,
indeed, due to cells’ homeostasis.

4. Neurological indications for sedation

Continuous infusion of sedative agents is contemplated during the first 48 h, in
order to prevent secondary brain injury by decreasing oxygen consumption, as well
as to reduce pain, anxiety and agitation to tolerate mechanical ventilation.

Apart from the general indications due to patient’s agitation and pain
control, there are specific situations in these patients that require sedation
as therapy.
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4.1 Control of intracranial pressure (ICP)

The effect of sedatives on ICP is due mainly to reduction in CMRO2 that leads to
a decrease in cerebral blood flow. This effect can be seen as a decrease in cerebral
blood volume that leads to a decrease in ICP. As well, sedation reduces pain and
agitation and improves the tolerance to the endotracheal tube. These effects lead to
a decrease of sympathetic activity with a reduction of arterial pressure and less
ventilation asynchronies leading to a decrease of jugular venous resistance and a
better venous outflow.

Sedation is a first-line therapy that should be integrated with other specific
interventions as hyperventilation, osmotic agents and head-of-bed elevation. Bolus
of opioids needs caution for the transient decrease in mean arterial pressure and
increase in ICP due to autoregulatory cerebral vasodilation [36]. When compared
with opioids, propofol showed an association with a lower ICP and less ICP treat-
ments in patients with severe traumatic brain injury (TBI) [6].

4.2 Targeted temperature management (TTM)

The effects of hypothermia on the brain are multiple. First, the cerebral meta-
bolic rate decreases leading to a decrease in CBF and, consequently, a reduction of
cerebral volume. Moreover, cooling procedures suppress many of the pathways that
lead to cell death, including apoptotic mechanisms (programmed cell death).

Sedation is recommended during TTM to prevent shivering, to reduce the stress
response and to allow the patient-ventilator synchrony. To avoid shivering a lot of
drugs are available, but they could engender side effects. One of the most used
drugs is propofol that has a dose-dependent antishivering effect.

An excess in sedation can lead to an increase of mechanical ventilation time and
a delay in neurological response [39].

4.3 Treatment of status epilepticus (SE)

Status epilepticus is a quite common neurologic condition with an overall inci-
dence of 41–61 cases per 100,000 patients/year [40].

The emergency therapy consists in benzodiazepines for the emergency,
followed by one or more anti-epileptic drugs (AED). When both categories fail, it is
necessary to begin a deep sedation with anesthetic agents for at least 24 h of
effectiveness [41].

Different studies showed and reported the effectiveness of propofol or
midazolam as therapy for refractory SE.

The traditional barbiturate (phenobarbital), due to its side effects, is being
replaced by the newest propofol and midazolam.

4.4 Paroxysmal sympathetic activity

This syndrome has been recognized in a subgroup of survivors of severe
acquired brain injury, characterized by simultaneous, paroxysmal transient
increases in sympathetic (elevated heart rate, blood pressure, respiratory rate, tem-
perature, sweating) and motor (posturing) activity. This syndrome has been
observed for the last 60 years. It affects 8–10% of patients suffering from acute
brain injury, and it is associated with greater morbidity, higher healthcare costs,
longer hospitalization and poorer outcomes. However, it is a potentially treatable
contributor to secondary brain injury. In patients surviving traumatic brain injury,
it has been associated with severe anoxia, subarachnoid and intracerebral
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hemorrhage and hydrocephalus. There are many theories dealing with the patho-
physiology of this entity. Disconnection of the inhibitory efferent pathways
(malfunctioning pathways) from cortical areas of the brain is one of the possible
theories. It is also thought that alterations in the excitatory nucleus of the brainstem
can cause this syndrome; excitatory centers are then upregulated, increasing sym-
pathetic activity. There is no accepted treatment for this entity. The objective is to
mitigate signs and symptoms to avoid the adverse effects such as dehydration,
muscle wasting or delayed recovery. Dopaminergic agents have shown to decrease
body temperature and sweating. Alpha agonists can decrease heart rate and blood
pressure. When medication fails, the use of hyperbaric oxygen therapy (HBOT) to
control autonomic discharges and posturing in the subacute TBI phase has been
reported. In this condition, sedation should be considered to reduce sympathetic
activation [42].

5. Monitoring sedation in the neuro-ICU

Monitoring the depth of sedation is essential in the management of the patient in
the ICU, and it influences their outcomes. Oversedation increases the risk of infec-
tions by delaying weaning from mechanical ventilation and increases length of stay
and, thus, costs. On the other side, undersedation can cause agitation and anxiety of
the patient, increase the risk of self-extubating and develop asynchronies between
the patient and the ventilator. In NICU patients, assessing routine level of sedation
is really important both for the daily wake-up tests that should be done for neuro-
logic evaluation and, in comatose patients, to avoid oversedation.

There are various scales available for ICU patients. The Ramsay Sedation Scale
evaluates consciousness, while the Richmond Agitation-Sedation Scale (RASS)
examines cognition. The Motor Activity Assessment Scale (MAAS) and the
Sedation-Agitation Scale (SAS) monitor sedation and arousal. Both RASS and SAS
are reasonable to use in TBI patients [43]. Moreover, RASS is usually integrated
with a delirium assessment performed with Confusion Assessment Method for the
ICU (CAM-ICU). However, in deeply sedated patients and with muscular blockade,
these scales become useless. EEG monitoring has therefore become a very investi-
gated topic to titrate sedation in these patients. Simplified EEG tools like BIS, based
on Fourier transform, have shown significant correlation with RASS and SAS in ABI
[44]. However, BIS was developed to monitor sedation in the operating room (OR)
setting in patients with no acute brain injury (ABI) due to the possible changes in
EEG because of the brain lesion; it is often used in the ICU setting.

The possible confounders of such method are shivering, temperature fluctua-
tion, increased muscle tone, grimacing and catecholamine levels. To assess the
adequacy of pain relief, it is useful to assess autonomic signs of activation such as
tachycardia, hypertension, ICP increase and diaphoresis.

6. Conclusions

Sedation and analgesia are widely used in NICU and all clinicians who provide
care to neuropatients’ face daily with such practice. The indication for sedation in
NICU could be general or properly neurologic that is considered as a therapy in the
acute brain injury patient. Sedation, indeed, allows a better control of cerebral
hemodynamic and is part of control of intracranial pressure.

The knowledge of basic principles of pharmacology, neurophysiology, and neu-
ropathology remains, therefore, essential to manage such kind of therapy.
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Propofol and midazolam seem to be the most used drugs in such patient due to
their security profile; ketamine appears to be interesting for its neuroprotective
role.

To target sedation properly, it is possible to use different approaches; the use of
score (RASS, SAS) in the awake patient remains a good tool that can be integrated
in comatose patient, knowing their limits, with the newest EEG-derived methods.

Conflict of interest

We declare no conflict of interest.

Author details

Lorenzo Peluso1, Berta Monleon Lopez2 and Rafael Badenes2*

1 Department of Intensive Care Hôpital Erasme, Brussels, Belgium

2 Department of Anesthesiology and Surgical-Trauma Intensive Care, Hospital
Clìnico Universitario, Valencia, Spain

*Address all correspondence to: rafaelbadenes@gmail.com

©2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

151

Sedation in TBI Patients
DOI: http://dx.doi.org/10.5772/intechopen.85266



hemorrhage and hydrocephalus. There are many theories dealing with the patho-
physiology of this entity. Disconnection of the inhibitory efferent pathways
(malfunctioning pathways) from cortical areas of the brain is one of the possible
theories. It is also thought that alterations in the excitatory nucleus of the brainstem
can cause this syndrome; excitatory centers are then upregulated, increasing sym-
pathetic activity. There is no accepted treatment for this entity. The objective is to
mitigate signs and symptoms to avoid the adverse effects such as dehydration,
muscle wasting or delayed recovery. Dopaminergic agents have shown to decrease
body temperature and sweating. Alpha agonists can decrease heart rate and blood
pressure. When medication fails, the use of hyperbaric oxygen therapy (HBOT) to
control autonomic discharges and posturing in the subacute TBI phase has been
reported. In this condition, sedation should be considered to reduce sympathetic
activation [42].

5. Monitoring sedation in the neuro-ICU

Monitoring the depth of sedation is essential in the management of the patient in
the ICU, and it influences their outcomes. Oversedation increases the risk of infec-
tions by delaying weaning from mechanical ventilation and increases length of stay
and, thus, costs. On the other side, undersedation can cause agitation and anxiety of
the patient, increase the risk of self-extubating and develop asynchronies between
the patient and the ventilator. In NICU patients, assessing routine level of sedation
is really important both for the daily wake-up tests that should be done for neuro-
logic evaluation and, in comatose patients, to avoid oversedation.

There are various scales available for ICU patients. The Ramsay Sedation Scale
evaluates consciousness, while the Richmond Agitation-Sedation Scale (RASS)
examines cognition. The Motor Activity Assessment Scale (MAAS) and the
Sedation-Agitation Scale (SAS) monitor sedation and arousal. Both RASS and SAS
are reasonable to use in TBI patients [43]. Moreover, RASS is usually integrated
with a delirium assessment performed with Confusion Assessment Method for the
ICU (CAM-ICU). However, in deeply sedated patients and with muscular blockade,
these scales become useless. EEG monitoring has therefore become a very investi-
gated topic to titrate sedation in these patients. Simplified EEG tools like BIS, based
on Fourier transform, have shown significant correlation with RASS and SAS in ABI
[44]. However, BIS was developed to monitor sedation in the operating room (OR)
setting in patients with no acute brain injury (ABI) due to the possible changes in
EEG because of the brain lesion; it is often used in the ICU setting.

The possible confounders of such method are shivering, temperature fluctua-
tion, increased muscle tone, grimacing and catecholamine levels. To assess the
adequacy of pain relief, it is useful to assess autonomic signs of activation such as
tachycardia, hypertension, ICP increase and diaphoresis.

6. Conclusions

Sedation and analgesia are widely used in NICU and all clinicians who provide
care to neuropatients’ face daily with such practice. The indication for sedation in
NICU could be general or properly neurologic that is considered as a therapy in the
acute brain injury patient. Sedation, indeed, allows a better control of cerebral
hemodynamic and is part of control of intracranial pressure.

The knowledge of basic principles of pharmacology, neurophysiology, and neu-
ropathology remains, therefore, essential to manage such kind of therapy.

150

Traumatic Brain Injury - Neurobiology, Diagnosis and Treatment

Propofol and midazolam seem to be the most used drugs in such patient due to
their security profile; ketamine appears to be interesting for its neuroprotective
role.

To target sedation properly, it is possible to use different approaches; the use of
score (RASS, SAS) in the awake patient remains a good tool that can be integrated
in comatose patient, knowing their limits, with the newest EEG-derived methods.

Conflict of interest

We declare no conflict of interest.

Author details

Lorenzo Peluso1, Berta Monleon Lopez2 and Rafael Badenes2*

1 Department of Intensive Care Hôpital Erasme, Brussels, Belgium

2 Department of Anesthesiology and Surgical-Trauma Intensive Care, Hospital
Clìnico Universitario, Valencia, Spain

*Address all correspondence to: rafaelbadenes@gmail.com

©2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

151

Sedation in TBI Patients
DOI: http://dx.doi.org/10.5772/intechopen.85266



References

[1] Kress JP, Pohlman AS, O’Connor MF,
Hall JB. Daily interruption of sedative
infusions in critically ill patients
undergoing mechanical ventilation. The
New England Journal of Medicine.
2000;342:1471-1477

[2] A Villa F, Citerio G. Sedation and
analgesia in neurointensive care. In:
Textbook of Neurointensive Care.
2nd ed. London: Springer; 2013.
pp. 281-292

[3] 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(1):128

[4] Marklund N. The neurological wake-
up test-A role in neurocritical care
monitoring of traumatic brain injury
patients? Frontiers in Neurology. 2017;8:
540

[5] Morandi A, Brummel NE, Ely EW.
Sedation, delirium and mechanical
ventilation: The “ABCDE” approach.
Current Opinion in Critical Care. 2011;
17(1):43-49

[6] Kelly DF, Goodale DB, Williams J,
et al. Propofol in the treatment of
moderate and severe head injury: A
randomized, prospective, double-
blinded pilot trial. Journal of
Neurosurgery. 1999;90:1042-1052

[7] Cannon ML, Glazier SS, Bauman LA.
Metabolic acidosis, rhabdomyolysis, and
cardiovascular collapse after prolonged
propofol infusion. Journal of
Neurosurgery. 2001;95:1053-1056

[8] Kelly DF. Propofol-infusion
syndrome. Journal of Neurosurgery.
2001;95:925-926

[9] Laham J. Propofol: Risk vs. benefit.
Clinical Pediatrics (Phila). 2002;
41(1):5-7

[10] Devlin JW, Skrobik Y, Gélinas C,
et al. Clinical practice guidelines for the
prevention and management of Pain,
agitation/sedation, delirium,
immobility, and sleep disruption in
adult patients in the ICU. Critical Care
Medicine. 2018;46:e825-e873

[11] Mehta S, Burry L, Fischer S, et al.
Canadian survey of the use of sedatives,
analgesics, and neuromuscular blocking
agents in critically ill patients. Critical
Care Medicine. 2006;34(2):374-380

[12] Armstrong PJ, Bersten A.
Normeperidine toxicity. Anesthesia and
Analgesia. 1986;65(5):536-538

[13] Pitsiu M, Wilmer A, Bodenham A,
et al. Pharmacokinetics of remifentanil
and its major metabolite, remifentanil
acid, in ICU patients with renal
impairment. British Journal of
Anaesthesia. 2004;92:493-503

[14] Dumont L, Picard V, Marti RA, et al.
Use of remifentanil in a patient with
chronic hepatic failure. British Journal
of Anaesthesia. 1998;81:265-267

[15] Egan TD, Lemmens HJ, Fiset P, et al.
The pharmacokinetics of the new short-
acting opioid remifentanil (GI87084B)
in healthy adult male volunteers.
Anesthesiology. 1993;79(5):881-892

[16] Delvaux B, Ryckwaert Y, Van Boven
M, et al. Remifentanil in the intensive
care unit: Tolerance and acute
withdrawal syndrome after prolonged
sedation. Anesthesiology. 2005;102(6):
1281-1282

[17] Karabinis A, Mandragos K,
Stergiopoulos S, et al. Safety and
efficacy of analgesia-based sedation
with remifentanil versus standard
hypnotic-based regimens in intensive
care unit patients with brain injuries: A
randomised, controlled trial

152

Traumatic Brain Injury - Neurobiology, Diagnosis and Treatment

[ISRCTN50308308]. Critical Care.
2004;8(4):R268-R280

[18] Belleville JP. Effects of intravenous
dexmedetomidine in humans: Part I:
Sedation, ventilation, and metabolic
rate. Anesthesiology. 1992;77:1125-1133

[19] Barr J, Fraser GL, Puntillo K, et al.
Clinical practice guidelines for the
management of pain agitation and
delirium in adult patients in the
intensive care unit. Critical Care
Medicine. 2013;41(263):306

[20] Bloor BC, Ward DS, Belleville JP,
et al. Effects of intravenous
dexmedetomidine in humans: Part II:
Hemodynamic changes. Anesthesiology.
1992;77:1134-1142

[21] Talke P, Richardson CA,
Scheinin M, et al. Postoperative
pharmacokinetics and sympatholytic
effects of dexmedetomidine. Anesthesia
and Analgesia. 1997;85:1136-1142

[22] Triltsch AE, Welte M, von Homeyer
P, et al. Bispectral index—Guided
sedation with dexmedetomidine in
intensive care: A prospective,
randomized, double blind, placebo-
controlled phase II study. Critical Care
Medicine. 2002;30:1007-1014

[23] Venn RM, Bryant A, Hall GM, et al.
Effects of dexmedetomidine on
adrenocortical function, and the
cardiovascular, endocrine and
inflammatory responses in
postoperative patients needing sedation
in the intensive care unit. British Journal
of Anaesthesia. 2001;86:650-656

[24] Drummond JC, Dao AV, Roth DM,
et al. Effect of dexmedetomidine on
cerebral blood flow velocity, cerebral
metabolic rate, and carbon dioxide
response in normal humans.
Anesthesiology. 2008;108:225-232

[25] Dahmani S, Rouelle D, Gressens P,
et al. Effects of dexmedetomidine on

hippocampal focal adhesion kinase
tyrosine phosphorylation in physiologic
and ischemic conditions.
Anesthesiology. 2005;103:969-977

[26] Bratton SL, Chestnut RM, Ghajar J,
et al. Guidelines for the m anagement of
severe traumatic brain injury XI.
Anesthetics, analgesics, and sedatives.
Journal of Neurotrauma. 2007;24
(Supp. 1):S71-S76

[27] Albanèse J, Arnaud S, Rey M, et al.
Ketamine decreases intracranial
pressure and electroencephalographic
activity in traumatic brain injury
patients during propofol sedation.
Anesthesiology. 1997;87(6):1328-1334

[28] Shapira Y, Lam AM, Eng CC, et al.
Therapeutic time window and dose
response of the beneficial effects of
ketamine in experimental head injury.
Stroke. 1994;25:1637-1643

[29] Martin J et al. Evidence and
consensus-based German guidelines for
the management of analgesia, sedation
and delirium in intensive care-short
version. German Medical Science. 2010;
8:Doc02

[30] Hertle DN, Dreier JP, Woitzik J,
et al. Effect of analgesics and sedatives
on the occurrence of spreading
depolarizations accompanying acute
brain injury. Brain. 2012;135(Pt 8):
2390-2398

[31] Xie Z et al. The inhalation anesthetic
isoflurane induces a vicious cycle of
apoptosis and amyloid beta-protein
accumulation. The Journal of
Neuroscience. 2007;27:1247-1254

[32] Purruker JC, Renzland J, Uhlmann
L. Volatile sedation with sevoflurane in
intensive care patients with acute stroke
or subarachnoid haemorrhage using
AnaConDa®: An observational study.
British Journal of Anaesthesia. 2015;114:
934-943

153

Sedation in TBI Patients
DOI: http://dx.doi.org/10.5772/intechopen.85266



References

[1] Kress JP, Pohlman AS, O’Connor MF,
Hall JB. Daily interruption of sedative
infusions in critically ill patients
undergoing mechanical ventilation. The
New England Journal of Medicine.
2000;342:1471-1477

[2] A Villa F, Citerio G. Sedation and
analgesia in neurointensive care. In:
Textbook of Neurointensive Care.
2nd ed. London: Springer; 2013.
pp. 281-292

[3] 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(1):128

[4] Marklund N. The neurological wake-
up test-A role in neurocritical care
monitoring of traumatic brain injury
patients? Frontiers in Neurology. 2017;8:
540

[5] Morandi A, Brummel NE, Ely EW.
Sedation, delirium and mechanical
ventilation: The “ABCDE” approach.
Current Opinion in Critical Care. 2011;
17(1):43-49

[6] Kelly DF, Goodale DB, Williams J,
et al. Propofol in the treatment of
moderate and severe head injury: A
randomized, prospective, double-
blinded pilot trial. Journal of
Neurosurgery. 1999;90:1042-1052

[7] Cannon ML, Glazier SS, Bauman LA.
Metabolic acidosis, rhabdomyolysis, and
cardiovascular collapse after prolonged
propofol infusion. Journal of
Neurosurgery. 2001;95:1053-1056

[8] Kelly DF. Propofol-infusion
syndrome. Journal of Neurosurgery.
2001;95:925-926

[9] Laham J. Propofol: Risk vs. benefit.
Clinical Pediatrics (Phila). 2002;
41(1):5-7

[10] Devlin JW, Skrobik Y, Gélinas C,
et al. Clinical practice guidelines for the
prevention and management of Pain,
agitation/sedation, delirium,
immobility, and sleep disruption in
adult patients in the ICU. Critical Care
Medicine. 2018;46:e825-e873

[11] Mehta S, Burry L, Fischer S, et al.
Canadian survey of the use of sedatives,
analgesics, and neuromuscular blocking
agents in critically ill patients. Critical
Care Medicine. 2006;34(2):374-380

[12] Armstrong PJ, Bersten A.
Normeperidine toxicity. Anesthesia and
Analgesia. 1986;65(5):536-538

[13] Pitsiu M, Wilmer A, Bodenham A,
et al. Pharmacokinetics of remifentanil
and its major metabolite, remifentanil
acid, in ICU patients with renal
impairment. British Journal of
Anaesthesia. 2004;92:493-503

[14] Dumont L, Picard V, Marti RA, et al.
Use of remifentanil in a patient with
chronic hepatic failure. British Journal
of Anaesthesia. 1998;81:265-267

[15] Egan TD, Lemmens HJ, Fiset P, et al.
The pharmacokinetics of the new short-
acting opioid remifentanil (GI87084B)
in healthy adult male volunteers.
Anesthesiology. 1993;79(5):881-892

[16] Delvaux B, Ryckwaert Y, Van Boven
M, et al. Remifentanil in the intensive
care unit: Tolerance and acute
withdrawal syndrome after prolonged
sedation. Anesthesiology. 2005;102(6):
1281-1282

[17] Karabinis A, Mandragos K,
Stergiopoulos S, et al. Safety and
efficacy of analgesia-based sedation
with remifentanil versus standard
hypnotic-based regimens in intensive
care unit patients with brain injuries: A
randomised, controlled trial

152

Traumatic Brain Injury - Neurobiology, Diagnosis and Treatment

[ISRCTN50308308]. Critical Care.
2004;8(4):R268-R280

[18] Belleville JP. Effects of intravenous
dexmedetomidine in humans: Part I:
Sedation, ventilation, and metabolic
rate. Anesthesiology. 1992;77:1125-1133

[19] Barr J, Fraser GL, Puntillo K, et al.
Clinical practice guidelines for the
management of pain agitation and
delirium in adult patients in the
intensive care unit. Critical Care
Medicine. 2013;41(263):306

[20] Bloor BC, Ward DS, Belleville JP,
et al. Effects of intravenous
dexmedetomidine in humans: Part II:
Hemodynamic changes. Anesthesiology.
1992;77:1134-1142

[21] Talke P, Richardson CA,
Scheinin M, et al. Postoperative
pharmacokinetics and sympatholytic
effects of dexmedetomidine. Anesthesia
and Analgesia. 1997;85:1136-1142

[22] Triltsch AE, Welte M, von Homeyer
P, et al. Bispectral index—Guided
sedation with dexmedetomidine in
intensive care: A prospective,
randomized, double blind, placebo-
controlled phase II study. Critical Care
Medicine. 2002;30:1007-1014

[23] Venn RM, Bryant A, Hall GM, et al.
Effects of dexmedetomidine on
adrenocortical function, and the
cardiovascular, endocrine and
inflammatory responses in
postoperative patients needing sedation
in the intensive care unit. British Journal
of Anaesthesia. 2001;86:650-656

[24] Drummond JC, Dao AV, Roth DM,
et al. Effect of dexmedetomidine on
cerebral blood flow velocity, cerebral
metabolic rate, and carbon dioxide
response in normal humans.
Anesthesiology. 2008;108:225-232

[25] Dahmani S, Rouelle D, Gressens P,
et al. Effects of dexmedetomidine on

hippocampal focal adhesion kinase
tyrosine phosphorylation in physiologic
and ischemic conditions.
Anesthesiology. 2005;103:969-977

[26] Bratton SL, Chestnut RM, Ghajar J,
et al. Guidelines for the m anagement of
severe traumatic brain injury XI.
Anesthetics, analgesics, and sedatives.
Journal of Neurotrauma. 2007;24
(Supp. 1):S71-S76

[27] Albanèse J, Arnaud S, Rey M, et al.
Ketamine decreases intracranial
pressure and electroencephalographic
activity in traumatic brain injury
patients during propofol sedation.
Anesthesiology. 1997;87(6):1328-1334

[28] Shapira Y, Lam AM, Eng CC, et al.
Therapeutic time window and dose
response of the beneficial effects of
ketamine in experimental head injury.
Stroke. 1994;25:1637-1643

[29] Martin J et al. Evidence and
consensus-based German guidelines for
the management of analgesia, sedation
and delirium in intensive care-short
version. German Medical Science. 2010;
8:Doc02

[30] Hertle DN, Dreier JP, Woitzik J,
et al. Effect of analgesics and sedatives
on the occurrence of spreading
depolarizations accompanying acute
brain injury. Brain. 2012;135(Pt 8):
2390-2398

[31] Xie Z et al. The inhalation anesthetic
isoflurane induces a vicious cycle of
apoptosis and amyloid beta-protein
accumulation. The Journal of
Neuroscience. 2007;27:1247-1254

[32] Purruker JC, Renzland J, Uhlmann
L. Volatile sedation with sevoflurane in
intensive care patients with acute stroke
or subarachnoid haemorrhage using
AnaConDa®: An observational study.
British Journal of Anaesthesia. 2015;114:
934-943

153

Sedation in TBI Patients
DOI: http://dx.doi.org/10.5772/intechopen.85266



[33] Riker RR, Fugate JE, et al. Clinical
monitoring scales in acute brain injury:
Assessment of coma, pain, agitation,
and delirium. Neurocritical Care. 2014;
21(Supp. 2):S27-S37

[34] Stephan H, Sonntag H, Schenk HD,
Kohlhausen S. Effect of Disoprivan
(propofol) on the circulation and
oxygen consumption of the brain and
CO2 reactivity of brain vessels in the
human. Anaesthesist. 1987;36(2):60-65

[35] Van Hemelrijck J, Fitch W,
Mattheussen M, Van Aken H, Plets C,
Lauwers T. Effect of propofol on
cerebral circulation and autoregulation
in the baboon. Anesthesia and
Analgesia. 1990;71:49-54

[36] Albanese J, Viviand X, Potie F, Rey
M, Alliez B, Martin C. Sufentanil,
fentanyl, and alfentanil in head trauma
patients: A study on cerebral
hemodynamics. Critical Care Medicine.
1999;27:407-411

[37] Kress JP, Pohlman AS, Hall JB.
Sedation and analgesia in the intensive
care unit. American Journal of
Respiratory and Critical Care Medicine.
2002;166:1024-1028

[38] Oddo M, Steiner LA. Sedation and
analgesia in the neurocritical care unit.
In: Smith M, Kofke WA, Citerio G,
editors. Oxford Textbook of
Neurocritical Care. Oxford: Oxford
University Press; 2016

[39] Samaniego EA, Mlynash M,
Caulfield AF, et al. Sedation confounds
outcome prediction in cardiac arrest
survivors treated with hypothermia.
Neurocritical Care. 2011;15:113-119

[40] De Lorenzo RJ, Hauser WA, Towne
AR, et al. A prospective, population-
based epidemiologic study of status
epilepticus in Richmond, Virginia.
Neurology. 1996;46(4):1029-1035

[41] Rossetti AO, Bleck TP. What’s new
in status epilepticus? Intensive Care
Medicine. 2014;40:1359-1362

[42] Perkes I, Baguley IJ, Nott MT, et al.
A review of paroxysmal sympathetic
hyperactivity after acquired brain
injury. Annals of Neurology. 2010;68:
126-135

[43] Deogaonkar A, Gupta R, DeGeorgia
M, Sabharwal V, Gopakumaran B,
Schubert A, et al. Bispectral index
monitoring correlates with sedation
scales in brain-injured patients. Critical
Care Medicine. 2004;32:2403-2406

[44] Pandharipande P, Shintani A,
Peterson J, et al. Lorazepam is an
independent risk factor for transitioning
to delirium in intensive care unit
patients. Anesthesiology. 2006;104:
21-26

154

Traumatic Brain Injury - Neurobiology, Diagnosis and Treatment



[33] Riker RR, Fugate JE, et al. Clinical
monitoring scales in acute brain injury:
Assessment of coma, pain, agitation,
and delirium. Neurocritical Care. 2014;
21(Supp. 2):S27-S37

[34] Stephan H, Sonntag H, Schenk HD,
Kohlhausen S. Effect of Disoprivan
(propofol) on the circulation and
oxygen consumption of the brain and
CO2 reactivity of brain vessels in the
human. Anaesthesist. 1987;36(2):60-65

[35] Van Hemelrijck J, Fitch W,
Mattheussen M, Van Aken H, Plets C,
Lauwers T. Effect of propofol on
cerebral circulation and autoregulation
in the baboon. Anesthesia and
Analgesia. 1990;71:49-54

[36] Albanese J, Viviand X, Potie F, Rey
M, Alliez B, Martin C. Sufentanil,
fentanyl, and alfentanil in head trauma
patients: A study on cerebral
hemodynamics. Critical Care Medicine.
1999;27:407-411

[37] Kress JP, Pohlman AS, Hall JB.
Sedation and analgesia in the intensive
care unit. American Journal of
Respiratory and Critical Care Medicine.
2002;166:1024-1028

[38] Oddo M, Steiner LA. Sedation and
analgesia in the neurocritical care unit.
In: Smith M, Kofke WA, Citerio G,
editors. Oxford Textbook of
Neurocritical Care. Oxford: Oxford
University Press; 2016

[39] Samaniego EA, Mlynash M,
Caulfield AF, et al. Sedation confounds
outcome prediction in cardiac arrest
survivors treated with hypothermia.
Neurocritical Care. 2011;15:113-119

[40] De Lorenzo RJ, Hauser WA, Towne
AR, et al. A prospective, population-
based epidemiologic study of status
epilepticus in Richmond, Virginia.
Neurology. 1996;46(4):1029-1035

[41] Rossetti AO, Bleck TP. What’s new
in status epilepticus? Intensive Care
Medicine. 2014;40:1359-1362

[42] Perkes I, Baguley IJ, Nott MT, et al.
A review of paroxysmal sympathetic
hyperactivity after acquired brain
injury. Annals of Neurology. 2010;68:
126-135

[43] Deogaonkar A, Gupta R, DeGeorgia
M, Sabharwal V, Gopakumaran B,
Schubert A, et al. Bispectral index
monitoring correlates with sedation
scales in brain-injured patients. Critical
Care Medicine. 2004;32:2403-2406

[44] Pandharipande P, Shintani A,
Peterson J, et al. Lorazepam is an
independent risk factor for transitioning
to delirium in intensive care unit
patients. Anesthesiology. 2006;104:
21-26

154

Traumatic Brain Injury - Neurobiology, Diagnosis and Treatment



Traumatic Brain Injury 
Neurobiology, Diagnosis and Treatment

Edited by Yongxia Zhou

Edited by Yongxia Zhou
Traumatic brain injury (TBI) is a significant public health problem. There are several 

advanced techniques available for the investigation of disease neurobiology, diagnosis, and 
treatment. This book covers many topics in the active TBI research field such as cumulative 

mild head injury review, brain changes, and risk factors, as well as post-concussion 
syndrome (PCS) definition, classification, and association with brain dysfunction. 

Brain changes, including blood flow, intracranial pressure, and neuroinflammation, the 
neurobiological basis of neuroprotective activation, as well as correlation with PCS, 

including sleep, are illustrated further. Furthermore, multiple biomarkers, including 
S-100β, UCH-L1, and GFAP for blood–brain barrier breakdown and neuronal injury, are 

reviewed thoroughly. Lastly, well-evaluated neuroprotective agents, hypothermia as a 
neuroprotective effect in TBI, and effects investigation, as well as sedation in TBI as a 

neurocritical and therapeutic strategy with different assessments, are reported.

This book introduces readers to a number of perspectives, including TBI disease 
pathophysiology and post-concussion syndrome classification, associated brain changes, 

imaging diagnosis, and several useful biomarkers with high sensitivities, as well as 
multiple therapeutic strategies. Various advanced technical developments, upfront 
neuroimaging, and clinical data are presented together with comprehensive, up-to-
date, and interesting examples. Detailed reviews and accurate illustrations together 

with objective and informative discussions of several challenging problems such as PCS 
and neuroprotective treatments are the advantages of this book. Finally, this book will 
hopefully convey the clinical aspects of TBI and help guide diagnosis and therapeutic 

research in this field.

Published in London, UK 

©  2019 IntechOpen 
©  Iaremenko / iStock

ISBN 978-1-78984-295-1

Traum
atic Brain Injury - N

eurobiology, D
iagnosis and Treatm

ent

ISBN 978-1-78984-500-6


	Traumatic Brain Injury - Neurobiology, Diagnosis and Treatment
	Contents
	Preface
	Section 1
Disease Etiology and Post Concussion Syndrome
	Chapter1
Post Concussion Syndrome
	Chapter2
Neuroprotection, Photoperiod, and Sleep

	Section 2
Imaging Diagnosis and Biomarkers
	Chapter3
Cumulative Mild Head Injury (CMHI) in Contact Sports
	Chapter4
Neuronal and Glial Biomarkers Research forTraumatic Brain Injury

	Section 3
Treatment and MultipleTherapeutic Strategies
	Chapter5
Use of Neuroprotective agents forTraumatic Brain Injury
	Chapter6
Direct Brain Cooling inTreating SevereTraumatic Head Injury
	Chapter7
Sedation inTBI Patients


