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Preface

Traumatic brain injury (TBI) is a nondegenerative, noncongenital insult to the brain from an
external mechanical force, possibly leading to permanent or temporary impairment of cogni-
tive, physical, and psychosocial functions, with an associated diminished or altered state of
consciousness. There are many possible causes, including road traffic accidents, assaults, falls,
and accidents at home or at work.

The term “silent epidemic” is used to characterize the incidence of TBI worldwide, because
many cases are not recognized and are excluded from official statistics. Despite being the lead-
ing cause of death and disability worldwide, especially among young adults, there is still so
much we don’t know about TBI.

The subject of TBI is of extreme importance. We need to take care of these patients. We
need to disseminate the information so that the multidisciplinary teams can give to these sub-
jects the assistance they need.

This book serves as an impetus for more research in the area to take place and works as a
guide to show researchers in the field. We do not intend to exhaust the subject about TBI,
because this is very vast, but we want to spread knowledge and help health professionals to
better understand this health problem that affects so many people.

We aim to assist survivors of traumatic brain injury and family members so they can better
adjust and cope with life post injury. Brain injury rehabilitation focuses on restoring the best
possible level of physical, cognitive, and behavioral function; improvement for a return to
home, school, or work; training and adaptation for long-term limitations; and maximizing
function and independence to help patients achieve their fullest potential after a TBI. Our final
goal is the community reintegration of people who suffered a TBI.

After a TBI, seeking support and knowledge can help individuals with TBI and their families
to increase their awareness about brain injury issues.

Sao Paulo, SP, Brazil Renato Anghinah
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Spontaneous Recovery Mechanisms-
Brain Reorganization

Sonia-Luz Albarracin and Jhon-Jairo Sutachan

Introduction

Traumatic brain injury (TBI) is now considered a major cause
of death and disability [1] For instance, in the United States, it
has been estimated that 5.3 million people, who survived TBI,
live with disability [2, 3]. This number is even higher in the
European Union in which 7.7 million survived with TBI-related
disability [3, 4]. The development of TBI is characterized by an
initial phase in which the mechanical impact leads to the disrup-
tion of brain tissue. This stage is followed by a secondary injury
that is associated with activation of astrocytes and microglia,
production of lactate and reactive oxygen species (ROS),
changes in cellular metabolism, and high levels of glutamate
and calcium. Astrocytes and microglia activation also increases
the production and release of pro-inflammatory cytokines that
recruit immune cells from the periphery. Finally, in a search for
homeostasis, the system begins a repair-regenerative stage that
contributes to spontaneous neurological recovery [5].

Although the mechanisms involved in the spontaneous
recovery and brain reorganization after TBI have not been
fully established, it has been suggested that neurogenesis,
reorganization of connectivity (synaptogenesis and plasticity),
and angiogenesis play a key role. In this chapter, we will focus
on the current knowledge about how neurogenesis is regulated
during TBI, how plasticity can contribute to brain reorganiza-
tion, and how they can be used as specific targets for further
improving recovery after TBIL.

TBI and Neurogenesis

From a functional point of view, for brain reorganization and
spontaneous recovery to be achieved after TBI, it is necessary
either to reestablish new connections among survived neu-

S.-L. Albarracin - J.-J. Sutachan (><)
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rons or to replace dead neurons with new neurons that can
integrate and make new contacts with surviving ones. In the
second scenario, it is plausible to think that incorporation of
new neurons can help restore the full integrity, function, and
neuronal field of the impaired circuit.

Several studies have found that neurogenesis can be
induced after different kinds of brain injuries [6-9]. In the
adult brain, two neurogenic niches have been identified: one
in the subventricular zone of the lateral ventricles [10] and
one in the subgranular zone of the hippocampal dentate
gyrus [11]. The niche in the subventricular zone (SVZ) is
characterized by the presence of type B cells that can be in
a quiescent or active state. The transition of type B cells
from quiescent to active state gives rise to neural progeni-
tors type C cells that express nestin and divide symmetri-
cally originating neuroblast (type A cells) that later migrate
to integrate in circuits of the olfactory bulb [11, 12]. Similar
to the SVZ, the subgranular zone (SGZ) of the hippocampus
is characterized by the presence of type I cells (adult neural
stem cells) that once are activated generate type Ila cells
(neural progenitor) which in turn transform into type b cells
(neuroblasts). Neuroblasts later mature in type III cells that
later express NeuN and Calbindin and integrate by making
connections with neurons of the entorhinal cortex and CA3
region of the hippocampus (Fig. 1.1).

Although the mechanisms underlying TBI-induced neuro-
genesis have not been fully established, it is thought that mito-
genic and neurotrophic factors can regulate this process after a
brain injury [13]. The source of these molecules has been
associated with cells such as astrocytes and microglia that
activate and respond during the secondary injury. For instance,
astrocytes from postnatal hippocampus that are in close con-
tact with neurogenic niches instruct stem cells to adopt a neu-
ronal fate [14]. Interestingly, it has been found that an
astrocytic-dependent regulation of neurogenesis can be influ-
ence by their site of origin. In vitro, astrocytes, isolated from
the cortex and hippocampus, have a high capacity to induce
differentiation of neural progenitor stem cells (NPSCs), while
spinal cord astrocytes impair differentiation [15]. Activation

R. Anghinah et al. (eds.), Topics in Cognitive Rehabilitation in the TBI Post-Hospital Phase,
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Fig. 1.1 Adult neurogenic niches. (a) Neurogenesis process in the sub-
granular zone of the hippocampal dentate gyrus. (b) Neurogenesis pro-
cess in the subventricular zone of the lateral ventricule. NSCs: neural
stem cells, NPCs: neural progenitor cells, NB: neuroblast, GN: granular

of signaling pathways like Notch, Wnt, Sonic hedgehog (Shh),
and Eph/ephrin has been implicated in the astrocytic-depen-
dent regulation of neurogenesis [16, 17].

Notch Signaling Pathway

Notch works as a cell-cell mediator system of cell communi-
cation that regulates cell fate, proliferation, and death [18].
To date, four Notch receptors have been identified (Notch
1-4). These receptors are activated by a series of ligands
such as jaggedl and jagged2; Delta-like 1, 3, and 4; and
Delta-like homologue 1 and 2. It has been shown that astro-
cytes trough the activation of the Notch signaling pathway
can regulate neurogenesis by maintaining the pool of undif-
ferentiated neural progenitor cells (NPCs) [19, 20]. In addi-
tion, the Notch signaling pathway promotes progenitor cell
differentiation into glial cells and decreases neuronal differ-
entiation and proliferation [21, 22]. During TBI, reactive
astrocytes upregulate the expression of the intermediate fila-
ments, glial fibrillary acid protein (GFAP), and vimentin.
Astrocytic-dependent inhibition of NPSCs is mediated by
jaggedl-mediated Notch signaling in which jagged1 activity
is regulated by the GFAP and vimentin. This has been further
corroborated in GFAP and vimentin knockout mice where
hippocampal neurogenesis is further increased in basal con-
ditions and after trauma. A recent study has found that astro-
cytes are a heterogeneous population with regard to their
Notch signaling competence. For instance, few astrocytes
are competent to activate Notch signaling, while the grand
majority can activate Notch signaling independently of the
GFAP and vimentin expression [23]. In stroke, it has been
reported that astrocytes have a decrease in Notch signaling
that triggers these cells to active a neurogenic program [23].
These results have been further corroborated in other models

Mature GN

NPCs (C)

svz
Q/A Cs(8)

v

0B =’

RMS

neurons, Q/A cells: quiescent/activated cells, SVZ: subventricular zone,
LV: lateral ventricule, OB: olfactory bulb, RMS: rostral migratory
stream. [llustration were designed using the Motifolio Neuroscience
Toolkit

of injury in which it has been found that there is an increase
in the population of incompetent astrocytes that can lead to
the generation of neurons from these incompetent cells.

Wnt Signaling Pathway

Intravenous administration of bone marrow-derived mesen-
chymal stem cells has shown a significant improvement
effect in cognition after TBI. This effect is mediated by the
release of soluble factors that not only impact in the survival
of neural stem cells but also stimulate hippocampal neuro-
genesis (proliferation and differentiation). Further character-
ization of the released factor leads to the identification of
high levels of Wnt3a in serum. High levels of Wnt3a were
parallel to the activation of the Wnt/p-catenin signaling in
the hippocampus [24]. Wnt is produced and secreted by
mature astrocytes. For instance, the release of Wnt-3 pro-
motes both neuroblast proliferation and neuronal commit-
ment by inducing the activation of NeuroD1, a well-known
transcription factor that is required for the survival and matu-
ration of adult-born neurons [25, 26]. NeuroD1 works by a
complex mechanism that includes reprogramming of tran-
scription factor landscape, conversion of heterochromatin to
euchromatin, and increased chromatin accessibility [27].

Sonic Hedgehog Signaling Pathway (Shh)

Shh is a morphogen that plays a role in the development of
the nervous system. For instance, gradients in Shh have been
shown to be fundamental for the patterning of the spinal cord
and development of the ventral CNS [28]. Shh binds to
patched receptors which leads to the release of Smoothened
(Smo) inhibition. Smo translocation to the cilium then regu-
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lates the processing of GLI2 and GLI3 and the activation of
GLI2A and GLI2/3, which regulates the expression of Glil.
Initial studies found that Shh regulates the behavior of stem
cells in the developing embryonic neocortex and that SVZ
cells express Shh and GIlil [29]. Moreover, inhibition of
hedgehog downregulates the expression of G/i/ and reduces
the proliferation of SVZ cells, while the addition of Shh
increases proliferation and neurons number. This suggests
that Shh plays a key role in the maintenance of stem cell lin-
ages and neurogenesis in the adult brain [30]. After a brain
injury, Shh expression is upregulated, suggesting that activa-
tion of this signaling pathway is important not only for main-
taining neural stem cell populations but also for the generation
of neuroblast and oligodendrocyte progenitors [29].

Ephrins and Their Receptors (Eph)

Eph are well-known regulators of cell migration, pattern for-
mation, and synaptogenesis. During development, ephrin-A/
EphA signaling regulates the size of the mouse cerebral cor-
tex by regulating apoptosis of cortical progenitor cells. The
ephrin-A/EphA-induced apoptosis led to an early depletion
of neuronal progenitors [31]. Additionally, it has been
reported that astrocytes from areas outside of the SGZ and
SVZ negatively regulate neuronal progenitor cell growth by
a mechanism that involves ephrin-A2/A3 [32]. Although
these results suggest an inhibiting role of ephrins and their
receptors in neurogenesis, recent studies have found that
hippocampal-derived astrocytes can promote neuronal dif-
ferentiation of adult NSCs in vivo through Ephrin-B2.
Activation of EphB4 receptors in NSCs by ephrin-B2 induces
the activation of B-catenin. This Wnt-independent activation
of p-catenin induces differentiation of progenitors cells into
neurons in the SGZ [33]. Although so far there are no studies
evaluating Ephrin-B2/EphB4 signaling after TBI, the results
obtained from ephrins studies strongly suggest the impor-
tance of activation of specific signaling languages in the neu-
rogenesis process after TBI as it has been shown for neuronal
patterning.

Neurotrophins (NTs)

NTs are a family of closely related proteins that were initially
identified as survival, growth, and differentiation factors for
sensory and sympathetic neurons [34]. Neurotrophins signal
through a family of three receptor tyrosine kinases (Trk).
Nerve growth factor (NGF) binds preferentially to tyrosine
receptor kinase A (TrkA), brain-derived neurotrophic factor
(BDNF) and neurotrophin-4 (NT4) to tyrosine receptor
kinase B (TrkB), and neurotrophin-3 (NT3) to tyrosine recep-

tor kinase C (TrkC) [35]. Additionally, each of the neuro-
trophins can bind to the p75 neurotrophin receptor (p7SNTR).
Moreover, it has been established that dimerization between
Trk and p75NR can happen and increase the affinity of Trk
receptors for neurotrophins [35].

Neurotrophins expression has not only been found in neu-
rogenic niches but also in areas that are in contact with NPCs
[36]. While at the neurogenic niches BDNF expression is
low and it is mainly expressed by astrocytes [11], in the ros-
tral migratory stream (RMS) and in the olfactory bulb,
BDNF levels are high [37, 38]. The source of BDNF at the
RMS is endothelial cells that through the release of BDNF
guide newborn neurons to their final destination at the olfac-
tory bulb where BDNF release is assumed by local and long
projection neurons [38, 39]. Although NT3 and NT4 have
not been found at the neurogenic niches, these neurotrophins
are also released by endothelial cells of the choroid plexus to
the cerebrospinal fluid that is in contact with NPCs [11, 40,
41]. Neurotrophin receptor expression is dominated by the
full-length TrkB and the truncated form of TrkB-T1 in epen-
dymal cells and type B cells [40, 42, 43]. Both isoforms are
also expressed by maturing neuroblasts in the RMS and
olfactory bulb [37-39]. In addition, TrkC is also expressed in
type B NSCs [41]. Surprisingly, the p75NTR is also
expressed mainly in type C cells and neuroblasts [40].

Due to the importance of neurotrophins in learning and
memory, especial attention has been paid to the role of
BDNF/TrkB in neurogenesis at the SGZ. Gain and loss
experiments have found that BDNF/TrkB signaling mediates
neurogenesis in this area by regulating proliferation [44, 45].
Interestingly, if TrkB function is impaired by overexpressing
TrkB-T1, survival is affected, suggesting that BDNF signal-
ing may be regulating both processes [46]. However, a recent
study evaluating the role of p75NTR has found that activa-
tion of this receptor is more important that TrkB for survival
of neuroblasts and newborn neurons [47]. While activation
of TrkB and p75NTR can be important for proliferation and
survival, TrkC activation by NT3 is essential for maturation.
In mice lacking the expression of NT3, there is a misbalance
between NeuN* granule neurons and cells expressing differ-
entiation markers [48].

Microglia are immune cells of the nervous system that
similar to astrocytes are in close contact with neuronal pro-
genitor cells. It is thought that microglia phagocyte newborn
neurons that fail to integrate or survive during the neurogen-
esis process [6]. Like astrocytes, microglia is also activated
after a brain injury. Microglia activation lead to the produc-
tion of cytokines and chemokines that can either induce pro-
and anti-inflammatory responses [6]. Both cytokines and
chemokines have been implicated in neurogenesis by regu-
lating different processes such as neuronal differentiation,
migration, and integration of newborn neurons.
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Interleukin-1f

IL-1p, IL-6, and TNF-a have been implicated in memory and
neurogenesis. IL-1p, released by neurons, microglia, astro-
cytes, and immune cells, can affect proliferation, differentia-
tion, and NSC survival. Binding of IL-1f to IL-1R1-type
receptor leads to the activation of the mitogen-activated pro-
tein kinases and the nuclear factor kappa B (NF-kB) [49]. In
development and adulthood, it has been shown both in vitro
and in vivo that activation of IL-1R1 impairs proliferation of
NSCs by impairing the cell cycle [50, 51].

Although the mechanism by which IL-1f can induce cell
cycle arrest in NSCs has not been fully established. A recent
study found that the suppressor protein p53, which has a role
in apoptosis and cell cycle, is involved in the IL-1p-dependent
regulation of NSC survival. IL-1f activates p53, which in
turn activates the cyclin-dependent kinase inhibitor p21 and
the pro-apoptotic Bcl-2, Puma, and Noxa by a mechanism
involving oxidative stress. Furthermore, activation of Puma
leads to the activation of Bax-mediated mitochondrial apop-
totic pathway in NSCs [49].

Interleukin-6

IL-6 is expressed by microglia, astrocytes, and neurons, and
IL-6 levels are rapidly upregulated and maintained after TBI
for several weeks [52]. IL-6 action is mediated either by a
classic or trans-signaling mode. The classic signaling
involves the activation of the specific transmembrane
IL-6Ra, while the trans-signaling mode involves activation
of a soluble form of IL-6Ra (sIL-6R) that is generated either
by cleavage or by alternative splicing. Activation of IL-6R«
or sIL-6R triggers the oligomerization of the ubiquitous
transmembrane protein gp130, which results in activation of
the JAK/STAT pathway [53]. IL-6 regulates the prolifera-
tion and survival of bone marrow progenitors suggesting
that this cytokine can promote survival, differentiation, and
growth of neurons. Mice overexpressing IL-6 in astrocytes
show a decrease in neurogenesis. Although the mechanism
by which IL-6 impairs neurogenesis has not been fully
established, it is thought that IL-6 can indirectly affect neu-
rogenesis by regulating circulating glucocorticoids or by
acting directly on progenitors or neighboring cells through
the release of paracrine factors [54]. For instance, IL-6
released from microglia induces the differentiation of
NSPCs to astrocytes through the activation of the JAK/
STAT and MAPK pathways [55]. Additionally, activation of
sIL-6R can also induce neurogenesis through the activation
of the MAPK pathway in vitro [56]. Although these results
go in opposite direction to the IL-6 impairment effect also
observed in neurogenesis, it will be possible that activation
of the canonical mode can impair neurogenesis, while acti-

vation of the trans-signaling mode can instead induce neuro-
genesis [56].

Tumor Necrosis Factor-Alpha (TNF-a)

TNF-a is a pro-inflammatory cytokine that is produced and
released by activated microglia and astrocytes. Action of
TNF-a is achieved by the binding to TNF-R1 (p55) and TNF-
R2 (p75) receptors that can mediate antagonistic effects such
as neuronal damage or neuroprotection [57]. Experimental
models have shown that TNF is upregulated early in TBI and
participates in the activation of several cascades that involves
other cytokines and growth factors [57-59].

Recent studies have shown that TNF-a affects the survival
of hippocampal progenitor cell lines in vitro [60], inhibits
the proliferation of neural progenitors in neurospheres
derived from neonatal rat striatum [61], and also stimulates
the number of striatal and hippocampal neuroblasts gener-
ated after brain injury [57, 62]. Although, these results seem
to be in some way contradictory, experimental evidence dur-
ing basal and pathological conditions has shown that signal-
ing through p55 receptor suppresses neural progenitor
proliferation and neurogenesis in the adult brain. In contrast,
p75 receptor does not have any affect in basal conditions, but
it influences proliferation in pathological conditions [63]. In
this regard, losif et al. [57] suggest that the effect of TNF-a
can depend on the availability of this cytokine and on the
affinity and relative expression of the p55 and p75 receptor
in progenitor cells [57]. In agreement, with this hypothesis,
mice engineered to lack of either pS5 or p75 receptors have
different outcomes after TBI. For instance, pS5—/— mice
showed a marked improvement in sensorimotor behavior and
cognitive performance up to 4 weeks after injury when com-
pared with wild type and p75—/— mice. In contrast, p75 gene
deletion worsened post-traumatic sensorimotor and cogni-
tive dysfunction. These results strongly suggest that after
TBI, p55 activation mediates early deleterious effects of
TNF-alpha, while activation of p75 can be important for
long-term events involved in TBI recovery [58]. In neuro-
genesis, activation of p55 by TNF may inhibit proliferation
early after TBI, while activation of p75 can stimulate other
factors beyond proliferation like survival and incorporation
of newly born neurons [57, 63]. The mechanism by which
the differential activation of p55 and p75 receptors by TNF
can lead to antagonistic effects on neurogenesis has not been
fully established; however, it is thought that kinetics of acti-
vation of NF-kB may play a role. While the activation of p55
gives rise to transient activation of NF-kB, P75 receptor acti-
vation induces long-lasting activation of this factor through-
out phosphatidylinositol 3-kinase [57].

During TBI, pro-inflammatory cytokines regulation is
mediated by the production and release of anti-inflammatory
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cytokines like interleukin-10 (IL-10). For instance, IL-10
inhibits the production of TNF, IL-1f, IL-6, and among oth-
ers [52]. IL-10 binds to IL-10R1 and IL-10R2 receptors and
activates the JAK/STAT signaling pathway. IL-10 activates
STAT1, STAT3, and not always STATS, and it has been
shown that STAT1 and STAT3 are critical for IL-10 function
and regulation of pro-inflammatory cytokines [64].

Interleukin-10 (IL-10)

IL-10 is expressed in Nestin-positive progenitors (NPG)
restricted to the dorsal SVZ, and its receptor IL-10R1 while
not expressed in the ventral NPG in the SVZ is highly
expressed in all dorsal NPG that are ready to enter the
RMS. The IL-10R1 profile expression in these PNG suggests
a role of IL-10 in regulating SVZ neuronal differentiation.
Loss- and gain-of-function experiments have indeed demon-
strated that IL-10 balances the neuronal differentiation in the
adult neurogenic niche by promoting an undifferentiating
state of the neural progenitors by inducing the expression of
nestin, soxl, sox2, and Mashl and maintaining them in an
active cell-cycling state [65].

As mentioned before, activation of IL-10R1 induces a
JAK1-mediated phosphorylation of STAT3, which mediates
the anti-inflammatory action of IL-10. Similarly, in vitro
preparations of SVZ have shown that IL-10 induces rapidly
phosphorylation of STAT3 on Ser727 in Nestin+ progeni-
tors. STAT3 can be activated independently of JAK by other
kinases such as AKT, mTOR, and MAPK. In NPG, IL-10
induces activation of STAT3 throughout the activation of
ERK1/2 that induces NPG cells to stay in a undifferentiated
state reducing the number of newly born neurons in the
olfactory bulb [66].

Transforming Growth Factor Beta (TGF-g)

TGF-f was originally identified as a potent chemotactic
cytokine that participates in inflammation. However, studies
using in TGF-B1 knockout mice demonstrated that this cyto-
kine is mainly an immune suppressor [67]. It has been found
that TGF-fB1 levels are high in TBI at early time points; how-
ever, as time passes, TGF-P1 levels decrease, although they
remain above normal levels [68].

TGFp1 signaling involves binding to a serine/threonine
kinase receptor type 2 (R2) that induces the recruitment of
the receptor type 1 (R1) to finally activate members of the
Smad family of proteins [69]. Due to the role of TGFf1 in
proliferation of different cells, it has been hypothesized that
this cytokine can regulate adult neural stem and progenitor
cell biology [70].

In vitro studies using spheres of undifferentiated neural
stem cell and progenitor cells have found that TGF-p1 recep-
tors R1, R2, and R3 are expressed in neuroprogenitor cells
under proliferation conditions. Specifically, TGFB1-R2 is
predominantly expressed on nestin-positive neural stem and
progenitor cells. Addition of TGF-p1 but not of TGF-p2
decreases the proliferation rate of NPG cells, suggesting that
TGF-1 acts by arresting the cell cycle in NPG. In agreement
with these results, TGF-p1 does not affect the self-renewal or
the differentiation of these cells. Importantly, TGF-f1 seems
to affect more neural stem cells than progenitor or precursor
cells [70]. In conclusion, these results suggests that TGF-f1
can be deleterious for neurogenesis early in TBI, but its
downregulation during late phases of TBI can be beneficial
for proliferation of NPC.

TBI and Reorganization of Connectivity

Neurogenesis per se implies that immature neurons migrate
from their place of origin to the circuits in which they will
incorporate as functional neurons. As it was seen, neurogen-
esis after TBI is a complex process that involves signaling
molecules, growth factors, and pro-and anti-inflammatory
cytokines among others that should work synergistically not
only to prevent cell death but also to guide and position new-
born neurons to the right place.

TBI can cause cell death in both the cortex and hippocam-
pus [71, 72]. This cell death has been associated with impair-
ments in cognitive, sensory, and motor functions. Although,
TBI induces neurogenesis, it can also induce cell death of
immature neurons by a mechanism that involves necrosis
[71]. This mechanism significantly affects the number of
newly born neurons that can migrate; however, the few sur-
viving are able to migrate although to a high price. Comparing
to normal neurogenesis, after TBI there is an increased redis-
tribution of immature granular neurons, suggesting that these
immature neurons have an aberrant migration process. The
extension of this aberrant migration process correlates with
the TBI severity, being higher in the most dramatic injuries
[71]. This implies that spontaneous recovery mediated by
neurogenesis can be reduced by the misplacement of these
granular neurons. Aberrant migration led to the innervation
of inappropriate targets and to the impairment in dendritic
development that can induce performing abnormal functions
that further contribute to the development of epilepsy, dys-
lexia, and schizophrenia [71, 73].

The molecules involve in guiding the migration of neurons
during adult neurogenesis have not been fully characterized.
However, recent studies have found that Slit guide newly born
neurons migrating from the SVZ to the olfactory bulb [71,
74], while disrupted-in-schizophrenia I (DISC-1) is required
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Table 1.1 TBI-inducing molecules that affect neurogenesis, guidance,
and position of newly born neurons

Signaling

molecule Cellular effect References

Notch Maintain neural progenitor cells [18, 19]
undifferentiated
Promote cell differentiation into glial
cells
Decreases neuronal differentiation
and proliferation

Wnt Promotes neuroblast proliferation and [25, 26]
neuronal commitment

Sonic hedgehog Increases proliferation and neurons [29, 30]
number

Ephrins Negatively regulate neuronal [32, 33]
progenitor cell growth
Promote neural differentiation of
neural stem cells

Neurotrophins ~ Regulate proliferation and survival in  [44, 45,
neurogenesis 47]

IL-1B Impairs proliferation of neural stem [50, 51]
cells

IL-6 Impairs neurogenesis by affecting [54, 56]
progenitor cells

TNF-o Inhibits the proliferation of neural [63]
progenitors
Survival of newly born neurons

IL-10 Maintain neural progenitor cells [65]
undifferentiated

TGF-p Decreases the proliferation rate of [70]
NPG cells

Slit Guide newly born neurons migrating [71, 74]
from the SVZ to the olfactory bulb

DISC-1 Required for relaying positional [75]

signals of newly born neurons

for relaying positional signals [71, 75]. Although the role of
pro- and anti-inflammatory cytokines has been established in
neurogenesis, it is not known if these molecules can also alter
the migration and positioning of newly born neurons.

Beyond neurogenesis, spontaneous recovery, after TBI,
can be also achieved by processes of local and distant rewir-
ing [71]. Although the cellular mechanisms that mediate
these rewiring processes have not been fully established, this
recovery may be due to behavioral compensation (BC) [76].
In BC, there is not a true recovery, but instead there is a sec-
ond behavior in intact circuits that overtake the original func-
tion, producing shifts in map topography. In other words, one
part of the brain substitutes the function of another [76]. For
instance, in peri-infarct cortex, there is a significant increase
in neurite outgrowth that later is followed by a period of arte-
riolar and capillary growth and synaptogenesis [76, 77].
Interestingly, this compensatory mechanism not only
involves local circuits but also distant ones. After an initial
period of depressed metabolism and blood flow, cortico-
striatal efferent fibers that usually innervate the ipsilateral
striatum now sprout and innervate the contralateral striatum
in the side of the lesion [76].

Final Remarks

After traumatic brain injury, there is a big effort of the sys-
tem to recuperate homeostasis by activating mechanisms that
regulate metabolic processes, neurogenesis, and synaptogen-
esis and plasticity. The way by which the system achieves
homeostasis is by using molecules that are produced by acti-
vated cells such as microglia and astrocytes. Therefore
understanding how these molecules impact in spontaneous
recovery should led to the development of new therapies or
the improvement of previous one. Special attention then
should be paid to how pro- and anti-inflammatory cytokines
together with growth factors like neurotrophins and ephrins
in conjunction with signaling molecules such as Notch, Shh,
and Wnt work together to induce neurogenesis, incorpora-
tion of newborn neurons, and structural and functional plas-
ticity (Table 1.1). Once we understand this cross talk, we will
pave the road to improve targeted therapies after TBI.
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Introduction

Patients with traumatic brain injury (TBI) may present sev-
eral respiratory complications during the acute and subacute
phases. These complications may become chronic, depend-
ing on the extent of the injury.

One of the main problems that patients in a more severe
condition can exhibit is the need for invasive mechanical
ventilation (MV), which may be required for a long period.
MYV can induce further complications, such as a higher risk
of ventilator-associated pneumonia (VAP), an increased
accumulation of secretions and an inability to eliminate
them, ventilator-induced diaphragmatic dysfunction, and
ventilator-induced lung injury, especially in patients with
other pulmonary diseases. For ventilated patients with
signs of intracranial hypertension (ICH), the main actions
performed are the adjustments of the initial mechanical
ventilator settings for a normoventilation, aimed at main-
taining PaCO, levels in the lower normal ranges (close to
35 mmHg).

Examples of physiotherapeutic interventions related to
respiratory function are measures to prevent VAP, bronchial
hygiene therapy, spontaneous breathing test and follow-up of
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the ventilator weaning process, alveolar recruitment, and
early mobilization. These interventions are not standard for
all patients, and their indication and employment will depend
on the patient’s condition.

After MV withdrawal, some respiratory alterations justify
the need for specific physiotherapeutic interventions, such as
pulmonary expansion therapy and bronchial hygiene maneu-
vers, respiratory muscle training, and mobilization.

Interventions for Patients on Mechanical
Ventilation

One of the key steps for respiratory rehabilitation of TBI
patients under MV is the success of the ventilator weaning
process, which should occur as quickly as possible. Weaning
can be classified into three types: (1) simple weaning for
patients extubated without difficulty after the first spontane-
ous breathing trial (SBT); (2) difficult weaning for patients
who require up to three attempts of SBT and/or up to 7 days
for a successful weaning; and (3) prolonged weaning for
patients who require more than three attempts of SBT and/or
more than 7 days after the first SBT for a successful weaning
[1] (Table 2.1). When TBI patients have a major neurological
impairment, with reduced consciousness levels and a greater
inability to remove secretions, they usually have prolonged
weaning, increasing the risk of acquiring respiratory infec-
tions and the chances of morbidity and mortality. This group
of patients may benefit from receiving early tracheostomy,
with procedures performed within 10 days of intubation. A
systematic review has shown that early tracheostomy in this
patient profile is associated with a reduction in long-term
mortality, weaning time from MV, the length of stay in the
ICU, and a lower rate of respiratory infections [2].

As previously mentioned, patients who require MV, and
especially those who are ventilated for more than 48 h, accu-
mulate secretions, which may promote an increased risk
of respiratory infections as well as deficits in oxygenation.
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Table 2.1 Classification of patients according to the weaning process

Group/

category Definition

Simple Patients who succeed the first weaning trial and are

weaning extubated without difficulty

Difficult Patients who fail the first weaning trial and require up

weaning to three spontaneous breathing trials or 7 days to
achieve successful weaning

Prolonged Patients who require more than 7 days of weaning

weaning after the first weaning trial

One of the techniques performed on these patients is the
transient ventilator hyperinflation, which is based on the
increase of air volume offered to the patient to promote a
greater elastic recoil with consequent acceleration of the
expiratory flow and displacement of secretions from distal
airways to proximal airways [3].

Some randomized crossover trials have shown positive
results with the use of hyperinflation, such as increased
removal of secretions, static compliance of the respiratory sys-
tem, and oxygenation [3-5]. Despite the lack of scientific evi-
dence demonstrating positive results in mortality outcomes, a
randomized clinical trial reported a reduction in MV time by
testing manual hyperinflation combined with chest compres-
sions [6, 7]. It is important to note that ventilator hyperinfla-
tion is relatively equivalent to manual hyperinflation. However,
when hyperinflation is performed with the ventilator, there is
greater reproducibility, maintenance of positive end-expira-
tory pressure (PEEP), as well as a better parameter adjustment
to optimize the peak expiratory flow/peak inspiratory flow
ratio, ensuring an acceleration of expiratory flow.

One of the most used forms of ventilator hyperinflation is
the volume assist/control mode, using a 150% increase in
tidal volume, which is supplied at a flow rate below 40 L/
min, generating less swirling during air entrance and with a
pressure limited to 40 cmH,O [4].

In patients with respiratory muscle weakness associated
with clinical stability and an inability to breathe through
spontaneous ventilation, inspiratory muscle training (IMT) is
indicated, as it helps to accelerate ventilator weaning, espe-
cially for patients with prolonged weaning. For this, it is nec-
essary to use a device that imposes a load on the inspiratory
muscles, and the most used devices are those that generate
linear resistance via a spring-loaded system. They are simple
devices that can be attached directly to the orotracheal tube or
tracheostomy tube or even through a mouthpiece for patients
with functional airways (Fig. 2.1). One of the ways to per-
form IMT is through strength training in one shift and resis-
tance training in another shift. First, strength training is
performed with a load of 30—40% of maximal inspiratory
pressure (MIP), with six to ten repetitions, performed in three
to four series [7]. Subsequently, after returning to the MV, the
patient will perform the resistance training with a daily pro-
gressive increase in the time on spontaneous ventilation. At

Fig. 2.1 Threshold devices

the first moment of this intervention, the time on spontaneous
ventilation should be measured, which will be called the “test
window.” If the patient is able to remain more than 12 h in
spontaneous ventilation and, after this period, needs to be
reconnected to the MV, the next day, MV should be discon-
nected again to assess if the patient developed a greater toler-
ance to spontaneous ventilation. If the first test window results
in disconnection failure before the first 12 h, indicated by
increased ventilation, hemodynamic changes, and/or oxygen-
ation drop, the patient should enter a program of daily spon-
taneous ventilation progression, respecting the trials of 1, 2,
4, 6,9, and 12 h. On the day after the test window, the patient
should start a second trial below the duration the patient toler-
ated on their first and progress through subsequent times in
the following days. In case of failure to maintain spontaneous
ventilation for the proposed time, the time should be regressed
to the nearest lower trial [7] (Fig. 2.2).

Although studies on IMT include the general population,
they also include patients with TBI. Individuals in the group
that received inspiratory muscle training had an increase in
MIP and a higher rate of successful weaning in relation to the
control group [8].
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Proper management of MV in the acute phase of TBI can
have a marked impact on clinical outcomes and rehabilitation.

One of the major concerns in the ventilatory management
of patients with TBI is PEEP titration. Increased PEEP may
lead to a higher intracranial pressure (ICP) by increasing the
intrathoracic pressure, associated with the reduction of the
cerebral perfusion pressure (CPP), mediated by the reduction
of venous return and the consequent reduction in cardiac out-
put. However, in recruitable patients, i.e., patients who pres-
ent an increase in tidal volume after the increase in PEEP,
there is in fact a decrease in ICP and an increase in CPP,
mediated mainly by the reduction of PaCO, [9, 10].

Another much-discussed topic on the ventilatory manage-
ment of TBI patients is the PaCO,. Hypercapnia leads to
increased cerebral blood flow and the consequent unwanted
increase in ICP. On the other hand, hyperventilation (which
means maintaining PaCO, below 35 mmHg) is a routinely
used strategy to control ICP, as hypocapnia leads to reduced
cerebral blood flow and consequent reduction of ICP.
Conversely, the reduction of the cerebral blood flow can
intensify ischemia, and the vasoconstrictor effects of PaCO,
have a temporary character, being able to generate a rebound
vasodilation and consequent worsening of cerebral edema if
maintained for long periods [11]. Thus, we should always

promote eucapnia in TBI patients receiving MV. In addition,
hyperventilation should be used only temporarily, in emer-
gencies, when an immediate ICP reduction is necessary, until
safer measures of intracranial hypertension are instituted.
Patients with moderate or severe TBI have an incidence
rate of approximately 25% of acute respiratory distress syn-
drome (ARDS). However, TBI patients were summarily
excluded from the main randomized clinical trials (RCTs)
that evaluated strategies for the treatment of ARDS [12]. In
the main RCTs that evaluated a strategy of protective ventila-
tion in patients with ARDS, patients, on average, remained in
the normocapnia range, even using the concept of permissive
hypercapnia during MV [13—15]. Thus, we should not deprive
TBI patients of protective MV strategies, since these are asso-
ciated with lower mortality and better rehabilitation rates.
Early mobilization of patients should also be performed
to preserve movement capacity in ventilated and non-
ventilated patients, taking into consideration medical crite-
ria, stability, and functional prognosis. A cohort study
conducted in an ICU with trauma patients identified that a
low level of mobility at the time of hospital discharge was
associated with higher 1-year mortality after discharge [16].
The study also reported that patients who had improved
mobility before discharge had a higher survival rate 1 year
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after discharge. Procedures that can be employed in critically
ill patients are functional electrostimulation in the quadri-
ceps, mobilization of members (passive, assisted, active, or
resisted), transfer training in bed, trunk balance training,
orthostatic training (including orthostatic table when indi-
cated and available), and assisted walking [17, 18]. Although
they are motor interventions, these procedures can positively
influence respiratory function.

Interventions for Patients on Spontaneous
Ventilation

Some procedures applied to patients on spontaneous ventila-
tion follow the same principles as those applied to MV
patients, such as manual hyperinflation for removal of secre-
tion in patients with tracheostomy [19] (Fig. 2.3). The litera-
ture describes that manual hyperinflation can be used by
slow insufflation and with an inspiratory pause to enhance
and accelerate expiratory flow, consequently causing the dis-
placement of secretions, and may be also associated with
chest compression, as in patients on MV. An experimental
study demonstrated that in a respiratory system model with
low compliance of the respiratory system, the ideal inspira-
tory pause time for the displacement of secretions was 2 s,
whereas for a system with normal compliance, the ideal
pause time was 3 s [20].

Ideally, the individual should be able to accelerate the
expiratory flow through coughing; however, as many patients
are unable to cough effectively, this technique is indicated
for some patients only.

Patients with low or no coughing ability may benefit from
the use of mechanically assisted cough, which noninvasively
provides effective removal of secretions, reducing the need
for aspiration. The technique comprises the use of an appara-
tus, the cough assist. The cough machine is a flow generator
that is connected to the patient through an interface, such as
a face mask, in patients with functional airways, or directly
into the tracheostomy tube (Figs. 2.4, 2.5 and 2.6). The pro-
cedure begins with the insufflation phase, using positive
pressure, followed by a rapid depressurization of the respira-
tory system, using negative pressure, which can generate A
pressures above 100 cmH,O, promoting a sudden accelera-
tion of the expiratory flow and thus simulating a cough,
favoring the removal of secretions [21]. The use of the cough
machine is a very effective intervention for individuals with
a cough peak flow (CPF) <160 L/min [21]. This technique
presents benefits, as the displacement of secretion to proxi-
mal airways, reaching often the nose and mouth, facilitating
its removal. A limiting factor is that not every hospital has
access to this very effective procedure. A study conducted
with critical patients under intensive care showed that the use
of this equipment in patients under a high risk of extubation

Fig. 2.3 Bag-valve-mask for manual hyperinflation

failure promoted the improvement of clinical outcomes,
including the increase in success rates during the use of non-
invasive ventilation (NIV) after extubation [22].

In patients who remained on MV for more than 7 days
and had a successful ventilator weaning (>48 h out of MV),
arandomized clinical trial demonstrated the improvement of
inspiratory muscle strength and life quality in the group that
received this intervention. However, there was no difference
in hospital mortality rates between the groups. IMT was
employed using the Threshold IMT equipment. The
Threshold PEP with nozzle inversion, which allows for the
use of a higher training load (Fig. 2.7), is one of the other
options available. Initially, a load of 50% of MIP can be
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Fig. 2.4 Cough assist devices.
NIV denotes noninvasive mach-
anical ventilation
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Fig. 2.5 Mechanically assisted cough with facial mask
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Fig. 2.6 Mechanically assisted cough with facial mask associated with manually assisted cough

Fig. 2.7 Inspiratory muscle
training device
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used, and, in the study, the technique was performed once a
day, five times a week, for 2 weeks [23].

The goal of these techniques is to maintain a patent airway,
facilitating secretion removal and improving ventilatory func-
tion, as well as strengthening the inspiratory muscles. These
efforts are employed in order to keep the patient breathing
spontaneously and to guarantee a greater cardiorespiratory
reserve, favoring total rehabilitation of the individual.

Final Considerations

Interventions for respiratory rehabilitation may have a posi-
tive impact on the outcomes of hospitalized TBI patients
under intensive care. However, it is essential that these tech-
niques be applied in the right moments. The main
interventions are secretion removal therapies, respiratory
muscle training, and early mobilization.

References

1. Boles JM, Bion J, Connors A, Herridge M, Marsh B, Melot C, Pearl
R, Silverman H, Stanchina M, Vieillard-Baron A, Welte T. Weaning
from mechanical ventilation. Eur Respir J. 2007;29:1033-56.

2. McCredie VA, Alali AS, Scales DC, Adhikari NK, Rubenfeld GD,
Cuthbertson BH, Nathens AB. Effect of early versus late trache-
ostomy or prolonged intubation in critically ill patients with acute
brain injury: a systematic review and meta-analysis. Neurocrit
Care. 2017;26:14-25.

3. Berney S, Denehy L. A comparison of the effects of manual and
ventilator hyperinflation on static lung compliance and sputum
production in intubated and ventilated intensive care patients.
Physiother Res Int. 2002;7:100-8.

4. Dennis D, Jacob W, Budgeon C. Ventilator versus manual hyperin-
flation in clearing sputum in ventilated intensive care unit patients.
Anaesth Intensive Care. 2012;40:142-9.

5. Lemes DA, Zin WA, Guimaraes FS. Hyperinflation using pressure
support ventilation improves secretion clearance and respiratory
mechanics in ventilated patients with pulmonary infection: a ran-
domised crossover trial. Aust J Physiother. 2009;55:249-54.

6. Berti JS, Tonon E, Ronchi CF, Berti HW, Stefano LM, Gut AL,
Padovani CR, Ferreira AL. Manual hyperinflation combined with
expiratory rib cage compression for reduction of length of ICU stay
in critically ill patients on mechanical ventilation. J Bras Pneumol.
2012;38:477-86.

7. Martin AD, Smith BK, Davenport PD, Harman E, Gonzalez-Rothi
RJ, Baz M, Layon AJ, Banner MJ, Caruso LJ, Deoghare H, Huang
TT, Gabrielli A. Inspiratory muscle strength training improves
weaning outcome in failure to wean patients: a randomized trial.
Crit Care. 2011;15:R84.

8. Elkins M, Dentice R. Inspiratory muscle training facilitates wean-
ing from mechanical ventilation among patients in the intensive
care unit: a systematic review. J Physiother. 2015;61:125-34.

10.

11.

12.

13.

14

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Mascia L, Grasso S, Fiore T, Bruno F, Berardino M, Ducati

A. Cerebro-pulmonary interactions during the application of low
levels of positive end-expiratory pressure. Intensive Care Med.
2005;31:373-9.

Saback LM, Almeida ML, Andrade W. Traumatic brain injury and
acute respiratory distress syndrome: how to ventilate? Evaluation
of clinical practice. Rev Bras Ter Intensiva. 2007;19:44-52.
Muizelaar JP, Marmarou A, Ward JD, Kontos HA, Choi SC, Becker
DP, Gruemer H, Young HF. Adverse effects of prolonged hyperven-
tilation in patients with severe head injury: a randomized clinical
trial. J Neurosurg. 1991;75:731-9.

Bakowitz M, Bruns B, McCunn M. Acute lung injury and the
acute respiratory distress syndrome in the injured patient. Scand
J Trauma Resusc Emerg Med. 2012;20:54.

Acute Respiratory Distress Syndrome N, Brower RG, Matthay MA,
Morris A, Schoenfeld D, Thompson BT, Wheeler A. Ventilation
with lower tidal volumes as compared with traditional tidal vol-
umes for acute lung injury and the acute respiratory distress syn-
drome. N Engl J Med. 2000;342:1301-8.

. Brower RG, Lanken PN, MacIntyre N, Matthay MA, Morris A,

Ancukiewicz M, Schoenfeld D, Thompson BT, National Heart L,
Blood Institute ACTN. Higher versus lower positive end-expiratory
pressures in patients with the acute respiratory distress syndrome.
N Engl J Med. 2004;351:327-36.

Meade MO, Cook DJ, Guyatt GH, Slutsky AS, Arabi YM, Cooper
DJ, Davies AR, Hand LE, Zhou Q, Thabane L, Austin P, Lapinsky
S, Baxter A, Russell J, Skrobik Y, Ronco JJ, Stewart TE, Lung Open
Ventilation Study I. Ventilation strategy using low tidal volumes,
recruitment maneuvers, and high positive end-expiratory pressure
for acute lung injury and acute respiratory distress syndrome: a ran-
domized controlled trial. JAMA. 2008;299:637-45.

Peetz AB, Brat GA, Rydingsward J, Askari R, Olufajo OA, Elias
KM, Mogensen KM, Lesage JL, Horkan CM, Salim A, Christopher
KB. Functional status, age, and long-term survival after trauma.
Surgery. 2016;160:762-70.

Kayambu G, Boots R, Paratz J. Physical therapy for the critically ill
in the ICU: a systematic review and meta-analysis. Crit Care Med.
2013;41:1543-54.

Schweickert WD, Pohlman MC, Pohlman AS, Nigos C, Pawlik
Al, Esbrook CL, Spears L, Miller M, Franczyk M, Deprizio D,
Schmidt GA, Bowman A, Barr R, McCallister KE, Hall JB, Kress
JP. Early physical and occupational therapy in mechanically venti-
lated, critically ill patients: a randomised controlled trial. Lancet.
2009;373:1874-82.

Paulus F, Binnekade JM, Vroom MB, Schultz MJ. Benefits and
risks of manual hyperinflation in intubated and mechanically ven-
tilated intensive care unit patients: a systematic review. Crit Care.
2012;16:R145.

Bennett BG, Thomas P, Ntoumenopoulos G. Effect of inspiratory
time and lung compliance on flow bias generated during manual
hyperinflation: a bench study. Respir Care. 2015;60:1449-58.
Homnick DN. Mechanical insufflation-exsufflation for airway
mucus clearance. Respir Care. 2007;52:1296-305; discussion
1306-1297.

Goncalves MR, Honrado T, Winck JC, Paiva JA. Effects of mechan-
ical insufflation-exsufflation in preventing respiratory failure after
extubation: a randomized controlled trial. Crit Care. 2012;16:R48.
Bissett BM, Leditschke IA, Neeman T, Boots R, Paratz J. Inspiratory
muscle training to enhance recovery from mechanical ventilation: a
randomised trial. Thorax. 2016;71:812-9.



®

Check for
updates

Posttraumatic Hydrocephalus:
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and Outcome
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Introduction

Traumatic brain injury (TBI) is the leading cause of death in
children and young adults ranging from 15 to 30 years of age
in the United States [1, 2]. TBI occurs at an alarming fre-
quency of once every 23 s, resulting in 1.7 million incidences
annually, including approximately 52,000 deaths [1-4].

In Brazil, although available data are limited and proba-
bly underestimated, trauma is also a major cause of death in
people from 5 to 40 years old and carries an impacting post-
traumatic morbidity, like impaired cognitive and motor func-
tions [1-4].

In cases with mild TBI, most of the patients are able to
return progressively to normal function. However, in moder-
ate to severe TBI, several patients may suffer consequences,
needing specialized support and rehabilitation. In some dra-
matic cases, patients are not able to return to basic social life,
enlarging health costs and social losses [1-4].

Posttraumatic hydrocephalus (PTH) is one of the most
typical consequences after different grades of TBI, and it
may occur in up to 30% of TBI patients in some time along
clinical recovery. In this brief chapter, we try to analyze with
current evidence the causes, mechanisms, and proposed
treatment and outcomes for PTH [1-4].

Concept

Posttraumatic hydrocephalus (PTH) is the commonest neuro-
surgical complication in the rehabilitation setting in patients
with severe TBI. Incidence varies widely from 0.7% to 29%,
reflective of variable definitions of the condition (Fig. 3.1). If
imaging criteria of ventriculomegaly are used, the reported
incidence is higher, ranging between 30% and 86% [1-4].
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PTH has been recognized since Dandy’s report in 1914.
Classically, it can be classified as an acquired hydrocepha-
lus, which can be acute, subacute, or chronic. Additionally, it
can be normotensive or hypertensive and communicant or
obstructive, depending on the underlying pathogenesis
[1-4].

Pathogenesis

Cerebrospinal fluid (CSF) production occurs in choroid
plexus and ependymal cells, and, after circulating along cra-
nial and spinal subarachnoid spaces, it is absorbed in sub-
arachnoid capillaries (arachnoid granulations) following a
pressure gradient, with venous blood being the final route for
CSF circulation and clearance [1-4]. Additional evidence
has pointed to the potential role of CSF absorption and circu-
lation through lymphatic vessels along venous sinuses, espe-
cially superior sagittal sinus [5]. The balance of this detailed
system is dynamic and depends on the adequate function of
the whole system.

After TBI, due to effects of mechanical forces involved in
trauma, several dysfunctions may be disclosed in hydrody-
namic balance. Several pathogenesis theories involve:

1. Dramatic decrease in ependymal cilia number and func-
tion. Ependymal cells lining ventricular system contain
cilia which allow for CSF flow and, thus, waste and nutri-
ent exchange. After TBI-induced injury, CSF flow is usu-
ally diminished with impairment of CSF clearance.
Injury-induced ventricular system pathology usually
resolves completely by 30 days after injury as ependymal
cell ciliogenesis restores cilia density to uninjured levels.
However, severe or repeated TBI may impair irreversibly
ciliary function, contributing to hydrocephalus genesis
and consequent disturbances [6].

2. Matrix metalloproteinases (MMPs) are a family of zinc-
binding proteolytic enzymes that normally remodel the
extracellular matrix (ECM). MMP-2 and MMP-9
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Fig. 3.1 Example of skull
CT with posttraumatic
hydrocephalus

specifically degrade type IV collagen, laminin, and fibro-
nectin, which are the major components of the basal lam-
ina around the cerebral blood. Several trauma studies
have disclosed the role of MMPs in cascades after trauma.
Similarly, the role of aquaporins (family of proteins
involved in transport of water) is also remarked in post-
traumatic states. Their level is probably related to severity
of trauma, and it is being increasingly considered a
marker of acute trauma impact and outcomes [7].

3. Direct trauma and apoptosis. Direct traumatic forces
(acceleration and disacceleration) are responsible for
primary brain lesions, including fiber rupture seen in
diffuse axonal lesion and hematomas and contusions
[8-12].

Following primary effects of trauma, there is probably
a complex metabolic cascade involving programmed cell
death (apoptosis), neuronal remodeling, and deposition of
minerals, like calcium [8, 9].

4. Blood products. One frequently cited theory to explain
hydrocephalus after TBI involves obliteration of the
arachnoid villi by microthrombi with subsequent inflam-
mation and fibrosis causing CSF outflow obstruction [8,
11-13].

Pathology

In an acute phase, main factors involved with ventricular
enlargement after TBI are ventricular and subarachnoid
clots, occluding natural paths for CSF clearance. In subacute
to chronic phase, several degrees of neuronal loss, vessel
rupture, blood, iron, and other mineral depositions can be
observed [9].

Several neuronal and glia cell changes are described, like

unreactive  oligodendrocytes and neurons, reactive
oligodendrocytes and neurons, anoxic-ischemic oligoden-
drocytes and neurons, hypertrophic phagocytic oligodendro-
cytes, and apoptotic oligodendrocytes and neurons [14-16].

Involved cells may exhibit enlargement of endoplasmic
reticulum, Golgi complex, and enlargement and disassembly
of nuclear envelope. They appear in contact with degener-
ated myelinated axons. Hypertrophic phagocytic oligoden-
drocytes engulf degenerated myelinated axons exerting
myelinolytic effects. A continuum oncotic and apoptotic cell
death type leading to necrosis is observed [14—16].

Some products of neuronal death and loss, like deposition
of proteins tau, phospho-tau, and beta-amyloid, can also be
observed in posttraumatic states, similarly to what is found
in Alzheimer’s disease (AD)[14-18].

MRI has shown a preponderance of hemorrhagic lesions
compared to ischemic lesions during the acute phase after
TBI. A study found that 56% of TBI patients had at least one
intracranial bleed and another showed that patients with greater
initial total hemorrhagic contusion volume had more severe
chronic brain atrophy. Iron released from hemoglobin contrib-
utes to brain edema, brain atrophy, and neurological deficits [8].

Risk Factors

Risk factors for PTH are as follows: age, duration of coma,
decompressive craniectomy, and subarachnoid hemorrhage
(SAH). PTH is usually correlated with the degree of hypo-
perfusion in the temporal lobes. Craniectomy size is also
related to the chance of developing PTH. Continuous lumbar
drainage of cerebrospinal fluid can greatly reduce posttrau-
matic hydrocephalus [14—17].
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Clinical Manifestations

CSF within the ventricular system functions as a mean of
nonsynaptic volume transmission, providing a route of com-
munication for signals mediating sleep, circadian rhythms,
seasonal reproduction, and sexual behavior. Additionally,
CSF has protective and immunological functions, and the
imbalance in hydrodynamics may cause a myriad of symp-
toms [10, 16-20].

Posttraumatic hydrocephalus is typically recognized in
the rehabilitation setting or during neurosurgical follow-up.
Several different clinical syndromes exist, all of which fall
into two general categories: patients either plateau in a tra-
jectory of previous clinical improvement or clinically dete-
riorate. The clinical syndromes include (1) obtundation, (2)
psychomotor retardation, (3) memory impairment, (4) gait
impairment, (5) incontinence, (6) behavioral disturbances,
and (7) emotional disturbances [10, 16-20].

Symptoms of hydrocephalus are not infrequently masked
by the degree of brain injury sustained, making diagnosis
difficult when the patient is too severely injured to display
hydrocephalic symptoms or has atypical symptoms [10,
16-20].

Clinical manifestations depend especially on the time of
appearance and form of onset, if acute/subacute or chronic.
As a general rule, acute hydrocephalus produce pronounced
symptoms as headache, vomitus, papilledema, and impaired
consciousness, leading patient to coma and death. Chronic
hydrocephalus, on other hand, might produce spasticity, pro-
gressive neurological deficits and dementia, urinary inconti-
nence, and gait changes in elderly [10, 16-20].

NPH

NPH can be divided into two categories: idiopathic and sec-
ondary. The secondary NPH occurs in the context of neuro-
logical events such as subarachnoid hemorrhage (SAH),
intraventricular hemorrhage caused by trauma or aneurysm
rupture, and meningitis. In contrast, idiopathic NPH usually
occurs between the sixth and eighth decades of life and does
not have its pathophysiological mechanisms completely
understood [20].

NPH may develop especially in elderly patients after TBI,
being characterized by enlarged ventricles, normal pressure
of CSF and a typical clinical setting of gait apraxia, urinary
incontinence, and cognitive deficits (Fig. 3.2). Posttraumatic
NPH is not easily distinguished from other causes of NPH,
Alzheimer’s disease, and vascular dementia, and treatment
should be performed to allow rehabilitation [20].

Fig. 3.2 Normal pressure hydrocephalus following TBI

Neuropsychological

Up to 81% of patients with PTH may present with disorders
of higher integrative functions of the brain; of these, 73% get
easily fatigued [4, 21, 22]. There are also frequent disorders
of attention, slowing down of those processes relating to
abstract thought, power of apprehension, and recent mem-
ory. Amnestic disturbances may also occur, being more com-
mon in mild to moderate trauma, while higher integrative
functions prevail after severe TBI [4].

Some kind of neuropsychological improvement may be
seen in 70% of PTH cases after surgery (ventriculoperitoneal
shunt) of the cases. The probability of worsening despite of
treatment is higher among patients with chronic installation
(after 6 months of the trauma) [4].

Differential Diagnosis and Evaluation

Selection of patients for surgery can be defined principally
on a clinical basis. Ventricular enlargement is a common
finding in the postacute phase of TBI. The controversy is to
distinguish brain atrophy-related ventriculomegaly from
active, symptomatic ventricular dilation. Typically PTH
develops within 3 months from TBI, whereas
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ventriculomegaly because of cortical atrophy evolves over 6
or more months. Further, cortical atrophy appears to corre-
late with cerebral hypoxia and anoxia and diffuse axonal
injury, whereas PTH is more clearly related to CSF blockage
over the convexities [1-10].

Maintained lumbar puncture pressures higher than 20 cm
H,O are suggestive of PTH. On imaging, ventriculomegaly
is a typical finding but not always a good predictor of thera-
peutic response to interventions. Ventricular dilation in the
absence of prominent sulci and gyri is most suggestive of
PTH. Nevertheless, secondary NPH following trauma may
share ventricular enlargement and have wider sulci and gyri
[1-10].

Measurements of CSF dynamics may help formulate the
diagnosis as might assessment of cerebral aqueduct flow
void on MRI. SPECT scanning showing temporal lobe hypo-
perfusion may also be a useful indicator of patients that will
respond to surgery [1-10].

Treatment

Once diagnosed PTH, treatment with shunt must be consid-
ered, once hydrocephalus is a reversible condition with
impact in symptoms and rehabilitation programs. Although
repeated lumbar puncture with CSF removal may decrease
indications for definitive surgery, in most cases, a ventriculo-
peritoneal shunt (VPS) is the most applied technique. If an
obstructive hydrocephalus is present, neuroendoscopic
approach with third ventriculostomy (ETV) may also be
tried; however, the rate of converting ETV to VPS may reach
30%. Factors involved in higher risk of conversion are need
for craniotomy within 48 h of admission, history of culture-
positive CSF, and length of stay [1-10].

Fig. 3.3 Ventriculoperitoneal
shunt in PTH

Ventriculoperitoneal shunt is one of the most applied neu-
rosurgical procedures worldwide, and the gold standard for
treating PTH is the shunt with a programmable valve, which
theoretically allows for adequate and case-to-case adjust-
ment of drainage pressure, thus reaching better functional
outcomes and avoiding complications like overdrainage,
subdural effusions, and additional surgery. Nevertheless, lit-
erature lacks comparative studies to answer questions about
efficacy and complications of fixed pressure valves, pro-
grammable valves, and flow-regulated valves. Current evi-
dence is based mainly in several series and personal
experience [1-10, 20-23].

Improvements after surgical treatment are seen in approx-
imately 70% of patients; however, such result varies accord-
ing to patient profiles (Fig. 3.3). After treatment of PTH,
there may be impact in consciousness, motor function, spas-
ticity, and epileptic activity. If patients were submitted to
decompressive craniectomy, a cranioplasty is also important
before final hydrocephalus treatment. It is widely known that
after cranioplasty, there is a clear improvement in CSF flow,
demonstrated by functional studies. Additionally, younger
patients and those with less severe hydrocephalus before
shunt placement may expect a better outcome after shunt
placement [1-10, 20-23].

A proportion of patients who had PTH and remained in
severe conscious disturbance would benefit from shunt
implantation, and the improvement may turn up late after
this procedure [1-9].

Additional caution must be carried in patients undergoing
VPS and still with intraventricular clots. In such cases, acute
system failure may result in coma and death. External ven-
tricular shunt should be applied in cases with acute bleeding
and ongoing infection.
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Rehabilitation

Most cases of PTH emerge during rehabilitation. Therefore,
attention toward this complication should be present also
beyond the acute stage after TBI, particularly among older
patients and patients with severe disordered consciousness
[25-27].

In the setting of posttraumatic patients, those with PTH
are usually older, with more severe brain injury and longer
acute treatment. At discharge, they have more disability, lon-
ger rehabilitation stays, and unfavorable outcome [3, 4, 19].

Those patients generally require a multidisciplinary team
approach, with speech and language therapist, physical ther-
apy, occupational therapy, nutritional support, and neuropsy-
chological support. Rehabilitation avoids complication
occurrence and allows for maximal motor and cognitive
improvement. The role of hydrocephalus surgical treatment
is well known, and functional techniques of brain stimula-
tion are being matter of upcoming studies [3, 4, 19].

Outcome

Although a high number of patients suffer from TBI and
PTH, there are scarce data on the follow-up. Many patients
may die due to acute hemodynamic, pulmonary, and sys-
temic conditions while hospitalized, especially secondary to
systemic and brain infections [3, 4, 19].

Among patients who survive acute phase, develop PTH,
and treat it, up to 70% may have clear motor, cognitive, sei-
zure, or consciousness benefits after shunt implantation, with
widely varied final outcomes. The best predictive parameters
for outcome after shunt implantation are preoperative status
and patients in a better clinical condition (GOS 3 or better).
Patient’s age and injury did not seem to influence the
outcome. Thus, outcome of posttraumatic hydrocephalus is
ameliorated if proper treatment is employed [3, 4, 19].

Specific Conditions
Traumatic Hygroma and Hydrocephalus

Traumatic subdural hygromas (TSH) are often early lesions
and can be detected after trauma, usually as small symmetri-
cal subdural effusions (Fig. 3.4). The underlying mechanism
involved includes acute hemorrhagic foci impairing CSF
flow and arachnoid membrane tearing, both in different and
varying degrees. They may happen as fast as 24 h after
trauma and persist for months [24-27].

Most authors divide them in normotensive hygromas (no
evidence of mass effect) and hypertensive hygromas (evi-
dence of mass effect). An accompanying subarachnoid hem-
orrhage (SAH) may be seen in 90% of patients. Delayed
hydrocephalus may occur in hygromas with remarked CSF
flow imbalance, reaching until 50% of patients.
Interhemispheric hygroma is predictive of PTH [24-27].

Treatment is decided based in a clinical and complemen-
tary approach. Patients with clear mass effect and those with
impaired hemodynamic functions although no mass effect in
neuroimage may be candidates for surgery. In the majority of
cases, neurological follow-up and conservative treatment are
enough [24-27].

Treatment is usually performed with trephination and
drainage of hypertensive collection. In case of recurrence,
repeated lumbar punctures or even a subdural subgaleal or
subdural ventricular shunt can be tried [24-27].

Decompressive Craniectomy
and Hydrocephalus

Decompressive craniectomy (DC) is a neurosurgical proce-
dure to reduce elevated intracranial pressure after severe trau-
matic brain injury (TBI) (Fig. 3.5). There is increasing
evidence to support such procedure, impacting in brain hemo-
dynamics, perfusion, and outcome. However, it is an emer-

Fig. 3.4 Posttraumatic hygroma developing after TBI



22

F. C. G. Pinto and M. F. de Oliveira

Fig.3.5 Severe TBI with
bone and brain tissue
extensive damage, needing
decompressive craniectomy

Fig.3.6 Bone flap
repositioning after acute
phase of TBI. After
cranioplasty, there was a
decrease in subdural effusion,
suggesting improvement in
hydrodynamics

gency procedure, and, after acute phase, several complications
can happen. The most frequent complications after TBI and
DC are formation of hygroma, aseptic bone resorption of the
reimplanted bone flap, posttraumatic hydrocephalus, second-
ary infection or dysfunction of ventriculoperitoneal shunt or
cranioplasty, and epilepsy. Because of these complications,
75% of patients may require further surgery in addition to
cranioplasty [25-37].

Underlying mechanisms for late complications of DC are
CSF malabsorption or obstruction of CSF flow. Some authors
believe that DC play a “flattening” role in the normally dicrotic
CSF pulse wave. Arachnoid granulation function is dependent
on the pressure difference between the subarachnoid space
and draining venous supply; so, it is possible that disruption of
pulsatile intracranial pressure dynamics secondary to opening
the cranial defect results in decreased CSF outflow and absorp-
tion, thus leading to hydrocephalus. SAH or IVH after TBI
may promote the development of hydrocephalus after
DC. Blood products may block CSF circulation or absorption
via an obstructive mechanism, due to a disturbance in CSF

absorption at the arachnoid granulation site. CSF absorption
decreases and accumulation increases, resulting in develop-
ment of chronic hydrocephalus. Thus, the initial benefit in
hemodynamic parameters can be soon changed by worsening
of hydrodynamic parameters [25-37].

Therefore, repositioning bone flap either with autologous
bone or synthetic bone is fundamental in rehabilitation and
restoring hydrodynamic function (Fig. 3.6). Such procedure
is usually technically simple and should be considered as
soon as acute phase of TBI has passed and clinical conditions
allow for cranioplasty. When PTH is present, cranioplasty
and VPS may be needed As a general rule, if there are no clear
signs or symptoms of elevated intracranial pressure, a first
step surgery with only cranioplasty should be tried, reserving
VPS for those cases with clear signs and symptoms of intra-
cranial pressure and persisting hydrocephalus after bone
repositioning. This rationale lies on the potential improve-
ment of PTH just due to repositioning of the bone, avoiding
additional surgery (VPS) and its complications [25-37].
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Challenges and Complications

of Immobility

Christina May Moran de Brito, Linamara Rizzo Battistella,
and Maria Lucia Costacurta Guarita

The conception, among many others, that the human being
was created to work [1] is one of the oldest and most debated
principles that guide humanity. However, without addressing
the merit of the anthropological discussion of this concept,
what is increasingly proved by science is that the body was
made to function. Vital function is intrinsically associated
with the production of energy, and an organ that is not stimu-
lated degenerates, atrophies, and may even irreversibly lose
its function [2].

Indicated as a “medical treatment” since the nineteenth
century [3], most of the scientific community ignored the
deleterious effects of bed rest until the mid-1950s [4]. Bed
rest, in principle harmless, was seen as something that
allowed body restoration by reducing metabolic demand [5],
and so it was of the utmost importance for one’s recovery.
Thus, prescriptions recommended excessive bed resting
periods or even contained incorrect indications [6]. Vestiges
of this conduct exist to this day, not because of the persis-
tence of the bed rest culture in the popular scope but because
of its persistence also in the medical environment [7].

Many studies published in subsequent years analyzed the
effects of immobilization from the organic and functional
points of view and its impact on the quality of life of bedrid-
den patients [8].

A meta-analysis consisting of 39 randomized studies
about the effect of bed rest on 15 different diseases and after
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24 medical procedures showed that immobilization was not
beneficial; on the contrary, it could be harmful [6].

The advancement of aerospace science and the develop-
ment of studies submitting normal individuals to experimen-
tal models of forced bed rest (“elevated limb,” “casted limb,”
and “bed rest and microgravity”) provided better physiologi-
cal understanding of immobilization [9].

In addition to the most evident complications, such as
deformities, joint pain, loss of muscle mass, deep vein
thrombosis, and atelectasis [10], injuries to the cardiovascu-
lar [11], endocrine [12], immune [13], gastrointestinal [14],
excretory [15], vestibular [16], cognitive [17], and psycho-
logical [18] systems have also been reported.

With the growing survival of individuals in critical condi-
tions [19], this fact became even more evident. This occurred
because scientific and technological knowledge increased
the number of so-called intensive care unit survivors, which
resulted in a threefold increase in the number of patients
referred to rehabilitation centers to treat hospital-acquired
disabilities [20].

Roughly, 60-70% of individuals who are released from
intensive care units present some degree of motor disability
[21], and 50-70% have some type of neurocognitive impair-
ment, both acquired during hospital stay [22].

According to the World Health Organization [23], quality
of life is directly related to the degree of independence and
physical, psychological, social, and spiritual statuses of indi-
viduals. Hence, as bed rest can have a negative impact on
most of these domains, many studies have correlated immo-
bilization with worse quality of life in hospitalized patients
submitted to prolonged bed rest [24-26].

Given above, medical services around the world have
been working on the development and implementation of
early intervention protocols aiming at fast mobilization of
bedridden patients in detriment of harmful bed rest [27-29].

Until now, early mobilization provided by an effective
multidisciplinary approach has proven a positive, viable, and
low-risk strategy [10, 30].
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Older patients or patients with chronic diseases or dis-
abilities are especially more susceptible to the adverse effects
of immobilization [31].

However, studies in the literature correlating immobiliza-
tion in patients with traumatic brain injury are scarce. The
few studies on the topic reported that bed rest did not provide
a positive, but possibly a negative, contribution to the recov-
ery of these patients [32-34].

Thus, debating and further studying this topic are of the
utmost importance, not only because of the long hospital
stays that these individuals experience but also because of the
harm caused by the incorrect management of orthosis and the
disabling nature of this type of injury. The earlier an injured
nervous system is stimulated, the better the prognosis [35].

The objective of this chapter is to review the negative
effects of bed rest on many systems, correlating them to the
peculiarities of patients with traumatic brain injury. The
available interventional strategies in the rehabilitation scope
for early, effective, and safe mobilization will also be
approached.

Musculoskeletal, Nervous,
and Integumentary Systems

The integumentary, nervous, and musculoskeletal systems
have an intrinsic relationship with one’s degree of function-
ality and independence.

Given the neuromuscular impairment inherent to trau-
matic brain injury, patients who suffer this type of injury are
more susceptible to the deleterious effects of immobilization
of these systems as a result of many factors, which will be
discussed.

The main musculoskeletal and neurological complica-
tions related to immobilization cited in the literature, regard-
ing these systems, are muscle atrophy, fatigue, changes in
bone density, heterotopic ossification, contracture deformi-
ties, peripheral and central nervous system involvement,
behavioral and cognitive changes, pressure ulcers, and pain.

Muscle Atrophy and Fatigue

A person in complete bed rest loses from 1% to 3% of their
muscle strength per day of immobilization [36]. In 4 weeks,
immobilized individuals are estimated to lose 69% of their
net muscle weight [37], the loss being more significant
between the second and tenth day of bed rest due to edema
and tissue fatty replacement [8, 31, 38].

The lower limbs of a healthy individual in complete bed
rest are more affected than the upper limbs [39], and among
muscles, the most affected are those composed predomi-
nantly of type II fibers and related to movement instead of

joint stabilization, such as the rectus femoris muscle com-
pared with the vastus intermedius muscle [8], and especially
antigravitational movement.

The mechanism responsible for muscle atrophy and
weakness involves a complex group of interrelated processes
[10]. Lack of use and inflammation seems to be the main fac-
tors related to the deterioration of the muscular system, pro-
moting mass loss, reduction of the number of contraction
fibers, and reduction of contraction strength, especially of
type II fibers [40].

Muscle immobilization seems to change the balance
between muscle protein synthesis and lysis, affecting the for-
mer more intensely [41]. Low protein synthesis would stem
from 4E-BP-1 mRNA inhibition of protein synthesis initia-
tion factors. Excessive protein lysis would be triggered by
three distinct pathways: the calcium-dependent protease cal-
pain, lysosomal cathepsins, and the ubiquitin-proteasome
system [10].

Meanwhile, the inflammatory pathway would be trig-
gered in later phases of prolonged bed rest by increasing pro-
inflammatory cytokines (IL-1 beta, IL-2, and interferon
gamma) [42] and producing reactive oxygen species (ROS),
which promotes a negative protein balance [43]. This same
pathway includes the relationship between the extra cyto-
kines and higher insulin resistance, since hyperglycemia has
been demonstrably associated with higher neuromuscular
involvement. Simultaneously, low oxidative enzyme capac-
ity, which decreases the contraction of type II fibers, associ-
ated with low vascular flow in the immobilized muscles and
changes in the size of the plaque of terminal acetylcholine
receptors, induces low fatigue resistance.

The majority of patients with traumatic brain injury in the
first stages of recovery have low protein intake, which, when
associated with the motor and cognitive impairments caused by
the trauma, further increase the abovementioned muscle degra-
dation. On the other hand, studies of spastic patients have found
an increase in the muscle mass of the most spastic limbs com-
pared with those with mild or without spasticity [44].

Changes in Bone Density

Numerous are the factors that affect bone quality, such as age
and genetic factors, pharmaceuticals, and diseases, among
others. Nevertheless, one of the main factors associated with
inactivity that reduce bone mineral density is the absence or
decreased level of gravity-induced mechanic compression
and traction stimuli and/or muscle contraction stimuli [45].
Animals submitted to different gravities present changes
in the trabecular and cortical bone structures, mineralization
pathways, collagen metabolism, and calcium excretion [46].
These losses begin quickly, occurring a few weeks after
immobilization. They are self-limited and reach a peak after
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20-30 weeks. In more severe cases, they are partly irrevers-
ible, even years after resuming mobility [47]. The immobiliza-
tion of forearms and wrists in males and females for almost
5 weeks resulted in significant bone loss, which was not recov-
ered after 5 weeks of hand remobilization and therapy [48].
Individuals submitted to microgravity had bone deficiency in
the calcaneus bone as long as 5 years after exposure [49].

In the first months of immobilization, bone mineral loss is
mainly attributed to higher bone resorption [50]. Although
the pathophysiology has not been well established, osteo-
blasts in vitro in microgravity environments responded dif-
ferently to systemic hormones and growth factor [51].

Given that the fluid movement inside bone gap junctions
and canaliculi provides a significant collaboration to the
preservation of the skeletal matrix, studies in vivo have found
that bone movements change the pressure of this liquid in the
skeletal cells, which in turn stimulate the release of signaling
molecules that mediate bone remodeling [52, 53].

Another bone remodeling mechanism, also impaired by
the lack of mechanic bone stressors and increasingly accepted
by the scientific community, is promoted by the sympathetic
nervous system, which stimulates remodeling via beta-
adrenergic receptors. This pathway could also be influenced
by lesions in the central nervous system, which, in turn,
would cause metabolic, neurovascular, and molecular disor-
ders, generating the so-called neurogenic osteoporosis.

Hence, one can speculate that individuals with traumatic
brain injury are more susceptible to bone involvement
because they have more than one causal trigger of bone mass
reduction stimuli.

Age and injury location aside, this fact could also be rein-
forced by bone density changes, which indicate the different
bone qualities of a healthy and a compromised limb of
patients with stroke or spinal cord injury [54, 55].

Additionally, in the initial critical stage of traumatic brain
injury, patients often present nutritional changes, severe weight
loss, inflammatory processes and hormonal changes secondary
to thyroid and gonadal disorders, and changes related to the
growth hormone and insulin-like growth factor 1 [56]. All these
factors may have a negative impact on bone integrity, along
with immobilization and nervous system injury.

Although many studies have found a negative correlation
between spasticity and bone mineral density, some studies
have reported a positive correlation between high spasticity
and worse bone mass quality [57, 58].

Heterotopic Ossification

Still on bone involvement, heterotopic ossification [HO]
could not be omitted. This disease develops in situations of
immobilization and is usually associated with central ner-
vous system lesions [59].

HO is defined as the presence of bone tissue in places
where bone normally does not exist. This abnormality
stems from a metaplastic process with bone neoformation
in soft tissues, usually adjacent to large joints (hip, elbows,
knees, and shoulders) [60]. Its etiology is still unknown,
but many factors responsible for osteoblastic activation
through bone-forming proteins have been studied, such as
the stimulus caused by the central neurological lesion
itself [61].

Potential HO-related complications are limited joint
amplitude with functional impairment, pain, nerve compres-
sion, and worsening of spasticity [62].

Contracture Deformities

As mentioned earlier, significant changes in the muscle tis-
sues of previously healthy limbs occur after some weeks of
immobilization. These, in addition to changes of the other
structures that involve the joints, such as ligaments, capsules,
disks, and menisci, may cause structural and disabling
deformities.

Experimental animal studies have found roughly a 12.5°
loss of amplitude of joint movement after 2 weeks of immo-
bilization, which may increase to 51.4° after 32 weeks of bed
rest [63].

The pathophysiology of this joint phenomenon has not
been well defined, but replacement of type III collagen
fibers by type I collagen fibers after 1 week of immobiliza-
tion of a healthy joint has been described, with reduction of
total elasticity [64]. Yet, low production of collagen fibrils
in the ligaments reduces their long-term resistance and
increases osteoclastic activity in the ligament-bone inter-
face [65].

An inflamed joint deserves special attention given that
short-term immobilization is indicated to reduce the con-
centration of type I interleukin and increase proteogly-
cans, necessary for cartilage protection. However, the
presence of inflammation and pain increases the risk of
long-term contracture deformities, so the former cannot
be excessive [31].

Given the traumatic nature of the lesion, patients with
traumatic brain injury may have three factors that promote
the development of contracture deformities in addition to
immobilization: motor changes, spasticity, and/or other joint
inflammation processes stemming directly from the poly-
trauma, such as fractures, ligament lesions, etc.

Since paresis or paralysis in traumatic brain injury patients
in the initial stages of the trauma can even progress to com-
plete functional recovery, segmental immobilization, with
the introduction and maintenance of orthosis, should be done
carefully and under supervision.
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Pressure Ulcers

In addition to the collagen changes mentioned earlier, which
increases contracture deformities, another frequent and dis-
abling change in patients that remain immobilized for pro-
longed periods is pressure ulcers.

A 3-month study of 530 patients hospitalized for clinical
or surgical reasons found that 11.3% of these patients had
pressure ulcers, and immobilization was the main risk factor
for pressure ulcer development [66].

Likewise, a study proposing an early mobilization pro-
gram over a period of 12 months in 3233 intensive care unit
patients found a 3% reduction in the incidence of pressure
ulcers [67].

In addition to motricity changes stemming from the cen-
tral nervous system lesion, traumatic brain injury patients
may also present other risk factors for skin lesions, such as
sensory changes, nutritional deficiencies, metabolic changes,
spasticity, neurotrophic changes, and long intensive care unit
stays. The strategies proposed to lower the incidence of pres-
sure wounds in patients with traumatic central nervous sys-
tem lesions include not only early mobilization, with assistive
position change when active movement is impaired, and
assistive devices that reduce friction and shear, but also rig-
orous surveillance and, if necessary, correction of plasma
hemoglobin level and introduction of oral feeding, as soon as
possible, and skin hydration [68].

Neuronal Involvement and Cognitive
and Behavioral Changes

Neuroplasticity occurs in adulthood in response to natural
cell maturation associated with neuronal use or lack of use
[69]. As the field of diagnostic tests involving functional
analyses of the various levels of the nervous system advances,
more pieces of evidence of the negative impacts of immobi-
lization on this system are frequently being discovered.

The changes seen in bedridden patients or patients in
microgravity environments for prolonged periods include
sensory disorders, altered vestibular reflex responses, lack of
coordination, balance changes, reaction speed, attention,
planning, memory, spatial-temporal orientation, body per-
ception, level of anxiety, depression, and insomnia [9, 16, 17,
64,70, 71].

The pathophysiology of these changes has not been well
defined, but some studies have suggested a correlation
between stimulus to the vagal tone and growth of white and
gray masses in the prefrontal cortex after observing the
higher brain volume of individuals submitted to frequent
aerobic exercises [17]. Regarding the peripheral nervous sys-
tem, animal nerve diameter changes proportionally to immo-
bilization duration [72].

Two entities often mentioned in the current literature,
which have immobilization and sensory deprivation as their
greatest risk factors, must also be cited: delirium and post-
intensive care syndrome. The latter is proof that the sequelae
of immobilization may continue after the patient is released
from the hospital and may even become permanent.

In addition to the damages to central nervous system and
motor system secondary to trauma, traumatic brain injury
patients may also develop post-traumatic stress disorder, fur-
ther aggravating the cognitive-behavioral domain [73].

Strategies must be addressed toward the provision of
information to promote better orientation of the patient, and
stimulus must be done during the day, in respect to the physi-
ological sleep-wake cycle.

Pain

Pain may be related to immobilization in many domains, but
little is known about its pathophysiology. It may result from
involvement of the nociceptive, neuropathic, and mixed
pathways.

Patients exposed to stress or excessive sensory depriva-
tion present low tolerance to painful stimuli because of neu-
roplasticity changes [74, 75]. Likewise, changes in
integumentary and muscle tissues (atrophy, contracture
deformities, skin lesions) may trigger constant unpleasant
stimuli, which generate even greater suffering in under-
weight, restrained, and/or functionally dependent patients,
who often have impaired communication skills.

Traumatic brain injury patients are no exception, and to
make matters worse, they may have various inflammatory
processes due to the etiology of the disease and to nervous
system lesions that may evolve to sensory changes (allo-
dynia/ dysesthesia) and/or presence of pain of central ner-
vous system origin.

About 51.5% of traumatic brain injury patients will
develop significant chronic pain after the accident, including
patients with mild lesions. This pain does not appear to be
associated with a history of depression or the development of
post-traumatic stress disorder [76].

Analgesic measures must watch out for sedative effects
and may include physical modalities.

Cardiovascular and Pulmonary Systems

The cardiovascular and pulmonary systems are two other
systems that may suffer significantly with immobilization.
The first one suffers from the rapid adaptation of the blood
vessels and the cardiac pump to the decubitus position, and
the slow and often risky recovery of their function as ortho-
statism is regained. The second one suffers because of adap-
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tations to the lower oxygen demand during bed rest,
adaptations associated with numerous complications, such
as pneumonia and atelectasis.

Cardiovascular Adaptation

When a healthy person stands up from a lying position, the
heart rate increases by 32%, 62%, and 89% after 3 days,
1 week, and 6 weeks, respectively, of complete bed rest.
Systolic volume may reduce by 15% after 2 weeks of bed
rest [77]. After 20 days of bed rest, VO2 max can decrease
by roughly 27% [78]. Three weeks of immobilization may
decrease cardiac performance by 25% [79]. In addition to
the physiological cardiovascular adaptations to the horizon-
tal position, time will promote further pathological changes
to the structures responsible for the adaptive cardiac
response to postural changes, impairing cardiovascular
function recovery as patients exposed to immobilization
stand up [9].

Deep Vein Thrombosis

Another known complication of immobilization is deep vein
thrombosis, promoted mainly by venous blood stagnation
and increased blood coagulability [80]. Stagnation may lead
to an increase of thrombin, which promotes platelet aggrega-
tion and thrombosis [81]. If left untreated, venous thrombo-
sis may evolve to potentially fatal pulmonary embolism. In
traumatic brain injury patients, the presence of lower-limb
paralysis and the trauma itself may increase the risk of devel-
oping this complication [82].

Trauma patients with prolonged bed rest, frequently com-
bined with segmental paralysis that might result from brain
injury, are at high risk for deep vein thrombosis and demand
mechanical and pharmacological interventions for its
prevention.

Postural Hypotension

As mentioned earlier, in addition to cardiovascular changes,
immobilization also causes changes to the sympathetic-
adrenergic system [83]. Hence, the response to baroreceptor
stimulation in individuals not exposed to bed rest is different
in individuals exposed to approximately 3 weeks of bed rest
[84]. This process may take from 20 to 72 days to recover
once mobilization is resumed [31]. Increased beta-adrenergic
activity caused by immobilization may be responsible for
this intolerance [85], associated with the more recent finding
of intolerance associated with changes in the vestibulosym-
pathetic reflex [16].

Progressive early mobilization strategies, care of fluid
balance and systemic hydration, and surveillance toward the
possible adverse effects of the medication in use must be
applied.

Atelectasis and Pneumonia

Immobilization causes changes in the respiratory system,
namely, changes in pulmonary blood flow, tissue structure,
and ciliary movement, and decreased diaphragmatic excur-
sion, with repercussions on functional residual capacity and
effectiveness of coughing [86, 87]. In turn, these changes
increase the risk of atelectasis and risk of airway infection.

Traumatic brain injury patients are four times more sus-
ceptible to Pneumonia than the general population [88].
Among other reasons, this higher susceptibility occurs as a
result of dysphagia and the frequent use of invasive mechani-
cal ventilation [89].

Hence, preventive measures to the deleterious effects of
immobilization on the respiratory system are critical in this
type of patient to reduce their morbidity and mortality rates.
Respiratory exercises, with or without the use of support and
assistive devices, must be part of the rehabilitation interven-
tions, as adequate positioning and early mobilization.

Endocrine and Metabolic Disorders

The greatest and best known changes in the endocrine sys-
tem associated with immobilization are increased peripheral
insulin resistance, which is related to higher morbidity [90];
high parathormone associated with low growth hormone,
which changes bone density [91]; and high adrenocorticotro-
phic hormone, possibly triggered by the stress experienced
by critical care patients [31].

With respect to metabolic changes, potassium-, sodium-,
nitrogen-, magnesium-, and calcium-related disorders have
been associated with immobilization. Immobilization rarely
causes severe electrolyte imbalance, but it is important to bear
in mind patients with renal failure [31] and the association
between high serum potassium, sodium, and calcium and low
cerebral blood flow in traumatic brain injury patients [92].

Digestive and Excretory Systems

Immobilization repercussions on absorptive functions are
commonly found in these two systems, such as atrophy of
the intestinal mucosa and glands; intestinal motility disorder,
which causes constipation and reflux; and sphincter dysfunc-
tion, which generates urinary stasis with the formation of
calculi and higher incidence of infections [31].
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Traumatic brain injury patients already have a high inci-
dence of gastrointestinal tract changes due to the nature of
the lesion. These changes can be related to deglutition disor-
ders, fecal incontinence, and intestinal constipation [93]. The
excretory system may also be affected, resulting in urinary
incontinence, which may affect up to 62% of these patients
during the acute phase [94].

Given the negative repercussion of these problems on the
patient’s social and clinical domains, and the high suscepti-
bility of traumatic brain injury patients to these problems,
the implementation of early mobilization strategies is vital to
avoid the deleterious effects of immobilization. They include
pharmacological and non-pharmacological interventions,
which include dietetic measures, adequate positioning,
abdominal maneuvers, and the use of the gastrocolic reflex,
apart from the early mobilization strategies.

Early Mobilization

The mainstay of treatment lies on early mobilization strate-
gies, since the acute phase, and that include critical ill
patients. The early rehabilitation of critically ill patients has
proven a feasible and safe approach that may promote
improved physical function, greater independence in activi-
ties of daily living [ADLY], and an accelerated process of the
return to premorbidity activities, with reduced symptoms of
fatigue and dyspnea [24, 28, 95-99]. In addition to those
benefits, early rehabilitation has also been associated with
other relevant clinical outcomes, including preventing the
incidence of ICU-acquired muscle weakness and reducing
the time of weaning from mechanical ventilation [MV], the
length of hospital stay, and costs [27, 100-104].

Bedridden and comatose patients unable to cooperate
with the therapy should receive passive mobilization and
multisensory stimulation. Stimulation and activities must be
applied in an organized, planned, and isolated manner during
daytime. Family and caregivers should be involved. Passive
mobilization should include progressive passive orthostatic
training with the monitoring of vital signs. Orthostatic train-
ing contributes to sensory stimulation toward arousal, car-
diovascular response, and the prevention of orthostatic
hypotension [104], total lung capacity [105], gastrointestinal
regulation and the prevention of contracture deformities and
also to the alleviation of the pressure of some skin areas. As
the patient improves collaboration and mobility, the use of
active exercises and neuromuscular stimulation may be
introduced. Contracture deformity prevention might demand
the introduction of orthosis, and pharmacologic interven-
tions might be needed if spasticity is present.

Regarding bone loss prevention, pharmacologic interven-
tions must be added to mobilization strategies especially in
the presence of paralysis to minimize bone reabsorption.

Vitamin D must also be maintained or replaced, and mini-
mum calcium intake must be provided [54, 58].
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Introduction

The Brain Injury Association of America (BIAA) defines
TBI as brain injury, neither degenerative nor congenital,
caused by external physical force. TBI is normally caused by
a dynamic impact to the head, resulted from localized shock
or from sudden movements produced by shock in other parts
of the body. This can result in a combination of compression,
expansion, acceleration, deceleration, and rotation of the
brain inside the cranium. The complex pathophysiology of
TBI includes secondary pathologic processes in the brain as
inflammation, ischemia, edema, oxidative stress, apoptosis,
excitotoxicity, mitochondrial dysfunction, and many chronic
secondary changes [1]. In general the lesion site after TBI
may be more diffuse than after stroke and the common region
of lesions differ among TBI patients. So TBI lesion can pro-
duce altered or diminished state of conscience and disabili-
ties on cognitive, behavioral, emotional, or physical
performance. There are also several common neurobehav-
ioral complications after TBI [2]. Moreover behavioral
symptoms such as depression and anxiety can overlap with
cognitive and motor symptoms. Apathy, fatigue, and atten-
tion also modify the clinical pattern of motor, cognitive, and
mood clinical complications [3-5]. TBI involves a gradual
reactivation of brain function as compensatory and associa-
tive circuits. The entire recovery process is in itself dynamic
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and can be significantly altered by external events, stimula-
tion, and training. But while cognitive dysfunction after TBI
is the most common claim cited by caregivers, the extent of
injury to the motor system and to motor-related cognitive
circuits often overlaps. So rehabilitation includes all four
function domains: physical, mental, affective, and social [6].

There are multiple therapeutic strategies that are currently
employed for improved neurologic disabilities of TBI
patients. Despite continued progress and efforts in occupa-
tional, physical, and cognitive rehabilitation, there are many
significant unmet clinical needs for more specific and effec-
tive therapies [6]. Thus, functional use combined with stimu-
lation may improve late outcome in TBI. Recent advances in
our understanding of neural circuitry have support innova-
tive neuromodulation approaches to enhance the functional
recovery in patients with acquired brain disorders. A large
area of rehabilitation has translated the concept of activity-
induced recovery. This emerging approach to motor restora-
tion is now multimodal. It engages the traditional
multidisciplinary rehabilitation team with highly structured
activity-based therapies, pharmacology, brain stimulation,
and robotics [7-17]. Similarly, there is continued support for
intensity as a key factor in activity-based therapies and
skilled and nonskilled interventions. Aerobic training
appears to have multiple benefits: increasing the capacity of
gait improvement and endurance for activities of daily living
and promoting cognition and mood [18].

Because external stimulation involves constant exchange
between outputs from the brain and inputs to brain activa-
tion, these approaches may enhance neural circuitry over
time, strengthening endogenous plasticity. Thus, in addition
to treating specific clinical symptoms of TBI, an early target
stimulation of function as robotic therapy may enhance con-
nectivity since brain functional recovery depends in part of
activity-dependent mechanisms. In this way numerous reha-
bilitation robotic devices have been developed since the late
1990s [19, 20].
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Robotic Therapy

Robotic rehabilitation technology can be classified as
“service,” “assistive,” or “therapeutic.” Service-based devices
are compensatory for patients who cannot provide sufficient
voluntary movement to perform a task. Therapeutic devices
provide task-specific training. Assistive devices provide vari-
able amounts and types of assistance to help the patient com-
plete a task [20]. Rehabilitation robotic devices may also be
described as end-effector type or exoskeleton type. End-
effector-type devices apply mechanical forces to the distal
segments of limbs, whereas exoskeleton-type devices pro-
vide direct control or support of multiple joints to enable
functional movement [21, 22]. Although training robots may
be clinically useful in many neurological disorders (cerebral
palsy, traumatic brain injury, spinal cord injury), stroke ther-
apy is the most studied application. The reasons for this
focus on stroke include the large number of people affected;
the well-documented motor, cognitive, and behavioral defi-
cits; and the relatively focal deficits that commonly leave
stroke survivors capable and motivated to participate in
robotic therapy [23].

Although the optimal amount of therapeutic exercise
post-TBI remains unknown, an advantage of robotic
assistance is the possibility for patients to carry out a
great number of movement repetitions, increasing the
intensity of therapy. So it’s capacity to deliver highly
intense and repetitive motor practice is the most obvious
benefit of robotic therapy. Robot therapy is still interest-
ing since it improves more movement opportunities than
standard therapy. Moreover rehabilitation robotic ther-
apy should be able to respond to any grade of movement
made by the patient (thus minimum pathological). This
must be based on a fine control of the mechanical inter-
action with the patient’s limb [24]: more than assisting
the movement, the goal is to help the patient recover his/
her sensorimotor capability. It is important to know that
studies describing randomized rehabilitation strategies
in TBI patients are restricted [25]. Happily, animal stud-
ies have support us to obtain reliable biomarkers for neu-
roplasticity that have been used to study stimulation
therapies in TBI. Physical activity is increasingly being
reported as producing beneficial effects on the brain
[26]. Rats that are exercised in a voluntary running wheel
after injury show increases in BDNF, CREB, synapsin at
hippocampus [27, 28], and clinical cognitive improve-
ments [29]. On the other hand, despite the neuroprotec-
tive effects of exercise, premature postconcussive
exercise has been linked with an exacerbation of post-
concussive symptomatology such as depression and cog-
nitive deterioration [30, 31], even as animal studies have
shown that forced exercise administered early following
cortex injury increases the brain lesion size resulting in

a behavioral impairment [32]. So effects of exercise after
TBI are time-dependent, and this could explain why
many studies about robotic therapy and TBI have better
results at chronic patients failing to show good results in
the acute phase.

Another important advantage of robots is their ability to
deliver a well-defined and reproducible form of exercise
therapy. Human therapists vary from person-to-person and
from session-to-session in the specific activities that consti-
tute exercise therapy. This lack of standardized therapy
makes it difficult to compare different therapy techniques. In
contrast, robots deliver exercise therapy based on their pro-
gramming that varies only based on the patient’s perfor-
mance and as determined by their own pre-established
parameters, and this ability to precisely control the therapy
delivered enables reliable studies to compare different treat-
ment options and optimize motor retraining. Beside this, the
goal of the rehabilitation training is not only to maximize the
number of repetition but to maximize the patient attention
and voluntary sensorimotor and cognitive participation.
Moreover, studies suggest us that monotonous exercises pro-
vide worse retention of a skill compared with exciting train-
ing. In this way again, robotic therapy seems to be a very
promising therapeutic option. Many robots can incorporate
virtual reality or gaming scenarios to make exercises more
interesting for the patient and to maintain a high level of
patient motivation. Besides, while the pioneer devices only
controlled articular motion in a single plane, more recently
approaches provide 3D interaction at the joint level. These
characteristics offer new and interesting perspectives for
rehabilitation [20, 23].

In spite of these advantages, robotic therapies have not yet
proven to be more effective than dose-matched human deliv-
ered treatment. While upper-limb and lower-limb exoskele-
tons have been used in the clinical practice for several years
now (see InMotion© and the Lokomat© by Hocoma), their
clinical effects have been little studied. Moreover while
robots can be programmed to provide motivating stimuli,
they lack the nuanced ability of a human therapist to detect
the patient’s emotional state, motivation, and engagement.
So robots are unable to adjust therapeutic strategies accord-
ingly humor patient. In this way, in TBI rehabilitation, more
than stroke patients, this kind of fine control is essential. We
know that the main difference about stroke and TBI patients
is the fact that stroke patients exhibit more motor than cogni-
tive impairments, while TBI patients present devastating
emotional, behavioral, and cognitive impairments within
general more slight motor impairments. Moreover most of
the literature reviews on robotic devices for rehabilitation
concentrate their results in study of just motor functions and
rarely cognitive or motor cognitive association impairments.
Unhappily this is very disappointing; once at TBI patients,
the cognition is a major therapeutic goal.
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In this way a very interesting study by Debert et al. (2012)
[33] shows the potential of robotic assessments as a refined
model to identifying deficits in visuomotor control and posi-
tion sense following TBI. For each subject with TBI, a review
of the initial injury and neuroradiologic findings was con-
ducted. Following this, each subject completed a number of
standardized clinical measures (Fugl-Meyer Assessment,
Purdue Pegboard, Montreal Cognitive Assessment, Rancho
Los Amigos Scale), followed by two robotic tasks. A visually
guided task was performed to assess visuomotor control of the
limb. Robotic task performance in the subjects with TBI was
compared with findings in a cohort of 170 human healthy
without disabilities. Subjects with TBI demonstrated a broad
range of sensory and motor deficits on robotic testing. Notably,
several subjects with TBI displayed significant deficits in one
or both of the robotic tasks, despite normal scores on tradi-
tional clinical motor and cognitive assessment measures.

Subbian et al. (2014) [34] present the results of robotic-
assisted neurologic testing on mild TBI patients in acute
period and its ability to predict post-concussion syndrome
(PCS) at 3 weeks post-injury. Preliminary results show that
abnormal proprioception, as measured using robotic testing,
is associated with higher risk of developing PCS following
mild TBI.

Kiguchi et al. (2007) [35] compared the mechanical
design of selected robotic devices for upper extremity reha-
bilitation. Robotic interventions can offer kinetic measure-
ments (force and torque trends) and electrograms (such as
EEG and EMG) to provide further cognitive insights on the
improvement of motor function. They further recommend
that the assessment should focus on kinematic analysis more
than in electrograms analysis, even this kind of data are cur-
rently searched.

Lapitskaya et al. (2011) [36] perform a study with 12 TBI
patients, and 14 healthy controls underwent a single training
session on a computer-driven gait orthosis (Lokomat®). The
sensory pathways were assessed using sensory evoked poten-
tials (SEPs). The global delta-alpha EEG power ratio (DAR)
and latency of the P300 component of the event-related
potentials were assessed prior to and following a training
session. Baseline measurements showed impaired SEPs in
the majority of patients and significantly larger DAR in
patients compared to healthy controls. Robotic gait training
resulted in a reduction of the DAR in healthy subjects but not
in patients. No changes were observed in P300 latencies after
training in either patients or healthy controls. The study
showed that robotic gait training induced measurable changes
in the EEG power spectrum in healthy individuals, while no
changes were observed in patients with severe TBI. The
absence of the EEG changes following training might be an
indicator of the severity of brain dysfunction and highlight
the importance of minimal cognitive participation of patients
for better results.

Recent extensive clinical testing of upper- and lower-limb
robot devices (which has been used in clinical practice for
many years) has demonstrated its effectiveness with signifi-
cant improvements in motor capacity of many neurological
conditions [37-46]. However, it is controverse if it has a
qualitative benefit of robotic devices over a therapist per-
forming the same quantity of movements at TBI patients
[47-49].

Several studies have been done using robotic body weight-
supported treadmill training (RBWSTT). Although some of
the results were encouraging, there is still uncertainty regard-
ing the right patient selection, the right timing, and the best
protocol for RBWSTT treatment following TBI. The major
benefit of training with the RBWSTT is that patients can
practice intensive gait training in a safe and controlled envi-
ronment. This added security allows individuals to begin
walking as soon as they are medically stable at an early stage
of very severe motor impairment which is important not only
for functional returns but also for prevention of secondary
complications such as deep venous thrombosis (DVT), mus-
cle atrophy, cardiovascular deterioration, and pneumonia.
The intensity of the training can be also graded by walking
speed. In addition, unlike treadmill training sessions that
may be limited by therapist fatigue, training sessions on
robotic devices like the Lokomat are time-unlimited. Besides
the possible neuromodulator effect of robotic therapy, tread-
mill training following brain has significant cardiovascular
and muscular effects.

Beretta et al. (2015) [50] evaluate a group of 23 patients
with TBI who underwent 20 sessions of robotic-assisted gait
training (RAGT) in addition to traditional manual physio-
therapy (PT). All the patients were evaluated before and after
the training by using the Gross Motor Function Measures
(GMFM) and the Functional Assessment Questionnaire.
Ambulant children were also evaluated through the 6-min
walk test (6MinWT). After the training, the GMFM showed
significant improvement in both dimensions “D” (standing)
and “E” (walking). In ambulant patients the 6MinWT showed
significant improvement after training, and robotic parame-
ters highlighted a significant increase in cadence, velocity,
and stride length. Moreover, hip kinematics on the sagittal
plane revealed a statistically significant increase in range of
motion (ROM) during the whole gait cycle, increased hip
extension during terminal stance, and increased ROM during
the swing phase. The data suggest that the combined pro-
gram, RAGT+PT, induces improvements in functional activ-
ities and gaits pattern in children and adolescents with TBI.

Esquenazi et al. (2013) [51] perform a randomized pro-
spective study with 16 participants with TBI randomly
assigned to either the robotic-assisted treadmill training
(RATT) or manually assisted treadmill training (MATT)
group to compare the effects of RATT and MATT on walk-
ing self-selected velocity (SSV). Gait training for 45 min,
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3 times a week with either RATT or MATT for a total of 18
training sessions, was performed. As results they found that
between-group differences were not statistically significant
for any measure. However, from pretraining to post-training,
the average SSV increased by 49.8% for the RATT group
(P=0.01) and by 31% for MATT group (P =0.06). The aver-
age maximal velocity increased by 14.9% for the RATT
group (P = 0.06) and by 30.8% for the MATT group
(P = 0.01). Step-length asymmetry ratio improved during
SSV by 33.1% for the RATT group (P = 0.01) and by 9.1%
for the MATT group (P = 0.73). The distance walked
increased by 11.7% for the robotic group (P = 0.21) and by
19.3% for manual group (P = 0.03). The results of this study
demonstrate greater improvement in symmetry of gait for
RATT and no significant differences between RATT and
MATT with regard to improvement in gait velocity and
endurance, providing evidence that participants with a
chronic TBI can experience improvements in gait parameters
with gait training with either MATT or RATT.

In 2015 the Cochrane Library published a review per-
formed to assess the effects of multidisciplinary rehabilita-
tion following TBI in adults 16—65 years of age, including
studies about robotic therapy [52]. As results we have that
within the subgroup of predominantly mild brain injury,
“strong evidence” suggested that most individuals made a
good recovery when appropriate information was provided,
without the need for additional specific interventions as
robotic. For moderate to severe injury, “strong evidence”
showed benefit from formal intervention, and “limited evi-
dence” indicated that commencing rehabilitation early after
injury results in better outcomes. For participants with mod-
erate to severe TBI already in rehabilitation, “strong evi-
dence” revealed that more intensive programs such as robotic
treatment are associated with earlier functional gains. The
context of multidisciplinary rehabilitation appears to influ-
ence outcomes. “Strong evidence” supports the use of a
coordinated rehabilitation model for patients with severe
brain injury, in which comprehensive cognitive rehabilitation
takes place in a therapeutic environment and involves a peer
group of patients with intensive motor training.

Unhappily no currently available robot can assist TBI
patients with home activities of daily living (ADLSs) as learn-
ing dressing tasks or with bathroom transfers. Thus robots
tend to be used to supplement, rather than substitute for, con-
ventional therapy. Systematic review and meta-analysis of
the trials performed in stroke patients suggest that robotic
training improves motor impairment and strength but do not
improve ability to perform ADLs.

All together these results show us that there may be mul-
tiple roles for development of robotic technology in TBI,
depending on the specific purpose needed and particularly
symptoms to be treated. These may vary from simply detect-
ing the presence of mild TBI to more complex moderate and
severe TBI issues. Consequently, different interventions and

combinations of interventions are required to meet the needs
of patients with different problems. Once intensive interven-
tion appears to lead to earlier gains, and once group-based
rehabilitation in a therapeutic-enrolled environment (where
patients undergo neuropsychological rehabilitation with a
peer group of individuals facing similar challenges submit-
ted to intensive motor training) represents an effective
approach for TBI patients, robotic therapy could be a valu-
able tool in the TBI rehabilitation. Thus the most important
advantage of robotic systems could be their ability to provide
more intensive repetitive training than human therapists. But
this should not be used in isolation, but in conjunction with
other traditional therapies.

Conclusion

Robotic therapy and neuromodulation approaches may
enhance recovery from TBI, by directly enhancing axonal
sprouting and other mechanisms of neural compensation, as
well as modulating endogenous neural recovery plasticity
and cardiovascular, metabolic, and muscular effects.

The limitations to the application of robotics is defining
the more promising symptoms to be treated, how to optimize
predictive function, and the better therapy parameters.

Robots provide a safe method for providing well-defined,
reproducible therapeutic exercises. Advantages of robots
compared with dose-matched human therapy remain excit-
ing but still unproven. Some of the advantages of robotic
devices in delivering intensive therapy have been designed.
These advantages are very useful to TBI patients for which it
is precious to make the motor training coupled with cogni-
tive training. Adding measures of cardiac and metabolic
responses would make these devices better to rehabilitation
clinics.

However, these devices break down the rehabilitation rou-
tine service, and they are very expensive. Moreover the big-
gest disadvantage is they do not have the same “feel” as
therapists do. While robots have high-resolution sensors that
can also monitor such events, they uncommonly are pro-
grammed to do so. Integrating advanced concepts such as
virtual reality and quantifying impairments such as weak-
ness and spasticity are not in the routine.

Another future research point is to move robotic therapy
into the home environment, where patients require less
supervision. This approach requires devices that are easier to
use and also less expensive.

The effectiveness of robotics over conventional therapy is
exciting, but the best therapy strategy is still not clear.
Advances in robotic therapy and research are likely to
profoundly change the way we treat patients with TBI in the
future and the use of various rehabilitation modalities
together likely be the most promise.
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Extrapyramidal Syndromes After
Traumatic Brain Injury

Egberto Reis Barbosa, Sara Carvalho Barbosa Casagrande,
and Christian Henrique de Andrade Freitas

Traumatic brain injury (TBI) may account for a range of neu-
rologic syndromes. Generally, the resulting symptoms
depend on the trauma location and severity. In severe trauma
with structural brain abnormalities, the occurrence of move-
ment disorders is well recognized, mainly hyperkinesias
such as tremor, dystonia, and parkinsonism. The presence of
clinical-neuroanatomic correlations and the timing between
TBI and symptom onset are essential for the diagnosis. The
purpose of this chapter is to provide an overview of the
movement disorders associated with head trauma, their usual
characteristics and pathophysiology, as well as the appropri-
ate management of these disorders.

Tremor

Tremor is an involuntary and rhythmic muscle contraction
leading to trembling or shaking movement in one or more
parts of the body. It is the most common posttraumatic move-
ment disorder. Different types of tremor can emerge after a
TBI such as resting, postural, kinect, intention, and Holmes
tremor. The mean time between the TBI and the symptom
onset ranges from 1 to 3 weeks [1]. Usually, direct lesions on
cerebellar input/output or thalamic pathways or midbrain
connections are the main reasons for trauma-induced tremor.
Those brain areas are part of or play a role on the dentate-
rubro-thalamic tract [2]. Another important etiology is the
diffuse axonal injury (DAI), which typically results from
shearing forces from rotational accelerations/deceleration,
which have a predilection for axons at the gray-white matter
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junction. Thus, multiple brain areas are damaged at the same
time, disturbing the motor neurons input and output and
promoting different movement disorders such as tremor. It is
classic associated with high-energy close head trauma [3].
However, Biary and colleagues published seven cases of
mild to moderate TBI followed by postural and kinect tremor
after days to weeks of latency. At that time, CT scan and MRI
scan were without abnormalities, and the cause of posttrau-
matic tremor remained unknown. Therefore, small lesions or
biochemical changes were hypothesized as possible causes
[3-6] reported damage of the dentate-rubro-thalamic tract by
mild TBI in two patients. After a latency of 1-2 weeks, those
patients developed a resting and intention tremor.

Two retrospective studies (Table 6.1) analyzed the asso-
ciation between severity of TBI and tremor. A larger number
of patients were evaluated. The collected data showed that
either mild or severe head trauma could cause a disabling
tremor. The onset latency of tremor was just a little higher in
severe head injury. That is explained by the diffuse brain
damage and longer coma time which cause a delay in motor
recovery and consequently a delay in tremor onset [6-8].

Holmes tremor is described as a rest and intention tremor
with irregular amplitude and slow frequency and is also
known as rubral or mesencephalic tremor. However, such
terms are not used anymore because typical Holmes tremor
has been described in other brain area lesions, and guided
injury of red nucleus lesions fails to cause such tremor. It is
a very disabling condition. According to a recent review,
head trauma was the second main cause of Holmes tremor
[9]. Despite the poor or minimal results in posttraumatic
tremor, a few possibilities of oral medications can be used
such as levodopa, propranolol, and clonazepam [1, 10]. In
some cases, thalamic or zona incerta stereotactic lesional
surgery seems to be an effective treatment option [9-11].
Deep brain stimulation (DBS) is an emerging therapy with
encouraging results for post-TBI tremor. The main targets
are ventral intermediate nucleus of thalamus and globus
pallidus internus [12].
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Table 6.1 Data from two studies analyzing the relationship between severity of TBI and tremor onset

Number of
Author Severity TBI patients Tremor (%)  Types of tremor Latency
Krauss, et al. (Neurology [6, 7])  Severe head injury 221 42 (19%) Postural/kinect ~ LF: 2 weeks to 6 months
(GCS<9) /intention HF: Days to few weeks
Krauss, et al. (Movement Mild or moderate head 158 15 (9.5%) Postural/ HF only
Disorders [8]) injury intention Hours to few days
(GCS > 8)

GCS Glasgow Coma Scale, LF low frequency, HF high frequency

Dystonia

Dystonia is defined as a movement disorder characterized by
sustained or intermittent muscle contractions causing abnor-
mal, often repetitive, movements, postures, or both [12].
Other involuntary movements like tremor or myoclonia can
be associated. Krauss et al. [8] studied the occurrence of
post-TBI movement disorders in 398 survivors (with
Glasgow Coma Scale of eight or less) of severe head injury,
and 4.1% of them had dystonia. It may be difficult to distin-
guish dystonia from superimposed spasticity, and this can
compromise the treatment. The onset of dystonia can be vari-
able, from minutes to years after trauma [13, 14]. Usually the
progression is slow and tends to stabilized. The diagnostic
criteria of posttraumatic dystonia require a temporal and ana-
tomic relationship between the movement and the injury.
The subtypes are focal, segmental, and generalized hemidys-
tonia. Hemidystonia is the most common presentation of
post-TBI dystonia [13, 16-18].

Hemidystonia is one of the most common manifestations
of secondary dystonia associated with brain structural
lesions. Perinatal injury, closed-head injury, encephalitis,
and thalamotomy have been reported to cause hemidystonia
[19]. Krauss et al. published a series of nine patients with
posttraumatic dystonia, seven of eight patients with pure
hemidystonia had lesions involving the contralateral caudate
or putamen, and one patient with hemidystonia plus torticol-
lis had a contralateral mesencephalic lesion [13]. Dystonia
due to head injury accounts for 7-9% of all cases of symp-
tomatic hemidystonia [15]. Posttraumatic hemidystonia fre-
quently is associated with ipsilateral hemiparesis [14]. The
mean latency between injury and the onset of dystonia is
20 months [13]. It is possible that the delay of onset of dys-
tonia after static brain lesions is associated with the age at
trauma. Young patients (less than 7 years old) with hemidys-
tonia secondary to brain lesions had a longer latency between
the lesion and the manifestation of dystonia compared to
adults [20]. Manifestations of posttraumatic dystonia such as
cervical dystonia, segmental axial dystonia, and spasmodic
dysphonia are rare [13, 21, 22]. Lesions in the striatum, par-
ticularly in the putamen, thalamus, pontomesencephalic
region, and rarely in caudate nucleus and globus pallidus can

cause dystonia [23, 24]. It is very common in posttraumatic
dystonia the presence of focal cerebral lesions. Dystonia sec-
ondary to pallidal lesions are unusual [25, 26]. The mecha-
nisms involved are not understood.

Oral medication like anticholinergic drugs can be tried;
however, in posttraumatic dystonia, the response is usually
minimal. For post-TBI torticollis and other focal dystonias,
botulinum toxin (BTx) injections are indicated [27, 28]. In
case of refractory symptoms in post-TBI hemidystonia or
generalized and disabling dystonia, functional stereotactic
surgery is a treatment option [13]. DBS or ablative lesions
can be indicated. Usually the targets include the ventrolateral
thalamus, the subthalamic nucleus, and the globus pallidus
internus [29]. There are some studies comparing thalamic
targets versus pallidal surgery. The response to surgery for
dystonia is variable and dependent on cause. Patients with
secondary dystonia presented less improvement compared
with primary dystonia [29-32]. The effect can be earlier, and
a few reports demonstrated long-term efficacy of DBS [33—
35]. Selected patients with posttraumatic hemidystonia,
including following penetrating head injury, represent one
group of secondary dystonias that might benefit from DBS
surgery [36]. In patients with generalized dystonia associ-
ated with spasticity or hemiballism, an intrathecal baclofen
via an implanted pump may provide improvement of the
symptoms [37-39]. In dystonia secondary to subdural hema-
toma, including in a report of Pisa syndrome (tonic flexion of
trunk), the outcome is favorable after drainage of the hema-
toma [40-42].

Parkinson Disease

Parkinson disease (PD) is the second most common neurode-
generative disease around the world. According to the
Movement Disorder Society, the core feature of this disease
includes bradykinesia plus rest tremor or rigidity [43].

The discussion regarding PD and traumatic brain injury
(TBI) has been going on for a long time. The first one that
hypothesized a relationship between TBI and PD was James
Parkinson, in his An Essay on the Shaking Palsy in 1817.
Since then, much research has been done on that topic [1].
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An important epidemiologic study suggested that several
environmental factors, including TBI, may increase the risk
of PD [44]. Crane and colleagues analyzed the late effects of
TBI with loss of consciousness through clinical signs and
autopsy and its association with neurodegenerative process.
After collecting data from three prospective cohort studies,
an increased risk for Lewy body accumulation and PD was
found [45]. A recent retrospective cohort study was per-
formed among the emergency departments from California
hospitals. A total of 165,799 patients were enrolled in the
study, including 52,393 (32%) with TBI. Comparing to a
trauma to the rest of the body, TBI in later life has increased
44% the risk of PD over a follow-up period of just 5 to
7 years [46, 47]. Interesting data was found in a survey per-
formed by Taylor and colleagues [48]. After excluding TBI
that occurred less than 10 years prior to the diagnosis of PD,
the results suggested that head injury in early life increases
the risk of PD [51]. A large systematic review and meta-
analysis about head trauma and risk of PD concluded that
severe TBI, describe as head trauma followed by cerebral
concussion, should be considered an environmental risk fac-
tor for PD [49].

TBI can promote lesions on multiple sites of the dopami-
nergic pathways and secondary lesions due to release of oxi-
dative cytokines, glutamate excitotoxicity, inflammatory
damage, and the toxicity of metabolites that can be dissemi-
nated by the circulatory system, triggering the neurodegen-
erative process and accumulation of Lewy bodies [45, 50].
Experimental essays demonstrated that mice exposed to TBI
show a significant accumulation of a-synuclein in microglia
compared to astrocytes. Besides there is significant decrease
of tyrosine hydroxylase, an enzyme required for the synthe-
sis of dopamine in neurons. Those results suggest that
PD-related molecular events can be triggered upon TBI [51].
Based on these data, the association between TBI and PD
seems to be clear. However, a systematic review published
by the International Collaboration on Mild Traumatic Brain
Injury Prognosis in 2014 argues that there is no strong evi-
dence for casual association between TBI and PD due the
lack of high-quality studies [52]. One year later, a Danish
case-control study explored the same subject, enrolling more
than 3000 patients. Its results did not support the hypothesis
that head injury increases the risk for PD [53].

Therefore, the true relationships of TBI and risk of PD
remain inconclusive. It is a challenging neurodegenerative
disorder that requires a multidisciplinary approach. Despite
all the available medication option, levodopa remains as the
most effective drug in the treatment of PD. A selected
group of patients may benefit from surgical treatment,
which can be a stereotactic ablative procedure or an implant
of DBS electrode in subthalamic nucleus or globus pallidus
internal [54, 55].

Parkinsonism

There are several cases of parkinsonism secondary to TBI
described on literature. Krauss et al. studied the occurrence
of posttraumatic movement disorders in 398 survivors (with
Glasgow Coma Scale of 8 or less) of severe head injury.
Posttraumatic movement disorders were found in 22.6% of
221 patients, and 0.9% were parkinsonism [5]. The onset of
the symptoms is usually after a month of the injury. The rela-
tionship between trauma and parkinsonism in some cases is
unclear, but others are related to the interruption of dopami-
nergic pathways connecting the midbrain, substantia nigra,
basal ganglia, and frontal lobes. However, some cases of
post-TBI parkinsonism had lesions in other parts of the cen-
tral nervous system [56].

Parkinsonism syndrome has been observed after TBI or as
part of chronic traumatic encephalopathy (CTE), which is a
tauopathy neurodegenerative disease secondary to TBI. In
2013 a review publish by Wong and Hazrati [57] tried to elu-
cidate the potential relationship between TBI and subsequent
development of parkinsonism. It is important to know the
difference between idiopathic PD versus parkinsonism. The
first one is a synucleinopathy with specific clinical and neu-
ropathological diagnostic criteria, and parkinsonism is a set
of signs and symptoms like rigidity, tremors, and bradykine-
sia. While it remains unclear the association between TBI
and idiopathic PD, there are many reports and studies of par-
kinsonism syndrome secondary to TBI [57]. In 1934
Grimberg et al. described the first cases of posttraumatic par-
kinsonism and proposed that the diagnosis could be made
only if the patient had a trauma with a sufficient severity to
produce definite damage to the brain, directly to the head,
and with clear and definite connection between trauma and
the disease [58]. Repetitive closed-head injury occurs in a
wide variety of contact sports, including football, boxing,
rugby, hockey, skiing, and soccer. Boxing is the most fre-
quent sport associated with CTE, and disease duration is the
longest in boxers [59, 60]. The pugilistic parkinsonism is a
chronic encephalopathy secondary to several years of cumu-
lative concussions and direct repeat trauma to the head,
mainly in boxers athletes. The frequency has been estimated
20 to 50% of professional boxers. The clinical presentation
can be variable including dementia, behavioral changes,
tremor at rest, cerebellar symptoms, dysarthria, and hypo-
phonia [61-65]. The severity correlates to how long the
patient has been professionally active [66]. Positron emis-
sion tomographic studies have revealed uniform nigrostriatal
involvement but relative sparing of caudate function in these
patients [65]. Neuropathological studies have revealed depig-
mentation of the substantia nigra but an absence of Lewy bod-
ies [67]. In amateur boxers the development of chronic
encephalopathy is controversial [68, 69]. Studies suggest a
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genetic predisposition in patients that developed the disease
[70]. In a recent research published by Jesse Mez et al.
involving 202 donated brains from football players who died
in 2014 or later, a high proportion (87%) had neuropatho-
logical evidence of CTE. Professional players had severe
pathology. The majority of patients presented behavioral and
mood symptoms, cognitive symptoms, and signs of dementia
(mainly in severe CTE pathology) [71]. Except for penetrat-
ing injury, parkinsonism is a rare complication of a single
head injury. Lesions of substance nigra can develop hemipar-
kinsonism, and weeks after a subdural hematoma, there are
some case reported of secondary parkinsonism with favor-
able outcome after drainage [72].

The treatment of posttraumatic parkinsonism is the same
as for Parkinson disease, but the response to medications is
less predictable. Patients with established lesions in substan-
tia nigra may benefit from levodopa therapy [73]. To opti-
mize the management of post-TBI parkinsonism, it is
important to recognize the disease early. Matsuda et al.
described three patients in vegetative state (3—12 months)
post-TBI with parkinsonism after lesions in the substantia
nigra that presented a dramatic improvement of conscious-
ness after levodopa therapy [74]. Jelling K.A et al. described
19 patients at the same condition that have some levodopa
response as well [75]. Deep brain stimulation of the thala-
mus or subthalamic nucleus (STN) may be an option in
selected medically refractory patients [76, 77].

Other Hyperkinetic Posttraumatic
Movement Disorders

Myoclonus

Myoclonus is a hyperkinetic movement disorder consisting
of brief, quick, and involuntary jerks caused by muscle con-
tractions (positive myoclonus) or interruptions of tonic mus-
cle activity (negative myoclonus) [78]. It is a common
movement disorder that happens due to a cortical irritability.
It can happen in 0.5% of posttraumatic movement disorders
and normally resolve after few weeks of the trauma [79].
Only single cases of posttraumatic myoclonus have been
described [79-81]. Normally, the dentate or olivary nucleus
is involved. Pharmacological treatment with levetiracetam
can be tried, and in selected cases, the stereotactic surgery is
indicated, and the targets usually are thalamus (ventrolateral
nucleus) or Forel’s campotomy [82].

Tics

Tics are repeated, intermittent, simple, or complex move-
ments; they are usually preceded by a premonitory sensation

(urge feeling) that relief after the movement. Characteristic
features include predictability, suggestibility, and voluntary
suppressibility [78]. Posttraumatic tics and tourettism after
head trauma have been described in few reports [83, 84, 85].
The diagnosis of posttraumatic tics needs history of well-
documented head trauma, negative history of tics prior to
TBI, and presence of other sequelae of TBI [83]. The onset
of the tics starts after weeks to years following the trauma
[85]. Most of the patients with early posttraumatic tics devel-
oped the symptoms after a mild to moderate TBI and had
normal brain imaging [86]. Basal ganglia lesions can happen
in 9% of subjects with secondary tics, and there is one case
of posttraumatic tics described by Screecher et al. with these
findings on MRI [83, 86]. In one patient reported by Krauss
et al. with a severe head injury, in whom the tics were accom-
panied by marked obsessive-compulsive behavior, diffuse
subcortical white matter changes were observed [87].
However, early posttraumatic tics could be aggravation of
childhood tics. Neuronal regeneration after injury often
results in aberrant neuronal connections. Posttraumatic
movement disorders are due to these late effects of TBI [88].
Similarly, late onset posttraumatic tics could be due to a
delayed effect of TBI on neural circuits connecting the fron-
tal cortex and basal ganglia. The pharmacological treatment
can relieve the severity of tics and include alpha agonist,
benzodiazepine, antipsychotics, and tetrabenazine. Deep
brain stimulation and botulinum toxin have been reported to
be beneficial in selected cases of tics [89, 90].

Ballism and Chorea

Ballism is characterized by high amplitude, almost violent
movements that mainly involve the proximal limb joints
[78]. Chorea is an irregular, unpredictable, and involuntary
random-appearing sequence of one or more involuntary
movements that spread from one muscle group to another
[78]. There are some reports on literature of hemiballism and
chorea secondary to trauma brain injury [25, 91, 92].
Hemiballismus happens usually secondary to lesions of the
subthalamic nucleus [7, 91]. Posttraumatic hemiballism is
associated with severe closed-head injury. The mechanism of
posttraumatic chorea is poorly understood and can be sec-
ondary of loss of normal pallidal inhibitory input. The onset
may occur after weeks or several months after TBI. In con-
trast to vascular hemiballism, posttraumatic hemiballism
seems to be more persistent with less tendency for spontane-
ous improvement [10, 25]. Pharmacological intervention can
control significantly the symptoms [91], and patients with
persistent movements can benefit from functional stereotac-
tic surgery. Targets include globus pallidum, thalamus, or
zona incerta [93, 94]. Choreic movements caused by epidural
or subdural hematoma are rare and considered reversible
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symptom, usually with favorable prognosis after drainage of
the hematoma [95-97].

Akathisia

Akathisia (from the Greek, meaning “unable to sit still”)
refers to a feeling of inner, general restlessness, which is
reduced or relieved by moving about [98]. There are few
cases in literature describing akathisia and paroxysmal dyski-
nesia after TBI. The onset is described minutes to month after
TBI [98-101]. In both cases the diagnosis can be difficult
with several differential diagnosis including anxiety, psycho-
motor agitation, seizures, and confusional status. Collateral
effects of medication administration should always be con-
sidered [98]. These movements can respond favorably to oral
medication (benzodiazepines, beta-adrenergic blockers, bro-
mocriptine, and anticholinergic agents) [98, 101].

Psychogenic Movement Disorders

Psychogenic movement disorder is suggested by inconsis-
tent and incongruent movements, with abrupt onset after
trauma and spontaneous remissions [78]. It is more reported
after peripheral than central injury, usually involved in minor
traumatic events, and occurs probably because of psycho-
logical component associated by the trauma [102, 103].
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Post-traumatic Epilepsy

Arezoo Rezazadeh, Danielle M. Andrade, and Aylin Reid

Introduction

Epilepsy is a common neurologic complication of traumatic
brain injury (TBI) [1-3]. Five percent of all referrals to spe-
cialized epilepsy centers are due to confirmed post-traumatic
epilepsy (PTE) [4]. Patients with PTE comprise a regular
part of the care provided by epilepsy specialists, as well as
general neurologists and primary care physicians throughout
the world [5]. The objective of this chapter is to provide an
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overview of post-traumatic seizures and epilepsy by review-
ing the definition, epidemiology, and risk factors of epileptic
events in TBI. Subsequently, we will discuss the pathophysi-
ology of PTE particularly through animal studies. Finally,
the clinical aspects of PTE will be discussed, and we provide
a summary of the clinical approach to epileptic events asso-
ciated with TBI, including diagnostic and therapeutic
measures.

Definition

An epileptic seizure is defined as “a transient occurrence of
signs and/or symptoms due to abnormal excessive or synchro-
nous neuronal activity in the brain” [6]. According to the latest
definition proposed by the task force of the International
League Against Epilepsy (ILAE), epilepsy is “a disease of
the brain defined by any of the following conditions: (1) At
least two unprovoked (or reflex) seizures occurring >24 h
apart; (2) one unprovoked (or reflex) seizure and a probabil-
ity of further seizures similar to the general recurrence risk
(at least 60%) after two unprovoked seizures, occurring
over the next 10 years; (3) diagnosis of an epilepsy syn-
drome” [6].

The epileptic events occurring following TBI are classi-
fied in one of these categories: [1, 7] immediate post-
traumatic seizures (PTSs) occur less than 24 h after TBI,
while early PTSs occur within the first week post-injury.
Both immediate and early seizures after TBI are consid-
ered provoked seizures. They do not meet the definition of
epilepsy since they are not necessarily mediated by the
pathogenic mechanisms that predispose the patient to
manifest spontaneous seizures [6]. Late recurring seizures,
or PTE, are unprovoked seizures occurring more than 1
week after TBI.
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Epidemiology
Post-traumatic Seizures

The incidence of immediate seizures is reported to be 1-4%
and of early seizures is 4-25% in civilian head injuries [2, 8,
9]. The occurrence of early PTSs depends in part on TBI
severity [2, 8]. There are several classification systems for
TBI severity. A widely used system is that of Annegers and
colleagues (Table 7.1) [1]. Recently, a newer classification,
the Mayo Classification System for TBI Severity, has been
designed to distinguish between different severities of TBI
correlated with the general outcome of the patients after
injury (Table 7.2) [10]. Age also plays an important role in
the development of PTSs, as children seem to be more likely
to develop PTSs compared to adults [1]. In children PTSs are
more common than later development of PTE (97% vs 3%)
[11]. In addition, other important risk factors have been
implicated in the development of PTS, listed in Table 7.3.

Subclinical seizures are seizures which show electrophys-
iological changes with electroencephalogram (EEG) record-
ings but display no overt behavioral changes [12]. Subclinical
seizures, including nonconvulsive status epilepticus (NCSE),
are relatively common after severe TBI in the intensive care
unit (ICU) setting [13, 14]. Thirty-three percent of adult TBI
patients requiring ICU were reported to have seizures as
detected by continuous EEG monitoring [15]. In a pediatric
study, the reported incidence of seizures was as high as
42.5%, of whom 7% only had subclinical seizures [14].
Intracranial EEG with electrodes implanted after TBI was
able to detect electrographic seizures in 71% of patients that
were not apparent on scalp EEG [16], suggesting seizure
rates may be even higher than reported. Detection of sub-
clinical seizures is crucial as reports have shown early non-
convulsive PTSs are associated with increased intracranial
pressure, metabolic derangements, and long-term hippocam-
pal atrophy [17, 18].

The occurrence of status epilepticus (SE) at onset is high,
estimated to be 6.39% in an adult population, comprising
28.57% of the patients with moderate to severe TBI who
developed clinical and subclinical PTS [13]. SE rates are

Table 7.1 Annegers’ classification of severity of traumatic brain
injury

Severity Description

Mild TBI  Loss of consciousness for less than 30 min and no skull
fracture

Moderate  Loss of consciousness 30 min to 24 h, with or without

TBI skull fracture

Severe TBI Loss of consciousness greater than 24 h, with brain

contusion, intracranial hematoma, or skull fracture

TBI traumatic brain injury
Data taken from [1]

even higher in the pediatric population compared to adults.
In one study, an average of 18.4% of children with acute TBI
developed SE in a pediatric ICU, ranging between 12.5%
and 31.3%, depending on the severity of TBI [14]. Seventy

Table 7.2 Mayo classification system for traumatic brain injury

severity

A B C

Moderate to severe Symptomatic
(definite) Mild (probable) (possible)
Meets one or more of If none of Criteria A If none of

the following criteria: apply, Criteria A or B
1. Death due to this TBI If one or more of the apply,

2. Loss of consciousness
of 30 min or more
3. Post-traumatic

following criteria apply:
1. Loss of consciousness
of momentary to less

If one or more
of the following
symptoms are

anterograde amnesia of  than 30 min 2. Post- present:

24 h or more traumatic anterograde Blurred

4. Worst Glasgow Coma amnesia of momentary vision

Scale full score in first  to less than 24 h 3. Confusion

24 h 13 (unless Depressed, basilar, or (mental state

invalidated upon review, linear skull fracture changes)

e.g., attributable to (dura intact) Dazed

intoxication, sedation, Dizziness

systemic shock) Focal

5. One or more of the neurologic

following present: Symptoms
Intracerebral Headache
hematoma Nausea

Subdural hematoma
Epidural hematoma
Cerebral contusion
Hemorrhagic
contusion

Penetrating TBI (dura
penetrated)
Subarachnoid
hemorrhage

Brain stem injury

Malec et al. [10]

Table 7.3 Risk factors of post-traumatic seizures and post-traumatic

epilepsy
Post-traumatic seizures
Acute subdural

Post-traumatic epilepsy
Acute subdural hematoma

hematoma Prolonged post-traumatic amnesia (>24 h)
Acute intracerebral Age older than 65 years
hematoma Injury severity

Younger age

Injury severity
Chronic alcoholism
Multiple contusions
Depressed skull

Midline shift >5 mm
Multiple contusions
Depressed skull fractures
Male gender

Development of an EEG focus 1 month

fractures after TBI
Neurosurgical Frontal or temporal lesions on acute
procedures computed tomography

Cortical MRI hyperintense areas

Comorbid conditions
Depression

EEG electroencephalography, MRI magnetic resonance imaging, 7B/

traumatic brain injury
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percent of these children showed subclinical SE [14].
Younger age, abusive head trauma, and intracranial hemor-
rhage were the risk factors of developing SE in this study.

Post-traumatic Epilepsy

PTE accounts for 5-6% of all epilepsies [19]. The frequency
rate of PTE varies in different studies between 1.9% and
53% [1, 2, 8, 9, 20, 21], depending on injury severity and
mechanism. Patients with TBI have increased risk of devel-
oping epilepsy compared to the general population, and the
relative risks of developing epilepsy after mild, moderate,
and severe TBI are 1.5, 2.9, and 17, respectively [2].
Furthermore, the mechanism of injury in penetrating head
trauma and closed-head injuries is different, and the former
is more likely associated with PTE (50% in penetrating inju-
ries versus up to 23.6% for the closed-head injuries) [2, 3, 9].
The bone and iron-containing metal fragments in the wounds
of war survivors are potentially more epileptogenic than lead
fragments from bullets. Hence, civilian injuries with bone
fragments alone do not significantly increase the risk for
PTE [9, 21, 22]. Furthermore, the duration of epilepsy, sei-
zure frequency, and response to antiepileptic drug (AED)
therapy is correlated with severity of TBI [2, 23]. In 27% of
patients with penetrating war injuries, epilepsy persisted up
to 15-year post-injury as compared with the risk in the gen-
eral population [9]. Whether early PTS is a risk factor for
PTE is a matter of controversy. While some studies found
that PTSs were not an independent risk factor for PTE [2],
other studies have demonstrated the presence of early PTSs
as a precursor [21, 24], or even the most consistently signifi-
cant risk factor for PTE in adults [7, 24], but this is certainly
not true for children [7].

Family History/Genetic Associations Hereditary predis-
position to PTE and related genetic polymorphisms has been
long debated [25-27]. Although some studies have linked
certain genes to PTE, many of them need to be duplicated.

While Schaumann and colleagues showed that family his-
tory of epilepsy could precipitate individuals into early PTSs
and PTE [28], others found that family history of epilepsy
increases the risk of PTE in children [29, 30] but not in older
patients [9, 31].

Genetic association studies propose that there might be a
genetic element to the development of PTE. A study showed
that TBI patients with an apolipoprotein Ee4 (APOEe4)
allele, a gene encoding a cholesterol transporter into neu-
rons, experienced a higher risk of PTS [32]. In a review
made by Cotter and colleagues, the most promising candi-
dates were the pro-inflammatory gene Interleukin-1beta
(IL-1b) SNP (rs1143634) and Al adenosine receptor

(A1AR) SNP (rs10920573) by which the individuals with
heterozygous genotype seemed to be at higher risk for
developing PTE. However, other genes such as glutamic
acid decarboxylase 1 (GADI1) and methylenetetrahydrofo-
late reductase (MTHFR) C677T have been associated with
early PTSs [33].

More recently, a genetic variation in solute carrier family
1 member 1 (SLC1A1), a gene encoding the neuronal gluta-
mate transporters, was associated with reduced time to first
seizure and increased seizure risk up to 3-year post-injury.
When individuals were homozygous (GG) for the SLC1A1
SNP rs10974620 minor allele, the risk of seizure over this
period increased significantly. Likewise, in individuals who
were homozygous (TT) for the SLCIA1 SNP rs7858819
minor allele, the risk of PTE was higher when follow-up
began on day 2 post-injury [34].

Mechanistic target of rapamycin (mTOR) complex 1
(mTORC1) is a protein involved in the regulation of cell pro-
liferation and cell metabolism that widely has been associ-
ated with tumors including tuberous sclerosis. In a review
recently published by Myers and colleagues, mMTORC] acti-
vation was considered as a contributing factor causing mossy
fiber sprouting and neurogenesis, predisposing the patients
to develop epilepsy after TBI although the significance of it
has not been confirmed yet [35].

Pathophysiology

Human studies and animal models have attempted to discover
the pathophysiological mechanisms for PTE, and various
mechanisms have been proposed. A number of animal models
have been employed at different developmental stages and
with injuries of varying severity and location. One of the most
well-studied models is fluid percussion injury (FPI), a model
of closed-head TBI [36]. In this model, injury is delivered
through a craniotomy by rapid fluid injection. The fluid pulse
first strikes the intact dura and then moves into the epidural
space [37]. Craniotomies can be applied to the midline to pro-
duce more diffuse injuries or laterally to produce mixed focal
and diffuse injury [37]. Early electrophysiological changes
[38] as well as PTE have been described [36, 39, 40].
Controlled cortical impact (CCI) injury is another widely
used experimental model of closed-head injury that was
recently identified as a model of injury-induced epilepsy [41].
This model often utilizes an electronically controlled pneu-
matic impactor to apply a focal contusion injury to the brain
surface through a craniotomy [42].

Experimental models have described potential biological
changes after TBI in three distinct temporal phases. The first
phase ranges from a few seconds to minutes [43], consisting
of immediate release of excitatory neurotransmitters includ-
ing glutamate, followed by ion channel activation and cal-
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cium influx [44]. Hyperexcitation results in energy depletion
and cell death [44]. One of the underlying ionic changes
identified early after the injury is potassium accumulation
that is caused by failure of the ionic ATP pump [45] leading
to altered resting membrane potential and neuronal excitabil-
ity, with a loss of inhibitory postsynaptic potentials [46]. In
addition, an increase in extracellular potassium converts
spikers to a burster state in the CA3 region of the hippocam-
pus [47]. Also, hyperexcitability in the CA1 subregion of the
hippocampus has been reported by in vitro studies [48, 49].

Secondary injury is characterized by altered local cerebral
blood flow regulation, breakdown in the blood brain barrier
(BBB), and initiation of inflammatory and neuronal death,
occurring within hours to days after TBI. During the inflam-
matory response, cytokines are released [50] which inhibit
the uptake of glutamate by astrocytes [51] and modulate
excitatory neurotransmission in the brain through glutamate
receptors [52, 53]. For instance, IL-1f modulates neuronal
hyperexcitability ~ through Ca*, glutamatergic, and
GABAergic pathways [54]. Glial glutamate transporter pro-
tein (GLT) which regulates the extracellular glutamate level
also decreases after TBI, particularly in the neocortical and
hippocampal regions leading to increased level of glutamate
and hyperexcitability [55, 56]. Patients with PTE are more
likely to show BBB disruption compared to non-epileptic
patients after TBI, and slow waves are identified in EEG in
70% of cases [57].Tomkins and colleagues also showed that
the size of lesion with BBB disruption was significantly
larger in PTE patients [57].

The third phase is the latent period between the injury and
the first successive seizure and is when epileptogenesis takes
places [58]. It is characterized by morphological changes
including mossy fiber sprouting, dendritic modifications,
interneuron loss, rewiring of synaptic circuits, glial cell acti-
vation, ectopic cell proliferation, and gliosis [41, 59-62].
During this phase, excitability is increased both in CA1 [63]
and dentate gyrus [64]. Loss of GABAergic interneurons
decreases the inhibition on pyramidal cells [65-67].
Moreover, not only mossy fiber sprouting and loss of inhibi-
tion but also the increased connections on the dentate gran-
ule cells together enhance the excitability of hippocampus
[47, 68—72]. This could also explain how injury at the neo-
cortex progresses to mesial temporal seizures at a later time.
Some groups have shown that seizures are originally neocor-
tical at onset, but over time, the mesial temporal region trans-
forms to an epileptogenic zone [73]. In fact, in approximately
61% of patients with PTE, seizures emanate from the tempo-
ral lobe [74], and magnetic resonance imaging (MRI) has
shown that about 35% of these patients have mesial temporal
lobe sclerosis (MTS). It is unclear, however, if MTS could be
a secondary phenomenon [74]. Furthermore, prolonged sei-
zures at the acute post-TBI phase have been implicated in
hippocampal atrophy at the later phase of injury [18]. It is,

however, worth mentioning that it is not uncommon that TBI
results in multifocal pathology [74]. In conclusion, neuronal
loss, chronic neuroinflammation, and network reorganiza-
tion in the overlaying cortical regions are implicated in
epileptogenesis.

Clinical or Natural History

Forty-seven percent of late PTSs recur after 1 month, while
an 86% recurrence rate is observed within 2 years after injury
[75]. In general, the relative risk of developing PTE after
severe TBI remains significantly high even after 10 years
both in adults [2] and in children [30], whereas patients with
mild TBI exhibit a normalization of the risk after the first
5 years [2]. Christensen and colleagues believe that the abso-
lute risk of PTE decreases significantly, and the yearly abso-
lute risk remains below 1% for all types of brain injury
including severe TBI by 5 years of follow-up [76]. One study
showed that the mean latency to seizure was 3.5 years [77],
ranging from 2.1 years for MTS to 5.1 years for all lesional
neocortical cases. Age may be a determining factor in the
latency period of seizures after trauma. There was a latency
period of about 3 years in the patients who were over 15 years
at time of injury versus a 13-year latency period in those who
were 2 years or younger at the time of injury [78].

Seizure onset location can be very variable after TBI. In
a study of 60 patients with moderate to severe TBI and
PTE, 52% developed generalized seizures, 34% had focal
seizures, and 15% showed focal seizures with secondary
generalization; however, this was based on seizure semiol-
ogy and not electrophysiology [75]. By contrast, in a
10-year retrospective study based on EEG recordings from
the epilepsy monitoring unit, 93% had localization-related
epilepsy arising most commonly from temporal or frontal
lobes [77], and 4.8% displayed generalized epilepsy. Of
temporal lobe epilepsy cases, just under half had MTS, and
about one-third were nonlesional. In humans, owing to the
shape of the skull, the frontal and temporal cortices are sus-
ceptible to contusion, accounting for the greater prevalence
of post-traumatic contusion [79-81]. Likewise, in most ani-
mal studies, frontal neocortical or limbic epilepsy are more
common than parietal/occipital seizures regardless of FPI
location [82]. The other explanation for the predilection of
the frontal lobe to epileptogenesis, although not well estab-
lished, could be higher intrinsic susceptibility to tissue
damage or the known tendency of prefrontal neurons to
burst discharges and hypersynchronization [82]. In experi-
mental models, frontal neocortical foci develop within
1 month following FPI, while it takes several months for
limbic regions to transform to an epileptogenic zone [73].
Whether frontal neocortical seizures are capable to kindle
the hippocampus through propagation [73] is a proposed
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explanation. Direct hippocampal injury could also cause
limbic epileptogenesis although more slowly [82]. In two
studies, 24% to 35% of patients had mesial TLE (MTLE),
while neocortical foci were identified in 12-48% of patients
[74, 83]. TBI can induce MTLE in children younger than
5 years, while neocortical epilepsy tends to occur later in
life [74]. However, recently, Gupta and colleagues reported
that 83% of patients with MTS following TBI had their
injury after the age of 5 years. Englander and colleagues
believe that although TBI has a propensity toward frontal
and temporal lobes, parietal lobe involvement may also
reduce the overall seizure threshold [21].

The remission rates of seizures vary between 25% and
40% once PTE is diagnosed (and treated), and up to half of
patients with PTE show prolonged periods of seizure free-
dom [84].This is slightly lower than remission rates in other
epilepsy populations [85]. Patients with high frequencies of
seizures during the first year following injury are less likely
to achieve remission [86].

Investigations

Following a seizure associated with acute head injury, inves-
tigation should involve assessment of the biochemical
parameters, such as hyponatremia, along with exploring for
possible intracranial hemorrhage. Hyponatremia induced by
head trauma may lower the seizure threshold [86]. Acute
brain edema, perioperative events including cerebral inter-
ventions or stress from general anesthesia, and metabolic
disturbances account for a high proportion of seizures which
develop during the first month after brain injury [21]. In
patients developing PTS after moderate to severe TBI, CT
scan should be performed urgently. If the seizures occur after
initial imaging, a repeat CT is indicated.

Patients with PTE should be approached similarly to
patients with a first non-traumatic epileptic seizure. All
patients with epilepsy should be asked specifically about
head trauma, since patients do not usually volunteer certain
incidences of head trauma such as sports-related concussions
[87]. In addition, psychogenic non-epileptic seizures (PNES)
are common after TBI [88, 89] and are frequently mistaken
for epileptic seizures [90]. They should be ruled out with
appropriate investigations, including video-EEG monitoring
if necessary.

Magnetic resonance imaging (MRI) is the most sensitive
means in identifying the extent and severity of brain injury
and is the recommended neuroimaging modality in patients
with PTE. Conventional MRI sequences, including
T1-weighted, T2-weighted, gradient echo, and diffusion-
weighted imaging, may discover parenchymal hemorrhages,
extra-axial blood products (hemosiderin deposits), early
ischemia, edema, and gliosis [91]. While the epileptogenic

role of hemosiderin deposits has been established [20], pre-
cocious formation of a gliotic scar around a hemosiderin
deposit reduces the risk of PTE [92]. Advanced MRI modali-
ties including diffusion tensor imaging (DTI) and functional
MRI (fMRI) identify early and late changes that might cor-
relate with epileptogenic foci [93]. Susceptibility-weighted
imaging and DTI are more sensitive to microhemorrhages
and white matter injury, respectively [94].

The EEG findings in TBI are usually nonspecific, and the
presence of epileptiform activity does not predict the devel-
opment of PTE [95] or disability outcome [96]. As described
earlier, continuous EEG monitoring is worthwhile to rule out
subclinical seizures, particularly NCSE in the ICU setting.
The scalp EEG is negative in more than 20% of patients with
PTE during the first 3 months after TBI [95]. However, it
remains useful for localization of the epileptogenic zone as
well as measurements of the extent of damage and in predict-
ing relapse before AED is withdrawn [97]. Intracranial
recordings also have demonstrated interictal spikes and fast
ripples early during the epileptogenic process in patients
with established PTE, representing a more sensitive method
than routine scalp recordings in identifying the epileptic
activity in these patients [16].

Management

The decision to initiate pharmacotherapy depends on the tem-
poral relationship between the inciting brain injury and onset
of seizures. In immediate seizures which occur immediately
following head trauma, antiepileptic therapy is not indicated.
Indeed, the pathophysiological mechanism of immediate sei-
zures might be related to transient functional decerebration
with loss of cortical inhibition and is characterized by initial
tonic phase within 2 s of impact, followed by a clonic or myo-
clonic phase, which may last for several minutes. Immediate
seizures do not lead to development of PTE [98].

In contrast, since early seizures increase cerebral perfu-
sion pressure and intracranial pressure, seizure prophylaxis
is the recommended therapy during the first 7 days of moder-
ate to severe TBI based on the latest guideline (2016) of the
Brain Trauma Foundation. Phenytoin treatment significantly
reduces the incidence of early PTSs (3.6—14.2%) [99]. While
phenytoin has been widely used to prevent early PTS, leveti-
racetam recently has gained attention for seizure prophylaxis
in TBI [100]. However, a high-quality, head-to-head ran-
domized clinical trial (RCT) between phenytoin and leveti-
racetam is lacking. Levetiracetam has demonstrated
comparable efficacy to phenytoin in non-controlled studies
[101-103] and is associated with fewer adverse effects, mon-
itoring considerations [104], and better long-term outcomes
[103]. An observational study on severe TBI revealed that
epileptiform EEG abnormalities are more likely to persist in
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patients treated with levetiracetam compared to phenytoin
[105]. Compared to placebo, carbamazepine has been docu-
mented to be effective in the prevention of early PTSs only in
one true RCT [106]. Although similar results have been
reported for valproate [107], this drug has lesser capacity to
prevent early PTSs compared with phenytoin.

Compared to the established efficacy of early PTS, there
is no evidence for pharmacological prophylaxis of the devel-
opment of PTE [86, 99, 108]. Nevertheless, patients with
early PTS, dural-penetrating injuries, multiple contusions,
and/or SDH requiring evacuation may benefit from antiepi-
leptic therapy beyond the first week post-injury [21, 107,
109, 110]. Principles of AED selection in PTE are identical
to other patients with epilepsy, and no specific AED has been
recommended for PTE [111, 112]. Neuropsychological con-
sideration is required to be taken prior to starting AEDs [22].
Inappropriate treatment with AEDs may impair neuroreha-
bilitation after TBI [113], and patients with post-TBI PNES
could benefit from antidepressants, such as selective sero-
tonin reuptake inhibitors and/or cognitive—behavioral ther-
apy [114] rather than AEDs. There is no doctrine on duration
of AED therapy, and much depends on a patient’s age, per-
sonal preference, and drug tolerability. However, as a rule of
thumb, AED withdrawal can be considered after at least
2 years of seizure freedom, though waiting up to 4 years has
been suggested as well [115].

Experimental Interventions

One of the main goals of PTE studies is to develop a thera-
peutic strategy which could be delivered during the latent
period after TBI in order to prevent epileptogenesis and the
development of PTE. Investigators have focused on various
mechanistic pathways as potential therapeutic targets. Many
studies have attempted to find antioxidant and neuroprotec-
tive drugs which prevent the lipid peroxidation of neuronal
membranes. Based on the knowledge that magnesium blocks
glutamate transmission at NMDA receptors, continuous
infusion of magnesium sulfate was carried out within 8 h
after moderate or severe TBI. However, this double-blinded
RCT did not appear to prevent PTE [23]. The effect of mag-
nesium on PTS could not be assessed because of concomi-
tant use of phenytoin. In a ferrous chloride animal model,
tochopherol (vitamin E) use was associated with a delay in
the onset of electrical seizures on EEG [116]. The use of
adenosine and its derivatives in post-traumatic animal mod-
els showed suppression of epileptic discharges through scav-
enging free radicals such as OH [117]. Subsequently,
Malhotra et al. demonstrated that adenosine and its ana-
logues protect against seizures induced by chemical agents
through their action on A1 receptors [118].

Although the efficacy of corticosteroids has been estab-
lished in spinal cord injury, the administration of these agents
is controversial in TBI. Previously, Hoeppner had shown that
prednisone prevents epileptogenesis in a metallic aluminum-
injected animal model [119]. However, in a randomized
placebo-controlled trial, the risk of death within 2 weeks
after brain injury was higher in the group that received corti-
costeroids compared with placebo. The prevalence of seizure
did not differ significantly between the two groups during
this period [120]. In a retrospective study, corticosteroids
treatment within the first day of head trauma resulted in
increased seizure activity and was not associated with any
decrease in PTE [121].

As discussed earlier, TBI initiates a cascade of neuroin-
flammation in the brain, which may induce epileptogenesis
and contribute to development of PTE. As such, recent inves-
tigations have attempted to focus on neuroinflammatory
agents as the novel therapeutic targets in the post-traumatic
phase. Diamond and colleagues demonstrated that patients
who developed PTE had a higher ratio of cerebrospinal fluid
(CSF)/serum IL-1p and lower levels of serum IL-1f3, whereas
the difference between CSF IL-1f levels was not significant
[122]. Dextromethorphan derivative is an experimental treat-
ment which reduces both neuroinflammation and nonconvul-
sive seizures in a penetrating ballistic-like brain injury
(PBBI) model [123]. Minozac prevents experimental seizure
susceptibility by suppression of cytokine upregulation in the
hippocampus in a “two-hit” injury model [124]. Most
recently, perampanel, an antiepileptic drug, has been shown
to have neuroprotective effects through reduced neuronal
apoptosis, inhibition of lipid peroxidation, and suppression
of pro-inflammatory cytokines such as tumor necrosis
factor-o (TNF-ar) and IL-1, as well as increase in the levels
of anti-inflammatory cytokines IL-10 and transforming
growth factor-f (TGF-f 1) [125] although its prophylactic
effect on PTS or PTE has not been studied. Recently, cooling
has gained attention as a prophylactic treatment in PTE, pos-
sibly via anti-inflammatory mechanisms. Focal mild cooling
prevented the onset of epileptic seizures in a rostral parasag-
ittal PFI model both during and after the treatment. Rare
remaining seizures were shorter than in controls [126].

Studies have demonstrated that the mTOR signaling path-
way is abnormally activated in TBI, and rapamycin, an
mTOR inhibitor, suppresses epileptogenesis of dentate gyrus
granule cells in the ipsilateral temporal lobe in CCI models
[127, 128]. Inhibition of mTOR also showed antiepilepto-
genic and neuroprotective effect in an organotypic hippo-
campal culture model of PTE [129]. While exogenous
insulin-like growth factor-1 (IGF-1) has neuroprotective
effect early after TBI, in long term, it contributes to epilepto-
genesis through activation of mTOR cascade [130]. In ani-
mal epilepsy models, activation of cannabinoid type-1 (CB1)
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receptor prevents the seizure [131]. Cannabinoid receptors
downregulate after TBI, leading to hyperexcitability. This is
followed by upregulation in 4 weeks. Despite the protective
role of the CBlreceptor agonists [131], Echegoyen et al.
showed that a single use of a CB1receptor antagonist imme-
diately after TBI could disrupt the epileptogenic process and
prevent PTE occurrence [132]. In contrast, Nissinen J and
colleagues showed that either immediate single dosage or
long-term treatment with SR141716 (a CB1 receptor antago-
nist) initiated 30 min after injury did not have antiepileptic
effect in a lateral FPI model [133]. This difference was
attributed to later timepoint assessment, different types of
assessment of seizure susceptibility, and the number of
included animals.

Surgical Intervention

The presence of focal cerebral pathology in patients with
PTE prompts the consideration of surgical options in medi-
cally refractory patients [91]. Indeed, the success rate of sur-
gical resection appears to be comparable to that in the
non-traumatic population [77, 134]. Therefore, PTE patients
should be worked up similarly to non-traumatic patients with
epilepsy in terms of determining surgical candidacy. In an
optimal treatment plan, both pharmacological and surgical
options should be considered when appropriate, since early
surgery prevents progressive secondary injury from recur-
rent seizures [77]. The likelihood of seizure freedom depends
on the ictal onset zone as well as the presence of an identifi-
able lesion [135]. Rates of seizure freedom in PTE patients
with MTLE who undergo temporal lobectomy can be as high
as 69-90% [77, 136, 137], compared with 33% in patients
with frontal lobe epilepsy, similar to what is seen in the non-
traumatic population [77]. While neocortical seizures are
less ideal surgical candidates [74, 83], the presence of focal
encephalomalacia predicts a good outcome with
electrocorticography-guided resections [138].

Nevertheless, in the surgical approach in patients with
medically refractory PTE, several challenges might be
encountered. Firstly, diffuse cerebral injury induced by TBI
can result in multifocal epilepsy which may not be surgi-
cally amenable. Secondly, owing to prior craniotomies and
breach rhythms, seizure foci might be difficult to localize
precisely [139]. In addition, orbitofrontal cortex is com-
monly involved, impacting accurate localization of the epi-
leptogenic zone [83].

Neuromodulation is a palliative treatment which is
reserved for medically refractory patients who are not suit-
able candidates for conventional resective surgery, either
because the seizure onset zone cannot be adequately local-
ized or because it involves eloquent cortex which is not safe

to remove. Neuromodulation is believed to provide high-
frequency stimulation which desynchronizes the cerebral
cortex and prevents seizure. Neuromodulation modalities
which are used currently in the treatment of patients with
medically refractory epilepsy are deep brain stimulation
(DBS), vagal nerve stimulation (VNS), and responsive
neurostimulation (RNS).

VNS in post-traumatic patients is thought to be compara-
ble to the non-traumatic population. However, one case-
control study indicated that VNS was associated with more
than 50% reduction in seizure frequency in 78% of patients
with PTE as opposed to 61% in patients with non-traumatic
epilepsy at 2-year follow-up, suggesting it may have greater
efficacy in this group [140]. Similarly, DBS of the anterior
nucleus of the thalamus (ATN) showed a seizure frequency
reduction by 40.4% in refractory PTE patients [141].
However, the seizure reduction effect was only significant if
the seizures originated from one or both temporal lobes com-
pared with seizures arising from frontal, parietal, and occipi-
tal regions or multifocal/diffuse seizures. In addition, the
number of responders during the blinded evaluation period
was not significantly different between the groups. However,
the seizure frequency reduction and responder rates increased
significantly in long-term nonblinded follow-up by 56% and
54%, respectively.

Unlike the other two modalities, RNS is a closed-loop
system that prevents seizures by detecting epileptiform
activities and stimulating the seizure onset zone. Two studies
showed a significant difference in seizure frequency reduc-
tion (37.9-41.5%) between active and control groups [142,
143]. However, the percentage of the responder was not sig-
nificant. Similar to DBS, improved efficacy was observed in
long-term stimulation. However, there have been no reports
of RNS specifically in patients with PTE, and therefore, it is
not clear whether efficacy is similar in this population.

Conclusion

PTE is a serious common complication of TBI, comprising
5% of all epilepsies. Several risk factors have been identi-
fied, anticipating the likelihood of developing PTS and
PTE. Severe TBI is correlated with an increased risk of
developing PTS and PTE. Whether PTS increases the risk of
PTE is controversial. Recently, genetic association studies
have identified a number of genetic variants predisposing
patients with TBI to PTS or PTE. Numerous experimental
studies have attempted to identify the nature of hyperexcit-
ability after TBI. The post-traumatic animal models have
recently highlighted the putative role of inflammation as one
of the underlying pathophysiology of neuronal hyperexcit-
ability. Localization-related epilepsy represents the most
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common epilepsy occurring after TBI, and there is a high
predilection for temporal and frontal lobe epilepsy in this
regard. High percentage of recurrence is observed within the
first 2 years after injury. Although the role of AEDs in pro-
phylactic treatment of PTS has been well established, they
are not able to prevent PTE. Phenytoin is a highly recom-
mended prophylactic therapy within the first week after TBI
although levetiracetam has shown comparable effect to
phenytoin. No neuroprotective agent has been proved to pre-
vent PTE or PTS in human. Clinical approach and principles
of AED selection in PTE are identical to other epilepsy syn-
dromes, and surgery may be indicated in patients who do not
respond properly to AEDs.
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Traumatic Brain Injury
and Electroencephalogram Findings

Renato Anghinah and Jéssica Natuline lanof

History

The discovery of electroencephalography (EEG) in 1929 by
the German psychiatrist Hans Berger was a historical
advancement that provided a new neurological and psychiat-
ric diagnostic tool at the time, mainly considering the lack of
all the exams that are available in daily practice today, such
as computed tomography (CT) and magnetic resonance
imaging (MRI), without which the preparation of neurologi-
cal diagnoses and the planning of neurosurgical operating
procedures would not be acceptable [1]. Based on the dis-
covery of Caton and Beck, Danilevsky, Prawdicz-Neminsky,
and others that there was a spontaneous (intrinsic) brain elec-
trical current that could be recorded, Berger made the first
EEG recording (electrocorticogram) on July 6, 1924, during
a neurosurgical operation on a 17-year-old boy. He reported
this in 1929, being the first to use the terms alpha and beta
[1]. The discovery of electroencephalography was a land-
mark for the advancement of neuroscience neurological and
neurosurgical practice every day, especially for patients with
seizures. At a time when lumbar puncture, pneumoencepha-
lography, and ventriculography were the only diagnostic
tools to detect and locate “sick sites” in the brain, the EEG
revolutionized daily neurological and neurosurgical proce-
dures and exceeded a period of approximately 40 years
(1930-1970) until the advent of computed tomography [2].
Its importance, currently, may not be as great as it was before,
but it still has its place in the diagnosis of seizures, brain
tumors, degenerative brain disorders, and other diseases.

R. Anghinah (><)

Department of Neurology — Cognitive Rehabilitation after TBI,
Clinics Hospital — School of Medicine — University of Sdo Paulo,
Sao Paulo, Brazil

Center of Excellence in Neurology — Americas Servicos Médicos,
Sao Paulo, Brazil

J. N. Ianof

Department of Neurology — Cognitive Rehabilitation after TBI,
Clinics Hospital — School of Medicine — University of Sao Paulo,
Séo Paulo, Brazil

© Springer International Publishing AG, part of Springer Nature 2018

Introduction

In traumatic brain injury (TBI) patients, diagnosis and treat-
ment are essential for acute patient care and long-term reha-
bilitation. Cognitive dysfunction (memory impairment,
attention, and information processing skill) [3], somatic
problems (headache, fatigue, sexual dysfunction, and sleep
disorders), mood swings (depression, aggression, emotional
liability, and anxiety), and post-traumatic personality
changes (self-centered behavior, reduced social awareness,
and disinhibited behavior) are some of the several conse-
quences that may occur after TBIL.

Electroencephalography (EEG) is important for clinical
assessment of consciousness to support diagnosis and prog-
nosis [4, 5]. The electrical activity of brain tissue may have
good prognostic value after brain injury. EEG can provide an
objective and quantitative measure of the severity of brain
injury [6], when performed from 15 days to 4 years after
TBI. In addition, EEG can detect early seizure activity and
give information about sleep patterns during polysomnogra-
phy, since sleep disturbances (insomnia, hypersomnia, and
altered sleep-wake cycles [7-9]) are common after TBI. The
neural mechanisms that contribute to sleep disturbances are
multiple — the degree of damage to sleep-wake regulation
centers, such as ascending reticular formation and associated
pathways or neurotransmitter systems — and may affect sleep
[10, 11]. Also, anxiety and depression often occur after TBI,
and increased depression is associated with poor sleep qual-
ity [12, 13].

Most cognitive disorders have a primary diagnosis that is
clinically based, but the EEG plays a role in evaluation, clas-
sification, and follow-up of some of these disorders. The
EEG is a widely accepted method for evaluating cortical
information processing and neurophysiologic changes that
occur during unconsciousness and the different states of con-
scious awareness [14]. In addition, it is now possible to
increase EEG sensitivity through the use of digital EEG
(dEEG) and the mathematical procedures implemented in
quantitative EEG (qEEG).
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Clinical electrophysiologic techniques are frequently
used in the evaluation of cerebral function following TBI
[15]. These tools enables noninvasive recording of the elec-
trical or magnetic activity of the brain. Conventional EEG is
the prototypic clinical electrophysiological assessment and
was the first neurodiagnostic tool to allow characterization of
disturbances in cerebral physiology produced by TBI [16,
17]. The digital recording of cerebral function is acquired
from 21 electrodes arranged on the scalp, according to the
International 10-20 System, and generates waveform trac-
ings suitable for visual inspection by a qualified electroen-
cephalographer [18, 19].

The electroencephalogram (EEG) records the electrical
potential difference between brain electrical activities
recorded between two electrodes [20]. EEG records the aver-
age membrane potential of apical dendrites of cortical pyra-
midal neurons, which tends to oscillate. It detects the
synchronous occurrence of dendritic synaptic potentials —
excitatory and inhibitory postsynaptic [21].

The physiological basis of these oscillations is a manifes-
tation of both intrinsic properties of neurons (ionic conduc-
tances) and network interactions (connectivity). Different
frequency oscillations are guided principally by cortico-
cortical connections and thalamocortical connections to
varying degrees depending on the specific oscillation. EEG
oscillations exist in a broad range of frequencies from below
1 Hz to several hundred hertz. The physiology is best under-
stood for several “classic” frequency bands including delta
(0.5-4 Hz), theta (4-7 Hz), alpha (8-13 Hz), beta (14—
30 Hz), and gamma (30-100 Hz). These frequency ranges
[22] represent different oscillatory phenomena with unique
underlying physiological mechanisms, cortical topographies,
and functions. Different combinations of frequency bands in
different quantities represent different states of the brain —
attentive wakefulness, drowsiness, and stages of sleep.

EEQG clinical assessment usually involves a visual inspec-
tion of the electrical activity of the brain in a variety of brain
states and the evaluation of the topography and amount of
appropriate oscillatory activity of the state, as well as exami-
nation for the presence of pathological potentials. For the
detection of epileptiform activity, the human eye actually
exceeds computerized waveform analysis despite decades of
attempts to automate EEG interpretation [23]. But when it
comes to the evaluation of topography and the amount of
oscillating activity and what constitutes a normal or abnor-
mal distribution of this activity, visual inspection fails con-
siderably, and the use of computerized algorithms is needed.

For example, to obtain a quantitative evaluation of the
amount of oscillatory activity at any and all frequencies in a
specific region of the brain, the qEEG frequency analysis
transforms the original EEG data over a period of time into a
representation of its frequency content, generating a continu-
ous EEG “force spectrum.”

Utility of EEG

EEGs enhance conventional medical approaches to imaging
the structure and function of the brain. EEG as a neuroimag-
ing modality holds several advantages over more conven-
tional medical approaches. Nowadays, computed tomography
(CT) and MRI are the current “gold standards” for imaging
assessment of neurophysiological trauma. They have an
excellent spatial resolution for easily identifying lesions; but
both approaches require very large and expensive equip-
ment, special facilities for their use, and dedicated techni-
cians for operation and are not available everywhere. CT
uses small doses of radiation, which can carry potential risks
for long-term side effects if patients are scanned frequently
and MRI uses an extremely strong magnetic field, and needs
a careful operating room. Also, it has a lot of limitations — its
use has contraindication of medical devices, implants, and
any foreign ferrous metal objects in the patient’s body.
Equipment used for EEG is more portable and cheaper and
requires no special facilities. These characteristics lead to
field ability and a broader operational effectiveness [24].

The data derived from EEG are also essentially distinct as
compared to CT and MRI data. In particular, while CT and
MRI have excellent spatial resolution, the resulting images
(which may take several minutes to acquire) are temporally
static and thus provide no direct measurement of functional,
ongoing brain activity. Even the best current methods of
“functional MRI” are limited to multiple seconds for the
acquisition of whole-brain images. In contrast, EEG is
extremely high-resolution in the time domain (EEG can be
sub-millisecond) and, as described above, is a direct mea-
surement of neuronal activity. This enables a great number of
analyses, which capitalize on direct responses to stimuli,
cognitive responses, interrelatedness of continuous signals,
and the oscillation of both discrete and cross-regional net-
works of brain areas [20].

EEG in TBI

Electrical activity is a relatively sensitive index of the patho-
physiological response of the brain to the immediate and sec-
ondary damage of the TBI, and that is why it is intimately
related to the outcome of the patient’s situation [25].

Glasgow Coma Scale, duration of loss of consciousness,
and duration of post-traumatic amnesia (PTA) are considered
important clinical predictors of the severity and long-term
prognosis of brain damage. However, these assessments are
often unknown or unregistered. Therefore, there is a need to
develop an objective and quantitative measure of the severity
of brain injury using the EEG tests [26].
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Immediately after TBI, EEG initially shows epileptiform
activity [27], followed by suppressed cortical activity —
which can last from seconds to about 1 min [28]. Many
patients return to normal within 1 h, while others continue to
have focal or generalized EEG slowing — that can last from
weeks to months. The posterior alpha frequency is on aver-
age 0.7 Hz lower and gradually returns to baseline frequency
over a period of time ranging from weeks to a few months
[29]. The theta/alpha ratio increases after mild TBI and tends
to return to normal within weeks to months [30].

In general, high-frequency EEG (beta and gamma)
rhythms are produced by cortical generators, whereas lower-
frequency rhythms (delta) are the product of corticothalamic
synchrony and may be more prominent when the choro-
thalamic connections are interrupted [31].

EEG abnormalities are more common than clinical symp-
toms in the early months after mild TBI. Later, after the
injury, there is little correspondence between EEG and clini-
cal signs, symptoms, results of images, or psychometric tests
[29].

Quantitative EEG (qEEG) also shows immediate reduc-
tion in mean alpha frequency and increase in slow theta
activity. These changes usually take weeks to months to
resolve. Improvement is associated with symptom reduction
[29]. Theta/beta ratio is increased. Compared to healthy con-
trols, there are more slow waves in patients with mild TBI
[32].

Mild TBI

Electroencephalography (EEG) was the first clinical neuro-
diagnostic assessment that revealed abnormal brain function
following traumatic brain injury [17, 33, 34]. EEG may be
more sensitive than clinical neurological examination to
detect brain injury. After mild traumatic TBI (mTBI), most
patients (86%) with an abnormal neurological examination
had an abnormal EEG. But only 23% of abnormal EEGs
were accompanied by an abnormal neurological examination
[35]. EEG changes are not uniform in all individuals, due to
differences in the severity of head injury. Some people have
a clinically normal EEG as early as 15 min after concussion
[36].

EEG abnormalities are more frequent in patients with
durations of unconsciousness lasting more than 2 min (56%)
than in patients with briefer periods of unconsciousness
(17%) [37].

It is important to emphasize that there are no clear EEG or
qEEG features unique to mild traumatic brain injury.

e Acute EEG changes

e Immediately after mTBI, there is epileptiform activity
(high-amplitude sharp waves or high-frequency dis-
charges), followed by diffuse suppression of cortical

activity that usually last for 1-2 min, then there is a dif-
fuse slowing of the EEG, and brain activity returns to the
normal baseline within 10 min to 1 h [27, 38, 39]. qEEG
often shows immediate reduction in mean alpha fre-
quency [40], with increased theta [41, 42], increased delta
[43], or increased theta/alpha ratio [44, 45].

e Subacute EEG changes

o Weeks to months after mTBI, there is a 1-2 Hz increase
in the frequency of the posterior alpha rhythm — it repre-
sents a return to the original baseline from the post-
traumatic slowing [29, 35]. The majority of the acute
EEG abnormalities resolve by 3 months — 90% resolve
within 1 year of the head trauma [29].

e Chronic EEG changes

e Lewine et al. (2007) studied a group of 30 patients with
persistent psychiatric, somatic, or cognitive complaints
(lasting >1 year) that was developed within the first few
weeks of mTBI. The magnetoencephalography (MEG)
revealed epileptiform abnormalities in 16% and slow-
wave abnormalities in 63% [46]. They found a higher
power in the delta band (1.5-5 Hz) and a lower power in
the alpha band (8.5-12 Hz) in postconcussive syndrome
patients compared with matched controls.

Improving EEG Analysis

Digital EEG (dEEG) is not recorded on paper, like the con-
ventional EEG. The collected data is presented in video
monitor and its storage is in digital format, which allows
flexibility in the analysis. The qEEG represents the mathe-
matical processing of the digital EEG. Often, it is not possi-
ble through visual analysis to recognize changes in the
electroencephalographic record. In addition, despite the
presence of neurological disorders, the visual analysis of the
EEG tracing may be normal. The use of the qEEG allows a
more in-depth analysis of the base activity, slow or fast focal
activities, subtle asymmetries, waves, and spicules [47].

The routine EEG (up to 32 electrodes) has a high temporal
resolution (on the order of milliseconds) but poor spatial reso-
lution. This limits the use of conventional EEG in mapping
and distributing brain electrical activity spatially [48]. One
way to improve spatial resolution is through the use of a larger
number of electrodes. The low-resolution brain electromag-
netic tomography (LORETA) method helps to solve the
inverse EEG problem — problem in calculating the distribution
of currents for a given electrical potential — since the electrical
activity found in the exam is distributed in a CT scan image
that corresponds to an average brain of the population. The
functional images of LORETA represent the electrical activity
in each voxel as power of the spectral density [49].

LORETA is a mathematical algorithm that estimates the
sources of EEG recorded on the scalp [50] and is widely used
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in EEG studies. New improved versions of LORETA have
been developed — standardized low-resolution brain electro-
magnetic tomography (SLORETA) and exact low-resolution
brain electromagnetic tomography (eLORETA). sLORETA
[51] and eLORETA [52] have the same low spatial resolu-
tion, with zero localization error, but the eLORETA provides
better localization of the signal source in the presence of
noise [53].

Leon-Carrion et al. (2008) performed a study with 16
patients with TBI, among them 7 subjects had minimally
conscious state, and 9 had severe neurocognitive disorders.
The presence of slow waves was twice as large in the first
group. They also found differences in LORETA in relation to
the theta frequency in the middle occipital cortex [54].

The study of Tomkins et al. (2011) included 37 patients,
of whom 19 suffered from post-traumatic epilepsy. They
found, through sSLORETA, that TBI patients had slower delta
waves than controls, regardless of whether or not they had
post-trauma epilepsy [55].

Corradini and Persinger (2013) noted, through the use of
SLORETA, a decrease in parahippocampal electrical activity
and in regions adjacent to the temporal lobe in individuals
with mild TBI [56].

The study of Ledwidge and Molfese (2016) used
sLORETA to compare athletes with concussion and con-
trol athletes and found that those with concussion had
higher electrical current density in the lower parietal gyrus
than controls. These findings support the hypothesis that
individuals with a past concussion recruited compensatory
neural resources to meet the demands of executive func-
tioning [57].

The study of Ianof et al. (2017) compared 19 patients with
diffuse axonal injury (DAI) —type of TBI that results from
acceleration/deceleration or rotational injuries to the brain —
and 17 healthy adults submitted to high-resolution EEG with
128 channels. Cortical sources of EEG rhythms were esti-
mated by exact low-resolution electromagnetic tomography
(eLORETA) analysis. The mean alpha frequency peak was
10.23 Hz (+0.90 SE) for the control participants and 9.73 Hz
(x1.02 SE) for the DAI group. No statistically significant dif-
ference was found between the control and DAI groups
(Mann-Whitney U test, p > 0.125). In comparison to the con-
trol, the DAI group had increased theta activity in the limbic,
occipital, sublobar, and temporal areas [58].

Post-traumatic Epilepsy: An Overview

Epilepsy is a disorder of the brain characterized by a predis-
position to generate epileptic seizures with neurobiological,
cognitive, psychological, and social consequences [59]. It
can also be defined as unprovoked recurrent seizures that
occur 24 h apart, at least [60].

Seizures are a frequent consequence of TBI, and its inci-
dence is of 15-22% in TBI patients [61]. Post-traumatic epi-
lepsy (PTE) and post-traumatic seizures (PTS) are terms
used to describe seizures that occur after head trauma that
are believed to be causally related to the trauma itself [62].
PTS are seizures that occur in the first week after TBI and are
considered to be provoked by head injury. PTE is defined as
one or more unprovoked seizures that occur at least a week
after TBI [63].

The occurrence of seizures after head injury is a lifelong
complication of TBI and has been demonstrated to worsen
functional outcome significantly [64].

Seizures begin, in approximately half of PTE cases,
within the first year and in 80%, within the first 2 years. One
population-based study estimated that 86% of patients with
one seizure, occurring at least 1 week after TBI, had a second
seizure within 2 years [65].

There has been significant focus on computed tomogra-
phy, EEG, and MRI after TBI to evaluate risk of PTE. Angeleri
et al. (1999) performed a 12-month prospective study evalu-
ating clinical progress, EEG, and computed tomography at
four scheduled intervals. Some of the patients in this study
also underwent MRI. Their study showed correlation of PTE
with early seizures, frontal or temporal lesions on acute com-
puted tomography, development of an EEG focus 1 month
after TBI, and cortical MRI hyperintense areas [66]. It is rec-
ommended to obtain neuroimaging and EEG after PTS.

EEG and Sleep

Electrophysiologic changes in sleep may be present in both
the acute and chronic stages of TBI and vary according to the
severity of the injury. Cognitive dysfunctions may be caused
by sleep disturbances and may aggravate impairment in
patients with TBI. Sleep disturbances can include hypersom-
nia, insomnia, altered sleep-wake cycles, periodic limb
movements during sleep, disorders of rapid eye movement
during sleep, and respiratory disorders of fast sleep in the
movement of the eyes, such as obstructive sleep apnea or
central apnea. In patients with obstructive sleep apnea, there
is a greater impairment of neurocognitive function, mostly
memory and sustained attention, than patients who do not
present disordered breathing during sleep [67].

After the acute stage of TBI, sleep disorders are common
[67]. Mild TBI patients may show longer sleep latency and
lower sleep efficiency. Also they have a lower delta power (but
higher alpha and beta power) during non-REM (NREM) sleep
[68, 69]. This EEG pattern of fast frequencies intruding into
deep NREM sleep has been described in insomnia patients
and may represent a deficit in turning off arousal [70].

After severe TBI, EEG patterns in the acute stage may
have prognostic implications. A retrospective study of 64
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adults with severe TBI admitted to the intensive care unit
revealed that sleep features seen on continuous EEG moni-
toring were associated with significantly better functional
outcomes [71].

In patients with TBI, sleep architecture findings are incon-
sistent and may include no change at all, increase of slow
wave, and changes in rapid eye movement (REM) during
sleep — decreased REM sleep, increased REM sleep during
the second half of the night, no change in the REM sleep, or
decreased onset latency of REM sleep. The sleep-wake regu-
lation centers and associated pathways are damaged in the
TBI, and these damages are the cause of disturbances of the
sleep architecture. Sleep disturbances lead to fatigue that
may be associated with mental retardation and slower pro-
cessing of information [72]. Sleep disorders also contribute
to anxiety and depression. Patients with TBI may have dis-
rupted circadian regulation of melatonin synthesis, including
lower levels of melatonin production at night [12].

Chronic changes in sleep architecture have also been
described after TBI. A review of 105 polysomnograms
(PSG) in patients with severe TBI identified lack of deep
sleep and increased sleep fragmentation in those more
severely affected [73]. PSG 6 months after TBI revealed con-
solidated NREM sleep and a trend toward a higher amount of
delta power compared with controls [74].

Reduced sleep quality induces depression. Early diagno-
sis is important, and treatment may involve modafinil, mela-
tonin light therapy, lifestyle modifications, and improving
alertness and mood [67].

Due to the association between TBI and sleep distur-
bances, it is important to analyze the qEEG during sleep.
There seems to be an interference of sleep disturbances with
rehabilitation contributing to long-term disability [75-77].

Conclusion

Quantitative EEG is promising as a diagnostic assessment
for TBI and postconcussive symptoms. Further scientific
studies are needed to provide a better understanding of the
pathophysiology and elucidate how EEG can aid in the care
of patients who have sustained a TBI.
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DSM-IV  Diagnostic and Statistical Manual of Mental
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ICD-10  International Classification of Diseases, 10th
revision

LOC Loss of consciousness

mTBI Mild traumatic brain injury

N/A Not applicable

PCS Postconcussion syndrome

PPCS Persistent postconcussion syndrome

PTA Posttraumatic amnesia

SCAT3 Sport Concussion Assessment Tool V.3

TBI Traumatic brain injury

Introduction

Mild traumatic brain injury (mTBI) continues to be a
major concern worldwide, and despite favorable recovery
rates, overall a subset of individuals experience symptoms
months to years post-injury. Patients often experience a
wide range of cognitive, emotional, and physical symp-
toms such as headache, dizziness, irritability, sleep disor-
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ders, or difficulty concentrating. Those symptoms are
commonly referred to as postconcussion syndrome (PCS).
In this chapter, we will discuss about mTBI and PCS and
how a transdisciplinary team can work together in the
rehabilitation of those patients.

Mild Traumatic Brain Injury
Definition and Classification

The definition of mTBI as per the American Congress of
Rehabilitation Medicine (ACRM) [1] consists of one or
more of the following criteria:

1. Any period of loss of consciousness.

2. Any loss of memory for events immediately before or
after the accident.

3. Any alteration in mental status at the time of the accident
(e.g., feeling dazed, disoriented, or confused).

4. Focal neurological deficit(s) that may or may not be tran-
sient but where the severity of the injury does not exceed
the following: loss of consciousness of approximately
30 min or less; after 30 min, an initial Glasgow Coma
Scale (GCS) of 13-15 points; and posttraumatic amnesia
(PTA) not greater than 24 h.

This definition includes the head being struck, the head strik-
ing an object, and the brain undergoing an acceleration/
deceleration movement (i.e., whiplash) without direct exter-
nal trauma to the head. Radiological findings may be normal
with this class of injuries. Tables 9.1 and 9.2 show the
Glasgow Coma Scale and TBI classification.

Focal and Diffuse Brain Injury
Brain injuries may be considered predominantly focal or dif-

fuse, but most injuries are heterogeneous with both focal and
diffuse components.
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Table 9.1 Glasgow Coma Scale

Glasgow Coma Scale

Eye opening Verbal response Motor response
4 = spontaneous 5 = oriented 6 = obeys commands
3 = to speech 4 = confused 5 =localizes pain
2 =to pain conversation 4 = withdraw
1 = none 3 = inappropriate words 3 = abnormal flexion
2 = incomprehensible (decorticate)
sounds 2 = extension
1 = none (decerebrate)
11 =none

Adapted from Teasdale and Jennett [2]

Table 9.2 Glasgow Coma Scale and TBI severity

GCS score TBI classification
13-15 points Mild

9-12 points Moderate

<9 points Severe

GCS Glasgow Coma Scale, TBI traumatic brain injury

e Focal injury: injury occurs in a specific location and usu-
ally is a result of external mechanical force applied to the
cranium and the intracranial contents. Examples of focal
injuries: cerebral contusion, cerebral laceration, subdural
hematoma, epidural hematoma, intracerebral hemor-
rhage, and intraventricular hemorrhage [3].

e Diffuse injury: injury usually occurs from acceleration/
deceleration injuries or rotational forces. Examples of dif-
fuse injuries: axonal injury, hypoxic-ischemic injury, and
microvascular injury that affect widely distributed ana-
tomic regions [3].

Primary and Secondary Injuries

Primary injuries occur at the moment of the trauma. They are
the result of direct external mechanical forces that produce
deformation of the skull and brain tissue and disruption of
normal brain function. Secondary injuries are due to further
cellular damage and inflammatory or metabolic alterations
from the effects of primary injuries. Secondary injury may
develop over a period of hours or days following the primary
injury.

It has been hypothesized that PCS is caused by micro-
structural damage to the brain due to shearing injury, which
is not detectable with conventional image exams and may be
responsible for a functional deficit [4, 5]. The region affected
by mTBI seems to especially involve the mesial region of the
brain, as well as deeper regions such as the hippocampus.
This “preference” would justify the deficits found in post-
concussion patients who basically have memory complaints.
Another area that is frequently involved is the prefrontal

cortex which would explain the executive deficits that may
persist even after 3 months post trauma.

Cognitive dysfunction is characterized by impairment of
attention/concentration, memory, and/or executive function.
Patients may have difficulties performing preinjury tasks and
jobs or following instructions that would ordinarily be rou-
tine before the trauma [6].

Although some brain lesions may not be detected through
image exam, patients often present cognitive deficits and
behavioral disorders. The pathological mechanism involved
in all those altered neuronal functions and in the recovery
process is not fully understood and remains still uncertain.

Mild TBI and Concussion

The terms mTBI and concussion have been used interchange-
ably. The term concussion is from the Latin “concutere”
which means “to shake violently” [7] and is more commonly
used in sports medicine. Although the definition of mTBI is
associated with the concussion phenomenon, the exclusive
use of the term concussion should not be used as a synonym in
clinical practice. Concussion is a mental state occurring after
trauma, which may or may not include loss of consciousness,
and the symptoms reflect a functional disturbance rather than
structural injury. Box 9.1 summarizes the most common
scales to describe the severity of concussion.

When a concussion is suspected, the athlete must be
immediately removed from play for a neurological examina-
tion that includes cognitive and balance testing [11]. If the
athlete is diagnosed with a concussion, they should not return
to play that day and should be managed by a healthcare pro-
fessional with competence in the treatment of concussion.
The Zurich Symposium on Concussion in Sport in 2012 [12]
placed emphasis on symptoms and signs of acute concussion
(Table 9.3) and an on-field or sideline evaluation (Table 9.4).

Mortality

In 2013, only in the United States occurred around 2.8 mil-
lion of TBI-related emergency department visits, hospital-
izations, and deaths. Individuals older than 75 years old
have higher rates of TBI mortality, and the main cause is
the fall. TBI contributes to about 30% of all injury deaths
and is associated with an increased risk of death especially
in the elderly [13].

TBI is the most frequent cause of mortality in the United
States among children and adolescents. Approximately one
third of all pediatric injury cases are TBI. Falls are also the
leading causes of TBI in the range between 0 and 4 years old.

Although the association of TBI with increased risk of
death has been noted, the relationship of mild TBI to death is
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Box 9.1 Concussion rating scales

Altered
mental
Grade status PTA LOC
Cantu I N/A <30 min No LOC
11 N/A >30 min <5 min
and
<24 h
111 N/A >24 h >5 min
American I Transient N/A No LOC
Academy of confusion
Neurology (<15 min)

11 Transient N/A No LOC
confusion
(>15 min)

1 Any N/A Any loss of
transient consciousness,
confusion brief or

prolonged
Colorado I Present No PTA No LOC
Medical Society 1[I Present Present No LOC
School and 11 Present Present Present
Sports Medicine
Committee

Adapted from Cantu [8], Colorado Medical Society School and
Sports Medicine Committee [9], American Academy of
Neurology [10]

PTA posttraumatic amnesia, LOC loss of consciousness, N/A not

applicable

Table 9.3 Symptoms and signs of acute concussion

Somatic Headache

Cognitive Feeling like being in a fog
Emotional symptoms Lability

Physical signs Loss of consciousness, amnesia
Behavioral changes Irritability

Cognitive impairment Slowed reaction times

Sleep disturbance Insomnia

Adapted from Consensus statement on concussion in sport: the 4th
International Conference on Concussion in Sport, Zurich, November 2012

Table 9.4 On-field or sideline evaluation of acute concussion

1.The player should be evaluated by a physician or other licensed
healthcare provider on-site using standard emergency management
2. If no healthcare provider is available, the player should be safely
removed from practice or play and urgently referred to a physician
3. Once the first aid issues are addressed, an assessment of the
concussive injury should be made using the sport concussion
assessment tool V.3 (SCAT3) or other sideline assessment tools

4. The player should not be left alone following the injury and serial
monitoring for deterioration is essential over the initial few hours
following injury

5. A player diagnosed with concussion should not be allowed to
return to play on the day of injury

Adapted from Consensus statement on concussion in sport: the 4th
International Conference on Concussion in Sport, Zurich, November
2012

still inconclusive. A cohort study with elderly patients have
found that those with a single mild TBI have a higher risk of
death later in their liver when compared to the general popu-
lation [14].

Disability

The symptoms that affect the individuals post TBI, espe-
cially those related to memory and cognitive impairment,
render the patient unable to perform his/her daily activities
that, until then, were done independently. Very often those
symptoms are referred by the patients as “usual” or “normal”
and may be seen as a onset of a neurodegenerative diseases
when the patient is elderly. The disability-adjusted life year
(DALY) is higher in low-income countries due to the lack of
education and adequate diagnostics resources. It is estimated
that 80,000 to 90,000 people that suffer a TBI may develop
some permanent disability [15].

Demographics

Causes

Common causes include road traffic accidents (60%), falls
(20-30%), assault and violence (10%), and sport injuries or
work-related injuries (10%) [16]. In non-sport injuries, alco-
hol and/or drug influence is a key contributory factor. In
2013, falls were the leading cause of TBI in the United
States; being struck by or against an object was the second
cause of TBI, and among all ages groups, motor vehicle
crashes were the third overall leading cause [17].

Postconcussion Syndrome

Postconcussion syndrome (PCS) is characterized by a set
of cognitive, emotional, and physical symptoms that
occur after days or weeks after a traumatic brain injury.
Although there is no universally accepted definition of
PCS, the World Health Organization’s International
Classification of Diseases [18], 10th revision (ICD-10),
defines PCS as:

a syndrome that occurs following head trauma (usually suffi-
ciently severe to result in loss of consciousness) and includes a
number of disparate symptoms such as headache, dizziness,
fatigue, irritability, difficulty in concentration and performing
mental tasks, impairment of memory, insomnia, and reduced tol-
erance to stress, emotional excitement, or alcohol.

The Diagnostic and Statistical Manual of Mental
Disorders, fourth edition (DSM-IV), has established the fol-
lowing criteria for the diagnosis of PCS:
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1. A history of head trauma that causes “significant cerebral
concussion”.

2. Objective evidence of deficits in attention or memory.

3. A minimum of three of the following symptoms must be
present and persist for at least 3 months: easily fatigued,
headache, dizziness, disordered sleep, easily provoked
irritability or aggression, anxiety, depression or emotional
lability, apathy, personality changes, or inappropriate
behavior.

4. Symptoms must begin or worsen after the brain injury.

5. Significant decline from previous level of functioning
(social, occupational, or academic functioning).

6. Symptoms do not meet criteria for dementia due to head
trauma and are not better accounted by another disorder.

The natural course after mTBI is the resolution of symp-
toms within 3 months and a return to preinjury functioning,
which is the outcome for the majority of patients. However,
a considerable proportion of them will experience postcon-
cussion symptoms (Table 9.5) for a prolonged period after
injury, diagnosed as persistent postconcussion syndrome
(PPCS) [19]. Cognitive deficit is common following mTBI,
particularly in attention and executive functioning. These
multiple cognitive deficits, coupled with other frequently
associated neuropsychiatric symptoms, most often in the
form of anxiety and depression [20, 21], have an effect on
functional status and may lead to disability and reduced
quality of life [22]. Much of the disability (and costs) associ-
ated with mTBI is hidden, as survivors may have no physical
evidence of their injury. Despite this, the consequences of
mTBI can permanently change a person’s life, resulting in
family disruption, loss of income and earning potential, and
considerable expense over a lifetime [23].

Table 9.5 Common postconcussion symptoms

Physical Cognitive Emotional

Headache Difficultly Irritability
concentrating

Nausea Poor memory Anxiety

Vomiting Difficulty learning Depression
new things

Dizziness Difficulty sustaining ~ Nervousness
attention

Fatigue Impaired problem- Apathy

Balance problems

solving skills
Problems in planning

Poor frustration

or organizing tolerance
Visual problems Difficulty making Personality
(blurred/double vision)  decisions changes
Sensitivity to sound Impaired judgment Disinhibition

Sensitivity to light
Sleep disturbances

Management of mTBI

There is no specific treatment for mTBI and its sequelae.
Currently the best practice model includes [24]:

1. Early identification of mTBI by emergency medical staff,
physician, and other health professionals.

2. Early treatment of symptoms should be provided for
physical-medical problems such as dizziness, nausea, or
vomiting, and pain or psychological assessment and
counseling should be provided if the injury event triggers
an acute stress reaction.

3. Provide information to all patients and family members
about typical symptoms that can follow after mTBI as
part of natural recovery process, recommendations for
gradual return to regular activities, and cautions about
incurring another head injury.

4. Symptomatic patients should be followed up every 2 to
4 weeks from the time of initial contact until they are no
longer symptomatic.

5. Interdisciplinary assessment and treatment for those who
have not returned to work or are still symptomatic after 3
to 4 months post-injury.

Rehabilitation Post mTBI

TBI may or may not cause long-term physical disability, but
it is the complex neurobehavioral sequelae that may produce
a drastic reduction of patient’s quality of life, months or
years of impairment affecting occupational, social, and emo-
tional functioning. The cognitive and behavioral changes and
difficulties maintaining personal relationships and coping
with school and/or work can be more disabling than any
residual physical deficits. Box 9.2 presents a suggestion of a
transdisciplinary rehabilitation team.

Box 9.2 Transdisciplinary rehabilitation team

Patients and their family
Physiatrist

General practitioner
Neurosurgeon/neurologist
Rehabilitation nurse
Neuropsychologist

Physical therapist
Occupational therapist
Speech/language pathologist
Social worker
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The transdisciplinary approach to care delivery is
performed by a team with different professions that come
together from the beginning, exchange ideas, discuss each
case, and work together to come up with a holistic
rehabilitation plan for each patient. The goals of
rehabilitation post TBI need to be holistic and
individualized to each patient and his/her family needs.
Given the high predominance of young adults sustaining
TBI, it is essential that the outcomes following injury are
properly documented as a basis for developing
rehabilitation guidelines for professionals, families, and
educators.

It is essential that patients and their family understand the
effects of the injury and their limitations, and as with all
rehabilitations, the main goal is to help the patient achieve
the maximum degree of return to their previous level of
functioning.

Conclusion

In view of the importance of the theme discussed in this
chapter, the complexity of mTBI and PCS is due to several
heterogeneous factors. Even if the TBI is mild and closed, it
may be associated with a variety of psychological and physi-
cal symptoms. Indeed it is important for patients experienc-
ing prolonged symptoms to have a particular need for a
knowledgeable and coordinated management with a trans-
disciplinary rehabilitation team. The fast symptom recogni-
tion and proper diagnoses of PCS are expected to increase
considerably as health professionals and patient’s families
become more aware of its existence, magnitude, and extent.
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Traumatic Brain Injury in the National

Football League

Renata Areza-Fegyveres

Introduction

The present chapter is going to encompass a different per-
spective of concussion and chronic traumatic encephalopa-
thy (CTE) linked to the National Football League (NFL).

Brief History of NFL

The National Football League (NFL) was founded in 1920 as
the American Professional Football Association (APFA). It
included ten teams from four states; all of them existed in
some form as participants of regional leagues in their respec-
tive territory. It took on its current name in 1922 [1]. The
NFL was the first professional football league to successfully
establish a nationwide presence, after several decades of
failed attempts. League membership progressively stabilized
throughout the 1920s and 1930s as the league adopted more
formal organization.

During World War II, NFL football activity declined. After
that the rival American Football League was founded in
1960. At a certain point, there was a merge with NFL that
resulted in a greatly expanded league and the creation of
Super Bowl, which has become the most watched annual
sporting event in USA. At that time, its current size had 32
teams. A series of agreements have helped the league to be
one of the most profitable and the only major league in the
USA since the 1990s.

Local and National US Policies [Adapted
from 2]

During the last decade, laws, policies, and action plans on
concussion were created.
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State Laws In 2009, the State of Washington was the first to
create a law about concussion in sports, the Zackery Lystedt
Law [3]. One month later, Max’s law [4] was passed in Oregon.
In total, between 2009 and 2012, 43 states, and the District of
Columbia, passed laws on concussion in sports for youth and/
or high school athletes, often called Return to Play Laws. So
far in 2013, four additional states have also passed Return to
Play Laws. Some organizations, such as the National
Conference of State Legislatures, have created online maps to
track and update concussion in sports laws by state [5].

Most concussion in sports laws includes three action
steps:

1. Inform and educate coaches and athletes and their parents
and guardians about concussion through training and/or a
concussion information sheet.

2. Remove athlete from play: an athlete who is believed to
have a concussion is to be removed from play right away.

3. Obtain permission to return to play: an athlete can only
return to play or practice after at least 24 h and with per-
mission from a health-care professional.

These action steps are based on recommendations presented
in the international concussion consensus statement [6]. First
created in 2002 and most recently updated in 2008, the consen-
sus statement was developed by experts in the field and includes
the latest science available on concussion in sports.

Local Policies and Action Plans Along with the three action
steps listed above, some school and league concussion poli-
cies include additional strategies in their policies or imple-
mentation plans. Research is needed to learn if including
these additional strategies can help protect children and teens
from concussion and other serious brain injuries. Based on
interviews by the Centers for Disease Control and Prevention
(CDC) with nine states, below is a list of some examples of
additional strategies in local policies and action plans.
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* Be ready for an emergency by creating a concussion
emergency medical action plan. These plans often include
contact information for local emergency medical respond-
ers and the location of trauma centers, if available.
Identify appropriate health professional(s) for games and
practices to help assess and manage concussion among
their athletes.

e Ensure Safer Play by:

(a) Limiting contact during sports practices (when appro-
priate for the sport).

(b) Putting in place rule changes and/or banning or limit-
ing the use of certain drills or techniques to help
reduce the chances of injury.

(c) Checking sports equipment often. This includes making
sure the equipment fits the athletes well, is in good con-
dition, is stored properly, and is repaired and replaced
based on instructions from the equipment companies.

* Build the Science by:

(a) Collecting data from schools on the number of con-
cussions reported by athletes during the season

(b) Studying changes in concussion knowledge and
awareness among coaches and parents before and
after the policy is put in place

e Focus on Education by:

(a) Posting information for parents, coaches, and athletes
at schools and on the field or sidelines. Posted infor-
mation often includes concussion signs and symp-
toms, as well as what to do if a concussion occurs.

(b) Hosting or requiring regular trainings for athletes,
parents, coaches, and school and health-care profes-
sionals about concussion.

*  Manage Return to School by:

(a) Providing information on returning to school. It
includes creating a concussion management team to
check on students with concussion for any changes in
behavior or increased problems with schoolwork and a
plan that includes special support or help for students
during the school day to help with their recovery.

A National Concussion Surveillance System was
created in the CDC [7] in order to inform, prevent,
and guide the population and the amateur and profes-
sional teams (coach, sports official, physician, others)
on this issue.

NFL Policies and Rules [Adapted from 8]

The NFL implemented the concussion protocol in 2009 and
has adjusted it in the last 7 years. The league has instituted
protocol to address the diagnosis and management of
concussions.

The NFL made changes to the protocol after completing
investigations in the way two teams handled head injuries to

players during the 2017 season. The Seahawks were fined
$100,000 when the league found they did not follow the pro-
tocol with quarterback Russell Wilson. The Texans were
cleared by the league regarding their process with quarter-
back Tom Savage, but those two investigations pushed the
league to refine the protocol to better protect players.

After the Seahawks investigation concluded, the league
added a rule that requires teammates, coaches, or officials to
take the player directly to a member of the medical team for
evaluation. The changes after the Savage investigation were
more sweeping. Among other things, the NFL has added an
additional unaffiliated neurotrauma consultant to each post-
season game, including the Super Bowl, to identify, monitor,
and evaluate players for head injuries. Players also must be
removed from the field of play and taken to the locker room
for evaluation after the update.

In September 2016, the NFL announced the initiative
“Play Smart, Play Safe” to continue to strive for a healthier
game. The “NFL Game Day Concussion Protocol” was first
implemented in 2009, adjusted in 2011, and tweaked in the
last 5 years, including the introduction of disciplinary action
in 2016 for teams that do not adhere properly.

NFL's Concussion Protocol

In addition to the team medical staff and an unaffiliated neu-
rological consultant, the league employs two medical spotters
in the booth who watch the game with binoculars and video
replay to identify injuries that others missed. The league
added a rule in 2015 allowing for the medical spotters to stop
the game with a medical timeout to remove an injured player.

“Observable Symptoms”

The following are the seven observable symptoms used to
identify players with concussions:

e Any loss of consciousness

e Slow to get up following a hit to the head (“hit to the head”
may include secondary contact with the playing surface)

e Motor coordination/balance problems (stumbles, trips/
falls, slow/labored movement)

e Blank or vacant look

* Disorientation (e.g., unsure of where he is on the field or
location of bench)

¢ Clutching of head after contact

* Visible facial injury in combination with any of the above

When spotters or other medical personnel see those signs,
that’s when the protocol goes into effect.
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Return to Play Process

In addition to the in-game protocol, there is also a “Return-
to-Participation Protocol” that can keep players out of action
for more practices or games until they pass and are cleared to
return.

It is a five-step process without any set timeline for a full
return from a concussion:

1. Rest and recovery: Until a player returns to the “baseline
level of signs and symptoms and neurological examina-
tion,” only limited stretching and balance activities are
recommended. Electronics, social media, and team meet-
ings are all to be avoided.

2. Light aerobic exercise: The NFL recommends 10-20 min
on a stationary bike or treadmill without resistance train-
ing or weight training. The cardiovascular activity is
monitored by an athletic trainer to “determine if there are
any recurrent concussion signs or symptoms.”

3. Continued aerobic exercise and introduction of strength
training: Increased duration and intensity of aerobic exer-
cise with strength training added. An athletic trainer will
supervise to watch for recurrent concussions signs or
symptoms.

4. Football-specific activities: The cognitive load of playing
football will be added and players will participate in non-
contact activities for the typical duration of a full
practice.

5. Full football activity/clearance: A player returns to full
participation in practice, including contact without
restriction.

During the off-season this year, the NFL added a measure
that would punish teams that failed to properly enforce the
concussion protocols. Any violation—either in-game or
return-to-participation—could cost a team fines or even the
forfeiture of draft picks.

The decision to add an unaffiliated neurotrauma consul-
tant was stationed at the command center that has been used
primarily for game-replay review [9].

* A central UNC will be stationed in the NFL’s command
center to assist in oversight of each game via broadcasts.

* Any sign of impact seizure will be considered the same as
loss of consciousness, and the player will be taken out of
the game and may not return.

* A referee who removes a player from the game for sus-
pected head trauma must notify the medical staff.

* A player who exhibits gross motor instability or signifi-
cant loss of balance must be taken to the locker room for
evaluation if it is not diagnosed as an orthopedic injury.

e A player who is evaluated for a concussion must be re-
evaluated within 24 h, even if the player has an off day.

e A third unaffiliated neurotrauma consultant will be on site
for the playoffs and the Super Bowl, in addition to the two
already assigned to each regular-season game.

The adjustments were implemented by the league’s head,
neck, and spine committee and communicated in two confer-
ence calls headed by Sills and Dr. Thom Mayer, the medical
director for the NFL Players Association, with an estimated
400 people involved in the concussion process, including
every team physician, every athletic trainer, every unaffili-
ated neurotrauma consultant, and every booth spotter [9].

The reason to add an extra unaffiliated neurotrauma con-
sultant (UNC) for the playoffs and the Super Bowl is to allow
a UNC to still be present if another is occupied when a player
is taken to the locker room. This practice will be re-evaluated
in the next season.

Future Directions

History of sports concussion and chronic traumatic repetitive
injury in sports had changed a lot in the last two decades.
Significant literature contributions were made and the knowl-
edge is transcending science and coming to the general pub-
lic. The issue is being diffused and broadcasted by the media
in order to inform people and prevent lesions. Several laws
and policies have already been created and will be continu-
ously updated in order to turn our football games safer.
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Introduction

Although millions of individuals suffer a traumatic brain
injury (TBI) worldwide each year, it is only recently that TBI
has been recognized as a major public health concern. There
is growing recognition that a single severe TBI (sTBI) or
repeated mild TBIs (rTBIs) can also induce insidious neuro-
degenerative processes, which may be associated with
chronic traumatic encephalopathy (CTE) [1].

The objective of a boxing match is to render an opponent
temporarily unconscious through blunt head injury, with
subsequent intermittent loss of consciousness (knockout,
KO). Prolonged exposure to repetitive head trauma can result
in chronic traumatic encephalopathy (CTE), a neurological
syndrome characterized by progressive impairments in cog-
nitive, behavioral, and motor function [2].

Mixed martial arts (MMA), sometimes called “ultimate
fighting,” is used to describe full-contact combat sport activities
utilizing a combination of Oriental martial arts (karate, judo,
jiujitsu, and tackwondo) and Western combat sports (boxing,
Greco-Roman wrestling, and kickboxing) [3]. It is a combative
sport between two athletes that has undergone considerable
growth and expansion in the United States over the past 15 years
[4]. Bouts typically are 5 min in duration and consist of 3 to 5
rounds. Winners often are declared by judges’ decision, techni-
cal knockout (TKO), referee stoppage, submission, knockout
(KO), physician stoppage, or disqualification [5].
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Kickboxing is a combat sport which involves two com-
petitors directing full-force strikes with the hands, elbows,
knees, shins, and feet at each other. It is one of the modern
combat sports and requires athletes to achieve high thresh-
olds of several aspects of physical fitness [6].

History

Martland introduced the term “punch drunk,” in 1928, to
describe neurological symptoms, like confusion, tremors,
slowed speech, and the gait disturbances, seen in boxers suf-
fering from repeated blows to the head [7].

Millspaugh coined the term “dementia pugilistica” to
describe similar cases, in 1937 [8]. Courville introduced the
term, “psychopathic deterioration of pugilists” [9]. In 1957,
Critchley reported on 69 cases of progressive neurological
disease in boxers and proposed “chronic progressive trau-
matic encephalopathy of boxers” [10].

The neuropathology of CTE was first described by
Brandenburg and Hallervorden and later by Corsellis who
found several characteristic areas of damage: septum pellu-
cidum, adjacent periventricular gray, frontal and temporal
lobes, substantia nigra, cerebellar scarring, and diffuse neu-
ronal loss [11-13].

Although originally described in boxers, CTE is also
found in other contact sports (football, hockey, wrestling), as
well as in individuals suffering repetitive brain trauma who
were not athletes [11, 12], such as military blast victims and
people who suffered physical abuse and epilepsy [11].

Pathophysiology

Catastrophic brain injuries refer to severe brain trauma asso-
ciated with cerebral contusions or intracranial hemorrhage,
and it can lead to long-term neurological sequelae or even
death. The most common cause of death in sports-related
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TBI, especially in boxers, is subdural hematoma [14, 15].
Each year in boxing, about ten deaths occur, most of which
following knockout or technical knockout [16]. Deaths are
more common in lower weight classes in boxing.

A knockout is associated with concussion and loss of con-
sciousness. Concussion occurs more frequently in profes-
sional boxing than in amateur boxing or other contact sports
[17]. Concussion can also happen in other martial arts like
karate [18], tackwondo [17], and kickboxing [19, 20]. The
work of Koh and Cassidy [21] showed that in a Korean tae-
kwondo tournament, the incidence of head blows and con-
cussions was 226 — there were 2328 competitors. The
younger participants had a higher the incidence of head
blows and concussions [21].

Cognitive impairment often persists beyond the subjec-
tively symptomatic time in boxers following mild TBI or a
knockout, as revealed by the neuropsychological tests — it
can be impaired for days following a knockout in amateur
boxers [22].

Subconcussion refers to a mild head injury that causes
these subtle subjective and objective neuropsychiatric
deficits [23].

Rapid acceleration and deceleration forces, either lin-
ear or rotational, on the brain are the primary mechanism
in which concussion and subconcussion occur. When sub-
jected to these forces, the brain — including its neurons,
glial cells, and blood vessels — is stretched. And that may
disrupt their normal functions. Axons are particularly sus-
ceptible to stretching, which can lead to diffuse axonal
injury [24]. Blows to the head by hook punches (rotational
acceleration) in boxing results in concussion more often
than linear acceleration caused by straight head blows and
head contacts, common in other sports such as American
football [25].

Acute Brain Injury

The study of Matser et al. [26] evaluated 38 amateur box-
ers before and after a bout. Concussion was observed in 13
percent of cases after the fight. Porter (92) observed 281
amateur fights, and 12% of them ended in a knockout (KO)
or in the intervention of the referee following blows to the
head [26].

Chronic Brain Injury

In 1969, Roberts examined 224 former professional boxers
from the United Kingdom for neurological abnormalities.
Signs of brain injury were found in roughly half the sub-
jects. The study reported a CTE prevalence of 17%. Longer
duration of exposure to sport (measured as the number of

bouts), older age at retirement from boxing, and longer
length of boxing career are important variables that can
increase an individual’s risk of developing CTE [27].

Eighteen former and active boxers were evaluated by
Casson et al. [28]. They conducted neurological and neu-
ropsychological tests and performed EEGs and computed
tomographic (CT) scans. In 13 of the 15 professional box-
ers (87%), at least two of the four tests revealed abnormal
findings, suggestive of chronic brain injury. All the profes-
sional boxers and the three amateurs boxers had abnormal
scores in at least one of the neuropsychological tests [28].

Jordan et al. [29] performed brain CT scans in 338 active
professional boxers. Definite abnormalities were observed in
7% (25 boxers) and possible abnormalities in over 49% of
the sample (75 boxers). There was no difference between
boxers with clear abnormalities and the rest of the group in
terms of age, in terms of number of bouts fought, won or lost,
or in terms of type of EEG abnormality. Of the boxers with
defined CT abnormalities, 68% suffered one or more KOs,
compared with 49% of people with possible abnormalities
and only 37% of those without abnormalities [29]. Jordan
et al. [30], in another study, tested 30 professional boxers
using neurological and neuropsychological evaluations.
Chronic abnormalities of a mild to severe nature were
observed in 19 of the subjects (63% of the sample). The
severity of the abnormalities was related to the number of
bouts [30].

Biomarkers

In Iumbar cerebrospinal fluid (CSF) in boxers 4—-10 days
after a bout and in boxers who have not been knockout total
tau protein levels are elevated and the level normalize within
the 8—12 weeks if the boxers are not subjected to further
bouts [31, 32].

In amateur boxers with mild TBI after a bout, levels of
neurofilament light polypeptide (NFL) in lumbar CSF are
alsoraised [31, 32]. NFL in lumbar CSF is probably the most
sensitive biomarker of axonal injury and represents the sus-
ceptibility of long myelinated axons to mild TBI [33].
Exposure to head trauma — including number of blows to the
head — is correlated with NFL levels in lumbar CSF in ama-
teur boxers [31, 32].

Chronic Traumatic Encephalopathy in Boxing

CTE includes a latent period of 8§—10 years followed by onset
of behavioral disturbance, characterized by impulsivity and
depression. Cognitive symptoms include disturbance of
attention and memory [34]. Post-traumatic parkinsonism is
also related to extensive boxing exposure [35].
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Advances in brain imaging provide an opportunity to
characterize in vivo neurodegeneration in athletes. The find-
ings of frequent magnetic resonance imaging (MRI) in pro-
fessional boxers include hippocampal atrophy, cavum
septum pellucidum, dilated perivascular spaces, indications
of diffuse axonal injury (DAI), pituitary gland atrophy, and
ventricular enlargement [36].

Diffusion tensor imaging (DTI) is an advanced MRI tech-
nique that measures the microstructural integrity of brain tissue
using metrics such as fractional anisotropy (FA) and apparent
diffusion coefficient (ADC). FA measures, indirectly, white
matter microstructure by assessing the tendency of water mol-
ecules to move parallel to structural components of axons
(anisotropic diffusion) that act as barriers to diffusion rather
than across them. Higher FA is commonly associated with a
structural environment characterized by higher fiber density
and organization, homogeneity of the direction of the fibers,
axonal diameter, and degree of myelination. ADC assesses how
freely water moves inside the brain tissue (isotropic diffusion
or diffusivity) and is usually negatively correlated with the
components of the structural environment described above.
Moderate and severe traumatic brain injury (TBI) frequently
results in decreased FA and increased ADC in the chronic stage
[37, 38]. In acute mild TBI, the directionality of FA has been
reported as elevated in some studies and reduced in others, and
the reason for that is not clearly understood [39]. DTT is of
great importance because it can detect changes in white matter
tracts that are not observed on conventional MRI, including
potential DAI associated with CTE [34].

Previous DTI studies on the chronic effects of boxing
showed lower FA and greater diffusivity in professional box-
ers in comparison with a control group [40—42].

Chappell and colleagues compared DTI in 81 profes-
sional boxers with 12 control subjects using a voxel-based
analysis, and the analysis revealed regions of white matter
that presented lower FA and increased ADC, including the
midbrain, medial temporal lobe, lower fronto-occipital
fasciculus, inferior longitudinal fasciculus, and cerebral
peduncles [40]. Zhang and colleagues [42] found lower
FA in the genu, splenium, and posterior internal capsule
of boxers who also had greater diffusivity in the anterior
and posterior limbs of the internal capsule, and for that
they used a DTI region of interest (ROI) analysis.
However, the comparison groups of these studies were
composed of healthy individuals and did not control par-
ticipation in sports.

Researchers also examined subject variables and box-
ing history in relation to DTI. Chappell et al. [40] found
that diffusivity in subcortical structures increased with

age in both boxers and the control group, but the correla-
tion between diffusion parameters such as ADC or mean
diffusivity and age in boxers (mean age of 28 years) was
significantly higher than in the control group [40]. This
indicates that although diffusion parameters generally
increase with age, they do so at a higher rate in boxers,
possibly suggesting a neurodegenerative process. The
exposure to boxing is frequently estimated by the number
of boxing matches and years of boxing. Shin and col-
leagues studied the relationship between AF, diffusion
measures, and knockouts (KOs) in boxers. These research-
ers found a positive correlation between KOs and diffu-
sion and a negative correlation between KOs and FA in
the corpus callosum, isthmus of the cingulum bundle,
pericalcarine region, precuneus, and amygdala [43].

It is important to emphasize that most DTI studies have

imaged professional boxers [40—42]. Even though several
studies using conventional MRI suggested that amateur
boxers also exhibit chronic and neurobehavioral effects of
repetitive head trauma [44, 45], an investigation of boxers
and amateur boxers who have recently become profession-
als reported negative MRI scans and neurobehavioral find-
ings that did not differ from a control group of athletes
engaged in contactless sports [46]. In addition, the rate of
chronic traumatic brain injury among amateur boxers has
been viewed as insignificant [35]. The gaps in the boxing
literature include sparse DTI-related data and MRI imaging
for cognitive performance and history of exposure. In addi-
tion, not all studies included a comparison group with simi-
lar demographic characteristics and participation in
noncontact sports.
Davis et al. [47] studied the effect of the rules change in 2013
on amateur boxing strategy, technique, and safety. Pre-2013
and post-2013 3 x 3 min elite-level amateur boxing was
compared from video footage of 29 Olympic (pre-2013) and
50 World Championship bouts (post-2013), totaling 99 male
boxers. They found that several techniques that were domi-
nant pre-2013 were used less post-2013, including total
punches thrown, rear hand punches, and hook rear hand,
while defensive movements were higher post-2013. Boxers
have increased their foot movement by 20%, post-2013, to
move in and then away from their opponent, combined with
long-range punches and deliberate defensive movements.
Pre-2013, 1.7% of bouts did not last the full duration due to
referee stoppage, while post-2013, this increased to 4.2% as
a result of two knockouts and eight technical knockouts. An
increase in skin splits and technical knockouts is apparent. It
is likely that boxers believe head guard removal has made
them more prone to knockouts [47].
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Mixed Martial Arts

The review of Lystad et al. [48] revealed that the head was the
most commonly injured anatomic region, ranging from 66.8%
to 78.0%. The most common type of injury was laceration/
abrasion, ranging from 36.7% to 59.4%, followed by fracture,
ranging from 7.4% to 43.3%, and concussion, ranging from
3.8% to 20.4%. There is a very high proportion of head inju-
ries in MMA and professional boxing where punches to the
bare head are allowed. The high proportion of head injuries in
MMA is a cause for concern, since continued repetitive head
trauma is associated with degeneration in brain structures such
as the bilateral hippocampi, basal ganglia, and thalamus,
which can lead to cognitive impairment [48].

Published rates of injury are similar between boxing (17—
25%) and MMA (24%), and therefore many studies assume
that MMA injury patterns will be similar to other combat
sports such as boxing and wrestling, but given the different
components of each one used in MMA, it may not be possi-
ble to extrapolate exactly that data. In fact, a review of the
MMA literature reveals considerable variation in observed
injury patterns, limiting the generalization of boxing and
wrestling analysis to this population. A notable difference is
that the lighter gloves used in MMA (4-6 oz) versus boxing
(16 oz) serve only to protect the hands of competitors and do
not decrease attack forces compared to wearing no gloves at
all [49, 50].

Some of the available studies reviewed video evidence to
evaluate head trauma but it is complicated to determine the
incidence of concussion on the basis of video evidence of
head trauma alone.

The study of Buse (2006) revealed (after he reviewed
video footage of 1284 men competing in 642 matches from
1993 to 2003) that the proportion of matches ending by head
trauma was higher in MMA (28%) compared with boxing
(9%) and kickboxing (8%). An important limitation of
Buse’s review was that it was simply a video review of tele-
vised matches [51].

Ngai observed severe concussion — a loss of conscious-
ness resulting from a KO — as an injury in 3.3% of
matches. He reported this incidence to be similar to what
has been demonstrated in tackwondo competitions [52].
The study of Scoggin evaluated 116 bouts in Hawaii, and
he reported that 11 of the 55 injuries were concussions.
Of the 55 fighters, 7 who had concussions had loss of con-
sciousness, 4 had retrograde amnesia, and 5 reported
facial injuries. Concussions occurred in 4.7% of expo-
sures, and facial injuries occurred in 2.2% of exposures
[53].

Heath and Callahan studied a sample of MMA athletes
(n = 19) that reported concussive symptoms, training rou-
tines, and medical histories through an online survey.
Almost 15% of the MMA athletes reported history of a
knockout, and nearly one-third reported a technical
knockout [54].
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Kickboxing

Chronic TCE can be caused by knockout (KO) with loss of con-
sciousness or by the cumulative effect of punching or kicking the
head. Kickboxers with long experience or kickboxers with lim-
ited defense skills who repeatedly suffered heavy blows are at the
highest risk of developing this condition [20]. Kickboxing is
associated with chronic repeated chronological trauma that can
cause brain injuries [20, 55], unconsciousness, and neurological
abnormalities, mainly hypopituitarism [65]. Some studies have
investigated pituitary function in amateur kickboxers and dem-
onstrated that kickboxing is a cause of TBI, and growth hormone
(GH) deficiency and insufficient adrenocorticotropic hormone
(ACTH) were also very common (22.7% and 9.1%, respectively)
among the 22 amateur kickboxers [56]. Consequently, Tanriverdi
et al. [57] reported that GH is the most common hormone lost
after TBI, followed by ACTH, gonadotropin (luteinizing hor-
mone (LH) and follicle-stimulating hormone (FSH)), and thy-
roid-stimulating hormone (TSH). The mechanisms responsible
for pituitary dysfunction after BIT are not entirely clear, but
genetic predisposition and autoimmunity may play a role.

As in Muay Thai, all body targets are permissible in both
amateur and professional kickboxing except for the groin
[19]. Thus, the head, arms, and trunk would be expected to
be the primary targets/injury sites for kickboxers [20, 58].
Head injuries were found as the second most frequent injury
in amateur and professional kickboxers [59]. Zazryn et al.
[20] reported that the head, neck, and face, followed by the
lower extremities, were the most common body regions
injured. The latter authors also reported that Australian kick-
boxers suffered more head injuries than those in the United
Kingdom and the Netherlands (51.6% vs. 42.5%) but fewer
lower extremity injuries (39.8% vs. 53.4%).

Boxing x Martial Arts

In the study of Lee et al. [60], a conventional 3 T RM image
was used to evaluate 499 fighters (boxers, mixed martial art-
ists, and martial artists) and 62 controls for nonspecific white
matter changes, cerebral hemorrhage, cavum septum pellu-
cidum, and cavum vergae. The prevalence of non-specific
white matter changes was similar between the groups.
Fighters had a prevalence of cerebral hemorrhage (4.2% vs.
0% for controls, P =0.152) and a higher prevalence of cavum
septum pellucidum versus controls (53.1% versus 17.7%,
P <0.001) and cavum vergae versus controls (14.4% versus
0%, P <0.001). The lengths of the cavum septum pellucidum
plus the cavum septum pellucidum for the septum pellu-
cidum length ratio (P = 0.009) were higher in the fighters
than in controls. They found that the number of combats was
slightly correlated with the length of the septum of the cavum
septum pellucidum plus cavum vergae (R =0.306; P < 0.001)

Fonte: Pixabay

and the length of the cavum septum and pellucidum
(R =0.278; P < 0.001). When the fighters were subdivided
into boxers, mixed martial artists, and martial artists, the
results were similar to those of the whole-group analysis.
Although brain microhemorrhages were greater in fighters
than in controls, this finding was not statistically significant,
possibly due in part to insufficient study [60].

Conclusion

The objective of fighting sports, like boxing, kickboxing,
and mixed martial arts, is to render an opponent temporar-
ily unconscious through blunt head injury, with subse-
quent intermittent loss of consciousness (knockout, KO).
Prolonged exposure to repetitive head trauma can result in
chronic traumatic encephalopathy (CTE), a neurological
syndrome characterized by progressive impairments in
cognitive, behavioral, and motor function.
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Increasing data supporting the link of repetitive TBI and

long-term neurodegenerative consequence has had signifi-
cant implications in sports which is leading to changes in the
sports’ rules.
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Concussion (Mild Traumatic Brain Injury)

Concussion (also known as mild traumatic brain injury, or
mTBI) has gained considerable attention in recent years, fol-
lowing the findings that mTBIs are more common than pre-
viously thought and can have enduring consequences and
possibly lead to neurodegeneration [10]. Global estimates
suggest ten million new TBI cases each year with the vast
majority being mild TBIs (concussions) [41]. Concussion
can have many causes, with the most common being motor
vehicle accidents, falls, sports, and blast injuries in a military
setting [41]. Concussions used to be regarded as trivial, but
recent evidence suggests they result from a brain injury lead-
ing to neuropathological, neurophysiological, and neuropsy-
chological changes [24]. The symptoms associated with
concussions fall into three clusters:

e Somatic (includes neurological symptoms like headaches,
nausea, dizziness, etc.)

o Affective (refers to changes in the affective state like
irritability, depression, and anxiety)

e Cognitive (changes in cognitive functioning like impaired
memory and concentration) [44, 92]

Research shows that most patients with mTBIs (80-90%)
see their symptoms resolve within 7-10 days. In the remaining
10-20%, the symptoms may persist for months following the
head trauma, with 25-33% of those patients moving on to
develop persistent post-concussion symptoms [41], which is
referred to as a post-concussion syndrome (PCS) [87].

In recent years, there is a growing concern that repeated
concussions can be associated with delayed neurodegenera-
tion including a number of neurodegenerative diseases such
as Alzheimer’s disease, Parkinson’s disease, and more spe-
cifically chronic traumatic encephalopathy (CTE). CTE is
the pathological correlate of the largely behavioral and
cognitive impairments that have been reported for the most
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part in a few former professional athletes playing contact
Sports.

The aim of this chapter is to review the neuropsychiatric
symptoms associated with the clinical syndrome of PCS and
the pathological entity of CTE.

Diagnosis of PCS

When symptoms of concussion persist, then the diagnosis of
PCS needs to be considered. In the absence of confirmed
imaging or molecular biomarkers, current diagnosis of PCS
is subjective and includes self-reported symptoms [41]. The
first proposed diagnostic criteria for PCS was published in
the International Classification of Diseases, Tenth Revision
(ICD-10), in 1992. ICD-10 requires a clinical history of TBI
and the presence of three or more of the following symptoms
for at least 4 weeks: headache, dizziness, fatigue, irritability,
insomnia, concentration, memory difficulty, and intolerance
of stress, emotion, or alcohol [10, 41]. The second widely
accepted clinical criteria used for PCS diagnosis is that of the
Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition (DSM-IV). The main differences between
ICD-10 and DSM-IV are that the latter requires the person to
have memory or attention difficulties, without dementia
related to head injury, and the symptoms should last for at
least 3 months and interfere with social functioning [10]. The
term ‘“‘post-concussion syndrome” has been changed to
“Neurocognitive symptoms associated with traumatic brain
injury” in DSM-V [41]. The fifth edition of DSM also
brought upon the following changes in PCS diagnosis: the
patient needs to meet the criteria for mild or moderate neuro-
cognitive disorder, which should present itself immediately
after the injury or recovery of consciousness following
injury, and last beyond the acute posttraumatic phase of the
injury. The list of possible symptoms also included posttrau-
matic amnesia, loss of consciousness, disorientation, and
confusion [2]. The most recent consensus statement on con-
cussion in sport highlighted the need for a standard definition
of a PCS diagnosis and proposed that persistent post-
concussion symptoms should be diagnosed if they last for
longer than 1014 days in adults [66].

Post-concussion Syndrome and Chronic
Traumatic Encephalopathy

Chronic traumatic encephalopathy (CTE) is a neurodegen-
erative disease that currently can only be diagnosed patho-
logically. It has been associated with repeated concussions
and presents with distinctive tau pathology [34, 70]. At the
moment, the relationship between PCS and CTE is not
entirely clear. There is some symptom overlap between the
two conditions, and although there is evidence to support

that CTE is not just a cumulative effect of PCS-related
changes [5, 34], there may be pathological changes that pre-
date overt clinical signs as in other neurodegenerative dis-
eases [53].

The first scientific account of deficits resulting from mul-
tiple head injuries was documented by Martland in 1928. In
his paper, Martland described the symptoms seen in boxers
with repetitive head trauma and called this punch-drunk syn-
drome. These symptoms included unsteadiness and sluggish
movement. In some cases, there was mild mental confusion,
however, many symptoms remained mild in nature and insuf-
ficient to interfere with fighting. The most severe cases, con-
versely, showed pronounced Parkinsonism and marked
mental deterioration [61]. The term punch-drunk was later
changed to dementia pugilistica [76] and then renamed once
again by Critchley [19] to chronic traumatic encephalopathy.
Roberts [85] in his study revisited the boxers’ data and,
according to Corsellis [17], found the brains contained a
“widespread deposition of p-protein in the cortex.” Miller
[75] in his article notes that concussed patients often reported
numerous neuropsychiatric symptoms including irritability,
anxiety, bouts of depression, and nightmares about the acci-
dent. Retrospective analysis of previous case studies on pre-
sumptive CTE (called “punch drunk” at the time) [16, 63] in
boxers suggests two different clinical presentations. The first
presentation was believed to have a younger onset (mean age
about 35 years old) with behavioral and mood disturbances
(i.e., depression, aggression, mood lability, and suicidality)
but very little cognitive or motor changes. The second pre-
sentation had an older onset (mean age about 60 years old)
with pronounced cognitive features (i.e., impaired executive
function, memory and concentration problems) and motor
disturbances [5, 54, 94]. The most advanced CTE stages are
associated with dementia [54, 90, 94].

Most neuropathologically confirmed cases of CTE to date
had a history of repeated mild head traumas, with the vast
majority coming from contact sports [70, 77]. Omalu et al. [81]
studied autopsy brain tissue of 14 professional players of con-
tact sports and 10 (71%) of them were positive for CTE. The
biggest case study by Mez et al. [74] examined the brains of 202
players of American football with histories of multiple concus-
sions. The evidence of CTE pathology was found in 87% of
these cases. Interestingly, out of 111 former National Football
League (NFL) players included in this study, 110 had confirmed
CTE pathology. Out of these same 110 confirmed cases, 95
were severe — suggesting a possible link between the disease
burden and the highest level of play [74].

There has been increasing awareness that CTE can also be
found in people who have never played a contact sport but
may have suffered head injuries in other contexts such as the
military [62, 70, 83]. The noted neuropsychiatric and behav-
ioral symptoms observed in the military personnel found to
have CTE included emotional instability, aggression, irrita-
bility, depression, suicidal thoughts, and poor judgment [91].
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Controversies in CTE Autopsy Results

The incidence of CTE among all those having suffered mul-
tiple head injuries, in particular those playing contact sports,
remains unknown. A very limited number of people involved
in contact sports or in the military have been examined post-
mortem. Many of those examined had significant behavioral/
cognitive changes prior to death leading to a biased referral
[33, 60]. Although there is a very high number of CTE
reported in some cases series [74], this isn’t observed by all.
Bieniek et al. [9] examined 1721 brains in their brain bank,
and in the brains of 66 men with a history of contact sports,
only 21 (32%) had tau pathology consistent with CTE. A
study by Hazrati et al. [45] examined six brains of former
professional football players with a history of multiple con-
cussions and found that dementia symptomatology is not
always correlated with a postmortem CTE diagnosis. Many
CTE symptoms also closely resemble those of other neuro-
degenerative conditions — particularly Alzheimer’s disease
(AD), Parkinson’s disease (PD), and frontotemporal demen-
tia [96]. This, and the range of symptoms between patients,
poses challenges for diagnosing the clinical correlate of CTE
[22, 31, 32].

Currently, multiple concussions are believed to be the
only risk factor for CTE, but a recent case report of a single
patient with clinical diagnosis of amyotrophic lateral sclero-
sis (ALS) and no known history of head trauma had CTE-
consistent neuropathology upon autopsy. The patient was
never involved in contact sports and had no psychiatric
symptoms at any point throughout his life [30]. This is the
first confirmed case of CTE pathology in someone with no
known history of head trauma of any severity. This recent
discovery highlights the need for more research in this area.
The subjective nature of patient histories, collected from
family members or self-reported by patients, remains a limit-
ing factor in CTE research [30, 70, 82].

Despite multiple studies looking into potential in vivo
biomarkers of CTE, currently CTE remains a postmortem
diagnosis [32]. This is a significant obstacle to better under-
standing how prevalent CTE is in people who have suffered
multiple concussions.

Neuropsychiatric Symptoms
Following Concussion: PCS and CTE

Due to the heterogeneity of symptoms, the absence of a uni-
fied PCS diagnosis, and the inability to diagnose CTE during
the patient’s lifetime, the neuropsychiatric symptoms of PCS
and CTE are difficult to characterize with certainty. The neu-
ropsychiatric symptoms of PCS are usually self-reported and
the most common include irritability, depression, and anxi-
ety [1, 36]. Less common symptoms include obsessive-

compulsive disorder (OCD) [8, 25, 71], mania [55, 93],
psychosis [11, 29], and personality disorder [79]. Symptoms
associated with CTE, on the other hand, are usually collected
from the patient’s family after the person’s death. Postmortem
retrospective review of neuropsychiatric symptoms associ-
ated with CTE has shown a variety of neuropsychiatric
symptoms including impulsivity, aggression, depression,
apathy, anxiety, and suicidal ideation [45, 70, 82]. Depression
and anxiety often co-occur in both PCS and CTE cases and
are the most common symptoms reported [1]. Until now, sui-
cidal ideation has only been documented in CTE patients;
however, the relationship between head trauma and suicidal
thoughts is still unknown [50].

Overview and Rates of Neuropsychiatric
Symptoms Following Concussions

Depression appears to be the most well-studied symptom
following a sport-related concussion [84]. A cross-sectional
study by Guskiewicz et al. [40] reported on 2552 retired pro-
fessional football players. Out of 884 athletes that self-
reported one or two previous concussions, 9.74% had a
clinical diagnosis of depression. Of the 595 athletes that
reported three or more concussions, 20.17% had a clinical
diagnosis of depression. Decq et al. [21] noted a similar fre-
quency with retired players of other sports, where 17
(12.32%) out of 138 players self-reported having depressive
episodes. A significant relationship was found between
depression and a number of self-reported concussions,
regardless of the sport played [21]. The exact rates of symp-
toms other than depression in concussed patients are not
entirely clear. A previous study found that at long-term fol-
low-up, concussed individuals self-report worse anxiety and
behavioral dyscontrol [72], and those with three or more
concussions are more aggressive and impulsive than their
peers with no concussion history [56].

The rates of neuropsychiatric symptoms in patients with
postmortem CTE come from retrospective case series. Mez
et al. [74] report on the clinical features of 111 autopsy con-
firmed CTE cases. Out of those, 101 had informant-reported
behavioral or mood symptoms. Some of the noted symptoms
included impulsivity, depression, anxiety, behavioral dys-
control (i.e., verbal violence or social inappropriateness),
paranoia, suicidality, or mania. The most frequent symptoms
were impulsivity, depression, and explosivity which were
found in 88 (79%), 64 (58%), and 56 (50%) of 111 cases,
respectively. Suicidality was very frequent and was seen in
36 (32%) of 111 patients [74]. In a case series by Hazrati
et al. [45], all of the three examined CTE cases showed apa-
thy. Irritation, aggression, and delusions were each present in
two out of three cases, while depression and anxiety were
each seen in one person. An older paper by Omalu et al. [82]



90

A. Vasilevskaya and M. C. Tartaglia

presented five CTE cases of people who committed suicides
and parasuicides. All five exhibited depression, paranoia,
aggression, and violent and criminal behaviors.

Depression

Major depression is the most frequent psychiatric symptom
in those with a history of concussion. The studies have shown
that at least 60% of patients will meet criteria for a diagnosis
of depression at some point following their injury [4, 46, 69].
Guskiewicz et al. [40] report that patients with three or more
concussions are three times more likely to be clinically diag-
nosed with depression than people with no or limited history
of concussion. Their findings support previous results that
the lifetime prevalence of depression and depressive symp-
toms significantly correlates with the number of concus-
sions [23]. Many of the psychiatric conditions following
TBIs co-occur together, with depression and anxiety show-
ing comorbidity with substance abuse [4].

There has been a long-standing debate whether the
depressive symptoms in athletes were present pre-injury or
are an emotional reaction to ongoing PCS, rather than result-
ing from an underlying concussion-related pathology [15]. A
number of studies have noted that the diagnostic criteria for
depression is quite similar to some of the symptoms observed
in PCS, which makes misdiagnosis possible [51, 97]. One
study examined the prevalence of post-concussion-like
symptoms in patients with depression and found that at least
half of all participants met the criteria for PCS diagnosis
[51]. Another study by Gunstad and Suhr [39] reported that
depressed people without prior head injuries had higher lev-
els of PCS-like symptoms than did controls. The same trend
was found for people receiving treatment for either depres-
sion or headache with no prior history of TBIs. This suggests
possible non-neurological- or non-concussion-related fac-
tors contributing to self-reported levels of PCS symptoms.
More importantly, these findings raise doubts on the efficacy
of self-report measures in the clinical diagnosis of PCS [39].
There is, however, a growing body of research showing a
direct relationship between post-concussive brain changes
and ensuing depressive symptoms in patients. Chen et al.
[15] observed distinct differences including less gray matter
volume in the medial frontal and temporal regions and in the
rostral anterior cingulate cortex in patients with co-occurring
depression symptoms. The rostral anterior cingulate volume
was negatively related to severity of depressive state. The
concussed athletes from Chen’s study were young with no
medical history of mood disorders [15]. This corroborates
previous findings [64] and makes it less likely that depres-
sion was pre-existing in those athletes and more likely was a
consequence of head trauma.

Aggression and Irritability

Posttraumatic irritability and its associated symptoms (i.e.,
annoyance, impatience) are common during the acute phase
of concussion and are seen in response to nearly any stressor
but tend to resolve over time. In the cases where symptoms
are prolonged enough to obtain a diagnosis of PCS, the irri-
table behavior persists and is triggered even by trivial causes
that are unpredictable in nature [3, 26]. Irritability often co-
occurs with aggressive behavior in patients with TBIs of all
severities [3]. Previous studies have reported that the anger
subsequent to concussions differs from ordinary emotions.
Patients with concussions describe their experiences as sud-
den waves of explosive rage in short outbursts that they are
not always able to control. These sudden behavioral and
mood changes can be a complete change in personality [27,
48]. The attacks can last anywhere from minutes to hours,
followed by remorse. On occasion, the guilt a person experi-
ences is strong enough to result in suicide attempts [59].
Aggression and irritability have been widely documented in
PCS patients, as well as patients discovered to have CTE
upon death [36, 70, 82]; however, overall rates for these
symptoms in people who have been concussed are unknown.

Suicidal Ideation

Suicidality among former athletes has gained significant
media attention in recent years due to a number of high-
profile cases. CTE was diagnosed in former athletes who had
suffered repetitive concussions and committed suicide; how-
ever, no causal relationship between multiple concussions
and suicide has yet been established. One case series of post-
mortem CTE described five cases of former professional con-
tact sport athletes who committed suicides and parasuicides.
All five cases were found to have CTE upon autopsy, and all
five had neuropsychiatric impairments prior to their death
[82]. Unfortunately, the small sample size does not allow for
conclusive remarks. One of the limitations of postmortem
studies is that patients with significant cognitive, emotional,
and behavioral abnormalities are the ones most likely to end
up with a brain autopsy. This introduces significant biases
into data collection and provides challenges for studying the
true incidence of CTE within suicide victims as well as within
the population that has suffered recurrent concussions.
Current epidemiological data shows that former NFL
players have lower mortality than the general population
and specifically lower suicide rates [50, 100]. A system-
atic review completed by Wortzel et al. [100] examined 85
unique articles related to CTE and suicide. After taking a
closer look, only two case studies fit the selection criteria.
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Both of the chosen studies had very low quality of evidence
and high risk of bias. Iverson [52] elaborates on known
risk factors that might play a role in suicide ideation
among CTE patients. The number one risk factor for sui-
cide is depression [2]. Chronic pain, which is also com-
mon in former NFL players [18, 43], is bidirectionally
associated with depression. In other words, people with
chronic pain are much more likely to experience depres-
sion, and vice versa. Both conditions also have a magnify-
ing effect on each other [12]. It has been reported that
people with chronic pain are at an increased risk of sui-
cide ideation [49]. Previous studies have found that the
rate of chronic pain and depression is high among former
NFL players and that those same players report more life
stress and financial difficulties [18, 88]. This means that
former players with chronic pain, depression, financial
problems, and stressors may be at a higher risk of suicide
[52]. In fact, an anonymous survey of 763 retired NFL
players reported that most players had difficulty adjusting
to life after their NFL career and had financial struggles,
among other things [65]. Overall, not enough evidence
currently exists to make any conclusive claims about the
link between CTE and suicide among athletes, and much
more prospective research is needed in this area. Suicides
among athletes should be looked at in a broader sense,
including evaluation of other risk factors such as lack of
meaningful relationships, physical abuse, financial diffi-
culties, and stressful life events [52].

Pathophysiology of Neuropsychiatric
Symptoms Following Concussions

Previous fMRI studies offer a possible explanation for the
persistent depressive symptoms following a sport-related
concussion [13, 14, 67]. The pathophysiological abnormality
within the limbic-frontal system is the proposed neural cor-
relate of depression in concussed patients [67]. Cerebral
blood flow and glucose metabolism changes within the fron-
tal and cingulate cortex have been previously established to
play a role in major depressive disorder (MDD) [89]. These
brain regions are believed to be involved in emotion-
processing and cognitive control of affective states, which
are dysfunctional in depression [58]. A more recent study
examining concussed patients with depressive symptoms
reported similar findings, consistent with the limbic-frontal
model of depression [15]. Specifically, the severity of depres-
sive symptoms in concussed athletes was correlated with
reduced activation in the prefrontal region and the striatum
and attenuated deactivation in medial frontal and temporal
regions [15]. Previous studies on neurotransmitters involved
in depression showed increased levels of serotonin trans-
porter binding in the prefrontal cortex, anterior cingulate

cortex, putamen, and thalamus. These changes are believed
to be the cause behind dysfunctional attitudes among people
with depressive symptoms [73]. Other papers noted a possi-
ble causative relationship between altered serotonin, norepi-
nephrine, and dopamine neurotransmitter systems in the
brain and MDD [86].

The loss of control associated with emotional (annoyance
and irritability) and behavioral (aggression and impulsivity)
symptoms in PCS and CTE is believed to arise from frontal
lobe damage [98]. In fact, frontal and temporal lobes are par-
ticularly vulnerable to damage as a result of mechanical
forces during the TBI event [78]. Previous studies using
fMRI techniques found significant changes in activation pat-
ters of frontal, occipitoparietal, and temporal regions of the
brain following a mTBI [38]. Dean et al. [20] in their study
on mTBI patients found reduced gray matter volume in fron-
tal and temporal cortices 1 year post-injury. Other studies
have also reported correlations between structural damage to
frontal and temporal lobes and aggression, violent behavior,
and altered decision-making [35, 37, 80]. This collective evi-
dence suggests that concussed patients are more likely to
overreact and misperceive stimuli and lack the communica-
tion skills to negotiate conflict [98]. The aggression has been
previously linked to three major neurotransmitter systems —
serotonergic, dopaminergic, and gamma-aminobutyric acid-
ergic (GABAergic). Serotonin is believed to be responsible
for inhibition of aggressive behavior. Dopamine and GABA,
on the other hand, are related to initiation and appraisal of
aggression-related cues, respectively [42, 99].

Not much is known about the neural correlates of suicidal
thoughts, but they may result from an association between
mood changes due to amygdala pathology and impulsivity
due to orbitofrontal pathology [34]. Serotonin transporter
genes are believed to be implicated in suicidal behavior;
however, results are still inconclusive [28, 57].

Final Remarks

A substantial number of concussed patients develop persistent
somatic, affective, and cognitive symptoms. Although PCS
is uncommon after concussion, it represents a significant
economic burden on the health-care system [7]. The unem-
ployment rate of PCS patients ranges from 12% at 2 months
following injury to 20% at 1 year. Early identification and
timely treatment of symptoms associated with PCS would
reduce post-mTBI disability and patient morbidity [6].
Research in PCS and CTE is still in its infancy. The hetero-
geneity of symptoms, inconsistent diagnostic criteria, and
lack of a diagnostic biomarker for PCS and in vivo CTE
hinder research into the pathophysiology of this syndrome.
As well, the relationship between PCS and CTE is unknown.
More research is currently needed to examine the relation-
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ship between concussions, PCS, and CTE. The scientific
community is in dire need of in vivo biomarkers for diagnos-
ing PCS and CTE. The lack of these diagnostic markers
impedes research into the pathophysiology as well as treat-
ment of both PCS and CTE.
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Introduction

Traumatic brain injury (TBI) remains an important cause of
morbidity and mortality and is a major public health problem
worldwide [1, 2]. Survivors may present with severe disabil-
ity and commonly have persistent deficits in cognition,
behavior, and executive functions [3-6].

Under this wide nomenclature, TBI comprises a large
range of distinct clinical conditions and pathological find-
ings. The Glasgow Coma Scale (GCS) assesses the level of
consciousness after TBI, and it has been historically used as
the primary clinical parameter for estimating the severity and
prognosis of trauma. Patients are typically classified into the
broad categories of mild, moderate, and severe injury. There
are several limitations of this scoring categorization, such as
the elapsed time from injury, use of drugs and toxic sub-
stances, and hemodynamic parameters [7, 8]. Furthermore,
this classification system does not give any clue about the
pathophysiologic mechanisms or the anatomic features
underlying the neurological deficits.

For instance, a patient with severe TBI may present with
several distinct or concurrent pathologic features, such as
extra-axial hematomas (epidural and subdural hematomas),
subarachnoid and intraventricular hemorrhages, brain contu-
sions and lacerations, diffuse swelling, herniations, and
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Fig. 13.1 A 27-year-old male patient with moderate TBI due to a
motorcycle accident. Axial FLAIR images show hyperintense lesions
(arrows) in the lateral aspect of the right cerebral peduncle (a), right

diffuse axonal injury [8]. In this setting, neuroimaging tools
play an important role to help differentiate the multiple types
of brain injury and give further information to assist in the
clinical management and follow-up of patients.

In the acute setting of trauma, especially at higher levels
of injury severity, patients are usually initially scanned with
computed tomography (CT). CT guides decision-making
process during the acute phase by showing hemorrhagic
lesions, mass effect, brain swelling, midline shifts, brain her-
niation, ventricular distortion, skull fractures, displaced bone
fragments, and intracranial air [9]. CT is widely available
and highly reliable and is a low-cost imaging method. On the
other hand, one major concern related to CT overuse is radia-
tion exposure. Moreover, CT scans may depict only minor
lesions or even no lesions in some unconscious patients
despite the severity of the clinical picture [10, 11]. In such
cases, diffuse axonal injury (DAI) may be suspected, espe-
cially if there is no history of drug abuse and if other condi-
tions like hypoxia and hypotension are ruled out.

DAL typically occurs during high-speed trauma that gen-
erates rotational, acceleration, and deceleration forces, with
ultimate shear injuries in the cortico-subcortical interfaces.
The axons are torn or stretched, thus impairing axoplasmic
transport and the electrical neural network [12—14]. As the
intensity of the DAI increases, deeper areas of the brain are
involved in a sort of centripetal progression: in milder cases,
the gray-white matter interfaces are affected, and then the
corpus callosum and finally the brain stem may be injured in
more severe cases [10, 15].

Therefore, many advocate magnetic resonance imaging
(MRI) as the preferable imaging modality in the evaluation
of patients with TBI. Multiplanar T1-weighted images pro-
vide excellent resolution of the more striking anatomic

internal capsule (b), and splenium of the corpus callosum, as well as
subtle lesions in the subcortical bilateral frontal white matter (¢)

findings, such as mass effect, midline shift, and ventricular
distortion. The addition of gadolinium-based contrast offers
no significant advantage for lesion detection or character-
ization in patients with head injury. In the spectrum of DAI,
fluid-attenuated inversion recovery (FLAIR) and T2
sequences are sensitive for non-hemorrhagic lesions
(Fig. 13.1). T2*-weighted gradient-recalled echo (T2*-
GRE) and susceptibility-weighted imaging (SWI) are more
sensitive sequences for blood product detection [8, 11].

Still, CT and conventional MRI may underestimate the
extent of DAI and poorly correlate with long-term out-
comes. Some patients present progressive cerebral atrophy
and persistent cognitive deficits despite the fact that initial
imaging failed to show gross pathology or exhibited only
discrete findings [16, 17]. Consequently, there is consider-
able interest in developing more sensitive diagnostic tools.
Further advances in neuroimaging may help to elucidate
the underlying pathological mechanisms and the natural
history of TBI. Modern imaging techniques, including MRI
advanced sequences as well as nuclear medicine tests, may
ultimately improve the prognosis of TBI patients by help-
ing to select patients most likely to benefit from targeted
treatments.

Following this short introduction, we aim to highlight
the state of the art of some modern functional imaging tech-
niques in the context of TBI. However, we anticipate that
no single imaging technique alone is superior over others,
as the neuropathologic consequences after head injury vary
in etiology, and each method has its intrinsic advantages
and limitations. We briefly review some basic technical
concepts of each technique, and then we address its current
specific contributions in clinical practice or research sce-
narios related to TBI.
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T2*-Weighted Gradient-Recalled Echo
and Susceptibility-Weighted Imaging

The hemorrhagic lesions of TBI are specially conspicuous
in MR sequences sensitive to the susceptibility artifacts
derived from blood products, namely, T2*-GRE and SWI.
The T2*-GRE sequence has been reported to be more sensi-
tive than T2-weighted spin-echo sequence (Fig. 13.2) to the
magnetic susceptibility induced by static field inhomogene-
ities arising from paramagnetic blood breakdown products,
such as deoxyhemoglobin, methemoglobin, and hemosid-
erin [18]. Fazekas et al. [19] demonstrated that focal areas
of signal intensity loss on T2*-GRE correspond histopatho-
logically to areas with previous extravasation of blood, in
the absence of other possibly related morphologically
abnormalities, such as focal calcifications or small vascular
malformations.

Interestingly, one study demonstrated that the number of
lesions detected by T2*-GRE correlated with the degree of
intracranial hypertension and outcome in DAI [20]. It has been
demonstrated that 3 Tesla MRI examination using standard
GRE sequences is twice as sensitive as 1.5 Tesla MRI in terms
of lesion number and volume in patients with DAT [21].

SWI is even more sensitive to hemosiderin deposition and
is superior to conventional MRI for detecting microbleeds
after TBI (Fig. 13.2). More microhemorrhages were detected
in amateur boxes with SWI in comparison with T2 fast
spin-echo or T2*-GRE sequences [22].

SWI is best obtained at higher field strengths and is also
very sensitive for hemorrhagic lesions in the brain stem and
cerebellum [11, 23]. The SWI method has higher spatial
resolution as it uses a tridimensional gradient-echo tech-
nique, with thin slices and flow compensation. It plays an

important role to categorize clinical injury severity and to
predict long-term neurocognitive outcomes [23-25].

A work demonstrated the prognostic use of regional
SWI-lesion quantification with regard to neuropsychologi-
cal outcomes at 6 months to 1 year following pediatric head
injury [26].

Diffusion-Weighted Imaging and Diffusion
Tensor Imaging

The water molecules tend to move freely and randomly in
homogeneous solutions, a phenomenon known as the
Brownian movement. The probability of water diffusion in
these solutions is the same in all directions, the so-called iso-
tropic diffusion [27]. In the brain, several components hinder
the water diffusion in all directions, making the diffusion
anisotropic. This anisotropic diffusion depends on the geom-
etry and composition of natural barriers, such as neurofila-
ments, microtubules, and axonal membranes, and especially
due to myelin, which is abundant in the brain white matter
(WM) [28].

Increases in water concentration in the brain tissues (such
as observed in vasogenic edema or gliosis) cause nonspecific
hyperintensity on FLAIR and other T2-weighted images, but
the abnormal cellular uptake of water (cytotoxic edema) or
restricted water between myelin membranes (intramyelinic
edema) reduces its molecular diffusion, showing high signal
intensity on diffusion-weighted imaging (DWI) with
decreased apparent diffusion coefficient (ADC) [29].

In the acute setting of TBI, it is possible to detect multifo-
cal areas with restricted diffusion, which appear bright on
DWI and dark on ADC maps (Fig. 13.3) [11]. This is com-

Fig. 13.2 A 19-year-old male patient with DAI and GCS of 8 after a
motorcycle accident. While T2 conventional sequences (a) are rather
insensitive for hemorrhagic lesions, T2*-GRE (b) shows numerous foci
of signal loss (circles) in the subcortical white matter corresponding to
areas of extravascular blood. SWI (¢) is even more sensitive than the

previous two sequences, exhibiting more conspicuous (circles) and
numerous lesions (squares) on both cerebral hemispheres. The images
were performed sequentially during the same examination at a 3 Tesla
scanner
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Fig. 13.3 Diffusion-weighted images in the axial plane of a young
patient 4 days after a head trauma demonstrate bright lesions (arrows)
in areas typically affected in DAI: left cerebral peduncle (a), splenium

mon in DAI, as pathological studies show axonal swelling
and stretching, impaired axoplasmic flow, cytoskeletal dis-
ruption, and accumulation of structural protein fragments and
organelles [11-15]. This restricted water diffusion may van-
ish in a few days or may evolve into residual lesions with
persistent high signal intensity on FLAIR and T2-weighted
images [11].

The diffusion tensor imaging (DTI) takes advantage of
the intrinsic property of anisotropic diffusion of water mol-
ecules in neural tissues to estimate the structural organiza-
tion and integrity of the brain. If at least six diffusion-encoded
image sets are acquired along noncollinear directions, the
diffusion tensor can be calculated [30]. The fractional anisot-
ropy (FA) represents the degree of anisotropy, or strength of
diffusion direction, and is notably high (close to 1) in the
normal WM, but it is usually lower in the damaged white
matter and close to zero in the cerebrospinal fluid. The mean
diffusivity (MD) reflects the overall degree of water diffu-
sion in all directions, regardless its orientation dependence.
Other DTI-derived indices are radial (RD) and axial diffu-
sivities (AD), which represent diffusion perpendicular and
parallel to the diffusion’s tensor principal direction. Studies
with animal models suggest that while the RD correlates
with demyelination, the AD seems to be associated with
more profound tissue damage and axonal loss [31, 32]. The
combined quantification of such DTI metrics is recom-
mended to better understand any putative changes in brain
structural integrity.

These information can be represented graphically as
cross-sectional images, such as FA colormaps, in which each
color represents the main direction of WM tracts (conven-
tionally, red is used for left-right, green for anteroposterior,
and blue for superior-inferior directions), and the degree of
brightness is proportional to the anisotropy [30].

of the corpus callosum (b), and subcortical frontal white matter (c). The
lesions were dark on ADC maps (not shown)

There are several distinct approaches to analyze DTI
datasets. The most straightforward and practical one is the
analysis of region of interest (ROI). However, some short-
comings of the ROI technique are that placement of ROIs is
user dependent and it yields examination of only a limited
part of the cerebral structure or WM tract. Tractography
overcomes some of these limitations and can be acquired
through semiautomatic or automatic processing, based on a
priori knowledge or anatomical atlas. Because WM tracts
are linked to specific cognitive, motor, or behavioral func-
tions, this technique is of particular interest in clinical or
research studies (Fig. 13.4). Still, tractography may be lim-
ited by the inability to deal with the presence of crossing or
fanning fibers and also to differentiate afferent from efferent
fibers [27, 30, 33].

Voxel-wise approaches, such as tract-based spatial statis-
tics (TBSS), offer operator-independent global analyses of
brain parenchyma and are particularly useful for group com-
parisons. The voxel-wise approach may be problematic,
however, because it may be prone to multiple comparison
errors. It also requires smoothing, alignment, and registra-
tions of brain volumes to a common space with its inherent
imprecisions [34].

The advent of DTI favored a wide window of oppor-
tunities for the noninvasive study of the brain in several
physiologic and pathologic conditions. It is also possible
to investigate the natural history of diseases, biomarkers
of severity and prognosis, and the effect of treatment
[35, 36].

One study revealed that, despite normal CT imaging and
GCS of 15, adolescents with mild TBI were found to have
altered FA, ADC, and RD values in the corpus callosum
within 6 days after injury [37]. Other works indicated that
the presence of WM changes (as detected with ROI analyses



13 Functional Neuroimage

99

Fig. 13.4 Axial FLAIR image (a) of an adult male patient with chronic
post-traumatic sequelae shows gliosis in the frontal lobes, mainly in the
right side. (b) FA colormap demonstrates paucity of WM fibers and
reduction of brightness due to reduction of FA values in the frontal
lobes, more pronounced in the right side. (¢) DTI-based tractography of

the splenium, body, and genu of the corpus callosum (represented in
green, blue, and red colors, respectively) shows premature termination
of streamlines of peripheral fibers of the genu projecting to or from the
prefrontal regions coincidental to the areas of low signal intensity on
the axial T1-weighted image

Fig. 13.5 A study comparison with tract-based spatial statistics
(TBSS) between 20 healthy controls and 20 patients with moderate to
severe TBI 1 month after the event. Patients exhibited one large cluster
with statistically significant lower FA values (a). TBI patients also dem-
onstrated significant increases in MD (b) and RD (¢) in extensive areas

in several brain areas and tractography) during the early
stage of DAI predicts long-term cognitive impairments [38,
39]. Some authors demonstrated that DTI shows WM
changes on a spectrum, from mild to severe TBI, and that
greater WM pathology predicted greater cognitive deficits in
chronic head injury survivors [40—42].

Twenty adults with moderate to severe TBI were evalu-
ated with a 3.0 T MRI in the acute (¢, < 3 months), subacute
(6 < 1, <9 months), and chronic stages (12 < #; < 15 months)
following trauma. By using TBSS analysis, patients exhib-
ited one large cluster with statistically significant lower FA

of the brain, as well as increased AD in a less extensive area (shown in
red), except for the corpus callosum that showed increased AD (depicted
in blue) (d). All comparisons were statistically significant (p < 0.001)
with threshold-free cluster enhancement in the colored areas in each
figure

values (p < 0.001) at all times (¢, 1, ;) in comparison to
controls, but the number of affected voxels decreased over
time by 2% at t, and by 7.3% at ;. The results from group
comparisons in the acute phase of all DTI scalar indices are
shown in Fig. 13.5. At the chronic stage (#;), patients recov-
ered from WM damage in comparison with the acute stage
(#,) with significant increases of FA in the bilateral anterior
thalamic radiations, forceps major and minor, corticospinal
tracts, cingulum, uncinate, inferior fronto-occipital, and
superior and inferior longitudinal fasciculi. Patients’ perfor-
mances on cognitive measures were suboptimal in all three
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stages but also improved over time in the same fashion as
WM recovery [43].

Functional Magnetic Resonance Imaging

Functional MRI (fMRI) is an advanced technique used to
noninvasively assess brain function. Neuronal function is
inferred from a blood-oxygen-level-dependent (BOLD) sig-
nal that reflects magnetic field inhomogeneity brought about
by changes in the state of oxygenation of hemoglobin. This
molecule has distinct magnetic properties depending on the
concentration of oxygen: oxyhemoglobin behaves as a dia-
magnetic substance, while removal of some oxygen atoms
makes deoxyhemoglobin to become paramagnetic. Within
any particular brain volume, the proportion between these
two molecules determines how the MR signal will behave in
a BOLD image: areas with high concentration of oxyhemo-
globin give a higher signal than areas with low concentra-
tion. As neuronal activity increases, cerebral blood flow
overcompensates such that blood oxygenation actually
increases, thereby causing an increase in BOLD signal [44,
45]. Higher field strengths are also generally preferred for
fMRI[11].

On task-based fMRI, the images are usually acquired
while the patient performs a neurocognitive, behavioral, or
motor task (or, in this context, a paradigm) to probe one spe-
cific brain function, and differences in local perfusion are
measured in real time [11]. In turn, the resting-state fMRI
(RS-fMRI) analyzes BOLD fluctuations without imposing
an external task by using data-driven types of analysis tech-
niques, such as the independent component analysis (ICA),
which decompose the functional MR datasets into spatial
patterns with temporal correspondence. The resting-state
networks are remarkably consistent across subjects and time.
RS-fMRI can be performed in patients incapable of perform-
ing specific tasks (such as individuals with reduced con-
sciousness or severely injured), and this is not limited to just
one specific domain and its related networks [46, 47].

Although still scant in literature, there is growing evi-
dence that fMRI is sensitive to brain function following TBI
and holds promise for understanding its pathophysiology
and investigating mechanisms of function recovery [48].
One study using RS-fMRI showed that whole-brain connec-
tivity is altered early (within 1 month) after mild TBI, sug-
gesting that abnormalities in functional networks underlie
the cognitive deficits and post-concussive complaints
reported by patients with TBI, such as headache, sonopho-
bia, photophobia, and excessive fatigue [49].

A work that evaluated 24 patients with mild TBI and 17
healthy controls revealed abnormal thalamic resting-state

networks that point to subtle thalamic injury and abnormal
thalamocortical connectivity that may help to explain the
complex persistent post-concussive syndrome in head injury
survivors [50].

Perfusion Magnetic Resonance Imaging

Perfusion MRI may be acquired with distinct types of spe-
cialized MR acquisition techniques: dynamic susceptibility
contrast imaging (DSC) and arterial spin labeling (ASL)
[51]. The former uses the passage of intravenous gadolinium-
based contrast to extract information on time to peak, mean
transit time (MTT), cerebral blood flow (CBF), and cerebral
blood volume (CBV). DSC studies in TBI are limited and
indicate a rapid decrease in CBF early after the insult in
experimental models [52]. One study showed reduced CBV
both in normal-appearing and contused brain in patients with
TBI and that regional hypoperfusion correlated with a worse
clinical outcome [53].

ASL is a quantitative MR-based method, which provides
regional and global CBF measurements without exogenous
contrast. It uses an endogenous contrast mechanism in which
blood cells flowing into the brain are labeled by the MR sig-
nal, making this technique completely noninvasive and
repeatable [54, 55]. ASL demonstrated decrease of thalamic
CBF in patients with mild TBI, and the degree of this hemo-
dynamic impairment correlated with neurocognitive dys-
function during the extended course of the disease, in several
domains including processing and response speed, verbal
fluency, and executive function [56].

Another ASL study quantified the CBF in 27 individuals
with moderate to severe TBI in the chronic stage and in 22
matched healthy controls. The authors found global CBF
reductions in the TBI subjects, as well as more prominent
regional hypoperfusion in the posterior cingulate cortices,
the thalami, and multiple locations in the frontal cortices
[57].

Proton Magnetic Resonance Spectroscopy

Proton magnetic resonance spectroscopy ("H-MRS) nonin-
vasively probes the molecular content in brain parenchyma.
Protons are ubiquitously present in metabolites within neural
tissues, and resonate at slightly different frequencies based
on their chemical environment, resulting in characteristic
spectra for distinct compounds. Typical spectra allow identi-
fication of N-acetyl aspartate (NAA), creatine (Cr), choline
(Cho), glutamate/glutamine (GLx), lactate (Lac), and myo-
inositol (Ins) [58].
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In short, NAA is synthesized in the mitochondria and is a
marker of neuronal integrity, Cr is involved in cellular energy
metabolism and is assumed to be nearly constant, Cho is a
marker of membrane turnover, GIx are excitatory neurotrans-
mitters, Lac is a marker of anaerobic metabolism (and so on
may reflect ischemia and hypoxia), and GLx are excitatory
neurotransmitters [58]. 'H-MRS thus provides a metabolic
profile complementary to structural information obtained
with conventional MRI. It has found wide clinical use, aiding
in diagnosis and treatment monitoring in a variety of dis-
eases [59]. Itis a particularly useful tool for repeated research
studies in survivors of TBL

A large body of evidence indicates that NAA levels and
NAA/creatine ratios are consistently decreased in TBI,
including otherwise normal-appearing brain parenchyma.
Moreover, reduced NAA/creatine ratios are predictive of
functional outcomes following head injury [60-63]. One
study evaluating brain-injured comatose patients demon-
strated that combined reductions in FA and in NAA/creatine
ratio clearly differentiated patients with an unfavorable out-
come from those with a better prognosis and from control
groups. The sensitivity and specificity of DTI and MRS
together were higher than that with either method alone [64].

Functional and Molecular Neuroimaging

Recently, a new definition of TBI has been proposed by the
Brain Injury Association of America (BIAA): “TBI is defined
as an alteration in brain function, or other evidence of brain
pathology, caused by an external force” [65]. Therefore, it is
presumed that functional neuroimaging methods and even
molecular imaging tools would add a significant incremental
diagnostic value in addition to the information provided by
the functional and conventional MRI sequences, described in
the previous sections in this chapter.

In this section we divided the pure functional neuroimag-
ing tests in conventional nuclear SPECT scan and positron-
emission tomography (PET) scan. The first is considered a
wider available technique, considering the lower costs of
instruments and the higher availability of laboratories and
radiopharmaceuticals commonly used in this technique.
However, PET-CT technology bears higher sensitivity and
molecular flexibility, although it is considered a more expen-
sive and consequently a lesser available technique, since it
requires a cyclotron installed close or nearby the laboratory.

SPECT imaging explores the determination of regional
cerebral blood flow (rCBF), either by qualitative or even by
semiquantitative analysis. The use of lipophilic probes
labeled preferentially with technetium-99 m (HMPAO or
ECD) allows visualizing the gray matter according to the
rCBF pattern, with decreasing levels from gray matter to the
white matter regions [66]. The information obtained reflects

the functional status of the brain at the moment of the intra-
venous injection of the radiotracer, and this brings many
advantages while considering acute neurological injuries.

The exact mechanisms under the cognitive impairment
caused by TBI are not yet fully understood considering the
level of evidence in the literature. The use of brain SPECT
has been investigated by different groups, with a variety of
functional results reported. A recent systematic review done
by Raji et al. (2014) evaluated 19 longitudinal and 52 cross-
sectional studies meeting inclusion criteria. Three longitudi-
nal studies investigated the diagnostic predictive value and
showed the increased predictive value shortly after the injury
(59%) to 1 year after the trauma (95%). The studies showed
localization of brain defects not detected by CT or even MRI,
even in the mild and chronic TBI. The most common regions
detected by SPECT are in the frontal (94%) and temporal
(77%) lobes. Therefore this systematic review can be consid-
ered a level Ila class of evidence regarding the clinical value
of brain SPECT in traumatic brain injury [67]. Other studies
have evaluated the clinical value of SPECT in predicting the
cognitive performance after mild TBI. By applying a battery
of cognitive tests, it was possible to show that perfusion sta-
tus in frontal regions was capable to predict poorer perfor-
mance in the Stroop test (executive function) [68]. However,
one strong limitation is that abnormalities seen on SPECT in
patients with TBI not always reflect effects of the trauma
itself, since those findings are far from specific. A normal
study also does not exclude the functional impairment caused
by TBI [69]. An example of functional finding in a patient
that suffered TBI is shown in the Fig. 13.6.

Other modality is the positron-emission tomography
(PET) that provides higher-resolution images compared to
SPECT. Normally the hybrid scanners are equipped with
computerized tomography or magnetic resonance imaging
(PET-CT or PET-MR). PET uses short-lived radioisotopes
such as fluoride-18, carbon-11, nitrogen-13, and oxygen-15.
In order to obtain these radioisotopes, a cyclotron has to be
installed close or nearby a hospital or laboratory, especially
when molecular probes labeled with carbon-11 and oxygen-
15 are used to test the cerebral functionality. This is one of
the reasons that PET technology is less available compared
to SPECT.

The most common and highly available molecular probe
is the [18F]fluorodeoxyglucose (FDG) that measures the
cerebral metabolic glucose rate either regionally or globally.
FDG-PET has been investigated in mild, moderate, and
severe TBI, either in experimental small animal models or in
humans. Selwyn et al. by comparing sham-injured and naive
controls with brain-injured rats were capable of identifying
deficits in regional cerebral glucose metabolism related to
the induced mild TBI as early as 3-5 days after the injury
[70]. Figure 13.7 shows an example of FDG-PET finding in
a patient that suffered a vehicle accident.
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Fig. 13.6 A SPECT study of a patient 12 months after a severe head trauma showing diffuse reduced regional cerebral flow (rCBF) in the right
frontal, temporal, and parietal lobes, explaining the patient cognitive symptoms

Fig. 13.7 PET transverse-reconstructed image of a patient that suf-
fered a motor vehicle accident. Note a marked focal hypometabolism in
the right temporal lobe compared to the contralateral temporal region

In humans, there has been growing interest in using func-
tional PET imaging in mild TBI, especially when CT and
MRI are structurally normal. The first study using FDG-PET
was published by Humayun et al. (1989). By evaluating three

patients that suffered a recent vehicle accident, the authors
were able to detect decreased glucose uptake in posterior
temporal and frontal lobes, including the caudate nucleus
3—-12 months after injury [71].

Even though we can see a few studies published in the
literature, the majority lack in statistical power since the
number of patients is consistently small and limited. Other
studies evaluate brain metabolic impairments after blast inju-
ries in war veterans. The majority of papers investigating
around 20-30 veterans per study showed hypometabolism in
different regions of the brains and related to chronic cogni-
tive symptoms raised after the blast injuries [72—74].

Again, the numbers of patients and the different forms of
processing and quantifying the images have limited the sci-
entific impact of such evidence in the literature. However,
the findings apparently suggest that FDG-PET could be a
very sensitive tool to detect functional brain impairments
after TBL

Recently different groups have defended the use of other
molecular probes to be used with PET in TBI. Amyloid
pathology has been shown in patients diagnosed with
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TBI. Preliminary studies showed increased uptake of amyloid
plaque agent 11C-Pittsburgh compound B (PIB) in the poste-
rior cingulate cortex and cerebellum of 28 patients evaluated
11 months to 17 years after moderate to severe TBI [75].

The encephalopathy caused by TBI (chronic traumatic
encephalopathy (CTE)) is consisted of an acquired primary
tauopathy; some authors have showed increased uptake of
[F-18]JFDDNP, an imaging agent for fibrillar insoluble pro-
tein aggregates, in retired professional American football
players with suspected CTE. Other more modern agents that
link to neurofibrillary bundles caused by disrupted TAU pro-
teins bring new clinical perspectives for the potential use of
PET in TBI [76].

Another potential role for PET is the detection of microg-
lia activation. Using special probes for detection of inflam-
mation into the nervous cell raises new potential use of PET
in TBI [77].

Conclusion

In conclusion, MRI, SPECT, and PET are sensitive tests that
allow the identification of cerebral abnormalities in patients
with symptoms related to different degrees of TBI. However,
their exact clinical role remains undetermined since it needed
larger prospective studies investigating in what situations to
apply those tests and their exact importance in the manage-
ment of the disease.
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Introduction

TBI is an important public health problem worldwide. Data
from Brazil indicates that approximately 700,000 people suf-
fer a traumatic brain injury (TBI) annually, of whom 20-30%
have moderate or severe TBI. About 80% of those who suffer
mild TBI are able to return to work, only 20% of moderate
and 10% of severe TBI cases can return to their daily routine
[1, 2]. TBI is a nondegenerative, noncongenital insult to the
brain from an external mechanical force, potentially leading
to permanent or temporary impairment of cognitive, physi-
cal, and psychosocial functions, with an associated dimin-
ished or altered state of consciousness [3].

Cognitive rehabilitation is a clinical area with interdisciplin-
ary action focused on recovery as well as compensation of cog-
nitive functions altered as a result of a head injury [4]. The aim
of a cognitive rehabilitation program is to recover an individu-
al’s ability to process, interpret, and respond appropriately to
environmental inputs and also to create strategies and proce-
dures to compensate for lost functions that are necessary in
familial, social, educational, and occupational relationships [5].

The programs of cognitive rehabilitation tend to focus on
specific cognitive domains, such as attention, memory, lan-
guage, and executive functions. By contrast, the focus of com-
pensatory training procedures is generally on making
environmental adaptations and changes to provide greater
autonomy for patients. A successful cognitive rehabilitation
program is the one whose aim is both recovery and compensa-
tion based on an integrated and interdisciplinary approach [6].
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Cognitive Impairments Following TBI

Depending on the severity and site of injury, the type and
degree of cognitive impairment following TBI may vary
widely. If a focal brain injury occurs, the consequence may be
similar to the injury caused by a stroke, such as aphasia, apraxia,
unilateral neglect, or visuospatial dysfunction. Nevertheless,
these are not the typical findings following TBI. Due to the
mechanisms of acceleration-deceleration that often damage the
ventral and lateral regions of the frontal and temporal lobes, the
most frequently found sequelae are attention and memory defi-
cit, difficulty learning new information, resolving problems,
planning, as well as problems associated with impulsivity and
self-control. Some “subclinical” findings such as changes in
naming, verbal fluency, and auditory discrimination are also
reported. Initially, attention deficits are the most common and
severe in the residual stage, usually involving difficulty main-
taining divided attention. The long-term memory is generally
restored, but some individuals continue having difficulties in
learning new things and retaining new information. Working
memory is frequently affected including the stages of encod-
ing, storage, and retrieval of information. Such changes have a
significant impact on social and vocational reintegration [7, 8].

Some individuals are left with amnesic syndrome, which is
more common in those who have gone through periods of
hypoxia and anoxia. Executive functions may be affected,
being related to frontal lobe damage. When the frontal injury is
severe, the patient may be inert or lack initiative (medial or
lateral frontal injury) or display inappropriate and impulsive
behavior. Many individuals with frontal lobe injury in post-TBI
retain much of their skills but are unable to initiate, sequence,
organize, or monitor their actions so as to meet the targets or
goals set. The language disorders most commonly observed
occur in the discursive (tendency to produce irrelevant infor-
mation and omit important information), pragmatic (loss in
production of inferences, difficulty in formulating arguments),
and conversation levels (loss of initiative and maintenance of
topics with inconsistent switching without signaling). These
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changes correlate with cognitive impairments in attention,
memory, and slow mental processing [6].

Long-Term Neuropsychiatric Deficits

The most common syndromes post-TBI are behavioral disin-
hibition, depression, anxiety, psychosis, substance abuse,
and attention/cognitive disorders. Post-traumatic stress dis-
order (PTSD) occurs in up to 27% of cases, including patients
with no clear recall of the event. Depression has an incidence
of 15-33% and prevalence of 18—42%. Mania occurs in
<10% of patients with TBI [9]. Aggression occurs in variable
frequencies (ranging from 20% to 49%), and psychosis
occurs in <10% of the TBI population [10].

After the Hospital: Post-acute/Chronic Phase

The cognitive stimulation from the interdisciplinary team
(several professionals attending the patient in a holistic man-
ner to enhance operations) at this stage is fundamental because
the patient is only able to embark on motor training if a mini-
mum attentional state can be maintained which allows the
patient to execute and repeat the tasks proposed [11].

At this stage, temporal-spatial orientation and attention
call for redoubled efforts to maximize the communication
with the patient so as to improve strategies that use motor and
cognitive training. In terms of speech, intervention should
promote the structuring of activity, with a highly predictable
distraction-free environment and also activities that induce
self-monitoring. The biggest hurdle at this stage stems from
the fact that most patients have significant attentional deficit
that limits the role of comprehensive rehabilitation [12].

After the most critical phase of hospital management,
most patients return home. Although some patients manage to
regain some degree of independence in their self-care, they
are still incapable of applying critical thinking to decision-
making processes, providing for the needs of their families, or
continuing work, school, or social activities, which can cause
difficulties in family relationships and result in a poor quality
of life for patients and their relatives. Moreover, patients may
manifest mood alteration and depression.

The rehabilitation of these patients after hospital discharge
is aimed at a community integration program that provide
continuity of patient care with vocational and professional
training integrated into the rehabilitation process [12].

The Rancho Los Amigos Levels of Cognitive Functioning
Scale is a widely used scale that systematically standardizes the
functional level of post-TBI patients in order to establish the
possibility of their rehabilitation management [13]. It is consid-
ered that a patient is able to enter a rehabilitation program when
he is at least at level V, which means that he can pay attention
for a few minutes — what is crucial for rehabilitation.

Rancho Los Amigos Scale (Los Amigos
Research and Education Institute)

No Response
A person at this level will:

Not respond to sounds, sights, touch, or movement.

Generalized Response
A person at this level will:

Begin to respond to sounds, sights, touch, or movement.

Respond slowly, inconsistently, or after a delay.

Respond in the same way to what they hear, see, or feel.
Responses may include chewing, sweating, breathing
faster, moaning, moving, and/or increasing blood
pressure.

Localized Response
A person at this level will:

Be awake on and off during the day.

Make more movements than before.

React more specifically to what they see, hear, or feel. For
example, patient may turn toward a sound, withdraw from
pain, and attempt to watch a person move around the
room.

React slowly and inconsistently.

Begin to recognize family and friends.

Follow some simple directions such as “look at me” or
“squeeze my hand.”

Begin to respond inconsistently to simple questions with
“yes” or “no” head nods.

Confused-Agitated
A person at this level will:

Be very confused and frightened.

Not understand what they feel or what is happening around
them.

Overreact to what they see, hear, or feel by hitting, scream-
ing, using abusive language, or thrashing about. This is
because of the confusion.

Be restrained so they do not hurt themselves.
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Be highly focused on their basic needs, i.e., eating, relieving
pain, going back to bed, going to the bathroom, or going
home.

May not understand that people are trying to help them.

Not pay attention or be able to concentrate for only a few
seconds.

Have difficulty following directions.

Recognize family/friends some of the time.

With help, be able to do simple routine activities such as
feeding themselves, dressing, or talking.

Confused-Inappropriate, Non-agitated
A person at this level will:

Be able to pay attention for only a few minutes.

Be confused and have difficulty making sense of things
around them.

Not know the date, where they are, or why they are in
hospital.

Not be able to start or complete everyday activities, such as
brushing their teeth, even when physically able. They
may need step-by-step instructions.

Become overloaded and restless when tired or when there
are too many people around, have a very poor memory,
and remembering past events from before the accident
better than their daily routine or information they have
been given since the injury.

Try to fill in gaps in memory by making things up
(confabulation).

May get stuck on an idea or activity (perseveration) and need
help switching to the next part of the activity.

Focus on basic needs such as eating, relieving pain, going
back to bed, going to the bathroom, or going home.

Confused-Appropriate
A person at this level will:

Be somewhat confused because of memory and thinking
problems, remembering the main points from a conversa-
tion but forgetting and being confused about the details.
For example, they may remember having visitors in the
morning but forget what they talked about.

Follow a schedule with some assistance but becomes con-
fused by changes in the routine.

Know the month and year, except when they have a serious
memory problem.

Pay attention for about 30 min but has trouble concentrating
when it is noisy or when the activity involves many steps.
For example, at an intersection, they may be unable to
step off the curb, watch for cars, watch the traffic light,
walk, and talk all at the same time and brush their teeth,
get dressed, feed themselves, etc., with help.

Know when they need to use the bathroom.

Do or say things too fast, without thinking first.

Know that they are hospitalized because of an injury but will
not understand all the problems they are having.

Be more aware of physical problems than thinking
problems.

Associate their problems with being in the hospital and think
they will be fine as soon as they go home.

Automatic-Appropriate
A person at this level will:

Follow a set schedule.

Be able to carry out routine self-care without help, if physi-
cally able. For example, they can dress or feed themselves
independently, have problems in new situations, and may
become frustrated or act without thinking first.

Have problems planning, starting, and following through
with activities.

Have trouble paying attention in distracting or stressful situ-
ations. For example, family gatherings, work, school,
church, or sports events.

Not realize how their thinking and memory problems may
affect future plans and goals. Therefore, they may expect
to return to their previous lifestyle or work.

Continue to need supervision because of decreased safety
awareness and judgment. They still do not fully under-
stand the impact of their physical or thinking problems.

Think slower in stressful situations.

Be inflexible or rigid and may be stubborn. However, their
behaviors are related to their brain injury.

Be able to talk about doing something but will have prob-
lems actually doing it.

Purposeful-Appropriate
A person at this level will:
Realize that they have a problem with their thinking and

memory.
Begin to compensate for their problems.
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Be more flexible and less rigid in their thinking. For exam-
ple, they may be able to come up with several solutions to
a problem.

Be ready for driving or job training evaluation.

Be able to learn new things at a slower rate.

Still become overloaded with difficult, stressful, or emer-
gency situations.

Show poor judgment in new situations and may require
assistance.

Need some guidance making decisions.

Have thinking problems that may not be noticeable to people
who did not know the person before the injury.

Strategies to Manage Post-TBI Patients
Cognitive Function Evaluation

First of all, patients will be subjected to a reading test, which
consists of reading simple children’s books to evaluate how
long they focus on the book. According to the performance
and education of each individual, slightly more complex
texts will be presented.

After this first test, each patient will be classified accord-
ing to the Rancho Los Amigos Scale, and only those who
score greater than or equal to 5 (on the scale of 8) will be
referred for cognitive rehabilitation. This is necessary
because to be rehabilitated, the individual must maintain a
minimum time set for the task of greater than 10 min [12].

The next intervention will be to conduct a neuropsycho-
logical evaluation, including the Mini-Mental State
Examination [14, 15] and clock drawing. The neuropsycho-
logical assessment includes the evaluation of affective/emo-
tional state, functional activity questionnaire, batteries of
tests of executive functions (Wisconsin Card Sorting Test
[16] and Stroop Interference Test [17]), as well as other tests
including the Rey Auditory-Verbal Learning Test [18]; WAIS
IIT attention, digit-symbol, and visuo-constructive tests [19];
Trail Making Test parts A and B [20]; verbal fluency tests
[21]; and Rey-Osterrieth complex figure [22]. All tests have
been previously validated in Brazil with scores for different
levels of education. After the neuropsychological evaluation,
individual rehabilitation strategies are developed in conjunc-
tion with the interdisciplinary team.

Tools Used in Cognitive Rehabilitation

Attention

The treatment is usually based on patient engagement in per-
forming repetitive exercises including sustained, alternating,
selective, and divided attention.

Sustained Attention Training

1. Listen to a word sequence and identify when you see a
word stimulus, which was the one previously presented.

2. Understanding of spoken text of a paragraph (originally
short and simple) that has progressively increasing diffi-
culty throughout the course of training.

3. Sequencing of numbers in ascending order and/or
decreasing verbally.

4. Math activities — mentally.

Alternating Attention Training

1. Exercise in which the patient must identify a previously
defined word and word sequence, identifying when it
appears in a text or string of words they will listen to,
replacing the first word, when identified, with the previ-
ously given sequence

2. Tasks with pen and paper, where the patient has to write a
number and a letter that complete a sequence written with
gaps to be filled

3. Activities that start with a number, which must be sequen-
tially added or subtracted by the other items that are being
presented

Selective Attention Training

1. Any test which has been reported for sustained attention,
with a distractor sound or motion associated

2. Tasks with visual distractors — such as tasks involving
drawing with paper and pen (pencil) on a sheet full of
tracings and background designs

Divided Attention Training

1. The patient reads a few paragraphs paying attention to
their content while looking up the proposed word in
advance.

2. The patient completes a test battery of sustained attention
training, in which the patient has to respond to verbal or
parallel visual stimuli (which can be accomplished by
including computerized tests) [12].

Memory

In order to rehabilitate memory, the first aspect is to verify
whether the patient maintains sufficient attention on the
stimulus or task given (as seen in the previous topic). The
second aspect is to assess whether the patient is able to “deci-
pher” the stimulus given or if the patient knows the word or



14 Neuropsychological Rehabilitation After Traumatic Brain Injury

m

object (verbal or visual stimulus) or can categorize them
(words or objects) into any semantic grouping.

The exercise used for this type of injury consists of repeti-
tion of words. Concurrently, it involves categorization of
words such as by asking if a cat is an animal seen at the zoo
or by eliciting the rhyme of a given word.

Naturally, a team of speech therapists will evaluate losses
involving comprehension and language.

Memory Storage This involves learning new tasks or old
skills that were lost. When there are bilateral hippocampal
lesions, the retention mechanism of long-term learning
memory is lost. Processes of verbal repetition and writing are
important for this training.

Evocation of Old Memories This entails training with
pictures or words that are subsequently presented and
evoked several times. Repetition, writing, drawing, and ver-
bal processes are important in this training. Individuals sus-
taining frontal lobe injury can remember facts, but not
associate them with a context or time of occurrence.
Generally, they confabulate based on a preexisting fact. In
order to rekindle the old memory, a strategy is to repeat the
known facts which the patient is unable to remember, using
pictures, or by repeating stories until they are remembered.
This differs from the bi-hippocampal lesion, which pre-
serves old memories (except the period of posttraumatic
amnesia) but renders the individual incapable of retaining
new learning [12].

Training Strategies Outside the Outpatient
Unit

Initially, the patient undergoes neurological, neuropsycho-
logical, speech, and occupational therapy evaluation. Once
the evaluation is finished, the interdisciplinary team defines
the treatment strategy.

The sequence below lists possible training strategies to be
developed concurrently with the behavioral training at home:

1. Remember events during the current day (at the end of the
day) or for the previous day (in the morning).

2. After recalling the events, write them in a notebook
whenever possible.

3. Receive new information — summaries of news about
some event or family — and read a short informational
text.

4. Plan the morning, day, or week’s (whenever possible)
activity.

5. Talk about past events that have been forgotten or are not
well contextualized after the accident.

6. Follow the primer of daily activities with attention, exec-
utive functions, language, and memory activities as well
as activities of daily living.

7. Medication approach when neurologist/psychiatrist
thinks it is appropriate [12].

Conclusion

TBI is a major public health problem with neurobehavioral
sequelae contributing to the long-term disability that is often
associated with moderate to severe levels of injury.
Rehabilitation of cognitive skills is fundamental to encour-
aging the full participation of the individual in home, voca-
tional, and social roles. Cognitive rehabilitation begins with
a neuropsychological evaluation to identify cognitive
strengths and weaknesses and the degree of change in cogni-
tive ability following a TBI. The conclusions of the assess-
ment are used to formulate appropriate and individualized
rehabilitation plans. Attention process training and tasks for
attention deficits, compensatory strategies, learning training
for memory deficits, social behavior guidance for cognitive-
communication disorder, and problem-solving training for
executive disorder are the focus of therapy.
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Traumatic Brain Injury in Brazil

In Brazil, the largest country in Latin America in terms of
territorial extension, population, and gross domestic product
(GDP) [1], an estimated annual number of 700 thousand to
1.1 million new cases of traumatic brain injury emerge (TBI).
Of these, approximately 20% are characterized as moderate
or severe [2].

The consequences of TBI are high rates of mortality and
morbidity, mainly affecting young adults at a productive age.
This may be verified when considering that in Brazil, the
highest prevalence of TBI is in men in the age range of 15 to
24 years, with the main cause being automobile accidents [2,
3]. According to Brazilian Social Security data [4], in the
year 2015, in total 4.654 benefits of the social security type
for assistance with illness were granted to persons who suf-
fered fractures of the skull and facial bones — the classifica-
tion in which TBI is included.

Furthermore, around 500 thousand per year are hospital-
ized with brain injuries acquired after TBI, and from 70 to 90
thousand persons who suffered TBI evolve to irreversible
loss of some neurological function [2]. Between January
2005 and September 2006, in Sao Paulo alone — the most
populated city in the country — 48,872 persons were observed
to be hospitalized because of TBI, and for these cases, a
9.63% mortality rate was verified [5].

These data are relevant on showing the individual and
social burden of the problem: the first is directly related to
the loss of functional and financial independence of the indi-
viduals and the impact on the capacity to reconstruct their
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social and work life. The second refers, above all, to the
impact of expenditure on health assistance offered by the
Brazilian Public Health System (SUS), and the benefits
granted, under the responsibility of Assistance and Social
Security [6].

Therefore, public expenditure on those who suffer TBI is
significant and extrapolates to the field of health. These
expenses involve not only the processes of treatment and
motor and cognitive rehabilitation but also possible difficul-
ties with inclusion in the work market, being laid off from
work, sick leave, early retirement, and unemployment. This
being so, these impacts result in the question being consid-
ered not only a serious public health problem but a social
security and social problem as well [7].

TBI, Social Inclusion, and Work

Depending on the area affected, TBI may generate motor, cog-
nitive, sensory, and behavioral sequelae. Cases of slight inju-
ries may be completely asymptomatic with normal physical
exam and without neurological changes. Of these, around 3%
present worsening of the condition, with sever neurological
dysfunction [8]. In cases in which the injuries are moderate,
these sequelae may be reversible in up to 15% of cases; how-
ever, in the remainder, these are of a permanent nature [9].

The temporary or permanent incapacities resulting from
TBI may interfere in the performance of daily life activities,
work, and in living with other people, limiting social partici-
pation in a more far-reaching way and having drastic impact
on the individuals’ quality of life [10, 11].

Quite often, even if those who suffered TBI manage to
achieve independence for daily life activities!, [12], they

'They refer to activities that demand more basic skills, such as self-care
(personal hygiene, eating, dressing, etc.), mobility (mobility in bed,
transfers, locomotion, etc.), and communication (oral language, writ-
ten, use of amplification devices for communication, etc.) [13].
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come up against difficulties relative to social and/or inclu-
sion in work [11]. The latter are considered complex activi-
ties because they involve skills that are more advanced:
problem solving, social problems, and different environmen-
tal interactions [13].

Inclusion in work is important to the extent that in
addition to being a source of income, it is a central ele-
ment in people’s lives and a significant space for social
integration and self-fulfillment. Participating in the com-
munity is also considered to take place through work, as
it generally involves living together with other people,
the need to frequent certain spaces, and the possibility of
coping with and resolving challenges and contributing to
the society [10, 11, 14].

One study observed that 2 and 7 years, respectively, after
the trauma, severe TBI victims who had made some type of
social adjustment were mainly those that continued to work.
At the same time, those who did not work demonstrated loss
of structured daily life routine and a group of friends and
lack of objectives to attain or opportunities to show compe-
tence [6].

Burt [10] affirmed that incapacity to work may generate dif-
ficulties with performing other social roles, such as roles played
within the family circle. In addition to change in lifestyle result-
ing from financial problems, forced inactivity and dependence
led to depression, a little psychosocial adaptation.

It is important to point out that the types of capacity of
individuals and the way they are affected by illness, trau-
matisms, or even aging differ. The term intrinsic capacity
is used to deal with the set of physical and mental capaci-
ties, while functional capacity refers to the capacity for
performing activities, considering intrinsic capacity added
to the possibilities the environment provides and/or access
to the use of auxiliary devices [15], whereas the term
capacity for work is related to the type of work the person
does; that is, it concerns the person’s intrinsic capacity to
interact with the organization (content, division of labor,
hierarchical levels, rules and production procedures,
rhythm and goals, etc.) and working conditions (materials
and physical installations with reference to the work)
available for performing the professional activities fore-
seen [16-20].

Therefore, although a subject has sequelae resulting from
TBI (whether they are motor, cognitive, sensory, and/or
behavioral), it is considered possible to maintain the capacity
for work if the respective conditions and organization enable
the development of activities that consider the individual’s
limitations.

However, in Brazil it is observed that the capacity for
work is still seen as the subject’s individual responsibility,
with focus on his/her intrinsic capacity. Thus, the major por-
tion of companies do not have an organization that allows the
working participation of persons who have intrinsic difficulties.

This reality affects a significant number of persons who suf-
fered TBI, reconsidered incapable of working, according to
the intrinsic criteria only [21, 22].

This may be observed when it is noted that the probability
of returning to work after a TBI is related to the degree of
compromise of the traumatism: the greater the extent of
compromise, the lower the chance of returning to work.
Studies have indicated that of the subjects who suffered a
slight TBI (or, i.e., possibly present little or no sequela),
around 80% usually return to work, whereas only 20% of
persons who had suffered a moderate TBI and 10% of those
who suffered a severe TBI return to their work activities [23].

O’Brien and Wolf [24] conducted a study in which they
interviewed 98 men between 30 and 65 years of age, who
suffered a cerebral vascular accident (CVA), another prob-
lem with the possibility of leading to significant neurological
impairment. From the interviews, they were able to note that
of the total number of participants, 63% returned to work
without having gone through the professional/vocational
rehabilitation program. Of these, 90% immediately returned
to the jobs they held before the CVA. Of those who returned
to work, 56% considered that they did not have their full
capacity for work, but nevertheless, the majority felt that
they were doing their work with the same quality as they had
done it before the CVA and felt satisfied with their work per-
formance. Therefore, once again it emphasizes that the
degree of incapacity resulting from the CVA may have influ-
enced their return to work, favoring those who have light to
moderate compromised functions. Moreover, it should be
considered that, among the interviewees, the accidents were
recent (they had occurred 6 months previously) and that,
before the CVAs, the subjects had worked full time, in differ-
ent fields of activity.

In this context, an overall rehabilitation program that
involves professional/vocational rehabilitation gains impor-
tance in the daily lives of those who suffer neurological dis-
turbances, because it allows the individuals to completely or
partially return to the activities they previously performed
(such as work, studies, and/or daily life activities) in addition
to assuring their engagement in significant activities that pro-
moted their independence and personal growth [11].

Professional/Vocational Rehabilitation and
Return to Work

At present, overall post-TBI rehabilitation involves three main
stages, according to the period of occurrence of the trauma:

1. Acute stage (right after the trauma, in which the individ-
ual generally finds himself/herself hospitalized with the
purpose of guaranteeing his/her survival and avoiding
greater complications).
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2. Subacute stage (still during hospitalization, with the aim
of reducing the sequelae of TBI; increasing his/her physi-
cal, cognitive, and psychosocial independence; compen-
sating for the deficiency; and minimizing suffering).

3. Outpatient stage (occurs in an extra-hospital context to
provide continuity of the objectives established in the
subacute stage, with focus on social participation, includ-
ing reintegration into significant activities and mainte-
nance of quality of life) [25].

Although professional/vocational rehabilitation should be
understood as a constituent and undissociable element of the
overall rehabilitation process, bearing in mind (as previously
pointed out) the importance of work in people’s lives, access
to it is still limited. This is due to the little importance
attached to this aspect, which results in few offers of jobs
that offer this type of attention [11, 30].

Professional/vocational rehabilitation seeks to make the
means possible to find a job that is compatible with and
healthy for subject, in addition to making it easy to reduce
or overcome his/her intrinsic, emotional, and social limita-
tions, thereby enabling an increase in his/her capacity for
work. By these means, this modality of intervention seeks
to articulate the actions developed in the overall therapeutic
process with those that are focused on the organization and
working conditions that must receive the worker, with the
end purpose of not only to return to work but above all to
remain in the job [12, 26].

Maeno and Vilela [26] pointed out that this is a complex
approach and demands that the person being rehabilitated, pro-
fessional rehabilitation team, and the company assume their
responsibility in the process. As this involves changes in the
work itself, diverse aspects must always be considered, such as
the context of the work, its organizational characteristics, and
the various actors of which this scenario is composed.

Therefore, the professional/vocational rehabilitation must
help the individual recover or develop skills, to maintain and
encourage social relations and encourage the development of
new ties, promoting the return to daily life activities, to daily
life activities, and to work. Moreover, follow-up and mediate
the return to work, including proposing adaptations when
necessary.

Foy [27], for example, observed that over half of the young
adults with TBI who participated in the long term, in a neuro-
logical program integrated into a professional/vocational reha-
bilitation in England, managed to insert/reinsert themselves
into remunerated or voluntary full-time or part-time work.

However, other studies have affirmed that a large propor-
tion of individuals with brain injuries are unemployed and
underemployed and have low rates of returning to work after
sustaining the injury [21, 22]. O’Neill and Wolf [28] affirmed
that the programs of rehabilitation for work are designed
mainly to help persons with musculoskeletal disabilities, and
there is a need to adapt the theoretical models for the return

to work of persons with cognitive deficiencies. In this con-
text, those who have studied this field have made an effort to
contribute with methodologies that promoted the inclusion/
reinsertion of persons who had suffered a TBI or any other
neurological problem [12, 21, 24, 27-31].

The authors affirmed the need for the interventions
directed to the return to work to be instituted early, because
the longer the time off work, the lower the probability of
returning to work or remaining in the job [31-35]. Moreover,
they pointed out that although the actions in this sphere have
a general flow of referral and attendance, they must be
molded according to each patient’s demand [31].

With the purpose of determining the capacity for work
and subsidizing recommendations to make their develop-
ment feasible, Kita et al. [21] presented the following guide-
lines for professional evaluation of persons with TBI:

1. Identification of who made the request for the evaluation
and the subject to be evaluated (obtain the consent of the
person evaluated and collect demographic and health
data, educational and work history, and information about
present social situation of the person evaluated).

2. Evaluation of the individual perspective of the subject
(interests, objectives, and meaning attributed to pre- and
post-lesion work; individual self-perception of the capac-
ity for work, considering strong and weak points and
compensatory strategies; evaluation of the costs and ben-
efits of working).

3. Evaluation of the domains (physical, neuropsychological/
cognitive, psychosocial, communication, functional state/
level of independence, general behaviors, skills/behaviors
related to work).

4. Evaluation of the working conditions and organizations.

5. Analysis and synthesis of the information to draw the
conclusion and recommendations of the evaluation.

These guidelines may be used by health professionals,
those in the area of human resources, and employers and
other individuals involved in planning and decision-making
related to work, with a view to facilitating return to work,
particularly of persons who had suffered TBI at an economi-
cally active age [21].

Another study by Kita et al. [30] discourses about
identifying the main factors that must be considered in the
professional evaluation of the individual who suffered TBI to
return to work, with findings similar to the previously cited
study. In this study, seven key points were identified as rele-
vant to the professional evaluation:

1. Identification of the purpose and rationality of the
evaluation.

2. Processing of the admission (demographic data, pre-
lesion history, educational and work history, compromise
resulting from the lesion).
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3. Evaluation of the person (evaluation using the following
domains: Physical, neuropsychological/cognitive, psy-
chosocial, communication, functional state/level of inde-
pendence, general behaviors, and individual perspectives).
Evaluation of the working conditions and organization.
Evaluation of the occupation/work requisites.

Analysis and synthesis of the results of the evaluation.
Development of recommendations.

N ks

Culler et al. [29] conducted a study to identify the factors
that facilitated the return to work of persons who had suf-
fered CVA, or made it difficult for them to do so. From the
point of view of the subjects affected, the following are con-
sidered factors that made it difficult to return to work: intrin-
sic (motor, perceptive, psychological, cognitive, and
communication) and extrinsic difficulties (lack of social and
environmental support). Professional/vocational rehabilita-
tion professionals have described the following barriers to
return to work: lack of knowledge about the deficiencies by
the subject who suffered the CVA, the need for follow-up
surgeries, prolonged time elapsed since the last job, lack of
support from the spouse/family, lack of motivation, unrealis-
tic expectations, and lack of professional experience, whereas
facilitators cited flexibility, motivation to work, having a
realistic work objective, and being aware of one’s limita-
tions. The employers mentioned that the deficiency had no
impact on the hiring process, but the characteristics of the
subject did have impact, and they described the facilitator
aspects as follows: having the support of professional/voca-
tional rehabilitation specialists and the ability to interact
with these specialists during the hiring process.

Although studies in the field of return to work and remain-
ing in the job were not specifically focused on persons with
TBI, they found that success or failure in this process would
depend on diverse aspects: working conditions and organiza-
tion, interpersonal relations (e.g., the resistance of colleagues
to receiving a worker with deficiencies), and professional
training (the presence or absence of training and education for
the development of a new function, if necessary) among oth-
ers. This would also depend on the way the return is conducted
by the various actors involved: health services, professional
rehabilitation team, employers, and the workers themselves.
All of these aspects show that success in action in this sphere
is related to the involvement of diverse bodies, fields, profes-
sionals, and social actors that must direct their actions toward
a common and collectively predefined objective.

Brazilian Context

Brazil has legal particularities that may influence the pro-
cesses of professional/vocational rehabilitation of those who
suffered TBI and need to be elucidated for greater under-
standing by the reader.

In Brazil, the Federal Constitution of 1988 established the
concept of social security that integrated the actions that assure
the rights relative to health, care, and social security. Health
care, provided by the Brazilian Public Health System (SUS),
is free with universal and full access to cover. Social security
refers to a social insurance, of a contributory nature by and
mandatory affiliation of workers in the formal work market,
assuring cover for medical leave of absence due to illness and
retirement by age, time of work, and invalidity, whereas social
assistance (Lei Orgénica da Assisténcia Social — LOAS) is
provided for whoever may need it, whether the subject is a
contributor to social security or not [12, 36, 37].

In this context, there are some benefits directed to persons
that are considered “inept” to work; these benefits, however,
cease if the individual goes back to work. One of these is the
continuous provision of this benefit (“Beneficio de Prestagio
Continuada (BPC)) by social assistance, destined for persons
with deficiencies who are unable to insert themselves into
the work market and who prove that they have no means of
providing their own subsistence or that of their family [38].

Another benefit is the aid in cases of illness (“Auxilio-
Doenga”), destined for individuals who contribute to social
security, who were affected by some disease or accident, and
who are temporarily unable to perform their work activities.
This benefit is provided by the National Social Security
Institute (“Instituto Nacional do Seguro Social (INSS)),
which is the Federal agency belonging to the Ministry of
Social Security. When the INSS evaluates an individual as
being permanently incapable of exercising any labor activity
and unable to be rehabilitated in another profession, the per-
son receives an invalidity pension [38].

In addition to these benefits, there is the law of quotas:
Companies are obliged to hire a percentage of persons with defi-
ciency, according to the number of employees they have [39].

Professional/Vocational Rehabilitation
in Brazil

Some Brazilian studies have revealed that persons who suf-
fered TBI and had a job before the trauma returned to pro-
ductive activity in up to 1 year after the accident, even
without having gone through a professional/vocational reha-
bilitation program. However, a portion of these persons do
not or did not return with changes in their work activities
and/or with a feeling of worse performance in these, demon-
strating the difficulty of transforming the work situation to
receive the individual in conditions differing from those of
the period before the accident [6, 40].

In Brazil, professional/vocational rehabilitation is still a
challenge, both with reference to integrating affected per-
sons to work and to the question of the burden that falls on
the state, either through the Brazilian public health system
(SUS) or social assistance [26].
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There are few initiatives related to professional/voca-
tional rehabilitation, especially those directed toward spe-
cific pathologies. The existent programs are generally
destined to the return to work of individuals with osteomus-
cular and mental health diseases resulting from the work
itself. Therefore, the rehabilitation is frequently directed
only to the pathology and does not involve the possibility of
access to work, for example, of individuals who had not
worked previously.

Moreover, it must be considered that in Brazil there is a
lack of articulation between the areas of health and social
security and between these and companies, an aspect that
configures as a barrier to the effectiveness of professional/
vocational rehabilitation programs [26, 41].

Based on the foregoing presentation, a lack of effective
professional/vocational rehabilitation programs in Brazil
was verified, considering the complexity of the process and
the need for integration among the various stages of treat-
ment (post-trauma assistance and physical, cognitive, psy-
chosocial, and professional rehabilitation).

The Pilot Professional/Vocational
Rehabilitation Program (PPVRP)

The “Hospital das Clinicas” of the University of Sdo Paulo
Medical School (HCFMUSP) is one of the main hospitals
with highly complex facilities, directed toward care, teach-
ing, and research in the State of Sao Paulo, Brazil. The cog-
nitive rehabilitation outpatient clinic (“Ambulatério de
Reabilitacdo Cognitiva” (ARCO)), linked to the
Neurological Department of HCFMUSP, provides pioneer-
ing services directed specifically toward patients who have
suffered TBI and have reached a stable health condition,
that is, a chronic stage as far as the sequelae left by the
trauma are concerned.

The patients attended in this service have gone through
the physical rehabilitation process, and the main focus of
attention in this stage of treatment is cognitive rehabilita-
tion with emphasis on functional independence. The out-
patient clinic team is composed of doctors, neurologists,
ophthalmologists, speech therapists, psychologists, neu-
ropsychologists, nurses, and occupational therapists.

Over the years of operation of ARCO, the team has
observed that the patients who attended brought demands,
desires, and needs related to work: return, inclusion, and
remaining in jobs. Having detected the need to add a profes-
sional/vocational rehabilitation program to the services
already offered, the coordinators of ARCO sought the investi-
gation and intervention in health and work laboratory
(“Laboratério de Investigagdo e Intervencdo em Sadde e

Trabalho (LIIST))"? of the occupational therapy course of
FMUSP, in 2014, requesting partnership for the development
of a professional/vocational rehabilitation program. LIIST has
a wide experience in the development of programs of return to
work and remaining in the job, particularly with workers who
suffered work-related accidents or illnesses. In view of the
demand put forward by ARCO, LIIST accepted the challenge
and broadened the scope of action of the occupational therapy
area present in the outpatient clinic which, up until then, had
focused its actions on cognitive rehabilitation, to include a
pilot project of professional/vocational rehabilitation, during
the period from August 2014 to November 2015.

In view of the entire abovementioned context, the purpose
of the present chapter was to present and discuss the experience
of this pilot project with regard to an axis of action of the over-
all rehabilitation plan for individuals who had suffered TBI, in
addition to analyzing the potentialities, limitations, and chal-
lenges based on the experience of the program.

Process of Education and Initial Proposal
of PPVRP

In Brazil, occupational therapy is recognized as one of the
main professions that develop professional/vocational reha-
bilitation programs [41-44]. This is because, on the one
hand, the aim of the study of these professionals is to evalu-
ate the work the subjects effectively do, by means of analyz-
ing the activities and listening to accounts of the patients’
professional experience. On the other hand, it is to evaluate
the working capacities (fundamental for subsiding the pos-
sibility of remaining in a job) and to help with intermediat-
ing the return and/or inclusion in the work, by providing
bosses and peers with guidance, favoring the reception of
the worker and processes of cooperation. Thus, the occupa-
tional therapists are educated to favor dialog and achieve
compatibility between the demands of the work activity
from the physical, cognitive, and psychic point of view and
the subject’s health conditions, with a view to making pos-
sible adaptations and providing guidance in the work envi-
ronment [14, 24, 41-45].

The PPVRP must attend the patients referred to it by mem-
bers of the outpatient clinic’s multiprofessional team, accord-
ing to the following eligibility criteria: the patients’ interest in
working, the team identifying that the patients have the motor

2LIIST, existent for over 15 years, is responsible for research, exten-
sion, and teaching activities of the occupational therapy course of
FMUSP. It is composed of professors and occupational therapists who
are specialists in the field of “health and work,” with wide experience in
the specific area of “return to work,” mainly with workers with reduced
working capacity and/or work-related diseases.
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and/or cognitive capacity for this purpose, and whether or not
the patients have any ties to previous work situations — in this
case, return or entry into the work market.

The authors point out that a professional/vocational reha-
bilitation with this population is unprecedented in Brazil and
was developed to be of an experimental nature. Other profes-
sional rehabilitation and internal readaptation programs,
which were developed in other services directed toward
workers affected by work-related illnesses or accidents, were
taken as reference.

The program was also based on experiments conducted in
other countries, with emphasis on Canada. Part of these
experiments were focused on the process of return to work,
directed toward persons with musculoskeletal disturbances
[46, 47] and part directed toward persons with mental health
problems [48, 49]. In both cases, it was shown to be a pro-
gram in which the return to work occurred gradually and
progressively, with adequacy of the workplace, workload,
and activities of the worker. In addition, as key points to its
success, there were notes to provide the bosses, peers, and
management of the company with support.

Initially, the program was conceived by means of the fol-
lowing actions:

1. Anamnesis, that is, an interview with the purpose of find-
ing out and understanding the patients’ possibilities, their
activities of interest, their educational and occupational
history, and their possibilities of returning to work and
employability.

2. Preparation of individuals for returning to work, discuss-
ing their limitations to work and fears, understanding the
dynamics of the work, and relating it to the patients’
health possibilities.

3. Moreover, whenever it was the case, expect to make con-
tact with the company of origin to facilitate the return and
professional accessibility, intermediate the relationships
with bosses and peers, analyze the content of work activi-
ties and proposals for suiting these to the patients’ needs,
and, in addition, periodically follow up the individuals in
the process of return to work.

Characterization of the Population Attended

In the PPRVP, nine patients were attended, of whom four
were women and five men, in the age range between 17 and
61 years. They studied from 8 to 11 years and the time of
injury of TBI was of at least 9 months and maximum of 5
years. There were no data about the etiology of the TBI of all
the patients, but many of them were known to have resulted
from being run over or automobile accidents.

Furthermore, of the total number of patients attended, the
majority had cognitive sequelae, although there were those
who also had motor sequelae. Relative to work, one of the
patients was a student and two had never worked before. The
remainder used to work formally before the TBI, performing
activities in the service sector (civil construction, transport,
education, among others). However, after the trauma
occurred, these patients were dismissed or resigned from
their jobs because of the difficulties resulting from the
sequelae of the traumatism.

Implementation and Development
of the PPRVP

Throughout the implementation and development of the
PPVREP, the patients attended presented different demands.
Therefore, although the initial proposal of the program con-
cerned the return to work, the attendances varied according
to the demand of each individual. Anamnesis was an impor-
tant time to learn of these demands and thus define the
patients’ follow-up in the program.

Three subjects presented demands that were mainly
directed toward clearing up doubts related to labor and social
security legislation in a broader manner. Therefore, some
attendances were conducted to provide information and
explanations about vacancies for disabled persons in the
public and private work market, support and incentive to
enter the work market, retirement due to invalidity, and social
security benefits. In these cases, attendances were made by
appointment, without follow-up afterward, and by choice of
the patient and/or family member, without the presence of
family members at the attendances.

The program also performed follow-up directed toward
the patient in higher education. This follow-up covered the
following: attendances at the outpatient clinic with the
patients and family member who accompanied them, to
understand their desires and difficulties; follow-up in one of
the classes to observe the context and day-to-day study
dynamics; discussion with the board of the teaching institu-
tion about the question of including the patient; and the ways
in which the professionals of the educational institution dealt
with the difficulties that arose.

Two of the patients demanded actions with the purpose of
inclusion in the work market, as they had no previous work
experience. In their case, anamnesis was performed, their
résumés’ were prepared, and the possibilities of their inclu-
sion in the work market were jointly evaluated.

With the three patients that had work experience before
the TBI, anamnesis was performed to understand their
demands and make a joint evaluation of the possibilities of
reinsertion into the work market. In addition, attendances
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were held to deal with the emotional and motivational ques-
tions pertaining to their return to work. Furthermore, the pro-
gram created a partnership with an institution that maintained
a database of employment vacancies for disabled persons.
Some of these patients were referred to seek a vacancy by
intermediary of this institution.

Difficulties Found and Outcome of Cases
Attended

Through implementation of the PPRVP, the professionals
identified the difficulties present in the process of including
the patients attended in the work market. Some of these dif-
ficulties were perceived through the understanding of the
occupational therapists who were members of the program
team, some were mentioned by the subjects themselves, and
others were related to the return to work itself of persons
who had suffered TBI.

The difficulties mentioned by the patients during the pro-
cess of inclusion in work were insecurity and functional
limitations resulting from the sequelae of the TBI (motor,
visual, behavioral, and cognitive), difficulty in dealing with
and accepting these limitations, mistakenly associating them
with the incapacity to do the work, family problems not
related to the patients, scarcity of work vacancies, and the
fact that they resided far from the city center, an aspect that
limited traveling to places that offered most employment
vacancies. Apart from this, although they showed interest in
returning to work, some patients reported lack of motivation:
they felt “discouraged about everything.”

The difficulties observed by the occupational therapists
who were members of the program team were Brazilian leg-
islation, low educational level and professional inexperience
of the patients, absence of support or family protectiveness,
and lack of independence for performing daily life activities.
Brazilian legislation was considered a barrier because in
acquiring an employment tie, the patients would lose their
financial benefits assured by the social security system,
which generated worry in the patients, and frequently, they
desisted from returning to work. The low educational level
and professional inexperience determined a smaller range of
possibilities of employment vacancies, because for many of
these, some education or experience was demanded. The
absence of support or excessive protectiveness and the lack
of independence to perform daily life activities were also
considered difficulties, because these difficulties limited
patients’ self-confidence in relation to work and their mobil-
ity to go to possible places of work.

Up to November 2015, only one patient continued in the
program in search of a work vacancy. Three patients were
considered concluded cases, because they mentioned that the
attendances were for the purpose of obtaining information

and clearing up doubts. The other five patients abandoned
the program before conclusion of the process for the follow-
ing reasons: loss of interest, lack of family support, fear
related to returning to work, and loss of the continuous ben-
efit provided (“Beneficio de Prestacdo Continuada”).

Limitations, Potentialities, and Adequacy
of the PPVRP

Because it concerned a pilot program, the authors verified
potentialities and limitations that needed to be better devel-
oped and overcome. One of the limitations was related to the
incompatibility between the objectives previously elaborated
by the program (return to professional activity developed
before occurrence of the trauma) and the demands of some
of the patients attended. This mainly resulted from the fact
that the majority of the patients attended had no work ties
before the TBI and their demands were directed toward
explanations about access to social security benefits and the
inclusion of disabled persons in the work market.

Thus, with development of the program, the authors noted
that this should change the scope initially foreseen to a prac-
tice more related to the concept of professional/vocational
rehabilitation because, in many cases, there was more con-
cern about thinking of a program of professional develop-
ment than of rehabilitation.

From this aspect, it was necessary to seek new areas of
interest, compatible with the new health condition presented
by each of the patients attended. For this purpose, when dis-
cussing inclusion in work, it was important to consider
aspects such as professional history, educational level, inter-
ests, limitations, competences and skill, as well as the pos-
sibility of changing the work activity.

The profile of patients attended, Brazilian legislation, the
lack of family support, and dismotivation (cited by patients
in the program) led to the occupational therapists reflecting
about the scope of the program and seeking to readjust it to
the reality found.

The fact that many patients did not have a job before the
TBI probably made it even more difficult for them to find a job
after the trauma. Moreover, the lack of previous work experi-
ence related to the age of patients and low educational level
possibly restricted the possibilities of working [29]. Another
important aspect was the mean time after the TBI to being
with the program, since it is known that the earlier this began,
the better would be the results [31-35]; that is, the program
must be part of the early attendance of TBI victims.

With further regard to the patients’ profile, the authors
point out that the presence of motor and particularly cogni-
tive deficiencies has been pointed out in the literature as
being a factor that limited the engagement in work of persons
who have suffered neurological pathologies. These studies
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affirmed that these limitations could be attenuated by means
of other points, such as awareness and emotional acceptance
of the deficiencies and the existence of a realistic work objec-
tive [29, 45].

The Brazilian legislation, created to protect disabled per-
sons financially, was shown to be a barrier to the process of
inclusion in work, because, as previously mentioned, it gen-
erated fear of replacing the guarantee of receiving the social
security benefit with the possible instability of a job. Another
aspect verified was the patients’ feeling of being unprepared
for work activity, due to the difficulty of coping with the
competitive work market and the work relations that involved
processes of evaluation and relationship with peers and
bosses, among other factors [50].

The TBI also had impact on the patients’ families and
respective financial situation, frequently leading to other
members of the family experiencing depression, social iso-
lation, stress, anxiety, and consequent reduction in quality
of life [51]. For this reason, the family must not be left out
during the professional/vocational rehabilitation process.
Studies have shown that the acceptance and support of the
family for the work are considered essential factors for the
process of inclusion and reinsertion in work [29, 45, 52].
Therefore, the authors considered involvement of the fam-
ily members in the support for work to be another impor-
tant point that must be inserted in the development of the
program.

Frequently, the dismotivation, cited by patients, was a
reflection of the difficulties they found. These were mainly
related to family questions, the sequelae of TBI, and difficul-
ties of resuming the projects of life, including insertion in the
work market. However, professional/vocational rehabilitation
specialists have affirmed that the lack of motivation is consid-
ered an important barrier to the process of return to work of
persons who have neurological pathologies. In addition to the
abovementioned barrier, they mentioned the lack of knowl-
edge about the deficiencies, need for surgeries and follow-up,
time elapsed since the last job, the spouse/family, unrealistic
expectations, and the lack of professional experience [28, 29].

This demonstrated the need for attendance by a multidis-
ciplinary team and integration between the program of inclu-
sion in work in conjunction with the overall rehabilitation
treatment (conventional neurological and educational, etc.)
of patients with TBI [27].

The awareness of the importance of work in a cognitive
rehabilitation outpatient clinic was one of the major gains of
the program. However, the authors perceived that this aware-
ness attained the multiprofessional team to a greater extent
that it did attended the patients and their families. As poten-
tial aspect of the program, we also have discussion with the
outpatient team about the criteria for referral for profes-
sional/vocational rehabilitation, creation of an individual
space (OT and patient) for receiving the questions related to

work, and creation of partnerships with institutions that
could help with seeking work vacancies.

From the pilot program, on the one hand, the intention is
to improve it, suiting it better to the profile of patients
attended. On the other hand, by means of demonstrating the
possibility of the patients acting in concrete work situations,
the purpose would be to make them and their respective fam-
ily members aware of this possibility, so that they would be
more active and participate in the process of return to work.

The following were among the changes required in the
program:

1. Broadening its scope: Return to work, professional/voca-
tional training, and rehabilitation.

2. By the multiprofessional team performing more adequate
triage to include patients with interest in the proposal
offered by the program.

3. The need for forming a group of patients (and family
members) with the purpose of raising awareness of the
importance of work as a strong element of participation in
society and sharing fears, insecurities, and solutions of
problems.

4. Raising awareness and explanation about the program,
the Brazilian laws, and the quota laws.

5. Providing the family with guidance about the benefits
linked to work and encouraging adhesion to and partici-
pation in the process of including patients in work.

6. Raising the awareness of companies for effectuation of
follow-up of workers in the place of work, including
guidance for bosses and peers.

7. Increasing partnerships with institutions that work with
supported employment programs, training and education,
and government (state and municipal) programs.

Conclusion

When considering that the subjects who suffered TBI com-
monly have difficulty in being included in the community
and that work may be a way to make this inclusion possible,
the authors understood that the development of professional/
vocational rehabilitations directed toward persons who have
suffered TBI was of utmost importance.

Post-TBI inclusion in work was a complex process, since
it did not depend only on the health (physical, emotional,
and/or cognitive) conditions of subjects but also on other fac-
tors, such as sociodemographic characteristics (age, educa-
tional level, type of previous occupation exercised, level of
income before the trauma), work market, and social support
that the individuals receive, in addition to participation in an
overall rehabilitation program that involves professional/
vocational rehabilitation [53, 54].
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To illustrate a model that could be one of these profes-
sional/vocational rehabilitation programs, in this chapter, the
authors presented the process of development of the PPRVP
performed in Brazil in a pioneering manner. The authors
considered that it presented limitations and potentialities that
could guide the respective improvement and help with the
construction of other programs of this nature.

The proposal of insertion/reinsertion of patients into the
work market after TBI was recent in the cognitive rehabilita-
tion outpatient clinic of HCFMUSP; however, it represented
significant advancement with reference to the integral care of
persons who experienced a situation of TBI and had poten-
tially incapacitating sequelae. Therefore, receiving the
demands that transcended the original scope of the program
proposal became a challenge and has been understood to be
a qualitative gain in the actions developed.
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